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Abstract

The benefits of micro-textures on cutting tools have been confirmed widely in implementing sustainable machining. However, the
derivative cutting processes induced by the sharp edges of textures weakened the potential benefits. In our preliminary work, the newly
designed curvilinear micro-grooved cutting tool has been proved to eliminate derivative cutting processes and implement sustainable
machining than non-textured tools by three-dimensional (3D) finite element (FE) simulations. In this paper, the curvilinear micro-
groove structures were optimized and fabricated to further improve the cutting performance of minimizing specific cutting energy. The
results indicated that all the micro-groove parameters, including the width, spacing, depth, and edge distance (the distance from cutting
edge to the micro-grooved area), showed obvious influence on specific cutting energy in their own ways. Specific cutting energy of the
metal cutting processes can be effectively reduced by the optimal curvilinear micro-grooved cutting tools, although the optimal
structures used in rough and finish turning conditions were different. In addition, a new two-step method was developed in this work
to prepare curvilinear micro-grooves on carbide tools with femtosecond laser. The optimal curvilinear micro-grooved cutting tools were
fabricated and used in cutting experiments, which verified the simulative results.
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1 Introduction efficient [1]. The metal cutting processes are energy-intensive.
The mismatch between the constant increase of energy con-
sumption and the shortage of new energy sources in the world

had become more and more incisive in recent years [2].

In modern days, sustainable machining has been the most
important trend in machining industrial fields. Adopting sus-

tainable machining processes can help machining companies
to obtain financial and environmental benefits, because the
sustainable machining techniques have the features of eco-
friendly, waste-free, nonlethal, cost-effective, and energy-
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Furthermore, Balogun et al. stated that the production and
consumption of energy intensified environmental pollution
[3]. Therefore, reducing energy consumption is of crucial im-
portance in the metal cutting process for implementing sus-
tainable machining.

Over the last decades, researchers have put forward several
methods to improve sustainability in metal cutting processes.
Minimum quantity lubrication (MQL)-assisted machining
has been recommended by different researchers [4]. The
high-velocity fluid droplets can penetrate the vapor blanket,
and reach into tool-work interfaces, which can provide a better
tribology and heat transfer than wet lubrication. The com-
pressed air can remove metal chips from the machining zone
[5]. Cryogenic cutting was another new sustainable machining
theory. Mia et al. studied the cutting force, specific energy,
temperature, surface quality (i.e., surface roughness), and ma-
terial removal rate of Ti-6Al-4V under the impingement of
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cryogenic liquid nitrogen (LN2) and found that LN2 dual jets
were effective in reducing the specific energy consumption
and temperature and improving surface quality [6].
Minimum quantity cooling lubrication (MQCL) technique
combined the benefits of MQL and cryogenic cutting methods
to achieve good tribology and cooling effects [7].

In recent years, micro-texturing on cutting tool surfaces has
been another efficient technique to achieve sustainable ma-
chining in metal cutting field. Hao et al. suggested that the
micro-textures can enhance the tribological conditions be-
tween the cutting tool surfaces and the workpiece or chip
surfaces [8]. Xing et al. all concluded that the micro-textures
on tool rake face can reduce the friction of coefficient between
workpiece and cutting tools, thus reducing the cutting forces
[9-11]. The specific cutting energy, which indicates the ener-
gy consumption of removing the workpiece material per unit
volume, is a common measure of energy efficiency in machin-
ing processes [12, 13]. Lower specific cutting energy indicates
a higher energy efficiency and better sustainability of the ma-
chining process. It is known that the experimental specific
cutting energy E,, can be calculated based on the cutting forces

by (1).

E,=Te (1)
aya,,

where F, is the cutting force in cutting velocity direction and a,,
and a,, are the depth of cut and cutting width, respectively.
Therefore, the micro-textured cutting tools can reduce the specif-
ic cutting energy consumption by reducing the cutting forces,
thus implementing green manufacturing in cutting processes.

Although various micro-texture designs have been investi-
gated in cutting processes to obtain a low cutting force, a
common shortage was found by researchers. Since the cutting
tool surfaces were usually a plane, the micro-textures will
generate sharp edges/corners between the cutting tool surfaces
and the texture sidewalls. Once the chips were plugged into
the micro-texture valleys, these sharp edges/corners would cut
into the chips and generate derivative cutting processes [14,
15]. The derivative cutting processes could impede the flow of
chips and produce extra cutting forces, weakening the benefits
of micro-textures on sustainable machining. Sasi et al. also
confirmed this phenomenon by checking the deformed back
surfaces of chips and the filled micro-textures after cutting
with textured tools [16, 17].

Given the derivative cutting processes generated by micro-
textures, Liu et al. have designed a new kind of curvilinear
micro-grooves on cutting tool rake face to eliminate derivative
cutting processes and implement sustainable turning processes
by three-dimensional (3D) finite element (FE) simulation
[18]. The simulation results proved that, both under rough
and finish turning conditions, the new curvilinear micro-
grooved cutting tools could reduce the cutting forces more
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significantly than traditional linear micro-grooved tools dur-
ing turning stainless steel 17-4PH. The curvilinear micro-
grooved cutting tool was a more appropriate choice for
achieving green manufacturing than non-textured and linear
micro-grooved tools. However, there are mainly two deficien-
cies remaining in their work. Firstly, the curvilinear micro-
grooved cutting tools were not physically fabricated, and their
cutting performance was not tested experimentally. Secondly,
the simulation results showed that the cutting performance of
curvilinear micro-grooved tools with same parameters was
different in rough and finish turning processes which needed
further clarification. Therefore, micro-groove parameters
should be optimized according to the cutting conditions for
roughing and finish turning separately.

To counter the deficiencies above, this paper studied the
preparation method of curvilinear micro-grooves on cemented
carbide tool rake faces. Meanwhile, the specific cutting energy
was adopted as the target to optimize the curvilinear micro-
groove parameters in rough and finish turning conditions by
3D FE simulations. At last, the preparation method was
adopted to fabricate the optimal curvilinear micro-grooved
cutting tools, and their cutting performance was investigated
experimentally in turning stainless steel 17-4PH. This work is
a follow-up work of our previous work [18] and the research
methodology is shown in Fig. 1.

2 Fabrication method for curvilinear
micro-groove textures

Several machining methods have been adopted in the existing
literature to fabricate micro-/nano textures on cutting tool rake
faces. Kiimmel et al. adopted the laser micro-machining meth-
od [19-21], and Li et al. used micro-EDM machining tech-
nology [22, 23]. The micro-grinding and focused ion beam
machining were adopted by Xie et al. [16] and Kawasegi et al.
[24], respectively. Among these machining technologies, the
femtosecond laser was more suitable to fabricate micro-
textures on uncoated carbide tools due to its advantages,
e.g., limited heat-affected zone and high machining precision.
Therefore, a femtosecond laser system (Spectra-Physics,
Newport Corporation, USA) was used in this work to fabricate
curvilinear micro-grooves on cutting tool rake faces. This sys-
tem has a wavelength of 800 nm, pulse duration of 35 fs,
single pulse energy of up to 13 mJ, and maximum repetition
rate of 1 kHz. A lens of x 40 and numerical aperture (NA) of
0.75 was adopted to focus the beam on insert surfaces with the
radius of focus spot of 1.5 um. A 3D XYZ stage with a pre-
cision of 80 nm was used to move the cutting tool. The ma-
chining was conducted in air environment under atmospheric
pressure.

Compared with the traditional linear micro-grooves, the arc
surfaces (see Fig. 2) on the curvilinear micro-grooves were the
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Fig. 1 Research methodology of this work

difficulties of machining. In this work, a two-step method was
developed to fabricate the curvilinear micro-grooves. Firstly,
the linear micro-grooves were shaped with layer-by-layer scan
machining. In each layer, the laser scanned in the direction of
micro-groove length and fed along the width direction. The
feed rate was determined by pilot experiments to match with
the kerf width. After finishing a layer, the laser fed in the depth
direction and repeated the above scan machining. The feed rate in
depth direction and the layer number were also determined by
pilot experiments. Figure 3 shows the principle diagram of layer-
by-layer scan machining for linear micro-grooves.

After obtaining the linear micro-grooves, the arc surfaces
were produced based on the asymptotic fitting method. The
cross-sectional geometries of machining marks, induced by
femtosecond laser with different scanning parameters, were
firstly measured by a KEYENCE VK-X200 K laser micro-
scope and then fitted by Gaussian equations, since the pulse
energy of femtosecond laser nearly satisfied the Gaussian dis-
tribution. After that, the MATLAB software was used to fit
the circular arcs by the fitted Gaussian equations to determine
the femtosecond laser machining parameters of the arc

Fig. 2 Geometry of the designed
curvilinear micro-grooves

Arc surfaces

Cross section v

[E—

surfaces on curvilinear micro-grooves. The principle diagram
of the asymptotic fitting method is shown in Fig. 4.

Figure 5 shows the 3D geometry of the produced curvilin-
ear micro-grooved inserts used in our preliminary work, in
which design parameters were micro-groove width w, = 50
um, spacing s, = 50 um, depth d, = 50 um, and edge distance
ty = 0. As shown in Fig. 6, the machined geometry of the
curvilinear micro-grooves was highly consistent with the orig-
inal design, indicating that the curvilinear micro-groove prep-
aration method developed above is very effective.

3 Methodology for micro-groove geometry
optimization

3.1 Micro-groove parameter optimization

Finite element (FE) modeling has been widely utilized to an-
alyze the influence of micro-textured tools on the cutting pro-
cess and to evaluate the effect of micro-textures on cutting
force, temperature, friction coefficient, and chip morphology.
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Fig. 3 Principle diagram of layer-by-layer scan machining for linear micro-grooves

Patel et al. [25] and Arulkirubakaran et al. [26] both used
DEFORM-3D software to simulate the performance of
micro-textures in machining of titanium alloy Ti6Al4V. Liu
et al. analyzed the performance of newly designed cutting
tools with a curvilinear micro-grooved surface with 3D FE
simulations in AdvantEdge software [18]. These attempts
show that FE modeling and simulations have a great potential
for providing good assistance in designing cutting tools with
new texture patterns and assessing their performance virtually.
The optimization of curvilinear micro-groove parameters was
conducted by 3D FE simulations with a nose turning module in
AdvantEdge FEM software (see Fig. 6). Based on the previous
work [18], the self-defined J-C material model of stainless steel
17-4PH (see Eq. (2)) and the mechanical properties in Table 1
were implemented into the FEM model of cutting to define the
workpiece material. The fiiction coefficient was fixed at 0.4.

1+ 0.020n (ﬁ)] {1—(%) 0'56} (2)

where o is the flow stress, ¢ is the plastic strain, £ is the plastic
strain rate, and 7' is the temperature.

o= (1279 + 630"%)

[lnsert original rake face
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<
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Fig. 4 Principle diagram of asymptotic fitting method for machining arc
surfaces of curvilinear micro-grooves
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The curvilinear micro-groove parameters were optimized un-
der two different sets of cutting parameters respectively: (i) the
rough turning at a cutting speed (v) of 80 m/min, a feed rate (/)
of 0.2 mm/rev, and a depth of cut (a,,) of I mm and (ii) the finish
turning at v = 150 m/min, /= 0.1 mm/rev and a, = 0.4 mm.

According to the inserts (Kennametal TPGN110304 K313
uncoated carbide inserts) and tool holder (CTGPR2020K11)
that were planned to be used in subsequent cutting experi-
ments, the basic geometry in Table 2 and the standard Grade
K cemented carbide were used to define the cutting tool.
According to our preliminary work, the micro-grooves in the
direction of perpendicular to main cutting edge could improve
the cutting performance more significantly than parallel mi-
cro-grooves, and the bottom shape of the micro-grooves had
no obvious effects on the cutting performance [23]. Therefore,
the perpendicular micro-grooves with curvilinear surface and
linear bottom cross-sections were adopted as the basis in this
work. The optimization micro-groove parameters include the
micro-groove width (w,), spacing (s,), depth (d,), and edge
distance (Z,). The single factor design with four levels of each
micro-groove parameter, as shown in Table 3, was employed
in both rough and finish turning conditions.

During all the simulations, adaptive meshing technique
was used in the cutting zone to obtain fine meshes, with the
minimum and maximum element size of 0.0005 mm and 0.01
mm, respectively. The simulative length of cut for each cut-
ting process was maintained as 2 mm, and no cooling and
lubricating action was applied.

3.2 Cutting experiment design for verification

Since the laser processing can destroy the tool coating and
thus influence the experimental result, the optimized curvilin-
ear micro-grooves were fabricated on the rake faces of
Kennametal TPGN110304 K313 uncoated carbide inserts by
the method developed in Section 2. The original and curvilin-
ear micro-grooved inserts were mounted on a tool holder of
CTGPR2020K11 to turn the solution and aging treated stain-
less steel 17-4PH bar with a diameter of 50 mm. The rough
and finish turning parameters used in the above FE
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Fig. 5 Geometry of prepared curvilinear micro-grooved inserts with the design parameters of w, = 50 pm, s, = 50 um and d, = 50 um

simulations were adopted in the cutting experiments. All the
cutting experiments in this work were conducted on a
CAK3536 rigid CNC turning center with the cylindrical turn-
ing mode. Its schematic diagram is shown in Fig. 7. No cutting
fluid was used in all cutting processes.

The cutting force in cutting velocity direction, £, for each
cutting condition was measured with a YDC-III§9B three-com-
ponent piezoelectric dynamometer for three times. The sam-
pling frequency of the dynamometer was set as 1000 Hz. The
average value and standard deviation of the specific cutting
energy were calculated using the F,. based on Eq. (1). The chip
back surfaces (the surfaces in contact with the cutting tool rake
faces) were observed using a KEYENCE VK-X200 K laser
microscope to check the deformation degree and evaluate the
effects of micro-grooves. After finishing the cutting processes,
the inserts were observed by the laser microscope to ensure
there was no severe tool wear.

4 Results and discussion

4.1 Effect of curvilinear micro-groove width on the
specific cutting energy

Figure 8 shows the effects of curvilinear micro-groove width
on the average specific cutting energy in rough and finish
turning of stainless steel 17-4PH, and the error bar shows

Fig. 6 Schematic diagram of the 3D FE model

3D geometry

Height profile

um
1000.00 1576.89

the standard deviation of each point. It can be seen that the
trends of specific cutting energy against the micro-groove
width were different in these two conditions. In finish turning,
the specific cutting energy increased overall with the enlarged
micro-groove width within the studied range. It indicated that
the curvilinear micro-groove with a minimum width of 20 pm
was suitable for achieving the highest sustainability in terms
of lower specific cutting energy. While in rough turning, the
specific cutting energy decreased firstly and then increased
with the micro-groove width increasing from 20 pm to 110
um. The lowest specific cutting energy consumption was
achieved at the micro-groove width of 50 wm, which could
be selected to implement green rough turning of stainless steel
17-4PH.

It has been found that the micro-grooves on cutting tool
rake faces reduced the specific cutting energy mainly via re-
ducing the tool-chip contact area, while the interaction be-
tween the deformed chips and micro-groove side/bottom walls
could weaken these beneficial effects [18]. Therefore, the dis-
tributions of contact stresses on cutting tool rake faces can be
employed to show the contact conditions on tool-chip inter-
faces and further reveal the influence mechanism of curvilin-
ear micro-groove parameters on the specific cutting energy.
Figure 9 and Fig. 10 show the rake face stress distributions of
curvilinear micro-grooved cutting tools with various widths in
rough and finish turning conditions, respectively. The purple
arrows show the chip flow direction, and 6; is the angle of
inclination relative to the micro-grooves. The white solid ar-
rows in Fig. 9 show the average tool-chip contact length,
which was obtained based on the rake face stress distributions.
The spotty distribution of high stress regions should be attrib-
uted to the tool-chip contact discontinuities, which was due to
the grooved tool rake face geometry. This result agreed well
with Haddag et al., who have found this phenomenon when
turning with grooved inserts [27, 28]. It can be seen that dur-
ing rough turning, the nose radius edge showed some effects
on the chip flow direction and resulted in an angle of inclina-
tion between the chip flow direction and the micro-grooves. It
must be noted that the values of the angles were slightly dif-
ferent with various micro-groove structures because of the
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Table 1 The mechanical properties of the stainless steel 17-4PH Table 3  The single factor design for optimizing curvilinear micro-
groove parameters
Property Value  Property Value
Group 1 Group II Group 11T Group IV

Density (kg/m?) 7780  Young modulus (GPa) 191
Yield strength (MPa) 1235 Poisson’s ratio 0.272 we (um) 20, 50, 80, 110 50 50 50
Tensile strength (MPa) 1425 Linear expansion 1.136 x 107 Sg (um) 50 20, 50, 80, 110 50 50

coefficient (°C™) dy (um) 30 30 10,30, 50,70 30
Hardness (HRC) 43 Elongation (%) 12 ty (um) 0 0 0 0, 50, 100, 150

different tool-chip friction conditions. Under finishing turning
conditions, the chips started to flow along the micro-grooves
when the micro-groove width reached 50 pum, since the chips
were plugged into the micro-groove valleys (which will be
discussed below).

It can be seen from Fig. 9a—b that when the micro-groove
width was 20 pm and 50 pm, the high stress areas mainly
appeared on the arc-shipped upper surfaces of the micro-
grooves and there was almost no high stress region at micro-
groove bottoms. This indicated that the chips mainly flowed
on the cutting tool rake faces without severely deforming into
the micro-groove valleys and interacting with the bottom sur-
faces. In this case, the large micro-groove width reduced the
tool-chip contact area and thus reduced the specific cutting
energy, see Fig. 8. When the micro-groove width further in-
creased to 80 um or 110 um, the oversized micro-groove
valleys led the chips to be plugged into the valleys and interact
with the micro-groove side/bottom walls (see the high stress
regions at micro-groove bottoms in Fig. 9c—d). The interaction
between the deformed chips and micro-groove side/bottom
surfaces increased the tool-chip friction, resulting in the higher
consumption of specific cutting energy. The tool-chip contact
length observation results confirmed above conclusions. It can
be seen from Fig. 9 that when the micro-groove width in-
creased from 20 to 50 pum, the tool-chip contact length de-
creased lightly. But when the micro-groove width further in-
creased to 80 um and 110 pum, the tool-chip contact length
increased significantly and the chips even reached the top
edge of the micro-grooved region. According to Xing et al.
[29], there is a moment M, induced by the non-colinear resul-
tant forces acting at tool rake face and shear plane, that made
the chip curl. The reduced tool-chip friction will increase the
moment M and thus make the chip curling increased, which
will shorten the tool-chip contact length. In other words, the
linger tool-chip contact length indicated the larger friction.

Table 2 The cutting tool geometry parameters

Insert nose Relief Side rake Back rake Lead
radius angle angle angle angle
(mm) ©) ©) ) )
04 6 5 5 0
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Therefore, the tool-chip contact length observation results in
Fig. 9 suggested that the tool-chip friction forces slightly de-
creased first and then increased dramatically when the micro-
groove width increased from 20 to 110 um, agreeing well with
the consumption of specific cutting energy in Fig. 8.

In the case of finish turning, it can be seen from Fig. 10 that
the high stress regions at the micro-groove bottoms appeared
initially when the micro-groove width was 50 pm. This indi-
cated that the chips started to be plugged into the micro-
groove valleys at the micro-groove width of 50 um because
of the low rigidity of the thin chips. In this case, the larger
micro-groove width could result in the more severely de-
formed chips and enhance their interaction with the micro-
groove side/bottom surfaces, giving rise to the increased spe-
cific cutting energy continuously (see Fig. 8).

4.2 Effect of curvilinear micro-groove spacing on the
specific cutting energy

Figure 11 displays the effects of curvilinear micro-groove
spacing on the specific cutting energy in rough and finish
turning of stainless steel 17-4PH. Unlike the effects of
micro-groove width, the variation trends of specific cutting
energy along with the micro-groove spacing in rough and
finish turning conditions were the same. The specific cutting
energy continuously increased with increasing micro-groove
spacing within the tested range. Therefore, the spacing of

T Depth of cut, a,

Spindle
rotational

Workpiece

Feed, f
4—

~

~=~-Main cutting
edge
Fig. 7 Schematic diagram of the cylindrical turning
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Fig. 8 Effects of curvilinear micro-groove width on the specific cutting
energy in rough and finish turning of stainless steel 17-4PH

20 um was the best choice for curvilinear micro-grooved cut-
ting tools to achieve green manufacturing in both rough and
finish turning processes.

The rake face stress distributions of curvilinear micro-
grooved cutting tools with various spacings under rough and
finish turning conditions are shown in Fig. 12 and Fig. 13,
respectively. The purple arrows show the chip flow direction,
and 6; is the angle of inclination relative to the micro-grooves.
The white solid arrows in Fig. 12 show the average tool-chip
contact length. Similar to the effect of micro-groove width,
there was an angle of inclination between the chip flow direc-
tion and the micro-grooves during rough turning, with differ-
ent values. Under finishing turning conditions, the chips
started flow along the micro-grooves when the micro-groove
spacing reached 50 pum.

It can be seen that the obvious high stress regions at micro-
groove bottoms appeared initially at a micro-groove spacing
of 80 pum for rough turning and 50 um for finishing turning.
Above this critical value, the enlarged micro-groove spacing
could lead to more serious interaction between chips and
micro-groove side/bottom walls. This can weaken the benefi-
cial effects of micro-grooves on friction reduction and in-
crease the specific cutting energy consumption. Therefore,

i

(a) w,=20 pm

(b) w=50 pm

Fig. 9 Effect of micro-groove width on tool stress distributions in rough
turning (The purple arrows show the chip flow direction, and 6; is the

High stress regions

the specific cutting energy increased with the micro-groove
spacing increasing from 50 to 110 um under rough turning
conditions and from 20 to 110 um under finish turning con-
ditions, as shown in Fig. 11.

These results were confirmed by the average tool-chip con-
tact length in Fig. 12. The inner link of tool-chip friction and
tool-chip contact length has been discussed in Section 4.1.
Therefore, the enlarged tool-chip contact length indicated that
the total friction force in tool-chip interface increased signifi-
cantly when the micro-groove spacing increased from 50 to
110 pum in rough turning conditions. As a result, the specific
cutting energy increased as well.

When the micro-groove spacing increased from 20 to
50 um in rough turning conditions, the large micro-groove
spacing increased the radius of the arc-shaped upper surfaces,
which could increase the contact area between chips and
micro-texture upper surfaces with the same deformation de-
gree of chips. In addition, although the chips did not interact
with the micro-groove bottoms, the large micro-groove spac-
ing could increase the chip deformation degree and increase
the tool-chip contact area. The combination of these two fac-
tors resulted in the higher specific cutting energy when the
micro-groove spacing increased from 20 to 50 um in rough
turning conditions.

4.3 Effect of curvilinear micro-groove depth on the
specific cutting energy

Figure 14 shows the curvilinear micro-groove depth depen-
dence of the specific cutting energy in rough and finish turn-
ing of stainless steel 17-4PH. It is obvious that the effects of
micro-groove depth on the specific cutting energy consump-
tion under rough and finish turning conditions were the same,
i.e., the specific cutting energy firstly decreased when the
micro-groove depth increased from 10 to 30 pum and then
remained stable in general against the further deepened mi-
cro-grooves. In order to achieve the highest sustainability in
turning stainless steel 17-4PH, the micro-groove depth of
30 um was selected as the optimized curvilinear micro-
groove depth for both rough and finish turning conditions.

High stress regions . [ESEE0S
1 9000

S 8181.82
! 7363.64
6545.45
5727.27
4909.09
4090.91
327273
245455
1636.36
818.182
0

(c) w,=80 pm (d) w,=110 pm

angle of inclination relative to the micro-grooves. The white solid arrows
show the tool-chip contact length.)
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inclination relative to the micro-grooves.)

The micro-groove depth can influence the specific
cutting energy consumption mainly via the interaction
between the deformed chips and the micro-groove
side/bottom surfaces. With the fixed cutting condition
and micro-groove width and spacing, there will be a
maximum depth of chip deformation if the chip defor-
mation is not limited by the micro-groove bottom.

If the micro-groove depth is lower than the above-assumed
maximum depth, the deformed chips will reach the micro-
groove bottom and interact with the micro-groove side and
bottom faces. In this case, the deeper micro-grooves will
weaken the interaction between the chips and micro-groove
bottoms but increase the contact area between the chips and
micro-groove side walls. There should be a critical micro-
groove depth that balances the abovementioned opposite ef-
fects and achieves the minimal specific cutting energy con-
sumption. When the micro-groove is deeper than this critical
micro-groove depth, the abovementioned opposite effects off-
set each other and maintain the minimal specific cutting ener-
gy consumption.

4.5

—&— Rough turning
—@— Finish turning

4.0

35F

251

2.0F

Specific cutting energy (GJ/m)

1'5 1 1 1 1
20 50 80 110

Micro-groove spacing (um)

Fig. 11 Effects of curvilinear micro-groove spacing on the specific
cutting energy in rough and finish turning of stainless steel 17-4PH
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If the micro-groove depth is larger than the above-assumed
maximum depth, the deformed chips will not reach the micro-
groove bottom. In this case, the changed micro-groove depth
will not affect the chip deformation and thus show no effect on
the specific cutting energy.

From the above, under both rough and finish turning con-
ditions, the specific cutting energy decreased firstly and then
generally remained stable with an increase of micro-groove
depth, as shown in Fig. 14.

4.4 Effect of curvilinear micro-groove edge distance
on the specific cutting energy

Figure 15 shows the effects of curvilinear micro-groove edge
distance on the specific cutting energy in rough and finish
turning of stainless steel 17-4PH. With increasing edge dis-
tance, the specific cutting energy consumption significantly
increased firstly (see Fig. 15 for edge distance increasing
from 0 to 50 wm) and then slightly increased under both rough
and finish turning conditions. When only the specific cutting
energy is considered, the curvilinear micro-grooves with an
edge distance of 0 should be undoubtedly selected.

It is well-known that the stress distributions along the tool-
chip contact area can be represented as Fig. 16: the normal
stress, 0,,, declined continuously along with the increased dis-
tance to the cutting edge, while the shear stress, 7, remained
stable with a high value at first (sticking region) and then
declined with an increase of edge distance (sliding region)
[30]. The maximal tool-chip interaction located near the cut-
ting edge and gradually weakened with the increased edge
distance. Therefore, when the micro-groove edge distance in-
creased from 0 to 50 um, the positive effects of curvilinear
micro-grooves on reducing tool-chip friction were notably
weakened, resulting in the significantly enlarged specific cut-
ting energy. After that, the further increased micro-groove
edge distance reduced the beneficial effects gradually and
led to the slightly increased specific cutting energy.
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Fig. 12 Effect of micro-groove spacing on tool stress distributions in rough turning (The purple arrows show the chip flow direction, and 6; is the angle
of inclination relative to the micro-grooves. The white solid arrows show the tool-chip contact length.)

4.5 Curvilinear micro-groove optimization and exper-
imental verification

Based on the simulative specific cutting energy analysis under
different micro-groove width, spacing, depth, and edge dis-
tance (see Figs. 8, 11, 14 and 15, respectively), the optimal
curvilinear micro-groove parameter combinations for achiev-
ing highest energy efficiency in turning stainless steel 17-4PH
were determined and shown in Table 4.

Figure 17 exhibits the experimental and simulative specific
cutting energy by the optimized curvilinear micro-grooved
inserts and non-textured inserts in rough and finish turning
conditions. It can be seen that good agreements between the
experimental and simulative results were obtained in both
rough and finish turning processes. In addition, the experi-
mental and simulative results both indicated that the optimal
curvilinear micro-grooved cutting tools could obviously re-
duce the specific cutting energy in both rough and finish turn-
ings, confirming the accuracy of the optimal results.

It has been put forward above that the curvilinear micro-
groove parameters influenced the specific cutting energy
mainly by the interaction between the deformed chips and
micro-groove side/bottom surfaces. The optimal curvilinear

¥

(a) 5,20 pm (b) 5,=50 pm

micro-grooves can achieve the lowest specific cutting energy
consumption by restraining the chip deformation and thus
reduce the tool-chip contact area. Therefore, the back surface
geometries of chips obtained from rough and finish turning
processes using the optimal curvilinear micro-grooved inserts
were observed and shown in Fig. 18.

It can be seen from Fig. 18a that some patterned micro-
grooves formed on chip back surfaces in rough turning con-
ditions. This structure was derived from the micro-grooves on
tool rake faces and indicated that the chips were plugged into
the micro-groove valleys. This should be one of the reasons
why the experimental specific cutting energy was higher than
that of simulative results with micro-grooved inserts (see Fig.
17a). However, the height profile measurement in Fig. 18a
showed that the heights of the patterned micro-grooves on
chip back surfaces were no more than 10 pm, much less than
the curvilinear micro-groove depth (d, = 30 pum). Therefore,
the deformation degree of the chips was restrained and the
interaction between chips and micro-groove bottoms were
eliminated, agreeing with the optimal results. In addition, the
surfaces of the patterned micro-grooves on chip back faces
were smooth and no burr was found, proving that no deriva-
tive cutting process was induced by the micro-textures. This

High stress regions
1

818.182

(c) 5,=80 pm (d) s,=110 pm

Fig. 13 Effect of micro-groove spacing on tool stress distributions in finish turning (The purple arrows show the chip flow direction, and 0 is the angle of

inclination relative to the micro-grooves.)
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Fig. 14 Effects of curvilinear micro-groove depth on the specific cutting
energy in rough and finish turning of stainless steel 17-4PH

result agreed with the initial design concept of curvilinear
micro-grooves, i.e., eliminating derivative cutting processes
by arc-shaped upper surfaces.

In the finish turning condition, the results in Fig. 18b
showed that no obviously patterned structure was formed on
chip back faces, indicating that the deformation of chips into
micro-groove valleys was basically eliminated by the small
micro-groove width and spacing. The result analysis of Fig.
18 indicated that the curvilinear micro-groove optimization
mechanism was accurate.

5 Conclusions

In this paper, the curvilinear micro-grooves used on cutting
tool rake faces were optimized and fabricated for
implementing sustainable machining, as a follow-up work of

—&— Rough turning
5.0F —e— Finish turning

40

30F

25F

20F

Specific cutting energy (GJ/m)

1.5 1 1 1 1
0 50 100 150

Micro-groove edge distance (um)

Fig. 15 Effects of curvilinear micro-groove edge distance on the specific
cutting energy in rough and finish turning of stainless steel 17-4PH
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Fig. 16 Normal (c,,) and shear (7;) stress distributions on tool rake face [27]

our previous work [18]. The effect rules and mechanism of
curvilinear micro-groove width, spacing, depth, and edge dis-
tance on specific cutting energy during turning stainless steel
17-4PH were investigated. The main findings of this work are
summarized as follows:

(1) A two-step preparation methodology was creatively de-
veloped to fabricate the curvilinear micro-grooves on
carbide tool rake faces with a femtosecond laser, which
combined the layer-by-layer scan machining and asymp-
totic fitting principle. The highly consistent geometry
between the prepared curvilinear micro-grooves and
their original designs proved that the new preparation
method was effective. However, it must be noted that
the processing efficiency of curvilinear micro-grooves
fabrication with femtosecond laser was relatively low
and the further research about high effective machining
technology is needed.

(2) The influence of curvilinear micro-groove parameters,
including the micro-groove width, spacing, depth, and
edge distance, on the specific cutting energy during turn-
ing stainless steel 17-4PH were revealed under rough and
finish turning conditions, respectively. It was found that
the effect rules were not fully consistent under rough and
finish turning conditions. In rough turning, the specific
cutting energy decreased at first and then increased with
the increased micro-groove width. The lowest specific
cutting energy consumption was obtained at the micro-
groove width of 50 um. While in finish turning condi-
tion, the larger the micro-groove width, the higher spe-
cific cutting energy was obtained. When the micro-

Table4  The optimal curvilinear micro-groove parameter combinations

W (m) Sg (pm) dg (um) fg (Hm)
Rough turning 50 20 30
Finish turning 20 20 20
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Fig. 17 Experimental and simulative specific cutting energy with optimal curvilinear micro-grooved inserts in a rough and b finish turning of stainless
steel 17-4PH.

(€)

groove spacing or edge distance was enlarged, the spe-
cific cutting energy continuously increased in both rough
and finish turning conditions. The specific cutting energy
declined firstly and then remained stable in general
against the deepened micro-grooves under both rough
and finish turning conditions. The lowest value was ob-
tained at the micro-groove depth of 30 um.

The effect mechanism of curvilinear micro-groove pa-
rameters on specific cutting energy was revealed and

450.0 ym
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350.0
300.0
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200.0

150.0

400.0 pm

350.0

300.0

250.0

200.0

150.0

100.0

the optimal curvilinear micro-groove structures were rec-
ommended under rough and finish turning conditions,
respectively. It was found that the optimal curvilinear
micro-grooves reduced the specific cutting energy by
restraining the tool-chip contact area and eliminating
the derivative cutting processes. The optimal curvilinear
micro-groove structures for implementing green
manufacturing in dry turning of stainless steel 17-4PH
were wg =50 um, s, =20 um, dg = 30 um, and £, = 0 for

3D geometry

Height profile

| pm
600.00 700.00

3D geometry

y
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Fig. 18 Back surface geometry of chips obtained from a rough and b finish turning processes with optimal curvilinear micro-grooved inserts
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rough turning condition and wg = 20 um, s, = 20 um, d,
=30 um, and #, = 0 for finish turning condition.
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