The International Journal of Advanced Manufacturing Technology (2023) 126:3437-3452
https://doi.org/10.1007/s00170-023-11222-6

ORIGINAL ARTICLE q

Check for
updates

A novel cold air electrostatic minimum quantity lubrication (CAEMQL)
technique for the machining of titanium alloys Ti-6Al-4 V

Fucai Liu"2 - Xizhuan Wu'-2 - Yu Xia'? - Tao Lv? - Ruochong Zhang' - Xiaodong Hu'2 - Xuefeng Xu'-2

Received: 9 August 2022 / Accepted: 4 March 2023 / Published online: 1 April 2023
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2023

Abstract

The milling of titanium alloys is usually associated with a high cutting temperature and severe tool wear. Therefore, flood
cooling technologies have been conventionally employed to prolong the tool life and improve the quality of the machined
surface. However, the negative impact on the environment and waste disposal problems caused by the vast quantity of
metalworking fluids used in the process have become significant. In this study, a new machining method called “cold air
electrostatic minimum quantity lubrication (CAEMQL)” is proposed for machining titanium alloy Ti-6Al-4 V. The milling
performance of CAEMQL was systematically assessed in terms of cutting force, cutting temperature, surface roughness, tool
life, tool wear, and chip morphology, using minimum quantity lubrication (MQL), electrostatic minimum quantity lubrica-
tion (EMQL), and cold air minimum quantity lubrication (CAMQL) as benchmarks. It was found that CAEMQL resulted
in improved critical heat flux and steady-state heat transfer performance compared to MQL, EMQL, and CAMQL, which
thus produced a lower milling force, smaller milling temperature, better surface quality, and less tool wear. The degree of
chip segmentation was enhanced with less deformation under CAEMQL due to its synergistic cooling and lubrication effect.

Keywords Cold air electrostatic minimum quantity lubrication - Titanium alloy - Heat transfer characteristics - Milling
performance - Chip morphology

1 Introduction

Titanium alloys are widely used in aerospace, medical, and
military fields because of their high strength-to-weight ratio,
fracture toughness, high-temperature stability, and good
anti-corrosion properties [1-3]. However, their low thermal
conductivity, high chemical activity, and small elastic mod-
ulus render them difficult-to-cut materials as high cutting
temperatures and severe tool wear are easily induced during
machining [4, 5]. Conventionally, flood cooling technologies
are primarily employed during milling processes. However,
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the usage of cutting fluids frequently causes major environ-
mental problems and employee health concerns because it
contains a large number of harmful substances and greatly
increases the total production cost, which means that the cur-
rent requirement of green, efficient, sustainable development
is not being met [6—8]. All the above points have motivated
researchers to search for alternatives to minimize cutting
fluid usage and improve the machining performance of tita-
nium alloys. Some alternatives have been proposed, such as
dry cutting [9], minimum quantity lubrication (MQL) [10],
electrostatic minimum quantity lubrication (EMQL) [11],
cryogenic minimum quantity lubrication (CMQL) [12], and
cold air with minimum quantity lubrication (CAMQL) [13].

Dry cutting is a kind of green, low-processing-cost, and
environmentally friendly cutting method that has been
applied in the processing of gray cast iron, pure aluminum,
and magnesium alloy. However, dry cutting cannot satisfy
the process conditions of titanium alloy milling due to its
serious lack of cooling and lubrication performance [14, 15].

As a new type of lubrication and cooling method, the
MQL technique has been widely used in turning, milling,
drilling, and grinding due to its favorable lubrication, low
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processing cost, and low pollution [16—18]. With the MQL
method, the amount of cutting fluid used during machin-
ing is reduced [19]. A very small amount of lubricant is
delivered to the cutting region in the form of small droplets
[20-22], which reduce the cutting force and temperature
and improve machining quality [23-26]. For example, Dhar
et al. [27] used the MQL technique in the turning processes
of medium-carbon steel. They concluded that MQL had
improved machining performance compared to wet cutting
in some cases. Tasdelen et al. [28] investigated the effects of
MQL, wet cutting, and air cooling on surface roughness, tool
wear, and cutting force when drilling hardened steel. They
reported that MQL outperformed air cooling and wet cut-
ting in terms of tool wear. Krishnan et al. [29] conducted a
drilling experiment of AISI 304 with MQL. They found that
MQL had a machining performance often exceeding that of
flood lubrication with respect to the life, cutting force, and
drilled hole diameter error. Sun et al. [30] studied the effects
of dry cutting, MQL, and MQL-mixed water on the milling
force, tool life, cutting temperature, surface roughness, and
topography when milling GH4099 using ceramic tools. They
found that MQL outperformed dry cutting in terms of cut-
ting temperature, milling force, tool life, and surface rough-
ness. Shen et al. [31] studied the wear and friction charac-
teristics of grinding when grinding cast iron under wet, dry
cutting, and MQL. Their investigation suggested that MQL
remarkably reduced the grinding temperature compared to
dry cutting. However, the titanium alloy chip and workpiece
maintain very close contact with the tool on the rake face
and flank face due to the high cutting temperature and load.
Therefore, oil mists cannot effectively penetrate the contact
layer to lubricate the cutting zone under MQL [32-34].

To solve the issue of MQL heat transfer, some researchers
proposed the CMQL technique, which uses liquid nitrogen
(LN,) and liquid CO, (LCO,) as cooling media with MQL
to cool and lubricate the cutting area. Cetindag et al. [35]
reported that MQL-CO, significantly reduced the tool wear
of both conventional and wiper inserts. Gross et al. [36]
compared the variable energy consumption when milling

Fig.1 Schematic diagram of the
CAEMQL system
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Ti—6Al-4 V with CO,-based CMQL and wet cutting. Their
investigation suggested that CMQL made a decisive contri-
bution to reducing the energy demand. Sanchez et al. [37]
carried out grinding experiments using MQL-CO,. Their
results showed that the frozen oil layer protected the integ-
rity of abrasive grains, significantly improved the life of the
grinding wheel, and reduced thermal damage to the work-
piece. Hong and Ding [38] studied a turning experiment
of titanium alloy Ti—-6Al-4 V under cryogenic, dry cutting,
and wet cutting. They found that a small amount of liquid
nitrogen applied locally to the cutting edge was superior
to wet cutting in terms of cutting temperature. However,
the cost of LN, was high, and the low-temperature effect
under MQL-LN, led to the work hardening of titanium alloy,
eventually causing an increase in the cutting force and tool
wear [39-41].

In addition, some researchers proposed the CAMQL tech-
nique because the cooling mediums of MQL-CO, and MQL-
LN2 are expensive. Shokrani et al. [42] examined the influ-
ence of CAMQL on wear profiles and surface quality. Since
the wear rate and surface quality are closely correlated with
the cutting zone temperature, they found that CAMQL had
39% less surface roughness compared to dry machining of
titanium alloy. Yuan et al. [32] used CAMQL in the milling
processes of the titanium alloy Ti—6Al1—4 V. They concluded
that CAMQL resulted in a lower cutting force, tool wear, and
surface roughness and produced shorter chips than dry cut-
ting, wet cutting, and MQL. Moreover, CAMQL increased
heat transfer, reduced cutting temperature, and maintained

Table 1 Air pressure and temperature of vortex tube

Inlet pressure Inlet air jet tem- Outlet pressure  Outlet tempera-

(MPa) perature (C) of the cold end ture of the cold
(MPa) end ('C)
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Fig.2 Schematic diagram of the transient heat exchange test device

the strength of an oil film to obtain better lubrication [43].
Zhang et al. [44] found that the cutting fluids of CAMQL
quickly penetrated into tool-chip and tool-workpiece inter-
faces to form a lubricating film in the gear hobbing process,
which inhibited the generation of friction heat. Saberi et al.
[13] used CAMQL in the grinding processes of CK45 soft
steel. They found that CAMQL significantly reduced the tan-
gential grinding force and the friction coefficient compared
to dry and wet cutting. Mitrofanov [45] and Krutikova [46]
et al. used CAMQL in the grinding process and concluded
that CAMQL reduced the temperature in the cutting area and
decreased the power load.

Moreover, EMQL, as a technique using the synergetic
effects of electrostatic spraying (ES) and minimum quan-
tity lubrication (MQL), generates charged mist to spray the
machining area for cooling and lubricating the tool-chip
contact interfaces. Acceptable results were reported for the
application of EMQL in turning, milling, and grinding. Xu
et al. [11] used EMQL in the end-milling process of AISI-
304 stainless steel. They found that EMQL achieved a lower
cutting force, tool wear, surface roughness, and a higher
tool life compared to dry cutting, wet cutting, and MQL.
Lin et al. [47] used the EMQL technique in the grinding
process of 45 medium-carbon steel. They concluded that
charged lubricant droplets easily entered and covered the
wheel-workpiece interfaces, which improved the capacity
of lubrication and heat transfer on the grinding areas com-
pared to conventional MQL. Huang et al. [48] found that
EMQL considerably enhanced tribological performance and
reduced lubricant consumption compared to MQL. Huang
et al. [49] used EMQL in the turning process of stainless
steels. They found that properly selecting cutting parameters
was achieved by promoting lubricants into the cutting inter-
face to reduce friction and adhesion of workpiece materials
on the interface. Wang et al. [16] found that EMQL can
realize the effective lubrication of the friction interface in
the turning process through the spraying of the atomized
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Fig.3 Schematic diagram of the steady-state heat transfer test device

lubricating medium. Lv et al. [50] found that the EMQL
technique when milling 304 stainless steel increased capil-
lary penetration force and penetration depth of water-based
nanofluid cutting fluid by 34% and 16%, respectively. The
results showed that EMQL considerably improved the per-
meability and anti-wear and anti-friction properties of the
lubricant. Bartolomeis et al. [51] reported that EMQL per-
formed better than MQL in terms of surface integrity when
high-speed milling Inconel 718.

Considering the required conditions, cold air electrostatic
minimum quantity lubrication (CAEMQL) is designed and
developed in this paper. By combining the cooling perfor-
mance of CAMQL and the lubricating performance of EMQL,
the feasibility of milling the titanium alloy Ti—-6Al-4 V using
this new technology is investigated by analyzing the heat
transfer characteristics and milling performance.

The aim of this study is to compare the effectiveness of
CAEMQL with that of MQL, EMQL, and CAMQL machin-
ing when end-milling the titanium alloy Ti—-6Al-4 V at
industrial speed feed combinations using coated cemented
carbide mills. The tool life, cutting forces, cutting

s
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Fig.4 Photographic view of the experimental set-up
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temperature, surface roughness, and chip morphology that
result from applying CAEMQL in end milling are compara-
tively investigated.

2 Experimental details
2.1 CAEMQL system

Figure 1 shows the CAEMQL end-milling system. The
cutting fluids were continuously pumped from the
cutting fluid reservoir to the liquid pipe using a peri-
staltic pump, and the fluid flow was controlled within
20-200 mL/h. The high-voltage negative electricity
from the electrostatic generator was embedded in the
liquid pipe to make full contact with the cutting fluid in
a charging seat so that the cutting fluids were charged.
The cold compressed air was provided by an AH20025

vortex tube (American AiRTX Co.) and entered into the
charging seat. Subsequently, the charged cutting fluid
and cold-compressed air were mixed in the nozzle, and
then the charged oil mist was formed and transported
from the nozzle to the cutting area. It was assumed
that — 6 kV would be effective in obtaining fine-charged
oil mists [48]. The nozzle was kept at a 20-mm dis-
tance from the machining area. As shown in Table 1,
the air pressure and temperature of the vortex tube were
measured. To ensure a better cooling effect, the out-
let air pressure and the jet temperature of the cold end
were 0.2 MPa and — 5 °C, respectively. The cutting fluid
was a water-based cutting fluid, type QC-3801 (Tsin-
ghua Tianjin Research Institute for Advanced Equip-
ment, China), which was beneficial for improving the
atomization characteristics of the droplets and forming
a chemical adsorption film easily to play anti-friction
and anti-wear roles [52].

Table 2 Chemical composition Ti Al Fe 0 C N H

of TC4 titanium alloy (wt.%)
Balanced 6.15 0.09 0.08 0.05 0.01 0.005

Table 3 'Physical aI,ld Parameter Value Parameter Value

mechanical properties of TC4

titanium alloy Density py(kg/m?) 4430 Yield strength o, (MPa) 820
Melting temperature (C) 1668 Elasticity modulus E (GPa) 113.8
Thermal conductivity K(W/(m-K)) 7.3 Poisson’s ratio u 0.342
Tensile strength ¢, (MPa) 950 Specific heat c(J/(kg-C)) 526
Expansion rate a (%) 14.0

Table 4 Milling conditions Machine tool

VDF-850 vertical milling center, China

Workpiece material

TC4 titanium alloy

Dimensions: 96 mm X 75 mm X 70 mm block

Inserts

APMT1604PDER-HO08, Sumitomo

Coated cemented carbide

Cutting parameters

Cutting speed: 120 m/min

Feed rate: 0.1 mm/tooth
Axial depth of the cut: 1 mm
Radial depth of the cut: 5 mm

‘Wet conditions

Spraying mist parameters

QC-3801 water-based cutting fluid, Tsinghua University, China
Cutting fluid flow rate: 30 mL/h

Cold-compressed air pressure: 0.2 MPa

Nozzle distance: 20 mm

Environment

MQL with 20°C compressed air temperature

CAMQL with —5°C compressed air temperature

EMQL with— 6 kV charging voltage and 20°C compressed air temperature

CAEMQL with — 6 kV charging voltage and —5°C compressed air temperature
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2.2 Heat transfer test
2.2.1 Transient heat transfer test

The transient heat transfer test device is shown in Fig. 2,
which reveals the transient heat transfer characteristics
under CAEMQL. First, the electric furnace power supply
was started, and the collected temperature from the K ther-
mocouple was fed back to the ST507 intelligent temperature
controller (Wenzhou Shangtong Instrument Ltd., China).
The control signals were then output to the solid-state relay
to control the on—off of the electric furnace power supply to
realize constant temperature control of the furnace. Second,
when the furnace was heated to a specified temperature, the
insulation sleeve was raised to induce the adiabatic state
surface of the copper specimen except for the upper surface.

s ¢

LI .

Critical heat flux density q(\\"lcmz)
g

MQL EMQL  CAMQL CAEMQL
Cutting conditions

Fig.5 Critical heat flux at 170°C under different lubrication condi-
tions (cutting fluid flow rate: 30 mL/h; nozzle distance: 20 mm; cold
compressed air pressure: 0.2 MPa; charging voltage: —6 kV; cold
compressed air temperature: —5°C)

Third, the CAEMQL system was started, and various param-
eters (charging voltage, air pressure, cutting fluid flow rate,
nozzle distance) were adjusted. To achieve the uniform
diffusion of charged mists, the nozzle was located directly
above the copper. The mica plate was then quickly drawn out
after the spray was stable. Low-temperature charged mists
were directly sprayed on the upper surface of the copper,
and the real-time temperature of the thermocouple was col-
lected by an RX4006D thermodetector (Hangzhou Control
Automation Technology Ltd., China), which allowed the
temperature change curve of the heat exchange surface to
be obtained. The critical heat flux of the heat transfer surface
was obtained by a numerical analysis of one-dimensional
heat conduction.

2.2.2 Steady-state heat transfer test

The cooling performance of four different lubrication
conditions was measured under steady-state conditions
using a steady-state heat transfer testing device, as shown
in Fig. 3. A Ni—Cr alloy heating sheet with dimensions of
10 mm X 3 mm X 0.2 mm was continuously heated using a
low-voltage and high alternating current to simulate a mill-
ing heat source. First, a k-type thermocouple connected with
an RX4006D thermodetector was welded onto the surface of
the heating sheet to monitor its surface temperatures online.
Second, the CAEMQL device was turned on to cool the
heating sheet. As the sheet temperature reached a constant
value, the voltage and current of the sheet were recorded.
Subsequently, the numerical calculation formulas of the
surface heat flux density and heat transfer coefficient were
employed as follows:

q=Ul/A (1)

h=q/(T,~T;) @)

where g is the surface heat flux density (W/cm?), U is the
voltage value of the heating sheet (V), I is the current value

Fig.6 Steady-state heat transfer 180
performance of aerosol under (a)
different lubrication condi-
tions: a heat flux density and
b steady-state heat transfer
coefficient (cutting fluid flow
rate: 30 mL/h; nozzle distance:
20 mm; cold compressed air
pressure: 0.2 MPa; charging
voltage: — 6 kV; cold com-
pressed air temperature: —5°C)
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of the heating sheet (A), A is the heat transfer area (0.3 cm?),
h is the heat transfer coefficient (W/cmz/"C), T, is the surface
temperature of the specimen (°C), and 7} is the temperature
of the lubricant droplets (°C).

2.3 Milling machining test

The machining tests were conducted with a DMTG
VDF-850 vertical machining center. The CAEMQL
system consisted of an EMQL system and a vor-
tex tube. The experimental setup is shown in Fig. 4.
Titanium alloy Ti-6Al-4 V with dimensions of
96 mm X 75 mm X 70 mm was selected as the cutting
material, and the chemical composition and physical
and mechanical properties are shown in Tables 2 and
3. Before the experiment, the surface of the workpiece
was cut 1 mm thick to ensure consistent experimental
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parameters. A cemented carbide insert coated with
W (Sumitomo, Rineck, APMT1604PDER-HO08) was
employed as a cutting tool. A 35-mm-diameter milling
cutter was used during the machining process. To ensure
the same test conditions, each experiment was replaced
with a new insert before testing. Table 4 presents the
cutting experimental parameters.

The cutting forces under different lubrication condi-
tions were measured with an FC3D120 three-dimensional
dynamometer (Forcechina Measurement Technology Co.),
and the experimental data of cutting forces F,, Fy, and F,
were recorded. The equation, F, = (sz + Fy2 + Fzz)l/z,
was used to calculate the resultant force (F,). The tem-
perature of the cutting area in the milling process was
collected by a hand-held online thermal imager (FOTRIC
226, Germany), which is an indirect measurement method.
Although the real temperature of the tool could not be
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Fig.7 Cutting force signal diagram under different lubrication conditions: a MQL, b EMQL, ¢ CAMQL, and d CAEMQL (cutting speed:
120 m/min; axial depth of cut: 1 mm; radial depth of cut: 5 mm; feed rate: 0.1 mm/tooth)
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Cutting force F,(N)

MQL EMQL CAMQL CAEMQL

Cutting conditions

Fig.8 Average cutting force under different lubrication conditions
(cutting speed: 120 m/min; axial depth of cut: 1 mm; radial depth of
cut: 5 mm; feed rate: 0.1 mm/tooth)

obtained, the indirectly measured temperature of the tool
could be used to compare cutting temperatures under dif-
ferent lubrication conditions. The surface roughness of the
workpiece R, (arithmetic mean roughness) was measured
at ten specific points along the cutting direction (i.e., along
the 96-mm direction) using a portable surface roughness
tester (SJ-210, Mitutoyo, Japan) with a sampling length
of 0.8 mm. An optical microscope (VW-6000, Keyence,

Fig.9 Signal diagram of cutting
temperature under different
lubrication conditions: a MQL,
b EMQL, ¢ CAMQL, and

d CAEMQL (cutting speed: End milling

120 m/min; axial depth of cut: A

1 mm; radial depth of cut: A

5 mm; feed rate: 0.1 mm/tooth) . .

FOTRIC

~
Workpiece /
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Japan) was used to measure the flank wear of the tools
under different lubrication conditions, and the wear mor-
phology was comparatively analyzed. The tool life was
defined as the machining time at which the maximum flank
wear reached 0.3 mm. The worn tool was examined with a
scanning electron microscope (EVO18, Zeiss, Germany)
to analyze the predominant type of wear mechanisms. A
VW-6000 optical microscope was used to observe the free
surface and back surface of titanium alloy Ti-6Al-4 V
chips under different lubrication conditions.

3 Results and discussion
3.1 Heat transfer characteristics analysis

Figure 5 shows the critical heat flux density when the
aerosol is sprayed on the upper surface of the red cop-
per specimen under different lubrication conditions. The
critical heat flux density is the highest under CAEMQL,
and this value is increased by 55.25%, 37.10%, and
22.84% compared to that obtained under MQL, EMQL,
and CAMQL, respectively. According to the theory of
enhanced heat transfer, with an increasing average heat
transfer temperature difference, heat transfer coefficient,
and heat transfer surface area, the heat transfer capacity
can be improved [53]. The average heat transfer tempera-
ture difference of the copper specimen under CAMQL
is enhanced, and when the cold air and low-temperature
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Fig. 10 Flank wear with cutting length under different lubrication
conditions (cutting speed: 120 m/min; axial depth of cut: 1 mm;
radial depth of cut: 5 mm; feed rate: 0.1 mm/tooth)

0.30

0.12+
0.06
0.00

MQL EMQL CAMOQL

=
~
-

=
I
oo

Surface roughness Ra(pm)

CAEMQL
Cutting conditions

Fig. 11 Workpiece surface roughness under different lubrication con-
ditions (cutting speed: 120 m/min; axial depth of cut: 1 mm; radial
depth of cut: 5 mm; feed rate: 0.1 mm/tooth)

droplets touch the high-temperature surface, they quickly
reduce the surface temperature and the possibility of film
boiling [54], leading to better heat exchange efficiency.
In addition, the convection heat transfer by cold air, heat
conduction by oil mist sprayed on the copper specimen,
and their boiling and evaporation also help heat dis-
sipation. According to Huang et al. [48], charging can
effectively reduce the particle size and contact angle of
the droplets and promote the evaporation of the droplets,
which allows a higher critical heat flux density to be
obtained. Consequently, the transient heat transfer capac-
ity of CAEMQL is stronger.

@ Springer

Figure 6 shows the steady-state heat transfer perfor-
mance with the heating temperature under different lubrica-
tion conditions. CAEMQL results in the best steady-state
heat transfer capability. As shown in Fig. 8a, b, when the
heat exchange surface temperature is 170 °C, the surface
heat flux density under CAEMQL is increased by 40.14%,
31.85%, and 20.72% and the steady-state heat transfer coeffi-
cient is increased by 35.57%, 20.21%, and 12.09% compared
to those under MQL, EMQL, and CAMQL, respectively.
According to the investigation by Xu et al. [11], EMQL has
improved performance in terms of droplet deposition, uni-
formity, and wetting, which allows the droplets to enter and
cover the heating sheet surface more easily, increases the
area of heat exchange, and promotes evaporation. Moreover,
the heat transfer coefficient under CAMQL is higher than
that under MQL and EMQL. This may be attributed to the
boiling and evaporation of lubricant oil droplets due to them
absorbing the generated heat. In addition, the cold air sprays
on the heat transfer surface and dissipates a large amount
of heat by forced convection [13]. CAEMQL, which exerts
a synergistic effect by combining CAMQL and EMQL,
increases the temperature difference between the cold air and
the heating sheet and promotes the evaporation of lubricant
oil droplets, resulting in a higher heat exchange capacity.
Consequently, the steady-state heat transfer performance of
CAEMAQL is better.

3.2 Milling performance under CAEMQL machining

Figure 7 shows the cutting force signals under different
lubrication conditions. The average cutting force is shown
in Fig. 8. It can be seen from Fig. 7a that the highest cut-
ting force is obtained under MQL. This may be attributed
to the lower heat transfer capacity, resulting in a higher
coefficient of friction at the chip-tool interfaces. The cut-
ting forces F, under EMQL and CAMQL are lower than
those under MQL machining, as shown in Fig. 7b, c,
which may be attributed to the charged cutting fluid and
cold air. According to an investigation by Lv et al. [50],
when the cutting fluids are charged, the charged droplets
have good permeability at the tool-chip and tool-workpiece
interfaces, which is beneficial for forming a stable lubri-
cating film, increasing the heat transfer area and the heat
transfer capacity, and reducing the generation of friction
heat, resulting in a reduction in cutting force. Although
the low-temperature cooling effect improves the hardness
of the workpiece material in the cold air environment to a
certain extent, it also reduces the plasticity and toughness
of the workpiece and decreases the adhesion of the work-
piece material to the tool surface. Moreover, cold air can
improve the convective heat transfer of aerosols and inhibit
the temperature rise of the cutting area, which are benefi-
cial for maintaining the tool’s strength and leading to less
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(a) Flank wear after the cutting length of 960 mm

(b) Flank wear after the cutting length of 1920 mm

(¢) Flank wear after the cutting length of 2880 mm

Fig. 12 Optical micrograph of the tool flank wear after different cutting lengths under different lubrication conditions (cutting speed: 120 m/min;
axial depth of cut: 1 mm; radial depth of cut: 5 mm; feed rate: 0.1 mm/tooth)

adhesive wear. Consequently, CAEMQL can further relieve
the friction and adhesion at the tool-workpiece interfaces,
resulting in a lower cutting force.

The change in cutting temperature under different lubrica-
tion conditions is shown in Fig. 9. The cutting temperature
under CAEMQL is the lowest, and this value is reduced
by 50.33%, 44.29%, and 13.23% compared to that under
MQL, EMQL, and CAMQL, respectively. According to the
heat transfer test, CAEMQL has a higher heat flux and heat
transfer coefficient, resulting in a better heat transfer perfor-
mance. At the same time, more lubricants penetrate into the
machining area to participate in the cutting process, owing to
the smaller particle size and contact angle of charged drop-
lets, which can improve the friction in cutting interfaces and
reduce the generation of friction heat, which is in agreement
with the findings of Lin et al. [47]. Moreover, the cold air
continuously cools at the tool-workpiece interfaces, which
can improve the convective heat transfer ability of the aero-
sol and inhibit the temperature rise in the cutting area.

Figure 10 shows the progression of flank wear with the
cutting length under different lubrication conditions. The

flank wear under MQL increases drastically with increasing
cutting length. This may be attributed to the high machin-
ing area temperature and the increasing friction force at the
tool-workpiece interface. As shown in Fig. 10, the growth
of the tool flank wear under EMQL and CAMQL machining
is lower than that under MQL machining. The cause of the
reduction in flank wear may reasonably be attributed to the
lower cutting force and cutting temperature, which are con-
ducive to reducing tool wear and adhesive wear. However,
when the cutting length exceeds 1920 mm, the tool flank
wear under EMQL is lower than that under CAMQL, which
shows that EMQL machining has a stronger lubrication char-
acteristic for reliving the tool wear after the tool enters the
stage of rapid wear.

It can be seen from Fig. 10 that CAEMQL provides the
longest tool life, and its effective cutting length is 3744 mm,
which is 33.33%, 7.69%, and 17.95% increased compared to
that of MQL (2496 mm), EMQL (3456 mm), and CAMQL
(3072 mm), respectively. This is attributed to the improved
penetration, wetting, and deposition capabilities of the
charged droplets, which facilitate a more efficient entry of
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«Fig. 13 SEM micrographs and EDS images of tool flank wear under
different lubrication conditions: a, b MQL, ¢, d EMQL, e, f CAMQL,
and g, h CAEMQL (cutting length: 960 mm; cutting speed: 120 m/
min; axial depth of cut: 1 mm; radial depth of cut: 5 mm; feed rate:
0.1 mm/tooth)

the lubricant into the machining area to promote the forma-
tion of the lubrication film, resulting in a reduction in the
friction at the tool-workpiece interfaces. Moreover, the cold
air helps to decrease the heat generation and adhesion of
the tool’s flank face. Consequently, CAEMQL can maintain
strength and enhance the wear resistance of the cutting tool,
resulting in a significant improvement in tool wear.

Figure 11 shows the workpiece surface roughness under
different lubrication conditions. The average surface rough-
ness under CAEMQL is the lowest, and this value is reduced
by 25.15%, 17.28%, and 13.75% compared to that under
MQL, EMQL, and CAMQL, respectively. This is because
the better lubrication and cooling effect under CAEMQL
reduce the scratches at the tool-workpiece interfaces and
allow the chips to slide more smoothly over the tool sur-
face, leading to less adhesion. However, the higher milling
temperature under MQL leads to a strong thermal soften-
ing effect on the workpiece, which aggravates the adhesive
wear of the tool. At the same time, the higher milling force
deepens the scratches on the surface of the workpiece, which
adversely affects the surface quality of the workpiece. As
also shown in Fig. 11, the surface roughness under EMQL
machining is lower than that under CAMQL machining. The
cause of the reduction in surface roughness may reasonably
be attributed to the better permeability of the charged drop-
lets, which results in the reduction of tool wear and the alle-
viation of scratches at the tool-workpiece interfaces.

3.3 Tool failure modes

The optical micrographs of the tool flank wear with increas-
ing cutting length under different lubrication conditions are
shown in Fig. 12. When the milling length is 960 mm, dif-
ferent degrees of silver-colored adhesions are observed on
the tool edge under various lubrication conditions, indicat-
ing that the tool wear mechanism is mainly adhesive wear.
When the milling length reaches 1920 mm, the cutting edge
under MQL and EMQL is passivated, and the tool flank
wear begins to increase. Moreover, the flank wear under
CAMAQL is less than that under MQL and EMQL, which
indicates that the cold air effectively reduces the milling
temperature, obviously maintains the strength of the tool,
and reduces adhesive wear. Compared to that under MQL,
EMQL, and CAMQL, the tool flank wear under CAEMQL is
the smallest, presenting a better tool wear inhibition ability.
This is because the charged droplets can effectively enter the

tool-chip interfaces to participate in lubrication, and the cold
air can be beneficial for maintaining tool strength, which
corresponds to the tool life shown in Fig. 10.

Figure 13 shows the SEM and EDS analyses of the tool
flank wear under different lubrication modes after a 960-mm
cutting length. Different degrees of adhesions and furrows
are observed on the tool flank faces under various lubrica-
tion conditions, indicating adhesive wear and abrasive wear.
It can be seen in Fig. 13a, which shows the adhered work-
piece materials on the flank surface of the worn tool under
MQL. The corresponding EDS analysis shown in Fig. 13b
detects high concentrations of titanium (Ti), indicating seri-
ous adhesive wear. Compared to that of MQL, EMQL, and
CAMQL, the adhesive layer of CAEMQL is less, as shown
in Fig. 13g. The corresponding EDS analysis shown in
Fig. 13h detects higher concentrations of wolframium (W),
which is the principal chemical element of the tool coating,
and lower concentrations of Ti. The higher the concentra-
tions of W are, the greater the integrity of the tool flank. This
is because the charged droplets can enhance the wettability
and permeability and effectively alleviate the adhesion wear.
Moreover, cold air can reduce the cutting temperature, which
is beneficial for maintaining the strength and hardness of the
tool and reducing tool wear.

3.4 Chip morphology analysis

Chip morphology provides important clues about cutting
mechanics and is closely related to surface roughness, cut-
ting temperature, and tool flank wear [55, 56]. As shown in
Fig. 14, the chip consists of a free surface, back surface (in
contact with the tool rake face), top surface, and bottom sur-
face. The formation of the chip is a common result of cutting
load, material fracture, deformation, and friction properties
of the contact interface in the process of milling cutting.
This paper mainly analyzes the free surface and back surface
morphology of titanium alloy Ti—6Al-4 V chips under dif-
ferent lubrication conditions.

When analyzing the free surface of a chip, the chip defor-
mation degree is generally characterized by the degree of
chip segmentation (G,) [57]. The definition formula is as
follows:

G,=H-h/H 3)

Here, H is the peak chip height and % is the chip valley
height. The specific measurement parameters are shown in
Fig. 15.

Figure 16 shows the cross-section photographs of tita-
nium alloy Ti—-6Al-4 V chips under different lubrication
conditions, which present a serrated shape. Figure 17 shows
the average G, under different lubrication conditions, which

@ Springer



3448 The International Journal of Advanced Manufacturing Technology (2023) 126:3437-3452

Fig. 14 Physical diagram of the titanium alloy Ti-6Al-4 V chip

Free surfac

Back surface

=

Fig. 15 Schematic diagram of the serrated chip

are calculated by selecting the five highest degrees of chip
segmentation. It can be seen that the highest average G, are
obtained under CAEMQL, and these values are 32.57%,
22.37%, and 5.33% higher than those obtained under MQL,

Fig. 16 Metallographic serrated
chips sample under different
conditions: a MQL, b EMQL,

¢ CAMQL, and d CAEMQL
(cutting speed: 120 m/min; axial
depth of cut: 1 mm; radial depth
of cut: 5 mm; feed rate: 0.1 mm/
tooth)

@ Springer

EMQL, and CAMQL, respectively. The size of the degree
of chip segmentation depends on the size of the material
failure strain [58].

As also shown in Fig. 17, the G, under MQL are the
smallest, which may be due to the higher milling tem-
perature and material plasticity causing a larger failure
strain, resulting in a lower G,. The better lubrication
performance of the charged droplets under EMQL can
further enhance the G, which may be attributed to the
decrease in milling forces and the reduction in mill-
ing temperature and failure strain to a certain extent.
Moreover, the milling temperature under CAMQL is
lower than that under EMQL and MQL, which fur-
ther reduces the failure strain, resulting in a higher
G,. Consequently, the average G, under CAEMQL are
the highest.

In cutting, the back surface of the chip is in contact with
the rake face of the tool and undergoes plastic deformation
as it slides across the rake face due to high contact stress,
shear stress, and friction force [59, 60]. Figure 18 shows the
back surface morphology of chips under different lubrication
conditions. It can be seen that there are obvious scratches on
the back surface of the chips. According to Tang [56], the
chip back surface is the contact surface between the chip
and the tool rake surface, and its scratches are the cumu-
lative result of friction forces, contact pressure, and high
temperature. As shown in Fig. 18a, a larger cutting force
leads to deeper scratches and concave deformation on the
back surface under MQL, which reflect poor cutting perfor-
mance. As seen in Fig. 18b, the scratches under EMQL are
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Fig. 17 Degrees of chip segmentation under different lubrication con-
ditions

alleviated due to the smaller friction between the tool and
chip and the strong wetting and lubricating ability of the
charged droplets.

Figure 18c shows that there are shallower scratches
and smaller concave deformations under CAMQL. This is
because the cold air reduces the milling temperature in the
cutting area, increases the chip hardness, and decreases
the tool adhesion. Furthermore, as seen in Fig. 18d, with
the synergistic effect of charged droplets and cold air,

Fig. 18 Back surface morphol-
ogy of chips under different
lubrication conditions: a MQL,
b EMQL, ¢ CAMQL, and

d CAEMQL (cutting speed:
120 m/min; axial depth of cut:
1 mm; radial depth of cut:

5 mm; feed rate: 0.1 mm/tooth)

the scratches and concave deformation under CAEMQL
are the smallest, which indicates that this method can
improve friction in the cutting area, enhancing milling
performance.

4 Conclusions

To decrease the cutting temperature in the cutting area and
prolong the tool life, a lubrication/cooling method called
CAEMQL was proposed. The heat transfer characteristics
of CAEMQL were comparatively analyzed. The compara-
tive performance analysis of CAEMQL, MQL, EMQL, and
CAMOQL machining in terms of milling titanium alloy and
chip morphology was systematically investigated through
experiments. According to the experimental results, the cor-
responding conclusions are listed as follows:

(1) The critical heat flux, heat flux density, and heat
transfer coefficient under CAEMQL were higher than those
under MQL, EMQL, and CAMQL, respectively. The cold
air increased the temperature difference between the speci-
mens and improved the convective heat exchange ability.
The charged droplets increased the contact area of the speci-
men and the evaporation heat exchange efficiency.

(2) In the milling process of the titanium alloy
Ti-6Al-4 V, a lower milling force, smaller milling tem-
perature, and better surface quality under CAEMQL
were obtained. At the same time, the tool life under
CAEMQL was longer than that under MQL, EMQL,
and CAMQL.
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(3) The optical micrograph of the tool flank showed that
the adhesion layer and wear of the tool flank under CAE-
MQL were the least compared to those under MQL, EMQL,
and CAMQL. The SEM and EDS analyses showed that the
tool flank mainly underwent adhesive wear and abrasive
wear. The concentrations of Ti under MQL were the high-
est, while the concentrations of Ti were the lowest and the
concentrations of W were the highest under CAEMQL.

(4) The low-temperature cooling effect reduced the failure
stain, and the lubrication enhancement effect of the charged
droplets decreased the friction at the tool-chip interfaces
under CAEMQL in the milling process, which led to an
increase in the degrees of chip segmentation G,. Moreover,
the scratches on the back surface of the chips were shallower
and smoother.
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