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a b s t r a c t

Residual stresses after machining processes on nickel-based super alloys is of great interest
to industry in controlling surface integrity of the manufactured critical structural compo-
nents. Therefore, this work is concerned with machining induced residual stresses and pre-
dictions with 3-D Finite Element (FE) based simulations for nickel-based alloy IN718. The
main methods of measuring residual stresses including diffraction techniques have been
reviewed. The prediction of machining induced stresses using 3-D FE simulations and com-
parison of experimentally measured residual stresses for machining of IN718 have been
investigated. The influence of material flow stress and friction parameters employed in
FE simulations on the machining induced stress predictions have been also explored. The
results indicate that the stress predictions have significant variations with respect to the
FE simulation model and these variations can be captured and the resultant surface integ-
rity can be better represented in an interval. Therefore, predicted residual stresses at each
depth location are given in an interval with an average and standard deviation.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nickel-based super alloys are commonly used for mission critical structural components in hot sections of aircraft engines
and gas turbines. Their high mechanical strengths at both low and high temperatures and corrosion resistance properties
make these alloys highly suitable for such applications. During manufacturing of these components, machining processes
are often utilized as the final process. Machining processes may induce mechanical (plastic deformations, hardness profile,
residual stresses), metallurgical (phase transformation, precipitation, recrystallization), chemical, and thermal (heat-affected
layer) alterations to the surface and subsurface of these components. As a result, machining induced mechanical surface
integrity that includes surface roughness, residual stresses and subsurface plastic deformations plays an important role in
the fatigue life of these mission critical structural components. Among Ni-based super alloys, Inconel 718 (IN718) which
is a Nickel–Fe–Cr alloyed material is extensively used in aircraft components such as turbine disks and shafts.

There exist extensive reviews about machining induced surface integrity on metal alloys including titanium and nickel
based alloys [14,17,4]. It is widely reported that during machining of IN718 nickel-based alloy, plastic deformations from
chip formation, mechanical tool forces, friction between tool-workpiece, and heat generation result in severe thermal and
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mechanical strains and stresses on the machined surface especially beneath the tool edge area along the tool flank face. Com-
bined thermal strain and plastic deformations leave significant residual stresses on the surface and into the depth of material
after the machining process. While these stresses can be removed through post-processing by using stress relief methods, it
is more economical to design machining processes properly and select optimum cutting tool material and geometry, and cut-
ting conditions that can provide the most desirable surface integrity in these mission critical structural components.

Finite Element (FE) based simulations have the potential to provide a platform to design the machining process and vir-
tually test the cutting tool material and geometry selected in various cutting conditions. In response to input variables, FE
simulations can produce very rich set of output data such as predicted tool forces, strain, stress and temperature fields [10].

However, FE simulation results highly depend on the workpiece material constitutive model (or flow stress data), repre-
senting the friction conditions between tool and workpiece (or chip), physical and thermal properties of tool and work mate-
rial as well as simulation settings (i.e. mesh topography, density and element size, time increment size, remeshing strategies,
relative force and velocity error tolerance). While FE simulation of machining processes still presents significant challenges it
is a great interest for the manufacturing industry. Therefore, this paper focuses on experimental and 3-D FE-based simulation
investigations on machining induced residual stresses in IN718 nickel-based super alloy and compares the simulation pre-
dictions with experiments in order to reveal the effectiveness and accuracy of 3-D FE simulations.

In this study, a new set of face turning experiments has been conducted on a precipitation hardened IN718 nickel-based
alloy in order to compare the experimental results with forces and stresses predicted from 3-D FE simulations. At the same
cutting conditions, residual stress profiles have been measured by the using X-ray diffraction technique and utilized in com-
parison of machining induced stress profiles obtained from 3-D FE simulations.

2. Machining induced residual stress

Following machining processes, residual stresses, which remain in the material after unloading, are often tensile on the
surface due to thermal strains and turn compressive due to plastic deformations in the subsurface of the work material and
possess potential risks in fatigue failure. Machining induced stresses during turning process can induce stress in cutting or
circumferential (hoop) direction and in longitudinal (depth) or axial direction as shown in Fig. 1. It is often required to ame-
liorate tensile surface residual stresses into compressive stresses by post-processing techniques such as shot peening and
burnishing or prevent them from occurring during machining processes. A review of research studies on the effects of
machining parameters reveal that it is generally observed that by increasing cutting speed, tensile residual stresses tend
to become more compressive due to greater plastic deformations, while increases in depth of cut and feed rate have some
effect on making the residual stresses more tensile at the surface and more compressive in the peak compressive depth [17].
In order to fully understand machining induced residual stresses, a critical review and discussion on residual stress measure-
ment techniques is needed. For this reason, a brief review of such measurement techniques is given with their distinct
advantages and disadvantages in this paper.

2.1. Residual stress measurement techniques

2.1.1. Destructive techniques
Some of the methods to measure residual stresses are destructive, which means that during the measurement, the work-

piece material is physically damaged. The most commonly used destructive methods are sectioning and hole drilling. In sec-
tioning method, after each measurement, a layer of the material is removed by a predefined removal process, and then the
next measurement can be taken. Usually, the distance between measurements is in the order of 1 mm or 100 lm [19,2,5].

In the hole drilling method, a blind hole (conventionally between 1 or 2 mm in diameter depending on gauge size) is
drilled into the workpiece before taking any measurements, and along that hole, measurements are taken, with 100 lm
Fig. 1. Machining induced stresses in cutting or circumferential (hoop) direction and in axial (longitudinal) or depth direction in face turning processes [6].
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to 1 mm distances from one another, with the help of a strain gauge rosette glued to the hole at the surface of the material
[19]. The strain gauge position within the blind hole measures the relaxation of the strain and the residual stresses are cal-
culated from these strain values [2]. The minimum depth of measurement is usually half the diameter of the drilled hole,
which is the main constraint with this method. Hence, the accuracy of the distances between measurements is more than
tens of micrometers in these destructive methods, and it is not suitable to obtain accurate readings from the first 100 lm.

2.1.2. Non-destructive techniques
There are also several methods that are non-destructive, which are qualitative rather than quantitative, which means that

their results would only be informative about the whereabouts of the actual residual stress value, rather than giving specific
value results [2]. Diffraction methods (neutron and X-ray diffraction) are found to be optimal for residual stress measure-
ments in terms of accuracy, cost, speed, repeatability, and compatibility [2]. The penetration of the beam within the material
and their diffracted angles give the quantitative information about the strain within the material, making the inter-atomic
spacing in the material act like a strain gauge. In neutron diffraction, neutrons are used to diffract and detect, which limits
the method to proximity of a nuclear reactor for the production of neutrons, also making the method very expensive [19].
Since these diffraction methods use the crystalline property of the materials to diffract a beam, they are only applicable to
crystalline, polycrystalline, and semi-crystalline materials [2]. The penetration of the neutrons within the material and their
diffracted angles give the quantitative information about residual stresses without causing permanent damage to the mate-
rial. On the other hand, in X-ray diffraction (XRD), an X-ray beam is used to diffract and detect, which is comparably easier to
produce. X-ray diffraction was found to be the optimal measuring technique when quantitative and accurate results are
needed. Despite its higher cost, it is widely favored over hole drilling method due to its non-destructive nature and capability
of measuring significantly closer to the surface [5].

2.1.3. Comparison of residual stress measurement methods
In an experimental study, Ruud et al. [13] compared three main residual stress measurement methods; (i) blind hole dril-

ling (SRT), (ii) X-ray diffraction, and (iii) Barkhausen Noise Analysis (BNA). Their XRD results showed tensile residual stresses
on the surface with an inhomogeneous stress field and extraordinarily large grain size. The SRT results were in good agree-
ment with XRD results when the depth levels were similar. The capability of BNA was far away from the surface, which made
it harder to compare to XRD results, but it was significantly different than SRT results as well. The qualitative results were in
agreement, but BNA lacked quantitative comparison due to the absence of a zero-stress standard for the BNA method.

Walker [19] investigated the methods of residual stress measurement without going into numerical details of experimen-
tal results and reported that X-ray diffraction method measures the residual stresses closest to the surface (�8 lm). Lord
et al. [7] compared the accuracies of XRD and hole drilling methods. They reported that with the hole drilling method,
the quantitative results of residual stresses were similar to the XRD results, but the measurements were made between
�125 lm and 1.25 mm. Their results indicate that XRD and hole drilling results match qualitatively and quantitatively
through the whole material. Benediktovich et al. [3] investigated the effect of surface roughness on residual stress measure-
ments using the XRD method. They claimed that with changing surface roughness, the refractive properties of the studied
area change, causing variability in the measurements. Belassel et al. [2] compared many different techniques of residual
stress measurement such as XRD, neutron diffraction, hole drilling, sectioning, BNA, Eddy current, and ultrasonic methods.
It was stated that hole drilling method was not capable of measuring surface or immediate subsurface residual stresses and
the regions covered with SRT and XRD methods are different. In summary, researchers agreed that it is essential to decide on
the needed method to measure the residual stresses according to the requirements of the process, and obtain measurements
qualitatively rather than quantitatively, as there is often significant amount of uncertainty in the measurements.

2.2. Machining induced residual stresses in nickel alloys

The work on experimenting and measuring residual stress induced by machining processes have been reviewed by sev-
eral review papers in recent years [14,17,4]. It has been concluded that many researchers have utilized the X-ray diffraction
technique for the measurement of residual stresses induced by machining, and especially for titanium and nickel-based al-
loys, this method is the most commonly used one. Among these, Arunachalam et al. [1] in their research work analyzed the
effect of insert shape and coolant in the machining induced near surface residual stresses in IN718 nickel based alloy. The
conclusions of this study which is particularly important to this work are summarized in Table 1.

In a study on the effects of tool coating on machining-induced residual stresses on both hoop (cutting speed) and radial
(feed) directions in the nickel-based alloy IN718 [9], it was found that addition of coating material increases the tensile sur-
face residual stresses, but pushes the compressive residual stress peak value to deeper into the material (Fig. 2).

Li et al. [6] utilized a powder metallurgy route nickel-based superalloy, RR1000, in order to study the residual stresses
within face turned material. They used the XRD technique in measuring the residual stresses on the disk, and observed
the variations in the measurements with changing radial location on the disk through the depth of the material. They found
that the radial direction residual stresses are less tensile on the surface compared to the hoop direction residual stresses, and
claimed that the inner diameter and outer diameter measurements for the radial direction residual stresses were very sim-
ilar to each other (Fig. 3). However, their results show that the residual stress measurement in the hoop direction vary be-
tween the inner and the outer diameter.



Table 1
The effect of tool shape and coolant in surface residual stresses in machining IN718. [1].

Tool parameter Effect on surface roughness Effect on residual stresses

Insert shape (round or square) Use of round inserts results in lower values Use of round inserts results in compressive residual
stresses

Cutting edge preparation (sharp,
honed, chamfered)

Increasing order of surface roughness: honed,
chamfered, sharp

Decreasing order of compressive residual stresses:
chamfered, honed, sharp

Insert rake type (positive or negative) Positive rake inserts produce lower values when
coolant is used and results in higher values in dry
cutting

Negative rake inserts produce compressive stresses
while positive rake inserts give tensile residual
stresses

Nose radius (0.8, 1.2 and 1.6 mm) Increasing order of surface roughness: 1.6, 1.2,
0.8 mm

Decreasing order of compressive residual stresses:
0.8, 1.6, 1.2 mm

Effect of coolant Use of coolant results in lower values Use of coolant results either in compressive stresses
or lower values of tensile residual stresses

Fig. 2. Residual stress profile of IN718 in (a) cutting direction and (b) in feed direction after turning at vc = 70 m�min�1, f = 0.2 mm, and ap = 0.5 mm [9].

Fig. 3. Inner and outer diameter measurements for hoop and radial direction residual stresses [6].
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In another study [5], researchers tried to compare two of the most common techniques in residual stress measurements,
hole drilling and XRD, and compare their FEM-based simulation findings with both measurements (Fig. 4). Their results show
that XRD has the capability to gather measurements at the surface of the material, whereas hole drilling method lacks this
capability. The accuracy of the two methods is debatable, and since there is no completely proven and robust method of
measuring residual stress at near-surface at the moment, the results from both methods seem to be consistent with expec-
tations. Although there are many studies reported about machining induced residual stress measurements in the literature,
very few of them are actually related to nickel-based alloys. Furthermore, as pointed out by Jawahir et al. [4] large differences
exist in simulation studies on machining induced residual stresses in IN718 nickel based alloy, therefore further research on
material model parameter effects on residual stress predictions in machining of this alloy material was recommended.



Fig. 4. Comparison of residual stress measurements with XRD and hole drilling, and numerical findings from FE-based model in circumferential and radial
directions after face turning IN718 [5].
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Özel and Ulutan [11] investigated machining induced residual stresses experimentally through-the-thickness in face
turning of IN-100 workpiece material which is a Ni–Co–Cr based nickel alloy by using a triangular type (insert nose radius
of 0.8 mm) uncoated and TiAlN carbide insert (edge radius of 10–25 lm) at a cutting speed (vc) of 24 m min�1, a feed (f) of
0.05 mm rev�1 and a depth of cut (ap) of 1.0 mm. They concluded that residual stresses become more compressive with in-
creased edge radius but more tensile at the surface when the tool is coated with TiAlN.
3. Experimental work

In this study, face turning experiments have been designed and conducted in order to measure cutting forces during
machining and residual stresses on the surface of the IN718 nickel-based alloy material after machining by using the XRD
method. The work specimen was a 50 mm diameter round bar of IN718 nickel-based alloy which was heat treated at
955 �C and subsequently quenched for one hour, that provided a hardness value of 45HRC.
3.1. Experimental setup

At the first phase of the experiments, disk shaped specimens of 50 mm in diameter and 15 mm in thickness have been
sliced from a bar stock by using the Wire Electrical Discharge Machining (EDM) process. Before performing the actual
machining tests, a facing operation has been carried out in a Computer Numerical Controlled (CNC) lathe as shown in
Fig. 5 in order to ensure the same initial surface conditions in all specimens by employing a cutting speed (vc) of 40 m min�1,
a feed (f) of 0.25 mm rev�1 and a depth of cut (ap) of 0.25 mm using conventional cooling.



Fig. 5. Workpiece specimen and tool insert position in the CNC lathe during the testing.
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After this phase, facing tests were carried out at different cutting speeds (vc = 30 and 70 m min�1) and at different feeds
(f = 0.15 and 0.25 mm rev�1) by employing coolant in the same CNC lathe. This lathe is capable of machining round work-
pieces up to 100 mm in diameter with a maximum constant cutting speed of vc = 30 m min�1 and up to 250 mm in diameter
with a maximum constant cutting speed of vc = 70 m min�1. For each cutting test, a fresh cemented tungsten carbide tool
insert was employed. Tool geometry and cutting conditions used in the experiments are summarized in Table 2. Forces in
cutting (circumferential), Fc, feed (radial), Ff, and axial (depth), Fp, directions have been measured by using a triaxial Kistler
9121 dynamometer (see Fig. 5).
3.2. Residual stress measurements

The XRD method has been selected to measure residual stress profiles induced by face turning. As the XRD technique only
allows measuring residual stresses on the surface, material layers have been removed by an electro-polishing process in or-
der to determine residual stress profiles along the depth into the material. As it is shown in Fig. 6, residual stresses have been
measured at least three times in each specimen at a distance of 18 mm from the center of the specimen. Residual stresses
were determined in hoop (circumferential) direction (parallel to the cutting direction) and in the radial direction (parallel to
the feed direction).
Table 2
Tool geometry and cutting parameters used in experimental testing and
in the FE simulations.

Insert radius, re (mm) 4
Insert edge radius, rb (lm) 40 ± 5
Clearance angle cn (�) 7�
Rake angle a0 (�) 0�
Cutting speed, vc (m min�1) 30; 70
Feed, f (mm rev�1) 0.15; 0.25
Depth of cut, ap (mm) 0.15

18

A
hoop

rad

Fig. 6. Measurements of residual stress profiles by X-ray diffraction method.
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Residual stresses on IN718 disks were measured using the XRD technique with the sin2w method on a Proto iXRD diffrac-
tometer unit with Mn Ka radiation at a diffraction angle of 151� to acquire diffraction peaks on the plane {311} at an irra-
diated area of 2 mm diameter spot. In order to obtain the maximum accuracy, measurements were performed at 9 diffraction
angles with a time exposure of 60 s each.

These measured residual stress profiles have been reported together with force measurements and finite element simu-
lation predictions in the following sections.
4. Finite element simulations

Finite element-based simulations for face turning of thin IN718 nickel-based alloy are designed using 3-D modeling to
investigate the machining induced stress profiles and compare with experimentally measured residual stresses.

In 3-D modeling of machining, an updated incremental Lagrangian formulation, DEFORM-3D™, finite element software
specialized for modeling of machining operations has been employed similar to the work by Özel et al. [10] and Özel and
Ulutan [11]. The software allows a coupled modeling of deformation and heat transfer using implicit integration method
and by using automatic remeshing techniques, elastic–viscoplastic material flow around the cutting tool tip can be simu-
lated. For this purpose, a finite element model as shown in Fig. 7 has been created. In this model, the DEFORM-3D FE software
provides a coupled solution for the mechanical elastic–viscoplastic deformations and heat transfer analysis by computing
heat generated from deformations and frictional contact between the tool and the workpiece.

DEFORM-3D uses an incremental updated Lagrangian displacement field solution for computing large plastic deforma-
tions that are caused by an external global load vector (cutting tool advance) through transferring deformable body (work-
piece) into resultant displacements that are subjected to a stiffness matrix. In the meshed model of the workpiece, an
elastic–viscoplastic deformable body was represented with 70,000 (in average) elements. A cemented tungsten carbide
(P10 grade) round insert (re = 4 mm radius) and with a cutting edge radius of rb = 40 lm was modeled as rigid body repre-
sented with 50,000 (in average) elements. Four-node tetrahedral finite elements with minimum element size between 5 and
10 lm (in average), a maximum element size between 200 and 300 lm (in average) with a size ratio of 30 are used. In the
vicinity of the tool and workpiece contact, a very fine mesh is employed to simulate the chip formation process during
machining (see Fig. 7). The tool geometry and tool holder angles and process conditions employed in experimental tests that
were also used in FE simulations are shown in Table 2.

Thermal boundary conditions are defined accordingly in order to allow heat transfer from workpiece to the cutting tool.
The heat conduction coefficient (h) is taken as 105 W m�2 K�1 to allow rapid temperature rise in the tool. Mechanical and
thermo-physical properties of IN718 nickel-based alloy are defined as temperature-dependent (T in �C). Particularly, temper-
ature-dependent modulus of elasticity (E in MPa), thermal expansion (a in mm mm�1 �C�1), thermal conductivity (k in
W m�1 �C�1), and heat capacity (cp in N mm�2 �C�1) properties have been used in FE simulations as given in Table 3.

One of the most important inputs to the FE simulation of the chip formation process is flow stress curves at different
strain, strain rate and temperature generally obtained from the material constitutive behavior model. In the literature,
the material constitutive behavior of the IN718 nickel-based alloy is often represented with the Johnson–Cook (JC) model
due to the model’s general availability in FEM software.

DeMange et al. [20] have studied the effect of heat treatment on the room temperature quasi-static and high strain rate
compression behavior of IN718 under annealed and aged conditions. The testing strain rate range for the annealed material
was 1796–3506 s�1, while it was 1681–4581 s�1 for the aged material. The strain hardening behavior of the material was
significantly greater at the annealed condition. Flow stress curves of the annealed material exhibited strong strain hardening
at all strains, but curves of the aged material showed sharp softening effect around a strain value of 0.1 and remained
constant after strain value of 0.25. Pereira and Lerch [12] referred to that data and suggested a set of JC model parameters
Fig. 7. 3-D FE model for machining [10].



Table 3
Properties of IN718 work and cemented tungsten carbide (WC/Co) tool material.

IN718 WC/Co

E (T) �74.35�T + 214790 5.6 � 105

a (T) 10�5 � e0.0004�T 4.7 � 10�6

k (T) 11.367 � e0.0009�T 55
cp (T) 418.63 � e0.0433�T 0.0005 � T + 2.07
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without considering thermal softening effects. The Johnson–Cook material model parameters later suggested for IN718 did
not show any strain softening effect at elevated strain rates and temperatures.

Sievert et al. [15] utilized the Johnson–Cook constitutive model to simulate high speed machining of IN718 nickel-based
alloy. In their study, the JC parameters for IN718 nickel-based alloy (A = 450 MPa, B = 1798 MPa, C = 0.0134, n = 0.6522) were
referred to Olschewski et al. [21]. In their work, they have also provided a ductile damage model. However, it is interesting to
note that these parameters are very close to those suggested by Pereira and Lerch [12] and they are a combination of
annealed (A and B) and aged (C and n) material conditions. Mitrofanov et al. [22] suggested a new set of the JC model
parameters for IN718, namely A = 1241 MPa, B = 622 MPa, C = 0.0134, n = 0.6522. Where parameters A and B were calculated
from quasi-static material property data and rate sensitivity, C, and strain hardening, n, parameters were adopted from Pere-
ira and Lerch [12]. Uhlmann et al. [16] also utilized the JC material model to simulate cutting of IN718 and used model
parameters proposed by Sievert et al. [15] and Olschewski et al. [21]. Lorentzon et al. [8] used model parameters A, B, C,
n from Mitrofanov et al. [22] and m = 1.3 from Sievert et al. [15] and Olschewski et al. [21]. The JC material model parameters
reported in the literature is summarized in Table 4. The melting temperature for IN718 is reported as Tm = 1297 �C in those
studies.

Since a precipitation hardened IN718 nickel-based alloy workpiece material is considered in this study, the JC material
constitutive model is modified to include flow softening as proposed in [18]. Therefore, the original JC model has been mod-
ified for temperature-dependent flow (strain) softening effect in addition to strain and strain rate hardening and thermal
softening modified as shown in Eq. (1).
Table 4
The JC

Refe

Pere
Pere
Uhlm
Sieve
Olsc
Mitr
Lore
r ¼ Aþ Ben 1
expðeaÞ

� �� �
1þ Cln

e
e0

� �
1� T � T0

Tm � T0

� �m� �
Dþ ð1� DÞ tanh

1
ðeþ pÞr
� �� �s� �

ð1Þ
where D ¼ 1� T
Tm

� �d
; p ¼ T

Tm

� �b
, r is flow stress, e is true strain, _e is true strain rate, e0 is reference true strain, and T, Tm, T0 are

work, material melting and ambient temperatures respectively. In this model, the influence of strain, strain rate, temperature
and temperature-dependent flow (strain) softening on the flow stress is defined by four multiplicative terms.

The difference between the present study and the study by Özel and Ulutan [11] is that the modified material model
parameters for temperature-dependent flow softening behavior of IN718 nickel-based alloy were identified in a procedure
by changing the model parameters until FE simulation predictions matched with the measured forces.

The contact at the tool-chip interface is modeled by using a hybrid friction model including the shear friction law and
Coulomb friction combined. In the shear friction law, frictional stress (s) is proportional to effective stress (�r) with a shear
friction factor (mf) as in s ¼ mf

�rffiffi
3
p In the Coulomb friction law, the frictional stress is proportional to the normal stress (rn)

with a friction coefficient (l) as in s = lrn. A constant Coulomb friction coefficient of l = 0.5 is used in all simulations since it
represents sliding contact condition between WC tool and IN718 work material. However, the shear friction factor in tool-
chip interface is not known. For investigation purposes, the shear friction factor was varied from mf = 0.6 up to mf = 0.9 in
these FE simulations. Therefore, FE simulation models with different modified material model and friction parameters have
been evaluated as given in Tables 5 and 6. The influence of flow stress model parameters and shear friction factor on FE sim-
ulation based predictions in predicted forces and stress profiles have been explored.

Force comparison is available for both different cutting speeds and feeds. In general, simulated forces in circumferential
(cutting) direction (Fc) are usually in agreement with experimental forces whereas simulated axial (Fp) and radial (Ff) forces
are lower than the experimental ones. In addition, it should be noted that experimental axial forces (Fp) are higher than
constitutive model parameters used for IN718 nickel alloy.

rence A (MPa) B (MPa) C (–) n (–) m (–) _e0 (s�1) Heat treatment

ira and Lerch [12] 450 1798 0.0312 0.9143 – 1.0 Annealed
ira and Lerch [12] 1350 1139 0.0134 0.6522 – 1.0 Aged

ann et al. [16] 450 1700 0.017 0.65 1.3 0.001 Annealed
rt et al. [15]

hewski et al. [21]
ofanov et al. [22] 1241 622 0.0134 0.6522 – 1.0 Aged
ntzon et al. [8] 1241 622 0.0134 0.6522 1.3 1.0 Aged



Table 5
Comparison of simulation force predictions with experiments by using various material model parameters and shear friction factors at the high feed rate
(f = 0.25 mm rev�1) cutting condition.

Modified material model and friction parameters (A = 1300 MPa,
n = 0.6522, C = 0.0134, m = 1.3, Tm = 1297 �C, l = 0.5)

Measured forces vc = 30 m min�1

f = 0.25 mm rev�1, ap = 0.15 mm
Measured forces vc = 70 m min�1

f = 0.25 mm rev�1, ap = 0.15 mm

Fc [N] Ff [N] Fp[N] Fc [N] Ff [N] Fp [N]
207 42 259 198 44 277

Simulated forces vc = 30 m�min�1 Simulated forces vc = 70 m�min�1

B a d b r s mf Fc ± std Ff ± std Fp ± std Fc ± std Ff ± std Fp ± std
Error% Error% Error% Error% Error% Error%

800 50 0.45 0.1 0.2 �0.5 0.9 202 ± 9 22 ± 1 177 ± 7 192 ± 4 21 ± 1 177 ± 5
3% 49% 32% 3% 48% 36%

800 50 0.45 0.1 0.2 �0.5 0.6 189 ± 8 21 ± 1 172 ± 7 181 ± 6 21 ± 1 173 ± 6
9% 51% 34% 9% 50% 38%

1100 50 0.45 0.1 0.2 �0.5 0.9 207 ± 11 23 ± 1 186 ± 7 198 ± 4 23 ± 1 187 ± 7
<1% 46% 28% <1% 45% 32%

1100 50 0.45 0.1 0.2 �0.5 0.6 196 ± 13 22 ± 1 183 ± 10 185 ± 5 22 ± 1 183 ± 7
5% 48% 29% 7% 47% 34%

Table 6
Comparison of simulation force predictions with experiments by using various material model parameters and shear friction factors at the low feed rate
(f = 0.15 mm rev�1) cutting condition.

Modified material model and friction parameters (A = 1300 MPa,
n = 0.6522, C = 0.0134, m = 1.3, Tm = 1297 �C, l = 0.5)

Measured forces vc = 30 m min�1

f = 0.15 mm rev�1, ap = 0.15 mm
Measured forces vc = 70 m min�1

f = 0.15 mm rev�1, ap = 0.15 mm

Fc (N) Ff (N) Fp (N) Fc (N) Ff (N) Fp (N)
160 42 226 148 44 266

Simulated forces vc = 30 m min�1 Simulated forces vc = 70 m min�1

B a d b r s mf Fc ± std Ff ± std Fp ± std Fc ± std Ff ± std Fp ± std
Error% Error% Error% Error% Error% Error%

800 50 0.45 0.1 0.2 �0.5 0.9 151 ± 8 20 ± 1 158 ± 7 145 ± 3 20 ± 1 160 ± 5
6% 53% 30% 2% 55% 40%

800 50 0.45 0.1 0.2 �0.5 0.6 143 ± 6 20 ± 1 158 ± 7 137 ± 3 20 ± 1 160 ± 6
11% 53% 30% 7% 55% 40%

1100 50 0.45 0.1 0.2 �0.5 0.9 158 ± 4 21 ± 1 168 ± 5 148 ± 4 21 ± 1 169 ± 6
1% 50% 26% <1% 53% 37%

1100 50 0.45 0.1 0.2 �0.5 0.6 149 ± 5 21 ± 1 169 ± 7 143 ± 34 21 ± 4 171 ± 35
7% 50% 25% 3% 52% 36%
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cutting forces (Fc) which is an opposite trend than conventional turning processes. This may be due to a very low depth of cut
(ap = 0.15 mm) taken by a tool insert with a relatively very large nose radius (re = 4 mm).

The parameters of the modified flow stress model highly influence FE simulation predictions. Therefore, a procedure was
adopted to identify the effects of each parameter and hence identify the best model parameter set until a reasonable match
(about 1% error) in simulated and measured cutting forces is achieved. This procedure was highlighted with some selected
examples in Tables 5 and 6. It was concluded that flow stress model parameters of A = 1300, B = 1100, n = 0.6522, C = 0.0134,
m = 1.3, Tm = 1297 �C, a = 50, d = 0.45, b = 0.1, p = 0, r = 0.2, s = �0.5 provided the best match of the predicted cutting forces
with the measured ones at both cutting speeds of vc = 30 and 70 m min�1 and feeds of f = 0.15 and 0.25 mm rev�1. Moreover,
shear friction factor was varied and force predictions were further improved by using a shear friction factor of mf = 0.9.

Flow stress curves of the modified JC material model with the identified model parameters at different temperatures and
strain rates are compared with the JC models reported by Pereira and Lerch [12] and Lorentzon et al. [8] in Fig. 8. These flow
stress curves depict strain softening behavior of IN178 material especially around a strain value of e = 1 mm mm�1, and ther-
mal softening behavior at elevated temperatures. Furthermore, it can be noticed that flow stress curves at high temperatures
are not much affected by increasing strain rate.

In addition, distributions of effective (von Mises) strain, effective (von Mises) stress, and temperature in the chip and on
the machined workpiece surface are given in Figs. 9–11, using the material model parameters that provided the best match
between experimental and simulated forces at all cutting conditions. The effective strain distributions given in Fig. 9 reveal
very similar results. Concerning the effective stress distributions given in Fig. 10, it is possible to observe that in the tool-chip
contact area effective stress values are practically the same.



Fig. 8. Flow stress curves of the modified JC material model as compared with the JC model.

Fig. 9. Effective (von Mises) strain distributions in the chip obtained from 3-D FE simulations at a cutting length of 1.2 mm.
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At the higher cutting speed, the cutting temperatures given in Fig. 11 are found higher due to higher plastic deformation
rate and higher heat generation. In case of the lower cutting speed, the temperature distribution in the chip is higher even
when a lower feed rate is employed. This localized high heat build-up is probably due to a combination of poor thermal con-
ductivity of IN718 nickel-based alloy, and a small tool-chip contact area.

5. Comparison of residual stress predictions with measurements

A detailed comparison of experimentally measured stress profiles on machining surfaces and predicted residual stresses
from the results of the 3-D FE simulations is also given in Figs. 12–15. In these figures, experimentally measured residual
stress profiles are represented with dashed lines together with the measurement uncertainty which is represented with a
vertical bar at each measurement depth.



Fig. 10. Effective (von Mises) stress distributions in the chip obtained from 3-D FE simulations at a cutting length of 1.2 mm.

Fig. 11. Temperature distributions in the chip obtained from 3-D FE simulations at a cutting length of 1.2 mm.
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In FE simulations, stress profiles into the depth of material were obtained from several locations on the machined surface
and average stress values and standard deviations were calculated. In these figures, solid lines represent average stress val-
ues and vertical bars with round ends represent standard deviations at each depth level. These variations in predictions are
due to fluctuations in predicted machining induced stress fields and their average values are presented together with their
standard deviations. It should be noted that the stress profiles predicted from FE simulations (marked as simulated) have
larger variations than the measurements. These are mainly caused by the remeshing generated variations in the contact be-
tween the tool and the workpiece and to a certain degree by the chip formation. Experimentally measured residual stress
profiles are generally hook-shaped; beginning with a high tensile stress at the surface and reaching a high compressive stress
value after a decline at around 0.02–0.03 mm depth and then quickly recovering to reach near-zero values into the depth of
material at around 0.25 mm depth. Predicted stress profiles are also hook-shaped and in agreement with experiments pre-
dicting the peak tensile stress in general. Predicted peak compressive stresses often occur at a deeper level into the material
and remain significant in a depth range (around 0.03–0.06 mm). Existence of peak tensile stress on the surface is mainly due
to thermal strain associated with cutting whereas peak compressive stress into depth of material is caused by plastic defor-
mations. Hence, the degree of thermal–mechanical work is decisive of these stresses. Therefore, in case of the higher cutting
speed, more heat is generated but the increase in the severity of plastic deformation into depth of material is not as much as
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Fig. 12. Comparison of measured and simulated residual stress profiles and effect of material model parameter and shear friction factor (vc = 30 m min�1,
f = 0.15 mm rev�1, ap = 0.15 mm).
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the increase of heat generated. In case of the lower feed rate, depth of plastic deformations increases as well as the magni-
tude of compressive residual stress. However it should be noted that the influence of feed rate is not so significant since the
feed rate levels experimented are close to each other and tool nose radius is very large when compared to depth of cut.
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Fig. 13. Comparison of measured and simulated residual stress profiles and effect of material model parameter and shear friction factor (vc = 30 m min�1,
f = 0.25 mm rev�1, ap = 0.15 mm).
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Similar trends in machining induced residual stress profiles have been observed in machining of IN718 nickel-based alloy
material [1].
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Fig. 14. Comparison of measured and simulated residual stress profiles and effect of material model parameter and shear friction factor (vc = 70 m min�1,
f = 0.15 mm rev�1, ap = 0.15 mm).
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In general, predicted stress profiles were found to be in good agreement with experimental measurements when modified
material model and friction parameters are properly identified and utilized in 3-D FE simulations. The effects of modified
flow stress parameters and the shear friction factor were apparent as presented in Figs. 12–15. These results depict the influ-
ence of friction model and flow stress parameters on the predicted machining induced stress profiles. Especially, comparison
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Fig. 15. Comparison of measured and simulated residual stress profiles and effect of material model parameter and shear friction factor (vc = 70 m min�1,
f = 0.25 mm rev�1, ap = 0.15 mm).
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of predicted and measured residual stress profiles reveals that the agreement is better at the lower cutting speed of
vc = 30 m min�1 due to lower contribution of thermal strain. However, predicted stresses on the surface were more tensile
and greater than the measured ones due to the higher thermal strain involved in machining induced stress profiles in FE
simulations. In addition, predicted compressive peak stresses were greater than the measured ones in radial direction
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indicating that the plastic deformation mechanism was more dominant than thermal strain generation during FE simula-
tions. It was concluded that flow stress model parameters of A = 1300 MPa, B = 1100 MPa, n = 0.6522, C = 0.0134, m = 1.3,
Tm = 1297 �C, a = 50, d = 0.45, b = 0.1, p = 0, r = 0.2, and s = �0.5 have provided the best match of the predicted cutting forces
with the measured ones at both cutting speeds of vc = 30 and 70 m min�1 and feeds of f = 0.15 and 0.25 mm rev�1. In
addition, it was observed that same material model parameter set has provided the best match in measured and simulated
residual stress profiles.

6. Conclusions

In this study, residual stress measurement techniques and machining induced stress predictions using 3-D FE-based sim-
ulations have been studied. The main methods of measuring residual stresses including diffraction techniques have been
critically reviewed. It appears that measurements obtained with diffraction methods for residual stresses are more accurate.
Then, predictions of machining induced stresses using 3-D FE simulations and comparison of experimentally measured
residual stresses for machining of IN718 have been investigated. The influence of friction and material flow stress on the
machining induced stress profiles has been also explored. Flow stress material model parameters and their effects for pre-
dicting stresses in IN718 have been identified and presented. The main result of this study indicates that stress predictions
have significant variations and can be better represented by using average and standard deviations. Specific conclusions can
be given as follow:

� In general, the predicted residual stress profiles and the experimental residual stress profiles have the same hook shape,
being more attractive on the surface, reaching a compressive peak into the depth and recovering to near zero values at
higher depths.
� The tractive residual stresses reached on the surface are higher in the circumferential direction than in the radial direc-

tion, and also the compressive peak is higher in circumferential direction.
� The influence of feed rate is very low due to the cutting tool geometry employed in this study, and also its influence is

more considerable in radial direction.
� Besides, when increasing cutting speed both surface residual stress and maximum compressive peak stress are higher in

the range of cutting parameters tested in this research work.
� The depth of machining affected layer is found higher in the FE simulation predictions.
� The experimental residual stress results and the simulated residual stresses agree better at the lower cutting speed

condition.
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