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Abstract. This research work presents a numerical study of the orthogonal cutting process employing a finite
element approach to optimize drymachining of aluminium alloy 2024. Themain objective of the research work is
to perform three-dimensional finite element simulations for a better understanding of temperature distribution
and residual stresses development in the workpiece and tool regions along depth of cut direction. While, two-
dimensional models don’t predict true picture of aforesaid parameters along cutting depth due to material’s out
of plane flow and deformation. In the present study, effects of tool rake angles (7°, 14°, 21°) and cutting speeds
(200, 400, 800m/min) upon variations in chip geometry at various sections along workpiece width (depth of cut)
have been discussed at large. Furthermore, cutting forces and tool-workpiece temperature profiles are also in
depth analysed. The findings will lead the manufacturers to better decide post machining processes like heat
treatment, deburring, surface treatments, etc. The results showed that a combination of a rake angle of 14° at
cutting velocity of 800m/min produces serrated chip segments with relatively moderate cutting forces in
comparison to other parametric combinations. The efficacy of the presented finite element model is verified by
comparing the numerically obtained results with experimental ones.
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1 Introduction

Aluminium alloy 2024 is used extensively in aerospace,
aeronautic and automobile industry due to its excellent
mechanical properties. While many of the AA2024 based
structural components are machined before obtaining final
designed shape. During machining processes, workpiece
and cutting tool experience severe thermal and mechanical
loads. The intensity of loads depends upon various
machining parameters such as tool rake angle, cutting
velocity, physical and mechanical properties of the
machined parts, etc. The selection of the appropriate
machining parameters may reduce the cutting energy
requirements and improve the machined surface quality
and integrity. Additionally, these optimally selected
machining parameters are beneficial for the enhanced tool
wear characteristics and reduced efforts of post-machining
processes like deburring [1,2].

Machining experiments are normally conducted to find
the optimum machining parameters and figure out tool
friction and wear characteristics, etc. [3,4]. Normally
danish@uj.edu.sa
machining costs are justified for mass production, however,
for limited experimental campaigns the costs are quite high
and time consuming. That does include multiple direct and
indirect pre, post and in-process machining and energy
costs. Additionally, CO2 emission is an allied drawback of
the experimental works [5–7].

Therefore, it is always desirable to find the alternate
analyses solutions, like use of well-established finite
element analysis approach to obtain desirable machining
parameters. While, later approach for predicting machin-
ing design parameters of interest has been proved cost and
time effective. Numerous authors have effectively used
finite element simulations to analyze and optimize
machining processes [8–10].

Most of simulation work on machining processes is
based on two dimensional finite element analysis at macro-
to-micro scales [11–19]. While, in some studies three
dimensional finite element analysis has been performed to
have broader insight into machined surface topology and
tool wear profile and patterns [20–22].

Selection of optimum cutting parameters depends on
the choice of workpiece and cutting tool materials and
geometry, cutting conditions (dry, flooded, minimum
quantity lubrication, cryogenic, laser assisted, etc.) and
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machine dynamics. Therefore, it is a multifaceted task to
optimize machining. Often, an optimally chosen set of
cutting parameters shows promising results for enhanced
tool life, but compromisedmachined surface or reduction in
productivity and vice versa. For example, in high speed
machining performed at high cutting velocities results in
reduced resultant forces experienced by the tool and
increased productivity but may tend to produce the
serrated and segmented chips and accelerated tool wear.
Whereas, serrated and segmented chip morphologies
adversely affect workpiece surface finish and may also
affect the tool wear [19]. On the other hand, low cutting
velocities produce better machined surfaces and longer tool
life but long chips (that can hinder the continuous
machining process and may result in longer overall
production times) and relatively large cutting forces are
witnessed [18]. Likewise, variation in tool rake angles has
its own pros and cons.

In this context, orthogonal cutting process is simulated
employing a three-dimensional finite element model for the
machining of aluminium alloy 2024 using commercial
software Abaqus®/Explicit. Cutting simulations are
performed for three cutting velocities and rake angles
variations, while feed is kept constant for all simulations.
This study will assist to understand the influence of
different cutting velocities and tool rake angles upon the
morphology of chip formation and cutting forces for
machining of this material. One of the main objectives of
the current study is to study the effect of machining
parameters upon the residual stress distribution and
resultant temperature generation in the workpiece body,
tool and chip in the width direction (along depth of cut) of
the component that otherwise is not possible to capture by
two-dimensional simulations. Residual stresses generated
in the workpiece body due to thermal and mechanical
loadings can result in premature failure of machined
components. Suitable heat treatments are normally
performed for critical components to remove unwanted
residual stresses so it can be safely assembled with limited
chances of failure. The present study equally aims to
predict the generated residual stresses along cutting depth
under multiple cutting conditions such that suitable post
machining heat treatment processes can be selected.

It is worth to highlight that precise definition of finite
element based machining models is a challenging task,
including tool and workpiece geometrymodelling, elements
and mesh selection, friction modelling, etc. Apart from
these an important part of models is to simulate the
material behaviour, especially failure of material that
occurs at the interface of tool and component during the
machining process [15]. The failure of material during the
cutting process is represented by damage mechanics and
fracture mechanics approaches. Facture mechanics ap-
proach deals with the propagation of failure of already
existed discontinuities [23–26], whereas, damage mechan-
ics approach can successfully simulate the initiation and
propagation of failure in the material [27,28]. In the present
work, Johnson-Cook plasticity model is coupled with
damage and fracture energy to realize chip deformation
and separation. This coupled damage-energy based model
allows capturing the initiation of the fracture at the chip
and workpiece interface; considering fracture mode I
loading condition. Besides, model also permits large plastic
deformation and fracture in the chip; considering mode II
loading that may result in serrated and segmented chip
morphology. Resultant cutting forces and chip morphology
for orthogonal metal cutting of aluminium alloy 2024 as
acquired from the FE-based analyses are compared with
experimental results for 14° tool rake angle. While, the
model is onwards exploited to present the results at 7° and
21° tool rake angles with multiple combinations of cutting
speed and feed values. This is to highlight that for
machining of aluminium alloys; which are categorized as
easy to machine materials, generally high positive rake
angles are used in industry. However, simulation results
for 7° are also presented in the current work to merely
discuss the relative effect of tool angle variation on the
results of industrial interest. The article is organized as
followed:

Section 2 contains the description of workpiece and tool
geometries along with mesh and necessary boundary
conditions. Onwards, mathematical details of Johnson-
Cook material model and experimental procedure are
presented in the section. Results obtained from finite
element analysis are discussed in detail in Section 3.
Finally, some concluding remarks are presented in
Section 4.
2 Numerical and experimental approaches

2.1 Geometrical model, mesh, constraints and
interactions

This section briefly describes the geometry and constraints
of the three-dimensional model conceived to realize
orthogonal metal cutting simulation in Abaqus® software
(Abaqus, 6.16, Dassault Systemes, Johnston, RI, USA,
2016). Figure 1, shows the cutting tool and workpiece
geometries perceived in the current work. The workpiece is
fixed at the bottom. The length (L), depth of cut (width)
(aP), and height (h) of the workpiece geometry are 6, 4 and
1.4mm respectively. A fixed value uncut chip thickness
(0.4mm) is used for all the simulations, as used in the
experimental work (detailed in next section). The tool
motion is blocked in Y-axis and Z-axis directions. Velocity
(VC) is imposed on the tool in X-axis direction.

To model chip separation various geometry-based
“node separation” and “element deletion” techniques and
fracture based techniques have been adopted in literature
[9,17]. While, Subbiah and Melkote [15] using quick-stop
test have shown that the chip separation occurs by
fracture. In the current work, this fracture-based chip
separation technique has been employed. For this purpose,
the workpiece is modelled into three parts: chip, damage
zone and workpiece support. Whereas, the thickness of the
damage zone is taken equal to the tool tip radius
(Rn=20mm) [15]. The elements of this zone will be
removed from the mesh once the damage evolution
parameter D approaches to one.

Eight nodes coupled temperature-displacement hexa-
hedral continuum elements (C3D8RT) are used for finite



Table 1. Material properties of Tungsten Carbide Tool and AA2024 workpiece [18].

Physical parameter Tool (Tungsten
Carbide insert)

Workpiece (AA2024)

Tmelt (°C) – 520
Troom (°C) 25 25
KIC ðMPa

ffiffiffiffi
m

p Þ – 26
KIIC ðMPa

ffiffiffiffi
m

p Þ – 37
Expansion, a (mm�1°C�1) – a + 8.9 � 10�3 T + 2.2
Density, r (kg/m3) at 25 °C 11 900 2700
Specific heat, Cp (T) (Jkg�1°C�1) 400 Cp = 0.557 T + 877.6
Poisson ratio, n 0.22 0.33
Thermal conductivity l (T) (Wm�1C�1) 50 25 � T � 300: l = 0.247T + 114.4

300 � T � Tmelt: l = �0.125T + 226.0

Fig. 1. Tool and workpiece geometries.
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element analysis. While, a mesh density of the order of
20mm is chosen in different parts of tool and workpiece.
The physical material properties of Tungsten Carbide Tool
and AA2024 workpiece are given in Table 1. A Coulomb
friction contact is defined between tool and workpiece to
define frictional interaction [29–31].

Tomodel the heat generation due to friction and inelastic
work equations (1) and (2) are used. Whereas, steady state
energy condition takes the form as per equation (3).

_qf ¼ rCp
DTf

Dt
¼ hfJtf _g ð1Þ

_qp ¼ hps · _e ð2Þ
l
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �
� rCp ux

∂T
∂x

þ uy
∂T
∂y

þ uz
∂T
∂z

� �
� _qf þ _qp ¼ 0 ð3Þ
2.2 Constitutive material model

Plasticity coupled thermo-mechanical behaviour of
aluminium alloy can be successfully simulated by
Johnson-Cook material model. The model is frequently
used in literature for high speed deformation processes



Table 2. Johnson-Cook material parameters for aluminium alloy [34].

D1 D2 D3 D4 D5 m C n sy (MPa) B (Mpa)

0.13 0.13 �1.5 0.011 0 1 0.0083 0.42 352 440
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like machining. If s is defined as equivalent plastic flow
stress, then [32]:

s ¼ sy þB en
� �
|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Plastic term

1þ C ln
_e

_e0

 !" #
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

Viscosity term

1� T � T room

Tmelt � T room

� �m� 	
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Softening term

ð4Þ
whereas, sy represents the material yield strength. While
B, n, C and m are material parameters obtained from
experiments for a particular material. Melting point and
room temperatures are denoted by Tmelt and Troom
respectively. e and _e represent the equivalent plastic strain
and the plastic strain rate respectively. _e0 known as
reference strain rate.

Johnson-Cook model defines the e0i as the equivalent
plastic strain at the onset of damage as [33]:

e0i ¼ D1 þD2 exp D3
P

s

� �� 	
1þD4 ln

_e

_e0

 !" #

� 1þD5
T � T room

Tmelt � T room

� �� 	
ð5Þ

While, D1�D5 are material damage parameters [31] and P
is defined as the pressure stress. Various material
parameters for aluminium alloy 2024 used in Johnson-
Cook model are given in Table 2 [34]. If v is defined as a
scalar parameter then damage is initiated in the material
when its value exceeds 1 [35].

v ¼PDe
e0i

ð6Þ

The fracture energyGf may be written as followed [36]:

Gf ¼
Z uf

0

sydu ð7Þ

In the above equation, equivalent plastic displacement
uf is defined as [37]:

uf ¼ 2Gf

sf
ð8Þ

Mode I and Mode II fracture energy can be calculated
by experimentally measured fracture toughness (KIC and
KIIC) as [38]:

Gf

� �
I;II

¼ 1� y2

E

� �
K2

C

� �
I;II

ð9Þ
where y and E represent the material’s Poisson’s ratio and
modulus of elasticity respectively. Linear and exponential
damage evolution laws are used once the damage is
initiated in the material. The linear (attributed to damage
section) and exponential (assigned to chip region)
evolution of scalar damage variable D may be defined as
[18]:

D ¼ u

uf
ð10Þ

D ¼ 1� exp �
Z u

0

s

Gf
du

 !
ð11Þ

The linear and exponential evolutions of resultant
stress, s ¼ 1�Dð Þs , and scalar damage variable, D, are
shown in Figure 2.

As “D” approaches to “one” in workpiece elements,
especially in “damage” area that experience sever thermo-
mechanical loadings; elements’ stiffness fully degrades and
the element is removed from the mesh. Accordingly, chip
separation from workpiece is perceived. While, in chip,
thermo-mechanical loadings are not very high as in
“damage” area of workpiece, therefore, “D” value never
accumulates to numeric value of “one” in chip. Thematerial
in chip region remains intact and is not removed from
mesh. However, deformation in deformed chip elements
causes changes in chip morphology, like evolution from
continuous to highly segmented chip.
2.3 Experimentation

To realize orthogonal cutting on lathe machine (Universal
Lathe Gallic 20, Mondiale Gallic, Netherlands), the shape
of the test piece has been defined to satisfy the assumptions
of orthogonal cutting as shown in Figure 3. Initially a bore
has been made in an aluminum bar (Material: AA2024) to
give the cutting width (aP). To ensure stiffness of workpiece
during machining and to avoid any vibration of the work-
part, the depth of the groove was reduced to a minimum.
To avoid the curvature of the part in the simulation
model and to obtain the highest possible cutting speed a
fairly large diameter Ø150mm of the test piece has been
chosen.

Cutting insert (CCGX 12 04 08-AL H10, Sandvik,
Sweden) mounted on Sandvik’s insert holder (SCLCR
2020K 12 Sandvik, Sweden) is used to perform the
machining operation. This uncoated carbide insert has a
strongly positive cutting rake angle (14°) and is recom-
mended for machining of aluminium alloys. To reproduce
orthogonal cutting conditions, the insert cutting edge was
orthogonal with feed and cutting speed.



Fig. 2. Linear and exponential damage evolution. (a) Stress-strain behaviour (b) Scalar damage variable D.

Fig. 3. Workpiece preparation for orthogonal machining.
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Kistler “9257B” dynamometer, Kistler “5015A” charge
amplifiers and National Instrument “NI 4472” data
acquisition devices have been used to register and analyse
the cutting forces. Orthogonal cutting operations per-
formed for cutting velocities: 200, 400 and 800m/min for
fixed uncut chip thickness (to): 0.4mm (feed) and constant
depth of cut (aP): 4mm. Onwards, chips were acquired,
treated (entrenched in allylic resin, polished and etched
with 4% nitric acid solution) and photographed
using scanning electron microscope to visualize the final
geometry of chips. It can be seen in Figure 4 that more
discreet height of the serrations is observed on the chip as
the cutting speed is increased.
3 Results and discussions

The results obtained from finite element analysis are
presented and discussed here. Figure 5 shows the evolution
of cutting force for various rake angles for cutting speed of
800m/min. In depth analysis of Figure 5 depicts that
resultant cutting force increases as the tool rake angle
decreases, while similar trend has also been reported
previously by Asad [18]. This is to recall that experimental
work was performed considering rake angle of 14° only at all
three cutting speeds (200, 400 and 800m/min), keeping
feed value constant (f=0.4mm/rev). Accordingly, experi-
mental data related to cutting forces and chip morphology
has been acquired and same is compared with analysis
results at various levels to validate the proposed FE based
cutting model. The cutting forces (at 14° rake angle) are in
close agreement with the average experimental results. The
results of cutting forces for 7° and 21° are also in accordance



Fig. 4. Analysis by electron microscope (f=0.4mm/rev) (from left to right: VC=200, 400, 800m/min).

Fig. 5. Evolution of cutting force with time for various tool rake
angles for fixed 800m/min cutting speed.

Fig. 6. Evolution of cutting force with time for various tool rake
angles for fixed 200m/min cutting speed.

Fig. 7. Variation of cutting force with cutting speed for various
tool rake angles.
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with general machining trend. However, fluctuations in the
cutting force (up to±50N) can be clearly marked.
Dynamic contact condition, damage initiation and propa-
gation, chip segmentation are the possible reasons for this
fluctuation in the cutting forces. These fluctuations in the
cutting forces are not only detrimental and may result in
accelerated tool wear leading to premature tool failure
under potential fatigue load, but may also result in
compromised machined surface roughness [18]. Similar
trends can also be figured out in Figure 6, showing results at
comparatively lower speed of 200m/min, though, force
fluctuations are now decreased.

This is to highlight that with chosen range of cutting
speeds, no considerable change in cutting forces has been
found, as per Figure 7. This seems commensurate with
general high speed machining concepts, that in high-speed
machining (where cutting speed values are normally taken
at more than 1200m/min for aluminium alloys) lower
cutting forces results due to softening of materials.
However, a slight increasing trend in cutting forces can
be marked as cutting forces increases. This may be
attributed to strain rate dependent properties of this
material.

Chip morphologies are also plotted for various combi-
nations of cutting parameters and provide interesting
results. Generally, higher cutting speed with lower rake
angle promotes generation of segmented chip morphologies,
as shown in Figure 8. While higher rake angles with lower
cutting speeds result in continuous chip morphologies
(Fig. 9).



Fig. 8. Chip morphologies for various cutting speeds with a fixed rake angle of 7°.

Fig. 9. Chip morphologies for various cutting speeds with a fixed rake angle of 14°.
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It is therefore recommended to use positive rake angles
with lower cutting speeds, Figures 8 and 9, to generate
continuous and smoother surfaces and longer tool lives,
though it can decrease the production rate. In fact,
combination of lower rake angles and high cutting speeds
increase tool-chip interface temperatures. This in turn
promotes thermal softening and ease in flow of material in
cutting direction. Under severe thermal loading conditions,
damage in the material initiates and evolves (Equs. (6),
(10) and (11)). This generates the highly stressed chip
segments. When damage parameter approaches 1.0, chip
fragmentation occurs [19]. Contrary, high positive rake
angles and low cutting speed combinations do not produce
severe thermo-mechanical loading in chip and workpiece
materials. Eventually, smoother chip morphology (more
continuous and less segmented) is resulted, as depicted in
Figure 9. Several studies [19,20] show that continuous chip
morphology dictates smoother and less undulated ma-
chined surface finish profiles. Continuous chip also results
in reduced longitudinal residual stresses on machined
surface in contrast to undulated surface produced because
of highly segmented chip morphology [39].



Fig. 10. Temperature profiles of chip and workpiece with Rake angle of 14° at different.
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It is worth mentioning that segmented chip not only
effect the machined surface integrity (surface profile and
residual stress) but may also affect the tool life. Machined
surface nodes oscillate with higher amplitudes during
elastic recovery of the machined material. These nodes
strike the tool flake face with higher elastic potential
energy and increase the risk of early tool failure because of
speedy tool flank wear. Tool’s crater wear might also
pronounce because of non-uniform chip morphology
[19].

Figure 10, shows the simulated temperature profiles in
chip and machined workpiece sections for three different
cutting speeds with a rake angle of 14°. Temperature
profiles indicate that maximum temperature rises in the
chip as the cutting speed increases. On the other hand, non
remarkable temperature rise was noticed in the workpiece
geometry with an increase in cutting speed [40]. This lies in
good agreement with general machining theory that
around 80% of heat is carried by chip, while remaining
is contained by tool and machined work part. The higher
temperatures in chip may be attributed to large plastic
deformation when compared with workpiece.

Figure 11, depicts the variations in temperature for chip
and workpiece geometries with multiple rake angle for
different cutting speeds. It can be noticed from the graph
that there is a small variation in temperature in the
workpiece geometry as the rake angle changes for various
cutting speeds. Nevertheless, it is clearly visualized that the
temperature rises considerably in the chip as the cutting
speed increases for a particular value of tool rake angle.
Later fact can be attributed to higher frictional resistance
at higher cutting velocities on the tool rake face. Marginal
variations in temperature can also be observed by changing
the tool rake angle at particular cutting speed. Similar
trends have also been reported in the work of Waqas et al.
[40].

Figure 12, shows two different x-sections of the chip
along the width direction (400m/min, 14° Rake angle).
One can observe that the more serrations on the outer x-
section, that is, on the workpiece edge. These higher



Fig. 12. Simulated chip geometry at various x-sections along the
width direction.Fig. 11. Predicted temperature in chip and workpiece with tool

rake angles for different cutting speeds.

Fig. 13. Predicted variations of Temperature and Normal stresses along the width of the Workpiece geometry for different values of
rake angles.
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Fig. 14. Predicted variations of Temperatures and Normal stresses along the width of the Workpiece geometry for different values of
cutting speeds.
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numbers of serrations may be attributed to the outward
material flow during the machining process. It will not be
possible to get these details with two-dimensional finite
element simulations along the depth of cut (width).

Figure 13, presents the variations of the temperatures
and normal stresses along the width of the workpiece
geometry with different values of rake angles while keeping
cutting speed constant at 400m/min. Higher temperature
values at the extreme outer ends of the workpiece geometry
(Fig. 13a) can be spotted. These high temperatures may
result in loss of stiffness in these regions and that may cause
edge damage and side burr formation. Similarly, plots of
normal stresses are shown along the width direction and
variation of the stress values can be marked. Likewise,
same behaviours are observed when temperature and
normal stress profiles have been plotted for different
cutting speeds, as per Figure 14. These clearly indicate that
the temperatures and stresses variations along the width.

Figure 15, displays the effect of material flow in width
(depth of cut) direction considering varying values of rake
angles and cutting speeds. Higher deformation values
predicted at the outer edges of the workpiece geometry.
These deformation values may help to evaluate burr
formation under different machining conditions. High
positive tool rake angles with low cutting speeds tend to
reduce the burr formations in the machined parts [39].

During machining of structural parts, cutting tools
experience severe thermal and mechanical loads. Higher
load values may influence and thus reduce the tool life by
increasing the wear.

Figure 16, depicts the variation of temperatures
experienced by the tool surface during the machining with
different values of cutting speeds and tool rake angles. This
variation of temperature on the cutting surface of the tool is
almost constant along the width direction during cutting
operation, while higher temperatures are resulted at higher
cutting speeds. Furthermore, highest cutting temperatures
at a rake angle of 14° are witnessed.

Additionally, chip morphology has been greatly affect-
ed by the choice of cutting speeds and tool rake angles
(Figs. 17 and 18). Temperatures and outward deformations
for different tool rake angles are sown in Figure 17.
Repeatedly, it can be noticed that both of these results vary
along the width direction. The variation of deformation



Fig. 15. Predicted values of deformations along the width of the Workpiece geometry for different values of tool rake angles and
cutting speeds.

Fig. 16. Predicted values of temperatures along the width of the Tool for different values of tool rake angles and cutting speeds.

Fig. 17. Predicted values of temperatures and deformations along the width of the Chip for different values of rake angle.

H. Ijaz et al.: Mechanics & Industry 21, 615 (2020) 11



Fig. 18. Predicted values of temperatures and deformations along the width of the Chip for different cutting speeds.
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presents the material outward flow during the machining
process. There is a noticeable deformation at the outer
edges of the chip. Similar type of trends observed for both,
temperatures and deformations, when plotted by varying
the cutting speeds (Fig. 18). From previous discussion on
the acquired analysis results one can find that the three-
dimensional finite element simulations can effectively
predict the variations of loads along the width directions
of the workpiece and cutting tool. On the other hand, two-
dimensional finite element based simulations are unable to
predict these variations in thermal and mechanical loads.
Therefore, three-dimensional finite element analysis may
effectively help to determine the optimum machining
parameters by comparing the predicted cutting forces,
temperatures, stresses and deformations, etc.

Finally, it can be summarized that a combination of a
tool rake angle of 14° at cutting velocity of 800m/min
produces serrated chip segments with relatively moderate
values of residual stresses and resultant cutting forces in
dry machining of AA2024, though relatively higher
temperatures on tool are observed at 14°. Furthermore,
non-uniform machined surface profile at various sections
along the depth of cut has been predicted.

4 Conclusion

In this article, three-dimensional finite element investiga-
tions are made to find out the optimum machining
parameters aiming at machined surface integrity in terms
of residual stresses profile for orthogonal cutting of
AA2024. Simulations are performed considering different
rake angles and cutting speeds. Simulation results show
that higher cutting speeds with relatively lower rake angles
tend to produce serrated chip segments and can result in
poor surface finish. Contrary, lower cutting speeds with
comparatively high positive rake angles may help to
produce better surface finish with less surface undulations.
This also helps to reduce the tool wear. Smooth surfaces
and chip morphologies are related with lower thermo-
mechanical loading in the later case. Less wear and smooth
surfaces will result in achieving the targets of sustainable
manufacturing. Additionally, maximum temperatures
were predicted in the chip and workpiece geometries for
various cutting speeds and different tool rake angles. It
may be observed that variation in cutting speed affects the
temperatures more than the tool rake- angles variations.
Moreover, three-dimensional finite element analyses have
helped to capture the thermal and mechanical load
variations along the width directions. It has been found
that at workpiece edges out of plane material flow may
result in edge damage and side burr formation. Later,
results are difficult to predict using two-dimensional finite
element analysis approach. For example, 10–15% higher
residual stresses are reported at edges than those predicted
at the middle section of workpiece. Moreover, serrated chip
segments with relatively moderate cutting forces obtained
from finite element simulations for a rake angle of 14° at
cutting velocity of 800m/min. It is expected that results
may help industrial engineers to have a better picture of
non-uniform results along workpiece width, while selecting
for appropriate post machining techniques and methods
including deburring, stress relaxation, finishing, surface
coating, etc.

Nomenclature
aP
 Depth of cut (mm)

B
 Hardening modulus (MPa)

C
 Strain rate dependency coefficient

Cp
 Specific heat (J.kg�1°C�1)

D
 Damage evolution parameter

D1 ∼ D5
 Coefficients of Johnson-Cook material shear

failure initiation criterion

E
 Young’s Modulus (MPa)

to
 Uncut chip thickness (feed) (mm)

Gf
 Fracture energy (kJ.m�2)

KIC
 Mode I fracture toughness (MPa.m1/2)

KIIC
 Mode II Fracture toughness (MPa.m1/2)

m
 Thermal softening coefficient

n
 Work-hardening exponent
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P
 Hydrostatic pressure (MPa)

T
 Temperature at a given calculation instant (°C)

Troom
 Reference ambient temperatures (°C)

Tmelt
 Melting temperatures (°C)

u
 Equivalent plastic displacement (mm)

uf
 Equivalent plastic displacement at failure (mm)

V
 Cutting speed (m.min�1)

a
 Coefficient of thermal expansion (mm.

mm�1°C�1)

e
 Equivalent plastic strain

_e
 Plastic strain rate

_e0
 Reference strain rate (10�3.s�1)

e0i
 Plastic strain at damage initiation

l
 Thermal conductivity (W.m�1°C�1)

n
 Poisson’s ratio

r
 Density (kg.m�3)

s
 Stress (MPa)

sy
 Yield strength (MPa)

s0
 Friction stress (MPa)

s
 Equivalent plastic stress (MPa)

v
 Damage initiation criterion

_qp
 Heat generation rate due to plastic deformation

(W/m3)

_qf
 Heat generation rate due to friction (W/m3)

hp
 Inelastic heat fraction

hf
 Frictional work conversion factor

J
 Fraction of heat in chip

tf
 Shear stress

_g
 Slip strain rate
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