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ABSTRACT

The study presents the machinability of Nimonic 80A superalloys depending on the cutting forces in both
the turning experiments and simulations by finite element method (FEM) in order to approve the preci-
sion of the predetermined Johnson-Cook (JC) parameters from our previous study. In the first part of the
paper, the turning experiments have been performed on Nimonic 80A superalloy with coated carbide
tools to determine the cutting forces namely main cutting force, feed force and radial force. Three differ-
ent cutting parameters namely depth of cut, cutting speed and feed rate have been used with three levels.
The effect levels of the cutting parameters on cutting forces have been also determined with the analysis
of variance (ANOVA) at 95% confidence level. Secondly, predetermined JC material model parameters
have been inputted into the software running by FEM. Thereafter, the turning simulations have been per-
formed by FEM with the same cutting conditions as experimental ones. According to ANOVA results,
depth of cut is the most important parameter on Fc and Ff while feed rate is the most important factor
on the Fr. Through the closer results (the mean of 6.45% deviation) of cutting forces between the exper-
iments and simulations, the JC parameters of the material and the boundary conditions of the simulations
have been approved with high accuracy.

© 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In machining processes, excesses on the workpiece may be dis-
carded using a suitable machine tool and insert so that the work-
piece can reach the desired size and surface quality. In this
process; the relationship between the independent variables such
as cutting parameters (cutting depth, feed rate, cutting velocity),
cutting fluid, workpiece material, tool material, tool geometry,
machine tool and the dependent variables such as cutting forces,
surface quality, cutting tool life, cutting temperature should be
evaluated well [1-5]. The selection of the machining parameters
for both the machining method and materials type has been con-
sidered by many researchers for years and is still investigated to
determine the optimum cutting conditions. Recently, it is obvious
that cutting simulations based on finite element (FE) method is
used to predict the machinability parameters such as cutting
forces, temperature, cutting tool stresses for hard to machine
materials [6,7].
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Nickel-based superalloys are generally known as the materials
that are resistant to environmental conditions and exhibit the
required strength under operating conditions of 260 °C—1200 °C
[8-11]. These materials, especially Nimonic80A are commonly
used in turbine engines [12], automotive industries [13], power
units, furnaces and also in the manufacturing of fasteners parts
[14]. Nickel-based superalloy, instead, is amongst the difficult-to-
cut machine owing to its high thermo-mechanic property [15-
20]. Specifically, because of the fact that the investigation on the
cutting process is complicated, FE modeling of any machining pro-
cess is applicable as an alternate solution technique [21-30]. Dur-
ing the chip formation process; tremendous improvements have
been provided by means of finite element models that help to pre-
dict the cutting force, surface quality, temperatures, and stresses
value in machining processes [31-38]. Hence, the machining con-
dition can be accustomed to the cutting process and it is likely to
make a considerable influence to reduce the total expense by
reducing tooling cost [39]. Within this context, the finite element
models became vital tools in researches of engineering design
and manufacturing processes.

Numerous constitutive material models are intentional present-
ing high strain behavior at a wide range of strain rates and temper-
atures to model the materials appropriately in simulation packages
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[40,41]. The models are Zerili-Armstrong, JC model, Steinberg-
Guanian model and it is highlighted that the JC model is commonly
applied for several FE software [40]. Numerous researches were
completed about the determination of JC parameters [42-47].
The authors highlighted that JC models are more applicable than
other constitutive models. They also indicated that the tensile or
compression test may be useful depends upon their usage areas.
With this information, it is clearly seen that there is no FE simula-
tion for any plastic deformational process such as milling, turning,
deep drawing, crash test, etc. of Nimonic 80A superalloy. Unlike
other studies, the novelty of this study is to investigate the machin-
ability of the Nimonic 80A superalloy depending on the cutting
forces in both turning experiments and the simulations by FEM
in order to verify the accuracy of the predetermined JC parameters
from our previous study.

2. Material and method

The Nimonic 80A superalloy has C, Si, Mn, Al, Co, Fe, Ti, Cr with
the composition of 0.052, 0.06, 0.02, 1.35, 0.05, 0.8, 2.43, 19.2.
The amount of Ni is about 70% for this material. Mechanical and
physical properties of Nimonic 80A is shown in Table 1.

2.1. Turning experiments

In the turning process, the Nimonic 80A superalloy is used as a
workpiece material, as a result of the literature survey, on which
no finite element modeling of the machining process has been per-
formed before. The workpiece dimensions are 340 x 250 mm and
the hardness of the material used in the tests is 290 HV. In the
turning experiments, CNGN 120408-MS coated carbide cutting
tools, by Kyocera, are used as inserts having tool nose radius (re)
of 0.8 mm. These inserts with MS (7y; chip breaker angle 19°) chip
breaker geometry (Fig. 1a) are rigidly connected to the tool holder
in the form of PCLNR 2525M12 with an approaching angle (xr) of
95° on the CNC lathe.

The levels of cutting parameters are determined based on the
cutting tool manufacturer’s recommendation and literature
reviews. Three different levels of cutting depth (a), cutting velocity
(V) and feed rate (f) are selected and given in Table 2. The turning

experiments have been performed on a TC 35 Johnford CNC lathe
with a Fanuc control unit according to the parameters.

Measuring of cutting forces is provided by a 9257B type
dynamometer. The cutting force data perceived by the dynamome-
ter is transferred to the computer using Kistler Type 5019B130
Multichannel Charge Amplifier using Type 2855A3A/D Board CIO-
DAS 1602/12 data acquisition card and Kistler Type 2825A1-2
Dynoware software. The cutting forces components (Fig. 1b) are
obtained by dynamometer and equipment mentioned above. The
stages of the turning process are schematically shown in Fig. 2.
The cutting forces have been evaluated by taking the average of
the data obtained by turning operations 2 times according to the
full factorial experiment design.

Table 2

The parameters and levels.
Turning Parameters Level 1 Level 2 Level 3
a (mm) 0.5 1 1.5
V (m/min) 45 60 75
f(mm/rev) 0.1 0.2 0.3

CNC LATHE

, o~

i
i

Measuring of
Cutting Forces

™™

92578 type
dynamometer

Evaluation of
Cutting Forces

Fig. 2. The stages of the turning process.

Table 1
Mechanical and physical properties of Nimonic 80A [48].
Material E (GPa) T (°C) o (107%/°C) k (W/m°C) v p (kg/m3) ¢ (J/kg°C)
Nimonic 80A 183 1365 12.7 11.2 0.3 8190 448
0.25

12of—

&

a)

Fig. 1. a) Chip breaker geometry on the inserts, b) Cutting force components [49].
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2.2. Confirmation of JC parameters via FEM

ThirdWave Advantedge software has been used for turning sim-
ulations. The operations performed during the simulation are given
below, respectively.

The dimensions of the workpiece used during the turning
experiments are too much for the simulation and extend the anal-
ysis period. The smaller size of the workpiece in the simulation
does not create any problem because the turning conditions will
be the same in both the experiments and simulations. The cutting
parameters required for the simulation are given in Fig. 3a. In addi-
tion, time-consuming will be less during the simulations. The
dimensions of the workpiece processed in the simulations are
given in Fig. 3b.

Another action required for simulations is cutting tool selection.
After adopting the dimensions of the workpiece material and the
turning conditions, the properties of the cutting insert are
inputted. In the turning experiments, CNMG120408 coded coated
carbide inserts are used. The codes C, N, M, G, 12, 04 and 08 indi-
cate the insert shape, clearance angle, tolerance, insert type, size,
thickness and nose radius, respectively (Fig. 4). M, G, 12 and 04
codes are not active in the analysis software, but the necessary fea-
tures can be entered manually. In this section, the side rake angle,
back rake angle and lead angle by the connection between the tool
holder and the insert are also transferred to the software. In addi-
tion, the friction coefficient between the insert and the workpiece
has been assumed to be 0.6 and the coating thickness has been
adapted to the software as 3 um. The insert parameters are shown
in Fig. 4.

The process that needs to be done before the solution process is
integrating the JC parameters of the Nimonic 80A superalloy that

f Feed rate (mm/rev)

7’8 Depth of cut (mm)
| /88| Cutting speed (m/min)

jZ8l Angle of rotation ()

;

a)

Feed
/rate .

Depepy

-9 cue
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\

(ol Insert shape % Side rake angle ()

' Clearance angle type W9 Back rake angle (')

-~

(%8 Tool nose Radius (mm)

W8 Lead angle (°)

P%/(4 Tool width (mm)

(/74 Edge Radius (mm) )
Fig. 4. The insert parameters.

has been already predetermined [48] into the software. If any
material is selected from the software database, the material could
be selected when defining the workpiece. However, since the
Nimonic 80A superalloy used does not have any constitutive
parameters, they can be adopted later. By this means, any machin-
ing operation of this alloy can be performed with this software.
When entering the material parameters section of the workpiece,
the heat transfer properties and then the elastic properties are
asked (Table 1). Finally, the program can be run after the
Johnson-Cook parameters in Table 3 are entered (Fig. 5).

After adapting the JC parameters to the software, the element
type and element size (mesh structure) to be used in solid models
have been determined for the type of the tool and tool holder.
Three dimensional 10-node quadratic four-sided elements have
been used for the cutting tools and workpieces used in the exper-
iments. The mesh element sizes are applied to the tip of the inserts
more intensively (minimum element size = 0.1 mm) and less fre-
quently (maximum element size = 3 mm) in other parts. In order
to determine the most suitable element size, mesh sensitivity anal-
ysis has been performed to obtain the optimum mesh size which
will give a good balance between experimental and simulational
main cutting force values. Simulational Fc values have been
obtained over a period of time when the cutting simulation is
stable. Table 4 shows the average of main cutting force values cor-
responding to the element size used for a sample experiment
(V =60 m/min, f=0.3 mm/rev and a = 1 mm). As it is understood
from this table, when the element size is reduced from 0.1 mm to
0.05 mm, there is a slight difference in the force value. In this case,
it has been decided that the element size would be 0.1 mm so that
the analysis time did not extend further. The mesh structure of the
workpiece and the cutting insert are demonstrated in Figs. 6 and 7,
respectively.

3. Results and discussion
3.1. Turning experiments

3.1.1. Main cutting force (Fc)

F. values which are important at the primary level in terms of
energy consumption in turning are firstly taken into account in
the analysis of the cutting forces. The F. values have about a 50%
increase with a 100% increase of the feed rate while this increased
rate is about 30% by the 50% increase of the feed rate as shown in
Fig. 8. This variation in the main cutting force is similar for each
cutting depth. The F, values have about %65 increase with increas-
ing cutting depth as 100%, while %35 increase by increasing cutting

Fig. 3. Turning simulations, a) Turning conditions, b) Dimensions of the workpiece.

(: | L I :) Table 3
JC parameters of Nimonic 80A [48].
b) Material A(MPa) B(MPa) n C m Eo(sT)
Nimonic 80A 501 860 0.82 0.0122 1.42 102
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Fig. 5. The JC parameters of Nimonic 80A superalloy.

Table 4
Mesh-sensitivity for the Fc values.

Element size (mm) Main cutting force (N)

1 805
0.7 818
0.3 828
0.1 834
0.05 835

depth as 50% (Fig. 8). This increasing trend in the F, is also obtained
for each feed rate. With the increasing depth of cut and feed rate,
the tool-chip contact area and the volume of material removed
increase, and hence the main cutting force increases [50,51]. On
the other hand, there is a decreasing trend by increasing cutting
velocity as expected but the decreasing ratio is slight as also seen
from the result of variance analysis (Table 5). In general, the
strength of the workpiece materials decreases by softening due
to increasing temperature caused by high cutting velocity, leading
to decrease in cutting forces. However, high strain hardening is
generated in nickel-based superalloys at elevated temperatures
[48,52,53]. Thus, high cutting velocity cannot reduce the cutting
forces adequately in nickel-based superalloys. The minimum F.
value is measured as 242 N in cutting depth of 0.5 mm, feed rate
of 0.1 mm/rev and cutting velocity of 45 m/min.

[ 3

m

0

2.5

m

USSTTZM Minimum element size (mm)

5 Mesh grading

The experimental results are also evaluated with ANOVA with a
95% confidence level to determine the influences of parameters on
machining outputs, namely F, F,, Fz According to ANOVA results, P
values must be less than 0.05 to understand that the parameter is
effective on the machining outputs. Table 5 indicates that the
depth of cut is the most important parameter on F, with 48.4%
PCR (Percentage contribution ratio). It can be said that the feed rate
and the interaction of f*a are the secondary and the tertiary impor-
tant parameters on the cutting force with 45.88% and 5.24% PCR,
respectively. However, the other parameters have inconsiderable
effects on the F,.

3.1.2. Radial force (Fr)

The radial force (F;) values which are generally the lowest one of
the cutting force components in conventional cylindrical turning
operation. The F; values are lower than the Fyvalues for the cutting
depth of 1 and 1.5 mm as expected, but higher for the cutting
depth of 0.5 mm. Since the tool nose radius (0.8 mm) is higher than
cutting depth, the radial force is higher due to chip formation
occurs depending on ploughing effect as mentioned in Ref. [54].
It is valid only for the cutting depth of 0.5 mm that the F; values
have about 25% increase with increasing feed rate both from 0.1
to 0.2 mm/rev and from 0.2 to 0.3 mm/rev. This increased ratio is

Maximum element size (mm)

Segments per edge

Fig. 6. The mesh structure for the workpiece.
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Fig. 7. The mesh structure for the insert.
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Fig. 8. The distribution of F. values.
Table 5
ANOVA results for F.
Parameter Degree of Freedom Sum of Square Mean Square F P PCR
\% 2 13,672 6836 41.76 0.000 0.68
f 2 924,983 462,492 2825.38 0.000 45.53
a 2 983,396 491,698 3003.81 0.000 48.4
Vi 4 464 116 0.71 0.609 0.02
V*a 4 1510 378 231 0.146 0.07
f*a 4 106,490 26,622 162.64 0.000 5.24
Error 8 1310 164 0.06
Total 26 2,031,824 100
a=0.5 mm a=1mm a=1.5 mm
400 L L
350 =V 45 m/min : =V 45 m/min ! "V 45 m/min
—_~ #V 60 m/min | ®V 60 m/min | ®V 60 m/min
a 300 “V_75 m/min : =V_75 m/min : =V 75 m/min
g 20 : :
S 200 - Y
- | :
= 150 1 1
3 : :
= 100 : -
& 50 : :
1 1
0
0,1 0,2 0,3 0,1 0,2 0,3 0,1 0,2 0,3
Feed rate (mm/rev)

Fig. 9. The distribution of F, values.
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50% by increasing the feed rate in the range 0.1-0.3 mm/rev for the Fig. 10, the tool-chip contact area and so the force distribution is

cutting depth of 1 and 1.5 mm as shown in Fig. 9.

smaller than that of other forces depending on approaching angle

The F, values have a little change by increasing the cutting of the cutting tool. Therefore, the F, component has a little
depth (Fig. 9) as indicated in Ref [55]. As can be seen from increment by increasing cutting depth due to less change of the

Fr
Distribution
.'-'"-_\ am
Workpiece
N I
Ff re | Insert
a Distribution .
S

—
ﬂ

Approaching\angle

Feed Direction «—
‘—

Fig. 10. Load distributions of Fr and Ff.

Table 6
ANOVA results for F,.
Parameter Degree of Freedom Sum of Square Mean Square F P PCR
v 2 5596.1 2798.0 58.51 0.000 7.40
f 2 62,900 31450.0 657.63 0.000 83.15
a 2 5367.8 2683.9 56.12 0.000 7.10
Vf 4 3183 79.6 1.66 0.250 0.42
Va 4 75.2 18.8 0.39 0.808 0.10
fa 4 999.8 250.0 5.23 0.023 1.32
Error 8 382.6 47.8 0.51
Total 26 75639.8 100
a=0.5mm : a=1mm - a=1.5mm
1 1
500 = V_45 m/min ! WV 45m/min ! mV_45 w/min
450 =V_60 m/min 1 ®V_60 m/min 1 #V_60 m/min -
E 400 =V 75 m/min ' =V_75 m/min | =V 75mf
~— ' \
8 350 I i
S sw i :
= 250 i i
g 2m : :
= 150 i I
100 : ;
50 : !
0 : !
0,1 0,2 0,3 0,1 0,2 0,3 0,1 0,2 0,3
Feed rate (mm/rev)

Fig. 11. The distribution of Ff values.
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Table 7

ANOVA results for Ff.
Parameter Degree of Freedom Sum of Square Mean Square F P PCR
v 2 12,426 6213 80.77 0.000 3.63
f 2 43,194 21,597 280.76 0.000 12.63
a 2 274,232 137,116 1782.51 0.000 80.14
Vif 4 407 102 1.32 0.341 0.12
V'a 4 1835 459 5.96 0.016 0.54
fa 4 9452 2363 30.72 0.000 2.76
Error 8 615 77 0.18
Total 26 342,162 100

tool-chip contact area on F, direction. Moreover, the F, values are
generally decreased by increasing cutting velocity as seen in
Fig. 9. Even this decreasing tendency has become more obvious
with increasing cutting depth and feed rate. This can be attributed
to the reduction of friction forces in the second deformation zone
due to the reduction of chip curve radius with increasing men-
tioned parameter above [56]. The minimum F, value is obtained
as 142.3 N in cutting depth of 0.5 mm, feed rate of 0.1 mm/rev
and cutting velocity of 75 m/min.

According to ANOVA results, Table 6 shows that all cutting
parameters are important for F,, however, the feed rate is the most
important factor on F, with 83.15% PCR. Moreover, the cutting
velocity is the secondary important parameter with 7.40% PCR

Fig. 12. The finite element analysis image of the cutting forces.

while the cutting depth is the tertiary important parameter with
7.10% PCR. The other interaction parameters have inconsiderable
effects on the F,.

3.1.3. Feed force (Ff)

Feed force which is parallel to the feed direction can generally
be up to about 50% of the force F. [57]. In our study, the F;/F. value
has been obtained as average of 47% by considering all the exper-
iments. The relationship between the Fy and the F; is explained in
detail the part of the radial force (see section 3.1.2). It is valid for
all the cutting depth that the Fyvalues have about an 18% increase
with increasing feed rate both from 0.1 to 0.2 mm/rev and 24%
increase by the feed rate from 0.2 to 0.3 mm/rev as seen from
Fig. 11. The Fyvalues have a 90% increase by increasing the cutting
depth from 0.5 to 1 mm while 35% increase from 1 to 1.5 mm. On
the contrary, the cutting velocity has a reducing effect on the Fyval-
ues by 13% and %10 when it increases from 45 to 60 m/min and
from 60 to 75 m/min, respectively (Fig. 11). The minimum F; value
is obtained as 123.7 N in cutting depth of 0.5 mm, feed rate of
0.1 mm/rev and cutting velocity of 75 m/min.

The most significant parameter on Fy is the cutting depth with
80.14% PCR (Table 7). The table also shown that the feed rate is
the secondary important parameter with 12.63% PCR while the
cutting velocity and the interaction of f*a have 3.63% and 2.76%
PCR. The interactions of V*f and V*a have an insignificant effect
on Fy that is similar in F,.

For the machining of Nimonic 80A alloy, the cutting force values
are generally higher than the most of other nickel-based superal-
loys. The tendency can be referred that Nimonic 80A alloys retain
their strength better than other superalloys in high temperatures
which occur in machining operations [58]. As a whole, the increase
in cutting forces with increasing feed rate (f) and cutting depth (a)
is an expected situation in machining processes [59]. As a reason
for this result, it is possible to show the increase in the tool-chip
contact area and subsequently, the energy consumption increases
in chip formation by the increase in f and a value. The cutting

500
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Fig. 13. The cutting force values for a sample test.
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forces display regular and expected tendencies, especially for the
cutting depth of 1 and 1.5 mm. However, the irregular tendencies,
in cutting depth of 0.5 mm (smaller than tool nose radius of
0.8 mm) can be referred to ploughing effect. The ploughing process
is shown by the effect of minimum cutting depth, especially in F;
and Fy cutting force components. The increase in ploughing force
results from uncut chip thickness or cutting depth which is less
than a critical value (a > r.) [57], which is a micromachining pro-
cess. Thus, unexpected tendencies for F. and Frare observed only in
the minimum cutting depth.

Additionally, the multiple regression models are also developed
to predict the cutting forces without needs for the experiments in

these cutting conditions. The second-degree regression models for
the cutting forces (F,, F- and Fy) are shown in Egs. (1)-(3).

Fe = (733 —0.0301  V +45.64 « f +9.377 + a)° (1)
F, = (11.334 - 0.03164 + V 4 21.036 « f + 0.874 * a)> 2)
Fy = (8.696 — 0.0475 « V + 13.97  f + 7.582 « a)? 3)

The coefficients of determination (R?) demonstrating the rela-
tion between independent (V, f, a) and dependent variables (F,
F., Fy) are found as 0.9778, 0.9702 and 0.9638 for main cutting
force, radial force and feed force, respectively.

1400
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1000

800 F

600

Fs
=3
(=}

Main cutting force (N)

1 2 3 4 5 6

m Simulation

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Experiment Number (#)

S O
~ .
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v
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- I I I I l I I I
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&
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S
=200
=
@
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10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
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Fig. 14. The comparison of experimental and modeling results for; a) F, b) F,, c) F;
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3.2. Comparison of turning experiments and simulations

At the end of finite element simulations, the sample image of
the workpiece, insert and the chip is given in Fig. 12 beside cutting
force components. Moreover, the force outputs obtained from the
finite element analysis of a sample test is given in Fig. 13. The mean
values of the forces are obtained by applying polynomial fit to the
stabilized region of the force outputs.

The comparison of the results for the main cutting force (Fc),
radial force (Fr) and feed force (Ff) obtained from the experimental
and finite element analysis in the turning of the Nimonic 80A
superalloy with coated carbide cutting tools is presented in Fig. 14.

When all the values in Fig. 14 are evaluated, the deviations
between experimental and modeling results for the main cutting
force, radial force and feed force are average 6.58%, 6.71% and
6.06%, respectively. The deviations between the experimental and
modeling results have been mainly attributed to possible
deviations in the JC model due to important variables such as
microstructure or hardness modifications. At the same time, this
result may be caused by the ploughing effect, when the cutting
depth is smaller than the tool radius, that could not be precisely
modeled in the FE software. However, the results generally show
that the finite element model of the turning process based on pre-
determined Johnson-Cook parameters for F., F. and F; are devel-
oped with high accuracy. This situation proves that the model
and some boundary conditions (the coefficient of friction, the coat-
ing thickness of inserts, etc.) assumed in the model are applicable
and can be used in future researches.

4. Conclusion

The simulations based on FEA for any deformation processes are
performed by using the default material model because there is no
constitutive model of any new materials. The paper aimed to inves-
tigate the machinability of the Nimonic 80A superalloy depending
on the cutting forces in both turning experiments and the simula-
tions by finite element method in order to approve the accuracy of
the predetermined JC parameters. The results obtained in the study
are summarized below.

e Experimental F. and F; values obviously increased with the
increasing feed rate and depth of cut. On the other hand,
these cutting force components showed a decreasing tendency
with increasing cutting speed as expected, but the effect of cut-
ting speed is minimal level, as can be seen from the ANOVA
results.

F, values increased with increasing feed rate as the other cutting
force components. However, the F,. values showed a little
change with the increasing depth of cut. This result is referred
to a very small variation in force distributions due to the tool
approaching angle.

According to ANOVA results, the depth of cut is the most impor-
tant parameter on F. with 48.4% PCR, while the feed rate is the
most important factor on the F, with 83.15% PCR. Moreover, the
most significant parameter on Fy is depth of cut with 80.14%
PCR.

The coefficients of determination (R?) show the relation
between independent (V, f, a) and dependent variables (F, F,
Fy) and are found as 0.9778, 0.9702 and 0.9638 for main cutting
force, radial force and feed force, respectively according to the
multiple regression model.

Between the experimental and simulation results, there are
small deviations of 6.58%, 6.71% and 6.06% for the main cutting
force, radial force and feed force, respectively. It has been con-
cluded that these deviations are mostly due to the ignorance
of microstructural alterations of the JC model and partly to

the exact modeling of the ploughing effect in the simulation
program.

e In conclusion, it can be probable to simulate FE model of any
plastic deformation process, especially milling, drilling, ballistic
or crash tests, etc. via JC parameters predetermined for Nimonic
80A nickel-based superalloy and confirmed by this study.
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