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Abstract
In our previous works, the revelation of the significance of derivative cutting in the cutting process with microtextured tools,
which occurs because of the finite sharpness of the texture edge at the tool-chip interface, serves as a starting point for exploring
of the cutting mechanism. At present, a thermo-mechanical coupled model for orthogonal cutting process is formulated to predict
cutting force under effect of derivative cutting in terms of the structural and positional parameters of textures, cutting conditions,
and material properties. The flow stress model considering size effect is combined with the Oxley’s cutting model to predict
derivative chip formation force. Meanwhile, the Waldorf’s slip-line model is applied to evaluate plowing force in derivative
cutting. The cutting temperature is predicted based on the heat source theory, which is integrated with the proposed model of
derivative cutting to build up the coupled iterative model. A series of orthogonal cutting tests are carried out to validate the
prediction model by using different types of microtextured tools. The measured values of cutting force show a good agreement
with the predictions. Furthermore, the proposed method provides some insights into ways to diminish the adverse effect of
derivative cutting. Results show that the reductions in the edge radius and the inclined angle of textures contribute to decreasing
derivative cutting force with increasing cutting velocity.

Keywords Surface texturing . Derivative-cutting . Cutting force

1 Introduction

In recent years, a lot of research work about the textured tools
has announced that surface texturing as a mean of improving
tribological characteristics at tool-chip interface can perform
better cutting performance compared to the conventional cut-
ting tools. The advantages of microtextures for cutting tools
are the reducing of contact friction and the keeping of lubri-
cations; hence, it brings about lower cutting forces, cutting
temperature, tool wear, and higher surface quality. Currently,
considerable efforts have been made to evaluate the effective-
ness of microtextures on improving cutting performance in
term of the multi-shape and scale parameters, various coat-
ings, and different lubrication conditions by experimental
and finite element (FEM) methods. However, the mechanism

of cutting process with microtextured tools is not well
understood.

Several investigations have focus on the effect of different
types of textures on cutting performance of cutting tool, such
as dimples, microholes, channels, grooves, and square dots.
For example, Xing et al. [1] designed and fabricated three
types of textures (linear, circular, and rectangular) on the rake
face, the cutting performance of the textured samples have
gotten better as compared to conventional tools, and especial-
ly, the rectangular textured tool performed best at low cutting
speed. Kummel et al. [2] found that BUE held better steady on
the dimple textured rake face with respect to linear grooves
perpendicular and parallel to the cutting edge and so the dim-
ple textures exhibited fine wear resistance property. Moreover,
the cutting performance of textured tools can be further im-
proved by surface coating, filling with solid lubrications, and
using cutting fluid. Zhang et al. [3] demonstrated that laser
texturing had contribution to improvement of anti-adhesive
wear property of WC/Co-based TiAlN coatings via the ball-
on-disk wear test and turning experiments. They also reported
that microtextures could help the cutting fluid permeate into
tool-chip interface, resulting in enhancement of lubrication
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condition. It showed that the textures structure could remain
and guide the flow of lubrications on the rake face, leading to
the steady state of hydrodynamic lift [4]. Deng et al. [5] made
microtextures of different geometrical characteristics and
filled the solid lubricants (MoS2) into the microstructure.
The cutting tests shown that the ellipse grooved tool got low-
est cutting forces, cutting temperature, and the friction coeffi-
cient at the tool-chip interface. Moreover, the size level of
textures was extended to nanoscale and textured rake faces
were deposited with solid lubricant (WS2) coatings by Deng
et al. [6] and found that deposition with nanoscale surface
texturing was an effective way to achieve better machinability.
Sugihara and Enomoto investigated various types of cutting
tools with textured rake and flank faces. The results showed
that the structured tools brought about better anti-adhesion
property [7, 8] and wear resisitance [9]. Few researchers ap-
plied FEM method to assess machining performance of tex-
tured tools. For instance, Ma et al. [10] modeled and simulated
the orthogonal cutting of mild steel with microbump textured
tools and so optimizedmicrobump parameters tominimize the
cutting force and faciliate forming process of chip. Han et al.
[11, 12] focused on the simulation of phase transformation in
the cutting process with textured tools based on a couple
Eulerian-Lagrangian (CEL)method. The results showed some
of the microgrooves served as microcutters as the chip flows
over the rake face, whether in machining of AISI 1045 [11] or
Al6061-T6 [12].

Although the advantages of textured tools in the improve-
ment of the cutting performance have been clarified, the un-
explained formation mechanism of texture blockage still re-
mains. In our previous research [13], derivative cutting has
been demonstrated to be responsible for the blocking phenom-
enon occurring in textures. Derivative cutting refers to the fact
that the chip bottom side is cut by textures on the rake face and
the separated material eventually flows into textures. This re-
sults in additional power consumption in cutting process and
functional failure of textures. Moreover, an analytical model
of predicting derivative chip formation has been proposed
[14], which has exhibited the forming conditions of the deriv-
ative chip. However, the mechanism of derivative cutting is
not well understood.

In this work, a thermal-mechanical coupled model is
formulated to predict cutting force under the effect of de-
rivative cutting directly from the structural and positional
parameters of textures, cutting conditions, and material
properties. The flow stress model based on strain gradient
plasticity theory is utilized for derivative cutting, which
combines with the Oxley’s cutting model to predict deriv-
ative chip formation force. Meanwhile, Waldorf’s slip-line
model with flow stress is applied to obtain plowing force in
derivative cutting. Cutting temperature is predicted based
on heat source theory, which is integrated with the pro-
posed model of derivative cutting to build up the coupled

iterative model. In order to verify the proposed model, a
series of orthogonal cutting tests are carried out by using
different types of microtextured tools.

The framework of the paper includes the following three
parts. First, a coupled iteration model according to the moving
band heat source theory, slip-line method, and strain gradient
plasticity theory is established. Second, an experimental vali-
dation of the prediction model is conducted by measuring of
cutting forces using the microtextured tools. Finally, an anal-
ysis of the proposed model is made to find ways to diminish
the adverse effect of derivative cutting.

2 Model development

2.1 Analysis of machining process with derivative
cutting

The Oxley’s model [15] is introduced to illustrate cutting
process under the action of derivative cutting by theoretical
analysis method. Figure 1 shows orthogonal machining
with derivative cutting. Moreover, Ozel and Zeren [16]
have determined that the Johnson-Cook material model
[17] can be used in the Oxley’s model for the prediction
of shear flow stress. According to these well-established
models, the machining process with derivative cutting
can be modeled as follows.

For given cutting conditions, namely cutting velocity V,
cutting depth t1, and cutting width w, the equivalent strain
εAB and strain rate ε̇AB in shear plane are

εAB ¼ cosα

2
ffiffiffi
3

p
sinϕcos ϕ−αð Þ ð1Þ

ε
⋅
AB ¼ C0

VSffiffiffi
3

p
lAB

ð2Þ

where α is the rake angle, ϕ is the shear angle for the shear
plane AB, and C0 is the material constant, namely the
thickness-length ratio at the primary zone.Moreover, the shear
velocity VS and shear plane length lAB are given

VS ¼ Vcosα
cos ϕ−αð Þ ð3Þ

lAB ¼ t1
sinϕ

ð4Þ

Combining with Eqs. (1), (2), (3), and (4), the shear stress
kAB can be obtained according to Johnson-Cookmaterial mod-
el [17] as

kAB ¼ 1ffiffiffi
3

p Aþ BεnAB
� �

1þ Cln
ε⋅AB
ε⋅0

� �� �
1−

TAB−T0

Tm−T 0

� �m� �
ð5Þ
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The hydrostatic pressures PA and PB of points A and B are
given in Eqs. (6) and (7).

PA ¼ kAB 1þ 2
π
4
−ϕ

	 
h i
ð6Þ

PB ¼ kAB 2tanθ− 1þ 2
π
4
−ϕ

	 
h in o
ð7Þ

where θ represents the angle of the resultant force ofFC and FT
relative to the shear plane as given in Eq. (8).

θ ¼ tan−1 1þ 2
π
4
−ϕ

	 

−Cn

	 

ð8Þ

Considering the material strain in combination with
Johnson-Cook material model, the value of the constant Cn
can be calculated by Eq. (9).

Cn ¼ C0n
BεnAB

Aþ BεnAB
ð9Þ

Based on Li’s work [18], the distance between cutting edge
B and the action point of the resultant force of FC and FT is
given

X s ¼ lAB 2PA þ PBð Þ
3 PA þ PBð Þ ð10Þ

According to Zorev’s work [19], the normal stress distribu-
tion at the tool-chip interface can be expressed as a power-law
function as shown in Eq. (11).

σN xð Þ ¼ σNmax 1−
x
lc

� �a� �
ð11Þ

where σNmax is shown by [15]

σNmax ¼ PB þ 2kAB ϕ−αð Þ ð12Þ

In Eqs. (13) and (14), the tool-chip contact length lc and
power exponent a are unknown and can be calculated by
solving equations based on the moment and force equilibrium
laws. In detail,

∫lc0wσNmax 1−
x
lc

� �a� �
xdxþ Ftdld ¼ FTX s ð13Þ

∫lc0wσNmax 1−
x
lc

� �a� �
dxþ Ftd ¼ FC cosα−FT sinα ð14Þ

and denting

I ¼ FCcosθ−FT sinθ−Ftd

wσNmax

; II ¼ 2 FNX S−Ftdldð Þ
wσNmax

Combining Eqs. (13) and (14), the contact length lc and the
power exponent a can be obtained as

a ¼ I2

− I2−II
� �þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

II2−I2II
p ð15Þ

lc ¼ II þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
II2−I2II

p

I
ð16Þ

According to the power law assumption [19], the tool-chip
contact area is assumed to be divided into two distinct regions,
namely the sticking region and sliding region. The shear stress
remains a fixed value (τint) in sticking regionwith the length of
lp. Based on the cutting model [15], the length lp and the
frictional force F can be calculated from Eqs. (17) and (18).

lp ¼ δt2
sin ϕ−αð Þ ð17Þ

F ¼ ∫lp0 wτ intdxþ
wτ int
σN lp

� � ∫lclpσN xð Þdx ð18Þ

Fig. 1 Orthogonal machining
with derivative cutting
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The force components on the shear plane and the tool rake
face yield the relation in Eq. (19)

∫lp0 wτ intdxþ
wτ int
σN lp

� � ∫lclpσN xð Þdxþ Fcd

¼ FCsinαþ FTcosα ð19Þ

Equation (20) leads to the expression for τint as

τ int ¼ FCsinαþ FTcosα−Fcd

wlp þ w
σN lp

� � ∫lclpσN xð Þdx
ð20Þ

The average strain and strain rate at secondary deformation
zone can be obtained by [15]

εint ¼ lpffiffiffi
3

p
δt2

ð21Þ

ε˙ int ¼ Vc

δt2
ð22Þ

So, the tool-chip flow stress kchip can be obtained as

kchip ¼ 1ffiffiffi
3

p Aþ B εintð Þn½ � 1þ Cln
ε̇int
ε̇0

� �� �
1−

T int−T 0

Tm−T0

� �m� �
ð23Þ

2.2 Modeling of temperature distribution in cutting
zones

The temperature distribution for cutting process with the
textured tools needs to be analytically represented since it

not only affects the cutting forces and tool wear but also is
used to determine derivative cutting force. Based on the
Jaeger’s heat source method [20], Hahn [21] build up an
analytical model of temperature in cutting process.
Figure 2 shows that the moving band heat source of an
angle φ with the direction of velocity can be represented
as the oblique red line, and so the temperature rise at a
point H (x, z) can be formulated as

TH X ; Zð Þ ¼ q
2πλ

∫Lli¼0e
− X−lisinφð Þ v=2aið Þ

K0
v
2ai

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−lisinφð Þ2 þ Z−licosφð Þ2

q� �
dli

ð24Þ

where λ and a are the thermal conductivity and thermal
diffusivity of the medium, respectively; X − li sin φ is the

projection of the distance
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−lisinφð Þ2 þ Z−licosφð Þ2

q
be-

tween dli and the point H in the direction of the velocity v.
K0 denotes a zero order Bessel function of the second kind.
In addition, the thermal diffusivity a can be formulated as

a ¼ λ
ρcp

ð25Þ

where ρ is material density, and Cp is specific heat.
From Komanduri and Hou’s [22] work seen in Fig. 3, the

thermal rise at a point M (x, z) for the shear plane can be
evaluated by using Eq. (26)

T shear
chip X ; Zð Þ ¼ qshear

2πλchip
∫lAB0 e

−
X−xið ÞVc
2achip

K0
Vc

2achip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−xið Þ2 þ Z−zið Þ2

q� �
þ 1

2
K0

Vc

2achip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−xið Þ2 þ 2t1−Z−zið Þ2

q�

þ 1

2
K0

Vc

2achip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−xið Þ2 þ Z þ zið Þ2

q� ��
8>><
>>:

9>>=
>>;dli ð26Þ

where xi = l − li sin(ϕ − α), zi = li cos(ϕ − α), and lAB = t1/
cos(ϕ − α). Moreover, the heat intensity qshear of shear plane
can be formulated as

qshear ¼
FsVs

lABw

The next step is to model the thermal rise under the
effect of nonuniform heat intensity by considering friction
at tool-chip interface and derivative cutting. Although the
difference of shear stress between the sticking and sliding
zone of tool-chip interface makes the nonuniform heat gen-
eration rate of the friction heat source, Huang and Liang
[23] converted uniform shear stress to the shear stress dis-
tribution by using recommended values from other studies.

In addition, the influence of derivative cutting needs to be
considered; the equivalent shear stress τs can be obtained
by using Eq. (27).

τ s ¼ F þ Fcd

w lp þ 0:5ls
� � ð27Þ

where lp represents the sticking contact length, ls repre-
sents the sliding contact length, w represents the width of
chip, F represents the friction force, and Fcd represents the
derivative cutting force along tool-chip interface. The heat
intensity qint keeps constant as τsVc along sticking zone
and linearly decreases from τsVc to zero, which is used for
thermal modeling along the interface. From Huang and
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Liang’s [23] work, the thermal rise at a point M (x, z) in
the chip as shown in Fig. 4 can be obtained as

T int
chip ¼

1

πλchip
∫lc0 B xð Þqint xð Þe− X−xð ÞVc

2a

K0
RiVc

2achip

� �
þ K0

R
0
iVc

2achip

� �
þ K0

R″
i Vc

2achip

� �� �
dx

ð28Þ

where B(x) is heat partition fraction, Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−xð Þ2 þ Z2

q
,

R
0
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−xð Þ2 þ 2t2−Zð Þ2

q
, and R″

i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X−xð Þ2 þ 2t2 þ Zð Þ2

q
.

Since the tool-chip heat source is stationary to the tool, it is
assumed that the heat [1 − B(x)]qfriction is transmitted into the
tool. Meanwhile, the flank face is treated as an adiabatic
boundary. The thermal rise at any point M (X′, Y′, Z′) in the
tool side is shown as

T int
tool X

0
;Y

0
; Z

0
	 


¼ 1

2πλtool
∫lc0 1−B xð Þ½ �qint x

0
	 


dx
0
∫
w
2

−w
2

1

Ri
þ 1

R
0
i

� �
dy

0 ð29Þ

w h e r e Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

0−x0
� �2 þ Y

0−y0
� �2 þ Z

0 2
q

a n d

R
0
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

0−2lc þ x0� �2 þ Y
0−y0� �2 þ Z

02
q

.

To find the fraction B(x), the tool-chip heat source is dis-
persed into n segments. The heat partition ratio Bi correspond-
ing to each segment can be considered as a fixed value. Since
the thermal rises of the two sides at the tool-chip interface
should be the same, that is

T shear
chip X ; 0ð Þ þ T friction

chip X ; 0ð Þ þ T0

¼ T friction
tool X

0
; 0; 0

	 

þ T0

ð30Þ

Considering the distribution discretization of heat partition
ratio, Eq. (30) can be transformed by using the matrixing
method as follows:

A1½ �n�n B½ �n�1 ¼ A2½ �n�1 ð31Þ

where the elements of matrices can be obtained as

Fig. 2 The diagram of the
moving band heat source method

Fig. 3 Schematic of the shear
heat sources
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A1½ �n�n i; jð Þ ¼ 1

2πλtool
qint x

0
j

	 

∫
w
2
−w
2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0
i−x

0
j

	 
2
þ y02

r þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0
i−2lc þ x0

j

	 
2
þ y02

r
0
BB@

1
CCAdy

0

þ 1

πλchip
qint x j

� �
e
−

xi−x jð ÞVc
2achip K0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi−x j
� �2q

Vc

2achip

0
@

1
Aþ 2K0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi−x j
� �2 þ 4t22

q
Vc

2achip

0
@

1
A

8<
:

9=
;

A2½ �n�1 ið Þ ¼ 1

2πλtool
∫lc0 qint x

0
	 


dx
0
∫
w
2

−w
2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0
i−x

0
j

	 
2
þ y02

r þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0
i−2lc þ x0ð Þ þ y02

q
0
BB@

1
CCAdy

0

−
qshear
4πλchip

∫lAB0 e
−

xi−X ið ÞVc
2achip K0

Vc

2achip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi−X ið Þ2 þ 2t2−Zið Þ2

q� �
þ 3K0

Vc

2achip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi−X ið Þ2 þ Z2

i

q� �� �
dli

The distribution of B(x) can be obtained from the discrete
value of Bi by solving Eq. (31). Therefore, the temperature
distribution at tool-chip interface can be expressed as

T xð Þ ¼ T shear
chip X ; 0ð Þ þ T int

chip X ; 0ð Þ þ T0 ð32Þ

2.3 Analysis modeling of derivative cutting

Firstly, the uncut derivative chip thickness needs to be
determined under a given cutting condition. Since the mi-
crogroove results in the finite contact length ld less than the
nature contact length, the chip will flow into the groove,
forming the inflow angle η of chip bottom side. Figure 5
shows that inflow angle η depends on the rake angle α and

the chip stream angle ηb. Therefore, the inflow angle can
be obtained by Eq. (33).

η ¼ ηb−α ð33Þ

The chip stream angle as an important parameter for the
analysis of restricted contact machining has been analyzed
by using various slip-line models. For the value of ld/t1
(seen in Fig. 5) less than 1.0, the chip stream angle in
derivative cutting is made available from the established
slip-line models with neglect of chip up-curl radius for
machining with restricted contact tools [24]. There are
two assumptions [25], that is (1) the influences of strains,
strain rates, and temperature on the material flow stress are
not taken into account, and (2) slip-line modeling of

Fig. 4 Schematic of tool-chip
heat sources
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orthogonal cutting is based on the plane strain deformation
assumption. At the same time, cutting edge radius needs to
be ignored. From the standpoint of restricted contact ma-
chining modeling, Johnson [22] and Usui and Hoshi [26]
have established the effective theoretical basis. The cen-
tered fan slip-line field from these studies is used for anal-
ysis of uncut derivative cutting thickness as shown in Fig.
5. The chip stream angle ηb can be obtained from Jawahir’s
investigation [27] by using Eq. (34).

ηb ¼ tan−1
cosγ

cosαsin γ þ αþ βð Þ −cot γ þ αþ βð Þ
� �

ð34Þ

where α is the rake angle of the cutting tool, and β and γ
represent the two slip-line angles as shown in Fig. 6.
Moreover, the silp-line angles β and γ can be obtained by

β ¼ cos−1
cosα−t1=hffiffiffi

2
p

cosγ

� �
− π=4þ γ þ αð Þ ð35Þ

γ ¼ 1

2
cos−1 τ=kð Þ ð36Þ

where τ is the frictional stress at tool-chip interface and k is the
material flow stress. Equation (36) shows that for a given
cutting condition the γ depends on the friction parameter τ/k.
The ratio τ/k can quantitatively feature the tool-chip friction
state. Fang and Jawahir [24] have pointed out that the rela-
tionship of cutting condition and the ratio τ/k for machining
with the restricted contact tools. Since the distance between
the textures and cutting edge is always designed to be slightly
larger than uncut chip thickness, namely t1/ld close to 1.0, and
tool rake angle is not negative, the ratio value τ/k of 1.0 is
considered reasonable.

In addition, the elastic springback of the chip bottom side
also needs to be considered. When chip flow over the

microgroove of textures, the chip bottom side turns to the free
surface, leading to releasing the stored elastic strain energy.
According to the general Hook’s law [28], the recovery angle
ηe can be obtained by

ηe ¼
τ
G

ð37Þ

where G is shear modulus. The effect of temperature on the
property of workpiece material needs to be taken into ac-
count in the machining process. The shear modulus G de-
rived from the temperature-dependent elastic material pa-
rameters (Young’s modulus E and Poisson ratio ν) [29] is
as follows:

E Tð Þ ¼ E þ e1 Tð Þ þ e2 Tð Þ2
ν Tð Þ ¼ ν þΔν Tð Þ
G Tð Þ ¼ E Tð Þ

2 1þ ν Tð Þð Þ

8>><
>>: ð38Þ

where the e1, e2, and Δν are material parameters.
Considering the additional factor of the recovery angle
ηe, the chip inflow angle can be modified as

η ¼ ηb þ ηe−α ð39Þ

The uncut derivative chip thickness td for the microgroove
width wd is expressed by Eq. (40).

td ¼ wdsin
2η ð40Þ

The reduction in the scale of deformation results in an
increase of strain gradient even the total stain is relatively
low [30]. The asymmetric stress distribution in a direction
parallel and perpendicular to the shear plane generates in-
homogeneous strain gradients, resulting in intensifying of

Fig. 5 Simplified deformation
zone of chip bottom side
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the size effect. In our previous work [13], the scale of
cutting depth in derivative cutting has been demonstrated
to belong to microlevel. Unlike the constitutive equations
of workpiece material for macrocutting as a function of the
strain, strain rate, and temperature, the constitutive equa-
tions in the derivative cutting process need to be modified
based on the strain gradient theory. The material flow
stress in derivative cutting resulting from Joshi and
Melkote’s work [30] can be calculated by

τ ¼ τ ref

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

2αc
2G2bsin ϕ

0
	 


tdτ2ref

vuut ð41Þ

where αc is the stress parameter, G is the shear modulus, b
is the magnitude of the Burgers vector, and ϕ′ is the shear
angle of derivative cutting. Moreover, the Johnson-Cook
material model can be chosen as the reference flow stress
(τref), and then the Eq. (41) is changed as Eq. (42).

τ ¼ τJC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

2αc
2G2bsin ϕ

0
	 


tdτ2JC

vuut ð42Þ

Since the uncut derivative chip thickness is of the order
of the textures edge radius, not only chip formation forces
but also plowing forces need to be considered at the same
time. The plowing process of derivative cutting is com-
plex. As such, modeling of plowing process has attracted
great attention of researchers, and the most significant
contribution to the field is the analytical model proposed
by Waldorf et al. [31] to predict plowing forces based on
the slip-line method. Moreover, it is assumed that built-up

edge is stably adhered to the texture edge in the Waldorf’s
model, and this phenomenon also commonly exists in our
previous work about derivative cutting [13]. The plowing
with the texture edge of radius re is showed in Fig. 6. The
shade zone represents the built-up edge and point A’ is the
separation point of material. A′B′ is the traditional shear
plane with the shear angle ϕ′. Therefore, the plowing
forces in the cutting and thrust direction respectively are
Pcut and Pthrust, and these forces are obtained as

Pcut ¼ τw½cos 2η
0

	 

cos ϕ

0
−γ

0 þ η
0

	 

þ 1þ 2θ

0 þ 2γ
0 þ sin 2η

0
	 
	 


sin ϕ
0
−γ

0 þ η
0

	 
�⋅C0
A

0

ð43Þ

Pthrust ¼ τw½ 1þ 2θ
0 þ 2γ

0 þ sin 2η
0

	 
	 

cos ϕ

0
−γ

0 þ η
0

	 

−cos 2η

0
	 


sin ϕ
0
−γ

0 þ η
0

	 
�⋅C0
A

0

ð44Þ

where the related parameters are obtained as follows:

θ
0 ¼ π

4
−ρ−ϕ

0

γ
0 ¼ η

0 þ ϕ
0
−sin−1

ffiffiffi
2

p
sin ρð Þsin η

0
	 
	 


C
0
A

0 ¼ R
sinη0

γ
0 ¼ η

0 þ ϕ
0
−sin−1

ffiffiffi
2

p
sin ρð Þsin η

0
	 
	 


R ¼ sin η
0

	 
 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
retan

π

4
þ α0

2

� �2

þ
ffiffiffi
2

p
Rsin ρð Þ

tan π
2 þ α0� �

" #2

þ 2 Rsin ρð Þ½ �2
vuut

As above discussion, the derivative cutting forces are
the combination of the formation forces of derivative chip

Fig. 6 a The diagram of
machining with the derivative
cutting. b The slip-line model for
plowing in the derivative cutting
process
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(F
0
c; F

0
t ) and plowing forces (Pcut, Pthrust), which are ob-

tained by Eq. (45).

Fcd ¼ F
0
c þ Pcut

Ftd ¼ F
0
t þ Pthrust

�
ð45Þ

3 Solution of the model

The object of this section is to build up a numerical iterative
algorithm for the prediction of cutting force in the machining
process with the derivative cutting. Figure 7 shows the general
scheme of the thermo-mechanical coupled model. The cutting
conditions including cutting parameters, tool geometry, and
workpiece properties are closely relevant to the derivative
cutting. At the same time, the derivative cutting has influence
on the stress state and temperature distribution in machining
with microtextured tools.

At the beginning of the iterative computations, the effect
of derivative cutting is not considered. According to
Oxley’s prediction model, the cutting parameters contain-
ing cutting velocity v, cutting width w, and feed rate f, took
geometry (rake angle α), and physical parameters of work-
piece material conduct as inputs. The flowchart of the
Oxley’s prediction model is shown in Fig. 8. Obviously,
it is showed that the values of the initial parameters, in-
cluding the shear angle ϕ, strain rate constant δ, and mate-
rial constant C0, are determined based on the constraint
bounds. The program of the iterative algorithm can be
run based on these initial variables.

The initial flow stress kAB and chip velocity Vc obtained
from the previous step are used to calculate the initial thermal

rise T shear
chip X ; Zð Þ in Eq. (26). The initial average temperature in

shear plane is obtained by Eq. (46)

TAB ¼ ∫lAB0 T shear
chip X ; Zð Þdli

lAB
þ T0 ð46Þ

Fig. 7 General scheme of the
thermo-mechanical coupled
model

Fig. 8 Flowchart of the Oxley’s prediction model
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Moreover, once B(x) is determined according to Eq. (30),
the initial average temperature in the tool-chip contacting zone
is calculated by Eq. (47).

T int ¼
∫lc0 T shear

chip X ; 0ð Þ þ T int
chip X ; 0ð Þ

	 

dli

lc
þ T0 ð47Þ

Meanwhile, the temperature in the position where the chip
begins to flow into the textures should be predicted as the
initial temperature T0d for the calculation of the flow stress
in derivative cutting as shown in Eq. (41). The temperature
T0d can be obtained as follows:

T0d ¼ T shear
chip ld; 0ð Þ þ T friction

chip ld; 0ð Þ þ T0 ð48Þ

The uncut derivative chip thickness is predicted depending
on the slip-line theory and elastic property of material as
shown in Eq. (39). The derivative cutting velocity actually is
the chip velocity. Based on Oxley’ prediction model combin-
ing with the flow stress model for derivative cutting, the for-
mation force of derivative chip can be predicated, in which the
flow stress and shear angle are also obtained. The obtained
flow stress and shear angle are used to calculate the plowing
force considering the radius of texture edge based on the
Waldorf’s model. The derivative cutting force is the sum be-
tween the formation force of derivative chip and plowing
force. The flowchart of calculating the derivative cutting force
is seen in Fig. 9. Furthermore, the derivative cutting force is
used for computation of the correlation variables in machining
with derivative cutting (seen in section 2.1).

Finally, the numerical calculation of cutting force is con-
ducted by coupling and iterating the models. The initial vari-
ables obtained from the above steps are taken as inputs, and
then the iterative computing of cutting force is executed and is
terminated until the deviation satisfies the constraint condi-
tions (seen in Fig. 10). Accordingly, under the given cutting
conditions, the cutting force can be finally determined.

4 Experimental setup

Nd/YAG solid-state nanosecond laser is used to fabricate the
textures on the rake face of the cutting tools (Type: NG 3189
K420, Kennametal Inc., USA). Table 1 shows some physical
parameters of the cutting tools. The type of textures is de-
signed as a single line with the direction of textures parallel
to the cutting edge as shown in Fig. 11. The distance ld be-
tween cutting edge and the microgroove increases from 150 to
300 μm at an interval of 50 μm. The three-dimensional struc-
ture of the microgroove is measured by the super depth of field
microscope (VHX-5000, KEYENCE Co., Ltd., Japan) as
shown in Fig. 12c, d. After examined five times, the average

Fig. 9 Flowchart of computation
of derivative cutting force

Fig. 10 Flowchart of the numerical calculation of cutting force
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values of the BE edge radius and inclined angle α′ are about
5 μm and − 40°, respectively.

A CA6140 lathe is used to conduct orthogonal cutting exper-
iments with the series of textured tools. The textured tools are
mounted on the tool holder (2525M3, Kennametal Inc., USA)
and the tool rake angle is 0°. The cutting velocities are chosen as
100 and 180m/min respectively, and feed is selected as 0.1 mm/
rev. Due to the difficulty in separating the derivative cutting
forces from the other effects, the verification of the model is
conducted by comparing the measured and predicted cutting

Fig. 11 Amicroscale textured tool. a Schematic of the rake face of textured tool. b Photograph corresponding to the textured tool. cWidth measurement
of confocal image of the textures. d The related cross section shape

Fig. 12 The experimental setup of orthogonal machining

Table 1 Material parameters for the insert

Parameter E (GPa) ν ρ (kg/m3) λ (W/m°C) Cp [J/(kg/°C)]

Value 705 0.23 15,290 46 203
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forces. A force sensor (9129AA, Kistler Inc., Swiss) is used to
measure the cutting forces. Figure 12 shows the related experi-
mental setup. The workpiece material is AISI 1045 and is pre-
prepared in the form of a disk with diameter of 100 mm and
thickness of 2 mm. The properties of workpiece material are
listed in Table 2.

5 Results and discussions

5.1 Model validation

Figure 13 shows the textures wear morphology for the cutting
velocity of 100 m/min. It is observed that all microgrooves of

textures are blocked up by derivative chip. It is indicated that
derivative cutting took place in the cutting experiments.
Similarly, the derivative cutting was found to exist in the cut-
ting experiments for the cutting velocity of 180 m/s. The cut-
ting forces from the experiment measurement and the analyt-
ical model are shown in Table 3. The errors are calculated by
using the Eq. (49) and listed in Table 3. It is found that the
prediction errors of FC and FT are respectively from 12.8 to
16.4% and from 1.5 to 11.3%. The predicted cutting forces are
found in close agreement with the experimental results, indi-
cating the success of the proposed model.

Error ¼ experimental value−simultated valuej j
experimental value

� 100%ð49Þ

Fig. 13 Wear states of textures
with the different distance ld

Table 2 Material properties for AISI 1045 [29]

Parameter AISI 1045 Parameter AISI 1045 Parameter AISI 1045

A (MPa) 553 m 1 ν 0.283

B (MPa) 600 ε0˙ (s−1) 1 αc (KJ/m
2) 50

C 0.0134 e1 (MPa °C−1) − 52 b (nm) 0.304

n 0.234 e2 (MPa °C−1) − 4.7×10−2 λ (W/m°C) 48

T0 (°C) 20 Δυ (°C−1) 4×10−5 ρ (kg/m3) 7890

Tm (°C) 1460 E (MPa) 2.15×105 Cp [J/(kg/°C)] 450
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5.2 Influence of the edge radius and inclined angle
of the textures on derivative cutting force

Figure 14 presents the relation of the texture edge radius and
derivative cutting forces at the cutting velocity of 100 m/min,
cutting depth of 0.1 mm, and distance ld of 150 μm. It is
showed that the derivative cutting forces increase with an in-
crease of the texture edge radius re. Due to the assumption that
a stable build-up is attached to the finite edge radius (seen in
Fig. 7), the build-up region C′A′ determines friction stress be-
tween uncut chip bottom side and the texture edge. The higher
finite radius causes the larger build-up region, resulting in in-
creasing of the friction force. In addition, the Oxley’s prediction
model in conjunctionwith the flow stress model based on strain
gradient theory is used to estimate derivative chip formation
force. The inclined angle of texture is the rake angle in the
derivative cutting. According to the cutting theory, it is known
that the plastic deformation of chip bottom side increases as the
inclined angle of texture becomes more negative, resulting in
increasing of derivative cutting forces as shown in Fig. 15.

5.3 Influence of cutting velocity on derivative cutting

Figure 16 shows that derivative cutting forces decreases
with increasing of cutting velocity under the conditions
of the textures edge radius of 5 μm, the distance ld of
150 μm, and the inclined angle of − 40°. The influence of
cutting velocity on derivative cutting attributes to two as-
pects. Firstly, derivative cutting force is affected by tem-
perature distribution at tool-chip interface. It has been
known that cutting temperature increases with an increase
of cutting velocity, leading to increasing thermal softening
effect of chip bottom side. Secondly, the flow stress for
derivative cutting is modeled by considering size effect.
According to Eleiche and Campbell’ s study [32], the flow
stress is sensitive to the size effect of material in a low
cutting velocity range and mainly influenced by the stain
rate at high cutting velocity. Meanwhile, strain and strain
rate increase with cutting velocity [33], resulting in the
aggravation of strain harden. Based on above discussions,
Fig. 16 indicates the thermal softening effect is dominant

Table 3 Comparison between
measured and predicted values for
cutting force

Measured Predicted Error

Test ld (μm) V (m/min) FC (N) FT (N) FC (N) FT (N) FC (%) FT (%)

1 150 100 775.6 385.1 676.4 428.8 12.8 11.3

2 200 100 763.4 380.2 653.1 400.4 14.4 5.3

3 250 100 742.8 358.5 622.9 363.9 16.1 1.5

4 300 100 710.3 350.7 593.6 333.5 16.4 4.9

5 150 180 722.3 370.9 639.6 402.8 11.4 8.6

6 200 180 698.1 340.8 614.8 371.9 11.9 9.1

7 250 180 651.0 338.2 602.3 345.5 7.5 2.1

8 300 180 648.9 321.7 587.7 301.9 9.4 6.2
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Fig. 14 The effect of the texture edge radius on the derivative cutting
forces at the cutting velocity of 100 m/min, cutting depth of 0.1 mm, and
distance ld of 150 μm
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Fig. 15 The effect of the inclined angle of textures on the derivative
cutting at the cutting velocity of 100 m/min, cutting depth of 0.1 mm,
and distance ld of 150 μm
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for the reduction of the derivative cutting force with an
increase of cutting velocity. Figure 17 shows the compar-
isons of the predicted cutting force Fc and thrust force Ft in
machining with the textured and conventional tools within
the cutting velocity range from 120 to 360 m/min. The
gaps of the cutting forces from the textured and conven-
tional tools both tend to be narrowed with increasing of
cutting velocity, indicating that the influence of derivative
cutting on processing is gradually reduced in the wake of
the increase of cutting velocity.

Since the plastic deformation of chip bottom is so in-
tense that it is hard to prevent derivative cutting for the
textures close to the cutting edge, the reducing of deriva-
tive cutting force is an alternative way to diminish its ad-
verse effect on cutting performance of textured tools. As
above analyses, the optimizing of the structural parameters
of texture (reducing edge radius and inclined angle) helps
minimize the effect of derivative cutting with increasing
cutting velocity.

6 Conclusions

A couple iteration model is build up to estimate derivative
cutting force and tool force during the orthogonal machin-
ing. Derivative cutting force consists of derivative chip
formation force and plowing force. The flow stress model
for derivative cutting is combined with Oxley’s cutting
model to predict formation force of derivative chip.
Meanwhile, Waldorf’s slip-line model is applied to evalu-
ate the plowing force in derivative cutting. Based on
Oxley’s prediction approach, the oblique moving band heat
source theory is applied for modeling of cutting

temperature, which is integrated with the derivative cutting
model to build up the coupled iterative model. Finally,
derivative cutting force and tool force are obtained via
the cyclic iteration computations.

& A couple iteration model is build up to predict cutting
force under effect of derivative cutting directly from the
structural and positional parameters of textures, cutting
conditions, and material properties without cutting test
data, contributing to a better understanding of the mecha-
nism of derivative cutting. The experimental validation
shows that the proposed iteration model works well to
predict cutting force.

& The proposed iteration model provides some ways to di-
minish the adverse effect of derivative cutting. Through
analysis of the related prediction results, the optimizing of
the structural parameters of texture (reducing edge radius
and inclined angle) helps minimize derivative cutting
force with increasing cutting velocity.
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Fig. 17 The effect of cutting velocity on cutting forces under the constant
conditions of the textures edge radius of 5 μm, the distance ld of 150 μm,
and the inclined angle of − 40°
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Fig. 16 The effect of cutting velocity on derivative cutting under the
constant conditions of the textures edge radius of 5 μm, the distance ld
of 150 μm, and the inclined angle of − 40°
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