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Abstract Derivative cutting of micro-textured tool refers to
the additional cutting to the bottom side of the chip with the
micro-surface textures on the tool surface. In our previous
research, it has been proved that piling up of chip in the mi-
crogroove of textures is caused by derivative cutting, resulting
in structural function failure of the textured tool face. Hence,
derivative-cutting behavior needs to be understood and imple-
mented in models. In this study, an analytical approach for the
orthogonal cutting process is developed to determinate
derivative-chip formation by predictions of the uncut
derivative-chip thickness (UDCT) and minimum uncut
derivative-chip thickness (MUDCT) values according to cut-
ting parameters, tool geometry, workpiece material properties,
and positional and geometrical parameters of textures. The
analytical approach is experimentally validated using a 1045
steel workpiece with the textures of different distances to the
main cutting edge on the tool rake face. Subsequently, the
responses of the UDCT and MUDCT to cutting speed and
texture parameters including its geometry and position are
quantified on the basis of the proposed approach. Results
show that reasonable enlarging of texture-edge radius and
proper increasing of cutting speed both are feasible ways to
prevent derivative-cutting from derivative-chip formation.

Keywords Derivative cutting - Derivative-chip formation -
Uncut derivative-chip thickness - Minimum uncut
derivative-chip thickness

P4 Jianxin Deng
jxdeng@sdu.edu.cn

Department of Mechanical Engineering, Shandong University,
Jinan 250061, People’s Republic of China

1 Introduction

In recent years, considerable efforts have been made to inves-
tigate surface texturing in application of cutting tools; the pur-
pose is to improve tools’ cutting performance, such as lowing
tool-chip interfacial friction coefficient [1-3], keeping lubri-
cants [4—7], controlling chip flowing [8—11], and reducing
wear [12, 13]. Deng et al. [14] developed various types of
micro-textures which were filled with MoS, solid lubricant
on the tool rake face. It was found that the surface texturing
can significantly improve the cutting performance, wherein
elliptical grooves were more effective compared with parallel
or perpendicular grooves. Xing et al. [15] investigated the
effects of three types of textures on the cutting performance
by orthogonal dry cutting tests on 6061 aluminum alloy tubes,
which showed that textured tools can improve the cutting
performance, and the rectangular textures was the most effec-
tive. Sugihara and Enomoto [16] used femtosecond laser tech-
nology to create textured surfaces on cutting tools. As a result,
it was revealed that the surface significantly improves the anti-
adhesive properties both in wet and dry cutting. Obikawa and
Kani [17] found that microgrooves at the tool rake face
could change the chip flow direction, resulting in the reduc-
tion of cutting forces. Zhang et al. [18] investigated the
influence of different lubrication conditions on the cutting
performance of textured coated tools. It was found that full
lubrication condition can significantly bright advantages of
micro-textures on the rake face. Xie et al. [19] investigated
the influence of microgrooved tools on cutting temperature
and cutting forces in dry turning of titanium alloys. The
results showed that the microgrooves on tools could con-
tribute to the decreasing of contact friction on the rake face
and reducing of cutting heat. However, the problem associ-
ated with the textures plugged by chip material in dry cut-
ting still remains. It results in high affinity between the
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slipping chip and chip material in textures and increase in
the tool-chip contact area.

To solve the problem described above, different parameters
of micro-textured tools such as multiscaled surface textures
and hard and/or lubricant coatings have been discussed. For
example, Xing et al. [20] demonstrated that the micro-
nanoscale textures coated by solid lubricants on the rake face
could effectively improve the cutting performance of a con-
ventional Al,O3/TiC ceramic tool. They also demonstrated
that areal nanotextures combined with soft-coatings were
more effective than linear grooves in dry cutting of AISI
1045 steel [21]. Sugihara and Enomoto [22-24] developed a
DLC-coated tool with textured surface to determine the role of
the textured tool rake face in retaining cutting fluid and de-
creasing the contact area at the tool-chip interface. The results
shown that the nano/micro-textured surface significantly pro-
moted anti-adhesiveness at the tool-chip interface in wet cut-
ting. Zhang et al. [25-27] investigated the effect of surface
texturing and burnished solid lubricant on cutting perfor-
mance of tools with PVD TiAIN films. The wet cutting exper-
iments on AISI 316 austenitic stainless steel showed the fab-
ricating textures on tool surfaces significantly improved the
anti-adhesive wear properties of TiAIN-coated tools [26].
Moreover, it was revealed that MoS, addition as a solid lubri-
cant could be applied in reduced friction at the tool-chip in-
terface, and microscale textures could prolong the effective
life of the initial MoS, layer [27]. However, these studies
merely alleviated filling of chip in textures when hard and/or
lubricant films were coated on the textured surface and in wet
cutting. The mechanism for filling of chip in textures was only
briefly discussed in only a few studies.

In our previous research [28], microscale textures with a
single linear groove parallel to the cutting edge were fabricat-
ed on the rake face of the WC/Co cemented carbide tools, and
then dry cutting testing on medium carbon steels with the
textured tools were conducted. It has been demonstrated that
derivative-cutting, additional cutting to the bottom side of the
chip with the micro-surface textures on the tool surface, is
responsible for the microgroove blocked. The texture-edge
with a finite radius acts as a cutting tool to be engaged in the
derivative cutting. Owning to limitation of the dimension of
the textures, the uncut derivative chip thickness (UDCT) and
the texture edge radius are in the same order of magnitude of
microscale. It indicates that the removal behavior of derivative
cutting is similar to that of micro-cutting. The minimum uncut
derivative chip thickness (MUDCT) refers to the minimum
bottom side of the chip that can be removed from a chip under
ideal performance of the texture edge. In derivative-cutting, a
derivative-chip will be generated if the UDCT is larger than a
critical value, viz., the MUDCT.

The objective of this paper is to develop an efficient and
convenient approach to predict derivative-chip formation in
derivative cutting of micro-textured tool by modeling of the
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UDCT and MUDCT. The modified Oxley’s model is utilized
to estimate the normal stress distribution and average friction
coefficient at the tool-chip interface from given cutting param-
eters, tool geometry, and material properties. The theory of
elasticity has been used as the basic theoretical framework
for the prediction of the UDCT values. As integral parts of
the model, the positional and geometric parameters of tex-
tures, and the normal stress distribution at the tool-chip inter-
face have been taken into accounts. Meanwhile, the MUDCT
is found to be functions of the texture edge radius and the
friction coefficient based on the micro-cutting theory.

The paper evolves as follows. First, the model development
is presented. An iterative method is then proposed to compute
the UDCT and MUDCT. The developed model is verified
experimentally. Finally, the model is applied to investigate
the effect of cutting velocity and the positional and geometric
parameters on the UDCT and MUDCT.

2 Model development

In this work, the theory of elasticity will be adopted for pre-
diction for the UDCT. Then, based on the well-established
theoretical criterion for transition from plowing to chip forma-
tion in micro-cutting, the model for the MUDCT will be
established. Finally, an interactive solution method to obtain
the UDCT and MUDCT values is based on the modified
Oxley's theory.

2.1 Model for uncut derivative chip thickness

The UDCT is determined by analyzing the unique character-
istics of the surface height change of the bottom side of the
chip. Figure 1 illustrates how a surface height change is gen-
erated due to the textures effect. The chip bottom side accesses
the point P (see Fig. 1) and begins to be free surface, leading to
recovering to the position PTS from the original positon PQR.
Then, during the derivative cutting process, the BE edge (see
Fig. 6) with finite radius engages the chip material of the
shaded area PQRST. As a result, the UDCT refers to the sur-
face height change h at RS. In the considered case of the
UDCT, it is not simple to determine exact contours of the
surface BCE, and the boundary conditions that make the exact
solution of the stated deformation problem is rather difficult.
Therefore, simplifications have to be introduced to develop a
suitable model. Based on the discussion, modeling of the
UDCT can be seen as the solution of a typical nonlinear me-
chanical problem, deformation of the body (the chip) normally
compressed.

All real contact deformations, like all real engineering com-
ponents, are three-dimensional, and therefore theoretically de-
mand a solution in three-dimensional theory of elasticity or
elastoplasticity [29]. But few solutions exist and therefore it is
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Fig.1 Schematic diagram of the uncut derivative-chip thickness (UDCT)

feasible to the contact deformation in two dimensions. As
known, orthogonal cutting is always considered as a two-
dimensional problem [30]. Thus, the investigation of the
UDCT is presented in which a three-dimensional problem is
reduced to a two-dimension one and thus the calculation is
much simplified. Owing to the surface height change account-
ing for a very small proportion of the chip, the section profiles
of the chip can be assumed to be the half-plane, i.e., a semi-
infinite body with remote boundary, the normal stress distri-
bution at tool-chip interface is considered as force boundary
conditions.

Moving from Boussinesq’s problem for the half-plane, the
action of a concentrated force p normal to the border y = 0 of
the elastic half-plane y > 0 is considered as shown in Fig. 2.
For the plane stress, the y direction displacement vector of U is
obtained as follows:

2p rg l4+v
e i) P 1
7E nd mE P (1)

where 7y is the distance from the origin O in the x-direction, £
is Young’s modulus of elasticity, v is Poisson’s ratio, and d is
defined that the y direction displacement vector of symmetry
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Fig. 2 Schematic diagram of a concentrated force p normal to the border
of half-plane

axis Ox tends to zero as x = d. Let the other point W (7, the
distance from the origin O in the x-direction) on the border of
the elastic half-plane. The displacement of U relative to point
Wis as follows:

2p rg 1+v 2p . 1+v 2p .
= [ -ZLh— —(-==In— ="In— (2
" < 7E 'd  7E p) ( 7E d  nE © TE nro 2)

The next step is to start to build a model that is closer to the
real conditions of the surface height change of the bottom side
of chip in the textures.

Obviously, plastic flow occurs in a zone adjacent to the
tool-chip interface near the cutting edge. Stevenson and
Oxley [31] used printed grids (together with an explosive
quick-stop device to freeze the chip sections) to measure
the plastic flow region in chip formation. The results
showed that the thickness of shear zone accounts for a very
small proportion of the chip. In addition, plastic deforma-
tion is a means of stress relaxation. Based on the above
discussion, it indicates that the displacement solution for
an elastic half-plane acted by normal pressure should be
considered in the analysis of the UDCT. As the previously
discussed model provides some insight on the modeling of
the displacement solution, the UDCT can be modeled as
follows.

The development of the elastic half-plane model is shown
in Fig. 3 where the concentrated force is shifted to the normal
loading determined by the functions of stress distribution
onmx). As seen, [, is the distance between point W and point
U that represents the width of the microgroove of the textures.
In addition, £ is the distance from point U and /; is the distance
from point U to the cutting edge. As such, the state of relative
displacement determined by the infinitesimal force on(/;
—&)d¢ is obtained from Eq. 3:
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Fig. 3 The mechanics modeling of the UDCT
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According to Eq. 3, summing the actions of the infinitesimal
force over the [0, /] of the boundary, the following expression
for the relative displacement function is shown:

§+h
§

h=1 2 on(h-g)den 2 ag 4)

In order to obtain the relative displacement /4 to predict the
UDCT value, the functions of normal stress distribution o at
the tool-chip interface is required.

2.2 Model for minimum uncut derivative thickness

According to our previous work [28], it has been found that
the uncut derivative chip thickness (UDCT) in the micron
level is comparable in size to the radius of the texture edge.
Based on the micro-cutting theory [32, 33], introduction of
the minimum uncut derivative chip thickness (MUDCT) is
used for determination of derivative chip formation, under
which the chip bottom side material is not removed but
plowed. The stagnation or neutral angle for the correspond-
ing minimum uncut chip thickness, which is defined by
some researcher [34-36], contributes to modeling of the
MUDCT. A schematic of material flow around a texture
edge with a finite radius is shown in Fig. 4. A stagnant point
S'is supposed on the rounded texture-edge, below which the
material flows downward without any derivative-chip for-
mation. This phenomenon is called plowing, which is
elastic-plastic deformation without material removal.
Above this stagnation point, the material flows up and
forms as derivative-chip. According to the geometric rela-
tionship between stagnant angle 6, and effective negative
rake angle o, =m/2 — 0, the value of the minimum uncut
chip thickness can be determined, namely:

hm = re(1—cosbs) (5)
where 7. is the edge radius. A micro-cutting model pro-

posed by Son et al. [35] was that the tool edge radius and
the friction coefficient at the tool-chip interface governed

Fig. 4 Machining using an edge radius tool
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the minimum cutting thickness, wherein the stagnant angle
can be determined based on the friction angle, namely:
By

2

95 = (6)

&3

where [ is the friction angle. In this paper, the minimum
uncut chip thickness model can be used for the estimation
of the MUDCT values. Meanwhile, derivative cutting oc-
curs at the tool-chip interface. The friction angle (35 can be
approximately equal to that at the tool-chip interface. Thus,
in order to obtain [, the average friction coefficient at the
tool-chip interface is required.

2.3 Solution for the UDCT and MUDCT values

To determine the UDCT and MUDCT, the distributions of
normal stress and average friction coefficient at the tool-chip
interface should be acquired. With the increasing insight into
the mechanism of macro-cutting, this goal can be achieved.
For macro-cutting, two fundamental approaches have been
extensively researched [37]: (1) the minimum energy principle
and (2) the slip line field theory. Oxley and co-workers [31]
made the most significant contribution to the field by intro-
duction of the parallel-sided zone theory, flow stress, and ther-
mal properties of workpiece material, tool geometry, and cut-
ting conditions were taken into account to predict forces, tem-
peratures, and stresses in the deformation zones [38, 39]. The
Oxley’s model can be used in combination with various ma-
terial constitutive laws, and hence the Johnson-Cook (JC)
constitutive model [40] is chosen to determine shear flow
stress. This enables us to predict distribution of normal stress
and frictional coefficient along the tool-chip interface directly
from material properties, tool geometry, and cutting
conditions.

For representation of workpiece material behavior under
high-speed cutting conditions, Johnson and Cook proposed
the constitutive model to introduce a semi-empirical function
of temperature, strain and strain rate to describe the flow stress
of material as given in Eq. (7).

7= [A —|—B(§>”} 1+C1n_gj {1—<TTm_TTOO>m} (7)

The constants A, B, C, n, and m of the model are obtained by
Split Hopkinson Pressure Bar (SHPB) tests conducted at
strain ranges of 0.05 to 0.2, strain-rate of 7500 1/s, and tem-
perature ranges of 35 to 625 “C by Jaspers and Dautzenberg
[41] for AISI 1045 steel as given in Table 1.

The next step is to reveal a predicted approach based on
Oxley’s model and the Johnson-Cook model to acquire nor-
mal stress distributions and average of the friction coefficient
at the tool-chip interface directly from the workpiece material
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Table 1  Johnson-Cook material constants obtained from SHPB tests
Material T,(C) AMPa) BMPa) C n m
AISI 1045 1460 553.1 600.8 0.0134 0234 1

properties, tool geometry, and cutting conditions. For the or-
thogonal cutting model, the shear angle ¢, strain rate constant
Co, and the ratio § of thickness of the tool-chip interface plastic
zone to chip thickness are essential parameters that can be
used for predicting other output values, such as tool-chip con-
tact length, cutting force, and distribution of stress and tem-
perature in deformation zones. The shear angle ¢ is deter-
mined according to the fact that the tool-chip interface shear
stress (Eq. 8) caused by the resultant cutting force for a given
set of cutting conditions should be equal to the chip material
flow stress kenip (Eq. 9) at the sticking region, which is obtain-
ed from the J-C constitutive model. Equations 8 and 9 are
shown as follows:

Tint = Xl% (8)
where F'is the frictional force between the chip and the tool, x
represents the ratio of the distance from the cutting edge to the
point where the resultant force R intersects the tool rake face,
I, is the contact length along the tool-chip interface, and w is
the cutting width. The flow stress at the tool-chip interface K
can be found by utilizing Eq. 7:

Eint | [, (T To\"

Kine = % {A + B(gimy}

€0

where Eint, Eint, and Ty, are the plastic equivalent strain, the
equivalent plastic strain rate, and the temperature at the
second zone, respectively. Cy is a constant representing
the ratio of the thickness of the primary zone to the length
of plane, which can be found by satisfying the condition
that the average value of normal stress at the tool-chip in-
terface is equal to the normal stress at the point B of the
cutting edge. The average value of normal stress at the tool-
chip interface is given as:

N
wl,

on = (10)
where N is the normal component of the resultant cutting
force. Meanwhile, the normal stress at the point B of cutting
edge can be obtained as:

i T BE”
=Kapg|14+=-20-2Con—AB _ 11
ON AB( +2 o OnA+BS7xB) ( )

where kxp is the flow stress along the plane AB calculated
by using Eq. 10 and Eq. 11, eop is the equivalent plastic

strain on the plane AB. The ratio J of thickness of the tool-
chip interface plastic zone to chip thickness is selected
based on the minimum force principle.

According to Zorev [42], normal stress is greatest at the
tool tip and gradually decreases to zero at the point where
the chip separates from the rake face. Normal stress distribu-
tion on the tool rake face is modeled as a power-law relation-
ship. The normal stress distribution on the bottom side of the
chip can be described by Eq. 12:

(o) = on,. [1-(2) ] (12)

In Eq. 12, x is the distance from main cutting edge, and a is the
power exponent. The component values of Eq. 12 and the
average friction coefficient p at the tool-chip interface can
be determined from the following equations:

Bl ) (13)

T
—Kap(1+Z-20-2C
TN AB< Ty RO e

Given:
¢ Cutting parameters
*  Tool geometry
»  Textures position and geometry
*  Material properties

Decide ranges for ¢, Cy, § I:

. 4
Calculate: T, Kine, On, Oy, Fe

Plot 7;,,; and K;;,¢ Vs ¢, solution is ¢p where 7;,; = Kjne

.

Compare calculated C, and assumed C,

Significant

l Insignificant

No

Whole range of § explored ?

l Yes

Plot F¢ vs §, determine § for min F¢

v

Calculate: UDCT and MUDCT

Fig. 5 Simplified flow chart of the iterative solution method
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Table 2 Experimental

parameters of the Nd/ Pump current (A) 8.6
YAG laser used during Frequency (KHz) 20
irradiation of WC/CO Scanning speed (mm/s) 60
cemented carbide tool
Number of overscan 1
F
a= N (14)
m BnC 0
wi |1+ ——2a—2—n -FN
2 A+ Bely
t,sinf Con
u O ( 1 5)

c = cos)\sin¢ 3 [1 +2 (g_(b) —Con}
p = tan\ (16)

where the angle A and € are given with Eq. 17 and Eq. 18.

™

) ¢) —Con (17)

A=0-9+a (18)

tanf = 1 —|—2<

Figure 5 shows the simplified flow chart of the iterative
solution method to obtain the UDCT and MUDCT values by
considering the workpiece material properties, tool geometry,
cutting parameters, and positional and geometrical parameters
of textures. It indicates that the UDCT and MUDCT are
coupled with strain, strain rate, and temperature in a compli-
cated manner.

3 Experimental setup

In order to investigate the proposed models, several experi-
mental cutting tests are performed. The dry cutting tests are
carried out on a lathe equipped with a Kennametal 2525M3
tool holder, with a rake angle 0°, clearance angle 7°, and
inclination angle 0°. An Nd/YAG laser (DP-H50, Jinan

Fig. 6 A developed cutting tool

(a) Main cutting edge
L

Xinchu Co., China) with a wavelength of 1064 nm and pulse
duration of 10 ns is used for texturing of the rake face of
inserts (Type: NG3189 K420, Kennametal Inc., USA). The
processing parameters of the Nd/YAG laser are given in
Table 2. Figure 6 shows a schematic diagram of microscale
textures of the textured tool. The type of textures is designed
as a single line with the direction of textures parallel to the
cutting edge. As shown in this figure, the width of the micro-
scale groove is about 50 pwm, the depth of textures is about
35 um, and the distance L to the main cutting edge respective-
ly are 150, 200, 250, 300, and 350 um. To simplify the no-
menclature, the tools with textures of the distance to the main
cutting edge 150, 200, 250, 300, and 350 pwm are named TT-
150, TT-200, TT-250, TT-300, and TT-350, respectively.
Figure 7 shows an example of the three-dimensional image
of the textures examined by an optical microscope
(KEYENCE, Japan). The BE edge radius 7, of the textures
is examined five times as shown in Fig. 7b and the average
value is approximately 5 pm.

The experimental setup is shown in Fig. 8. Orthogonal
cutting tests are conducted on a CA6140 lathe equipped with
the textured tools. The workpiece material was AISI 1045
steel with a hardness of HRC 19-31 in the form of pre-cut
disk with an external diameter of 100 mm. All tests are carried
out with the following parameters: cutting speed v = 90 m/
min, feed rate /= 0.1 mm/rev, and width of cut a,, = 2 mm.
This provided a plane strain condition for cutting; therefore,
the results are assumed independent to the width of cutting.

As the textures is located at the tool-chip interface, it is
difficult to directly observe the unique characteristics of
derivative-chip formation in the cutting process. However,
due to the derivative cutting as a type of micro-cutting, the
derivative chip can flow from the BE edge into the micro-
groove, leading to blocking of the textures with chip mate-
rial. Therefore, the morphology of the derivative chip in
textures and the bottom side of the chip can be detected
by a scanning electron microscope (SEM, QUANTA FEG
250, FEI Inc., USA).

with microscale textures. a / ~
Schematic diagram of the L
microscale textures with 50 Lm
geometrical and positional
characteristics on the rake face of , 400 pm
cutting tools. b Optical image of <
the rake face
AE edge
BE edge
Rake face
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Fig. 7 a Three-dimensional

optical image of the microscale
textures. b The corresponding 1107
sectional profiles of the textures

= 36.255m

[
/

124.60 100.00

4 Results and discussions
4.1 Model validation

Figure 9 shows the simulated UDCT and MUDCT for ma-
chining 1045 steel with the textures of different distance L to
the main cutting edge. From Fig. 9, the model predicts that the
UDCT decreases as the distance L increases. Within the range
of 150-250 pwm, the value of UDCT exceeds the MUDCT,
which illustrates that not only plowing occurs but also contin-
uous derivative chips are generated. When the distance L
changes from 300 to 350 um, the UDCT begins to be near
even slightly below MUDT. Under this state, the derivative-
cutting process is dominated by plowing, which is a type of
plastic deformation of the chip material without continuous
derivative-chip formation.

Figure 10 shows the variations in the amount of derivative
chip adhering in the textures for the TT-150, TT-200, TT-250,
TT-300, and TT-350 tools. It is observed that, for the TT-150,
TT-200, and TT-250 tools, derivative chip fully piles up in the
textures, as can be seen from Fig. 10a—c. For the TT-300 and
TT-350 tools, the amount of derivative-chip in the textures is
obviously less as shown in Fig. 10d—e, especially for the TT-
350 tool, a part of the surface of textures remains visible. It can

Fig. 8 Experimental setup of orthogonal cutting with the micro-textured
tools

e & 500

- _um
B8.06 -

L 150.00

{ L 100,00

\ 0.00 Section profiles of the textures

50.00 0.00 pm g ) 15.00 25.00 45.00 55.00 65

be explained that, once the plowing process tends to be sig-
nificant, the phenomenon of derivative-chip formation is alle-
viated. In addition, at the critical state to the plowing process
of derivative cutting, the chip material piles up in front of the
BE edge; and, when the thickness of the piled-up material
reaches a critical value (MUDCT), discontinuous chip is gen-
erated. Therefore, a small amount of derivative chip can be
adhered to the surface of the texture as shown in Fig. 10e.
Meanwhile, this behavior is a strong indication for the forma-
tion of built-up edges. Built-up edges can exist on the surface
of the workpiece (the bottom side of the chip in this study)
confirmed by Autenrieth [43], leading to higher surface
roughness. Thus, comparing the surface morphology of the
bottom side of the chip obtained with the five types of tools
is shown in Fig. 11. It appears that built-up edges remain
visible on the bottom sides of the chips for TT-300 and TT-
350 tools, and the size of the built-up edges for TT-350 is
larger than that for TT-300, which validates the above discus-
sion about formation of a built-up edge owing to plowing
phenomena involving strong plastic deformation of the chip
material. Based on the experimental results, the distance L
around between 300 and 350 wm characterizes the transition
from derivative-chip formation to plowing with discontinuous
chip formation. Therefore, the proposed models for the UDCT

0.28

0.27 —e—uDCT
J —a—MuDCT

0.26 \

0.25 o

0.24 -

pum

0.23
0.22+

0.21 4
0.20

0.19 T T T T T
100 150 200 250 300 350 400

L (um)

Fig. 9 Predicted UDCT and MUDCT in different distance L of the
textures to the main cutting edge
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Fig. 10 Wear track of textures
with different distances to the
main cutting edge (150 pm
200 pum, 250 pm, 300 pm,
350 um)

and MUDCT show the similar trends as the experimental tests
with cutting tools with the textures of different distances to the
main cutting edge.

4.2 Effect of cutting speed

According to Figs. 12 and 13, the simulated UDCT and
MUDCT are both increased with the increase of cutting speed.
Determination of the MUDCT and UDCT depends on the
modified Oxley theory, and so the MUDCT and UDCT are
influenced by the temperature, strain, and strain rate at the
tool-chip interface. Meanwhile, the increased cutting speed
influences the chip material behavior in two ways [44]. First
one, the increase of cutting speed leads to the thermal soften-
ing effecting increasing, resulting in the ductility of the bottom
side of the chip increasing. This would cause the MUDCT and
UDCT increasing. The other one, the effective strain and
strain rate of the chip are also increased with increase of cut-
ting velocity, contributing to enhancement of the strain-harden

Fig. 11 Surface morphology of
the bottom side of the chip for the
textures with different distances to
the main cutting edge (150 pum,
200 um, 250 pum, 300 pm,

350 um)

@ Springer

and reduction of the ductility. This would cause the MUDCT
and UDCT to decrease. Based on the above analyses, the
thermal softening effect is dominant for the MUDCT and
UDCT compared with the strain-harden effect. In addition,
with generally increasing of the cutting velocity under BE
edge radius above 5 um, the UDCT values can be significant-
ly less than the MUDCT as shown in Figs. 12 and 13, leading
to plowing without any derivative-chip formation in deriva-
tive cutting. Therefore, the chip material becomes more duc-
tile and more difficult to form derivative-chips as the cutting
speed increases.

It also can be seen from Fig. 13 that for the MUDCT, as the
cutting speed increases to around 210 m/min, the decrease in
the MUDCT is much in evidence, but as the temperature in-
creases to a certain range, the flow stress increases with the
increased temperature. This effect is well known to be caused
by dynamic strain aging and is termed “blue brittleness” [31].
As is shown in the simulation study, blue brittleness affects the
relationship between the MUDCT and the cutting velocity.
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Fig. 12 Effects of the cutting velocity and width of textures on the
UDCT under condition of the distance L of 150 pm

4.3 Effect of positional and geometrical parameters
of textures

Figures 9, 12, and 13 show that the positional and geometrical
parameters of textures also have a profound effect on the
MUDCT and UDCT based on simulated results. Normal stress
distribution on the tool rake face is modeled as a power-law
relationship, wherein normal stress is greatest at the tool tip
and gradually decreases to zero at the point where the chip
separates from the rake face. Therefore, according to Eq. (4),
the increased distance of the textures to the main cutting edge
contributes to the decrease of the normal stress, resulting in the
UDCT decreasing as shown in Fig. 9. In addition, the in-
creased width of textures leads to relative displacement be-
tween the points £ and F (see Fig. 3) increasing, causing the
UDCT increasing as shown in Fig. 12. In addition, as the
BE edge radius increases, the MUDCT increases as shown
in Fig. 13. Due to the increasing of the BE edge radius,
plowing in the cutting process is more dominant. This
brings out higher energy dissipation and cutting tempera-
tures [45], making the material more ductile. Therefore, the
MUDCT tends to be higher.
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Fig. 13 Effects of the cutting velocity and the BE edge radius on the
MUDCT under condition of the texture width of 50 pm and distance L of
150 um

Obviously, the larger distance of textures to the main cut-
ting edge and smaller width of textures can cause lower
UDCT, but these may not effectively bring about the benefi-
cial effects of surface texturing on the cutting performance
such as reduction in friction and resistance of tool wear.
Therefore, reasonable enlarging of the BE edge radius and
proper increasing of the cutting velocity both are feasible ways
to prevent derivative cutting from chip formation.

5 Conclusions

Based on our previous work, derivative cutting of micro-
textured tools means the additional removal of material from
chip the bottom side with tool surface textures, leading to high
power consumption in the cutting process. In addition, forma-
tion of derivative-chip can cause blocking of the microgroove,
resulting in the structural function failure of the textures.
Hence, derivative-cutting behavior needs to be understood
and implemented in models. The following conclusions can
be drawn from this paper:

(1) An analytical approach for the orthogonal cutting pro-
cess is introduced to conveniently predict whether or not
derivative-chip is generated in derivative cutting by de-
termination of the UDCT and MUDCT values according
to cutting parameters, tool geometry, workpiece material
properties, and positional and geometrical parameters of
textures.

(2) The analytical approach is experimentally validated
using a 1045 steel workpiece with the textures of dif-
ferent distances to the main cutting edge on the tool
rake face.

(3) The approach is applied to investigate the effects of
cutting velocity and the positional and geometric pa-
rameters on the UDCT and MUDCT. Results show
that reasonable enlarging of the texture-edge radius
and proper increasing of the cutting velocity both
are feasible ways to prevent derivative-cutting from
derivative-chip formation.
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