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Abstract. The weld quality is determined by the produced temperature and material flow
along the cross-section of the workpiece. In this investigation, a computational fluid dynamics
(CFD) model is employed to numerically simulate the heat transfer and material flow of
Aluminum alloy AA6061. A conical pin tool with the conical shoulder (CPCS) at different
tool tilt angles is considered for a lap joint. Temperature and velocity contours lines are used
to study its gradient at different tool tilt angles. The result indicates that higher temperature is
generated on trailing advancing side (AS), a high temperature gradient on leading side, and
temperature decreases from top to bottom surface along the workpiece thickness. At
transverse plane, temperature contour lines lean more towards the advancing side as tilt angle
is increased. For CPCS tool, influence of tilt angle on velocity magnitude is negligible.
Material from leading AS and front of the tool is observed to be swept along the retreating
side (RS) and deposited at the rear of the tool. It is also observed that when tool tilt angle
increases, streamlines tend to become more dispersed. It can be deduced that for CPCS, if the
tilt angle of the tool is raised, the peak temperature will likewise increase, but the peak
material velocity will remain the same. The outcomes of the current investigation are
validated by comparison to previously published data. With the above findings and
conclusions in mind, CPCS welders can better understand the impact of tool tilt angle on weld
quality.

Keywords: Friction Stir Welding, Computational Fluid Dynamics, Fluent, Finite Volume
Method

Citation: Yadav A, Jain A, Verma R. Effect of tilt angle for conical pin tool with a conical
shoulder on heat transfer and material flow using numerical simulation in friction stir
welding.  Materials  Physics and  Mechanics.  2023;51(3):  126-145. DOI:
10.18149/MPM.5132023_14.

Introduction
The Welding Institute (TWI) created the Friction Stir Welding (FSW) method in 1991 as a
revolutionary solid-joining process [1]. It offers a number of advantages over conventional
fusion joining techniques, including no melting of the weld surfaces, welding of different
materials, and reduction of various associated flaws, such as solidification cracking,
deformation, porosity, and flash generation [2,3]. Aerospace, shipbuilding, automobile, and
railway industries have utilised it extensively for butt and lap welding of aluminium alloys,
magnesium alloys, copper alloys, etc., [4-7].

In FSW, a revolving tool (with a shoulder and a pin) is progressively introduced into the
workpiece until the shoulder of the tool makes contact with the workpiece surface, as depicted
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in Fig. 1. Due to frictional heating and plastic deformation, this posture is maintained until the
necessary temperature is attained. To achieve the required weld, the instrument is moved
along the weld line. AS refers to the side that has the same vectorial sense as the tangential
velocity and tool traverse speed of a rotating tool. RS is the side with the opposite vectorial
sense of the tangential velocity and tool traverse speed of a rotating tool [8]. The portion of
the workpiece in front of the tool is referred to as the leading side, while the portion behind
the tool is referred to as the trailing side (Fig. 1).

Angular Velocity, ®
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-

Fig. 1. Friction stir weld process

FSW is affected by the geometry of the tool, the weld speed, the rotating speed, the
plunge depth, the tilt angle of the tool, and the weld materials. Each of these variables affects
heat transmission and material flow, which in turn impacts the microstructure and quality of
the weld [9,10]. Heat, temperature, and material flow are all impacted by the angle at which
the tool is held [10]. As tool tilt angle is found to be one of the essential variables that impacts
weld quality, this work focuses on evaluating its effect for a lap joint. In order to comprehend
the effect of tool tilt angle, the present study employs the finite volume method (FVM) of
CFD as a cost-effective and time-saving technique [11].

Literature Review

Several researchers have investigated FSW. C.M. Chen and Kovacevic [12] applied a 3D
thermo-mechanical model to AA6061-T6 and determined that the largest temperature gradient
in both the longitudinal and lateral directions occurred just beyond the shoulder edge. Nandan
et al. [13-15] employed the visco-plastic 3D model to simulate FSW of stainless steel 304,
aluminium alloy AA6061, and mild steel 1018, respectively. As a result of the rotational and
linear motion of the instrument, their findings revealed a large asymmetry in the temperature
profiles surrounding it. Z. Zhang [16] created a 3D thermo-mechanical model to investigate
temperature and material flow on AA6061-T6. It was found that maximum temperature
increases with rotating speed. Material particles on RS do not enter AS and are instead carried
to the back of the rotating tool. Increasing the rotational speed and decreasing the welding
speed increases the stirring motion, hence enhancing the quality of the weld. In order to
prevent flaws, the rotation speed should rise in tandem with the welding speed. Using cellular
automata linked finite element model (FEM) for AA6061 T6 material, Saluja, Narayanan, and
Das [17] determined that the maximum temperature and strain rate occur near the weld center
and decrease over the width of the weld. Keivani et al. [18] investigated the FEM of FSW on
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Cu C11000. They discovered that when the pin angle increases, so does the temperature
around the weld line, although preheating has a negligible effect on the temperature
distribution. Darvazi and Iranmanesh [19] found that AS region had greater temperature than
the RS, and this temperature difference was greater at the top side than underneath. In
addition, plastic deformation generates higher heat at the tool-workpiece interface than in
places further away. Also, temperature distribution was mainly due to heat convection
coefficient. Pal and Phaniraj [20] used 3D CFD code for SS 304 work material using
polycrystalline cubic boron nitride pin. They found that heat transferred to the workpiece is
significantly higher (81 %) than retained with the tool. Also, temperature distribution along
the circumference of the tool is almost constant at axial position. Jain, Pal, and Singh [21]
used a 3D thermo-mechanical coupled model for butt welding of AA2024-T4. They noticed a
greater material flow velocity in the frustum cone than in the cylindrical pin. Also, it was
discovered that temperature increases with increasing rotating speed. Gao et al. [22] used
FEM with tracer particle technique to study the material flow of AA6061. They found that
upper surface material moves spirally downward due to shoulder movement and lower
material first move spirally upward due to pin and then download. The material was collected
on the advancing side after several rotations. They discovered that tracer particle velocity was
greater at the tool's edge, and that the pin's stirring effect diminished beyond the pin's width.
Also, more AS material entered into stir zone then the material on RS. Malik and Kailas [23]
found that material flow was mainly shoulder driven and pin driven. For sound weld, a
successful mix of both was required. Zhao et al. [24] used the 2D CFD model of butt FSW on
AAG6061. They observed that the temperature distribution was asymmetric, with a higher
maximum temperature on AS than on RS. In addition, they noticed that material in front of
the revolving tool moved in the direction of the tool's tangent. Zhang, Shi, et al. [25]
developed a CFD model to investigate the impacts of tool tilt on heat transmission and
material flow. They discovered that a tilted tool produced a higher temperature on the AS, a
greater frictional force at the tool-workpiece interface (which enhances material flow behind
the tool), and a vigorous stirring action. Chen et al. [26] investigated the effect of pin thread
on FSW material flow. They discovered that a pin thread increases flow velocity and strain
rate, traps material in a high-velocity zone, and creates the requisite vertical pressure gradient
for top-to-bottom material flow. Zhang et al. [27] studied a CFD model of AA2024-T4 butt
FSW. They discovered that sticking and sliding states coexist at the tool-workpiece contact,
which affects the heat generation and distribution. Greatest frictional heat flux appeared at the
shoulder's periphery, whereas maximum plastic deformation heat flux appeared at the tool's
interior. The heat was not distributed uniformly. Meyghani, Awang, and Wu [28] noticed that
material flow around the pin travels through the RS and stretches slightly in the direction of
the AS. It was discovered that the shoulder elevates the material at the back of the tool. Also
noted were an uneven temperature distribution near the weld's centerline and a high
temperature on the AS.

Literature review reveals that there is no study that has considered tool tilt angle for
CPCS to assess heat generation and material flow for a lap joint. The present work is an
attempt in this direction. In the present research work, the influence of tool tilt angle
0, 1, 2, and 2.29 °) in lap joint arrangement with CPCS tool for Aluminum alloy AA6061 is
evaluated. Solidworks® 2017 is used for the geometric modelling, while CFD software
ANSYS® 19.3 R3 (FLUENT®) is employed for FVM numerical simulation [29]. By analysing
temperature and velocity distribution, the effect of tool tilt angle on heat generation and
material flow is evaluated.
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Numerical Modeling

Due to the complexity of the experimental setup, a cost-effective and time-saving method of
numerical simulation is employed. This section presents numerical modeling of CPCS tool at
various tilt angle (0, 1, 2, and 2.29 °) along with its relevant assumptions, boundary
conditions, and material properties. The validation of the above model is also presented in this
section.

Model Description. Numerical modeling makes visualization of temperature field,
material flow, stresses, and strains cost-effective and effortless [11]. It provides valuable
insight into the process's operation. Using the commercial CFD software FLUENT®, the
temperature gradient and material flow behaviour are examined in this study. Figure 2 depicts
the model used for simulation. Aluminium alloy AA6061 (with prior history of Direct Chill
Cast (DCC) + Homogenisation (H)) plates with dimension of 200 x100 x5 mm each are
placed in lap configuration (i.e., 200 x100 x10 mm when combined) [11]. The FSW
procedure parameters are listed in Table 1. These parameters are chosen based on an
assessment of the relevant literature [10,11].

(All Dimensions are in "mm"")

Fig. 2 Schematic sketch of the model

Table 1. Process parameters

Parameter Value
Shoulder diameter 25 mm
Shoulder conical angle 2°
Pin length 5 mm
Conical pin root diameter 8 mm
Conical pin tip diameter 6 mm
Rotational speed 60 rad/s
Weld speed 0.001 m/s
Plunge depth 0.5 mm

Realizable k-epsilon viscous model is used for material flow in a steady state and
tetrahedron cells are considered to mesh the complex tool geometry to ensure good results
(Fig. 3). In order to have a precise solution, meshing is a necessary step. Fine mesh is
considered at the tool-workpiece interface as a major heat transfer, and material flow occurs
in this region. The number of cells used in tilt angle cases of 0, 1, 2, and 2.29 ° is represented
in Table 2, and Fig. 3 shows the mesh utilized for these cases. The tilt angle of 2.29 ° for
CPCS tool is the limiting case, as tool tilt above this angle results in plunging out of the tool
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from the workpiece surface. The following assumptions are used in line with the previous
studies [10,11] in the present work:

1. Constant heat generation rate is assumed, i.e., a quasi-steady process.

2.  Material that has been plasticized is categorized as a non-newtonian, incompressible,
viscoplastic material.

3. No slip condition exists between the tool and the workpiece.

4.  Free slip condition exists for upper, lower, and side surfaces of the workpiece.

5. Zero pressure value is assumed at the pressure outlet for the outlet boundary.

6.  The material is assumed to behave as a non-newtonian fluid with temperature and strain
rate dependent viscosity

7. Heat generation by the tool's shoulder side surface (SSS) is neglected in the simulation
as it is non-significant in amount.

Table 2. Numbers of cells used in various cases

Name Type Number of Cells
Case 1 CPCS tool at 0 ° tilt angle 729,867
Case 2 CPCS tool at 1 ° tilt angle 912,254
Case 3 CPCS tool at 2 ° tilt angle 1,008,167
Case 4 CPCS tool at 2.29 ° tilt angle 2,407,607

- -
(©) (d)
Fig. 3. Mesh used (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4
Boundary Conditions and Material Properties. To accurately forecast welding

performance, it is important to use realistic boundary conditions. The parts and boundary
conditions of the model are presented in Fig. 4 [30].
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Fig. 4. Parts and Boundary conditions of the model

The flow boundary condition at the inlet is given below:
U= Uperg, V=0,w =0, Q)
where welding velocity is denoted by u,,.;4, and the X, Y, and Z velocity intensities by u, v,
and w, respectively.

Tool periphery velocity (resultant of tool angular velocity and welding speed) is given
below:
U; = wrsing — U4, V; = wrcosd, w; =0, 2
where r ranges such that r, < r < r3. u;, v; and w; represent velocity vectors in the X, Y,
and Z directions, respectively. Index notation "i" represents a point on the tool surface at
which resultant tool angular velocity and welding speed are calculated. r; is tool shoulder
radius; 75 is pin bottom radius; 6 is the angle between the horizontal direction vector from
tool axis to any point on the cylindrical surface, and it is zero in the weld direction.

The viscosity (1), flow stress (o), Zener-Hollomon parameter (Z), and strain rate () are
calculated from Equations (3), (4), (5), and (6) [31-33]:

g

n= 3)
o= %ln (%)% + <1 + (%)%f , (4)
Z = zel#v), (5)
&= (g eijeij)g, (6)

where T (in K) is temperature. Both temperature and strain rate are read automatically via the
FLUENT® code. 4, B, and n are material constants; Q is temperature independent activation
energy; R is gas constant. In FLUENT® software, viscosity Equation (3) is implemented using
User Defined Functions (UDF).
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The material constants and properties for AA6061 Aluminum alloy (with prior history
of Direct Chill Cast (DCC) and Homogenisation (H)) are presented in Table 3 [34].

Table 3. Material (AA6061-T6) constants and properties

Parameter Value
Material constants:
A 2.41x108 (s1)
n 3.55
Q 1.45x10° (J-mol™?)
B 0.045 (MPa)
Material density, p 2700 (kg:m™)
Gas constant, R 8.314 (J.K1-mol™)

The heat generated in FSW process appears in different areas. The surface of the tool
that contacts the workpiece has been divided into three parts: shoulder surface (SS), pin side
surface (PSS), and pin bottom surface (PBS) as shown in Fig. 4. The heat generated by
various sources is given below:

Qtotar = 6Qsticking -(1- 5)Qslidinga (7)
where § is contact state variable. When § = 0 (slip), heat is generated only by friction.
When § = 1 (stick), all heat is generated by plastic material deformation [35].

The maximum shear stress for yielding is assumed to be:

Ty = 5_%, (8)
where g, is material yield stress (at melting point temperature) [36].

The SS is further divided into conical shoulder surface (CSS) and flat shoulder surface
(FSS). Shoulder-workpiece interface has partial sticking-sliding contact [11]. The value for
the contact state variable at CSS and FSS has been taken as 0.35. The heat flux (W/m?) at the
CSS, FSS, and SSS is given below:

_ [8cssth+(1-8¢ss)uP)2w|(rE-713)(1+tanx)]

Qcss = 3(r2—12) . )

Tool pin side and workpiece interface has partial sticking-sliding contact, with 0.5 as
value for the contact state variable at pin side surface (PSS). The heat flux (W/m?) at PSS is
given by Equation (10), where « is the pin cone angle [11]:

28psswtp(r3 =13 )cosa | 2(1=8pss)uPw(rs -r3)
Gpss == 3(2-12) 3(7-2) (10)

Tool pin bottom and workpiece interface has partial sticking-sliding contact with
0.35 as the value for contact state variable at PBS. The heat flux (W/m?) at PBS is given
below [11]:

Apps = Zer(SPBSTb‘F(l_(sPBS)HP)’ (11)

3

where u is friction coefficient (assumed to be 0.4)[11]; P is plunging pressure (Pa); w is tool
angular velocity (rad/s) and o’ is shoulder cone angle (<’ is zero for flat shoulder surface
(FSS)). A plunge pressure of 12 MPa is used [11].

Specific heat (Cp) and thermal conductivity (k) of AA6061 weld material are
represented by Equations (12) and (13), respectively [14].
C, =929 — 0.627T + 1.481 X 1073T% — 4.33 x 107873, (12)
k = 25.22 + 0.3978T + 7.358 X 107°T% — 2.518 x 1077T3. (13)

The heat exchange boundary condition between the workpiece's top surface and the
environment is convective heat transfer [14]. The heat exchange boundary condition for the
workpiece's top, bottom, and side surfaces are given by Equations (14), (15), and (16),
respectively [14].
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kS = he(T = T), (14)
a

k> = hy(T = T), (15)
a

ké = hy(T = Ty), (16)

where h; is heat dissipation coefficient at the top surface. h;, and hg are heat loss coefficients
at bottom surface and side surface, respectively (hp = hs) and T, is ambient temperature
(300 K).

In this study, h, is 30 W/m2K [11]. The heat loss coefficient for the workpiece's bottom
surface and side surface (h, = hs) is 500 W/m?K [11].

Model Validation. CFD model was validated against the work by [11]. The results for
temperaturess distribution and material flow velocity are in close agreement with the results
as reported by them. Figure 5 shows the result comparison of temperature distribution for the
current study with the validated one. Thus, the methodology and procedure used for
numerical simulation are found to be satisfactory.

Temperature distribution on longitudnal line (along the weld
line) at top surface
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Fig. 5. Temperature distribution comparison for the current study with the validating study

Results and Discussion
This section discusses the effect of tool tilt angle on temperature distribution and material
flow.

Effect of Tilt Angle on Temperature Distribution. Temperature distribution for
CPCS at 0 ° tilt angle is shown in Figs. 6(a-d). Temperature contour lines are the lines drawn
to show the equal temperature, which means that the temperature remains constant when the
contour line is followed. Contour lines show valleys and hills and the steepness or gentleness
of slopes. The gradient of the contour function (here, temperature) is always perpendicular to
the contour lines. If the temperature contour lines are close together, it represents a steep
temperature slope (i.e., the magnitude of the temperature gradient is large). If temperature
contours have wide spaces, the variation of temperature is relatively flat (i.e., the magnitude
of the temperature gradient is small). The contour interval of the contour map shows the
temperature difference between the successive contour lines.
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Fig. 6. Temperature distribution for conical pin tool with a conical shoulder at 0 ° tilt angle:
(a) tool-workpiece interface's top view in FLUENT® post processing;
(b) tool-workpiece interface's top view using Tecplot®;
(c) transverse view of the tool-workpiece interface in FLUENT® post-processing;
(d) transverse view of the tool-workpiece interface using Tecplot®
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Fig. 7. Temperature distribution for conical pin tool with a conical shoulder at 1 ° tilt angle:
(a) tool-workpiece interface's top view in FLUENT® post-processing;
(b) tool-workpiece interface's top view using Tecplot®;
(c) transverse view of the tool-workpiece interface in FLUENT® post processing;
(d) transverse view of the tool-workpiece interface using Tecplot®

Figure 5(a) indicates that peak temperature generated is 756 K. Further, high-
temperature contour lines for CSS are situated on trailing AS of the shoulder. This means that
temperature variation is less steep on trailing AS as the gradient of temperature is less in this
region, resulting in a gradual temperature slope here. On the trailing side of the tool, the
temperature contour lines are more widely separated than on the leading side, and it indicates
relatively flat temperature variation, i.e., a small temperature gradient. The temperature
generated on the transverse plane of the tool-workpiece interface is in the range of 457-754 K
(Fig. 5(c)). In the transverse plane, temperature contour lines are oriented towards the AS,
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meaning temperature variation is less steep on the AS as the gradient of temperature is less in
this region, resulting in a gradual temperature slope on this side.

Figure 7(a) depicts temperature distribution for CPCS at a 1° tilt angle. It indicates that
the maximum temperature produced is 759 K. The temperature produced on the transverse
plane of the tool-workpiece interface ranges between 456 and 757 K (Fig. 7(c)). Temperature
contour lines in the transverse plane are oriented towards AS. When a tool tilt angle of 1 ° is
used, there is an increase in peak temperature generated in the workpiece. In addition, the
transverse plane's peak temperature rises.

contour-2
Static Temperature [ K ]

457e+02 4876402 5.17e+02 547e+02 5 77e+02 6.07e+02 6.38e+02 6688402 6986402 7.280+02 7580402

(d)
Fig. 8. Temperature distribution for conical pin tool with a conical shoulder at 2 ° tilt angle:
(a) tool-workpiece interface's top view in FLUENT® post processing;
(b) tool-workpiece interface's top view using Tecplot®;
(c) transverse view of the tool-workpiece interface in FLUENT® post-processing;
(d) transverse view of the tool-workpiece interface using Tecplot®
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Temperature distribution for CPCS at a 2° tilt angle is shown in Figs. 8(a-d). The peak
temperature generated is 761 K (Fig. 8(a)). The temperature produced on the transverse plane
of the tool-workpiece interface ranges between 457 and 758 K (Fig. 8(c)). When compared to
the previous two cases, the workpiece generates a higher peak temperature. The peak
temperature on the transverse plane also increases by 4 K when compared with tool tilt angle
of 0°, and it increases by 1 K when compared with 1° tool tilt angle. This indicates that the
peak temperature increases as the tool tilt angle rises.

Temperature distribution for CPCS at a 2.29° tilt angle is shown in Figs. 9(a,b).
The peak temperature generated is the same as that of 2° tilt angle case (Fig. 9 (a)).
The temperature produced on the transverse plane of the tool-workpiece interface is also the
same as that of 2° tilt angle case (Fig. 9(b)). This is due to the fact that tilt angles of 2° and
2.29° are too close to show the temperature difference.

As a result, it is safe to conclude that as the tool tilt angle increases, so does the peak
temperature.

uuuuuuuuu
Static Temperature [K ]

457e+02 4.87e+02 5.17e+02 5.47e+02 5.77e+02 6.07e+02 6.38e+02 6.68e+02 6.98e+02 7.28e+02 7.58e+02

&

(b)
Fig. 9. Temperature distribution for conical pin tool with a conical shoulder at 2.29° tilt angle:
(a) tool-workpiece interface's top view in FLUENT® post-processing;
(b) transverse view of the tool-workpiece interface in FLUENT® post-processing

General observations made during the study are written below:

1. The high-temperature contour lines are situated on trailing AS of the shoulder, as shown
in Figs. 6-9. This means that temperature variation is less steep on the trailing AS as
temperature gradient is smaller in this region, resulting in a gradual temperature slope here.
This is validated by the fact that trailing AS experiences a high shearing rate and velocity, and
it results in higher plastic strain and hence more heat generation.

2. On the trailing side of the tool, the temperature contour lines are more widely separated
than on the leading side, as shown in Figs. 6(a), 7(a), 8(a), and 9(a), and it indicates relatively
flat temperature variation, i.e., a small temperature gradient.

3. Inthe transverse plane, temperature contour lines are oriented towards the AS, as shown
in Figs. 6(c,d), 7(c,d), 8(c,d), and 9(b). This means temperature variation is less steep on the
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AS as the gradient of temperature is less in this region, resulting in a gradual temperature
slope on this side.

4.  The temperature contour lines on the transverse plane are denser at the top and widely
spaced at the bottom of the workpiece along the thickness, as shown in Figs. 6(c,d), 7(c,d),
8(c,d), and 9(b). This means that the temperature gradient decreases from top to bottom along
the workpiece thickness. This is validated by the fact that the generation of heat is maximum
along the region close to the tool shoulder, and the convection coefficient is maximum
between the workpiece-backing plate interface.

5. The numerical model is also validated by the fact that the maximum temperature
generated in all the cases of the present study is lower than the solidus temperature of the
workpiece material (AA6061), as shown in Figs. 6(a), 7(a), 8(a) and 9(a), and it is a necessary
condition for a good friction stir weld [11].

6. The temperature generation along the thickness of both plates is higher than
recrystallization temperature but less than melting point temperature, as shown in Figs. 6(d),
7(d), 8(d), and 9(b), which is required for proper welding in FSW. Thus, the given model is
further verified.

Tilt Angle’'s Impact on Material Flow. Figures 10(a,c) represent velocity contour and
particle streamlines on the longitudinal plane along the weld line for CPCS at 0 ° tilt angle,
respectively. Peak magnitude of velocity produced is 0.749 m/s and its range at tool-
workpiece interface is 0.0311-0.749 m/s. Figures 10(a,b) indicate that the magnitude of
velocity increases with radius and is maximum at the outer periphery for all the surfaces of
the tool-workpiece interface. Further, particle streamlines are irregular, as shown in
Fig. 10(c).

Figure 11(a,b) shows velocity contour and particle streamlines on the longitudinal plane
along the weld line for CPCS at 1° tilt angle. The maximum velocity produced is 0.750 m/s,
with a range of 0.00414-0.750 m/s at the tool-workpiece interface, as shown in Fig. 11(a). On
comparing Fig. 11(b) with Fig. 10(c), it is found that particle streamlines are less regular than
in CPCS tool at 0° tilt angle.

Figure 12(a,b) depict velocity contour and particle streamlines on the longitudinal plane
along the weld line for a CPCS with a 2 ° tilt angle. The maximum velocity produced is
0.750 m/s, with a range of 0.0342 to 0.750 m/s at the tool-workpiece interface, as shown
in Fig. 12(a). Figure 12(b) indicates that particle streamlines are more irregular than in the

preceding case of 0 ° and 1 ° tilt angles.
Figure 13(a,b) depict velocity contour and particle streamlines on the longitudinal plane
along the weld line for a CPCS with a 2.29 ° tilt angle. The maximum velocity produced is

same as that of 2 ° tilt angle case, as shown in Fig. 13(a). Particle streamlines show same
behavior as that of 2 ° tilt angle case, as shown in Fig. 13(b). This is due to the fact that tilt
angles of 2 ° and 2.29 ° are too close.
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Fig. 10. Conical pin tool with a conical shoulder at 0° tilt angle:
(a) velocity contour at the tool-workpiece interface in FLUENT® post-processing (b) contour
of velocity at tool and workpiece interface using Tecplot®;
(c) particle streamlines on the longitudinal plane along the weld line in FLUENT® post-
processing
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Fig. 11. Conical pin tool with a conical shoulder at 2° tilt angle:
(a) velocity contour at the tool-workpiece interface in FLUENT® post-processing;
(b) particle streamlines on the longitudinal plane along the weld line in FLUENT® post-
processing
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Fig. 12. Conical pin tool with a conical shoulder at 2° tilt angle:
(a) velocity contour at the tool-workpiece interface in FLUENT® post-processing;
(b) particle streamlines on the longitudinal plane along the weld line in FLUENT® post-
processing
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Fig. 13. Conical pin tool with a conical shoulder at 2.29° tilt angle:

(a) velocity contour at the tool-workpiece interface in FLUENT® post-processing;
(b) particle streamlines on the longitudinal plane along the weld line in FLUENT® post-
processing

Leading Side

General observations made during the material flow study are written below:
1.  The flow of material takes place in the region close to the tool. Since, in the present
paper, the stick condition is assumed between tool-workpiece interface, material velocity is
approximately equal to the linear velocity of the tool. This is shown in Figs. 10(a,b), 11(a),
12(a) and 13(a).
2. The flow of material is found to be weakest in the region close to the pin bottom, as
shown in Figs. 10(a,b), 11(a), 12(a), and 13(a). It is also noticed that magnitude of velocity
increases with radius and is maximum at the outer periphery for all the surfaces of the tool-
workpiece interface.
3. Peak velocity magnitude remains the same when the tool tilt angle is increased from
0 to 2.29° tilt angle, as shown in Figs. 10(a,b), 11(a), 12(a), and 13(a).
4.  Regular streamlines are observed at 0 ° tool tilt angle, but irregular streamlines are
observed at 1 and 2 ° tool tilt angle. Further, streamlines are denser at the RS, and the material
flow gets expanded at the trailing side as tool tilt angle is provided on the trailing side. This is
shown in Figs. 10(c), 11(b), 12(b) and 13(b).
5. Figures 10(c), 11(b), 12(b), and 13(b) show that material on the leading AS and tool
front is swept along the RS to get deposited at the tool back.



Effect of tilt angle for conical pin tool with a conical shoulder on heat transfer and material flow 143
using numerical simulation in friction stir welding

6. Atatool tilt angle of O °, horizontal streamlines are detected, and at 1, 2, and 2.29 ° tool
tilt angles, scattered streamlines with leading side tilt in the vertical direction are observed.
This is shown in Figs. 10(c), 11(b), 12(b) and 13(b).

Conclusions
This investigation considers a CPCS tool at four distinct tilt angles (0°, 1 °, 2 °, and 2.29 °) to
examine how the tilt angle of the tool impacts heat transfer and material flow. The following
conclusions can be drawn from the study:
o The high-temperature contour lines lean more towards the AS as the tool tilt angle is
increased from 0 ° to 2.29 ©, as indicated in Cases 2, 3, and 4.
o At the transverse plane, temperature contour lines lean more towards the AS as the tilt
angle is increased from 0 ° to 2.29 °.
o Results indicate that higher temperature is generated on the trailing AS, high-
temperature gradient on the leading side of the tool, maximum heat generation occurs near the
tool shoulder, and temperature decreases from top to bottom surface along the workpiece
thickness.
o As the tilt angle is increased from 0 ° to 2.29 °, the peak temperature increases from
756 K to 761 K in the CPCS tool.
o For the CPCS tool, the effect of tilt angle on the amplitude of the peak velocity is
negligible. At 0° tool tilt angle, horizontal streamlines are detected, and at 1 °, 2 °, and 2.29 °
tool tilt angles, scattered streamlines with leading side tilt in the vertical direction are
observed.
o The material from the leading AS and the front of the tool is swept along the RS and
deposited at the back of the tool.

Thus, it can be deduced that for CPCS, if the tilt angle of the tool is raised, the peak
temperature will likewise increase, but the peak material velocity will remain the same.
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