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Abstract

Due to high strength-to-weight ratio and corrosion resistance, difficult-to-cut materials are used i the aerospace,
automotive and medical industries. High mechanical and thermal loading occur during machining operations of ditticult-to-
cut materials, reducing cutting tool life and machining process performance. So, analyzing the cutting temperatures in
milling operations of diflicult-to-cut materials can increase the efficiency in production process of the parts from the alloys.
Application of the virtual machining system 1s developed in the study to predict the cutting temperature during machining
operations of difficult-to-cut materials such as Inconel 718, Titanium alloy Ti0AI4V and Nickel-base superalloy gH4133B.
The modified Johnson-Cook model is used to analyze the coupled effects of strain rate and deformation temperature on
How stress during milling operations of the alloys. The finite element simulation of the milling operations 1s implemented
for the alloys in order to obtain the cutting temperature of the cutting tool and workpiece during chip formation process. To
validate the study, the experimental results are compared to the finite element results obtained from the virtual machining
system. As a result, the study can provide an effective device in terms of efficiency enhancement of machining operations by
analyzing and decreasing the cutting temperature in milling operation of difficult-to-cut materials.

Keywords: Cutting Temperature; Difficult to Cut Materials; Modified Johnson-Cook model; Virtual Machining

1. Introduction

The applications of hard-to-cut materials in aerospace
industries,  aeronautics, automotive and  medical
mstruments are due to the metals' unique properties such
as High strength-to-weight ratio, corrosion resistance, low
thermal expansion and high hardness. Because of its light
weight and high strength, titantum 6Al-4V 1s the most
commonly used material in aerospace industries. Inconel
718 1s used to make significant parts of aircraft turbojet
engines, such as disks, blades, and casing for the high-
pressure part of the compressor, as well as discs and
blades for turbines. Implants (artificial joints, dental-use)
and trauma and surgical instruments are produced from
difficult-to-machine materials like titanium alloys, stainless
alloys, and nickel-base superalloy account for 80% of the
production for machined components in the medical
equipment industry. Because of their low thermal
conductivity and heat resistance, these alloys are difficult to
machine. So, machining operations on difficult-to-cut
materials result in high mechanical and thermal loading,
reducing cutting tool life and high manufacturing cost. As a
result, analyzing and decreasing cutting temperature in
milling operations of difficult-to-cut materials can increase
efficiency 1in machining operations of the alloys by

providing higher material removal rates with longer cutting
tool life.

A new cryogenic cooling approach is presented by
Bagherzadeh and Budak [1] to in order to increase
efficiency in milling operations of the difficult-to-cut
materials. To analyze and decrease cutting temperatures
and increase cutting tool life during milling operations of
difficult to cut materials, advanced cooling system 1s
presented by Shokrani and Betts [2]. To optimize
machining parameters to minimize cutting force and
temperature during turning of difficult to cut materials,
application of taguchi method 1s presented by
Struzikiewicz et al. [3]. To decrease cutting temperature in
difficult-to-cut  materials,
application of the ternally cooled cutting tools is

machining  operations  of
ivestigated by Isik [4]. To increase productivity in
machining operations of difficult-to-cut materials, a review
of recent developments is presented by Pandey and Datta
[6]. To analyze cutting temperature in machining
operations of titanium alloy Ti6AI4V, effects of cutting
conditions as up-milling and down-milling on the milling
process 1s presented by Wo and Zhang [6]. To predict and
analyze cutting temperature in orthogonal cutting of
Ti6Al4V, analytical model of cutting temperature 1is
developed by SHAN et al. [7]. To analyze and decrease
the cutting temperatures n terms of efficiency
enhancement of machining operations, mvestigation of
cutting temperature during turning Inconel 718 s
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presented by Zhao et al. [8]. To measure and decrease the
cutting temperature in turning Inconel 718, advanced
measurement method using an improved two-color
mfrared thermometer is presented by Zhao et al. [9]. The
tool-chip heat partition coefficient and cutting temperature
during orthogonal machining operations of inconel 718 is
mvestigated by Zhao et al. [10] to study the effects of PVD
AITiIN coated cutting tool to the chip formation process.
To increase efficiency in machining operations of hard to
cut materials, effects of nano-cutting fluids on tool
performance and chip morphology during machining
Inconel 718 is studied by Hegab et al. [11]. Machinability
in heat-assisted machining of nickel-base alloy 1s studied by
Parida et al. [12] to decrease machining power, tool wear
and specific cutting energy in machining operations of
difficult to cut materials. Numerical analysis of chip
geometry on hot machining of nickel base alloy is
presented by Parida and Maity [13] to analyze the
machining operations of hard to cut materials.

To analyze and modify the machining operations in
virtual environments, virtual machining systems and
applications 1s presented by Soori et al. [14-17]. In order
to analyze and increase efficiency in process of part
production using welding operation, a review n recent
development of fricion stir welding operations is
presented by Soori et al. [18]. Mechanical behavior of
materials in metal cutting operations 1is reviewed by Soorl
and Asmael [19] to analyze the cutting temperate, material
removal rate, workpiece deformation and residual stress
during machining operations.

Virtual machining systems in milling and turning CNC
machine tools 1s reviewed by Soori and Arezoo [20] to
develop the applications of virtual machining systems in
part production process. To Increase accuracy and
rehability of machined turbine blades, virtual minimization
of residual stress and deflection errors in five-axis CNC
milling operations of turbine blades 1s presented by Soori
and Asamel to [21]. To increase accuracy as well as
efficiency n process of part production, virtual simulation
of machining and grinding processes along the NC tool
path is presented by Altintas et al. [22]. To predict the
dynamic behavior in laser additive manufacturing of FeCr
alloy, a comparative study on Johnson-Cook and modified
Johnson-Cook constitutive material model 1s presented by
Zhao et al. [23].

porous structures 1s developed by De Galarreta et al. [24]

Finite element analysis procedure for

to increase accuracy in simulation and analysis of lattice
structures. To increase cutting tool life in machining
operations of difficult-to-cut materials, cutting temperature
and cutting tool wear are measured and analyzed by
Karaguzel et al. [25].

The during
process and machining operations are analyzed in different

cutting temperatures chip formation
research works in order to be minimized. According to the
analysis of previous published papers, the area of cutting
temperature prediction in machining operations of difficult
to cut materials by using virtual machining systems 1is not
studied.
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In this study, application of virtual machining systems is
developed in order to predict cutting temperatures during
machining operations of difficult to cut materials such as
Inconel 718, Titanium alloy Ti6Al4V and Nickel-base
superalloy gH4133B. The coupled effects of strain rate
and deformation temperature on flow stress during milling
operations of alloys are imvestigated using a modified
Johnson-Cook model. In order to determine the cutting
temperature of the cutting tool and workpiece during the
chip forming process, a Finite Flement Method (FEM)
simulation of milling operations is implemented for alloys.
To validate the study, the experimental results are
compared to the finite element results obtained from the
virtual machining system.

In the section 2, the cutting force modelling method 1s
The Johnson-Cook model
Johnson-Cook model for the Inconel 718, Titanium alloy
Ti6Al4V and Nickel-base gH4133B are

presented 1in the developed virtual

described. and modified
superalloy

3. The

machining system to predict the cutting temperature is

section

described n the section 4. To simulate and validate the
proposed method in the study, finite element simulation
and experimental method 1s presented In section 5.
Finally, the obtained results of the study is presented in the
section 6.

2. Cutting Force Model

The In this study, the cutting force method introduced
by Engin and Altintas [26] was used to calculate the cutting
forces along machining paths. This model's equations can
be parametrically described for various helical end mills.
Cutting force equations for any kind of cutting tool can be
obtained by substituting values for the parameters based
on tool envelop geometry. Figure 1 [26] depicts a typical
milling process with a general end mill cutting tool.

\ Cutiing
\ Edgel() 0 b

\\_ NG

/ —
Cutter Envelops

Differential Chip

Chip (r,p,x)

YA
dz §
\¥\ k>
~2ds
h
i
: Reference cutter position

< Tip position for flute j
: Position of element located at z on flute

EEE

Figure 1. Mechanics and kinematics of three-axis
milling [26].

Where ¢, is pitch angle of flute j, ¢;(2) is total angular
rotation of flute j at level z on the XY plane, () is radial
lag angle and x(z) 1s axial immersion angle. In the
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differential chip, dzis differential height of the chip
segment, dsis the length of cutting edge and h;is height of
valid cutting edge from tool tip. Thus, Eq. (1) shows the
differential tangential(dF;), radial (dF.) and axial(dF,)
cutting forces acting on an infinitely small cutting-edge
section.

dF, = K¢ods + K. h(¢j, k)db

dF. = K,.ds + K.ch(¢;, k)db

dF, = Kgeds + Kqch(dj, k)db

1

Where h(¢;, k) is the uncut chip thickness normal to
the cutting edge and varies with the position of the cutting
point and cutter rotation.

The uncut chip thickness in a flat end milling operation
can be calculated using Eq. (2) [27].
h(;, k) = Si;Sin(9)) &)
Where S jand ¢;are feed per tooth and radial lag angle
of tooth j respectively.
In the direction of the cutting velocity, db is the
estimated length of an infinitesimal cutting flute, which can

be seen as Eq (8).
dz

T sink

db

3)

The edge cutting coefficients K, ,Krpand K, are
constants which are proportional to the cutting-edge length
ds.

Shear and edge force components are represented by
sub-indices (c) and (e), respectively. The sheer force
coefhicients K;.,K,. and K. can be obtained from milling
experiments [28]. To confirm the current study, an
experimental operation was used to obtain edge cutting
and sheer force coefficients. The geometric model 1s used
to determine the cutting point locations along the flute.
The r1igid body kinematics well structural
displacements of the cutter and workpiece are used to
locate the same flute point on the cut surface. After the
chip load has been calculated and the cutting coefficients
for the local edge geometry have been determined, the
cutting forces in the Cartesian coordinate system can be
determined using Eq (4).

as das

dF,
dF, | =
dF,
—sin¢g;sink —cos¢; —sing;cosk][dE.
—cospjsink  sing; —cos¢pjcosk dF,
cos K 0 —sink dF,

(4)
The total cutting forces for the rotational position ¢;
can be found by integrating as Eq. ().
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Ny

E() = ) Fyld;@)]
j=1

Ng

Z2
= Z [—dFT]- sin ¢; sin k;
=174
—dF;jcos @; — dF,j sin ¢; cos Kj] dz

Ng

R = ) Fy[#,2)]
=1

Nf 2

2
= Zf [—dFrj cos @; sin k;
j=17A
+ dF; sing; — dF,j cos ¢j cos Kj] dz
Ny

E($) =) Fyle;@)]
=1

N
roa
=ZJ- [dF,; cos k;
j=17A

— dF,; sink;| dz

Where N is the number of flutes on the cutter, z;and
Z,are the contact boundaries of the flute which 1s in the cut
and k; is axial immersion angle of flute j.

In the flat end mill the k = 90°, thus the cutting force of
Eq. (5) can be simplified as Eq. (6)

h(¢j, k) = S;;Sin(¢p;)Sin(k;) 6)

WhereS,;, ¢; and kjare feed per tooth, radial lag angle

and axial immersion angle of tooth j respectively.

dF.(¢;) = —dF, cos ¢; — dF, sin p;
dF,(¢;) = +dF; sin¢; — dF. cos ¢;
dF,(¢j) = +dF,

3. Johnson-Cook model

The Johnson-Cook model 1s widely implemented to
describe the flow stress of a material as a function of strain,
strain rate, and temperature effects because of its high
accuracy and mathematical simplicity. Individual effects of
strain  hardening, strain rate hardening, and thermal
softening on the flow stress of the material undergoing
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deformation are represented by the three terms. Due to its
suitability for use in FE codes, it has become widely used
to characterize the material deformation behavior of
various materials. The Johnson-Cook model 1s presented

as Eq. (8) [29].

_ n & T-Tp \™
0= (A+BeM)(1+ClnD)[1- (ﬁ) | ®

where € 1s the equivalent plastic strain” ande 0 are the
equivalent and reference plastic strain rates, 7, Ty, and T,
are the material’s cutting zone, melting, and room
temperature, respectively. N is the strain hardening index
and m 1s the thermal softening index. Also, And A, B, and
C represent the yield strength, strain, and strain rate
sensitivities of the material, respectively.

The Johnson-Cook model, does not consider the
aggregation effect of any influence factor, but instead
assumes that the three influencing factors of strain, strain
mtensity, and temperature are mutually independent. Such
strain rate dependence is impossible to forecast using the
traditional J-C constitutive model. As compared to the
original Johnson-Cook model, the improved Johnson-
Cook model considers the coupled effects of strain rate
and deformation temperature on flow stress, significantly
improving the model’s prediction accuracy [30].

Lin et al. [31] propose an updated Johnson-Cook
model to solve the Johnson-Cook model’s limitations as
Eq. 9),

0 = (A + Bye + B,e?)(1 + C,Iné)exp[ (A, +
A né)(T — Tref)]
(©)

where A4, B;, By, C;, A1 and A, are material constants,
and the meanings of the other parameters are the same as
that in the Johnson-Cook model.

The dynamic behavior and a modified Johnson-Cook
model of Inconel 718 at high strain rate and elevated
temperature is presented by Wang et al. [32] as Eq. (10),

o = (963 + 937£°333)(1 + Clni)(l - (ﬂ)“)
0 1300
(10)
Where C can be obtained by Eq. (11),
C =
0.0232 — (0.00372 +
. (£-5000 . T—500
0.0021 sin (83000 TL'))SII’I( o ) (1n

The firefly algorithm is used by Ren et al. [33] in order
to present the modified Johnson-Cook model for cutting
titantum alloy Ti6A14V as Eq. (12),
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= (724.7 + 683.1¢%%7 ; 1
0= ' L€ (exp(53.7758))

+ 0.0351n(%_5)] [1 - (%)] [D
+ (1 — D)(tanh (ﬁ))zm%)]

(12)
Where D and P can be obtained by Eq. (13) and Eq.
(14),

D=1— (%)0.9076 (13)
_ T 13247
- (1877) (14)

Wang et al. [34] present a modified Johnson-Cook
definition of wide temperature and strain rate measured
data on a nickel-base superalloy gH4133B as Eq. (15),

o = (800 + 1500£°%) [1 +0.0002[né +

1 (T—T,,)Z]}
51200

11-Iné&

0.03 - Dft -1+ 03exp |-

(15)

4. Virtual Machining System

To calculate cutting tool and predict the cutting
temperatures i milling operations of difficult to cut
materials, a virtual machining system 1is developed using
the Visual Basic programming language. The module
collects the nominal machining path, the geometry and
material properties of the cutting tool, as well as the CAD
model of the workpiece.

The developed virtual machining system can calculate
cutting forces based on cutting tool information and
machining process parameters. Cutting forces can thus be
determined at each location of the cutting tool along
machining paths.

The software 1s then connected to the Abaqus R2016X
FEM the cutting
temperature as a result of machining operations. The

analysis  software to determine
workpiece's CAD model is then mesh generated in order
to be analyzed by finite element methods. The modified
Johnson-Cook model for the difficult to cut materials as
Inconel 718, titantum alloy Ti6Al4V and nickel-base
superalloy gH4133B the finite

element software to obtain the cutting temperature in the

are 1mplemented 1n
cutting tool as well as workpiece. Flowchart and strategy of
the virtual machining system in cutting force calculation
and cutting temperature prediction using virtual machining
system 1s presented in the figure 2.
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Cutting conditions
Tool Geometry

CAD Model of
Workpiece

NC CODE

A4

Cutting Force Calculation

|

Moeodified Johnson—Cook Model

!

Cutting Temperature Prediction Using the FEM
Method

.

Figure 2. Flowchart and strategy of the virtual

machining system in prediction of cutting force calculation
and cutting temperature.

As a result, the virtual machining system in the study
can predict the cutting temperature of the workpiece and
cutting tool along machining paths.

5. Simulation and validation

In order to estimate the cutting coefficients for the
Inconel 718, titantum alloy Ti6Al4V and nickel-base
superalloy, the average cutting forces of twenty slot milling
tests with 1.5 mm axial depth of cut have been measured
by Kistler dynamometer. As a result, the cutting force

coefhicients for the Inconel 718 are as Eq. (16).

K. = 2190.54,K,, = 32.7
K,. = 531.7,K,, = 41.9
Kue = 742.98,K,, = 6.2

(16)
The cutting force coefficients for the titanium alloy
Ti6AI4V are as Eq. (17).

K. = 1735.42,K;, = 24.9
K,. = 380.31,K,, = 44.3
K, = 640.61,K,, = 4.5
(17)
The cutting force coefficients for the nickel-base
superalloy gH4133B are as Eq. (18).

K,. = 1849.7,K,, = 28.1
K,. = 410.42,K,, = 39.2
K,. = 680.4,K,, =5.7
(18)
The machining parameters of the experiment are as
10,000 rpm spindle speed, cutting speed 30 m/min, feed

o1

0.15 mm/rev, depth of cut 1.5 mm. The simulated cutting
tool 1s 10 mm diameter 6 fluted Tungsten Carbide end
mil. Finite element model of milling operation 1s simulated
using the Abaqus R2016X FEM analysis software. To
obtain the cutting temperature in slot milling operation,
instantaneous cutting tool and workpiece temperature
fields are simulated. For the simulations, a variable mesh
density 1s used, with a minimum element size of 1 um. A
workpiece with chip geometry is meshed with 215,000
tetrahedral elements and a cutting tool end mill 1s meshed
with 110,000 tetrahedral elements which are used in
simulations of the milling process for complete immersion
cutting. To achieve correct temperature distributions, the
cutting area i1s meshed with an extra fine mesh. The finite
element simulation of milling operation 1s shown in the
figure 3.

The temperature distributions in the milling simulation
of the Inconel 718 are obtained as Figure 4.

The temperature distributions in the cutting simulation
of the Titanium alloy Ti6Al4V are obtained as Figure 5.

The temperature distributions in the cutting simulation
of the Nickel-base superalloy gH4133B are obtained as
Figure 6.

Experiments are performed on Inconel 718, Nickel-
base superalloy gH4133B, titanium alloy Ti6Al4V, using
cutting tool with 10 mm diameter, 6 fluted Tungsten
Carbide end mill and 5-axis Kondia HM 1060 CNC
machine tool. The K-type thermocouples with 130 um
diameter and 0.15 s response time are placed in the
workpiece to measure the temperature of workpiece
during milling operations. The comparison of simulation
results and  workpiece  temperatures  measured
experimentally for the Inconel 718, Titanium alloy
Ti6Al4V and Nickel-base superalloy gH4133B are shown

in the figures 7, 8 and 9 respectively.
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Figure 4. The temperature distribution in the milling simulation of the Inconel 718
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Figure 5. The temperature distribution in the milling simulation of the Titanium alloy Ti6Al4V.
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Figure 6. The temperature distribution in the milling simulation of the Nickel-base superalloy gH4133B.
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Figure 7. The simulation and workpiece temperatures measured experimentally for the Inconel 718.
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Figure 8. The simulation and workpiece temperatures measured experimentally for the Titanium alloy Ti6Al4V.
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Figure 9. The simulation and workpiece temperatures measured experimentally for the Nickel-base superalloy
gH4133B.

6. Conclusion

The materials with difficult to cut machining are used
in different aerospace, automotive and medical industries
due to high strength-to-weight ratio and corrosion
resistance. High mechanical and thermal loading occur
during machining operations on difficult-to-cut materials,
decreasing cutting tool life and increasing production
costs. As a result, analyzing and lowering the cutting
temperature in milling operations of difficult-to-cut
materials will improve the efficiency of alloy machining
operations by allowing for higher material removal rates
and longer tool life. Application of virtual machining
system is developed in the study to predict the cutting
temperature during milling operations of difficult to cut
materials such as Inconel 718, Titanium alloy Ti6Al4V
and Nickel-base superalloy gH4133B. The developed
virtual machining system can accurately calculate the
cutting forces along machining paths.

The modified Johnson—Cook Model is implemented in
the study to simulate the chip formation process by
considering the coupled effects of strain rate and
deformation temperature on flow stress. The FEM
method in then applied to the simulated milling operation
in virtual environment to predict the cutting temperatures
during chip formation process of difficult to cut materials.
To validate the developed method in the study,
experiments are performed on Inconel 718, Nickel-base
superalloy gH4133B, titanium alloy Ti6Al4V using the 5-
axis Kondia HM 1060 CNC machine tool. Then, the
cutting temperature of workpiece and cutting tool are
measured using the K-type thermocouples. As a result,
good compatibilities are obtained in comparison of the
simulated and experiment results of the cutting
temperatures. The benefits of the developed virtual
machining system can be the reduction of experimental
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testing and economic waste to analyze and decrease the
cutting temperature during machining operations of
difficult to cut materials. Moreover, the cooling effects
and cutting tool wear conditions during machining
operations of difficult to cut materials can be analyzed in
order to increase efficiency in process of part production
using machining operations. These are future concept of
the author.
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