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Abstract
Understanding the machining process at the microscopic level has been a
challenge over the years. The machining process is very complex due to various
factors, which are involved like friction, plastic deformation and material
failure. The present works aims to develop a 3D Finite Element Model (FEM)
to predict the residual stresses induced during the machining operation. Over
the years, a lot of development has taken place particularly with the advent of
high-end computers and FEM software packages. This work aims to incorporate
the developments that have taken place recently in the field of Finite Element
Analysis of machining processes and try to introduce an improved model to
understand the machining process. Machining induced residual stresses were
determined using X-ray diffraction method and compared with the simulation
results. Present work is on AISI 1045 steel. Simulation results are in good
agreement with the experimental results. Arbitrary Lagrangian Eulerian
approach was used for finite element simulations. Many researchers use the
orthogonal model to study most of the machining processes; 3D model enables
us to see the oblique cutting process. In the present work a 3D model is used in
order to be more realistic.
Keywords: Machining; Finite element analysis; Residual stresses; X-ray diffraction.

1. Introduction
Machining is one of the thermo-mechanical deformation processes that leave
behind residual stresses in the components. Induced residual stresses affect the
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Nomenclatures
A
B
C
D1-5
m
n
T
Tmelt
Troom

Yield Stress, Pa
Strain Factor, Pa
Strain rate factor
Johnson Cook Damage Value constants
Temperature exponent
Strain exponent
Temperature, degree Centigrade
Melting Temperature, degree Centigrade
Room Temperature, degree Centigrade

Greek Symbols

ε

𝜀̇
𝜀0̇



-f

µ
σ
σ*
τ

Strain
Strain rate, s-1

Strain rate threshold value, s-1
Equivalent plastic strain rate, s-1
Coefficient of Friction
Normal Stress, N/m2
Pressure Stress ratio
Frictional Stress, N/m2

Abbreviations
AISI
J-C

American Iron and Steel Institute
Johnson Cook

functional performances of the components. Residual stresses can be compressive
or tensile, which in turn affect functional performance like creep resistance,
fatigue, corrosion resistance and so on [1]. This study attempts to predict the
magnitude and type of the residual stresses rising due to machining. The residual
stresses induced in components made of AISI 1045 steel, machined using twoflute end mill cutter was measured using X-ray diffraction. Simulation results
compared with experimental results were in good agreement.
Residual stresses are the stresses that remain after removing the forces acting
on the component. Mechanically generated residual stresses are often a result of
manufacturing processes that produce non-uniform plastic deformation. They may
develop naturally during processing or treatment, or introduced deliberately to
develop a particular stress profile in a component. Examples of operations that
produce undesirable surface tensile stresses or residual stress gradients are rod or
wire drawing, welding, machining and grinding. Depending upon the nature and
magnitude of the induced stresses the performance of the component may vary.
The present work aims at determining the nature and magnitude of the induced
residual stresses.
The present work uses the arbitrary Lagrangian-Eulerian technique. When
using the arbitrary Lagrangian-Eulerian technique in engineering simulations, the
computational mesh inside the domains can move arbitrarily to optimize the
shapes of elements, while the mesh on the boundaries and interfaces of the
domains can move along with materials to precisely track the boundaries and
interfaces of a multi-material system.
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ALE-based finite element formulations can reduce to either Lagrangian-based
finite element formulations by equating mesh motion to material motion or
Eulerian-based finite element formulations by fixing mesh in space. Therefore,
one finite element code can be used to perform comprehensive engineering
simulations, including heat transfer, fluid flow, fluid-structure interactions and
metal manufacturing.
2. Literature Survey
Machining induced residual stresses have drawn interest of many researchers [2].
Ulutan and Ozel [3] did an extensive review on the machining induced surface
integrity in engineered materials. They observed that there is a large amount of
discrepancies between the researchers particularly with regards the nature,
magnitude on machining induced residual stresses and further research is need
along these lines
Singh and Agrawal [4] did investigations on the induced residual stresses due
to deformation machining, a combination of thin structure machining and single
point incremental forming/bending in aluminium alloy. Residual stresses was
determined using Nano indentation method. Their results showed primarily
compressive surface residual stresses in the thin-machined sections.
Kohler et al. [5] studied the machining induced residual stresses in milled
titanium parts. He concludes that little knowledge is available about the influence
of the machining processes, which induce the residual stresses in components. He
also enumerated this of prime importance in the components used in aerospace
structures. He used the layer removal method to measure the residual stresses and
not the regular X-ray diffraction method as used by many researchers.
The key challenge about residual stresses is prediction and measurement. Lot
of research is taking place among the research fraternity. Valiorgur et al. [6]
presented an approach in which he predicted residual stresses induced in turning
of 316L. He considered a technique that captures the mechanism that generates
residual stresses and determines the magnitude of the residual stresses without
considering the chip removal process, since it is a very complex phenomenon and
simulating it requires high computation time.
Li et al. [7] made an FEM study on the machining induced residual stresses in
hardened SKD11 hardened steel. A 2D thermo-mechanical model was developed.
The researchers used the Johnson-Cook material model for the simulations and
performed experiments to validate the results. They concluded that there was a
slight deviation between the experimental and the FEM results.
Abolfazl Zahedi et al. [8] tried to develop a mesh free model to study the
effect of crystallographic anisotropy on a response of face centered cubic (f.c.c.)
metals to machining. They presented a robust model, which combines the
advantages of smooth particle hydrodynamic (SPH) modelling and continuum
finite-element approaches.
Agrawal and Joshi [9] made a physics based approach in determining the
residual stresses induced in the machining of AISI 4340 steel. They presented an
analytical model and concluded that the residual stresses are highly tensile on the
machined surface and it is more compressive beneath the machined surface. They
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made several conclusions on the effect of machining parameters and tool
geometry on the residual stresses.
One aspect of residual stress is measurement and the other is determining the
factors that influence the machining induced residual stresses. Mohammadpour et
al. [10] conducted numerical investigation on orthogonal machining. He used a
FE model, to determine the effects of cutting parameters on the induced residual
stresses and compared with the available literature. It provides a framework for
doing research in machining induced residual stresses. Dahlman et al. [11] studied
the influence of cutting parameters and the effect of the rake angle on the residual
stresses induced during hard turning. Optimizing the residual stresses is possible
by optimizing the cutting parameters and rake angle.
Styger et al. [12] studied the effect of constitutive modelling on the machining
induced residual stresses using a 2D finite element model. The work involved the
prediction of residual stresses using different materials models for TI6Al4V alloy.
Some of the other researches include the prediction of residual stresses after laser
assisted machining. The same was also modelled using SPH technique by Balbaa
and Nasr [13] Shiozaki et al. [14] whom studied the effect of residual stresses on
the fatigue life of steel with punched holes.
Shoba et al. [15] observed that dislocation density had considerable influence
on the induced residual stresses. Residual stresses generated during the process of
casting is higher than when compared with the residual stresses induced during
machining of composites.
Jawahir et al. [16] presented the advancements that have taken place over the
years in surface integrity related matters pertaining to metal removal process. Key
conclusions from this work are that correlation between the cutting parameters
and the functional performances has to be established. Spence and Makhlouf [17]
showed how the machining induced stresses would affect the creep characteristics
of materials. Their research focused primarily on aluminium alloys. They
observed that the distortion of the components lead to creep failure of the
components when used in a high temperature environment.
From the literature that is available, the residual stresses induced due to
machining have been of interest to many researchers [10]. Understanding the
importance of research on residual stresses, the present work is to create a 3D
Finite element model to predict machining induced residual stresses in the milling
process using ALE approach unlike the traditionally implemented sacrificial layer
technique [18].

3. Finite Element Formulation
Finite Element Method (FEM) has helped the researchers significantly in
analysing complicated problems. In the area of metal cutting simulations, Finite
element simulations have come a long way. FE analyses are of increasing
importance for understanding and controlling the manufacturing process. Finite
Element Method simulation has been useful in studying the cutting process and
observing the chip formation [19, 20]. There are three main Finite Element
formulations which are being used by the researchers namely, Lagrangian
method, followed by Eulerian method and ALE, that is Arbitrary Lagrangian
Eulerian approach. The present works use the ALE approach. In Lagrangian
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formulation, the Finite element mesh, attached to the work piece, which covers
the whole of the region under study. Whenever unconstrained flow of material is
involved, such formulation is highly preferred [21-24]; in fluid mechanics, the
Eulerian approach, which involves a control volume, is used [25-27]. Arbitrary
Lagrangian-Eulerian (ALE) combines the advantages of both the methods [28,
29]. The present work uses the ALE approach to obtain better results.

3.1. Material model
An appropriate material model is essential to represent work material constitutive
behaviour [29], the present work uses the Johnson-Cook (J-C) material model
[30], along with that it use the Johnson-Cook damage model for the chip to form
[31]. Eq. (1) shows the J-C material model.
𝜀̇

𝑇−𝑇𝑟𝑜𝑜𝑚

𝜀0

𝑇𝑚𝑒𝑙𝑡 −𝑇𝑟𝑜𝑜𝑚

𝜎 = (𝐴 + 𝐵𝜀 𝑛 ) (1 + 𝐶 ln ̇ ) (1 − (

𝑚

) )

(1)

Strain rate, temperature and strain involve in predicting the material responses
[32]. The J-C model is the most widely used material models, which predict the
material behaviour in the static and dynamic modes [33-36]. Table 1 gives the J-C
material model constants for AISI-1045 [37]. In the present work, the tool is a
rigid tool, and the research is more about residual stresses that are induced in the
work piece. The authors have used a mechanical model to simulate the milling
condition while the tool be rigid.
Table 1. Johnson Cook material model constants for AISI 1045 steel.
AISI 1045

A(MPa)
553

B(MPa)
600

C
0.0134

n
0.234

m
1

3.2. Damage criteria
Material model and Damage model play a significant role in the finite element
analysis of the machining process. In the damage model when a parameter pertaining
to an element reaches a critical value then it will fail which enables the chip formation
[38]. Material model and damage model go hand in hand for the formation of chips
during finite element simulation. Damage initiation is a critical parameter and damage
evolution is equally critical for the formation of the chip in metal cutting process. In
the present work Johnson-Cook damage model along with Johnson-Cook material
model is used, Johnson-Cook damage model reads as in Eq. (2)
𝜀̇

𝑇−𝑇𝑟𝑜𝑜𝑚

𝜀0

𝑇𝑚𝑒𝑙𝑡 −𝑇𝑟𝑜𝑜𝑚

𝜀 𝑓 = (𝐷1 + 𝐷2 𝑒𝑥𝑝𝐷3 𝜎 ∗ ) (1 + 𝐷4 ln ̇ ) [1 − 𝐷5 (

𝑚

) ]

(2)

Table 2 gives the values for these constants [35].
Table 2. Johnson-Cook Damage model constants of AISI 1045 Steel.
D1
D2
D3
D4
D5
Tmelt
Troom
AISI
1045

0.06

3.31

-1.96

0.0018
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3.3. Friction
Coulomb friction as given in Eq. (3) is used in the work under consideration.
τ = µσ

(3)

In the present model, µ is assumed as 0.2.

4. Finite element Model
Finite element analysis reduces the costly experiments, which are required to
understand certain phenomenon. In the present work a 3D model was developed. A
deformable work piece is of 1×1×0.5 mm. A two-flute end mill cutter of diameter
0.5 mm was the tool; the tool is rigid for the analysis, as our focus is on the residual
stresses, which develops in the work piece during machining. The work piece is
AISI 1045 steel. C3D8R elements are used in the meshing process (An 8-node
linear brick, reduced integration, hourglass control). The mesh is mapped mesh.
This type of element and meshing reduces the computation time. Totally 62500
elements were generated. The meshed model is shown in Fig. 1. For the simulation,
the base of the work piece was constrained in all degree of freedom. The movement
of the tool was constrained in Y and Z direction and the degree of freedom that is
free are rotation about the Y-axis and X-axis movement. The cutting conditions
were similar to that of the experimental cutting conditions as shown in Table 3.
Figure 2 shows the boundary conditions used in the current simulation.
A 3D dynamic explicit analysis ran for 1.5 second. Coulomb friction exists
between the tool and the work piece. Surface-to-Node contact exists between the tool
and work piece. The result section discusses the results obtained from the simulation.

Fig. 1. Meshed model.

Fig. 2. Model with boundary conditions.

5. Experimental Work
AISI 1045 steel plate machining was accomplished using vertical milling
machine. The most critical part of this experimental work was preparing the
specimen in such a way that the residual stresses can be measured using the X-ray
diffraction method. The specification of the specimen for X-ray diffraction
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measurement is 24 mm × 24 mm plate of 4 mm thickness. A plate of 50 mm × 60
mm, 6 mm thick AISI 1045 steel plate was taken and then the plate were reduced
to the required dimensions. Since plastic deformation induces residual stresses,
directly taking the specimen for experimentation will give misleading results, the
specimen was first annealed at 750◦C for 2 hours. This procedure is adopted to
ensure that the material is free from any stresses induced due to machining the
specimen prior to actual experimentation.
After heat treatment, the specimen was milled using a 2 flute tungsten carbide
end mill cutter. The cutting parameters are given in Table 3. Figure 3 shows the
experimental setup and the finished work piece. The residual stresses induced due
to milling were measured using X-ray diffraction [2]. Residual stresses in one unmilled specimen was also measured to ensure that there were no residual stresses
in the specimen before machining using the end mill cutter. Results obtained from
the experiment are discussed in the results section.
Table 3. Cutting parameters used in the experiment.
Parameter
Value
1000 rpm
Speed
0.1 mm/rev
Feed
0.1 mm
Depth of Cut
Dry cutting
Coolant
3 mm
Tool Diameter
2 flute End mill
Tool Type

Fig. 3. Experimental setup and finished work piece.

6. Results
The process of determining the residual stresses through any experimental method
is very cumbersome process, it involves careful preparation of specimens. The
procedure generally involves, ensuring or zero residual stresses before going for
the actual machining process, which many a time may not be the case. Followed
by residual stress measurement by X-ray diffraction method or hole drilling
method or hardness determination method etc. Even after doing so, one may be
able to determine the stresses at one point on a plane only. However, by using the
Finite element method one will be able to come over these obstacles since the
model considered for the machining process is free of residual stresses. We can
get the residual stresses across the depth of the specimen even at micron distance.
The cost of experimental testing for one specimen across the depth is very high
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and one is not sure of the values because of the high expertise required to interpret
the values. Sometimes one may have to repeat the experiment to be sure of the
obtained values. The model developed in this work will remove some of the
obstacles in determining the nature and magnitude of the residual stresses.
The machining induced residual stresses were measured in un-milled and milled
work piece. The un-milled work piece the residual stresses (principle stresses) were
found to be 5.6 ±4.5MPa (compressive stresses) and that of the milled specimen
using the parameters in Table 3 was found to be 175.5±15.9 MPa (compressive
stresses). The measured residual stresses are compared with the simulation results.
The experimental results were in good agreement to the simulation results.
The maximum residual stress obtained after machining using the Finite element
model was 148 MPa (compressive stresses); just beneath the machined surface, the
stresses are tensile and then becomes compressive. The simulated results are in good
agreement with the experimental results. There is a small variation in the experimental
and the simulation results, which could have arisen because a mechanical model was
used for the simulation purposes. The Von Mises stress distribution is shown in Fig. 4.
Figure 4 shows how the material has been removed and the stress distribution. The
residual stress distribution is shown in Fig. 5.
Figures 4 and 5 are reduced models. The stress distribution computed on the
entire model is show in Fig. 6. An average force of 2N was predicted for the
milling operation using the Finite Element Model.

Fig. 4. Von Mises stress distribution on the milled work piece.

Fig. 5. Residual stresses distribution on in the milled work piece.
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Fig. 6. Von Mises stress distribution- full model.

7. Conclusion and Future work
The present work predicts the residual stresses induced by milling operation on
AISI 1045 steel. A 3D model using Abaqus Explicit commercially available
software was developed. J-C material model and J-C Damage model was used for
the Finite Element analysis. Unlike many of the researches sacrificial layer was
not used rather, the ALE approach was used to give a realistic picture of the
process. Extra care was taken for the preparation of the specimens to ensure
proper measurement of the residual stresses using X-ray diffraction method. The
experiment and the simulation results were in good agreement with each other.
Future work includes, developing a coupled thermo-mechanical model. A model
to determine the effect of the induced residual stresses on the functional
performance of the material need to be developed.
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