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Abstract: To improve the accuracy of numerical simulation of friction stir welding (FSW) process, the
tool tilt angle must be considered as a significant parameter. In this study, specific considerations for
mechanical boundary conditions in Eulerian domain is employed to investigate the tool tilt angle
influence on the thermomechanical behavior in FSW. Aluminum 6061-T6 with a thickness of 6 mm
under a rotational speed of 800 RPM, a transverse speed of 120 mm/min, and a plunging depth of
0.1 mm were employed for the simulations. Results showed an almost symmetric temperature profile
predicted by the model without considering the tool tilt angle, while after incorporating the tool tilt
angle, the peak temperature point is moved to the tool backside (around 400 ◦C), resulting in better
material bonding, enhancing the weld joint quality. Without accounting for the tool tilt angle, the
highest temperature of 389 ◦C is observed, while with the tilt angle the maximum temperature of
413 ◦C is achieved. The temperature variations at different points of the leading (around 360 ◦C) and
the trailing sides (around 400 ◦C) of the welding tool were measured. It was observed that, after
considering the tilt angle, as the tool moves, a smooth and quick increase for the temperature at the
tool trailing side is achieved. This smooth and quick increasing of the temperature at the trailing side
results in reducing the possibility of the formation of defects, cracks, and voids. Finally, comparisons
showed that the model computational time is acceptable, and using Eulerian formulation leads to
achieving a remarkable accuracy.

Keywords: tilt angle; Friction Stir Welding (FSW); shear layer; heat generation; material flow;
finite element model; eulerian; thermomechanical; temperature

1. Introduction

As a solid-state joining method, friction stir welding (FSW) is used for joining different
materials such as aluminium, magnesium, and steel together [1,2]. Investigating the thermal
and mechanical behaviour of FSW is a very complicated task, because so many parameters
such as tool geometry, process parameters, plunging depth, tool tilt angle, tool offset, etc.
affect the intermediate variables of the FSW process [3].

All of the above-mentioned parameters highly affect the welding frictional behavior
and thereby the welding quality. However, between the abovementioned parameters, the
influence of the tool tilt angle (Figure 1) on the welding quality is not completely studied
by the literature [4]. To illustrate, the presence of the tilt angle causes an additional forging
force at the trailing side of the FSW [5]. This force results in better bonding of the material
at the backside of the tool, thereby achieving a high quality and defect-free weld. Therefore,
applying the tilt angle in practical FSW is mandatory [6]. On the other hand, the changes of
the tool position after applying the tilt angle have an important influence on the geometry
of the contact area and the material flow velocity [7,8]. Therefore, inappropriate tilt angle
causes the formation of defects [9–11]. Hence, investigating the effect of the tilt angle on
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the geometry of the contact area and the material flow velocity should be considered as
significant issues [12].
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Figure 1. An exaggeratedly cross-sectional view of the workpiece and the tool at the longitudinal
direction while the tilt angle is applied.

During the past decades, researchers [13–15] used experimental methods to investigate
the influence of the tilt angle on the mechanical properties and welding characteristics. The
results showed that increasing the tilt angle increases the torque and welding forces. A
study [16] examined the effect of the tilt angle on the size and the location of the defects. The
results showed that the optimum values of the tilt angle in the case of AA2219 is 1–2 degrees.

In recent years, finite element methods (FEMs) are assisting the researchers in investi-
gating the tilt angle more in detail, because the experimental investigations are costly and
time consuming [17]. Zhang et al. [18] studied the influence of the tilt angle on the heat
and mass transfer of FSW in a computational solid mechanic (CSM) model. For finding
the impact of the tilt angle on the geometry of the contact area, an expectation based on
the experimental tests are conducted. Coulomb friction model is used for the interaction
section. The results showed that tilt angle increases the welding temperature and the
frictional force. It is claimed that these parameters affect the material flow velocity at the
backside of the tool. Dialami et al. [19] studied the effect of the tilt angle on the temperature
and material flow during FSW of AA2024-T4 using a computational fluid dynamic (CFD)
model. The authors used constant values of the shear stress for modifying the Norton
friction law. The results showed that, the material flow and the heat generation is enhanced
after applying the tilt angle. It was claimed that the tilt angle has an important influence on
the material flow velocity. Long et al. [20] applied different values of the tilt angle including
0, 1, and 2 degrees for welding of AA6061-T6 during different process parameters. A
simple form for the geometry of the contact area was considered for the models. The results
indicated that the prediction of the temperature in the model with the tilt angle of 2 degrees
is higher than others. Furthermore, the material flow velocity was enhanced after applying
the tilt angle. A paper [21] investigated the influence of the tilt angle of 1.5◦ and 3◦ on
the material flow behavior. AA6082-T6 at different ranges of the rotational and transverse
speeds, including 500 and 1000 RPM and 70, 100, and 150 mm/min was set for both the
experiments and the numerical simulation. It was found that the flow of the metal and
the temperature were scrutinized after applying different values of the tilt angle. Different
values of the tilt angle including 2◦–4◦ have been applied to the tool for FSW of Al2024-T3
by Meyghani et al. [22]. Analogous thermal profiles recorded by experiments approved
as the base for the simulation model derivation, and it was claimed that ANSYS® model
can provide accurate results. Therefore, the problem of the mesh distortion was solved
due to the employment of a CFD based model. Zhai et al. [5] used a CFD-based model to
investigate the effect of the tilt angle on the heat transfer and material flow. The results
show that the forging force increases after applying the tilt angle. The temperature region
becomes larger at the trailing advancing side. Furthermore, the material flow around the
tool also becomes more intensified. It was also claimed that the tilt angle has an influence
on the geometry of the contact area.
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The review of the literature showed that the tilt angle has a significant influence
on the intermediate variable of FSW process such as stress, temperature, the material
plastic deformation, material flow velocity, etc. During the modeling of the process, the
tilt angle makes the interaction behavior of the contact area, the material flow velocity,
the distortion of the mesh, and the computational costs challenging. To overcome the
challenges of the interaction behavior, a simplified Norton friction model based on the
experimental observations was used for CFD models. However, because of human error,
improper calibrations, measurement estimation, measurement device limitations, etc., there
is always inaccuracy in experimental measurements. In addition, mesh distortion and
computational costs were solved by using a Eulerian domain. In the Eulerian domain, the
material flows through the faces of the element and the mesh is fixed in the space. Thus, the
use of this flow boundary condition in the Eulerian method results in reducing the mesh
distortion and also the simulation time significantly. Some CSM models showed a better
performance in handling the mesh distortion and computational costs problems. However,
due to the limitations in implementing the friction model in a Eulerian domain, they used a
simplified frictional and the material flow velocity behaviors. This issue leads in achieving
inconsistent results for the simulated model.

To solve the abovementioned problems, for the first time in this paper, a modified
version of the Norton friction model in a Eulerian-based CSM model is implemented to
simulate the FSW process. In the modified Norton model, a mathematically and theoret-
ically based formulation is presented to investigate the influence of the tilt angle on the
geometry of the contact area. Moreover, the presented friction model is able to consider the
effect of the tool tilt angle on the material flow velocity. Finally, to investigate the influence
of the tilt angle on the intermediate variable of the FSW, a comparison between the tilt
angle of 0◦ and 1.5◦ in simulation and experimental study is performed.

2. Heat Generation Model Descriptions

Calculation of the temperature field during FSW can be performed by the following
Equation (1) [18],

∂

∂x

(
k

∂T
∂x

)
+

∂

∂y

(
k

∂T
∂y

)
+

∂

∂z

(
k

∂T
∂z

)
+

.
qpl = ρcp

∂T
∂t

(1)

where T is the temperature, t is the time,
.

qpl is the generated heat from the plastic deforma-
tion, ρ is the material density, and cp is the specific heat.

As a source term, the heat from plastic deformation is directly available in Equation (1).
The heat from friction can be applied as a boundary condition.

2.1. Heat from Friction

As mentioned, the heat from the friction can be applied as boundary condition for the model.
As can be seen in Figure 2, the heat from friction is applied at the top surface of the workpiece [23].
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The heat from friction can be investigated by Equation (2) [18],

.
q f =

(
∆vg

)
τ (2)

where
.

q f is the generated heat from the friction (w/m2),
(
∆vg

)
is the relative velocity (m/s),

and τ is the shear stress (N/m2).
Therefore, the shear stress and the relative velocity should be investigated to calculate

the heat from the friction.

2.1.1. Norton Friction Model

In this study, Norton friction law (Equation (3)) is employed to find the frictional
behavior in the contact area [19].

τ = −P × g
(
∆vg

)
×

∆vg∣∣∆vg
∣∣ (3)

where τ is the shear stress (N/m2), P is the pressure (N/m2), and g
(
∆vg

)
is the defined

function for the relative velocity between the tool velocity and the material velocity [24,25].
It should be noted that g

(
∆vg

)
is a dimensionless function as below [24,25].

The tilt angle mainly affects two significant parameters that are available in Equation (3):
firstly, the pressure, because of its influence on the geometry of the contact area, and secondly,
the material flow velocity.

2.1.2. The Influence of the Tilt Angle on the Contact Pressure

Equation (4) shows the general formulation for the pressure at the welding interface,

P =
F
A

(4)

where F is the welding force and A is the contact area.
Figure 3 indicates that the tilt angle affects the geometry of the contact area. As can

be seen, the calculation of the in-contact area after applying the tilt angle is a difficult task
because its geometry is non-regular. In this paper, for the first time a mathematically based
formulation is introduced for calculating the contact area after applying the tilt angle.
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As can be seen in Figure 5, two different parts for the contact area, for which one of 
them belongs to circle one and another one belongs to circle two, will be achieved. Each 
one these areas can be considered as an arc segment area. 

Centre of Circle 1 Centre of Circle 2 

Figure 3. Schematic view of the tilt angle in (a) X-Y and (b) X-Z surfaces, c is the penetration depth
of the trailing edge of the shoulder, α is the tool tilt angle, S1 is the part of the shoulder, which is in
contact with the workpiece, and S2 is the part of the shoulder which is outside of the contact area.

As illustrated in Figure 4, in order to calculate the contact area, an additional circle
(the diameter of both circles is the same as the shoulder) is added in the left side of the
contact area (red circle). Therefore, an additional S2 will be added to the left side of the
contact area.
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As can be seen in Figure 5, two different parts for the contact area, for which one of
them belongs to circle one and another one belongs to circle two, will be achieved. Each
one these areas can be considered as an arc segment area.
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In the Cartesian coordinates x = (S2/2), while in the polar coordinates x = r cos θ, therefore,

r cos θ =
S2

2
(5)

Thus,

r =
S2

2 cos θ
(6)

The equation of a circle in polar coordinate is equal to R, and in Cartesian coordinates,
it is equal to x2 + y2 = R2, therefore r value in Equations (5) and (6) is equal to R in polar
coordinates, therefore,

r = R =
S2

2 cos θ
(7)

and

θ = cos−1
(

S2

2R

)
(8)

From mathematics, the area under a curve can be calculated by using definite integra-
tion formulation. Hence, the area below the shoulder is equal to,

A =
1
2

∫ cos−1 (
S2
2R )

− cos−1 (
S2
2R )

(
R2 −

S2
2

(2 cos θ)2

)
dθ (9)

According to the even functions rules we have,

f (θ) = f (−θ) (10)

Thus,

A =
∫ cos−1 (

S2
2R )

0

(
R2 − S2

(2 cos θ)2

)
dθ (11)

A =
R2 − S2

2 tan θ

4

∣∣∣∣∣cos−1
(

S2
2R

)
0

= R2 cos−1
(

S2

2R

)
−

S2
2

4
tan(cos−1

(
S2

2R

)
) (12)

A = 2

[
R2 cos−1

(
S2

2R

)
−

S2
2

4
tan(cos−1

(
S2

2R

)]
(13)
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It should be noted that the additional number 2 is added because of the presence of
the left and the right sides of the in-contact area (blue and crimson circles in Figure 6). The
abovementioned formulation gives the calculated results of contact area.
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Therefore, the pressure at the contact area after applying the tilt angle can be calculated
from the below equation,

− P =
F

2
[

R2 cos−1
(

S2
2R

)
− S2

2
4 tan(cos−1

(
S2
2R

)] (14)

2.1.3. The Influence of the Tilt Angle on the Relative Velocity

The material flow velocity can be investigated from Equation (15),

VR × rShoulder = Material f low velocity
(m

s

)
(15)

where VR is the tool rotational speed (radian/s) and rShoulder (m) is the shoulder radius.
It should be mentioned that the literature [5,18,19] claimed that, after applying the tilt

angle, the contact area also rotates across the x-direction (Figure 6). This rotation does not
affect the geometry of the contact area; however, according to Equation (16) to Equation (18),
it significantly affects the material flow velocity.

Therefore, after applying the tilt angle, the components of the material flow velocity
can be explained as below,

Vx = VR · rShoulder · sin β · cos α (16)

Vy = VR · rShoulder · cos β (17)

Vz = −VR · rShoulder · sin β · sin α (18)

where Vx, Vy, and Vz are the components of the material flow velocity in x, y, and z
directions, and β is the rotational angle relative to the x-direction.
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2.2. Heat from Plastic Deformation

The generated heat from the plastic deformation during FSW is explained as below [18],

.
qpl = ησ :

.
εpl (19)

where qpl is the generated heat from the plastic deformation (heat flux per unit vol-
ume (w/m3)), σ is stress (N/m2), η is the inelastic heat fraction (input parameter) which is
dimensionless, and

.
εpl is the plastic strain (1/s).

To solve Equation (19), the stress and the plastic strains should be calculated.

2.2.1. Stress Calculation

In order to calculate the total amount of the stress (σ), the true strain (ε) (input
parameter) should be multiplied by the stiffness matrix (D) as follows,

σ = D : ε (20)

The tensor form of Equation (20) is written as,

σij = Dij×l × ε l (21)

and the matrix form of Equation (20) can be written as,

σ11
σ22
σ33
σ12
σ13
σ23

 =



D1111 D1122 D1133 D1112 D1113 D1123
D2211 D2222 D2233 D2212 D2213 D2223
D3322 D3322 D3333 D3312 D3313 D3323
D1211 D1222 D1233 D1212 D1213 D1223
D1311 D1322 D1333 D1312 D1313 D1323
D2311 D2322 D2333 D2312 D2313 D2323

×



ε11
ε22
ε33
ε12
ε13
ε23


After calculating the total amount of the stress, the hydrostatic pressure (P

(
N/m2))

can be calculated as follows,

P = −σHyd = −σ11 + σ21 + σ33

3
(22)

Based on the von Mises yield criterion, the deviatoric stress is one the most important
reasons for failure. This is caused due to the relationship between the hydrostatic stress and the
volume change, whereby the deviatoric stress also has a relationship with the shape change.

The amount of the deviatoric stress can be found as below,

S = σ + PI (23)

where S is the stress deviatoric tensor
(
N/m2), σ is the stress tensor (calculated from

Equation (20)), P is the hydrostatic pressure (can be investigated for Equation (22)), and I is
the identity tensor. Hence, it can be proved that the deviatoric stress and the stress have a
relationship with the shape change.

2.2.2. Plastic Strain Calculation

To figure out the plastic strain, the deviatoric stress, which is explained in the previous
section, should be implemented in the von Mises yield criterion as follows,

σv =

√
3
2

S : S (24)

where σv is the equivalent tensile stress.
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If σv becomes smaller that the material yield criterion, the total strain can be found as follows,

∆ε = ∆εel (25)

where ∆ε is the total value for the stress and ∆εel is the amount of the elastic strain.
If the yield criterion becomes larger than the material yield criterion, the material

elastic phase will be changed to the plastic phase. As a result, the total plastic strain can be
calculated from the following equation,

∆ε = ∆εel + ∆εpl (26)

where ∆εpl is the plastic strain.
Finally,

.
qpl can be investigated.

Consequently, by finding the heat from the friction (Equation (2)) and the plastic
deformation (Equation (19)), the total amount of the heat (Equation (1)) can be found.

3. Finite Element Model Descriptions

A 3D FEM model is established to investigate the temperature and material flow. A higher
quality mesh is implemented to represent the results inside the heat-affected zone (HAZ)
as high temperature gradient is supposed to be achieved close to the welding nugget zone
(Figures 7 and 8). The diameter of the shoulder is 15 mm, and the pin diameter of 6 mm is
considered for the model. A 6 mm is made for the pin length. The workpiece has a dimension
of 200 mm (length) × 75 mm (width) and the thickness of 6 mm. The rotational velocity of
800 RPM and the transverse speed of 120 mm/min are selected for the welding. It should be
noted that in the literature, these values are described as the optimize process parameters [4,17].
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Figure 8. Schematic view of the assembled model.
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3.1. Plasticity Modelling

Johnson and Cook [26] material law is applied to the model in order to simulate the
elastic–plastic behavior.

σy =
[
A + B(εP)

n][1 + C
[ .

εP
.
ε0

]][
1 −

[
TFSW − Troom

Tmelt − Troom

]m]
(27)

where εP,
.
εP, and

.
ε0 represent the effective plastic strain, the effective plastic strain rate,

and normalizing strain rate, Troom is the room temperature, Tmelt is the material melting
temperature, A represents the yield stress, B represents the strain factor, n represents the strain
exponent, C represents the strain rate factor, and m represents the temperature exponent.

Moreover, all clamped portions of the plates constrained in all directions [27]. The
workpiece entire bottom nodes are constrained in the perpendicular direction to emulate the
support at the bottom of the plates. The loading comprises of three primary phases including
plunging, dwelling, transverse, and plunging out. Tables 1–3 indicate the material properties.

Table 1. The properties and the parameters of the Johnson–Cook material law.

Parameter Explanation

A Yield stress
B Strain factor
n Strain exponent
C Strain rate factor
m Temperature exponent
εP The effective plastic strain
.
εP The effective plastic strain rate
.
ε0 Normalizing strain rate

Troom Room temperature
Tmelt Material melting temperature

Table 2. AA 6061-T6 properties (temperature-dependent).

Temperature
(◦C)

Elasticity
Modulus (E)

Poisson’s Ratio
[ν]

Thermal
Expansion
Coefficient

Specific Heat
(J/Kg ◦C)

37.8 69.7 0.3 2.345 × 10−5 95
93.3 66.2 0.3 2.461 × 10−5 978

148.9 62.7 0.3 2.567 × 10−5 1004
204.4 59.2 0.3 2.669 × 10−5 1028
260 53.49 0.3 2.756 × 10−5 1052

315.6 47.78 0.3 2.853 × 10−5 1078
371.1 39.75 0.3 2.957 × 10−5 1104
426.7 31.72 0.3 3.071 × 10−5 1133

Table 3. AA6061-T6 thermal conductivity properties (temperature dependent).

Temperature (◦C) Thermal Conductivity (W/mK)

148.9 162
204.4 177
260 184

315.16 192
371.1 201
426.7 207
148.9 217
204.4 223
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3.2. Material Definition Descriptions

Tables 2 and 3 explain the thermal and mechanical properties of the AA-6061-T6. It should
be noted that the temperature-dependent material properties are gained from the literature [28].

4. Results and Discussion
4.1. Stress Distributions

Figure 9 shows the distribution of the stress before and after applying the tilt angle.
As can be seen in Figure 9a, the maximum stress is concentrated at the welding seam.
However, the tilt angle caused an almost asymmetrical behavior for the stress distribution.
As highlighted in Figure 9b, the tilt angle produced a rotation of the stress distribution
trending to the advancing side. Moreover, the stress values for the model with the tilt angle
at the step time of 0.4 and 0.8 s is around 257 and 356 MPa, respectively. After applying the
tilt angle, these values increase to 405 and 426 MPa. The abovementioned issues are caused
because the tilt angle increases the forces at the rear part of the advancing side, thus the
maximum stress moves from the center of the welding to the advancing side. Moreover,
this movement facilities the material softening and decrease of the material flow stress.
This result agrees well with the presented results of the literature [29].
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Figure 9. The distribution of the stress at different welding step times (a) without tilt angle (b) with tilt angle.

Figure 10 indicates the cross-sectional view of the stress distribution for the finite
element models. As can be seen, at the center of the welding both models show an almost
similar behavior. As the distance from the welding center line in the model in which the tilt
angle of 1.5◦ increases, a more compressive stress behavior is observed.
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Figure 11 shows the values of the stress distribution at the cross-sectional viewpoint.
As can be seen, there is an almost “M”-shaped pattern for the stress in both modes. Figure 11
shows that, after applying the tilt angle, the stress values of 158 MPa at the advancing
side (at the shoulder edges) and the maximum values of 150 Mpa at the retreating side
is obtained. Before applying the tilt angle at the advancing side, the maximum stress of
130 MPa is observed. This is related to the higher shear force between the shoulder and
workpiece especially at the string zone (SZ) [30]. Moreover, after applying the tilt angle, a
smooth behavior for the vales of the stress is observed, while before applying the tilt angle,
the stress values sharply increased from 40 MPa to 130 MPa. The same behavior for the
values and the behavior of the stress is also reported in the literature [31,32].
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4.2. Heat Flux

Figure 12 shows the distribution of the heat flux in both models. It is clear that the tilt
angle has a significant role in the shape and values of the heat flux. To explain more, after
applying the tilt angle the heat flux becomes wider, because the increase in the welding
forces especially at the back side of the tool.
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Moreover, there is a difference at the center of the welding. The welding zone has
a circle shape in the model with the tilt angle of 0◦. This shape is converted to an oval
one when the tilt angle of 1.5◦ is changed the tool position. This oval shape can confirm
achieving a defect free weld. The literature [33] also reported that the presence of the tilt
angle can decrease the possibility of the presence of a defect. Moreover, the maximum
value of the heat flux is rotated and shaped an almost asymmetrical shape in the model
with the tilt angle of 1.5◦. In contrast, a symmetrical form for the heat flux is shaped in
the model without the tilt angle (Figure 12a). Furthermore, at the ending of the welding
step (step time 1.3 s), the complete circle located at the welding zone is converted to an
incomplete circle. This issue may cause the presence of a defect at the welding seam.

4.3. Equivalent Plastic Strain (PEEQ)

The equivalent plastic strain for both models at different step times are plotted in
Figure 13. The equivalent plastic strain shows a scalar variable, which indicates the material
inelastic deformation. If the equivalent plastic strain becomes larger than zero, the material
would be yielded. Figure 13a shows that without the tilt angle, the plastic deformation has
been almost concentrated at the pin interface. However, Figure 13b shows wider values of
the plastic strain, which shows a better string of the material especially at the shoulder area.
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Figure 13. Three-dimensional view of the equivalent plastic strain (a) without the tilt angle, and (b)
with the tilt angle.

As can be seen, like the stress and heat flux contour plots, there is an asymmetrical
behavior for the equivalent plastic strain in the model with the tilt angle. Moreover,
the rotational of the welding contact is also seen in the equivalent plastic strain results.
The results of the plastic strain are in a good agreement with the reported values in the
literature [34,35].

Figure 14 shows the longitudinal view of the equivalent plastic strain during the welding.
As can be seen, a better bonding of the material at the pin bottom area is happening in the
model with the tilt angle (Figure 14b). In contrast, the deformation of the material at the pin
root in the model without the tilt angle has not been completely done. This issue indicates a
failure in the disposition of the material, which may lead to the formation of a void.
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This issue indicates a failure in the disposition of the material, which may lead to the for-
mation of a void. 
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tilt angle.

The cross sectional of the equivalent plastic strain for both models can be seen in
Figure 15. It is clear that there is a cylindrical burr shape for the plastic strain in both
models. It was seen that the cylindrical burr shape at the cross section is bit larger than the
pin diameter. The asymmetrical form is also seen at the cross-sectional view. The results for
the cross-sectional view is confirmed with the literature [36].
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4.4. Flow Velocity

The top view of the material flow velocity streamlines around the tool under two
different conditions of the tilt angle are shown in Figure 16. It is found from the results of
both models that the outside of the shoulder area, the transportation of the material mainly
takes place at the retreating side. This asymmetrical behavior is happening because of an
unbalanced behavior of the forces at different sides of the welding. Moreover, the expansion
of the flow region especially at the retreating side gets larger after applying the tilt angle.
In contrast, at the advancing side, a flow reversal or a stagnant zone can be seen. The
abovementioned observations are in line with the reported results of the literature [5,37].
Figure 16b shows that the density of the streamlines is increased significantly.
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The maximum value of the material flow velocity for the model with the tilt angle
of 1.5 is found to be around 27 (m/s) which is almost equal to 30 percent of the tool
velocity. The value is bit smaller (23 m/s) when the tilt angle is removed from the welding
(Figure 16a). It can be also observed that, as the distance from the welding center line
increases, the material velocity decreases.
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4.5. Temperature Behavior

It needs to be mentioned that at the initial step of the welding, the temperature is fixed at
room temperature (25 ◦C). Immediately, after touching the workpiece by the tool, due to the
friction between the interfaces, the heat will be generated at the tool–material contact interface.
After deforming the material during the plunging and dwelling stages, because of the plastic
deformation and simultaneous dissipation of the generated heat occurring at some parts of the
workpiece, the material deformation will be added as another source for the heat generation.
During the welding, the amount of the generated heat is more than the amount of the heat that
will be dissipated, and this issue causes a rise in the temperature at the welding center point.
It should be noted that, during the coupled temperature displacement modelling, the quantity
of the friction-generated heat is directly determined during the welding and measuring at
each step of the simulation. In addition, the simulation continues until the establishment of a
steady state propagating heat source and the extraction of the temperature profile from the
center and behind the welding center point.

Figure 17 explains the distribution of the temperature before and after applying the tilt
angle in both models. Figure 17a shows that, before applying the tilt angle, the temperature
at the tool interface is found to be around 873 ◦C. From Figure 17c, it can be seen that as the
generated heat is balanced with the heat dissipated, the temperature at the welding center
point reaches the highest point (389 ◦C). Calculating the temperature at the interface of the
tool and the distribution of the temperature at the adjacent places of the welding joint is
made while the welding tool with 1.5◦ tilt angle is set (Figure 17b,d). Figure 17b,d indicates
that the temperature at the welding tool is about 1118 ◦C, at the welding zone is around
413 ◦C, and 3 mm away from the welding is around 300 ◦C. As can be seen, the value of
the temperature in this model is slightly more than the model without the tilt angle. The
literature [19] reported that, due to the enhanced temperature and strain behaviors, after
applying the tilt angle the mixing of the material will be improved, therefore the welding
quality should be better, and the possibility of the defect will be decreased. To illustrate
more, as the pin penetrates into the sheets, a movement for the volumetric heat source
region occurs. Under these conditions, the material remains solid, thus no welding defects
will be formed. Furthermore, higher generated heat in the back side of the weld assists in
better material bonding and full embodiment of the material. Hence, it can be predicted
that the presented model with the tilt angle is a free defect model.

Figure 17c,d indicates that in the model with the tilt angle, higher rate in the temper-
ature change is found along the welding transverse line compared to the model without
the tilt angle. This phenomenon can be explained by the fact that higher frictional force
(produced by the tilt angle) occurred along the axis of the transverse movement. It can also
be obtained that, after considering the tilt angle, the colored contour plot is larger than
the model without the tilt angle. Furthermore, from the top section of the workpiece, the
localized heating zone has a “mitosis cell division” shape (Figure 17d).
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As seen in Figure 18a,c, before applying the tilt angle, the temperature at the retreating
side is slightly lower than the advancing side, thus unlike the front and back side of the
welding tool, an almost non-symmetrical temperature distribution is seen in the cross
section. It should be noted that, although the peak temperature point is on the advancing
side, its position is very close to the welding center line. In contrast, the cross section of the
model with the tilt angle shows an almost symmetrical behavior at different sides of the
tool (Figure 18b) and the front and the back sides of the tool (Figure 18b,d). The compassion
between the results of this study and the literature [34] in which a symmetric shape for the
shear layer and whereby the temperature behavior is considered are in line.
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At the cross section of both models, the region at the shoulder/workpiece interface
experiences higher temperature ranges, because the majority of the produced temperature
is detected in the shoulder region compared to the temperature at the pin region. This issue
is caused because of the larger geometry of the shoulder, thereby larger contact interface
area at the upper surfaces of the intersection between the workpiece and the tool shoulder.
Thus, an almost “V”-shaped pattern for the temperature is formed at the cross section.

Due to the higher generated heat at the maximum tool/workpiece connection point
(highlighted in Figure 19) in both models, the peak temperature is found at the tool back
side region. The location of the peak temperature at the back side of the pin is also reported
by the previous literature [34,38]. This issue shows the good agreement between the results
of this study and those found in the previous literature. To explain more in detail, in the
model with the tilt angle, the temperature at the back side of the tool is decreasing smoothly,
while in the model without the tilt angle there is a sharp reduction in the values of the
temperature (Figure 19b). The graph also confirms that the total generated heat in the
model with the tilt angle is higher than the model without the tilt angle.
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Another significant issue that needs to be considered is preheating performed by the
welding tool, because it has an influence on the formation of cracks and voids inside the
welding zone. In order to simplify the model in the literature [34,38] a uniform behavior for
this preheating is considered for different models with and without the tilt angle. Figure 19
shows that preheating caused by the welding tool is higher in the model with the tilt angle.
To illustrate the issue, due to the larger geometry of the contact area and larger values of
the frictional force, the preheating in the model with the tilt angle is higher. Therefore,
higher values of the preheating in the model with the tilt angle indicates that the accuracy
of the results of this study is higher than the presented models in the literature [34,38].
Moreover, Figure 19b indicates that there is a smooth preheating behavior in the model
with the tilt angle which leads to the uniform formation of the microstructure, while in
the model without the tilt angle, the temperature is increased sharply which results in the
formation of defects inside the welding zone. Thus, it can be predicted that the welding
quality in the model with the tilt angle is higher.

The temperature curve across the cross section of the welding in both models (with and
without tilt angle) along with the experimental results of the literature [39], and published
literature is shown in Figure 20. As shown, the maximum value of the temperature is
located inside the welding zone and the temperature decreases gradually through the heat
affected zone (HAZ) until the weldment edge that is located away from the center point.
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The comparison between the models (with and without the tilt angle) and experi-
ments [39] indicates that the maximum temperature increases with the increase of the tilt
angle, because the peak temperature is faced by larger tangential movement at the tool
rotating zone. To explain more, the maximum temperature inside the welding zone for the
model with the tilt angle is around 413 ◦C at the welding shoulder area and it is around
300 ◦C at the pin root. In the model without the tilt angle, the peak temperature of 380 ◦C at
the shoulder and the temperature of 250 ◦C at the pin root is obtained. The results illustrate
that the peak temperature in the advancing side of the model with the tilt angle is in line
with the experimental [39] observations and the literature [40].
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Figure 20 also shows that the temperature has an “M”-shaped form, which is also
labeled in the literature [41]. It should be noted that the literature [41] used the same process
parameters. As can be seen in Figure 20 an upward trend for the temperature on both sides of
the welding with a notable temperature variation on the advancing (around 350–400 ◦C) is
seen in both numerical and experimental [39] observations. To clarify the point, due to the
resistance of the transverse movement of the welding tool by the rotational movements of the
shoulder and the pin, the increment in the temperature is more in the advancing side than
the retreating side (temperature at the retreating side is around 300–350 ◦C) [42–46]. Thus,
there is an asymmetrical pattern for the values of the temperature (higher temperature at the
advancing side) with the maximum temperature of 413 ◦C. Another reason for this issue is
non-uniformity of the flow of the material near the welding tool resulting in asymmetrical
temperature distribution below the shoulder.

To sum up, the measured temperature values by the experiments [39] is observed to be
lower than the calculated values by finite element model. As can be seen, the comparison
between the presented model and the literature [6,34,38,40] shows a good agreement.
Therefore, the proposed finite element model in this study is able to accurately predict the
thermomechanical behavior of FSW process.

5. Conclusions

The influence of the tilted angle on thermomechanical behavior of similar friction stir
welding (FSW) for aluminum 6061-T6 is studied in this paper. Previous studies assumed
a thin symmetric shape for the tool shear layer, while after applying the tilt angle, the
thickness and the shape of this layer will be significantly changed. Moreover, the tilt
angle modification should be properly analyzed due to the reports on difficulties including
complex thermomechanical behavior and mesh distortion. Thus, the Eulerian method is
employed in this work because it can handle large changes in the material motion, and it is
able to investigate the thermomechanical behavior during FSW.

• For the model without the tilt angle, the temperature at the tool is found to be around
873 ◦C; however, it gradually decreases in the direction of the welding transverse
speed. Meanwhile, at the welding center point, the maximum temperature is around
389 ◦C, which is lower than the material melting temperature.

• It was reported that the nominal temperature of the area near the weldment specimen
edge reaches 36 ◦C.

• Furthermore, the highest temperature was recorded at the upper surfaces of the
intersection between the shoulder and the pin region, while the bottom surface of the
workpiece recorded lower temperature.

• The cross section view also illustrates an almost non-symmetrical temperature dis-
tribution where the temperature at the advancing and retreating side is different. In
the model with the tilt angle, the tool temperature was recoded to be around 1118 ◦C,
while the temperature at the welding plate is around 413 ◦C, which is higher compared
to the model without the tilt angle. It was shown that the maximum temperature is
recorded at the welding zone, and it declines via the heat affected zone (HAZ) until
the weldment edge moved away from the center.

• It was observed that the friction at the shoulder/sheets causes an asymmetrical distribu-
tion for the temperature in both X and Y direction. In the X direction, this issue is caused
by the differences in the frictional force at the advancing and retreating sides while, in
the Y direction, the issue is caused by the presence of the tilt angle. In the Y direction, the
tilt angle also causes higher deformation area and higher mixing of the material.

• Moreover, the distributions of the strain rate have shown different behaviors because
welding behavior is influenced by the impact of the tilt angle at different welding
edges. This matter leads to the increase in the maximum strain rate in the joint section.
Therefore, an improvement in the mixing of the material (at the back side of the tool)
is seen. This improvement subsequently enhances the welding quality and decrease
the likelihood for defects.
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• Finally, after comparing the obtained results with the outcomes reported by the pub-
lished studies, the validation and the verification of the results is proved.

Author Contributions: B.M. wrote the main manuscript and M.A. reviewed and revised it. All
authors have read and agreed to the published version of the manuscript.

Funding: Institute of Transport Infrastructure at Universiti Teknologi PETRONAS with the cost
center of 015NB0-001.

Data Availability Statement: Not Applicable.

Acknowledgments: The authors would like to acknowledge the Institute of Transport Infrastructure
at Universiti Teknologi PETRONAS with the cost center of 015NB0-001. Moreover, the authors would
like to thank Patricio Fernando Mendez, Amitava De, Wallace Kaufman and Reza Teimouri for their
endless support.

Conflicts of Interest: All co-authors have seen and agree with the contents of the manuscript and
there is no financial interest to report.

References
1. Mishra, R.S.; De, P.S.; Kumar, N. Friction stir processing. In Friction Stir Welding and Processing; Springer: Berlin/Heidelberg,

Germany, 2014; pp. 259–296.
2. Padhy, G.; Wu, C.; Gao, S. Friction stir based welding and processing technologies-processes, parameters, microstructures and

applications: A review. J. Mater. Sci. Technol. 2018, 34, 1–38. [CrossRef]
3. Mishra, R.S.; Ma, Z. Friction stir welding and processing. Mater. Sci. Eng. R Rep. 2005, 50, 1–78. [CrossRef]
4. Casalino, G. Recent Achievements in Rotary, Linear and Friction Stir Welding of Metals Alloys; Multidisciplinary Digital Publishing

Institute: Basel, Switzerland, 2020.
5. Zhai, M.; Wu, C.; Su, H. Influence of tool tilt angle on heat transfer and material flow in friction stir welding. J. Manuf. Process.

2020, 59, 98–112. [CrossRef]
6. Mehta, K.P.; Badheka, V.J. Effects of tilt angle on the properties of dissimilar friction stir welding copper to aluminum. Mater.

Manuf. Process. 2016, 31, 255–263. [CrossRef]
7. Awang, M. The Advances in Joining Technology; Springer: Berlin/Heidelberg, Germany, 2019.
8. Awang, M.; Emamian, S.S.; Yusof, F. Advances in Material Sciences and Engineering; Springer: Berlin/Heidelberg, Germany, 2020.
9. Arici, A.; Selale, S. Effects of tool tilt angle on tensile strength and fracture locations of friction stir welding of polyethylene. Sci.

Technol. Weld. Join. 2007, 12, 536–539. [CrossRef]
10. Meyghani, B.; Awang, M. A Novel Tool Path Strategy for Modelling Complicated Perpendicular Curved Movements. Key Eng.

Mater. 2019, 796, 164–174. [CrossRef]
11. Meyghani, B.; Awang, M. Developing a Finite Element Model for Thermal Analysis of Friction Stir Welding (FSW) Using

Hyperworks. In Advances in Material Sciences and Engineering; Springer: Singapore, 2020; pp. 619–628.
12. Meyghani, B.; Awang, M.; Emamian, S. A comparative study of finite element analysis for friction stir welding application. ARPN

J. Eng. Appl. Sci. 2016, 11, 12984–12989.
13. Vigneshkumar, M.; Padmanaban, G.; Balasubramanian, V. Influence of Tool Tilt Angle on the Formation of Friction Stir Processing

Zone in Cast Magnesium Alloy ZK60/SiCp Surface Composites. Metallogr. Microstruct. Anal. 2019, 8, 58–66. [CrossRef]
14. Narges, D.; Cervera, M.; Chiumenti, M. Numerical modelling of microstructure evolution in friction stir welding (FSW). Metals

2018, 8, 183.
15. Meyghani, B.; Awang, M.; Emamian, S. A Mathematical Formulation for Calculating Temperature Dependent Friction Coefficient

Values: Application in Friction Stir Welding (FSW). Defect Diffus. Forum 2017, 379, 73–82. [CrossRef]
16. Meshram, S.D.; Reddy, G.M. Influence of Tool Tilt Angle on Material Flow and Defect Generation in Friction Stir Welding of

AA2219. Def. Sci. J. 2018, 68, 512.
17. Meyghani, B.; Wu, C. Progress in Thermomechanical Analysis of Friction Stir Welding. Chin. J. Mech. Eng. 2020, 33, 1–33.

[CrossRef]
18. Zhang, S.; Shi, Q.; Liu, Q.; Xie, R.; Zhang, G.; Chen, G. Effects of tool tilt angle on the in-process heat transfer and mass transfer

during friction stir welding. Int. J. Heat Mass Transf. 2018, 125, 32–42. [CrossRef]
19. Dialami, N.; Cervera, M.; Chiumenti, M. Effect of the tool tilt angle on the heat generation and the material flow in friction stir

welding. Metals 2018, 9, 28. [CrossRef]
20. Long, L.; Chen, G.; Zhang, S.; Liu, T.; Shi, Q. Finite-element analysis of the tool tilt angle effect on the formation of friction stir

welds. J. Manuf. Process. 2017, 30, 562–569. [CrossRef]
21. Meyghani, B.; Awang, M.; Emamian, S. Introducing an Enhanced Friction Model for Developing Inertia Welding Simulation: A

Computational Solid Mechanics Approach. Int. J. Eng. 2021, 24, 737–743.

http://doi.org/10.1016/j.jmst.2017.11.029
http://doi.org/10.1016/j.mser.2005.07.001
http://doi.org/10.1016/j.jmapro.2020.09.038
http://doi.org/10.1080/10426914.2014.994754
http://doi.org/10.1179/174329307X173706
http://doi.org/10.4028/www.scientific.net/KEM.796.164
http://doi.org/10.1007/s13632-018-0507-5
http://doi.org/10.4028/www.scientific.net/DDF.379.73
http://doi.org/10.1186/s10033-020-0434-7
http://doi.org/10.1016/j.ijheatmasstransfer.2018.04.067
http://doi.org/10.3390/met9010028
http://doi.org/10.1016/j.jmapro.2017.10.023


Metals 2022, 12, 1837 23 of 23

22. Meyghani, B.; Awang, M.; Wu, C. Finite Element Modelling of Friction Stir Welding (FSW) on a Complex Curved Plate. J. Adv.
Join. Process. 2020, 1, 100007. [CrossRef]

23. Meyghani, B. A modified friction model and its application in finite-element analysis of friction stir welding process. J. Manuf.
Process. 2021, 72, 29–47. [CrossRef]

24. Dialami, N.; Cervera, M.; Chiumenti, M.; de Saracibar, C.A. A fast and accurate two-stage strategy to evaluate the effect of the pin
tool profile on metal flow, torque and forces in friction stir welding. Int. J. Mech. Sci. 2017, 122, 215–227. [CrossRef]

25. Dialami, N.; Chiumenti, M.; Cervera, M.; Segatori, A.; Osikowicz, W. Enhanced friction model for Friction Stir Welding (FSW)
analysis: Simulation and experimental validation. Int. J. Mech. Sci. 2017, 133, 555–567. [CrossRef]

26. Meyghani, B.; Awang, M.; Wu, C. Thermal analysis of friction stir processing (FSP) using arbitrary Lagrangian-Eulerian (ALE)
and smoothed particle hydrodynamics (SPH) meshing techniques. Mater. Werkst. 2020, 51, 550–557. [CrossRef]

27. Meyghani, B.; Awang, M.; Wu, C.S.; Emamian, S. Temperature Distribution Investigation During Friction Stir Welding (FSW) Using
Smoothed-Particle Hydrodynamics (SPH). In Advances in Manufacturing Engineering; Springer: Singapore, 2020; pp. 749–761.

28. Meyghani, B.; Awang, M. A Comparison Between the Flat and the Curved Friction Stir Welding (FSW) Thermomechanical
Behaviour. Arch. Comput. Methods Eng. 2019, 27, 1–14. [CrossRef]

29. Meyghani, B.; Awang, M.B.; Emamian, S.S.; Nor, M.K.B.M.; Pedapati, S.R. A Comparison of Different Finite Element Methods in
the Thermal Analysis of Friction Stir Welding (FSW). Metals 2017, 7, 450. [CrossRef]

30. Meyghani, B.; Awang, M.B.; Poshteh, R.G.M.; Momeni, M.; Kakooei, S.; Hamdi, Z. The Effect of Friction Coefficient in Thermal
Analysis of Friction Stir Welding (FSW). IOP Conf. Ser. Mater. Sci. Eng. 2019, 495, 012102. [CrossRef]

31. Meyghani, B.; Awang, M.B.; Teimouri, R. Prediction of the Temperature Behaviour During Friction Stir Welding (FSW) Using
Hyperworks®. Adv. Mater. Sci. Eng. 2021, 119–130.

32. Meyghani, B.; Awang, M. Thermomechanical Simulation of FSW Using User Defined Subroutine Modeling Technique. In Welding
Simulations Using ABAQUS; Springer: Berlin/Heidelberg, Germany, 2022; pp. 69–122.

33. Meyghani, B.; Awang, M. Thermomechanical Analysis. In Welding Simulations Using ABAQUS; Springer: Berlin/Heidelberg,
Germany, 2022; pp. 5–6.

34. Sun, Z.; Wu, C.; Kumar, S. Determination of heat generation by correlating the interfacial friction stress with temperature in
friction stir welding. J. Manuf. Process. 2018, 31, 801–811. [CrossRef]

35. MEYGHANI, B. Thermomechanical Analysis of Friction Stir Welding (FSW) on Curved Plates by Adapting Calculated Temperature
Dependent Properties; Universiti Teknologi PETRONAS: Perak, Malaysia, 2018.

36. Meyghani, B.; Awang, M. Introduction to Friction Stir Welding (FSW). In Welding Simulations Using ABAQUS; Springer:
Berlin/Heidelberg, Germany, 2022; pp. 1–3.

37. Meyghani, B.; Awang, M. Post Processor and Visualization of the Results. In Welding Simulations Using ABAQUS; Springer:
Berlin/Heidelberg, Germany, 2022; pp. 63–67.

38. Meyghani, B.; Awang, M. Arbitrary Lagrangian–Eulerian (ALE) Method. In Welding Simulations Using ABAQUS; Springer:
Berlin/Heidelberg, Germany, 2022; pp. 13–61.

39. Meyghani, B.; Awang, M. Finite Element Modeling of FSW. In Welding Simulations Using ABAQUS; Springer: Berlin/Heidelberg,
Germany, 2022; pp. 7–12.

40. Meyghani, B.; Awang, M. Welding Simulations Using ABAQUS: A Practical Guide for Engineers; Springer Nature: Berlin/Heidelberg,
Germany, 2022.

41. Meyghani, B.; Awang, M.B.; Momeni, M.; Rynkovskaya, M. Development of a Finite Element Model for Thermal Analysis of
Friction Stir Welding (FSW). IOP Conf. Ser. Mater. Sci. Eng. 2019, 495, 012101. [CrossRef]

42. Khodir, S.A.; Shibayanagi, T.; Naka, M. Microstructure and mechanical properties of friction stir welded AA2024-T3 aluminum
alloy. Mater. Trans. 2006, 47, 185–193. [CrossRef]

43. Meyghani, B.; Awang, M.B. Awang, Prediction of the temperature distribution during friction stir welding (FSW) with a complex
curved welding seam: Application in the automotive industry. MATEC Web Conf. 2018, 225, 01001. [CrossRef]

44. Meyghani, B.; Awang, M.; Emamian, S.; Nor, M.K.B.M. Thermal modelling of friction stir welding (FSW) using calculated young’s
modulus values. In The Advances in Joining Technology; Springer: Berlin/Heidelberg, Germany, 2019; pp. 1–13.

45. Meyghani, B.; Awang, M. Welding Simulations Using ABAQUS; Springer: Berlin/Heidelberg, Germany, 2022.
46. Emamian, S.; Awang, M.; Yusof, F.; Hussain, P.; Meyghani, B.; Zafar, A. The effect of pin profiles and process parameters

on temperature and tensile strength in friction stir welding of AL6061 alloy. In The Advances in Joining Technology; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 15–37.

http://doi.org/10.1016/j.jajp.2020.100007
http://doi.org/10.1016/j.jmapro.2021.10.008
http://doi.org/10.1016/j.ijmecsci.2016.12.016
http://doi.org/10.1016/j.ijmecsci.2017.09.022
http://doi.org/10.1002/mawe.201900222
http://doi.org/10.1007/s11831-019-09319-x
http://doi.org/10.3390/met7100450
http://doi.org/10.1088/1757-899X/495/1/012102
http://doi.org/10.1016/j.jmapro.2018.01.010
http://doi.org/10.1088/1757-899X/495/1/012101
http://doi.org/10.2320/matertrans.47.185
http://doi.org/10.1051/matecconf/201822501001

	Introduction 
	Heat Generation Model Descriptions 
	Heat from Friction 
	Norton Friction Model 
	The Influence of the Tilt Angle on the Contact Pressure 
	The Influence of the Tilt Angle on the Relative Velocity 

	Heat from Plastic Deformation 
	Stress Calculation 
	Plastic Strain Calculation 


	Finite Element Model Descriptions 
	Plasticity Modelling 
	Material Definition Descriptions 

	Results and Discussion 
	Stress Distributions 
	Heat Flux 
	Equivalent Plastic Strain (PEEQ) 
	Flow Velocity 
	Temperature Behavior 

	Conclusions 
	References

