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Abstract

Determination and assessment of residual stresses are crucial to prevent the failure of the components
used in defense, aerospace and automotive industries. The objective of this study is to present a
material method to accurately predict the residual stresses induced during machining of Inconel 718.
Orthogonal cutting tests were performed at various cutting speeds and feeds, and the residual stresses
after machining of Inconel 718 were characterized by X-ray diffraction. A viscoplastic self-consistent
crystal plasticity model was developed to import the microstructural inputs of this superalloy into a
commercially available finite element software (Deform 2D). In addition, same simulations were carried
out with classical Johnson - Cook material model. The simulation and experimental results showed that
the crystal plasticity based multi-scale and multi-axial material model significantly improved the
prediction accuracy of machining induced residual stresses of Inconel 718 when compared to the
existing model, and it can be used to minimize the surface defects and cost of production trials in
machining of difficult-to-cut materials.
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Kristal Plastisite Modellemesi ile Inconel 718 Alasiminin islenmesinde
Artik Gerilmelerin Dogru Tahmini
0z

Artik gerilmelerin belirlenmesi ve degerlendirilmesi, savunma, havacilik ve otomotiv endistrilerinde

kullanilan bilesenlerin arizalanmasini 6nlemede ¢ok dnemlidir. Bu ¢alismanin amaci, Inconel 718'in
islenmesi sirasinda olusan artik gerilmeleri dogru bir sekilde tahmin etmek igin bir malzeme modeli
sunmaktir. Ortogonal talash imalat testleri, cesitli kesme ve ilerleme hizlarinda gergeklestirilerek,
Anahtar kelimeler Inconel 718'in islenmesinden sonraki artik gerilmeler, X-Ray 1sin kirinimi ile karakterize edildi. Bu stiper
Talasl Uretim; Inconel alasimin mikroyapisal girdilerini ticari olarak temin edilebilen bir sonlu eleman yazilimina (Deform 2D)
718; Kristal Plastisite;  aktarmak icin bir viskoplastik kendi iginde tutarli kristal plastisite modeli gelistirildi. Ayrica simlasyonlar
Tornalama; Deform 2D Klasik Johnson - Cook malzeme modeli ile ayni isleme parametrelerinde yapildi. Bu calismada elde edilen
similasyon ve deneysel sonuglar, kristal plastisite tabanh gok 6lgekli ve ¢ok dlgekli malzeme modelinin,
mevcut modele kiyasla Inconel 718'in isleme kaynakli kalinti gerilmelerinin tahmin dogrulugunu 6nemli
Olctide gelistirdigini ve ylzey kusurlarini en aza indirmek igin kullanilabilecegini gostermistir. Gelistirilen
bu model, kesilmesi zor malzemelerin islenmesinde yiizey kusurlarini ve {liretim denemelerinin

maliyetini en aza indirmek igin kullanilabilir.
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1. Introduction

Nickel-based super alloys (Inconel 718 etc.) have
wide application prospects in the field of aerospace,
automotive and defense industries due to their
superior mechanical properties, and ability to
maintain the mechanical performances at high
temperatures (Amato et al. 2012). Although Inconel
718 alloy has a relatively high yield strength (700-
1200 MPa), tensile strength (900-1600 MPa),
corrosion resistance and oxidation resistance, it is
one of the difficult to cut materials due to the high
strain hardening tendency and high toughness
1997).
Therefore, it isimportant to determine the optimum

during deformation (Rahman et al.

cutting parameters with simulations before
machining to reduce the manufacturing cost, avoid
the surface defects and assure the surface integrity
(e.g., stress)

component performance, longevity, and reliability.

residual requirements for the
Workpiece materials experience high temperatures
during machining due to the severe plastic
deformation in the primary shear zone to remove
the unwanted materials and produce the desired
shape. Static and dynamic recrystallization occurs at
elevated temperatures during cutting operations
(Jawahir et al. 2011). The microstructural changes in
the cutting process significantly influence the
mechanical performance and quality of machined
parts (Rotella et al. 2013). Therefore, it is required
to include the microstructural features into the
machining simulations to accurately predict and
evaluate the final performance of the machined
components. Residual stress after machining is one
of the most significant factors that affect the
material performance. In particular, the residual
stress achieved by the final machining process has
an impact on the surface integrity, fatigue life and
several other performance indicators.

Several research efforts have been conducted to
enhance the knowledge of the machining induced
residual stresses in cutting of Inconel 718 alloy.
Since the measurement and modelling of this
phenomenon are difficult, the findings of previous
studies show significant inconsistencies and even
there is a discrepancy in its modes (tensile
(Arunachalam et al. 2004, Sharman et al. 2006) or

compressive residual stress (Hua et al. 2006))
because the magnitude and type of the residual
stresses can change with the workpiece material as
well as the cutting parameters and cutting tool
geometry. Residual stress of the machined parts can
be measured experimentally by X-ray diffraction
(Jacobus et al. 2000) in combination with the
electropolishing process to get more accurate
residual stress (Outeiro et al. 2006). However, this
method is expensive and time consuming to analyze
the surfaces for each cutting conditions. Therefore,
the experimental results are mostly integrated with
analytical-empirical and numerical models or used
to validate the simulations. Analytical modelling
may show close agreements with the experimental
results, but it is difficult to apply for all workpiece
materials due to the simplifying assumptions. Liang
and Su (2007) developed an analytical model to
predict the surface and subsurface residual stress
profiles in orthogonal machining. Cutting tests were
performed to validate the model under various
cutting conditions of steel workpieces. Agrawal and
Joshi (2013) predicted the residual stresses in
orthogonal machining of AISI 4340 steel with an
analytical model based on the contact stress in the
machining zone and cutting temperature. In their
study, the plastic stresses were evaluated by two
algorithms because the accuracy of hybrid
algorithms is better for low feed rates when
compared to the S-J model. An analytical elasto-
plastic model and a relaxation procedure (Ulutan et
al. 2007) were also used to estimate the residual
stresses with the thermal field of workpiece and
cutting forces acting on the workpiece during the
machining operation, and reduce the simulation
time. However, the agreement of the model
decreases with experimental data for the residual
stresses when approaching the machined surfaces.
With the advances in the computer technologies
and numerical models, finite element (FE)
simulations are also combined with constitutive
material models to predict the machining induced
residual stresses. Although many material models
were developed for the elastic and thermal
properties of Inconel 718, Johnson - Cook plasticity
model (1983) including the hardening law and

hardening rate as well as the thermal softening is
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widely used to simulate the machining operation.
Outerio et al. (2008) developed a three-dimensional
finite element model to investigate the residual
stresses on the machined and sub-surfaces. The
simulation and experimental results showed that
high tensile stresses occur on the machined surface
while compressive residual stresses exist in the
subsurface. It was also found that coating of the
cutting tools causes high tensile stresses on the
machined surface for Inconel 718 alloy and AISI 316L
steel. Salio et al. (2006) predicted the residual
stresses in orthogonal machining of Inconel 718
with an implicit FE model based on the updated
Lagrangian formulation (Strenkowski and Carroll,
1985), and compared the simulation results with
analytical models and experimental measurements.
In that model, the residual stress results were in a
good agreement within the 100 um from the
machined surface when assumed a rigid plastic
constitutive law. Torrano et al. (2011) presented an
explicit finite element code in Abaqus for a turning
operation of Inconel 718 and compared the residual
stress predictions with other two commercially
available software (Deform and AdvantEdge) since
different material behavior laws are used in these
programs. All three simulations showed that only
qualitative information can be obtained about the
machining induced residual stresses with finite
element models. Jawahir et al. (2011) concluded
that the magnitude of the predicted residual
stresses deviate significantly for different workpiece
materials although the cutting temperatures, forces
and chip compression ratio are similar, and the
uncertainty can be as large as 160% with the same
material model used to simulate the machining of
steels and Inconel 718 (Kortabarria et al. 2016).

The numerical simulations mentioned above
showed that the material constitutive laws are
critical to establish a finite element model of the
machining process, and important to accurately
predict the machining induced residual stresses.
Therefore, several material models were used to
simulate the plastic deformation during cutting
operation. In the THAN material constitutive model
(Calamaz et al. 2008), the strain softening effect is
added to the Johnson - Cook (J-C) plasticity model to
study the effect of strain softening phenomena as

well as temperature and strain dependence of the
flow stress. Hollomon’s law (Dixit et al. 2011)
includes the empirically determined hardening
parameters and provides a good approximation of
plastic deformation although it significantly deviates
at low strains. Ludvik’s Law (Dixit et al. 2011) is a
modified version of the Hollomon’s law, and also
includes the yield strength of the material. Both
models are extensively used in the metal forming
process. The modified Mohr-Coulomb model
Sjoberg et al. (2018) was also used to characterize
the fracture behavior of Inconel 718 at elevated
temperatures. The tensile test performed at various
temperatures showed that the strains of this model
agree well with the experimental data of Inconel
718. This model was also implemented to the
machining prosses by Silva et al. (2020) to predict
the residual stresses in orthogonal cutting of Inconel
718. Since this model takes into account the effect
of strain rate, temperature, stress triaxiality and
lode angle, the accuracy was enough to investigate
the effects of cutting parameters and tool
orientation on the machining induced residual
stress.

Earlier studies proved that utilizing viscoplastic self-
consistent (VPSC) crystal plasticity model, which
microstructural classical

covers changes over

material models at macroscale, improves the
accuracy of the finite element results (Bal, 2018,
Onal et al. 2015, 2014). In addition, accurate
residual stress prediction is of utmost importance
for the prevention of manufacturing trials and
improve surface integrity and quality. However, to
the best of authors’ knowledge, a crystal plasticity
based material model has never been proposed yet
to predict residual stress after machining of Inconel
718. The objective of this work is to present a
multiscale modelling approach to accurately
quantify the residual stresses induced during
orthogonal cutting of Inconel 718. For this purpose,
cutting tests were performed at various cutting
parameters, the transient force components were
measured, and the machining induced residual
stresses predicted by VPSC model were compared
with the classical Johnson - Cook material model

results and X-ray diffraction measurements.
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2. Material and Methodology

Orthogonal dry cutting tests were conducted on
Inconel 718 alloy by a CNC lathe at various cutting
speeds and feeds which were compiled from a
machinery handbook. Inconel 718 workpiece was a
50 mm diameter round bar with a chemical
composition of Ni (53.89 wt.%), Cr (17.81 wt.%), Mo
(2.89 wt.%), Nb (5.10 wt.%), Ti (0.96 wt.%), Al (0.51
wt.%), Fe (Bal.) and the impurity amounts of C, Mn,
Si, P, S, Co, Ta, B and Cu. It was also annealed at 954
°C, quenched in water and aged at 750 °C for 8 hours
by the manufacturer to obtain a hardness of 43 HRC.
CVD coated carbide grooving tools (Korloy
MGMN300-M - NC3120) were used with a rake and
relief angles of 5 degrees, and a cutting-edge radius
of 2 um. The workpiece material was first machined
with a turning tool and grooves were then made to
obtain 3 mm wide ribs for the orthogonal cutting
Hata!
bulunamadi.. During the machining, the transient

tests as shown in Basvuru kaynagi
cutting and trust forces were measured by a Kistler
force dynamometer, and a multifunction PCI Card
was used to acquire the signals at a sampling rate of
1 kHz and convert the voltage inputs into the force.
Average steady state forces were calculated in
Matlab to compare with the predicted forces of the

VPSC and J-C models.

Cutting
Direction

{
\ Forc

Dynamometer

A

-A
Figure 1. Orthogonal cutting test setup

The residual stresses on the machined surface at
different cutting conditions were analyzed by the X-
ray diffractometer (Bruker D8 Discover), operating
at 40 kV and 40 mA with a Cu-Ka radiation source
(wavelength = 1.5406 A). After all the cutting tests,
the workpiece was placed on the Euler Cradle
mechanism to orient during measurements. The

strains in the crystal lattice of Inconel 718 were first
measured on machined surface with various
diffraction peaks and then, the sin’)) method
Fitzpatrick et al. (2005) was used with a limited
penetration of X-rays and elastic constants to
calculate the machining induced residual stresses as
presented in Results and Discussion part.

The mechanical behavior of Inconel 718 was first
determined by a uniaxial tensile test using a
universal mechanical testing system (Instron 8801)
through the ASTM E8/E8M standard (Tadano et al.
2012) at ambient temperature and a strain rate of
0.01 s*. Corresponding mechanical behavior was
used to determine the Voce hardening parameters
of Inconel 718 via the crystal plasticity simulations
discussed in the subsequent section.

Machining process changes the microstructure of
workpiece materials in micro and nano scale due to
the high strain interactions, strain rates and
temperatures. The microstructure and mechanical
properties of the machined surface can be
controlled with a proper selection of the cutting
parameters. In this study, the machining induced
residual stresses were predicted and analyzed by a
VPSC model to

understanding of the surface integrity of Inconel

provide a comprehensive
718 parts after machining. Orthogonal turning tests
were also performed to validate the reliability of the
VPSC model, and the model was compared to the
Johnson - Cook constitutive model with respect to
the deformation response of the workpiece

material.
2.1 Johnson - Cook Plasticity Model

The residual stresses in the orthogonal machining of
Inconel 718 were first predicted with the Johnson —
Cook (J-C) constitutive model (Johnson and Cook,
1983) to compare with the multi scale material
model (VPSC). The J-C model describes the plastic
deformation behavior of the workpiece material at
large strains, strain rates and high temperatures,
but microstructural effects are not included in this
material model. The flow stress in the J-C plasticity
model is expressed as

orc = (A + Be™) (1 +Cln (é)) (1 - (;;n__?o)m) (1)
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where A is the yield strength, B is the hardening
modulus, n is the strain-hardening exponent, C is
the strain rate sensitivity, m is the thermal
sensitivity, T,,, is the melting temperature, € is the
strain rate, &, reference strain rate of the workpiece
material and T, is the ambient temperature. All of
the parameters were compiled from (Grzesik et al.

2017) and listed in Table 1.

Table 1. Johnson - Cook Model Parameters for
Inconel 718 (Grzesik et al. 2017)

A [MPa] 1012
B [MPa] 511

c 0.0271
n 0.396
m 4.33
T, [C°] 20

T, [C°] 1277

The Johnson - Cook material model with Cockcroft
Latham fracture criteria was implemented in the
Deform 2D finite element software to simulate the
cutting process for the same cutting parameters
used in the experiments and VPSC model, and
estimate the machining induced residual stresses.
Critical value of failure criteria was chosen 500 by
calculation the area under the stress strain curve
through the ultimate tensile strength of the
material. The fixed displacement boundary
condition was applied to the cutting tool at x and y
direction while the workpiece was only fixed at y
direction. It is assumed that the small amount of
heat transfer occur between the cutting tool and
workpiece so the heat transfer coefficient was taken

as a 10000 (W/m?>°C).

2.2 Crystal Plasticity Formulation

The viscoplastic self-consistent (VPSC) model
written in FORTRAN 77 was utilized to obtain a
material model that captures the microstructural
features (Lebensohn and Tomé, 1993). In particular,
hardening parameters on the slip system level were
determined by means of uniaxial stress-strain
response (Bal et al. 2018, 2016). Equivalent stress-

strain responses of Inconel 718 for each cutting
speed and feed combinations were then computed
using the same hardening parameters and velocity
gradients via the finite element modelling software.
As the multi axial deformation exists in the
crystal plasticity based

orthogonal cutting,

equivalent stress-strain responses were
incorporated in the finite element analysis to
achieve more close machining outcomes since the
deformation response of the loadings can only be
calculated after accurately formulating the process
and validating with the experimental data.

Deformation of Inconel 718 was modeled at the
microscopic level based on the uniaxial deformation
response of the machining process. In this approach,

the corresponding resolved shear stress can be

defined as
TRss = M;0; (2)
where m;] is the Schmid tensor and o; is the applied

stress in the vector forms for a system (s). The
nonlinear shear strain rate can be expressed as

L TRss n_ . (mio; "
Y =%o Tg =%Yo T(S) (3)

where y, is the reference strain rate, 7 is the

threshold stress at a strain rate of y, and n is the
inverse of strain rate sensitivity index. The plastic
linear form

strain rate can be written in a

(Lebensohn and Tomé, 1993);

& = [)/0 Z (mk0k> _ ]JJ' (4)

c(sec) ~
M;; (6)g;

c(sec) .

where M is the secant viscoplastic compliance

of the crystal by assuming the stress is related to the
polycrystal strain rate in each grain. This relation is
expressed as (Lebensohn and Tomé, 1993)

E = MZO55 + 5 (5)

where X denotes the applied stresses. The
deviations in the strain rate and stress can be
defined as

g;<=ék— Ek. (6)
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0) =05 = % (7)
where &, and g; are the local strain and stress in a
single crystal or grain level, respectively. The stress
equilibrium can be derived with the Eshelby’s

inhomogeneous inclusion theory (Eshelby, 2007) as
follows (Kocks et al. 1998).

§=—-M:6 (8)
where M is the interaction tensor defined as

M=n'(I1-5)"1:5:MGe) 9)
where M©€) js the polycrystal aggregate

compliance tensor, and S is the Eshelby viscoplastic
tensor. The macroscopic compliance can be
obtained by substituting Equations (3) and (4) into

Equation (7).
M(sec) — (Mc(sec): (Mc(sec)
1 c(sec) Vi (10)
+M) (M + 1))

The stresses of each grain at an applied strain rate,
and polycrystal
compliance can be calculated by solving the

crystal’s compliance tensor
Equations (3), (7) and (9) with an iterative approach.
The overall dislocation density rate is defined as

(Lebensohn and Tomé, 1993)

b= (kiyfp — kap} "] 1)

where k; and k, are the geometric constants
defined the statistical storage of the moving
dislocations (Kocks et al. 1998). The flow stress
described by the classic Taylor's hardening law is

given by
T=71y+ aub\/z (12)
where «a is interaction parameter of the

dislocations, u is the shear modulus of the
workpiece and b is the Burgers vector.

From the Equation (11), the flow stress rate can be
expressed as

i aubp
2/o

Substituting Equation (10) into Equation (12) leads

(13)

to

. aub aub .
t= QT g

When the Equation (12) is
substituted into the Equation (14), the flow stress

rearranged and

evolution rate is obtained;

. apb T—Tq) .
= D e -k (15)
n
where {k1 aT”b —k, T_ZTO} expresses the linear Voce

hardening term. Equation (15) can also be defined
as a function of the constant strain hardening rate,
0y, and saturation stress, 75, when the geometric
effects and threshold stresses are not available.

t= z {90 (:__TTO)} ™| (16)

n

In machining operations, the hardening can be
defined by the extended Voce law and the threshold
stress evolution is given by

0o
5 =19+ (11 + 0.1 —exp (— T_1)) 17)

where I' is the accumulated shear strain in the grain,
0,is the asymptotic hardening, and t;is the back-
extrapolated critical resolved shear stress.

2.1 Incorporation of the Crystal Plasticity Model
into Finite Element Simulations

Random texture was used during the crystal
plasticity computations. 7, is calculated as the ratio
of the experimentally determined vyield stress of
Inconel 718 to the Taylor factor (3.03 + 0.3) in multi-
grain structures (Tadano et al. 2012). Other
hardening parameters (ty, 6, and 6;) were
identified after VPSC computations (Figure 2). It
should be noted that 12 primary slip systems used
as crystal plasticity inputs were activated in the face
centered cubic crystal and the twinning mechanism
was neglected since it does not contribute to the
deformation during machining (Sui et al., 2021,
2018). VPSC model was used to calculate the
equivalent stress-strain response of uniaxial
deformation of Inconel 718 (Figure 3). Hata!l
Basvuru kaynagi bulunamadi. shows the
comparison of the predicted deformation response
and the tensile loading results. As shown in Hata!
Basvuru kaynagi bulunamadi., the agreement is
nearly exact except for the initial plastic
deformation as it is a common observation in the

crystal plasticity modelling (Bal, 2018, Bal et al.,,
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2016), and it indicates that the numerical solution is
adequate in predicting the stresses during cutting of
Inconel 718. The experimental results proved that,
the modelling of material deformation has been
the VPSC
material modelling was used for the prediction of

successfully carried out. Therefore,

the equivalent stress-strain graph with the same

hardening parameters.
2000

" 1600

o

g

g 1200 4

E Voce Hardening Parameters

a 800 ?. 1-0=315.1B MPa, 7,=780 MPa

o 0°=960. !!‘=4.25

=

e

= 400~
s Experimental
=xeux FEVPSC

o

0.02 0.04 0.06 0.08 0.1 012
True Inelastic Strain [-]

o

Figure 2. Crystal plasticity modeling of Inconel 718.

The FE mesh was applied to each material to
observe the stress strain distribution. Then, the
VPSC material modelling was used to predict
equivalent stress strain distribution in the plastic
region. The velocity gradients for each cutting
condition must be obtained to simulate the texture
evolution by the VPSC modelling. The same Voce
hardening parameters were used in the crystal
plasticity based multi scale modelling to control the
activation of the slip modes during machining of
Inconel 718.

Table 2 shows the velocity gradients for a
combination of different cutting speeds and feeds
obtained via the Deform 2D software. The usability
and validity of this incorporation were utilized
successfully before (Onal et al. 2015, 2014).

Table 2. Velocity gradient tensors for machining of Inconel 718 at various cutting parameters

Feed Cutting Speed [m/min]
[mm/rev] 15 30 60
0.84 1 0 0.75 1 0 1.02 1 0
0.040 1 -042 0 1 -=0.375 0 1 -0.51 0
0 0 —0.42 0 0 —0.375 0 0 —0.51
1.01 1 0.27 0.89 1
0.050 1 —0505 0 1 -0135 0 1 —0445 0
0 0 —0.505 0 0 —0.135 0 —0.445
0.83 1 0 1.05 1 0 0.43
0.060 1 —0415 0 1 —0525 0 1 —-0215 0
0 0 —0.415 0 0 —0.525 0 0 —0.215
1.11 0 1.3 0 1.13
0.080 1 —0555 0 1 —065 0 1 —0565 0
0 0 —0.555 0 0 —0.65 0 —0.565
1.30 1 0 0.83 1 0 1.23 0
0.090 1 —065 0 1  —0415 0 1 —0615 0
0 0 —0.65 0 0 —0.415 0 0 —0.615
1.24 0 0.66 1 0 0.91 1 0
0.100 1 -0.62 0 1 -0.33 0 1  —0.455 0
0 0 —-0.62 0 0 —-0.33 0 0 —0.455

The velocity gradients for each cutting speed and

feed were computed as show in

Table 2. Hata! Bagvuru kaynagi bulunamadi. shows
the prediction of equivalent stress- strains with the
VPSC stress-strain

simulations. Equivalent

deformation responses of the machined materials
were computed by VPSC using 18 different velocity
gradient as an input data to define the plastic flow
characteristics of each samples seperately.

253



Accurate Prediction of Residual Stresses in Machining of Inconel 718 Alloy through Crystal Plasticity Modelling, Kesriklioglu et al.

2750 T T r T

g
= | @
o 2250 1
i
0 1750 ,./
- f
5 H Feed: 0.040 [mm/rev]
© 1250 - Cutting Speed=15 m/min | -
g = = =Cutting Speed=30 m/min
o Cutting Speed=60 m/min
w 750 L L L s

0 0.2 0.4 0.6 0.8 1
E 2750 T T T T
= |9
o 2250 ) 1
b -
]
=]
) 1750 1
-
g Feed: 0.060 [mm/rev]
© 1250 H Cutting Speed=15 m/min | -|
E f = = =Cutting Speed=30 m/min
o Cutting Speed=60 m/min
w750 . : '

0 0.2 0.4 0.6 0.8 1

Equivalent Inelastic Strain [-]

E 2750 T T T T
E e) PP T e
3 2250 o —
e j,)"
-= /
w1750+ § 1
- /
% i Feed: 0.090 [mm/rev]
T 1250 - Cutting Speed=15 m/min | -|
% f = = =Cutting Speed=30 m/min
o Cutting Speed=60 m/min
w750 ‘ :

0 0.2 0.4 0.6 0.8 1

Equivalent Inelastic Strain [-]

Equivalent Stress [MPa]

Equivalent Stress [MPa]

Equivalent Stress [MPa]

2750 T T r I
) T R A ¥ .
2250 = J
1750 #
/ Feed: 0.050 [mm/rev]
1250 f —— Cutting Speed=15 m/min|
f = = =Cutting Speed=30 m/min
Cutting Speed=60 m/min
750 : .
0 0.2 04 0.6 0.8 1
2750
s’
2250 e
1750 § J
i Feed: 0.080 [mm/rev]
1250 ' Cutting Speed=15 m/min | |
H = = -Cutting Speed=30 m/min
Cutting Speed=60 m/min
750 .
0 0.2 04 0.6 0.8 1
Equivalent Inelastic Strain [-]
2750
2250
1750
Feed: 0.100 [mm/rev]
1250 Cutting Speed=15 m/min |
= = =Cutting Speed=30 m/min
Cutting Speed=60 m/min
750
0 0.2 04 0.6 0.8 1

Equivalent Inelastic Strain [-]

Figure 3. Predicted Equivalent Stresses - Strains for Inconel 718 at the feeds of a) 0.040 mm/rev, b) 0.050 mm/rev, c)
0.060 mm/rev, d) 0.080 mm/rev, ) 0.090 mm/rev and f) 0.100 mm/rev

A commercially available finite element software,
STFC Deform 2D, was used to simulate the
orthogonal cutting process of Inconel 718 based on
the VPSC multiscale material
hardening law. In the simulations, the workpiece

model with Voce

and tool were modeled as an elastic plastic material,
and perfectly rigid, respectively. The dimension of
the workpiece was the 2 mm x 0.4 mm and cutting
tool geometry did not change the all the simulation.
Approximately 3000 and 1230 second order quad
elements with a minimum size of 0.004 mm and a
curvature angle of 30° were placed on the
workpiece and cutting tool, respectively. Dynamic
meshes were also concentrated in the cutting zone
as shown in Hata! Basvuru kaynagi bulunamadi. to
model chip formation more effectively. Hatal!
Basvuru kaynagi bulunamadi. shows the stresses
on the machined surfaces during orthogonal cutting
of Inconel 718 at a cutting speed of 30 m/min and
feed of 0.09 mm/rev. It should be noted that the

residual stresses were extracted after the machining
simulation when the workpiece temperature
reached to the ambient temperature (20 °C) for all
cutting conditions to minimize the effects of cooling
on the predictions.

Stress — X [MPa]
2000
1725
1450
1175
900
625
350

Figure 4. Predicted stresses of VPSC multiscale model on
the workpiece during machining of Inconel 718.

3. Results and Discussion
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In this section, the influence of cutting parameters
on the cutting forces, thrust forces and residual
stresses was investigated in machining of Inconel
718 since cutting speeds and feeds are limiting
parameters due to the low thermal conductivity,
high hardness and high temperature strength.
Cutting and thrust forces were first measured during
the orthogonal cutting tests and compared to the
forces predicted by the multiscale material model
and Johnson - Cook (J-C) constitutive model.
Comparison between the machining induced
residual stresses obtained by the X-ray diffraction
technique and estimated by the two models was

also presented.

3.1 Effect of Cutting Parameters on Cutting and
Thrust Forces

The transient principal forces acting on the cutting
tool were measured by a force dynamometer
mounted on the tool turret of CNC lathe during all
the cutting tests. The predicted and measured
average cutting and trust forces were calculated at
steady state condition for each cutting parameter
and shown in Hata! Bagvuru kaynagi bulunamad...
As expected, the increase in the machining forces
was fairly linear with the cutting speeds and feeds.
Increasing the feed influenced the rate of
experimental cutting forces greater than the thrust
forces. Although the VPSC model showed the same
trends for all cutting conditions studied, the cutting
force rate remained almost constant for a cutting
speed of 60 m/min in the J-C model predictions.
Moreover, the thrust forces predicted by the J-C
model were not influenced by the cutting speeds
and feeds used in the cutting tests. This might be
due to the simplified frictional model with a
Coulomb friction coefficient in the J-C material
model.

Although the cutting forces (tangential) were
greater than the thrust forces at all feeds for a
cutting speed of 15 m/min (Hata! Bagvuru kaynagi
bulunamadi.a), increasing the cutting speed led to a
reduction in the cutting forces at a feed of 0.04
mm/rev for a cutting speed of 30 mm/min (Hata!
Basvuru kaynagi bulunamadi.b) and at feeds
smaller than 0.08 mm/rev for a cutting speed of 60

m/min (Hata! Basvuru kaynagi bulunamadi.c) in

orthogonal turning of Inconel 718 with a coated
cutting tool. This could be due to the ratio of the
cutting-edge radius to the feed rate since the
apparent rake angle would be negative for small
uncut chip thicknesses and cause an increase in the
thrust forces. As can be seen from the Hata!
apparent
coefficient of friction increases with the feed and

Bagsvuru kaynagi bulunamadi., the

cutting speed for the cutting conditions used in the
machining tests.

a) 1000
~—&— Cutting Force (Exp.)
«« 4@t Thrust Force (Exp.)
~&— Cutting Force (JC)
800 || ®" Thrust Force (JC) |
—&— Cutting Force (VPSC) |
«++dhet Thrust Force (VPSC) |

Force [N]

0.04 0.05 0.06 0.07 0.08 0.09 0.1
feed [mm/rev]

b) 1000

~—&— Cutting Force (Exp.)
«« 4@ Thrust Force (Exp.)
~@— Cutting Force (JC)
800 ||+ @ Thrust Force (JC) |
—— Cutting Force (VPSC) |
«++dhet Thrust Force (VPSC) |

Force [N]

0.04 0.05 0.06 0.07 0.08 0.09 0.1
feed [mm/rev]

€) 1000
—8— Cutting Force (Exp.)
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Force [N]

0.04 0.05 0.06 0.07 0.08 0.09 0.1
feed [mm/rev]

Figure 5. Effect of feeds on the cutting and thrust forces

at cutting speeds of (a) 15 m/min, (b) 30 m/min,
(c) 60 m/min.

As shown in Hata! Basvuru kaynagi bulunamadi.,
the influence of feeds on the thrust force reduced
significantly with the cutting speed. Thrust force
only increased by 82.5 N at a cutting speed of 60
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m/min when the feed was changed from 0.04
mm/rev to 0.1 mm/rev. It was also observed that
increasing the cutting speed slightly reduce the
cutting forces. All the experiments and simulations
showed that the VPSC material model can capture
the force trends better than the J-C model and it is
in closer agreement with the measurement results
for all the cutting conditions. This also indicates that
the microstructural inputs are indeed the main
factors and contribute to the prediction accuracy of
the cutting and thrust forces.

3.1 Effect of Cutting Parameters on Residual
Stresses

The machining induced residual stresses were first
measured by X-ray diffraction (XRD) after each
cutting tests as described in the section of Material
and Experimental Setup, and shown in Hata!
Basvuru kaynagi bulunamadi.. The uncertainty in
the XRD measurements is due to the variation of
diffraction peaks, incident angle and off-axis angle.
Within the
investigated, it was observed that the residual

range of the cutting parameters

stresses on the machined surface were mainly
tensile due to thermal strain associated with the
cutting process. The residual stresses were also
obtained from the machined surfaces of the finite
element analysis after the cutting simulation was
ended and the workpiece temperature were cooled
down to the ambient temperature. A line was then
placed onto the machined surface to extract the
nodal values and the average residual stresses were
calculated in Matlab for each cutting parameter.
Hata! Basvuru kaynagi bulunamadi. shows the
machining induced residual stresses as a function of
feed at cutting speeds of 15 m/min, 30 m/min and
60 m/min. The machining induces residual stresses
decreased significantly for a feed of greater than
0.09 mm/rev, and unlike the J-C constitutive model,
the viscoplastic self-consistent (VPSC) model could
capture this reduction for all cutting speeds. XRD
measurements showed that tensile residual stresses
occur in orthogonal machining of Inconel 718 with
positive rake angle coated inserts, except for a feed
of 0.1 mm/rev at a cutting speed of 15 m/min. Even
if the residual stress slightly reduced in the VPSC
model at this condition and became less tensile, it

was not compressive. On the contrary, the J-C model
predicted a sharp increase in the residual stress at
this cutting condition.

Although the residual stresses increased with the
cutting speeds, there were no significant trends
observed regarding the residual stresses with
respect to the feeds. Increasing the feed from 0.05
mm/rev to 0.08 mm/rev resulted in a reduction in
the residual stress by 14 MPa at a cutting speed of
60 m/min whereas it increased the residual stress by
360 MPa at 30 m/min. The maximum residual stress
(870 MPa) was measured at a cutting speed of 60
m/min for a feed of 0.09 mm/rev. Although the
same amount of material (120 mm?3/s) was removed
at a cutting speed of 30 m/min and a feed of 0.08
mm/rev, and a cutting speed of 60 m/min and a feed
of 0.04 mm/rev, the measured tensile residual
stress was approximately 320 MPa less at the higher
cutting speed condition. Since the thermally

dominant deformation contributes to the
magnitude of tensile residual stresses (Pawade et al.
2008), at high cutting speeds, most of the heat
generated during the machining process will be
transferred through the chips and the rate of the
heat dissipation into the workpiece decreases. This
may explain the reduction of residual stress in the
tensile direction. It should be noted that the trend
of the residual stresses may change with different
levels of cutting parameters. Measurement of the
cutting edge temperature would be required to
investigate the relative importance of the thermal
and mechanical effects.

As can be seen from the Hata! Basvuru kaynagi
bulunamadi., the agreement between the XRD
measurements and VPSC predictions increases with
the cutting speeds due to the higher contribution of
the thermal strains. Although similar trends were
observed between the experimental and
numerically predicted results, the experimentally
measured residual stresses were lower than the
predictions of Johnson - Cook (J-C) constitutive
(VPSC)

multiscale material model. The reason for this

model and viscoplastic self-consistent
discrepancy could be due to the nature of X-ray
beams because the measurements of residual

stresses are averaged from a finite volume of the
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workpiece material even if the X-ray beam is
focused on the surface of the workpiece material
(Noyan and Cohen, 1987), but they were compared
with the results extracted from the machined
surfaces. Since the magnitude of residual stresses
decreases significantly on the subsurface layers
(Hata! Bagvuru kaynagi bulunamadi.), the sublayers
contribute to the total diffracted
Therefore, it is expected that the predicted residual
stresses  will be than the XRD
measurements. Another possible reason is the

intensity.

greater

inhomogeneous residual stress distributions on the
machined surfaces. Nevertheless, the VPSC model
improved the prediction accuracy by a maximum of
approximately 21% when compared to the J-C
material model in orthogonal machining of Inconel
718.
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Figure 6. Measured and predicted residual stresses in XX
direction at cutting speeds of (a) 15 m/min, (b)
30 m/min, (c) 60 m/min.

4, Conclusion

An unique multiaxial material model was
incorporated into machining simulation to obtain
more accurate results over classical material model.
Orthogonal dry cutting tests were conducted with
CVD coated grooving tools, and cutting force
components were monitored during each
each

experiment were determined by means of XRD. It

experiment. Residual stresses after
was found that the residual stress increases with the
cutting speeds although the feed does not have
considerably effects on it, and the VPSC model was
able to capture the trends of both cutting forces and
the residual stresses more precisely in orthogonal
cutting of Inconel 718. Overall, the proposed
material model can be wused in machining
simulations to catalyse the selection machining
parameters process, improve the surface integrity
of the machined part and decrease the cost of whole

machining process.
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