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Abstract Literature survey showed that the micro-textures on
the tool rake face can help in reduction in friction at chip-tool
interface and therefore, reduction in the cutting forces. Con-
sequently, the current work is based on FE simulation of hard
turning of bearing steel (AISI5S2100). Four types of micro-
textures have been considered on the tool rake face: non-
texture, perpendicular, parallel, and rectangle. Johnson-Cook
(J-C) material constitutive law has been considered for the
workpiece with temperature-dependent material properties.
Experimental work has been performed at cutting conditions:
type, parallel; edge distance, 0.195 mm; pitch size, 0.110 mm;
and height of the texture, 0.049 mm to validate the current
machining model. Parametric study of effect of tool feature
parameters on the cutting forces has been performed. Based
on the current model, it is observed that the perpendicular
shape showed the minimum cutting force. The maximum
reduction of 28 % was predicted in the effective coefficient
of friction compared to the non-textured surface. Additionally,
effect of size of the texture (edge distance, pitch size, texture
height) and the friction factor at tool-chip interface on the
process responses is predicted. The perpendicular texture at
an edge distance of 100 pum, pitch size of 100 wm, and texture
height of 50 um showed the most effective shape and size for
the minimum cutting forces and effective friction. It is simu-
lated that the chip flow angle can be governed by the shape/
size of the texture on the tool rake face. It is expected that the
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current model can further be helpful in the characterization of
other hard materials and complex texture shape/size.
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1 Introduction

Hard turning is a machining process, which increases produc-
tivity by eliminating unnecessary machining steps and im-
proving the material removal rate [1]. Hard turning is used
to machine difficult-to-cut materials like hardened steel (50—
70 HRC) at high cutting speed with a single-point contact
method. Cubic boron nitride (CBN), ceramics, and cermet are
the commonly used tool materials [2]. Two varieties of CBN
materials are commercially available: high CBN content
(90 %) and low CBN content (50-70 %) [3]. Hard turning
has particular advantages when manufacturing engines, bear-
ings, and precision components with levels of roughness as
low as Ra (<500 nm) without grinding. The rate of material
removal is higher in hard turning than grinding machining [4].
However, the cutting temperature can reach more than 900 C
[5]. The white layer generated on the machined surface of the
workpiece increases its surface residual stress [6]. High fric-
tion is the most severe problem in the hard turning process; it
increases temperature, which reduces tool life significantly
[6]. Therefore, reducing the friction between the tool and the
workpiece is extremely important in improving the process. It
is reported that the friction between the tool-chip interface and
the cutting forces can be reduced via micro-textured surface
on the tool rake face [7—10]. Macro-sized textures increase
friction; however, micron-ordered textured surface reduces
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Tab!e 1 Material constants of the J-C flow stress model for AISI5S2100 stress and cutting force [19]. However, the work has not been
bearing steel [23] considered by the point of view for the interfacial textured tool
A[MPa] B[MPa] n C m Tmelt (°C)  and the workpiece. This type of problem has been considered

to be an important subject of research. Machining simulation
774.78 134.46 0.371 0.0173 3.171 1487

friction and improves lubrication. Smaller texture sizes reduce
friction because the debris from wear becomes entrapped in
the texture geometry [11, 12] and increases lubrication in the
tool-chip interface [13—15]. Additionally, the decrease in the
contact area between the tool rake and the chip surface de-
creases the frictional force [16]. Textured tools have been
developed and used for machining, and it is reported that the
textured surface on the tool rake face decreases the cutting
force due to reduction in the friction by reducing the contact
length in the tool-chip interface. [17-19] Simulated dry cut-
ting with a textured rake face on carbide tools showed the
effect of textured surfaces and solid lubricant on the von Mises

Fig. 1 a Model assembly and
boundary conditions. b mesh

Textured rake tace

Boundary condition
(u,v,w=0)

of textured tool has not been reported.

Consequently, the aim of the current work is to simulate
hard turning with textured tool. Johnson-Cook (J-C) material
model has been implemented on the workpiece. Further, the
model is used to study effect of the shape and size of the
texture on the cutting forces, effective friction between chip
and the tool rake face, and the chip flow direction.

2 Finite element modeling

Deform 3D commercial finite element codes have been used
in the modeling of the hard turning process. The tool has been
considered as a deformable body. The current modeling

Tool velocity
182.9 mm/min)

s

Workpiece

Feed/rotation
(1.75 mm)
= Uncut chip area
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process contains two major modules: numerical formulation
of the problem and the chip formation mechanism. The nu-
merical formulation contains geometrical modeling, interac-
tion between the tool face and the workpiece, loading and
boundary conditions, and material properties. The J-C mate-
rial model has been adopted to define the material’s plasticity
behavior during the machining. The model is further used in
parametric study of process parameters on machining re-
sponse like cutting forces, effective coefficient of friction,
and chip flow angle.

2.1 Workpiece material model

The J-C material model [20, 21] has been adopted as a
material constitutive model (Eq 1.). The J-C model has been
implemented because of its capability of large strain and strain
rates. Equivalent stress can be express in the J-C model as:

— T_Tr o m
1+Chn|S [1—(“‘) }
g;'o Tmelt_ Troom

(1)

7= [A+B-E}-

where A is the yield stress, B is the strain hardening coeffi-
cient, » is the strain hardening exponent, C is the strain rate
dependence coefficient, and m is the temperature dependence
coefficient. € is the equivalent plastic strain rate. €y is the
reference strain rate. 7 is the melting temperature for the
material (Table 1).

2.2 Numerical formulation

The commercial software Deform 3D® has been used to
model the cutting process. A 3D turning model was developed
to simulate the cutting forces and chip formation (see Fig. 1).
A rotating workpiece has been transformed to a linear ma-
chining condition to provide simplicity in simulation. The
outer surface of the workpiece was fixed in all three linear
directions and a sink temperature of 20 C was applied on it.
The tool was set at the feed velocity (182.9 mm/min) towards
the workpiece. A tetrahedral thermally coupled 38,000 ele-
ments have been used in the workpiece. A similar element
type has been used in the tool with 138,000 elements. The
initial temperature of the tool and workpiece was kept at 20 C.
An air convection of 0.02 N/s/mm/°C has been applied on the
free surface and the heat transfer coefficient has been set at
28 N/s/mm/°C (Table 2).

Table 2 Physical properties of AISI52100 steel (62HRC) [5, 24, 25]

Properties Value
Density, p [kg/m3] 7853
Elastic modulus, £ [MPa] Value [MPa] Temperature [K]
201,330 293.15
178,580 473.15
162,720 673.15
103,420 873.15
86,870 1073.15
66,880 1273.15
Poisson’s ratio, v Value Temperature [K]
0.277 293.15
0.269 473.15
0.255 673.15
0.342 873.15
0.396 1073.15
0.49 1273.15

Thermal conductivity

Expansion coefficient,

a (um/m/K)

Tmelt (K)
Heat capacity

Value [W/mK)
52.5

475

41.5

325

26

29

30

29.5

Value x107> [m]
1.19

1.25

1.3

1.36

1.41

1.45

1.49

1.49

1760.15

Value [N/mm20C]
3.354

4.0622

4.75

5.75

6.0278

12.75

5

45

Temperature [K]
293.15

473.15

673.15

873.15

1073.15

1273.15

1473.15
1573.15
Temperature [K]
293.15

373.15

347.15

573.15

673.15

773.15

873.15

1773.15

Temperature [K]
293.15

473.15

673.15

873.15

973.15

1023.15
1073.15

1173.15

@ Springer



1396

Int J Adv Manuf Technol (2015) 78:1393—-1405

Table 3  Tool geometry specification used in the simulations [4] and
material properties [3, 4, 26, 27]

Tool geometry Low CBN tool material properties
Tool geometry Value  Properties Value
specification

Nose radius, r¢ 0.8 mm Young’s modulus (Gpa) 588
Side rake angle, 70  —5° Poisson’s ratio 0.17
Back rake angle, ys = —5° Thermal expansion (x107/°C) 0.47
Side cutting angle, A\c —5 Emissivity [23] 0.45

Thermal conductivity (N/s/°C) f(T)
Heat capacity (N/mm2/°C) f(T)

2.3 Tool geometry and properties

A tool tip was designed based on the geometry listed in
Table 3. The length of the tool tip was kept at 2 mm to
facilitate chip flow on it. Temperature-dependent material
properties have been considered in the simulation.
Temperature-dependent thermal conductivity and heat capac-
ity of the tool material are listed in Table 4. Figure 2 shows
magnified view of tool geometry. A textured rake face shows
edge distance and tool nose radius.

2.4 Simulation conditions

The four geometric shapes that have been considered in the
simulation are texture shape, edge distance, pitch size, and
texture height. Size of the textures has been expressed in edge
distance, pitch size, and texture height. Three levels of edge
distance and pitch size and two levels of texture height have

Table 4 Thermal properties of the tool material [23, 24]

Temperature (°C) Thermal conductivity Heat capacity
(N/s/°C) (N/mm2/°C)
20 59.4 2.7
100 64.4 33
200 67.7 4.0
400 68.8 4.7
600 66.7 5.1
800 63.9 5.3
900 62 54
1000 59.5 54

Edge distance

R 0.8 mm

Fig. 2 Tool geometry with the pattern

been considered. In addition of the shape and size of the
texture, the friction of coefficient between the chip and tool
has also been varied at three levels. Table 5 shows levels of all
four geometric shapes, size, and the tool-chip friction coeffi-
cient. Figure 3 shows geometry of four types of textures viz.:
(a) flat (non-textured surface), (b) perpendicular (ridges, per-
pendicular to the chip flow direction), (¢) parallel (ridges,
parallel to the chip flow direction), and (d) rectangular: This
is a combination of both parallel and perpendicular textures;
array of pillars have been fabricated by cross cutting of the
tool face. The cutting parameters were selected from a previ-
ously reported work [3]: cutting speed of 182.9 mm/min, feed
rate of 0.152 mm/rev, and depth of cut of 0.203 mm.

Five cases of process parameters were selected for the
simulation. The first case was performed with the four types
of textures at 100 um of edge distance, 100 um of pitch
size, 50 um of height of the texture, and a shear friction of
0.6. Based on the cutting forces, the perpendicular textures
were selected as the optimum shape of the texture. The next
cases were considered for the perpendicular texture. The
edge distance was considered as the varying parameters

Table 5 Simulation parameters for the patterned insert

Process Texture Edge Pitch  Texture  Shear
parameter distance  size height friction
Level 1 Flat 50 50 50 0.2
Level 2 Perpendicular 100 100 100 0.4
Level 3 Parallel 150 150 - 0.6
Level 4 Rectangular - - - -
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Fig. 3 Textured tool insert. a
non-textured. b perpendicular. ¢
parallel. d rectangular

(a)

with the constant pitch size of 100 um and a height of the
texture at 50 um with a friction coefficient of 0.6 in case 2.
Case 3 considered the pitch size as the varying process
parameter by keeping other parameters constant. Case 4
and 5 have considered feature size and the friction coeffi-
cient as varying process parameters, respectively. Table 6
shows the combination of process parameters, used in each
run of simulation.

¢4

Table 6  Simulation parameters related to tool geometry
Case Parameter Variable Fixed
no.
1 Texture shape ~ Non-textured Edge distance 100
(1m)
Perpendicular Pitch size (um) 100
Parallel Height (um) 50
Rectangular  Friction 0.6
2 Edge distance ~ 50/100/150  Texture shape  Perpendicular
(1m) Pitch size (um) 100
Height (um) 50
Friction 0.6
3 Pitch size (um) 50/100/150 Texture shape  Perpendicular
Pitch size (um) 100
Height (um) 50
Friction 0.6
4 Texture height  50/100 Texture shape  Perpendicular
(um) Edge distance 100
(1m)
Pitch size (um) 100
Friction 0.6
5 Shear friction  0.2/0.6/0.8 Texture shape  Perpendicular
Edge distance 100
(1m)
Pitch size (um) 100
Height (um) 50

(b) () (d)

3 Model validation

Experimental works have been performed to validate the
present machining model. Turning operation was performed
with a parallel-textured tool with a cutting speed at 182.0 m/
min, feed at 0.152 mm/rev, and a depth of cut at 0.203 mm.
The experiments were performed on a turning machine (TSL-
6, S&T Dynamics, Korea). Figure 4 shows the experimental
setup and the micro-textured tool for the hard turning process.
The cutting forces were measured on a three component
dynamometer (Kistler 9257B, Switzerland). The tool was
prepared by electro-discharge machining (EDM). The tool
geometry is: type, parallel; edge distance, 0.195 mm; pitch
size, 0.110 mm; and height of the texture, 0.049 mm. Figure 5
shows comparison of cutting forces from simulation and the
experimental work. It is observed that the model is well
capturing the cutting force with an error in prediction of
7.5 %. The error in the prediction in the thrust force is 70 %,
which shows irrelevant prediction. The error in the prediction

| al [ |
F
& Force Sensor y

Fig. 4 Experiment setup of the hard turning with micro-textured tool and
a SEM image of the parallel texture on the tool rake surface
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Fig. 5 Comparison between experimental results and predictions with
the parallel-textured insert

is higher due to the assumptions in the simulation. The simu-
lation considered a sharp cutting tool, whereas there is a finite
size of the nose radius present during the experimental work.
Similarly, the simulation is not predicting the feed force due to
the same assumption of the tool nose radius. The cutting force
is the important component of the forces, which is responsible
in the design of the tool shank and is responsible for the tool
wear and the catastrophic failure of the tool. Therefore, the
prediction of the cutting force is sufficient for the model.

4 Results and discussion

Effect of the feature geometry (shape, edge distance, pitch
size, height) and the shear friction have been studied on the
cutting forces (cutting, thrust, feed direction), the effective
friction coefficient, and the chip flow angle. The cutting force
is the most important force than the feed force and the thrust
force. It is observed that the cutting force varied between 100
and 150 N, whereas, the feed and the thrust force are limited to
70 N. Therefore, in most of the analysis, only the effect of
process parameter on the cutting force has been analyzed. The
effective coefficients of friction were found lower than the set
value with the patterned tool.

4.1 Effect of texture shape

Case no.1 from Table 1 has been considered for the study of
the effect of the shape of the texture on the machining re-
sponse. The effect of the textures on the cutting forces and the
effective friction coefficient were performed at an edge

@ Springer

distance of 100 pm, pitch size of 100 pum, height of the texture
at 50 um, and a shear friction of 0.6. Figure 6 showed that the
force in the cutting direction is the maximum in all type of
forces and it is least with the perpendicular texture shape. Six
percent reduction in the cutting force has been predicted in the
perpendicular texture than the flat tool. The thrust direction
force is again minimized for the perpendicular texture. The
only force in the feed direction is maximized with perpendic-
ular texture. The amount of the feed direction force is very
less; therefore, it can be neglected.

From Fig. 6, it is clear that the effective coefficient of
friction (cutting/thrust force) was lowest for the perpendicular
and parallel texture. However, the lowest cutting and thrust
force occurred with the perpendicular texture. The largest
friction occurred for the flat (non-texture), as shown in
Fig. 6. All of the textures showed similar behavior as to reduce
the friction than the flat textured tool. Based on the cutting
force data and the effective coefficient of friction, it can be
stated that the perpendicular texture is the best shape of the
texture, which can be studied further with the variation in the
size. Twenty-five percent reduced friction coefficient has been
predicted with the perpendicular texture than the flat non-
textured surface. The similar results have also been suggested
by other researchers [9, 22].

The chip was subjected at higher stress after the pitch
position (see Figs. 7a to d). The parallel and rectangular
textures clearly concentrated the stress on the pattern position.
The texture of the rake face governed the chip flow direction
based on the shape of the texture. The flat and rectangular
textures showed the chip flow angles of 75-76°. The perpen-
dicular texture had the smallest chip flow angle of 44°, the
chip is following in the pattern direction towards the
unmachined area of the workpiece. The parallel texture had
a 90° chip flow angle, due to the rotation of the chip in the
direction of the parallel pattern. Thus, the perpendicular tex-
ture had the effect of decreasing the cutting force by curling
the chip away from the rake face. This can be attributed as the
similar effect of oblique cutting than the orthogonal cutting. A
close control on chip flow direction can help in effective chip
removal from the machining zone and can further help in
designing an automated process.

4.2 Effect of edge distance

The simulation conditions of case no. 2 in Table 6 have been
considered for the study of the edge distance on the cutting
forces, effective coefficient of friction, and the chip flow
angle. Figure 8a showed that the cutting force decreases by
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30 % if the edge distance changes from 50 to 100 wm. Further
increase in the edge distance increases the cutting force by a
small amount. A 7 % increase in the cutting forces was
predicted if the edge distance changes to 150 pum. Cutting
force data showed no change in the cutting force if the edge
distance changes to 200 um. It showed that the cutting force
was minimum at an edge distance of 100 um which agreed
with the previously reported work [22]. The smaller edge
distance prevents the chip separation and therefore the pre-
dicted cutting force was higher. As the edge distance in-
creases, the secondary shear zone shifts to the region of the
textured and non-textured surface which again increases the
cutting force. The value of edge distance of 100 um can be
considered as the optimum value for keeping the secondary
shear zone on the textured surface and provide chip separa-
tion. Similar to the cutting force, thrust force showed the
similar trend except the maximum edge distance of 300 pm.
The feed force is maximum with the 100 wm edge distance; it
can be ignored due to the low value of the feed force. The
effective friction coefficient is found minimum at 300 pm
edge distance.

Figure 9a—d shows the effect of the edge distance on the
chip flow angle. The predicted chip angle varies from 116° at
the edge distance of 50 um to 44° at the edge distance of
100 um. The decrease in the chip angle supports the chip to
escape out from the rake face. Further, the chip angle increases
to 55° if edge distance changes to 150 um. The maximum
edge distance of 300 um showed the chip angle at 49°. It
means further increases in the edge distance results in mini-
mization of the chip rotation angle due to the shifting of the

secondary shear zone into the transition line between the
textured and the plane surface.

4.3 Effect of pitch size

Case no.3 in Table 6 has been simulated to analyze the
effect of the pitch size on the cutting forces, effective
coefficient of friction and chip flow angle on the perpen-
dicular texture at 100 um edge distance, 50 um feature
height, and 0.6 shear friction coefficient. Figure 10 shows
variation of cutting force and friction coefficient with the
pitch size. It is predicted that the cutting force decreases if
the pitch size increases from 50 to 100 pm by 33 %. Further
increase in the pitch size increases the cutting force by
36 %. In addition of the cutting force, the feed force and
the thrust force are minimized at the pitch size of 100 um.
However, the experimental results [9, 22] indicated that the
force diminished as the pitch size increased linearly. This
was due to the different size effects in the experiments. The
effective coefficient of friction is almost stable with the
change in the pitch size. In the experiments [22], the friction
coefficient in the cutting direction increased as the pitch
size increased. A negligible increase in the coefficient of
friction has been shown by the predicted force in Fig. 10.
The chip flow angle is shown in Fig. 11. The chip flow
angle is a maximum of 44° for the pitch size of 100 pm. The
chip flow angle changes to 30° if the pitch size changes to
150 um. The chip flow angle was acquired at 26° if the
pitch size was 50 um. Therefore, it can be concluded that
the fine texture can bend the chip more effectively due to
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Fig. 7 a—d Effective stress on the
tool-workpiece cross-section. e-h
chip flow angle

(b) Perpendicular

gripping the deformed material over the channels of the
texture.

4.4 Effect of texture height

Figure 12 shows the predictive forces and the effective coef-
ficient of friction for texture heights of 50 and 100 pum (case
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no. 4 in Table. 6) on perpendicular features at edge distance of
100 pm, pitch size of 100 wm, and a friction coefficient of 0.6.
It is predicted that the cutting force is increased by 23 % if the
height of the pattern increases from 50 to 100 pm. The thrust
and the feed forces show almost flat response and no change
with the change in the pattern height. Increase in the height
showed a little decrease in the effective coefficient of friction.
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Fig. 8 Curling of the chip at edge
distance of a 50, b 100, ¢ 150, and
d 300 um

Fig. 9 Predictive force and
friction for the perpendicular
pattern as a function of edge
distance
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The experimental results [9, 22] showed the opposite tenden-
cy: The measured force decreased as the height increased.
However, the height range in the simulation is greater than
the experiments. The pattern height in the experiments was
less than 10 pm. The chip flow angle decreases if the height of
the textures increases to 100 um (see Fig. 13). The chip
bending ability increases with increase in the height of the
texture. Therefore, effectiveness of the texture increases with
the height.

4.5 Effect of friction factor

Simulations are performed based on the case no. 5 in Table 6.
Three levels of shear friction have been considered at and edge
distance of 100 pum, pitch size of 100 um, and a texture height
of 50 um on perpendicular texture. Figure 14 shows effect of
shear friction on the cutting forces. Increase in the shear

Fig. 11 Chip flow angle at a
pitch size of a 50, b 100, and ¢
150 pm

Time 0.01

@ Springer

50 ' 100 ' 150
Pitch size (um)

friction from 0.2 to 0.4 does not show any effect of cutting
force; however, additional increase to 0.6 shows a reduction of
22 % in the main cutting force. The thrust force is limited to
53.5 N, whereas the feed force is limited to 31 N, which is
much lesser than the value of the cutting force. The minimum
value of the cutting force is about 130 N at the highest friction
coefficient of 0.6. The friction force applied on the rake face
has a component in the direction opposite to the cutting force.
If the coefficient of friction increases, it increases the compo-
nent of the friction force in the opposite direction of the cutting
force due to negative rake angle. Therefore, increase in the
friction coefficient showed reduction in the main cutting force.
The effective coefficient of friction is directly related to the
shear friction coefficient. It increases from 0.26 to 0.41 if the
shear friction coefficient changes from 0.2 to 0.6. It shows that
the texture support to the lower friction coefficient but reduces
the maximum shear friction coefficient. Increase in the friction

Time 0.0101

Time 0.01
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coefficient increases the frictional force on the chip; therefore,
increase in the shear friction showed more bending of the chip
and a lower chip flow angle. The lowest coefficient of friction
showed a chip flow angle of 52° and the maximum coefficient
of friction showed a minimum chip flow angle of 44° (Fig.
15).

5 Conclusions

The current work reported the effectiveness of the tool
texturing in hard turning process. The effect of textured
tool on cutting forces, effective friction coefficient, and
chip flow angle has been simulated by Deform 3D® for

Fig. 13 Effect of texture height
on the chip flow angle at a 50 and
b 100 pm

Time 0.01

hard turning. A turning operation was simulated with the
tool having flat non-textured rake face and three different
kinds of textures (perpendicular, parallel, and rectangle
shape). An experiment was conducted for the validation
of the simulation. The cutting force obtained from the
experimental work showed that the simulation is well
capturing the cutting force. However, this model is not
capturing the trust and the feed force due to the tool nose
radius. It was observed that the predicted cutting forces and
effective friction were decreased with the perpendicular-
type texture. A 6 % reduction in the main cutting force and
25 % reduction in the effective friction were predicted with
perpendicular texture compared to a non-textured flat tool.
The maximum reduction of 28 % in the effective friction
coefficient has been predicted with parallel texture.

Time 0.01
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Further, dimensions of the texture were varied to analyze
the effect of the size of the texture on the cutting force,
effective friction coefficient, and the chip flow angle. Edge
distance, pitch size, and height of the texture were consid-
ered as texture dimension. Additionally, friction factor at
the tool-chip interface was varied to show the effect on the
cutting force and the chip flow angle. Thirty percent lower
cutting force was predicted with 100 pm edge distance
than a shorter edge distance of 50 um. Pitch size effect
showed a 33 % reduction in the main cutting force if pitch
size changes from 50 to 100 pm. Eighteen percent reduc-
tion in the main cutting force has been predicted if the
height of the texture is reduced from 100 to 50 wm. Cutting
force was decreased by 22 % at a friction factor of 0.6 than
in the other two conditions. Variation in friction factor
from 0.2 to 0.4 has negligible effect on the cutting force.
An edge distance of 100 pum, pitch size of 100 um, texture
height of 50 pum, and friction factor of 0.6 showed the
minimum cutting force. An edge distance of 300 pum
showed the minimum effective friction coefficient at tool-

Time 0.01

(a)

Time 0.01

(b)

Friction factor

chip interface. A natural chip flow angle of 75° has been
predicted at non-textured at the current cutting conditions.
The perpendicular and the parallel texture can change the
chip flow angle at 44 and 90°, respectively. The rectangu-
lar texture does not show any alteration in chip flow angle.
Simulation results showed that the chip flow angle can be
governed from 116 to 44° via edge distance. Pitch size can
play the chip flow angle between 26 and 30°, whereas the
texture height can play between 35 and 44° at the consid-
ered range of the texture parameters. The friction factor can
vary the chip flow angle between 44 and 52°. A compact
control on the chip flow angle can help in designing the
chip breaker and chip removal from the machining zone
effectively.
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