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Abstract

Strong thermal-mechanical coupling and rapid tool failure easily occur in the milling process of hardened steel with solid
end mills. This work investigates the effectiveness of minimum quantity lubrication (MQL) during high-speed milling of
hardened mold steel. Three kinds of spraying modes were designed in the experiment. They are namely the spraying ways to
the flank face (MQL-F), to the rake face (MQL-R) and to the rake and flank faces (MQL-FR). The cutting forces, tool wear,
and chips when using the MQL modes and compressed air cooling mode (CAIR-F) were compared, and the wear mechanism
and lubrication mechanism were further analyzed. The results showed that the tool wear values and milling forces of several
MQL modes were significantly lower than those with CAIR-F. The milling force and tool wear values were successively
reduced using MQL-R, MQL-F, and MQL-FR, with better lubrication of the rake face resulting in a smaller curvature radius
for the chip. Abrasion wear, adhesion/attrition wear, and flaking/chipping were the main wear mechanisms. The MQL-FR
method was the optimal method of the MQL modes. It could effectively reduce the cutting contact stress and unit cutting

energy, and obviously reduced wear phenomena such as adhesion and chipping.

Keywords Hardened steel - High-speed milling - MQL - Solid end mill

1 Introduction

Hardened steel is a material with high hardness (50-70
HRC), good wear resistance, and good mechanical prop-
erties, which give it a wide range of applications in mold
manufacturing. Milling is a typical processing method for
hardened steel molds. In recent years, with the development
of high-speed machining technology, high-speed milling has
often been used in mold processing [1]. Because of the char-
acteristics of hardened steel materials, the cutting edges in
high-speed milling are subjected to a large impact force and
high cutting temperature, which can easily cause the cutting
edge to become worn and damaged, shortening the tool life
[2]. Therefore, methods to control the cutting heat and force,
and extend the tool life through cooling and lubrication, have
become key scientific issues worth studying in relation to the
high-speed milling of hardened steel.
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Some enterprises use emulsified cutting fluids in their
cutting operations. Although this type of cutting fluid has
a good cooling effect and a certain lubricating effect, the
use of such a cutting fluid causes several problems, includ-
ing a negative impact on human health and the environment
[3]. Using and recycling the cutting fluid also has a high
cost, which can reach or exceed 7-14% of the total manu-
facturing cost [4]. Moreover, a low cutting fluid flow rate is
used, which makes it difficult for it to enter the tool—chip or
tool-workpiece contact interface. These effects make the use
of this type of fluid unsatisfactory in the high-speed milling
of hardened steel [5].

Environmentally friendly green cooling lubrication
methods are an inevitable development direction for sus-
tainable manufacturing due to environmental issues, cost
issues and government regulations [6]. Some researchers
have conducted green cutting research with four main types
of methods. The first one is dry cutting; the second is cutting
under compressed air cooling; the third is cutting in ultra-
low temperature or low temperature gas environment; and
the fourth is MQL cutting.

Dry cutting, with convenient and non-polluting pro-
cessing characteristics, does not require any cooling and


http://orcid.org/0000-0003-1249-2295
http://crossmark.crossref.org/dialog/?doi=10.1007/s40684-020-00249-9&domain=pdf

1552 International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:1551-1569

lubrication device. Although the coating technology has
been greatly developed [7], dry cutting has a problem of
rapid tool wear for the cutting applications of high heat and
force coupling, such as the high-speed milling of hardened
steel molds.

Compressed air cooling is a commonly used method for
the high speed milling of hardened steel molds. The com-
pressed gas can take away part of the cutting heat and blow
away the chips to prevent them from thermally residing.
Compared to dry cutting, compressed air cooling method
can improve tool life to a certain extent. However, the tool
wear of compressed air cooling method is still relatively fast
in the process of high-speed cutting because the thermal
removal capacity of the compressed air is not high [8]. There
is still a certain gap between the requirements of enterprises
to reduce tool loss.

Cutting in ultra-low temperature or low-temperature gas
environment is often used for the difficult-to-work materi-
als. There are some common gas, like liquid nitrogen gas
(— 195 °C), supercritical carbon dioxide low temperature
gas (— 65 °C) and 0~ — 60 °C low temperature gas. For
the cutting of some special difficult-to-machine materials,
such as titanium alloy [9], high-temperature alloy [10, 11],
it is very effective to spray ultra-low or low temperature gas,
which can effectively reduce cutting temperature, adhesive
wear and plastic deformation of the cutting edge. And it also
significantly delays the tool wear process and improves the
surface quality of workpiece. However, this cooling method
requires purchase and maintenance of an external air-condi-
tioning device and consumes a large amount of cold air dur-
ing cutting, thereby significantly increasing the processing
cost. Due to processing cost issues, this method is currently
used less in the actual machining of hardened steel molds.

MQL is a near-dry machining method with environmen-
tal and economical benefits. Carrying a small amount of
atomized oil droplets, the compressed gas are sprayed onto
the tool/chip/workpiece interfaces to delay tool wear and
improve the quality of the machined surface [12, 13]. To
prevent oil mist pollution, the flow rate of oil used is gener-
ally less than 100 mL/h. For 6061 aluminum alloy turning,
Sreejih [14] compared three MQL methods, dry cutting and
flooded coolant, and found that the tool wear of MQL was
lower than the other two ways. Tawakoli et al. [15] studied
the effect of MQL parameters on grinding. The results show
that MQL grinding had less milling force and better surface
quality than fluid grinding under certain parameters. In the
study of Rahim and Sasahara [16], high speed drilling of
Ti-6Al1-4V was investigated under various coolant—lubricant
conditions. It is said that MQL and flood conditions exhib-
ited comparable performance in tool life, and the distinct
tool wear characteristics of MQL drilling included adhe-
sion and abrasion wear. The above research shows that MQL
exhibits good cooling and lubrication effects in machining

such as turning, grinding and drilling, and can be used to
replace traditional flood method.

Milling is an interrupted cutting method. MQL’s machin-
ing characteristics such as cooling/lubrication and tool wear
in milling are also different from turning or grinding in some
respects. Two kinds of cutters are commonly used in milling:
indexable mills and solid end mills. Several researchers have
conducted MQL milling researches on indexable mills. In
the MQL milling of nickel alloy, Zhang et al. [17] found that
the life of indexable mill was prolonged by 57% compared
with dry cutting. Cai et al. [18] and Liu et al. [19] studied
the MQL milling of titanium alloy Ti-6Al-4V with index-
able mill and found that the length of chipping edge, cutting
force and surface roughness decreased with the increase of
lubricating oil, but the injection angle had little effect on
the processing. In the face milling study of Inconel 182,
Wang et al. [20] found that the nozzle position and tool coat
affected the cooling/lubrication effect of MQL. Milling stud-
ies of indexable mills have shown that MQL can achieve
certain results in terms of extending tool life and improving
surface quality.

The cutting edges of solid end mills are significantly
different from indexable mills. The solid end mill has
more cutting edges and they are spiral. Because of this
geometric structure, the cutting process of solid end
mill is much lighter, more stable and more efficient than
indexable mill, so it is very suitable for fast feed high
speed milling [21]. There are few MQL research litera-
tures on solid end mills [22]. Iyappan and Ghost [23]
studied the performance of solid end milling of alumin-
ium alloy under dry and SQL environments. The experi-
ment results indicated that SQL can eliminate the forma-
tion of BUE, reduce cutting force and surface roughness.
The research results from Ganguli et al. [24] and Zhang
et al. [25] showed that the application of MQL in solid
end mill milling can prolong the tool life and reduce the
milling force to a certain extent. However, these studies
are based on shallow cutting style, that is, the axial cut-
ting depth is small. In die milling with solid end mill,
the cutting efficiency and tool life can be improved more
effectively by using large axial cutting depth mode [1,
2]. Compared with the use of small axial depth of cut,
the jet-flow is easily blocked by the workpiece and cut-
ter and more difficult cover the cutting edge completely
in the MQL milling process with the use of large axial
depth of cut. For the high-speed milling with large axial
depth of cut mode, it is necessary to carry out systematic
research and understand the adaptability of MQL and
the mechanism of cooling and lubrication. Hardened die
steel is a difficult-to-work material in the mold produc-
ing process. High-speed milling with large axial depth
of cut significantly improves the cutting efficiency of
hardened steel mold, but the thermal-force coupling is
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sharp and the tool wear is fast during the cutting process.
If the application of MQL can effectively reduce the tool
wear and improve the processing efficiency, it will have
practical significance in industrial production. This paper
will carry out this work. The characteristics and mecha-
nism of tool wear, cutting force, chip formation, cooling
and lubrication in the high-speed milling hardened die
steel using solid end mills under MQL condition will be
systematically studied in the study. Considering several
aspects such as injection mode and oil flow rate, four
MQL methods were designed. Under two sets of cutting
parameters, four MQL modes are compared with the com-
pressed air cooling mode. In the experiment, key char-
acterization quantities, such as milling force, tool wear,
tool breakage and chip, were compared and tested, and
cooling/lubrication mechanism and tool wear mechanism
under MQL condition were further analyzed. The rest of
this article is as follows. Section 2 introduces workpiece,
tool material and experimental process. Section 3 gives
the experimental results and Sect. 4 discusses the experi-
mental results. Finally, the conclusion is given in Sect. 5.

Table 1 Experimental conditions

2 Experimental Procedure

The experimental conditions for the high-speed milling are
listed in Table 1.

The processing machine was a MILLTAP 700 machin-
ing center, with a maximum spindle speed of 24,000 rpm
and maximum spindle power of 6 kW. The workpiece mate-
rial used in the experiment was P20 steel, which mainly
consists of C, Mn, Cr, Mo, Si, P, and S. P20 steel has good
mechanical and cutting properties, making it suitable for
medium- and large-scale die making. The hardness of P20
steel after quenching is within the range of 55-57 HRC.
The tool used in the experiment was a coated-carbide solid
end mill, which is the most commonly used tool in solid
end mills at present. The main coating elements of the tool
were Ti, Al, Si, and N. The main elements of the tool matrix
were C, W, and Co. In the experiment, two sets of cutting
parameters were designed based on the milled parameters
of the hardened steel recommended by the factory. One set
of parameters included a higher cutting speed and feed rate
(V.=175 m/min, F =700 mm/min, parameter 1), and the
other set included a slightly lower cutting speed and feed

Machine

Workpiece material

MILLTAP 700
P20 Steel composition

C(0.28-0.40), Mn(0.60—1.00), Cr(1.40-2.00), Mo(0.30-0.55), Si(0.20-0.80), P(< 0.03), S(<0.03), and Fe

Workpiece size 25x90x 300 mm
Heat treatment Quenching
Hardness 55-57 HRC

Cutting tools

Coating of tool Ti, Al, Si, N
Tool matrix material C (2.7%), W (85.73%), Co (8.86%)
Diameter O8 mm
Radial rake angle 10°
Axial rake angle 45°
Clearance angle 2°
Helical angle 45°
Number of teeth 4
Model HMX-4E-D8.0

Cutting conditions Parameter 1
Cutting speed (V) 175 m/min

Feed rate (F)
Radial depth of cut (A,)
Axial depth of cut (Ap)

Environment

700 mm/min
0.5 mm

8 mm
Spraying angle approach a;=45°, a,=30° (see Fig. 1)
16 mL/h, 32 mL/h

90 L/min

0.5 Mpa

Flow rate of oil
Flow rate of air
Air pressure

Carbide four-flute spiral end mills (Zhuzhou Cemented Carbide Cutting Tools Co., Ltd)

Parameter 2
125 m/min
625 mm/min
0.4 mm

8 mm

Compressed air cooling mode and four MQL modes
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rate (V,=125 m/min, F =625 mm/min, parameter 2). The
material removal rates were the same for both sets of cutting
parameters.

Three MQL injection modes are designed, as shown in
Fig. 1. The nozzles sprays atomization gas to the tool from
above the machined workpiece surface. If the nozzle sprays
gas to the tool from above the unmachined workpiece sur-
face, the jet flow is difficult to reach the cutting contact area
because it is blocked by the unmachined surface. Consider-
ing that the flow rate of injected lubricating oil may have
a significant influence on the cutting process, two lubri-
cating oil flow rates of 16 ml/h or 32 ml/h were used in

(b)
Solid end mill
) \ / \
( ( Work-piece (
<— Feed <— Feed
o2
a
& Y Y
T—»Y T—'Y

Fig. 1 MQL injection method. a Injection on the flank face (MQL-F),
b Injection on the rake face (MQL-R), ¢ Simultaneous injection on
the flank face and rake face (MQL-FR)

Table 2 Five cooling modes designed in the milling experiment

the experiment. In the experiment, four MQL modes were
finally designed (Table 2): MQL-F-16, MQL-R-16, MQL-
F-32, and MQL-FR-16-16; here, “F” represents the flank
face of the tool, and “R” represents rake face of the tool,
while “16” and “32” represent the flow rates of the injected
lubricating oil, i.e., 16 ml/h and 32 ml/h. The compressed air
cooling method used a single nozzle to spray air to the tool
flank face (CAIR-F). The MQL method and compressed air
cooling method share the same equipment, thereby ensuring
that the pressure and flow rate of the compressed gas used
are consistent. When the lubricating oil passage is closed,
the MQL method can be converted into a compressed air
cooling method. The gas pressure and flow rate used for
single-nozzle injection were 0.5 MPa and 90 L/min respec-
tively. In order to reduce the power consumption of com-
pressed gas, the compressed gas flow rate of each nozzle of
the MQL-FR mode was reduced to 60 L/min.

The principle of lubricating oil atomization of MQL is
shown in Fig. 2. The lubricating oil is continuously conveyed
to the nozzle along a pipe at a low flow rate, and the com-
pressed gas is sent to the nozzle through another pipe. Then
they both enter the nozzle annular cavity for atomization.
Under the impact of high-rate compressed gas, the lubricat-
ing oil is dispersed into many micron fine oil mist particles
and ejected from the nozzle to form MQL air jet. The lubri-
cating oil used in MQL is a synthetic ester (2000-35), having
a viscosity (40 °C) of 30 and a flash point of 300 °C.

In the high-speed milling process, the dynamic milling
force was measured using a three-axis dynamometer (Kis-
tler 9129AA) and a multi-channel charge amplifier (5080A).
Tool wear was measured using a stereo microscope (Olym-
pus-SZ61). The chip and cutting edge were quantified using
a 3D scanner (Alicona Infinite Focus SL). The cutting edges
of worn end mills were further analyzed by a scanning elec-
tron microscope (NanoSEM430) and an energy-dispersive
spectroscopy (EDS).

Tool wear is usually characterized by the width of the
flank wear land (VB). When the solid end mills reaches
severe wear, there will often be cutting sparks, flat and bro-
ken chips, and the processing vibration is large. However,
after the test, the average flank wear width was found to
be less than the tool failure ISO criterion of VB =0.3 mm.

Mode Cooling and lubrication characteristics

MQL-F-16 The mist jet is sprayed toward the tool flank face by a single nozzle. The flow rate of the injected lubricating oil is16 ml/h

MQL-R-16 The mist jet is sprayed toward the tool rake face by a single nozzle. The flow rate of the injected lubricating oil is 16 ml/h

MQL-F-32 The mist jet is sprayed toward the tool flank face by a single nozzle. The flow rate of the injected lubricating oil is 32 ml/h

MQL-FR-16-16 Double nozzles respectively spray mist jets toward the rake face and flank face of the tool. The flow rate of the injected
lubricating oil of each nozzle is 16 ml/h

CAIR-F The compressive air is sprayed toward the tool flank face

@ Springer KE;E
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Fig.2 Atomization principle of MQL. a Atomization of compressed
gas and lubricating oil transported through different pipelines, b
Actual atomization nozzle, ¢ Atomization process of lubricating oil
in nozzle

Therefore, in this study, the milling force, chip shape, and
machining spark in the later stage of machining are taken
as the auxiliary reference, and the average flank wear value
VB =130 pm is set as the critical value of tool failure. When
the average flank wear width of a tool reaches VB =130 pm,
the corresponding cutting time is the tool life value.

3 Experimental Results and Discussion

3.1 Tool Wear

Figure 3 shows the tool wear curves under the two sets of
cutting parameters. Each curve consists of three stages: an
initial rapid wear stage an intermediate stable wear stage,
and a final rapid wear stage.

A comparison of Fig. 3a and b shows that the tool wear
process was faster under the first set of parameters (param-
eter 1), which was related to the higher cutting speed and
larger radial depth of cut used. Regardless of which set of
parameters was used (parameter 1 or parameter 2), four
MQL methods were used to effectively delay the change
in the tool wear curve compared with the use of the com-
pressed air cooling method. Four kinds of MQL methods,
MQL-R-16, MQL-F-16, MQL-F-32, and MQL-FR-16-16,
were used to successively reduce the degree of tool wear.
When a single nozzle was used, the tool wear of the flank
face injection mode (MQL-F-16) was lower than that of
the tool face injection mode (MQL-R-16). The lubricat-
ing oil flow rates of MQL-F-32 and MQL-FR-16-16 were
comparable, and they were both high oil flow rate modes.
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Fig.3 Tool wear curves. a Comparison of tool wear curves under
parameter 1, b Comparison of tool wear curves under parameter 2

Figure 3 shows that the tool wear values of the two high
oil flow rate modes (MQL-F-32 and MQL-FR-16-16)
are significantly lower than those of the two low oil flow
rate modes (MQL-R-16 and MQL-F-16). In other words,
increasing the flow rate for the lubricating oil had the
significant effect of retarding the tool wear. In addition,
the double-nozzle injection method (MQL-FR-16-16)
had a slower tool wear than the single-nozzle (MQL-F-
32) method, which indicated that the choice of injection
mode under the same lubricating oil flow rate also had a
significant impact on the tool wear process.

According to the aforementioned tool failure criteria, a
horizontal line of vertical coordinate VB =130 pm is con-
structed in Fig. 3. The horizontal line intersects the tool wear
curve of each tool, and the abscissa of the intersection point
is the final cutting distance of the tool. Further combined
with the feed rate, the tool life value of each tool can be
calculated.

@ Springer KEF]E
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Figure 4 shows the tool life comparison results for the
two sets of cutting parameters. Under the conditions of cut-
ting parameter 1, compared with the compressed air cooling
mode CAIR-F, the four kinds of MQL modes, MQL-R-16,
MQL-F-16, MQL-F-32, and MQL-FR-16-16, improved the
tool life by 15.5%, 23.6%, 35.5%, and 45.3%, respectively.
Under the conditions of cutting parameter 2, compared with
the compressed air cooling mode, MQL-R-16, MQL-F-16,
MQL-F-32, and MQL-FR-16-16 improved the tool life by
31.6%, 43.6%, 63.9%, and 81.2%, respectively. Obviously,
the four MQL modes significantly improved the tool life
compared with the compressed air cooling mode. MQL-
FR-16-16 had the longest tool life among the four MQL
modes.

3.2 Tool Breakage

Because of the particularity of the tool geometry of the solid
end mill, a quantitative analysis of tool breakage is much
more difficult than with a turning tool. In this study, a quan-
titative breakage analysis of the solid end mill was realized

(a) 1 I
228 L160
21714 120 £
£ 3
& .
:; 114 - 80 B
s ¥
= -
I 3
57 L 40
0 L0
CAIR— MOL- MQL- MQL- MQL-
R-16 F-16 F-32 FR-16-16
(b) r
400 1250
3204 1200 £
~ L 3
= 2
E 240- 150 2
2 [
= 2
S 160 L100 E
E =
801 )
0 0
CAIR- MQL- MQL- MQL- MQL-
R-16 F-16 F-32  FR-16-16

Fig.4 Comparison of tool life values. a Tool life with parameter 1, b
Tool life with parameter 2
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using a precision three-dimensional optical scanner. The
results are shown in Fig. 5. Figure 5a shows a cross-section
of the 3D model of a worn tool and quantifies the breakage
depth of the cutting edge in this section. The cutting edge
flank wear of the current section measurement is defined as
VB,, and the cutting edge breakage width value is defined as
S, Figure 5b and c show the two most severe cutting edges
of the MQL-F-16 tool, showing multiple parallel sections
at different axial depths and quantifying the tool breakage.
Figure 5b and c show that the same cutting edge has different
breaking values at different axial depths, and the two cutting
edges have different breaking values at the same axial depth
position. In turning machining, Sun et al. [26] found that
tool wear and tool breakage tended to change synchronously.
The tool wear and tool breakage of cutting edge 2 in Fig. 5¢
generally exhibit a synchronous change, but cutting edge 1
of Fig. 5b does not have this synchronous change correla-
tion. This is related to several factors such as the multiple
cutting edges, helical geometry of the cutting edges, and
dynamic balance of the rotation. The mean value of tool
breakage depth is defined as S, and the mean value of tool
flank wear for a cutting tool is defined as VB. Figure 5d and
e show analysis results for the S and S/VB values of the tools
for the various cutting modes, respectively. As can be seen
from Fig. 5d and e, the S and S/VB values are lower for a tool
with a slower flank wear process. Obviously, from the point
of view of the average, there is still a significant correlation
between tool breakage and tool wear.

3.3 Microscopic Analysis of Tool

Figure 6 shows scanning electron micrographs of a failed
tool after using the compressed air cooling mode. Fig-
ure 6a—d are micrographs of the flank wear. In Fig. 6b, the
flank face is divided into three main areas. Zones 1 and 2
are flank wear bands. Zone 3 is the area of the flank face
that is not worn. Zone 1 is the chipping strip, which is the
body of the flank wear strip. Zone 2 can be seen as ridges
and grooves parallel to the direction of the cutting speed,
which embodies abrasive wear characteristics. Based on an
EDS analysis (Fig. 6d), the elements of zone 2 are mainly
composed of tool coating elements. A large piece of work-
piece bond appears in the flank wear area of Fig. 6a, and
significant adhesion of the workpiece material is also vis-
ible in the unworn area of Fig. 6b, which reflects the higher
cutting temperatures during the cutting process. Figure 6e—f
are micrographs of the rake face. There is a chipping strip
on the rake face, with some visible bonds, but no obvious
abrasion area is seen. The rake face wear is relatively small
compared with the flank wear.

Figure 7 shows the microscopic analysis of tool wear for
MQL-R-16. Similar to the compressed air cooling mode, the
flank face of Fig. 7b clearly identifies three areas. In Fig. 7c,
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Fig.6 Microscopic analysis of tool wear for CAIR-F (parameter 1). a Flank face, b Tip area, ¢ Partial magnification, d. EDS analysis, e, f Rake
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there are some adhesion materials in the chipping belt and  materials. The adhesion of MQL-R-16 is obviously less than
fresh surfaces formed by the shedding of the adhesion  that of the compressed gas cooling mode, which indicates
materials. Figure 7d shows that these bonds are workpiece  that this method can effectively reduce the cutting heat. Zone
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Fig. 7 Microscopic analysis of tool wear for MQL-R-16 (parameter 1). a Flank face, b Tip area, ¢ Partial magnification, d EDS analysis, e, f

Rake face

2 in Fig. 7c is the abrasive wear zone and the material com-
position is primarily the element of tool coating. Figure 7e—f
are tool wear micrographs of the rake face. The comparison
shows that the rake wear is less than flank wear. The chip-
ping belt zone can be seen on the rake face, but there is no
obvious abrasive wear zone.

Figure 8 shows the microscopic analysis of tool wear for
MQL-F-16 and MQL-F-32. Some adhesion materials and
fresh surfaces formed by the shedding of adhesion mate-
rials can also be seen in the chipping belt of MQL-F-16.
Compared with MQL-F-16, the adhesion phenomenon in the
chipping belt of MQL-F-32 is lighter. Therefore, in the same
MQL mode, the increase in the flow rate of the lubricating
oil can effectively reduce the thermal wear such as adhesion.

Figure 9 shows the microscopic analysis of tool wear
for MQL-FR-16-16. The flank face of Fig. 9b also clearly

identifies three areas. Compared with other MQL modes,
MQL-FR-16-16 has the least adhesive materials, indicat-
ing that this mode is more effective in reducing the cutting
heat and lowering the cutting temperature. In Fig. 9b and
¢, Zone 2 has distinct grooves and ridges, and the mate-
rial composition in Zone 2 is primarily the element of tool
coating. In Fig. 9c, a small amount of bond cand be seen
in the chipping belt and the fresh surface formed by the
shedding of bond. Figure 9d shows that these bonds are
workpiece materials. Obviously, as the best way of several
MQL methods, adhesion is still one of the factors in the
development of chipping. Figure 9e and f are micrographs
of the rake face. The adhesion phenomenon is relatively
slight. As in previous several modes, there is no significant
groove and ridge feature on the rake face.

500um

Fig. 8 Microscopic analysis of tool wear for MQL-F-16 and MQL-F-32 (parameter 1). a, b MQL-F-16, ¢, d MQL-F-32
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Fig.9 Microscopic analysis of tool wear in MQL-FR-16-16 (parameter 1). a Flank face, b Tip area, ¢ Ppartial magnification, d EDS analysis, e,

f Rake face

Fig. 10 Microscopic analysis of crack (MQL-F-32). a Chipping area
and crack, b Partial magnification

Figure 10 shows the microcrack of a MQL cutting tool.
The microcrack is parallel to the cutting edge direction. This
kind of microcrack can be seen in several MQL methods. It
is generally believed this kind of microcrack is caused by
mechanical load. In the direction perpendicular to the cut-
ting edge, no obvious microcracks were observed in several
MQL modes.

3.4 Milling Force

Figure 11 show the evolution of the milling forces in the
various cutting modes under parameters 1.

The X-direction effective mean force is defined as F,, and
the Y-direction effective mean force is defined as F\. The
error bar represents the difference between the peak milling

force and the effective mean milling force. As the cutting
distance increases, the F, curve changes gently, which
should be related to the spalling of the cutting edge material
during the cutting process. As the cutting distance increases,
the F values of the cutting modes increase significantly. In
the middle and late stages of cutting, the Y-direction force F
is significantly larger than the X-direction force F,.

The resultant force is defined as F. It can be calculated
using the following formula:

F=,/F;+F;. ()

In Fig. 11, the F,, curve graphs of the cutting modes are
close to the F curve graphs, indicating that F\; is the main
part of the resultant force. Figure 12 is the milling diagram
under parameter 2. Similar to Fig. 11, Fy is the main part of
the resultant force.

As can be seen from Figs. 11 and 12, the steepness val-
ues of the resultant force F curves of CAIR-F, MQL-R-16,
MQL-F-16, and MQL-FR-16-16 sequentially decrease. In
Fig. 11, when the resultant force reaches 350 N, the cutting
distances of the cutting modes are 100 m, 117 m, 131 m,
143 m and 154 m in turn. In Fig. 12, when the resultant
force reaches 280 N, the cutting distances of the various
modes are 111 m, 138 m, 154 m, 165 m and 175 m in turn.
By comparing the resultant force curve with the tool wear
curve (Fig. 3), it can be found that they have a corresponding
relationship, with a faster tool wear associated with a greater
increase in the milling force.
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Fig. 11 Milling force evolution curve under parameter 1. a Fy, b Fy, ¢
Resultant force F'

It can also be seen from Fig. 11 that at the beginning of
the cutting, the lubricating action of the lubricating oil is not
obvious, and the F, milling forces (or F resultant forces) of
the MQL modes are close in magnitude. Figure 12 has a sim-
ilar result. This may be because the surface roughness of the
cutting edge is low in the initial stage of cutting, resulting in
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Fig. 12 Milling force evolution curve under parameter 2. a Fy, b Fy, ¢
Resultant force F'

less adhesion and storage of lubricating oil. When cutting
a certain distance, the lubricating action of the lubricating
oil gradually becomes obvious, and the difference between
the tool wear and cutting force gradually increases. This
should be related to some scratch marks in the rake face and
flank face. These groove scratches enhance the ability of the
surface to adhere and store the oil film, and provide some
micro-channels for the penetration of the lubricating oil into
the cutting contact area [27].

3.5 Chips

Figure 13 shows the chip evolution processes for the vari-
ous cutting modes. The chips of the compressed air cool-
ing mode reach a flat shape within the range of 70-90 m.
The chips of MQL-R-16 reach a flat shape at 130 m.
The flatness of the chip shows that the cutting edge has
been passivated. The chips of MQL-F-16 are still rela-
tively curled at 130 m, but the chip length is significantly
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Fig. 13 Chip evolution process (parameter 1). a CAIR-F, b MQL-R-
16, ¢ MQL-F-16, d MQL-FR-16-16

reduced, which is related to some local chipping. The chips
of MQL-FR-16-16 maintain good curls from 0 to 130 m.
Obviously, the chip evolution reflects the tool wear pro-
cess. When the cutting edge wears lightly, the chip curls
significantly and the chips are long. Thereafter, the cutting
edge wears and some chipping occurs, at which time the
chips are curled but become shorter. As more chipping
occurs and engages, the cutting edges passivate, and the
chips no longer curl, but become flat. Further, the chips of
the CAIR-F mode in Fig. 13 undergo a “curl-flat-crimp-re-
flat” transition process from 70 to 110 m. Similar phenom-
ena may be seen in several other ways during the middle
and late stages of cutting, indicating that the cutting edge
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Fig. 14 Comparison of chip curvatures of four cutting modes under
parameter 1. (To make the diagram more intuitive, the curvature
value of flat state chips is represented by the value 900 pm with an
upward arrow, but the actual curvature value exceeds 3000 pm)

has a “self-sharpening” phenomenon. The phenomenon of
“self-sharpening” is more common in grinding, but there
are a few related reports on solid end mills in the literature.
The self-sharpening of the milling cutter may be related
to the further peeling of the rake face and flank face after
the cutting edge is passivated. This peeling will, to some
extent, sharpen the passivated cutting edge again.

Chip curvatures of the various cutting modes were ana-
lyzed statistically. The result is shown in Fig. 14. At a cutting
distance of 20 to 100 m, the chip curvature is relatively sta-
ble. The curvature radius of the chip in several ways in this
interval can be roughly sorted as: CAIR-F>MQL-F>MQL-
FR >MQL-R. The possibility of causing the above curvature
results may be related to the lubrication of rake face. Due
to the lack of oil fog lubrication, the chip curvature of the
compressed air cooling mode is the largest. The nozzle of
the MQL-F mode mainly sprays the flank face of the cutting
edge, and only a small amount of lubricating oil is sprayed
on the rake face during the empty cutting stage. Both the
MQL-R and MQL-FR modes can effectively spray the rake
face of cutting edge for effective lubrication. Since the air
pressure and flow rate in the MQL-FR mode are slightly
lower than MQL-R, the lubrication effect of the MQL-FR
mode on the rake face should be slightly lower than that
of the MQL-R mode. Therefore, the lubrication effect of
several cutting modes on the rake face should be: CAIR-
F<MQL-F<MQL-FR <MQL-R. Based on the above anal-
ysis, an effective conclusion can be drawn basically. The
better the lubrication effect on rake face, the smaller the chip
curvature. The discussion of lubrication and chip curvature
will be further analyzed in the later discussion section.
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4 Discussion
4.1 Tool Wear and Breakage Mechanism

Tool wear is closely related to the cutting costs and surface
quality of a machined workpiece. During the high-speed
milling of hardened steel, the tool wears quickly, accom-
panied by the peeling and tearing of the tool material. In
order to explain the tool wear and breakage mechanism, it
is necessary to analyze the stress state of the cutting edge
during high-speed milling first.

Figure 15 shows the basic geometry of milling. With tool
radius r and radial depth of cut Ae, the engagement angle 8,
can be calculated using the following formula:

(@)

(b) A Y

Fig. 15 Schematic diagram of tool cutting. a Cutting contact process,
b Basic geometric relation
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0., = arcos((r — A,)/r). 2)

During the milling process, the instantaneous milling
thickness (h) of each cutting edge can be calculated using
formula (3):

h(#) = fsin 6, 3)

where f is the feed per tooth, and 0 is the rotation angle.
For each cutting edge, the average cutting material thick-
ness per revolution is as follows:

0,

h, = /fsianG /Hm. 4)

0

Based on the values of cutting parameter 1 listed in
Table 1, 6,,=28.95° and h,=6.2 pm can be calculated.
Based on the engagement angle of the cutting edge fully
cut into the workpiece (6, =28.95°) and the spiral lag
angle (n/4), the axial depth of cut can be calculated to be
2.02 mm. Referring to the cutting force of Fig. 11, the mean
stress of the cutting edge during the initial cutting process
can be approximately computed to be 12.8 GPa (160 N/
(6.2 pm X 2.02 mm)=12.8 GPa). The working stress of
12.8 GPa is significantly greater than the ultimate tensile
stress (3.2 GPa) of cemented carbide [28]. When the cutting
edge has wear characteristics such as adhesion and chipping,
the local stress of the cutting edge will be much greater than
12.8 GPa.

According to the above calculations, the cutting edge is
subject to intermittent high cutting stress during the high-
speed milling of hardened steel, which may cause several
consequences: (1) the cutting edge is prone to plastic defor-
mation, (2) high-frequency impact causes fatigue, (3) the
friction is large, (4) the cutting temperature is high, and (5)
adhesion and seizure can easily occur. Understanding these
characteristics is necessary to understand the mechanism of
tool wear and tool breakage.

As mentioned in Sect. 3.3, the wear characteristics of
the rake face are mainly adhesion/attrition wear and flak-
ing/chipping. The main wear characteristics of the flank
face are abrasion wear, adhesion/attrition wear, and flaking/
chipping. Both the compressed air cooling and MQL modes
showed the above wear characteristics, with varying degrees
of severity.

Abrasion grooves parallel to the cutting direction
occurred at the flank faces of each cutting stage in the com-
pressed air cooling and MQL methods. Abrasion is more
critical in flank wear, because the tool flank rubs against a
rigid element (workpiece), whereas the contact between the
tool rake face and chip involves sliding and seizure [29].
Whether the abrasive particles are harder or softer than the
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surface, an abrasion phenomenon can be produced, and the
abrasion can be divided into hard and soft abrasion [30].
Hardened steel containing the martensite phase is a hard
and difficult-to-work material. Under high cutting friction
stress conditions, it is easy to generate abrasion wear on a
cemented carbide tool (Figs. 6, 7, 8, and 9). If hard particles
of the tool, coating, and chip debris enter the area between
the workpiece and flank face, more contact stress occurs,
which further promotes abrasion wear.

The adhesion or welding of the workpiece material can
be observed on the flank and rake faces of the tool. Because
the adhesion materials are not stable, they may break off,
along with a small lump of tool particles. This phenomenon
is called attrition. Different levels of adhesion/attrition were
found in the compressed air cooling mode and MQL modes.
The thermal softening of workpiece materials caused by the
higher temperature and higher stresses has been found to be
the main reason for the adhesion of the workpiece material
[31]. As previously mentioned, the high-speed milling con-
ditions for hardened steel produce high cutting stresses, and
cause high friction and high cutting temperatures, which cre-
ate good conditions for the formation of adhesion. Adhesion
is an important indicator of the severity of tool wear/break-
age. Because of the lack of sufficient cooling and lubrica-
tion in the compressed air cooling mode, obvious workpiece
bonding and pits where the bond peeled off could be seen
on the cutting edges, with even a large piece of adhesive
material seen in the later stage of cutting. By lubricating
the cutting area with an oil mist, MQL reduced the cutting
friction, cutting stress, and cutting temperature, and thus
relieved the adhesion phenomenon, with a better cooling/
lubrication effect resulting in a lighter degree of adhesion/
attrition. The MQL-FR-16-16 method had the lighter degree
of adhesion/attrition of the four MQL modes at each stage,
showing that it had the best cooling/lubricating effect.

Chipping/flaking was another major tool wear/breakage
feature of the compressed air cooling mode and MQL modes.
The chipping/flaking bandwidth of the flank face was larger
than that of rake face. Because the chipping/flaking belt occu-
pied the main body in the wear belt, the chipping/flaking wear
mechanism was the key to understanding the tool wear and
tool breakage mechanism in high-speed milling with solid end
mills. Based on previous research results, the formation of
chipping may be related to abrasion, adhesion/attrition [32,
33], mechanical shock and cracking [34], and thermal fatigue
[32, 35]. These four aspects will be analyzed one by one. The
compressed gas air-cooling and MQL modes showed abrasion
areas with grooves and ridges in the flank face. The material
found in this area was mainly composed of the tool coating.
Therefore, abrasion could be seen as a prelude to the formation
of chipping. When the tool coating and superficial layer of the
substrate were subjected to abrasion to a certain extent, the
underlying tool base began to be exposed and further peeled

off, and the width of the chipping belt increased. The different
MQL methods showed the adhesion/attrition phenomenon to
different degrees at each cutting stage. The frequent occur-
rence of adhesion/attrition removed a portion of the cemented
carbide matrix particles and promoted the development of
chipping. Thermal fatigue could be excluded because no ther-
mal cracks were found perpendicular to the cutting edge with
the MQL methods. Mechanical cracks (Fig. 10) parallel to the
cutting edge could be found in the MQL modes, which were
mainly caused by mechanical shock. During the high-speed
milling of hardened steel, the cutting edge is subjected to inter-
mittent high cutting stress, which is significantly greater than
the ultimate tensile stress of the cemented carbide. Fatigue
occurs as the result of the intermittent high cutting impact
forces. Then, mechanical cracking may occur and induce
local chipping or flaking in a cemented carbide tool with brit-
tle characteristics. In addition, solid end mills have different
amounts of cutting edge breakage at different axial depths
(Figs. 5b and c). In other words, a portion of the cutting edge is
relatively “convex.” The local “convex” portion of the cutting
edge is clearly subject to greater concentrated stress [36], far
exceeding the ultimate stress of the tool material. Thus, these
“bulge” portions are more prone to local chipping. Based on
the above analysis, abrasion, adhesion/attrition, intermittent
mechanical shock, and cracking are the main mechanisms in
the formation of chipping/flaking.

The quantitative analysis presented in Sect. 3.2 showed
that there is a significant correlation between tool breakage
and tool wear. The main body of the tool wear area is the
chipping/flaking belt. Therefore, the formation and develop-
ment mechanism of tool breakage should be the same as that
of chipping/flaking.

The MQL methods were effective at reducing the tool
wear and breakage compared with the compressed air cool-
ing method. The oil mist could enter the second deformation
zone between the rake face and chips, or the third defor-
mation zone between the flank face and workpiece. This
resulted in two major changes. First, the friction decreased,
along with the frictional power. Second, the cutting force
decreased, which led to a decrease in the cutting stress.
These two changes could effectively inhibit the abrasion,
adhesion, mechanical cracking, chipping/flaking, etc. The
MQL-FR-16-16 method could provide effective boundary
lubrication for both the rake face and flank face. Compared
with the other MQL methods, it produced more benign
changes in reducing the stress, friction, and temperature.
Thus, the tool wear and breakage process was the lowest.

4.2 Spraying Models
MQL uses different injection methods to produce different

processing effects. Through geometric analysis, the injection
model shown in Fig. 16 could be established.
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The injection model of MQL-F is shown in Fig. 16a. The
jet flow is in the same direction as the cutting edge cut into
the workpiece. The Y +axis is specified as 0°, and the clock-
wise rotation angle is positive. The tool rotation could be
divided into three stages: empty cut stage [ (0°-270°), empty
cut stage II (270°-6, when Ap =0.5 mm, then #=334°), and
cutting material stage III (6—360°). In the first stage, the
tool rotates and is air cooled; in the second stage, as the tool
rotates, the jet flow is first sprayed on the rake face and then

(b)

(©)

Fig. 16 Injection models of three MQL cutting modes. a MQL-F, b
MQL-R, ¢ MQL-FR. (Arrow @ represents the direction of jet traction
during the upward growth of the chip from the bottom layer to the
surface layer of the workpiece. In the direction of traction, arrow @
represents the direction in which chips are grown upward to a certain
extent beyond the surface of the workpiece by the jet traction force)

@ Springer KE;E

on the flank face of the cutting edge. The compressed gas
applies cooling to the cutting edge, and the carried trace oil
can also adhere to the rake face and flank face and provide
surface lubrication for the third stage. In the third stage,
the jet flow is mainly sprayed on the flank face of the cut-
ting edge, which is thus cooled and lubricated. Because of
the geometric characteristics of the helical lag angle of the
cutting edge, the jet flow can blow away the upward grow-
ing chip and prevent it from making full contact with the
rake face (see arrows @ and @ in Fig. 16a), which prevents
the chip heat from remaining and entering the rake face,
and prevents the chip from being cut again. Because of the
lubrication effect of the second and third stages, the tool
wear condition of the MQL-F mode is significantly lower
than that of the compressed air cooling mode.

The injection model of MQL-R is shown in Fig. 16b. The
jet flow is in the opposite direction as the cutting edge cut
into the workpiece. The tool rotation could be divided into
three stages: empty cut stage I (0°-90°), empty cut stage
II (about 90°-8, when Ap =0.5 mm, then §=334°), cutting
material stage III (§-360°). In the first stage, as the tool
rotates, the jet flow is first sprayed on the rake face and then
on the flank face of the cutting edge. The compressed gas
cools the cutting edge, and a small amount of lubricating oil
can adhere to the blade surface to form a lubricating oil film.
In the second stage, the tool rotates and is air cooled. In the
third stage, the jet flow is primarily sprayed onto the rake
face of the cutting edge. According to the analysis of tool
wear (Sect. 3.1) and chip curvature (Sect. 3.5), the MQL-R
oil mist jet can effectively intervene in the rake face-chip
contact area to apply lubrication. However, the lubrication
effect of MQL-R on the cutting zone is weaker than that of
the MQL-F mode, which can be drawn from the comparison
of their tool wear curves (Fig. 3). Three reasons cause the
MQL-R tool to wear faster than the MQL-F mode. Firstly, in
the process of the chip growth in the MQL-R mode from the
bottom up, the jet flow has certain suppression effect on the
chip growth (see the drawing arrow directions @ and @), and
the chips may be cut twice. Secondly, part of the MQL-R jet
flows are easily blocked by the non-cutting edge (Fig. 16b).
Thirdly, the MQL-R jet usually cannot fully direct the cut-
ting contact area between the rake face and the chip, because
the cutting edge rotates to the right at the same time during
the chip curling process (Fig. 16b).

The injection model of MQL-FR is shown in Fig. 16c¢.
Tool rotation is divided into four stages: empty cut stage |
(0°-90°), empty cut stage II (about 90°-270°), and empty cut
stage III (about 270° — 8, when Ap =0.5 mm, then §=334°),
and cutting material stage IV (6—-360°). In the first and third
stages, as the tool rotates, the jet flow is first sprayed on
the rake face and then on the flank face of the cutting edge.
The compressed gas cools the cutting edge, and the traced
lubricating oil droplets can adhere to the rake face and flank
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face to form oil films. In the second stage, the tool rotates
and is air cooled. In the fourth stage, the F-direction jet can
be effectively injected into the cutting contact zone between
the rake face and the chip (Sect. 3.5), and the R-direction
jet can be effectively injected into the contact zone between
the flank face and workpiece. Since two jets can effectively
lubricate the rake face and flank face of the cutting edge,
the tool wear of MQL-FR is significantly lower than that of
MQL-F and MQL-R. In addition, the direction of jet trac-
tion during the upward growth of the chips is indicated by
arrows @ and @ of Fig. 16c, which indicates that the chips
do not excessively contact the rake face to conduct heat, and
the chips are not easily cut again.

4.3 Cooling and Lubricating Mechanism

MOQL has the effect of cooling and lubrication. It is generally
believed that the cooling effect of MQL is limited [37-39],
and lubrication is the main mode of action of MQL. Based
on the oil mist lubrication characteristics, the force, heat, and
friction wear in MQL cutting were quantitatively analyzed
during two-dimensional orthogonal cutting.

Figure 17 shows the MQL two-dimensional orthogonal
cutting model. Figure 17a shows an MQL injection model.
In the MQL-F mode, the air jet is sprayed toward the tool
flank face by a single nozzle. In the MQL-R mode, the air
jet is sprayed toward the tool rake face by a single nozzle.
In the MQL-FR mode, double nozzles respectively spray
air jets toward the rake face and flank face of the tool. In
these MQL modes, a certain amount of oil mist is sprayed
and adhered to the rake and flank faces at the empty stage
(see Sect. 4.2). Figure 17b shows a cutting foundation model
that includes the cutting component and resultant force of
the first and second deformation zones. The MQL oil mist
provides boundary lubrication that changes the cutting fric-
tion and cutting force state.

The given shear stress in the shear plane is defined as 7;
the chip thickness ratio is r,,; the shear strain is y; the chip
width is b; the specific shear energy is ug; and the specific
friction energy in the second deformation region is ;.
According to Rao [40], the resultant force and shear strain
have the following relationship:

R=1bt /[sinpcos(p + f — a). )
The unit cutting energy has the following relationship:
W= pgtup_g =1y +Fr./bty =ty + (Rsinf)/bt.. (6)

Merchant [41], and Lee and Shaffer [42] respectively
derived the following two relations:

@ =n/4+(a—p), (7)

-
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Spray in cutting
\
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Boundary lubrication
Tool  Oil
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Fig. 17 Orthogonal cutting model in MQL environment. a Injection
model, b Cutting model

p=x/4+(a—-p)/2. ®)

When the compressed gas carries the atomized oil drop-
lets into the cutting contact area between the tool and chip
(Fig. 17b) to form a boundary lubrication film, the tool—chip
friction can be reduced, that is, friction angle f is reduced
[16]. According to Eqgs. 7 and 8, after friction angle f is
decreased, shear angle @ is correspondingly increased.
Based on Eqs. 7 and 8, it is generally known that |dfl >1d®l.
Therefore, in Eq. 5, if the shear stress in the shear plane 7z, is
constant, the resultant force R will decrease. The frictional
resistance F' (F = Rsinp) of the chip flow also decreases
accordingly. Under the usual rake angle condition, if the
shear angle is increased, shear strain y generally decreases.
In addition, it is clearly established that |d(Rsinf)| >|d¢ | or
|dF1>\dt . Therefore, when the tool—chip friction decreases,
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the total unit cutting energy of Eq. 6 decreases, along with
the cutting force, cutting contact stress, and cutting heat.
Correspondingly, the mechanical impact, adhesion, and
other wear factors are effectively reduced. The MQL-R and
MQL-FR modes are superior to the compressed air cooling
mode, which provides strong evidence for the above analysis
results. Compared with the compressed air cooling method,
the MQL-R and MQL-FR modes significantly slow down
the evolution processes for the tool wear and cutting force,
precisely because both of these methods provide very effec-
tive lubrication for the rake face—chip contact area.

Equation 6 is suitable when the flank wear is small. With
the progress of cutting, the wear between the flank face
and workpiece cannot be ignored. Thus, Eq. 6 should also
increase the friction energy i between the flank face and
workpiece. Because the formula for calculating the friction
energy between the flank face and workpiece has some com-
plexity, this paper does not present all of the details. Only
the qualitative analysis formula is given below.

H=pstup gtup g 9)

When the MQL jet is injected into the cutting contact
area between the tool and workpiece (Fig. 17b), it is also
possible to form a boundary lubrication film, which reduces
the friction energy p;  between the tool and workpiece, and
also reduces the shear energy u,. Therefore, the total unit
cutting energy p of Eq. 9 decreases, along with the cutting
force, cutting contact stress, and cutting heat. These changes
will effectively suppress the tool wear, including mechani-
cal cracking, adhesion, and chipping. Both the MQL-F and
MQL-FR modes can lubricate the flank face. Compared with
the compressed gas air cooling method, the tool wear and
cutting force evolution processes are significantly reduced,
which provide evidence for the above analysis results.

Increasing the lubricating oil flow rate can enhance the
tool—chip and tool-workpiece boundary lubrication effects,
further decreasing the cutting friction and total unit cutting
energy, and thus effectively decreasing the cutting con-
tact stress, temperature, adhesion, and mechanical impact
so as to slow down the process of tool wear. Compared
with MQL-F-16 and MQL-R-16, the tool life with MQL-
FR-16-16 and MQL-F-32 is significantly improved, which
strongly illustrates the importance of the lubricating oil flow
rate. Increasing the oil flow rate will also bring environmen-
tal pollution risks. The oil flow rate used in this study was
controlled to a small value.

Under the same lubricating oil flow rate conditions, the
double nozzle mode of simultaneously spraying jets at the
rake face and flank face was superior to the single nozzle
mode of spraying only a single face of the cutting edge.
MQL-FR-16-16 significantly prolonged the tool life under
both sets of cutting parameters compared with MQL-F-32.

The fundamental reason was that the lubricating oil mist
simultaneously sprayed the second and third deformation
zones, which could reduce the total unit cutting energy,
cutting contact stress, cutting heat, and cutting tempera-
ture more effectively than spraying a deformation zone
separately.

In addition to reducing the tool—chip friction, cutting heat,
and cutting force, the oil mist sprayed on the rake face could
also change the chip curvature and other characteristics. An
analysis of this is presented as follows. The positive pressure
N and frictional force F on rake face form a resultant force R,
and the positive pressure F, and shear force F on the shear
plane form a resultant force R’. Normally, these two resultant
forces are assumed to be equal in magnitude and opposite
in direction to facilitate some basic calculations. However,
in reality, the combined forces of R and R’ are generally not
collinear. They form a bending moment M that will cause
chip curling [43]. Based on this mechanism, the friction
on the rake face essentially prevents a chip from curling.
In other words, if the chip flow friction is decreased, the
degree of chip curling should be increased (the curl radius
will be correspondingly decreased). The lubrication effects
of MQL-FR-16-16 and MQL-R-16 on the rake face were
significantly better than those of MQL-F-16 and CARI-F.
At a stable cutting stage, the chip curl curvatures of MQL-
FR-16-16 and MQL-R-16 were significantly less than those
of MQL-F-16 and CARI-F (Fig. 14), which provided very
strong evidence for the above analysis results. Compared
with the other two methods, MQL-FR-16-16 and MQL-R-
16 could spray the oil mist onto the rake face and so could
effectively reduce chip the flow resistance, thus resulting in
a reduction in the chip curl curvature.

5 Conclusions

This study investigated the use of MQL in the high-speed
milling of hardened steel using a carbide solid end mill. The
conclusions are as follows:

(1) The milling force and tool wear values were succes-
sively reduced using MQL-F, MQL-R, MQL-F, and
MQL-FR. Among these, MQL-FR as the optimal cool-
ing and lubrication mode could effectively reduce the
cutting contact stress and unit cutting energy, and sig-
nificantly reduce wear phenomena such as adhesion and
chipping.

(2) In the MQL environment, the wear characteristics of
the rake face of a solid end mill were mainly adhe-
sion/attrition wear and flaking/chipping. The main wear
characteristics of the flank face were abrasion wear,
adhesion/attrition wear, and flaking/chipping. Abra-
sion, adhesion/attrition and mechanical shock were the
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3)

4)

main mechanisms causing chipping/flaking in the solid
end mill. A clear correlation existed between the tool
breakage and tool wear. The development of chipping/
flaking was accompanied by tool breakage, and the tool
breakage mechanism was the same as that of chipping/
flaking.

Lubrication had a great influence on cutting perfor-
mance. The lubrication mechanism during the high-
speed milling using the solid end mill consisted of an
oil mist injected into the tool—chip and tool-workpiece
cutting contact areas; the reduction of the tool—chip
and tool-work friction, total unit cutting energy, cutting
contact stress, heat, and temperature; and ultimately the
reduction of the abrasive wear, adhesion, and chipping.
The curvature radius of the chip was an important indi-
cation of the lubrication condition of the rake face, with
a better lubrication effect on the cutting contact area
between the rake face and chip producing chips with a
smaller curl curvature radius.
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