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Abstract

Friction stir welding using the tools with polygonal pins is often found to improve the mechanical strength of weld joint in comparison to the
tools with circular pins. However, the impacts of pin profile on the peak temperature, tool torque and traverse force, and the resultant mechanical
stresses experienced by the tool have been rarely reported in a systematic manner. An estimation of the rate of heat generation for the tools with
polygonal pins is challenging due to their non-axisymmetric cross-section about the tool axis. A novel methodology is presented to analytically
estimate the rate of heat generation for the tools with polygonal pins. A three-dimensional heat transfer analysis of friction stir welding is carried
out using finite element method. The computed temperature field from the heat transfer model is used to estimate the torque, traverse force and
the mechanical stresses experienced by regular triangular, square, pentagon and hexagon pins following the principles of solid mechanics. The
computed results show that the peak temperature experienced by the tool pin increases with the number of pin sides. However, the resultant

maximum shear stress experienced by the pin reduces from the triangular to hexagonal pins.
Copyright © 2015, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

The influences of tool shoulder and pin geometry on the
microstructure and the tensile properties of the weld joints in
friction stir welding (FSW) have been studied extensively
[1—=5]. The tools with non-circular pin profiles were recently
used for FSW with an aim to enhance the flow of the plasti-
cized material and the resulting joint quality [6,7]. The pins
with the regular polygonal shapes, such as triangular [8§—12],
square [13—20], and hexagon [21], and the complex profiles,
such as triangular with a convex periphery, circular with three
flats, three flutes and four flutes, which are referred to as
trivex, triflat, triflute and quadflute, respectively, are
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considered [6,7,10]. The pin profiles with the regular polygon
shape are preferred in comparison to the complex non-circular
shapes because of the ease of manufacturing of the former
ones. The relative performance and the longevity of the tools
with circular and non-circular pins during FSW were also
reported recently [22]. Although many of these studies have
indicated the improved performance of the tools with the
polygonal pins in comparison to the circular pins, the in-
fluences of the polygonal pin cross-section on the peak tem-
perature, and tool torque and forces have been rarely studied
using a quantitative numerical model.

Colegrove et al. reported that the Trivex pin profile could
prevent material entrapment and reduce shearing force on the
advancing side of the pin, resulting in lesser pin traverse force
compared to the Triflute pin profile [6]. In subsequent studies,
Colegrove, et al. found the Triflat pin to produce the best
welds followed by the Triflute and Trivex profiles although the
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Triflat pin increased the total torque [7] and [8]. Fujii et al.
reported greater joint strength in FSW of AA5083 using the
tool pins with triangular cross-section at a rotational speed of
1500 rpm and at varying weld pitch compared to a circular pin
profile[12]. The tool pins with square cross-section provided
the best mechanical properties of weld joint for a range of
welding conditions in FSW of SiC reinforced AA1050 [13],
AA6061 [14] and [15], Al-10 wt.% TiB, MMC [16], AA2219
[19] and [20], and in dissimilar materials of AAS5083 and
AA6351 [18] compared to the other pin profiles. Amongst the
pins with several polygonal cross-sections, a typical hexagonal
pin profile provided superior tensile properties of weld joint in
FSW of AA2014 although the joint properties obtained with
the square, pentagon and hexagonal pins did not show any
significant variation [21]. Most of these studies on FSW with
polygonal pin profiles concentrated on the testing and char-
acterization of the final weld joints.

The present work depicts the development of a three-
dimensional heat transfer analysis of FSW process following
a novel methodology to analytically estimate the rate of heat
generation for tools with polygonal pins shapes. The area of
contact between the flat faces of polygonal pins and the
plasticized material is estimated based on the principles of
orthogonal machining [22]. A three-dimensional steady state
heat transfer model of FSW process is developed using finite
element method to compute the temperature fields in the
workpiece and the tool pin. The computed temperature dis-
tribution of the workpiece material surrounding the tool is
used to analytically estimate the torque and traverse force
experienced by the tool. The computed values of thermal
cycle, torque and traverse force are validated with the corre-
sponding experimentally measured results for FSW of
AA2014-T6. The estimated values of the pin traverse force are
used to compute the stresses on polygonal pin profiles based
on the principles of solid mechanics.

2. Experimental study

300 mm (length) x 100 mm (width) X 5 mm (thickness)
aluminum alloy (AA2014-T6) plates are welded by friction
stir welding in square butt joint configuration using EN40
tools with constant shoulder diameter of 12 mm and pin length
of 4.7 mm. The rotational and linear speeds, the axial pressure
and the tool tilt angle are kept constant for all the welds, which
are 1000 rpm, 7.73 mm/s, 90 MPa and 2°, respectively. Four
different tool pins with triangular, square, pentagon and
hexagon profiles are used. Since the pins are tapered along the
length, the side lengths of each pin profile at the root and at the
tip are different (Table 1). The circumcircle diameters of all
the polygonal pins are 6 mm and 3.6 mm at the root and at the
tip, respectively. Table 2 depicts the compositions of the
workpiece and the tool materials [23] and [24]. Table 3 pro-
vides the thermophysical properties of the workpiece material
[25]. The density, specific heat and thermal conductivity of the
tool material are considered as 7850 kg/m>, 485.34 J/(kg-K)
and 34.73 W/(m-K), respectively [25]. The transient thermal
cycles are measured using K-type thermocouples during the

Table 1
Tool pin geometry.

Regular polygon pin profile Pin side length/mm

Root Tip
Triangular 5.19 3.11
Square 4.24 2.54
Pentagon 3.52 2.11
Hexagon 3.0 1.8

actual FSW experiments with a transverse distance of 4 mm
from the original weld joint interface and at a depth of 2 mm
from the top surface. The torque and the traverse force are also
measured during the actual FSW process.

3. Theoretical formulation

A steady state three-dimensional heat conduction analysis
of the FSW process is carried out with the governing differ-
ential equation

o/ or o ([ or o[ or : or
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where p, k, C and U, refer to the density, thermal conductivity,
specific heat, and the constant welding speed, respectively;
and T'is the temperature variable. The term Q accounts for the
rate of internal heat generation per unit volume. The rate of the
frictional heat generation per unit area (gs) at the
tool—workpiece interface is applied as a surface flux and
estimated as [26,27]

gs =1 X [Nu(1 = 0)7y + duePy ] (wr — U, sin 0) (2)

where 7, is the fraction of heat transferred to workpiece; 7,
depicts the fraction of mechanical work due to sticking friction
converted to heat; Py is the axial pressure; 7, is the
temperature-dependent shear yield stress of deformed mate-
rial; r is the radial distance from tool axis; @ is the orientation
of the point from the welding direction; w is the angular speed;
and, 6 and u; refer to the local variations in fractional sliding
and the coefficient of friction, respectively. A symmetric
analysis is undertaken considering the plane of symmetry
along the original weld joint interface. The rate of heat gen-
eration along the pin — workpiece interface is applied as a
volumetric heat input by multiplying gs by A;/V; where A; and
V; refer respectively to the surface area and volume of the i-th
discrete element adjacent to the tool pin surface [26,27]. A
temperature-dependent convective heat transfer coefficient as
hy x (T — To)** is applied along the bottom surface, where

Table 2
Composition of workpiece [23] and tool material [24].
AA2014-T6 Element Al Cu Si Mn Mg
(Workpiece) wt./% 90.4—95.0 3.9-5.0 0.5—-1.2 0.4-1.2 0.2-0.8
EN40 (Tool)  Element C Mn Si Cr Mo
wt./% 0.3—-0.5 0.4-0.8 0.1-0.35 2.5-3.5 0.7—-1.2
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Table 3
Thermophysical properties of the workpiece material [25].

Solidus temperature/K; Density/(kg-m™>)
Specific heat/(J-kg ™' K™")
Thermal conductivity/(W-m™ 'K~ ])

780.15; 2800.0
426.576 + 2.492T — 4.25 x 107372 4 2.7245 x 107°T3 for T < 813 K 1108.0 for T > 813.15 K
50.738 + 0.6904T — 1.1 x 10737% + 5.4295 x 107'T? for T < 473.15 K

188.65 for T > 473.15 K

Yield strength/MPa

((414.759 — 33.6086) /(1 + exp((T — 433.248)/23.3938))) + 33.6086 for 297 K < T < 911 K

hy equals to 0.0007 W/(m>-K'?) and T, is the ambient
temperature [28]. The mechanical heating due to the viscous
dissipation of the deformed material around the pin is
neglected as the velocity gradient in the shear layer could not
be estimated in the conduction heat transfer model.

In contrast to the pins with circular cross-section, the pins
with polygonal profiles in FSW exhibit the flat faces and the
associated edges. As a result, the estimation of the length of
contact between the tool pin side and plasticized material,
which is needed to estimate the rate of heat generation along
the pin sides, becomes difficult. This is accomplished by
considering the faces and the edges of the polygonal tool pins
in FSW, which are analogous to the rake face and the cutting
edge of a typical cutting tool in machining.

The chips in machining experience plastic deformation and
shear fracture along a plane that is inclined at an angle «,
which is known as shear angle and estimated as [22,29,30]

a=(m/4)+6 7 G)

where v is the mean friction angle along tool—chip interface,
tany =0.5; and @ is the rake angle that depicts the inclination
of the tool rake surface with the normal to the tangential ve-
locity vector at the cutting edge. The chip-tool contact length
in machining is estimated, presuming that the boundary of
plasticized chip region meets the rake face at 45° [22,29,30]

S=tx[l+tan(a—p)] =1 x [l +tan(t/4 —v)| =41/3 (4)

where ¢ is the deformed chip thickness. Eq. (4) can therefore
be used to estimate the length of contact between each pin side
of the polygonal tool and plasticized material in FSW. In case
of FSW, the thickness ¢ of the deformed chip matches the layer
thickness of the plasticized material around the pin and can be
estimated as [22]

t=c—i+p (5)

where ¢ and i are the circumradius and inradius of the regular
polygon pin profile, respectively; and p is the weld pitch, i.e.
the linear distance travelled by the pin in each revolution. The
net contact length between the pin surface-plasticized material
can therefore be estimated as [22]

4
S><N:§(c—i+p)><N (6)

Fig. 1(a)—(d) schematically show the pin side length (H) at
the root, the stick length (S') per pin side and the rake angle (3)
for tool pins with triangular, square, pentagon and hexagonal
cross-sections. A comparison of Fig. 1(a)—(d) depicts a
decrease in stick length (S') and an increase in the rake angle

(8) with the increase in the number of pin sides. It is clear
from Fig. 1(a)—(d) that the rake angles for the regular trian-
gular, square, pentagon and hexagon pin profiles are —30°,
—45°, —54° and —60°, respectively.

The torque (M) and traverse force (F) on the tool are
estimated analytically from the numerically computed tem-
perature field by considering the corresponding mechanical
properties of the deforming material adjacent to the tool
[26,27]

L
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In Egs. (7) and (8), the first term accounts for the contri-
bution by tool shoulder interface, and the second and the third
terms are contributed from the side and the bottom surfaces of
the pin, respectively. Eqs. (7) and (8) are evaluated using
Newton-Cotes closed integration technique with seven
segments.

During FSW, the tool pin experiences a combined bending
and torsion due to the simultaneous translational and rotational
motions through the plasticized workpiece material. As a
result, the pin will experience normal stress o and shear stress
7g due to bending and shear stress 71 due to torsion. The
normal stress gg due to bending at any point on a pin profile is
estimated as [26,27]

zq(z) dz )

where M, represents the maximum bending moment; x is the
normal distance of the point of interest from the neutral axis;
I,y is the second moment of area; L represents the pin length;
71 is the distance of the point of interest from the shoulder, g(z)
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Fig. 1. Schematic diagram of the regular polygon pin depicting the shoulder (outer circle), pin side length (H), stick length (S), tangential velocity vector of
plasticized material (cw) and the rake angle () for regular (a) triangular, (b) square, (c) pentagon and (d) hexagon pins. Blue dotted and red dashed lines indicate

incircle and circumcirle, respectively.

is the force per unit length acting on a differential element of
length dz at a distance (z;+z) from the shoulder. The shear
stress 7p due to bending is estimated as [26,27]

L
_vo_ ¢

TR=—0= q(z) dz (10)
’ Iyg  Iyg

1

where Vis the maximum shear force; Q is the first moment of
area of the section about the neutral axis (N.A.); and g is the
length of a segment through the point of interest and parallel to
the neutral axis. The term Q is estimated as the product of the
area of the section away from the N.A. and the normal dis-
tance from the centroid of the area to the N.A. The shear stress
71 due to torsion occurs at the mid-points of the pin sides and
is estimated for the triangular [31], square [32] and [33],
pentagon [34] and hexagon [35] pin profiles following
Eqgs.11—14, respectively

20 x My
TT:T (11)
rr= T (12)

~0.208 x H?

1.9721 x My
TT = —H3 (13)
My
v 14
= 0.9765 x H? (14)

where My refers to the sticking torque experienced by the tool
pin; and H is the pin side length at the root. The resultant
maximum shear stress, Tnax, On a pin profile can finally be
estimated following the Tresca's yield criteria as [26,27]

2
Tmax = \/((%B) + (7 + 71 cOs /\)2 + (7r sin /\)2 [15]

where A is the angle between 71 and 7, measured in anti-
clockwise direction from 75 to 7. The stresses at any point
on a regular polygon pin profile would depend on the location
of the point, the pin cross-section and its orientation during
one complete rotation. Hence, 7,,x is estimated at all the lo-
cations where one of o, 7 and 71 would reach the maximum
during one complete rotation and the maximum value of 7.«
is considered for each polygonal pin.

The numerical model is developed using the commercial
finite element software, ABAQUS (version 6.8EF-1). The
solution domain is discretized using three-dimensional eight
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node brick elements (DCC3D8 in ABAQUS) with the tem-
perature as the nodal degrees of freedom. A finer mesh is
used near to and around the tool and is coarsened progres-
sively away from the tool. Four user-defined subroutines —
DFLUX, FILM, USDFLD and UMASFL — in ABAQUS are
used to assign respectively the non-uniform heat flux along
the tool—workpiece interface, the convective heat transfer
coefficient at the bottom surface, the tool pin properties and
the mass velocity to the workpiece with respect to the heat
source.

4. Results and discussion

Fig. 2(a) depicts the computed temperature distribution
during FSW of AA2014-T6 using a regular triangular pin. The
region heated above 600 K, which is nearly 0.8 times the
solidus temperature of the workpiece material, is represented
in red color and presumed to be the softened zone to primarily
experience the traction by the rotational motion of the tool pin.
The size of the high temperature region is wider underneath
the shoulder and tends to reduce along the length of the pin in
the thickness direction. This can be attributed to higher rate of
frictional heat generation along the shoulder-workpiece
interface in comparison to the same around the surfaces of
the tool pin. The rate of frictional heat generation on the
vertical surface of the pin is slightly higher than that on the
bottom surface due to larger surface area of the former.
Similarly, Fig. 2(b)—(d) depict the computed temperature
distributions for the regular square, pentagon and hexagon
pins, respectively. A comparison of Fig. 2(a)—(d) depicts an
increase in the high temperature region, which is above 600 K,
in the vicinity of the pin vertical surface with the increase in
the number of pin sides that is attributed to the increase in the
rate of frictional heat generation along the pin vertical and
bottom surfaces.

BN

665 600 550 500 450
(a) Temp (K)

Fig. 3(a)—(d) depict a comparison between the numerically
computed and experimentally measured thermal cycles during
FSW of AA2014-T6 using a regular triangular, square,
pentagon and hexagon pins, respectively. The increase in the
peak temperature from the triangular pin profile towards the
hexagon pin profile is attributed to the enhanced rate of fric-
tional heating around the pin vertical and bottom surfaces with
the increase in the number of pin sides. Overall, a fair
agreement between the computed and corresponding measured
thermal cycles can be noted in Fig. 3. The slight deviation
between the computed and corresponding measured thermal
cycles may be attributed to the neglect of heating due to
mechanical deformation and the presumed thermophysical
properties of AA2014-T6 (Table 3). Fig. 4 depicts the variation
in the computed peak temperature for four different regular
polygonal pins. It is noted that the peak temperature increases
with the increase in the number of pin sides from the triangular
pin to the hexagon pin. Higher number of pin sides increases
the overall pin-workpiece contact area, resulting in greater rate
of frictional heat generation, in particular, on the pin vertical
surfaces, which leads to a higher peak temperature.

Fig. 5(a) and (b) depict a comparison between the analyt-
ically estimated and corresponding experimentally measured
torques and traverse forces, respectively, for four different
regular polygonal pins. The total torque remains nearly un-
changed while the traverse force decreases with the increase in
the number of sides from the triangular pin to hexagon pin. For
a given shoulder diameter and pin circumradius (c), the in-
crease in the number of pin sides reduces the shoulder-
workpiece contact area while increases the pin-workpiece
contact area, resulting in a nearly steady tool torque. How-
ever, the increase in the number of pin side enhances the rate
of frictional heat generation and the resulting softening of a
greater amount of deformed material around the pin surfaces,
leading to the decrease in traverse force. A fair agreement

675 600 550 500 450

(® Temp (<)

679 600 550 500 450
(c) Temp ()

(d) 682 600 550 500 450
Temp (K)

Fig. 2. Computed temperature fields during FSW of AA2014-T6 with (a) triangular, (b) square, (c) pentagon and (d) hexagon tool pins at a rotational speed of
1000 rpm and the welding speed of 7.73 mm/s. Dgs and Dp refer to the shoulder and pin diameters, respectively.
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Fig. 3. The comparison of the computed and corresponding measured thermal cycles at 4 mm away from the original weld joint interface and 2 mm from the
workpiece top surface in FSW of AA2014-T6 with (a) triangular, (b) square, (c) pentagon and (d) hexagon pins.

between the computed and corresponding measured torques
and traverse forces for various regular polygonal pins can be
noted in Fig. 5.

Fig. 6(a) depicts the estimated variations in the components
of mechanical stresses (op, Tp, 71 and T,.x) experienced by
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C O Measured
B o
A N Computed
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=] R
S o o °
5 R
2 600 — 8
g L
8 -
= R
&) 550 — 1: Triangular 2: Square
= 3: Pentagon 4: Hexagon
500 B | | | 1

1 2 3 4
Regular polygon pin profile

Fig. 4. Comparison of the computed and corresponding measured peak tem-
peratures at 4 mm away from the original weld joint interface and 2 mm from
the workpiece top surface during FSW of AA2014-T6 with four different
polygonal pins.

FSW tool with triangular pin at different orientations (¢) during
one complete rotation. The values of o, T, T and 7, at 30°
are estimated for the regular triangular pin, as indicated in the
plot of T, for clarity. The analytically evaluated values of g,
T, Trand 7,.x indicate the apparent trend of the component of
stresses during one complete rotation of the tool. Fig. 6(a) shows
that 71 is constant for all values of & while o is the highest and
lowest at £ = 60° and 240°, respectively, and 75 assumes mul-
tiple occurrences of low and high values during one complete
rotation of the tool pin. The resultant maximum shear stress,
Tmax» 1S the highest at £ = 120° and 180° where 73 is at its
maximum and the component of 71 along 7y is in the same di-
rection as that of 7. In contrast, 7,,,,, is the minimum at £ = zero
and 300° where T is also the maximum while the component of
7t along 7p is in the opposite direction as that of 7. The esti-
mated maximum value of 7, is 581.76 MPa for the regular
triangular pin. Fig. 6(b) depicts the estimated results of the
largest magnitude in 7,,,, for four different regular polygonal
pins for the welding conditions considered here. The largest
magnitude of 7,,,, reduces from the triangular pin profile to the
hexagon pin profile, which is attributed to the enhanced struc-
tural stiffness and the decrease in traverse force with an increase
in the number of pin sides.

The numerically computed values of the peak temperature
and the analytically estimated values of the maximum shear
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Fig. 5. Comparison of the analytically estimated and corresponding measured (a) torques and (b) traverse forces during FSW of AA2014-T6 with different
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Fig. 6. (a) Estimated variations in components of mechanical stresses (g, T, 71) and resultant maximum shear stress (7,,,x) on pin side at different orientations (§)
during one complete rotation of a triangular pin for FSW of AA2014-T6, and (b) estimated values of maximum 7, for four different regular polygon pins during

FSW of AA2014-Té6.

stress, Tmax, can be used further to provide an assessment of
the longevity of the FSW tools with polygonal pin shapes. A
tool durability index is therefore presumed here as the ratio of
the shear yield strength of the tool pin material at the
computed peak temperature and 7., experienced by the
corresponding pin. Thus a tool pin with a higher value of
durability index is expected to be lesser susceptible to pre-
mature failure during actual FSW operation. For example, the
peak temperature and 7,,,x experienced by the triangular pin
are estimated as 662 K and 581.76 MPa, respectively, for the
welding conditions considered here. The corresponding dura-
bility index can therefore be estimated as (615.0/581.76)
where 615 MPa is the shear yield strength of tool pin material
at 662 K [25]. The estimated values of 7,,,x experienced by the
square, pentagon and hexagonal pin profiles are 311.99 MPa,
226.70 MPa and 197.31 MPa, respectively, with the corre-
sponding peak temperatures of 672 K, 676 K and 680 K. The
tool durability indices are therefore estimated as 1.96 (611/
311.99), 2.69 (609/226.70) and 3.08 (607/197.31), respec-
tively, for the square, pentagon and hexagon pin profiles. Thus

the hexagon pin profile depicts the maximum durability index
and would be least susceptible to premature fracture for the
welding conditions considered here [29]. The estimated values
and the general trend of the tool durability indices provide a
first step towards the fail-safe design of FSW tool following
mechanics-based principle, which is currently absent. How-
ever, the further studies need to also consider the possible
vibration of tool during actual FSW operation for the esti-
mation of a more practical tool durability index.

5. Conclusions

The present work outlines a novel approach to estimate the
rate of frictional heat generation by polygonal pins in friction
stir welding based on the principle of orthogonal machining.
For a given welding condition, the regular triangular and
hexagon pins experience the largest and smallest magnitudes
of the resultant maximum shear stress, respectively. The
decrease in the resultant maximum shear stress from the
triangular pin profile to the hexagon pin profile can be
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attributed to the decrease in traverse force and the enhanced
structural stiffness with an increase in the number of pin sides
and the resulting reduction in the bending moment and shear
force. The increase in the section modulus enhances the
structural stiffness of the hexagon pin profile to aid higher
resistance against the shear stress due to bending, which ap-
pears to have the predominant influence on the resulting
maximum shear stress experienced by the pin profiles.
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