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Abstract: The residual stresses state that a mechanical part obtained after machining is a crucial
factor that impacts its in-service performance. This stress state is influenced by the thermomechanical
loads exerted on the parts during the machining process, which are, in turn, determined by the tool
parameters, process, and machining conditions. The aim of the present research was to anticipate how
the cutting tool’s edge radius, rake angle, and clearance angle would affect the forces, temperature,
and residual stresses induced while orthogonally cutting aluminum AA6061-T6. To achieve this,
two-dimensional DEFORM™ software was utilized to develop a finite element model. The residual
stresses trend results obtained demonstrated that rake angles of 0◦ and 17.5–20◦ values with a small
edge radius (5 to 10 µm) and clearance angles of 7 and 17.5◦ values gave higher compressive stresses.
The obtained simulated results were in good agreement with the experiments. The cutting forces, the
temperature, and the maximum and minimum machining-induced residual stresses were found to
be influenced more by the tool edge radius and the tool rake angle. The influence of the clearance
angles on the above-mentioned machining responses was the least. Residual stresses can have a
significant impact on the in-service performance of machined parts. The obtained results will help
engineers select or design tools that promote a desired surface integrity during machining. This task
is not obvious in practice because of difficulties in measuring residual stresses and also because the
machining parameters and the tool geometry parameters have different and opposite impacts on
thermo-mechanical loads, productivity, and on machining induced residual stresses.

Keywords: orthogonal cutting; tool geometry; residual stresses; 2D FE simulations; aluminum

1. Introduction

AA6061-T6 is a heat-treated (artificially aged) aluminum alloy (AA) that is widely
used in transportation, construction, and engineering industries in many applications.
AA6061-T6 is popularly used to make aeronautical, automobiles, ships, and motorcycles
components (frames, body, and rotor,); to create building/house/bridges structures; and
for many mechanical fittings and equipment such as rotor, rivets, towers, boilers, boats,
etc. [1]. Its popularity is due to their low weight-to-size ratio, excellent light-to-weight ratio,
good corrosion resistance, formability, weldability, and wettability [2].

Aluminum alloys have generally good machinability [2] but during the cutting of
ductile alloys such AA6061-T6, there is a risk of the formation of a built-up edge that can
modify the tool geometry and deteriorate the machine part surface finish [2]. Other ma-
chining induced damages involve tiny cracks that can propagate throughout the workpiece
and therefore decrease its life span. The quality of the machined surface and subsurface can
be appreciated by its surface integrity, including the surface roughness, microstructure, and
residual stresses. These machining responses are influenced by the machining conditions,
machining environment, workpiece material, and tool geometry [3–5]. Table 1 presents some
typical tool geometries (rake angles and clearance angles) for machining aluminum alloys.
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Table 1. Typical tool geometries used for machining aluminum alloys.

Refs. Authors
(Year)

Material/
Operation

Rake Angle
[◦]

Clearance Angle
[◦]

[5] Javidikia et al.
(2020)

AA6061-T6
Orthogonal turning −8 to +8 7

[6] Ravikanth et al.
(2022)

AA2219
Turning 20 0

[7] Casuso et al.
(2022)

AA2024-T3
Milling 18 9

[8] Daoud et al.
(2015)

AA2024-T351
Orthogonal turning −8 to +8 11

[9] Patel
(2018)

AA2024-T351
Orthogonal turning −3 to +20 -

The machined part surface integrity can be determined through experiments and/or
simulations [10,11]. The measurement of residual stresses on large pieces is a delicate prob-
lem. Some difficulties come from measurement errors as noted by Aurrekoetxa et al. [12]
and others from the fact that this procedure is destructive (holes methods and slice-by-slice
procedure). The case of thin-walled pieces or large pieces susceptible to distortion is even
more critical because of several factors that influence the distortion [13]. Therefore, tests on
samples not used in practice are required. However, these tests are very time and material
consuming. This is where simulations can help to reduce the uncertainties, costs, and time
of the tests. Nevertheless, correlations have to be established between these simulated
results and real cases. Therefore, the FEM approach could help in assessing residual stresses
on large aluminum blocks. The method is being evaluated in large steel blocks by Sad-
heghifar et al. [14]. They demonstrated that an extended 3D FEM model could be used in
DEFORM®software, version 11.0, to simulate the surface residual stresses on milled large
blocks of steel [14]. The prediction of residual stresses does not come without challenges.
In order to forecast the values and the distribution of residual stresses, it is important to
know the material parameters (type, shape, and properties), the more appropriate material
behavior models, friction models, the thermodynamics involved in processes, tool param-
eters, and the machining environment (dry, fluid, and with or without particles). From
the cutting operation to the stress relaxation, the remaining stress in the material can be
evaluated, as illustrated in Figure 1. When some of those parameters are well selected,
compressive residual stresses can be promoted. Furthermore, researchers [15–18] have
recently proposed post machining treatments of the workpiece as a workable solution to
reduce residual stresses and improve the overall performance of the machined parts.
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Orthogonal cutting is widely used for simulating the machining processes [1,10,11,19–21].
The use of Finite Element methods (FEM) helps assessing responses that are difficult to
measure and reduces expensive experimental tests. Two dimensions (2D) FEM technique
was used by Javidikia et al. [5] to simulate the impact of edge radius, cutting speed, feed
rate, and rake angle on the machining forces, cutting temperature, and chip thickness in
dry turning of AA6061-T6. As indicated in their results, the machining forces and tool tip
temperature were proportional to the cutting-edge radius and inversely proportional to
the rake angle. Nonetheless, the variation of the edge radius showed little influence on the
maximum temperature. However, the effect of tool geometry on residual stresses was not
discussed. Tagiuri et al. [21] developed an FE model to predict the effect of the tool nose
radius (10 to 900 µm), rake angle (−5◦ to +10◦), feed rate, and cutting speed on the cutting
temperature, effective stresses, cutting forces, and tool wear during dry turning of AISI
1045 steel. Their results showed that for a certain nose range, a linear proportionality was
proved between the cutting temperature and stresses. In addition, sharp tools (radii smaller
or equal to 50 µm) slightly affected the cutting forces. However, further studies involving
residual stresses could have been taken into consideration to have a better appreciation of
the surface quality of the machined part.

Navas et al. [22] carried out an experimental study of the dry turning of AISI 4340
steel to evaluate the impact of the cutting speed, tool nose radius (0.4 and 0.8 µm), tool chip
breaker geometry, and tool coating on surface residual stresses. They found that the surface
residual stresses decreased with a smaller range of tool nose radii. However, the influence
of the rake angle on the residual stresses distribution was not studied. Özel et al. [23]
numerically and experimentally investigated the influence of different coated and uncoated
carbide tools edge radii (5, 10, and 25 µm) on the forces and residual stresses during dry
turning of Ti-6Al-4V and IN100 alloys. Their results shown indicated that augmenting the
tool edge radius led to high forces and high compressive residual stresses in the material’s
depth but higher tensile residual stresses at the material’s surface. However, the effect of
the rake and clearance angle was not discussed.

Dry orthogonal cutting study was conducted by Jomaa et al. [24] to observe the
impact of the cutting speed and feed rate on residual stresses during orthogonal turning
of AA7075-T651. They observed that the impact of cutting speed on residual stresses was
greater when smaller feed rates were used. However, the effect of the tool edge radius was
not considered in this research study. Daoud et al. [10] studied the effect of rake angles
(−8, 0, and +8◦) on cutting forces, induced by dry orthogonal cutting of Al2024-T3. They
also used DEFORM™-2D software (version 8.1) to simulate the above machining responses.
Their results demonstrated that by varying the rake angles from −8◦ to +8◦, the cutting
forces dropped by more than 50%. However, it was important to estimate the effect of
the rake angle on the temperature distribution and residual stresses. Cheng et al. [25]
developed a 2D FE model using AdvantEdge software (version 6.4) to predict the effect of
the cutting tool rake angles and edge radii on temperature and tool stresses and optimize
the above-mentioned parameters in orthogonal machining of Fe-Cr-Ni stainless steel. They
reported that the cutting temperature was slightly affected by the edge radius. The tool
stresses were minimized when the rake angle increased from 0◦ to 10◦ and the edge radius
augmented from 40 to 80 µm. The results also showed that the optimum values of the
rake angle and edge radius were 6◦ and 60 µm, respectively. However, the effects of the
tool geometry parameters on the residual stresses in the machined workpiece were not
predicted. Reddy et al. [26] utilized FE simulations to develop mathematical models of
cutting forces and temperatures with respect to the cutting speed, feed rate, depth of cut,
and tool edge radius during the dry turning of Ti-6Al-4V. They found that the feed rate
and tool edge radius significantly affected cutting forces and temperatures. However, the
impacts of the rake angle and angles were not investigated. This requires them to be studied
in detail, which is thus the purpose of this article.

Liu and Xu [27] conducted experimental studies to analyze the impact of tool geometry
on temperatures, forces, equivalent plastic strains, and residual stresses induced by orthog-
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onal cutting of Inconel 718 alloy. They also used FE with the Coupled Eulerian–Lagrangian
(CEL) technique with Abaqus/Explicit 6.4 software to predict those responses. Their obser-
vations revealed that a sharp edge radius tool with a negative rake angle produced more
compressive stresses on the machined surface. However, obtaining the same behavior with
AA6061-T6 is not certain.

A numerical method using Abaqus® was developed by Patel et al. [9] to numerically
investigate the effect of the depth of the cut and rake angle on cutting forces during
orthogonal machining of AA2024-T351. They found that the average cutting force and
temperature were inversely proportional to the rake angle. However, their influence on
the residual stresses was not discussed. Salman et al. [28] ran numerical and experimental
tests to investigate the effect of the cutting speed, depth of cut, feed rate, tool (coated and
uncoated), and tool nose radius (397, 794, and 1191 µm) on the cutting forces, maximum
cutting temperature, and surface residual stresses in dry turning of AISI 1035 steel. Their
simulations were conducted with AdvantEdgeTM software. They found that increasing
the tool nose radius led to an increase in the mean temperature and created high tensile
residual stresses. However, the impact of the tool rake and clearance angles on residual
stresses were not examined. Moreover, the behavior of the residual stresses in the material’s
depth has not been discussed.

Javidikia et al. [3] conducted experimental and 2D simulation studies to investigate
the effect of low-speed machining (LSM) and high-speed machining on tool forces and
residual stresses under dry, MQL, and wet environments. Their results demonstrated that
the feed rate has a much higher influence on the residual stresses compared to the cutting
speed. However, the effect of tool geometry should have been considered to see how they
interact with the cutting parameters.

Li and Chang [29] numerically investigated the effect of the tool cutting-edge radius
on cutting force and stress concentration during machining of a nickel-based superalloy.
The tool nose radii were varied between 0 and 85 µm. They found that the Von Mises
stresses on the workpiece and the cutting forces increased when using large tool nose radii,
but the cutting shear angle decreased. However, the surface integrity was not studied. Rao
et al. [30] worked on the residual stresses by varying the cutting speed and the feed rate.
They obtained tensile residual stresses which are not advantageous for the material tool
life, hence the need to consider the tool geometry parameters.

Despite FE having been applied, there are still many missing points that need to be in-
vestigated. From the above literature review, it can be depicted that there is limited research
on the effect of tool geometry (edge radius, rake angle, and clearance angles) on cutting
forces, cutting temperature, workpiece temperature, effective strain, effective stresses, and
residual stresses in the literature. Such research works will help to better understand the
essence of induced tensile and compressive residual stresses in the machined parts. Adding
to that, the trend of residual stresses in the material’s depth lack agreement in the literature
and so these numerical studies will be a good contribution to the available research works.

2. Materials and Methods

In the present study, the orthogonal cutting process of AA6061-T6 is simulated by em-
ploying DEFORMTM software (version 10.2) Among the other advantages of this software
is the Lagrangian formulation, wherein the implicit integration method in the mathematical
equations is used to perform and analyze large plastic deformations stimulated by the
cutting process. The implicit solution is used to handle the convergence problem in every
time increment. The implicit solution offers more stability than the explicit for small time
increments. As a global equilibrium must be reached (solution must converge) before any
state variable (stress, forces, temperature, etc.) is calculated, it is then easier to control the
evolution of the solution at every step. More feedback is received as well as the number of
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times increments. The tool’s motion at a specific time given in Equation (1) can be increased
gradually to prolong the analysis [5]:

[M]
{ ..

U
}
= {Fext} − {Fint} (1)

{Fint} = [Cd]
{ .

U
}
+ [Ks]{U} (2)

where [M],
{ ..

U
}

, {Fint}, and {Fext} represent the mass matrix, acceleration vector, and

internal and external vector forces, respectively. Similarly, the terms
.
{U} and {U} represent

the velocity and displacement vectors.
The damping and stiffness matrices are written down by [Cd] and [Ks], respectively.

However, the effect of damping was ignored, because it is considered that there is no elastic
drawback during cutting. In other terms, the object is permanently deformed (plastic
deformation) after the yield strength is reached [5], i.e.:

[Cd] ∼= 0 (3)

Hence, Equation (2) becomes:

{Fint} ∼= [Ks]{U} (4)

2.1. Energy/Thermal Model

The total energy released during the cutting process can be defined by Equation (5) [5]:

[CT ]
{ .

T
}
+ [KT ] {T} =

{ .
Qg

}
(5)

where [CT ] is the volumetric heat capacitance, [KT ] is the thermal conduction matrices, and{ .
Qg

}
stands for the overall heat generation.

The energy exchanged between the tool and workpiece during thermal contact (heat
of conduction) is expressed in Equation (6):

Qcond = hint
(
Twp − Tt

)
(6)

in which hint is the heat transfer coefficient of conduction between the tool and workpiece,
Twp is the workpiece, Tt is the tool’s temperature at the tool–chip interface, and Qcond is the
conductive heat transfer from the chip to the tool’s face during the turning process.

The convection heat transfer occurs between the ambient air and the workpiece surface
and can be calculated using Equation (7):

Qconv = h
(
Twp − Ta

)
(7)

where h is the heat transfer coefficient of convection and Ta is the ambient temperature.
In our simulations, a heat transfer coefficient of 107 W/m2 ◦C was used, and the room

temperature was taken at 20 ◦C for both the tool and workpiece [3]. Qconv is the convective
heat transfer from the chip, tool, and workpiece with the environment.

In this study, the heat transfer coefficient was calibrated when the steady-state condi-
tion for the cutting temperature was reached. The high value was selected because the high
pressure of the chip on the tool rake face makes perfect contact between the tool and the
chip [31]. Another reason was to quickly reach the steady-state condition in order to shorten
the cutting time and avoid excessive distortion of the elements [31]. Most importantly, this
high value provided good agreement between the experiments and predictions.
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2.2. Workpiece and Tool Geometry, Mesh, and Properties

In the numerical setup, an elastic–plastic body type was considered for a
4.8 mm× 1.12 mm × 4 mm workpiece which was meshed with at least 3000 elements
and 3000 nodes. A rigid body type was attributed to the tool material, which was meshed
with a minimum of 1800 elements and 1800 nodes. The width of cut was set to 4 mm.
An illustration of the workpiece and tool (geometry and dimension) is shown in Figure 2
where the objects and generated meshes are represented. DEFORM™ software uses the
automatic remeshing method, in which new mesh is generated when mesh distortion is
detected [8,31]. In this research work, the workpiece was meshed with at least 3000 linear
quadrilateral elements and 3000 nodes. The tool material was considered as a rigid body
and was meshed with 1800 elements and 1800 nodes. Mesh windows were assigned to the
tool tip and part of the rake and flank faces in order to have a high-quality fine mesh in the
cutting zone. Mesh windows were also assigned to the workpiece to have a high-quality
fine mesh in the machined workpiece to accurately predict and extract the superficial
residual stresses with a reduced CPU time [8]. An interference depth of about 0.00195 mm
was used to start a remeshing procedure for the workpiece. The mechanical and thermal
properties of the workpiece and tool materials are shown in Table 2.
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Table 2. Mechanical and thermal properties of the workpiece and tool (reprinted with permission
from [5], 2023, Licence No 5513161238525, Springer nature).

Properties AA6061-T6 Uncoated Carbide

Density ρ
(
kg/m3) 2700 11,900

Young’s modulus E (GPa) 58.5 650
Poisson’s ratio υ 0.33 0.25
Conductivity k (W/m°C) 167 59
Specific heat capacity c (J/kg°C) 896 337
Thermal expansion coefficient α (1/°C) 23.5 × 10−6 5 × 10−6

The cutting conditions and tool geometry parameters used in this study are shown in
Table 3. These parameters are an extension of published models in the literature [3,5]. High
speed machining was found by the authors to give better results in terms of the forces and
stresses. Hence, it was used in our study. In all the simulated tests, the cutting speed is
kept constant at 950 m/mins and the feed rate at 0.16 mm/rev.

Table 3. Cutting conditions and tool geometry parameters.

Cutting Speed
VC(m/min)

Feed Rate
f(mm/rev)

Tool Edge Radius
rβ(µm)

Rake Angle
γo (◦)

Clearance Angle
αo (◦)

950 0.16 5; 10; 20; 40 −8; 8; 17.5;
20 2; 7; 11; 17.5
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2.3. The Material Model, Boundary Conditions, and The Friction Model
2.3.1. Material Model

The turning process usually involves large thermal, plastic, and strain deformations.
To ensure the continuity of the workpiece material flow during this process, the Johnson–
Cook constitutive Equation (8) was used:

σf l = [A + Bεn]

[
1 + C ln

( .
ε
.
ε0

)][
1−

(
T − Troom

Tmelt − Troom

)m]
(8)

where σf l is the flow stresses of the workpiece material, A is the initial yield strength,
B is the hardening modulus, C is the strain rate sensitivity coefficient, n is the hardening
coefficient, and m is the thermal softening coefficient. The plastic strain, plastic strain
rate, and reference plastic strain rate are represented by ε,

.
ε, and

.
ε0, respectively. T ,

Tmelt , and Troom represent the workpiece and melting and room temperatures, respectively.
The Johnson–Cook constants of AA6061-T6 are shown in Table 4. The failure/damage
model was not employed in this research study since continuous chip formation (not
segmented) was assumed for all the simulations. This assumption can be justified based on
the observations of chips for all the selected cutting conditions reported by [5,8].

Table 4. Johnson–Cook material model’s constants of the of AA6061-T6 (reprinted with permission
from [5], 2023, Licence No 5513161238525, Springer nature).

A (MPa) B (MPa) n C m
.
ε0 (1/s) Tmelt (°C) Troom (°C)

250 79.70 0.499 0.0249 1.499 1 652 20

2.3.2. Boundary Conditions

The geometry and boundary conditions (BCs) of both the workpiece and tool are
shown in Figure 3a. In DEFORM™ 10.2, it was assumed that the workpiece moved
uniformly along the horizontal x-direction (Vx = Vc = constant and Vy = 0), across a
fixed tool. This last condition was kept fixed on both vertical and horizontal directions
(Vx = 0 and Vy = 0).
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(a) (b) 

Figure 3. BCs in DEFORM™ [3]. (a) For the elasto–plasto cutting model and (b) BCs for the residual
stresses model.

Both sides of the workpiece and tool were kept away from the cutting zone and
exposed to the atmosphere, where the air temperature was set as Troom = 20 °C. Figure 3b
shows the BCs for the residual stresses’ calculations, whereby the tool is removed from the
workpiece surface and the workpiece allowed to cool down to approximatively the room
temperature. The procedure is detailed in the residual stress model (Section 2.3.4).
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2.3.3. Friction Model

The available literature shows that a built-up layer can take place at the tool’s rake
face during the machining of aluminum alloy. This is due to the high force and temperature
at the tool–chip interface. In addition, the ductile nature of aluminum contributes to the
melting of some parts of the material as it flows along the tool’s rake face. As investigated
by Javidikia et al. [3], the Coulomb model does not offer relative sliding at the tool–chip
interface. Hence, the shear model was used in our simulations to model the frictional forces
at the tool–workpiece–chip interfaces. The shear stress (τ) on the rake face of the tool were
calculated using the formula in Equation (9):

τ = 0.98 τChip (9)

where τChip is the shear flow stress in the chip at the tool–chip interface.

2.3.4. The Residual Stress Model

Once the cutting simulation was completed and the solution had reached a steady state,
the next step consisted of extracting the stresses that remained on the workpiece material
after a stress–relaxation process. This ensured that the residual stresses are unbalanced
in the workpiece. During this process, the tool was removed and re-positioned far away
from the workpiece (as seen in Figure 2b.), and only a convective heat transfer operation
was affected on the workpiece. This allowed the workpiece to relax and cool down to a
temperature standing between 20–50 ◦C [3]. In DEFORM, some steps were taken to find
the residual stresses in the machined parts.

3. Results and Discussion

The effect of tool geometry parameters, including the tool edge radius, rake angle,
and clearance angle, on cutting temperature, forces, and residual stresses induced by dry
orthogonal cutting of AA6061-T6 was studied and presented in the next sections.

3.1. Effect of the Tool Edge Radius
3.1.1. Effect of the Tool Edge Radius on the Cutting Forces and Temperatures

Different edge radii (5, 10, 20, 30, and 40 µm) are used in this study. The dynamics
force distribution along the cutting time is shown in Figure 4. In Figure 4, it is observed
that at the beginning of the cutting process, both the cutting and thrust forces increase
from zero to their maximum and then fluctuate (sinusoidal trend) between a maximum
and minimum value. After some time, the forces keep their stability. This state is called the
steady state when they have reached their equilibrium, and the curve “appears” to be linear.
The average value of the forces can be calculated by averaging the values at the steady line
and the overall maximum or minimum of the forces can also be found. At the steady state,
all the other variables (stresses, temperature, pressure, etc.) reach their equilibrium and
righter solutions are obtained.

On Figure 4, a high increase in the first load is observed as an elastic–plastic model
used. The model first starts to deform elastically. Once the yield stress is reached, the
material starts to then deform plastically. The cutting and thrust forces increase gradually
as the radius increases. Some drop down (breakage) zones are observed. These are caused
by the outlier points recorded during the continuous cutting time. However, they can be
explained by the fact that when the load is high, there are many workpiece nodes in contact
with the tool nodes. A constant shear friction factor of 0.98 is considered. This means the
resistance to sliding for all slave (workpiece) nodes sliding on the master (tool) surface will
be multiplied by the flow stress. When the contact is finally lost, the workpiece springs
away from the tool and much fewer nodes are in contact and the temperature drops. Hence,
much less resistance to sliding is encountered and a drop in the load is observed. The small
“chatter” noise in the plots is likely due to nodes moving along the surface and leaving
and contacting the surface. The workpiece is discretized into elements with nodes. When a
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node leaves the surface of the tool, there may be a sudden drop in contact area and thus
frictional load.
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Figure 4. Force distribution during cutting process for different edge radius (α = 7◦ and γ = 17.5◦):
(a) 5–10 µm, (b) 10–20 µm, (c) 30 µm, and (d) 30–40 µm.

The influence of the tool edge radius on the cutting temperature, forces, and residual
stresses were studied. The edge radii varied from 5 µm to 40 µm, and the tool temperature
distribution along the tool rake face is shown in Figure 5. There, the relationships between
the edge radius, forces, and largest tool tip temperature with associated forces trend during
machining are presented. These figures show that the maximum tool tip temperature is
proportional to the edge radius. The increase in temperature is caused by the growth of the
contact area around the tip of the tool, generated by the increase in tool tip temperature
as observed in Figure 5. This would require a larger ploughing force and specific energy,
which would produce more heat at the primary and secondary cutting zones. Figure 6
illustrates the variation on the largest tool tip and rake face temperatures as well the cutting
forces behavior varying along with the edge radius. Figure 6 shows that the forces and
temperature are both proportional to the edge radius. It is noticed that the temperature at
the tool’s rake face increases slightly compared to the tool tip temperature, since the tool’s
tip is very near the edge radius. Here again, the direct relationship between forces and
temperatures can be noted. Comparable results were found by Yen et al. [32]. They saw
that increasing the edge radius from 0.01 to 0.1 mm caused an increase in the cutting forces
and temperature. Javidikia et al. [5] and Tagiuri et al. [21] made similar conclusions.
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Figure 6. Relationship between the edge radius, forces, and maximum temperature.

The instantaneous workpiece temperature results for 5 to 40 µm radius are shown in
Figure 7. The results were obtained by tracking a fixed point P1 on the workpiece from
the start until the end of the cutting process. It is observed that the temperature increases
suddenly a few seconds after the first steps. This is explained by the sudden rise of the
cutting forces in Figure 4. The maximum temperature occurs at the tool–workpiece interface
where the friction between the workpiece and tool is high. Then, after the temperature
drops and reaches a steady-state condition, all the variables can be measured with more
accuracy. From 5 to 40 µm, the instantaneous workpiece temperature seems to increase
with the edge radius. The highest temperature of the workpiece is reached at 40 µm and
the lowest is observed at 5 µm. These results are the consequences of temperature and
forces behavior discussed in Figures 4–6.
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Figure 7. Workpiece surface temperature respect to the edge radius (α = 7◦ and γ = 17.5◦):
(a) 5–10 µm, (b) 10–20 µm, (c) 20–30 µm, and (d) 30–40 µm.

The variation of the forces and temperature have been discussed. However, it is
acceptable to go back and understand the results obtained in the earlier sections. Hence,
analyzing the deformation and stresses behavior on the workpiece during cutting is a
good starting point. The largest instantaneous workpiece temperatures are extracted from
Figure 6 and the relationship with strain and stress can be drawn from Figure 8. From
5 to 10 µm, a slight variation of the temperature is clearly seen. The deformation (strain)
in the machined workpiece sits between 0 and 0.8 mm/mm. Overall, as the workpiece
temperature increases all along with the edge radius, the deformation increases along with
the equivalent stresses. The regions of strain above 2 mm/mm and stresses above 200 MPa
are marked by the strong concentration of the red color. It is then observed that at 40 µm
the deformation is more pronounced, as are the stresses. These results are justified by the
results obtained for the high values of cutting temperature and forces at 40 µm.
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3.1.2. Effect of the Edge Radius on Residual Stresses

The residual stresses at the surface and subsurface or the machined workpiece were
calculated along the y-axis near the edge for various edge radii. The selected state variables
were distributed among 40 points from the machined workpiece’s surface until about
0.9 mm below the surface. These measurements were performed far from the shear zone at
about 0.84 mm away from the start point, as shown in Figure 9.
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Figure 9. Residual stresses simulations with respect to the edge radius: (a) 5 µm, (b) 10 µm,
(c) 20 µm, and (d) 40 µm.

According to Figure 9a–d, the residual stresses increased from compressive to tensile
with increasing tool edge radius. The lowest value of tensile residual stresses at the surface
is found to be 4.6 MPa for a 10 µm edge radius. The highest tensile stresses occur at 40 µm
with a value of about 108.6 MPa. Compressive residual stresses exist for a 5 µm edge radius.
They are about −26.6 µm at the machined surface of the selected area. These results can be
credited to the fact that an increasing tool edge radius increases the tool–chip–workpiece
contact area and the frictional heat, leading to a higher cutting temperature, and resulting
in larger residual stresses for an edge radius above 10 µm. This result agrees with that
obtained by Nasr et al. [19], who reported that the residual stresses increased with raising
the tool edge radius in the orthogonal cutting of AISI 316L steel.

Thus, the tool edge radius of 5 µm is suggested as capturing the lowest value of
residual stresses. From the machined surface until beneath, the results show that residual
stresses followed “tensile-compressive” or “compressive-tensile” behaviors. This leads
us to predict the feed range, which in this case is the depth of the cut, that produces the
compressive residual stresses. According to Figure 10, feed rates occur in the range of 0 to
0.4, 0.098 to 0.96, 0.24 to 0.96, 0.32 to 0.96, and 0.29 to 0.96 mm intervals and would generate
compressive residual stresses for edge radii of 5, 10, 20, 30, and 40 µm, respectively. Out
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of this range, tensile residual stresses would be expected. Moreover, the residual stresses
curves are observed to cross each other for the depth of cut including 0.2 and 0.4 mm for
edge radii sitting below 30 µm and comprised between 0.2 to 0.3 and for the edge radii
greater than 30 µm between 0.3 to 0.96 mm. This analysis can help to predict desirable
residual stresses for a specific range of tool geometry. Lastly, it is observed that the zero
residual stresses (location of the bulk material) are quickly reached for edge radius values
(10, 20, and 30 µm). However, for the fine insert (5 µm) the bulk material appears at the
bottom end of the workpiece. The behavior of the 30 µm and 40 µm radii in the machining
responses are almost similar.

Processes 2023, 10, x FOR PEER REVIEW 13 of 28 
 

 

  
(c) (d) 

Figure 9. Residual stresses simulations with respect to the edge radius: (a) 5 µm, (b) 10 µm,

(𝐜) 20 µm, and (d) 40 µm. 

Thus, the tool edge radius of 5 µm is suggested as capturing the lowest value of re-

sidual stresses. From the machined surface until beneath, the results show that residual 

stresses followed “tensile-compressive” or “compressive-tensile” behaviors. This leads us 

to predict the feed range, which in this case is the depth of the cut, that produces the com-

pressive residual stresses. According to Figure 10, feed rates occur in the range of 0 to 0.4, 

0.098 to 0.96, 0.24 to 0.96, 0.32 to 0.96, and 0.29 to 0.96 mm intervals and would generate 

compressive residual stresses for edge radii of 5, 10, 20, 30, and 40 µm, respectively. Out 

of this range, tensile residual stresses would be expected. Moreover, the residual stresses 

curves are observed to cross each other for the depth of cut including 0.2 and 0.4 mm for 

edge radii sitting below 30 µm and comprised between 0.2 to 0.3 and for the edge radii 

greater than 30 µm between 0.3 to 0.96 mm. This analysis can help to predict desirable 

residual stresses for a specific range of tool geometry. Lastly, it is observed that the zero 

residual stresses (location of the bulk material) are quickly reached for edge radius values 

(10, 20, and 30 µm). However, for the fine insert (5 µm) the bulk material appears at the 

bottom end of the workpiece. The behavior of the 30 µm and 40 µm radii in the machining 

responses are almost similar. 

  
(a) (b) 

-30

-10

10

30

50

70

90

110

0 0.2 0.4 0.6 0.8 1

X
-

R
es

id
u

a
l 

S
tr

es
se

s 

[M
P

a
]

Workpiece Depth [mm]

5µm 10µm

-30

-10

10

30

50

70

90

110

0 0.2 0.4 0.6 0.8 1

X
-

R
es

id
u

a
l 

S
tr

es
se

s

[M
P

a
]

Workpiece Depth [mm]

10µm 20µm

Processes 2023, 10, x FOR PEER REVIEW 14 of 28 
 

 

  
(c) (d) 

Figure 10. Effect of edge radii on residual stresses (α = 7° and γ = 17.5°). Workpiece and selected 

path, (a) 5–10 µm, (b) 10–20 µm, (c) 20–30 µm, and (d) 30–40 µm. 

3.2. Effect of the Rake Angle 

3.2.1. Effect of the Rake Angle on the Cutting Forces and Temperature 

Different rake angles including −8°, 0°, +8°, and +20° are used in this study. The dy-

namics force distribution along the cutting time is shown in Figure 11. From the curves of 

main cutting forces (Fc) and trust forces (Ft), the maximum cutting forces are inversely 

proportional to the rake angle and proportional for positive rake angles. This is for the 

rake angles lying in between −8° and +8°. From +8° to 20°, the maximum cutting forces do 

not vary much as the rake angle increases. However, the thrust forces increase slightly. 

However, the average forces at the steady state positions decrease as the rake angle in-

creases. Patel et al. [9] agreed with the same results. 

  
(a) (b) 

-30

-10

10

30

50

70

90

110

0 0.2 0.4 0.6 0.8 1

X
-

R
es

id
u

a
l 

S
tr

es
se

s 

[M
P

a
]

Workpiece Depth [mm]

20µm 30µm

-30

-10

10

30

50

70

90

110

0 0.2 0.4 0.6 0.8 1

X
-

R
es

id
u

a
l 

S
tr

es
se

s 

[M
P

a
]

Workpiece Depth [mm]

30µm 40µm

0

100

200

300

400

500

0 9
1
8

2
8

3
7

4
7

5
6

6
5

7
5

8
4

9
3

1
0
4

1
1
3

1
2
3

1
3
4

1
4
3

1
5
2

1
6
2

F
o

rc
e 

[N
]

Time [µs]

-8 deg - Fc -8 deg - Ft
0 deg - Fc 0 deg - Ft

0

100

200

300

400

500

0 9

2
0

2
9

4
0

5
0

5
9

6
9

7
9

8
9

1
0
0

1
1
0

1
2
0

1
3
2

1
4
1

1
5
1

1
6
2

F
o

rc
e 

[N
]

Time [µs]

0 deg - Fc 0 deg - Ft
8 deg - Fc 8 deg - Ft

Figure 10. Effect of edge radii on residual stresses (α = 7◦ and γ = 17.5◦). Workpiece and selected
path, (a) 5–10 µm, (b) 10–20 µm, (c) 20–30 µm, and (d) 30–40 µm.

3.2. Effect of the Rake Angle
3.2.1. Effect of the Rake Angle on the Cutting Forces and Temperature

Different rake angles including −8◦, 0◦, +8◦, and +20◦ are used in this study. The
dynamics force distribution along the cutting time is shown in Figure 11. From the curves
of main cutting forces (Fc) and trust forces (Ft), the maximum cutting forces are inversely
proportional to the rake angle and proportional for positive rake angles. This is for the
rake angles lying in between −8◦ and +8◦. From +8◦ to 20◦, the maximum cutting forces
do not vary much as the rake angle increases. However, the thrust forces increase slightly.
However, the average forces at the steady state positions decrease as the rake angle increases.
Patel et al. [9] agreed with the same results.
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Figure 11. Force distribution during cutting process for different rake angles (α = 7◦ and rε = 20 µm):
(a) −8–0◦, (b) 0–8◦, (c) 8–17.5◦, and (d) 17.5–20◦.

The simulation results of the tool temperature are shown in Figure 12. It is clearly
observed that the maximum tool temperature occurs at the rake face of the tool. As noted,
the negative rake angle produces more heat which decreases while the values of the rake
angle are augmented. Since the tool–chip contact area becomes much larger compared
to the other cases where the angles are positive, more friction, meaning more resistant
force, was needed to move the chip onto the tool rake face. These results agree with Daoud
et al. [33] who proved that changing the rake angle from negative to positive values slightly
decreases the amount of temperature at the tool–chip interface. Figure 13 illustrates the
variation on the largest tool tip, rake face temperatures, and the cutting forces behavior as
the rake angle differs.

Figure 13 shows that the forces and temperature are inversely proportional to the
rake angle. This is shown by the negative slope obtained. Nonetheless, for the rake angle
formed between 17.5◦ and 20◦, the cutting forces and temperatures vary very slightly. Once
again, the direct relationship between the forces and temperatures is noteworthy.
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Figure 12. The distribution of cutting temperature in the machined surface for the rake angles (α = 7◦

and rε = 20 µm): (a) −8◦, (b) 0◦, (c) +8◦, and (d) 20◦.
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Figure 13. Relationship between the rake angle, force, and temperature.

The instantaneous workpiece temperature results from −8◦ to 20◦ values of the rake
angle are shown in Figure 14. The results were obtained by tracking a fixed point P1 on the
workpiece from the start to the end of the cutting process.

In Figure 14, it is observed that the temperature rises suddenly and then drops until it
reaches a steady state condition. At that condition, all the states variables can be measured
with more accuracy. From negative rake angles, the workpiece temperature seems to
decrease as the rake angle increases. As for the positive rake angle, from 8◦ above the
proportionality between the workpiece temperature and the rake angle is observed. The
highest temperature of the workpiece is reached at 20◦ and the lowest is observed at −8◦.
There is not much variation in the workpiece temperature as the rake angle increased
slightly (2.5◦).
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Figure 14. Effect of rake angle on Workpiece surface temperature (α = 7◦ and rε = 20 µm): (a) −8–0◦,
(b) 0–8◦, (c) 8–17.5◦, and (d) 17.5–20◦.

Figure 15 is the variation of strain and stress with the largest instantaneous workpiece
temperatures with respect to the rake angle. In Figure 14 it is observed that the workpiece
temperature increases slightly from −8◦ to 0◦. Then, from 0◦ to +8◦, the maximum temper-
ature decreases slightly and changes quickly from 8◦ to 17.5◦. However, the effective strain
and stresses decrease as the rake angles increase.
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Figure 15. Maximum workpiece temperature–strain–stress simulations with respect to the rake angle.
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3.2.2. Effect of the Edge Radius on Residual Stresses

The measurements of residual stresses were taken far from the shear zone at about
0.84 mm away from the starting point, as shown in Figure 16a. According to Figure 16a–d,
the residual stresses increase from −8◦ to 0◦ and decrease with an increasing rake angle
from 0◦ to 17.5◦. The effects of the rake angles observed can be explained by the decrease
in temperature and forces due to the reduction in the contact area between the tool–chip
interfaces (See Figure 13). It is known that a high negative rake angle leads to high tool–chip
contact pressure, generating a high frictional heat and cutting temperature [34,35] resulting
in high residual stresses. This is confirmed by [36] and [37], where residual stresses are
augmented by reducing the rake angle from a positive to a negative direction.
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Figure 16. Simulation results of residual stresses along the workpiece’s depth (α = 7◦ and rε = 20 µm):
(a) −8◦, (b) 0◦, (c) 17.5◦, and (d) 20◦.

The simulations result of the residual stresses on the rake angles are plotted in Figure 16.
From there, tensile residual stresses are produced at the machined surface of the workpiece.
It is observed that as the rake angle increases from −8 to 0◦ the tensile residual stresses
increase, but they decrease as the rake angle increases in the positive direction from 0◦ to
17.5◦. Between 17.5◦ and 20◦, the residual stresses do not vary much.

The lowest value of tensile residual stresses at the surface is found to be 60.64 MPa for
a 17.5◦ rake angle value. The highest tensile stresses take place at 0◦ with a value of about
103.76 MPa. Beneath the machined surface, zero absolute residual stresses are obtained when
the depth makes up between 0.2 and 0.4 mm. Below that range, compressive residual stresses
are obtained. According to Figure 17, it can be drawn that a rake angle of 17.5◦ produces
higher compressive stresses. However, the difference in the values of compressive residual
stresses do not change much as the rake angles vary. These appearances of residual stresses
are aligned with the results obtained by [29]. They examined the residual stresses produced
during the machining of Inconel. They found that high tensile stresses were produced.
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Figure 17. Residual stresses profile for various rake angles (α = 7◦ and rε = 20 µm): (a) −8◦, (b) 0◦,
(c) 17.5◦, and (d) 20◦.

3.3. Effect of Clearance Angle
3.3.1. Effect of the Clearance Angle on the Cutting Forces and Workpiece Temperature

Different clearance angles including 2◦, 7◦, 11◦, and 17.5◦ are used in this study. The
dynamics force distribution along the cutting time is shown in Figure 18. From this figure,
it is observed that as the clearance angle increases from 2◦ to 17.5◦, the cutting forces
decrease ever so slightly. Between 11◦ and 17.5◦ the results of the forces are constant. To
an extent, it can be said that clearance angles do not much affect the cutting forces. This
statement agrees with the experimental results obtained by An et al. [38]. They reported
that a larger clearance angle caused lower cutting forces induced by orthogonal cutting.
An et al. [38] concluded that with a smaller clearance angle, the machined surface was
prone to contact with the tool clearance face, resulting in friction and extrusion, which can
increase the cutting forces. In Figure 19, the variation of the maximum cutting forces and
tool temperatures at various clearance angles is presented. It is clearly observed that the
clearance angle has a negligible impact on the temperature and main cutting forces but
affects the thrust forces slightly.

The instantaneous workpiece temperature results at various clearance angles are
shown in Figure 20. From that figure, it is observable as to how the workpiece temperature
suddenly increases when the tool strikes and permeates the material. The large friction
occurring between the tool–workpiece interface promotes the increase in the forces and
cutting temperature. After a few times, the machined surface cools down and reaches a
value close to the room temperature and stays constant up to the cutting time.
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Figure 18. Force distribution during cutting process for different clearance angles (α = 7◦ and γ =
17.5◦): (a) 2–7◦ and (b) 11–17.5◦.
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Figure 19. Maximum cutting temperatures and forces at various clearance angles.
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Figure 20. Effect of clearance angle on cutting temperature (rε = 20 µm and γ = 17.5◦): (a) 2–7◦

and (b) 11–17.5◦.



Processes 2023, 11, 996 20 of 26

Figure 21 shows the variation of strain, stress, and the largest instantaneous workpiece
temperatures with respect to the clearance angles. It is observed that the workpiece
temperature, effective strain, and stresses are inversely proportional to the clearance angles,
although only for some ranges. However, a direct proportionality between temperature-
effective strain-effective stress and the clearance angle is observed from 7◦ to 11◦. However,
the variation of the responses for each angle are less than 20%. From this investigation, the
effect of the clearance angle in orthogonal cutting can be neglected. Nevertheless, more
investigations are necessary. The proposal to vary both the rake and clearance angle at the
same time would aid in better understanding the interactions among the tool geometry
and machine parameters.
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Figure 21. Maximum workpiece temperature strain–stress simulation with respect to the clearance
angle.

3.3.2. Effect of the Clearance Angle on Residual Stresses

The effects of the clearance angles on the residual stresses are observed in Figure 22.
From the results, it is observed that as the clearance angle grows from 2◦ to 7◦ the surficial
residual stresses decrease whereas from 7◦ to 17.5◦, they increase. In Figure 23, the graphs
of the residual stresses distribution from the machined workpiece are illustrated.

In Figure 23, tensile residual stresses are observed at the machined surface. From a
depth below 0.3 mm, compressive residual stresses are obtained. Moreover, the residual
stress behavior does not seem to vary much for all the tested clearance angles (2◦ to 17.5◦).
The minimum obtained value of compressive residual stresses is about −15 MPa. Future
investigations will be conducted to understand possible interactions between the tool edge
radius, clearance, rake angle, and machining parameters on residual stresses.
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Figure 22. Simulation results of residual stresses measurement in the workpiece depth (rε = 20 µm
and γ = 17.5◦): (a) 2◦, (b) 7◦, (c) 11◦, and (d) 17.5◦.
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Figure 23. Effect of the clearance angle on the axial X-residual stresses (rε = 20 µm). (a) 2–7◦;
(b) 7–17.5◦.

3.4. Discusssion

In the previous sections the effects of the tool edge radius, rake angle, and clearance
angle on the temperatures (tool and workpiece), forces, and residual stresses were discussed.
Figures 24 and 25 summarize the influence of these tool geometry parameters on the
maximum surface residual stresses and on the minimum residual stresses. It appears
that the edge radius is the most influential factor (Figures 24c and 25c) followed by the
rake angle. This can be explained by the fact that the temperature and the forces on the
workpiece and the forces increase with nose radius (Figure 6) while, the temperature and
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the forces decrease when using a tool with a positive rake angle (Figure 13). A compromise
must be made when selecting the tool edge radius and the rake angle.
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Figure 25. Effects of the tool geometry on minimum residual stress: (a) clearance angle, (b) rake angle,
and (c) nose radius.

The effect of the clearance angle on residual stresses is not clear (Figures 24 and 25a).
The maximum cutting temperature and the cutting forces remain almost constant when
varying the clearance angle (Figure 19). The obtained residual stresses are a compressive
type from a depth of 0.3 mm below the surface (Figures 10, 17 and 23). Therefore, a finishing
operation at a cutting depth greater than 0.5 mm using a tool with a small edge radius (e.g.,
0.005 mm) can eliminate the initial tension stresses on the surface of the part and generate
compression stresses that are favorable for the fatigue life of the part.

3.5. Results Validation

Figure 26 shows the comparison of the simulated cutting forces and experimental test
results obtained by Daoud et al. [33]. These experiments were conducted on AA6061-T6,
using orthogonal turning with a cutting speed of 950 m/mins and a feed of 0.16 mm/rev.
XR diffraction was used in the experimental tests that were used to validate our simulated
results (see previous publications by the authors: Javidikia et al. [5] and Jomaa et al. [39]).
Even though the simulated cutting forces (Figure 26) were obtained for a 17.5◦ rake angle,
while the tests were conducted on a rake angle of −8◦ to +8◦, the simulation results are
comparable to those obtained by Daoud [33]. Moreover, the cutting temperature data
(simulations and experiments), as a function of rake angles, correlate well (Figure 27).
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Figure 26. Comparison of simulated cutting forces and experimental cutting forces [33].
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Figure 27. Comparison of simulated temperature and experimental temperature [5,39].

In Table 5, the experimental results of the cutting force, thrust force, temperatures, and
residual stresses obtained by Javidikia et al. [3] are compared with the simulations. It is
found that the values of the cutting temperature and residual stresses are comparable. The
errors compared to the results obtained are below 20%. The discrepancies in the results
could be justified by the high friction coefficient used in the simulations. In addition to
that, the material constitutive model used in DEFORM™ might not exactly match the
actual behavior of the material during the machining. Moreover, the friction model used
may require more investigation. Developing studies that could incorporate the interactive
effects of tool geometry parameters and machining conditions would be relevant for future
work.

Table 5. Comparison of simulated results and experimental data obtained by Javidikia et al. [3].
V = 950 mm/min, f = 0.16 mm/min, rake angle 17.5◦, and clearance angle 7◦.

Authors Cutting Forces
(N)

Thrust Force
(N)

Temperature
(◦)

Residual Stress
(MPa)

Javidikia et al. [3] 384 77 473 55
Current simulation 367 65 483 60.6

Errors 4% 16% −2% −10%
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This research work has demonstrated that the tool geometry can be selected to promote
compressive residual stresses on the workpiece and therefore improves the fatigue life of
the component. The residual stress state could be improved using surface treatment such
as burnishing, grinding, shot peening, or by laser peening [40], although they are costly
additional processes. Boozarpoor et al. [15] shown that positive residual stress on a turned
AA 6061-T6 could be reversed into high compressive stress in the surface part and beneath
the surface (up to 0.6 mm depth), and that resulted in extending the fatigue life of the part
by a factor of three. Similar work was optimized by El Axir et al. [16] during the burnishing
process on AA6061-T6. They obtained an improved fatigue life about twice better than the
original turning process. The best residual stresses occurred at an 800 MPa distance 250 µm
below the surface. Rodriguez et al. [17] demonstrated that roll burnishing can improve the
surface finish and introduce compressive residual stress in the machined workpiece. Their
results obtained on steel were comparable to ball burnishing results.

4. Conclusions

Numerical investigations were conducted to study the impact of tool geometry (edge
radius, rake, and clearance angles) parameters on thermomechanical loads and residual
stresses induced by the orthogonal cutting of AA6061-T6. The results showed that:

• The state of residual stresses and the thermo-mechanical loads on the machined parts
and cutting tools depend on the tool geometry used and more specially on tool edge
radius and rake angle. A larger edge radius, for example, can lead to lower cutting
forces and temperatures, but may also result in higher residual stresses. The cutting
temperature, workpiece temperature, and cutting forces were found proportional
to the edge radius. Higher compressive residual stresses were obtained for a 5 µm
tool edge radius, but these results depend on the rake angle used. Hence, there is a
need to optimize these tool geometries to obtain compressive residual stresses on the
workpiece surface and beneath;

• As the rake angle increased from negative to positive, the cutting temperature, cutting
forces, effective strain, and stresses decreased considerably. The steady workpiece
temperature and residual stresses were proportional to the rake angles for positive
angles and were inversely proportional to positive rake angles. The rake angles of
0◦ and 17.5◦ were found to produce more compressive stresses inside the workpiece
material;

• It has been shown that the rake angle and the tool edge radius are the two parameters
that most affect the state of the residual stresses on the workpiece. Generally, these
stresses are compression type from a depth of 0.3 mm below the surface. Therefore, a
finishing operation at a cutting depth greater than 0.5 mm using a tool with a small
edge radius (e.g., 0.005 mm) can eliminate the initial tension stresses on the surface of
the part and generate compression stresses that are favorable for the fatigue life of the
part;

• Finally, it was found that varying the tool clearance angle from 2 to 17.5 degrees has
no significant effect on the temperature, forces, effective strain, effective stresses, and
residual stresses during orthogonal turning of AA6061-T6. The impact of clearance
angle variation on thermal mechanical load and stresses for this application can be
neglected;

• The future work will focus on the optimization of tool geometry and machining
parameters to achieve desired residual stresses.
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