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Abstract

In this work, improved heat generation models are developed for straight and tapered shoulder geometries
with different tool pin profiles in friction stir welding. The models are developed considering the welding
process as a combination of the pure sliding and the pure sticking conditions. From the results, the amount
of heat generation is directly proportional to the number of edges in the pin profiles in such a way that the
heat generated in the profiles increases from the triangular pin profile to hexagonal pin profile. Also,
increase in the tool rotational speed under constant weld speed increases the heat input while increase in
the weld speed under constant tool rotational speed decreases the heat input and the rate of heat generation
at the shoulder in a flat shoulder tool is more than that of conical/tapered shoulder tool. The predicted
results show good agreements with the experimental results in literature.

Keywords: Frictional stir welding; Heat generation models; Different Tool Pin Profiles; Tool geometry;
Contact Conditions.

1. Introduction

Friction stir welding (FSW) is a contemporary relatively efficient novel solid-state welding method invented at
The Welding Institute (TWI) of UK in 1991. It is a remarkably simple welding technique in which non-consumable
rotating tool with a specially designed pin and shoulder is inserted into the abutting edges of sheets or plates to be
joined and traversed along the line of joint. It is considered to be the most significant development in metal joining in
a decade and is a*“green” technology due to its energy efficiency, environment friendliness, and versatility. Despite
significant advances in the application of FSW and increasing usage as a relatively new joining technique for
welding alloys, the fundamental knowledge of the thermal impact and thermomechanical processes of the technique
are still not completely understood [1-4]. Without this knowledge, the process cannot be used to its full potential [2-
4].

Research and development are progressing to explore the potentials of the welding process. Understanding the
heat generation and the temperature history during the FSW process is the first step towards understanding the
thermomechanical interaction taking place during the welding process. Modeling of heat generation during FSW can
potentially accelerate the development of the welding process since the central issue in all cases is the determination
of the heat input. In addressing the issue, several methods involving experimental analysis have been adopted to
calibrate heat flow but none of these approaches enable the heat generation and weld temperature to be predicted
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without an experimental measurement of some kind. The determination of precise amount of heat generated during
friction stir welding process is complicated since there are various uncertainties, assumptions and simplifications of
mathematical model that describes welding process. Various experiments conducted around the planet, from the very
beginning of the FSW method’s application gave dispersive results about the generated heat. A more accurate and
predictive approach uses the 3-dimensional flow field to calculate the heat generation from the material viscous
dissipation. Even with the sophisticated models, there is conjecture over the best ways to describe the material
behaviour and the interface between the workpiece material and the tool, i.e. is there stick or slip. The analytical heat
generation estimate correlates with the experimental heat generation, by assuming either a sliding or a sticking
condition. However, the main uncertainties about process are when welding condition is a mixture of sliding and
sticking. In this situation ambiguity of the value of the friction coefficient in every moment of the welding process,
contact pressure between weld tool and weld pieces and shear stress are main reasons for difference between
analytical and experimental result. Understanding the process of heat generation and estimating the amount of heat
generated during FSW are complex and challenging tasks that require a multidisciplinary approach. Therefore, the
seemingly simple task of predicting the weld heat generation has proved beyond the ability of most models. Previous
works on modeling the heat generation from the FSW tool are based on assumptions regarding the interface
condition, which led some limitations and inaccuracies. In the model by Chao and Qi [5], heat generation model are
developed based on the assumption of sliding friction, where Coulomb’s law is used to estimate the shear or friction
force at the interface. Also, in their model, the pressure at the tool interface is assumed to be constant, thereby
enabling a radially dependent surface heat flux distribution as a representation of the friction heat generated by the
tool shoulder, but neglecting the heat generated by the probe surface. Frigaard et al. [6] modeled the heat input from
the tool shoulder and probe as fluxes on squared surfaces at the top and sectional planes on a three-dimensional
model and control the maximum allowed temperature by adjustment of the friction coefficient at elevated
temperatures. Russell and Shercliff [7] based the heat generation on a constant friction stress at the interface, equal to
the shear yield stress at elevated temperature, which is set to 5% of the yield stress at room temperature. Gadash and
Kumar [8] developed heat generation model for different pin profiles in friction stir welding considering only sliding
condition while Colegrove [9] uses an advanced analytical estimation of the heat generation for tools with a threaded
probe to estimate the heat generation distribution. The fraction of heat generated by the probe is estimated to be as
high as 20%, which leads to the conclusion that the analytical estimated probe heat generation contribution is not
negligible. Also, the real situation during the welding process is a combination of the pure sliding and the pure
sticking [10]. Therefore, in this work, improved analytical models are developed for the predictions of heat
generation in straight and tapered/conical shoulder profiles with triangular, square, pentagonal and hexagonal tool pin
profiles in friction stir welding. The models are developed considering the welding process as a combination of the
pure sliding and the pure sticking conditions.

2. Development of heat generation models for the friction stir welding

Consider the friction stir welding (FSW) shown schematically in Fig. 1. As pointed out previously, during the
FSW, a rotating tool moves along the joint interface. As the tool moves along the joint and into the workpiece, heat
generated at surface and near the interface between the tool and the workpiece is transported into the workpiece and
the tool (Fig. 2). The total heat generated at different portions of the tool is the summation of the heat generated at
the tool shoulder surface, heat generated at the tool pin/probe side and the heat generated at the tool pin/probe tip.
Also, during the frictional stir welding, heat is generated by pure sliding (adhesion) and pure sticking (deformation).
In pure sliding condition, it is assumed that there is shear in the contact interface and can be described as fully
Coulomb friction condition. In the assumption, the contact pressure between tool and weld piece p and friction
coefficient p are constant or linearly dependable values from various variables. The shear stress becomes equals to
dynamic contact shear stress. In the pure sticking, it is assumed shearing in the layer of the material of weld pieces
very close to the contact surface and uniformity of the shear stress t. In this situation, surface of the weld piece will
stick to the moving tool’s surface only if friction shear stress exceeds the yield shear stress of the weld piece. The
real situation during welding process gives combination of the pure sliding and the pure sticking. Therefore, it is
absolutely correct to say that heat generating during friction stir welding is mixture of pure sliding, pure sticking and
combination of sliding and sticking [10].

As pointed in the previous works, the heat generated in FSW was considered to be due to friction (total sliding
condition only), but practically, it is due to friction as well as deformation (sticking condition). Therefore,
considering both types of heat and their influence on each other, the total amount of heat generated on the pin tip (pf),
pin side (ps) and the shoulder tip (s¢) are respectively given by:

— fr def
pr _(1_5[){)th +6pz pt (1)
— Jrr def
0, =(1-5)0" +5,0" )
Qst = (1 - 5st )Qg + é;t jef (3)
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Fig. 1. Heat generation in FSW [11]
where the heat indexed with fi represents frictional heat, heat indexed with def represents deformation heat, dp, Jps,
ds are dimensionless contact state variable (extension of slip) at the pin tip, pin side and shoulder tip, respectively.
According to Jauhari [12], 6,,=0.1, 6,= 0.2 and 6= 0.1. It should be noted that If J is 1, full sticking condition is

applied and all the heat is generated by plastics deformation. When & = 0, heat is generated only by friction.
The analytical estimation of heat generation is based on the following assumptions

I Uniform contact shear stress Tcontact 1S considered.
ii. Weld cycle excludes plunging; first, second dwell, and retract cycles.
iii. Tool inclination angle was not considered.
iv. No heat flows into the workpiece if the local temperature reaches the material melting temperature.
V. The axial pressure is evenly distributed along z-axis
vi. Due to friction and deformation interface conditions, the frictional and deformation shear stresses are
considered.
vii. The thread on the pin side of the welding tool was neglected

(a) (b) (c)
Fig. 2. Active surfaces in FSW: (a) pin tip, (b) pin side, (c) shoulder tip
The general expression for an infinitesimal amount of heat generation at each of the different zones of the
tool/workpiece interface is given by
dQ = ordF 4

where dQ is the heat generated per unit time, dF is the force acting on the surface at a distance r from the tool
centerline and o is the angular velocity of the tool.

dF =1,,,,dA4 5)
where Tconacr 1S the contact shear stress and dA =rdrd 6 is the area of the infinitesimal segment on the surface. The
frictional and deformation amount of heat with respect to the contact shear stress is given by

(6)

where y is the frictional coefficients, p is the contact pressure, 7. 1s the yield strength of the workpiece. Following
Arora et al. [13], frictional coefficients can be calculated as

w R
/u = /uaexp {_é‘shp __pj (7)

{ Up for frictional heat generation (Coulumb's friction law)
cont =

T

e Jor deformational heat generation

o R

o s

Where u, is the static friction coefficient and it is taken as 0.45 [14, 15]. &, is the slipping factor, @ is the
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rotating speed and the reference rotation speed w, is taken as 400 rpm. R, and R, are the radii of the tool pin and the

shoulder, respectively. Where 7 represents the fraction of the mechanical energy that is converted to frictional heat
and deformational heat. Which could be as high as 0.99 based on the assumptions of previous work. The boundary
value of the yield shear stress from the von Misses yield criterion in uniaxial tension and pure shear is given by

o ield (T ’8)
Ty = 8)
NG}
The yield strength of the workpiece’s material, o, (I",&) is highly dependent on temperature, T and strain rate, €.

The analysis of the tangential stresses within FSW requires the full temperature and strain history in the workpiece
in a wide zone around the welding tool. Sheppard and Wright [16] elastic-plastic model may be used to evaluate the

temperature-strain dependent yield strength of the workpiece’s material, o,,,,(T',¢).

1
s (2) = —sinh” (ﬂj i
« A

Where 4, o, and n are material constants and Z(g,T) is the Zener-Hollomon parameter that represents the
temperature-compensated effective strain rate by

Z(eT) = ée Xp(RQ—Tj (10)

Where £,0,R,andT are strain rate, activation energy, universal gas constant and absolute temperature,

respectively. While Sheppard and Jackson [17] developed the elastic-plastic model for yield strength of the
workpiece’s material as

1
22

O-yield(T’g)zlln (#j"+ 1+[#J" an
a

It was stated that the lack of the detailed material constitutive information and other thermal and physical properties
at conditions such as very high strain rates and elevated temperatures seems to be the limiting factor while modeling
the FSW process [18]. Consequently, Colegrove and Sherchiff [19] and Wang et al., [20] pointed out that Sheppard
and Jackson’s elastic-plastic model is not applicable at the melting of the material. Although, Su ef al. [21] modified
the Sheppard and Jackson’s elastic-plastic model as

! 2
O @)=, + 1|1 LB (2O )y (2T )
' a T -273 4 1

In this work, we adopted a developed generic model [22]

1 202
1 T -T P [OE é 0\
(T = —|1—=p|—— |Inq| — —_ I+ — —
el £)=00 ¢ a[ \/pT—Tm,,m]" {AQXP(RTH ' {AQXP(RTH ()

Where Troom is the room temperature and p is the model constant which ranges from1.8 < p < 2.2, depending on

1
2

(12)

the material. o, is the yield stress beyond the melting point of the material. Alternatively, we have [22]

. . o TCp-D |
S S S
a L oom ) p=1 H2P(2p+1)

On expanding Eq. (14), we have

[ie Xp[&j}” _l(ie Xp(gj]n +i[£e Xp[&j}”
1(1_,7T—Tmm] A RT 64 RT 40\ 4 RT
T

0,ul,€)=0,+— . 5 (15)

T k2

“ room 5 (¢ (Qj 35 (& (Qj
———| —exp| = || +——| —exp| =—
1124 P\ rr 115204 P\ RT

Another generic model developed by the author [22] is

<1 (14)
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. —2m
L1, (2, (0 (2'")![(26 "p(RQrm (0
— ) _g = S _1ym+l i R
o-yield(T’g)_O-n +0! nln[(A exp(RT jj}"'mzl( 1} 2" (m !)22m > ‘(A QXPERT jj >1 (16)
Which when expanded, we have
. i =2
lln(zeexp(gj l(p(QD
n A RT 4\ 4 RT
il il
1, [r-r1 3(é (O . 5(é (0
. T = _ 1_ room I = i =
Taa T'+€) U”+a( pT—TWJ 32(A”p(RTD +96(AeXp(RT J] a7
e _ 10
35( ""(QD" 0 (sexp(QD~
1024\ 4 RT 2560\ 4 RT

However, in the analysis of heat generation in FSW, the influence of strain on the decrease of yield strength can be
neglected and sufficient precision will still be maintained [23]. Neglecting strain effects on the yield strength is
possible since the maximal temperatures of the material reach about 80% of the melting temperature when the strain
has significant values due to near melting conditions in the material [13, 24]. Therefore, Eq. (16) becomes

O-yield (T)
Tyt =2 (18)
yield \/g
For Stainless steel, yield stress as developed in this work, we have
Cad )=, + BT + BT+ BT ++p T ++BT° (19)

where

B, =240, B =7.3583x10"", fB, =-7.1333x107, B, =2.163x107,
B, =—-2.7292x10" and B, =1.1849x10*

3. Development of Heat generation Models for different Pin and Shoulder Profiles
The pin geometry plays a vital role for material flow, temperature history, grain size, and mechanical properties in
the FSW processes [8]. Therefore, heat generation models are developed for different pin profiles with flat and

conical shoulder.

(a) (b) (c) (d)
(b) Fig. 3. Different profiles pin used in FSW Triangular pin (b) Square pin (c) Pentagonal pin (d) Hexagonal

pin [8]
3.1 Triangle pin profile

The tool design for the triangular pin is presented in Fig. 3. As before, Qy is the heat generated under the tool
shoulder, Qps at the tool pin side and Qp at the tool pin tip. To derive the different quantities, the surface under
examination is characterized by either being a vertical or horizontal surface.

For the shoulder tip frictional heat generation, we have

=0l = L)M J.ORS u puprdrd 6 — 6‘.? J. OR” u puprdrd 0 (20)

The factor ‘6’ at the second term on the RHS of Eq. (20) denotes the six different regions that form the whole
triangular surface.

= jOZ” J.ORS upr(or v, sin®)drd 6 — 6J.0§ J.OR” upr(or+v, sin®)drd 6 21)
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Fig. 4. Schematic of the triangular pin/probe [8].

Analytical prediction of the energy input into the weld material indicates that most comes from the angular
motion. The translational force, in agreement with the analytical calculations, supplied very little power compared to
input from angular rotation. This is consistent with dynamometer measurements. Therefore, after the integration as

shown in Equ. (21) while neglecting the heat generated due to advancing and retracting, we arrived at

5’=§ﬂwWP(Rf—R2)

a

Ng

2 a3a) CZZV
fr 3 w
Q', =_—Tup C()Rs il =g
* 3 I: [3\/5 4 ]:|

If the heat generated due to advancing and retracting is neglected, then we have

2 , a
Ol ==moup|R; -
T3 NG

Similarly, for the shoulder tip deformational heat generation,

-2 a’
Qs‘fef =TT viel R: -
3 yield 3\/§

The total heat generation at the shoulder tip is

From the geometrical analysis of Fig. 4, R, =

3
a

2 3 2 3
. ==, R, - 1-0,)+—nort 0, | R, —
0, 3 HUP | 1K, 3\/§J( ) 3 vield O ( P

Considering the fraction of the mechanical energy that is converted to frictional heat and deformational heat

2 i , a 3
=— 70 R - 1-6,)+7,,,0.,| R, —
Qsl‘iy 3 77fd _ﬂp( s 3\/§j( S[) yield ™ [ K

After rationalization, Equ. (27) gives

2 a3 a3
QS!I] = 57[5‘”7/(1 |:/up [R? _TJ (1 - 5&[ )+ z-y[elai é‘sz (R: - T

j(mm)}

For the pin tip frictional heat generation, the heat generation due to friction at the pin tip is

If the shoulder is conical, then

3
QSII] = %”wn/d |::up [R? - = ;/gJ(l - é‘xt )(1 +tana) + Ty[@ld 5?1 (Rf -

0=Z or,=L
= 6]0 3 Lpf r uprdrd 0

3
a

33

3
a

33

a*\3

9

|
)

(22)

(23)

(24)

(25)

(26)

27

(28)

(29)

(30)

Again, the factor ‘6’ at the second term on the RHS of Equ. (30) denotes the six different regions that form the

whole triangular surface.
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QZ :6I j \/_,upr a)r 1y, sm@)drd@ 31
g oA B (32)
=6up [a)_[: 3 _[;":0\5 ridrd@+v, J.Oo 3 J.:;":O‘ﬁ rsin Odrd 9}
After the above integration as shown in Equ. (32), we arrived at
3 :
Q ——7za),upa ii Y (33)
9  dor
Similarly, for the pin tip deformational heat generation,
2 a3 v
def __ w
9, = g’m’fy,-ezaaz [TiW] (34)
Therefore, the total heat generation at the pin tip is
2 ) a3 v, 2 ) a3 v,
, =—7aoupa” | —t——|((1-0,)+—rw7r a0, | —Et—— 35
O 3”p(9 4a)7rJ( AT e 33)

Then

9 9
If the heat generated due to advancing and retracting is neglected, then Eq. (36) becomes

me = 2”(0‘1 M |:,UP [i'i_ J(l )+T,41d5 (aﬁii]} (36)
3 4or

2 3 \3
Qp/l] :Eﬂfdﬂm3 [?ﬂpa(l )+ 9 yzeld§ :| (37)
For the pin side frictional heat generation, the heat generation due to friction at the pin side is
L:Lp
Q;Y h J-R =0 .[Lzo r pprxdy (38)
The factor ‘3 at the RHS of Equ. (38) denotes the three sides of the triangular pin. After substitution of the velocity,
, R,=a (L=L, .
QI’,: = 3IR Y ‘[L:O (a)r ivwsmé’) Mpdxdy (39)
v ,=a L= R,=a pL=L, . (40)
O =up [a) 5 o L P R dRdy +v, j - L:o sin@drdy }
After the integration as shown in Equ. (40), we arrived at
Qﬁ = a),upa L +3v,, upaL ,sin® 41
Similarly, for the pin side deformational heat generation,
o _ 1 ,
Q. = 2wr),lea L, +3,7,,,4d,sin0 (42)
The total heat generation at the pin side is
1 1
0, =upal, (Ea)a+3vwsin6’j(l )+ Tadl, (za)a+3vwsin0jé;t (43)
and
1 . 1 .
str; == ﬂjdaLp /Up Ea)a + 3Vw Slne (1 - §ps ) + Tyeild 5 wa + 3valn H 61)3‘ (44)
If the heat generated due to advancing and retracting is neglected, then we have
1 2
QpSl] == _77fd wa Lp |:/’lp (1 - é;z ) + Tyeild 5S1 :| (45)

2
The total heat generation for the triangular profile pin with flat shoulder is the summation of Equs. (24), (37) and

(45):
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Fraction of heat generation at the shoulder

3 3
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7= 0, 3 9 9

— , , -
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Qo =M ® +§7m3 {gﬂp(l—é‘ptﬂﬁr S }

1
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vield ™ pt
9 y p

Fraction of heat generation at the pin

Ouwa | : Nl
l §7Z-|:/’lp (Rj _a;/gJ (1_ 5yt )+ T}fieldé‘st [RSS - ? \/EJ:|
+§7m3 |:\/9§/up(l—5pt)+‘r o

1
+502L” [,up(l —5” )+ T eita 5ps ]

9

vield ™ pt
9 Y P

Bt

2 L3 3 1
| 0, gﬂ'az {9ypa(1—5pt)+gt‘,ie,d5pt}+2a2[,p [ﬂp(l—é‘m)"‘?‘yeﬂda‘sz
» = = —
Qmmj 2 a3\/§ 613\/§ —‘
5”‘ /’lp Rs3 - T (1 - é‘sl ) + z-yie/d 5&1 Rs3 - 9
2 L[\3 3
+§7Z'a2 |:9/,[pa(1 — §pt ) + TT}%,M 61” :|

1
+Ea2L" [,up(l—é' )+

s

The energy per unit length of t_he weld for the flat shoulder tool is

3 3
%|:IUF [RS _#J(l_é‘m)—‘rr’vieﬁAs st (RS _a \/3]:|

! 6()7721
QEne)gy =

VRSZ 2 2|:\/§ \/g
+§a

yield

1
% HEa=5,) 47 Asﬁp,}+gale, [uF(1-8,)+7,,,4,5

s ps

Tye[/d é‘px ]

9

While the total heat generation for the triangular profile pin with conical shoulder is given as

O = @

+§7za2 {%upa(l—épt)+§

z-yie/d

Fraction of heat generation at the shoulder

A

3 3
%ﬂ{yp [RS3 —#J -9, )(1 +tan a) + T e1a Ot [Rf —#J(l +tana):|

1
5[)’ :| +5a2Lp I::up(l - §Px ) + T,V"ild 51” ]

3 3
i;{,up [Rf -4 f](l—@,)(1+tana)+ryie,d5ﬂ [RS3 -4 ;/gj(lﬂana)}
9,

9

Qtot 3 3
! iﬂ'{up[]i’f—a ;/g](l—éw)(1+tana)+ry[e,d5s, (Rj—“ \/gj(Htana)}

+27m{ﬁ V3
3
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Fraction of heat generation at the pin

2 LB NG 1
Q gﬂ-az |:9/upa(l_5pt)+9Tyie'1d5pt:|+2a2Lp [ﬂp(l_é‘p\ ) + Tyﬁildé‘px]
f,=—"=
Qt()tal 2 03\/5 03\/5
37| #p R;_T (1-6,)(1+wna)+7,,5,| R - 9 (I1+tanar) (52)

2 L1\3 3 1
+§7[a2 |:9/upa(1 - 5pt ) + ?Tyield 51” :| + Easz [ﬂp (1 - 5px ) + z-yeild 5px :'

The energy per unit length of the weld for the conical shoulder tool is

z{yF[Rf —a3;/§](1—5w)(1+tana)+ry,.eldAA ) [RS —a3\/§](l+tana)}

S st 9
' wn,
Oty =l (53)

RE 2 [B 3

3 1
+§a2 |:7 /,lFa(l - 5[1[ ) + ? Tyie/dAx pt :| + Zazl‘p |:/’1F(1 - 5/75' ) + Tyei/dAS 5[7S :'

3.2 Square pin profile

The tool design for the square pin is presented in Fig. 5. Again, to derive the different quantities, the surface under
examination is characterized by either being a vertical or horizontal surface.

y

| —

E tr
W1 &l ‘: /
2
m !
VI AP
\, v

VI I

Fig. 5. Schematic of the surface orientations and infinitesimal segment areas square pin [8].
As before, for the shoulder tip frictional heat generation, we have
r =JQH J.Rvuuprdrdﬁ—SJ.% IRpuyprdrdH (54)
st o Jo o Jo
Again, the factor ‘8” at the second term on the RHS of Equ. (54) denotes the six different regions that form the

whole square surface.

= J‘Oz” I: up (ortv, sin@)r drd 0— SJ‘OX I:F upr(or £v, sin®)drd 0 (55)
Carrying out the integration of Equ. (55) while neglecting the heat generated due to advancing and retracting, gives
. 2
0 =5 moup(R)-R;) (56)
a
From the geometrical analysis of Fig. 5, R, =—
g y g r=h
.2 a’
F 2w R 57
st 3 ,Up s 2\/5 ( )
Similarly, for the shoulder tip deformational heat generation,
2 a’
W =Zmwr,,, | R} - 58
Qi =370 i [ - \/5] (58)
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The total heat generation at the shoulder tip is

2 a’ 2 a’
o, =3 FOup (Rf - 2\/5j(1—5vt)+EHWT,,fﬁ)zd (Rf —2\5) (59)
while
2 a’ a’
Qm =50 RYS_ (1_5w)+rv[e 5vt RS_ 60
an T3 N | HP | K, 2\/5 \ yield O; s 2\/5 (60)

After rationalization, Equ. (60) gives

2 a2 a2
any = gﬂwnjd |::up [Rf - 4 ](1 - é‘xl ) + Tyie/d é‘sz (RS - ):| (61)

4

If the shoulder is conical, then

2 ) V2
Qst?] :Eﬁwnfd |:/Jp [R: _a :"/_J(l_é‘sr)(1+tana)+ryield5st [R; _a ;/_J(l“l‘tana):l (62)

For the pin tip frictional heat generation, we have
5 Z oR, .
;’l = 8‘.‘0“ IO upr(or v, sin®)drd (63)
The expansion of Eq.(63) gives

g :8/117 |:w.[00_z L:’:O%rzdrdﬁivw J'::% J.I:)p

After the above integration as shown in Equ. (64), while neglecting the heat generated due to advancing and

2 rsin Odrd 9} (64)

=0

retracting, we arrived at

.2
I =S moupR, (65)
But from the geometrical analysis of Fig. 5, R, = %
. 2 a’
== moup (66)

3 22

Similarly, for the pin tip deformational heat generation

3

o 2 a
0y = 3 PO i e (67)
The total heat generation at the pin tip is
2 a’ 2 a’
0, =—noup——=»1-96,)+—-rnor ,, , — 68
T3 HP ) \/E 73 Vield 5 \/5 (68)
and
0., =270, | up“=(1-8,) 47,6, <= (69)
stn 3 fd 2\/5 pt yield ™ pt 2\/5
After rationalization, Equ. (69) gives
2 a2 a2
Qsl}] = _”a)nfd /up _(1 - 5pl ) + z-yield 5/)1 — (70)
3 4 4
For the pin side frictional heat generation, we have
Rp =a L :Lp
o = 4.[R,] N J.L:(J or uprdxdy (71)
The factor ‘8’ at the RHS of Equ. (71) denotes the three sides of the square pin.
, R,=a (L=L,
Qi; = 4J‘Rp Y ‘[L:O or uprdxdy (72)

Substituting the velocity,
Journal of Applied and Computational Mechanics, Vol. 3, No. 1, (2017), 37-59



Modeling of Heat Generations for Different Tool Profiles in Friction Stir Welding 47

on = 4JRP - IL:L” (or v, sin@) updxdy

R,=0 JL=0

which gives

R,=a

0, =—,up[ .[ ILjLP rdrdy +v,, J‘R”:“ J‘L:L

R,=0 =0 R,=0 JL=0

" sin Odrdy }

Integration of Equ. (74) neglecting the heat generated due to advancing and retracting, gives

Q£=—ﬂwpaL
Similarly, for the pin side deformational heat generation,

ef 1
0, =7

2
1 DT ;0144 Lp

The total heat generation at the pin side is

0, =%a)a upL,(1-0, )+ wa ru,dLé'

pps

Then

1
Opny = 3@’ L, [ 4P (1=5,) 47,08, |

Therefore, the total heat generation for the square profile pin with flat shoulder is given as

§7Z-|:ﬂp { \? \/_](1 5”)-9- T}'ield 551 (R: _a34\_/§J:|

2 a3\/5 3\/5
Orora =M@ +§77 Hp 4 ) ):dd 4

+%a2L [ﬂp(l 80 )+ Taa sz

Fraction of heat generation at the shoulder

3 3
g” HP R\-z -4 \/5 (1=0,)+ 7 a0y Rq} _M
0, 3 e )l

fs = -r 7
‘ Qraml 2 a3\/§ LZ}\/E
g” HP sz T4 =0, )+ T a0, ng T4
2 |: \/— aS\/E}
tS7 pt leld 4
3 ) Ty 4

1
+Z(12LP |:,Up(1_§ )+‘[}e:1d ps:|

Fraction of heat generation at the pin

2{(13\/5 ax/—
*/1194

Qp 3 T - §pt ) + Tyie]d 5pt 4 :| +— 4 a » |:/up (1 5pr ) + Tyezld ps :'

/= r V2|
O o 27r|:,up (Rf a \/_J(l 5ﬁ)+rﬂ€,d (R? a;/zﬂ

2 { a3\/§ a%/f}
HP 4

) ) vield pz 4

1
+Za2Lp |:/’lp (1 - 5px ) + Tyeild 517.? :'

The energy per unit length of the weld for the flat shoulder tool is

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)
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_2 i o3 -
§|:/JF (Rj _T] (1 - é‘st ) + TyzeldAs §st [ 4
3 3
, on \/_ a2
QEnergy = E‘Szi +§|: 5pt ) + Tyie/dAs 5pt T} (82)
1
+EQZL" [,uF(l 5 )+Telld . pS]
While the total heat generation for the square profile pin with conical shoulder is given as
3 3
§7Z-|:lup Rs3 _a fJ(l_az )(1+tana)+ryield§w [R? _a :‘-/EJ(1+ILI}’I(Z):|
sza/ = dew 2 a3\/§ 3\/_ 1 (83)
+§7r|:ﬂp 4 (1 - 5[11 )+ Z-yield 5[1! 4 :|+ 4 a P |:,Up (1 5/7& )+ z-}ulai :'
Fraction of heat generation at the shoulder
3 3
0 iﬂl:,up [R: _4 fj(l =6,)(1+tana)+7,,,06, [Rf —a;/z](l +tana):|
f\' = = =
: Qtatu 3 3
! gﬁ up| R =4 f 5 (1+tana)+7,,6, | R} -2 f (1+tanar) (84)
2 a3\5 a \F
+37{ﬂp 08,0410, S el [1p1-8,) 47,0, ]

Fraction of heat generation at the pin

2 | a2 3& 1
1 +

Q g 7 /up (1 ) ,wcld sz I:/up (1 - 5ps ) + Tye‘ild é‘p.s :|
P _

Ooa i”{“p(Rf‘ffiij 8,)(1+tana)+17,,,6, (Rj_ffiaj(y+mna{i (85)

2x “3\/5(1— 3\/_
3714

5[1[ ) + Tyie]d 5pt I::Llp (1 5pr ) + Tyetld s :|

The energy per unit length of the weld for the conical shoulder tool is

3/ 3/
2. yp(Rj—“ 2}(1—5”)(1+tan(x)+z'yie,dé;t(R:—a 2](1+tana)
oy, | 3 4 4

Q;;'nergy =_R2L
VI 2 |:ﬂp 3\/_ (13\/5:|

(86)

+=7 (1 pt ) + Tyield 5pt L

1
3 "rEasz [ﬂp(l_éps)+ryeild6:r)x:|

3.3 Pentagonal pin profile
The tool design for the pentagonal pin is presented in Fig. 6. Deriving the different quantities, the surface under
examination is characterized by either being a vertical or horizontal surface. As before, for the shoulder tip frictional

heat generation, we have

= jOZ” J.ORS u puprdrd 6 — 10.[0% J‘OR” u puprdrd 6 (87)

Again, the factor ‘10’ at the second term on the RHS of Equ. (87) denotes the six different regions that form the

hOle p sntagOIlal su‘IfaC:’
—'[ J. ﬂp (a)’ Ty Sl)ltg)l dldtg—l()j ‘ up’ (a)’ Ty l”&)d}dé (8 8)
0 0 w 0 0 ws
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Fig. 6. Schematic of the pentagonal pin/probe [8].
Carrying out the Integration in Equ. (88) while neglecting the heat generated due to advancing and retracting, gives

[ =2 qoup (R -R;) (89)

From the geometrical analysis of Fig. 6, R, = 0.8506a

. 2
- = moup (R} -0.61554") (90)
Similarly, for the shoulder tip deformational heat generation,
Q% :%ﬁa)ryw (RS —0.6155a3) 1)
The total heat generation at the shoulder tip is
0, = %ﬂa},up (R} -0.61554")(1-6,,) %mrw (R} -0.61554%) (92)
Then
2
0,,, =7 [ 1p (R ~0.61550°)(1-8,)+ 7,00 (R} =0.61550" ) (93)
If the shoulder is conical, then
) up (R} -0.61554°)(1-6,)(1+tanc)
any = _”a)nfd 3 3 (94)
3 +T 00 (R —0.61550" ) (1 +tan )

For the pin tip frictional heat generation, we have

7 ﬁ RF .
Z = 10_[05 IO upr(@r v, sind)drd 0 (95)
Expansion of Eq.(95) gives

. 9== R, 0=" R, )
fn =10up wjo 5 J‘R,» :Orzdrdﬁ v, _[0 5 _[Rp _sin 0drd 6 (96)

After the integration as shown in Equ. (96) while neglecting the heat generated due to advancing and retracting, we

obtained from the geometrical analysis of Fig. 6, R, =0.8506a

2
or :Eﬂa),up(o.6155a3) 7
Similarly, for the pin tip deformational heat generation,
QY = %ﬂwryie,d (0.6155a%) (98)

The total heat generation at the pin tip is
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2 2
0, = Troup(0.61554°)(1-5,) + 3 17,4, (06155")3, (99)
while
2
Q,, = gﬁa)nﬁ, |:,up (0.6155a*)(1-6,,)+7,,,46,,(0.61554° )] (100)
For the pin side frictional heat generation, we have
& cfRe=e pL=L,
O, = SJ.RP S ‘[L:O wr uprdxdy (101)
The factor ‘5’ at the RHS of Equ. (101) denotes the three sides of the pentagonal pin.
& cfRe=e pL=L,
O, = SJ.RP S ‘[L:O wr uprdxdy (102)
Considering advancing and retracting,
R,=a L=L, A
o = SJ'R B JL:O (or +v, sin®) updxdy (103)
As done previously,
0/ =036176up| ] " [ rdrdy +v,, [ [ sin6drdy (104)
ps : R,=0 Ji=0 vJr,=0 Ji-o

On carrying out the integration as shown in the above Eq. (104), while neglecting the heat generated due to

advancing and retracting, we arrived at

fr _ 2
0,. =1.8088aupa’L, (105)
Similarly, for the pin side deformational heat generation,
057 =1.8088wr,,,a’L, (106)
The total heat generation at the pin side is
0,, =1.8088wupa’L,(1-6,)+1.8088wz,,,a’L 5, (107)
and
QP”] = lgoggﬂfd a)asz [/Jp(l - §ps ) + Tyield §ps :| (108)

Then the total heat generation for the pentagonal profile pin with flat shoulder is given as

%;wp(Rj—0.6155a3)(1—§s,)+§m (R} -0.61554")

yield

2 2
Qo =14 ®| +5 7P (0.61554")(1=8,,) + £ 77,10, (06155013, (109)

+1.80887,a’L,, [ up(1-8,)+ 7,5, |

Fraction of heat generation at the shoulder

—nup (K, —0. a -0, )+—-nr . —0. a
0 § R} -0.61554° )(1-5, i e (RS —0.61554°
fo="—=r =

2 2
Qo Sp (R -0.61550°)(1-6,)+ 77, (R ~0.61550”)

K K 7 K

2 . ’ . (110)
+§7r,up (0.6155a")(1-4,,) +§7rryie,d (0.6155a%)s,,

+1.808877ﬁ,a2Lp |:,UP (1 - 5[75 )+ z-y[eld 5;25 :|

Fraction of heat generation at the pin
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2 2
3 mup(0.6155a°)(1-5,, )+ 3 7,10 (0.6155a%)5,

B Qp _ +1~808877/Ha2Lp [/’lp (1 - é‘ps ) + Tyield 5[)s ]
fp _Q "2 5 5 2 3 3 ]
total E”ﬂp (Rs —0.61554° )(1—5,”)+§7”yiem (R —0.6155a‘)

2 2
+§7r,up(0.6155a3)(1—5m )+§7zryie,d (0.6155a%)5,,

+1.80887,a’L, [ up(1-8,)+7,,,5,, |

The energy per unit length of the _weld for the flat shoulder tool is

[2 2
SuF (R} -0.6155a°)(1-5, VS, (R} -0.61554")

. on 2 3 2 3
O brery =# +§7r,uF(0.6155a )(l—é;,t)-rg;zAS‘rde (0.6155a°)6,,

2
a
+1.8088—L, [uF(1=68,)+4,7,,5, |

While the total heat generation for the pentagonal profile pin with conical shoulder is given as

2 | #p(R-061550")(1-3,)(1+tanc)

2 3
— 71| +—mup(0.6155a°)(1-0,,)
3 L;V,E,d (R} -0.61550°)(1+tanr) } 3 "

Qmm = 77/21 2
(0.6155a")5,, +1.8088cx’L, [ up(1-5,)+7,,,5,, |

2
+ 5 ”wryi eld

Fraction of heat generation at the shoulder

) |:,up (R} —0‘6155a3)(1—é;[)(l+tana)}
M

—Tw
3 (R} -0.61554" )(1+tana)

_ Qm _ +Tyield
Qua |5 [,up (R} -0.61552°)(1-5, )(1+tan0!)]
M

— T
(R} -0.61550")(1+tanc)

/s

3 + Tyield

2 2
+570up(0.61550° (1-5, )+ 707,10, (0.6155°)3,

+1.80880a’L, [ up(1-38,,)+ 7,45, |

Fraction of heat generation at the pin

%ﬂwyp(0.6155a3)(1 -5,)+ %72‘0)2’ (O.6155a3)5pl

yield
+1.8088wup
azLP [,up (1=6,)+ Tt O, J
Sy = S
" Qua |y pp (R} =0.61554")(1-8,) (1 +tan )
gﬂa)nﬂ, \ ,
+T,00 (R —0.6155a ) (1+tanar)

+§7za),up (0.6155a*)(1-65,,) +§7mw (0.6155a*)5,,

+1.80880)a2Lp |:,Llp(1 _5;;5 )+ Tyieldéps ]

The energy per unit length of the weld for the conical shoulder tool is

(111)

(112)

(113)

(114)

(115)
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% pF (R} -06155° ) (18, ) (1 +tancr)

o +§AS 7,0 (R} —0.61550 ) (1 +tancr)
lfd

RE| 2 2
Vs 3 ,uF(0.6155a3)(1—é;,,)+§Asz;,idd(0.6155a3)5p,

by = (116)

2
a
+.8088— L, [1F(1-8,)+4,7,,5, |
3.4 Hexagonal pin profile
The tool design for the hexagonal pin is presented in Fig. 7. Deriving the different quantities, the surface under

examination is characterized by either being a vertical or horizontal surface.

& [ R B Z R,
7= L IO u uprdrd 6 12‘.‘06 J.O u puprdrd (117)
The factor ‘12’ at the second term on the RHS of Equ. (117) denotes the six different regions that form the whole

hexagonal surface.

= ,[02” IOR UD (a)r v, sin 9)}’ drd 6 - IZJ'Og J.ORP upr (a)r tv,sin H)drde (118)
After the integration of Equ. (118) while neglecting the heat generated due to advancing and retracting, gives
.2
- :gﬂa),up(Rj—R’f) (119)

.f. ‘I\.
7, o
/ \ v Vil J

Fig.7. Schematic of the hexagonal pin/probe [8].

But from the geometrical analysis of Fig.7, R, = a

4 :%myp (R} -a*) (120)
Similarly, for the shoulder tip deformational heat generation,
0% — gmrﬂ.ﬂd (R -a) (121)
The total heat generation at the shoulder tip is
0, = %ﬂa},up (R -a’)(1-s, )%mrﬂe,‘, (R -a) (122)
Then
0,, = gmnﬁ, [up (R} =a*)(1=68,)+ 7, (R} =) (123)
If the shoulder is conical, then
0,, = %ﬂa)nﬁ, [,up (Rf -a’ )(1 -6, (1+wna)+1,, (Rf -a’ )(1 +tana)] (124)
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The pin tip frictional heat generation is given as

f = 12‘.‘5 I:" upr(@r v, sind)drd 0 (125)
Which gives Eq.(126) on expansion
Ol =12up {a)f:6 .[:P:Orzdrd Otv, LBZZ J‘;”:O rsin@drd (126)

On carrying the above integration as shown in Equ. (126), while neglecting the heat generated due to advancing and
retracting, gives

. 2
= gﬂwﬂpf (127)
where the geometrical analysis of Fig. 7 shows that R, = a . Similarly, for the pin tip deformational heat generation,
def 2 3
Qst‘ zgﬂwz.yielda (128)
The total heat generation at the pin tip is
2 2
0. =3 roupa’(1-35,,) +§7mn'yie,da35ﬂ (129)
and
2 3 3
0,y =570y [ 14pa’ (1=8,)+ 7,08, | (130)
The pin side frictional heat generation is given as
R,=a L=L,
QZ = 6J‘RP Y L . wr puprdxdy (131)

The factor ‘6’ at the RHS of Equ. (131) denotes the three sides of the hexagonal pin.

o' = 6JRP - IL:LP wr uprdxd 132
ps -0 di-o Hpraxdy (132)
After substitution of the velocity,
i R,=a (L=L, .
o = 6J.Rp Y ‘[L:O (cor £v, sin6) updxdy (133)
Expanding as before,
o R,=a pL=L, R,=a pL=L,
O, =6up [a)J‘RPZO L:o rdrdy +v .[R,,zo IL:O stn@drdy} (134)
The above integration in Equ. (134) gives (while neglecting the heat generated due to advancing and retracting),
gives
O =3upa’L, (135)
Similarly, for the pin side deformational heat generation,
0,] =3wr,,d’L, (136)
The total heat generation at the pin side is
0, = 3a),upa2Lp (1—5ps)+3a)ryie,da2Lp5pS (137)
and
0,y =3 oupa’L, [ up(1-8,)+ 7,6, | (138)

Then the total heat generation for the hexagonal profile pin with flat shoulder is derived at as

2 2 2
gﬂ-}up (Rs3 _a3 ) (1 - é;t ) + gﬂz—yield (Rs3 - a3 ) + Eﬂ-ﬂpa3 (1 - 5pt )

Qtatal = njd @ 2 , s (139)
+§ﬂz-yielda 5[;[ + 3/upa Lp I:/up (1 - 5/73 ) + Tyie/d 5[).? ]

Fraction of heat generation at the shoulder
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gﬂ"up (RS _03)(1_6;1 )+2ﬁ7y[eld (Rs3 _a3)
I= Q. _ 3 3
: Qtotal 2 3 3 2 3 3 2 3
gﬂ,up (Rs —-a )(l—é'st)+§7nyig,d (RS —-a )+§7z,upa (1-5,) (140)

pt yield ™ ps

2
+§7rry,.e,da35 +3a2Lp[,up(l—5m)+z' ) J

Fraction of heat generation at the pin

2 2
0, §7r,upa3 (1-8,)+ Eﬂryielda35p, +3upa’L, [ up(1-6,)+ 7,45, |

fp:QmmJ_ 2 R3_ 3 1-6 2 R3_3 2 31_5
gﬂ/up( s a )( sz)+§7z-ryield( s a )+§ﬂﬂpa ( pl) (141)

2
+§7n'y,.€lda35pt + 3,upa2Lp [,up (1=6,)+ 7,040 J

The energy per unit length of the weld for the conical shoulder tool is

%[ﬂF (Rs3 _a3)(1_(sst)+AsTyield (Rs3 —a3>]

: wn, 2 2
QEnergy = V]e—/; +§IUF03 (1 - 5[){ ) + Eﬂ-As T}'ie/da35pt (142)

2
a
B—L, [uF(1-8,)+4,7,,05, |

While the total heat generation for the hexagonal profile pin with conical shoulder is developed from the above as

§7Z|:,up (RS3 -a’ )(l—é’st Y(1+tana)+7,,, (R: -a’ )(1+tana)}
Qtatal = 77/;1 2 2 (143)
+§7Z—/’lpa3 (1 - 5 ) + Eﬂ-z-yielda35pz + 3a2Lp I::up (1 - 5px ) + Tyield é’ps :'

pt

Fraction of heat generation at the shoulder

0, %”[ﬂp (R: —a3)(1—55, Y(1+tana)+1,, (RS3 —a3)(1+tana)]
Qu %”[ﬂp (RS —03)(1—5”)(1+tana)+ry,.€,d (R: —a3)(1+tana)] (144)

,da35pt+3a2LP[,up(l—5px)+r o J

yield ™ ps

+§7r,upa3(l -9,) +§m’

yiel
Fraction of heat generation at the pin

2 3 2 3 2
Qp B 5 mpa (1 - 5/71 ) + g ﬂ.Tyielda 5/7! + 3/upa Lp I:/up (1 - 5;}x ) + Tyield 6/73 :|

=5 =t
o 5,[[MD(RS )-8, (1+tana)+7,,, (R} —a*)(1+tanc) | (145)

2 2
+§7r,upa3(l -5,)+ gmﬂeﬁf&m +3a’L, [ up(1=68,)+ 7,16, |
The energy per unit length of the weld for the conical shoulder tool is

%[/JF (R)-a’)(1-0,)(1+tana) + 4,7, (R} -a’)(1+tana) |
Qo = (146)

VR | 2 2 3 a’
+§ﬂFa (1 - 5[)[ )+§AST r[elda 6[;[ + 37Lp I:/uF(l - 5;73 )+Av Z-yielal 5p.v :'

y

4. Results and Discussion

Fig. 8 shows the influence of shoulder radius on the rate of heat generation at the shoulder-workpiece,
Aluminum alloys (AA-6061-T6). It could be inferred from the results that the shoulder radius is directly proportional
to the total heat generated rate at the interface. i.e. as the shoulder radius increases, the rate at which heat is generated
at the interface increases. The same trend was noticed in Fig. 9 and 10 where the total heat generation rate increases
with increase in pin length and pin radius. This heat propagates either through conduction in the various parts of the
workpiece and the tool as well as through convection to the environment. In addition, higher heat generation due to
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plastic deformation and smaller interfacial contact area with the workpiece leads to lower frictional heat generation
relative to the pin. The failure of friction stir welded joints takes place at the heat-affected zone (HAZ) where the
density of the needle-shaped precipitate is less. From the fractional heat generation rate analysis carried out in this
study, it is shown that depending on the welding conditions, between 80 to 90% heat is generated at the tool shoulder
and the remaining amount at other tool surfaces.
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Fig. 8. Variations total heat generation rate at the Fig. 9. Variations total heat generation rate at the
interfaces with shoulder radius interfaces with pin length
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Fig. 10. Variations total heat generation rate at the Fig. 11. Variations heat generate with angle of rotation
interfaces with pin radius when the extent of sticking is 0.65
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Fig. 12. Variations heat generate with angle of rotation Fig. 13. Variations heat generate with angle of rotation
when the extent of sticking is 0 (full sliding condition) when the extent of sticking is 1 (full sticking condition)

Indisputably, the proportion of the heat generated at the tool shoulder and the pin surfaces is determined by the tool
geometry and the welding variables. Also, from the reported literature, it is understood that the pin geometry plays a
vital role for material flow, temperature history, grain size, and mechanical properties in the FSW process [8]. Fig. 11
and 12 show the effects of angle of rotation on rate of heat generation when the extent of sticking are 0.65 (sticking
and sliding condition) and 1 (full sticking condition). The non-uniformity in the heat generation pattern results from
the difference in the relative velocity at different angular locations on the pin surface, which arises due to the
variation in term Usin6. The angular variations of temperature on the tool surface results from the local differences in
the heat generation rates. Fig. 13 shows the variations of heat generation with angle of rotation when the extent of
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sticking is O (full sliding condition). The result depicts that angle of rotation has no effect on the rate of heat
generation when the extent of sticking is 0 as a constant value line is shown in the figure.

T 13000 . . . . : .

E —*— V=101 mm/min —#— Conical shoulder

= 12000| —©— V=150 mm/min r 2620 | —©— Flat shoulder i
—+— V=200 mm/min

11000
2600

10000

9000 2580

8000 2560

7000
2540

6000
2520

QS , Shoulder heat generation (W)

5000

4000 2500

Shoulder heat generation per mm lenght of weld

3000 ! L L ! ! ! ! L !
300 320 340 360 380 400 420 440 460 480 500

N, Rotation speed of the shoulder (rpm)

Q.

425 430 435 440 445
N, Rotation speed of the shoulder (rpm)

Fig. 14. Effects of welding speed on the heat generation
on the heat generation at the shoulder

Fig. 15. Effects of shoulder conical angle at the shoulder

Figs. 14-21 present the effects of shoulder rotation speed, conical angle and contact conditions on heat generation.
Fig. 14 shows variation of shoulder heat generation rate with welding rotational speed at different welding velocities
of 101, 150 and 200 mm/min. while Fig. 15 shows the variation of shoulder heat generation with rotational speed of
the shoulder at for conical and flat shoulders. As it could be seen from Fig. 14, the rate of heat generated at the
shoulder varies inversely proportional with the welding speed. This is due to the fact that at higher welding velocity,
the heat input per unit length decreases as heat is dissipated over a wider region of the workpiece. At high
rotational speed, the relative velocity between the tool and workpiece is high, and consequently the heat generation
rate and the temperatures are also high.
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generation at the pin with variation of plunge force generation at the shoulder-workpiece interface

The rate of heat generation at the shoulder is more in flat shoulder that the conical shoulder as shown in Fig. 15. This
is because the flatness of the shoulder tip increases the tool-workpiece contact surfaces and thereby creating more
friction during the process to generate frictional heat and consequently, increases the rate of heat generation. This
inference is clearly depicted in Fig.18. The influence of contact condition variables on the rate of heat generation at
the shoulder and the pin as displayed in Fig. 16-20. As expected, the heat generation rate increases with the increase in
contact condition variables because more heat are generated due to friction due to increased contacts between the tool
and the workpiece. Fig. 21 shows the effects of cone angle on the total heat flux on the shoulder-workpiece interface.
The figure depicts that the heat flux decreases with the increase in the cone angle. This is because the radius of contact
between the shoulder and the workpiece decrease as the conical angle increases and as a result of decrease in the
contact radius, the friction between the shoulder-workpiece interface decreases and consequently, the heat generated at
the interface decreases.
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Fig. 22. Effects of pin shape on the total heat generation rate at the interfaces

Fig. 22 shows the effects of tool pin geometry on the total heat generation rate at the interfaces. From the results, the
amount of heat generation is directly proportional to the number of edges in the pin profiles in such a way that the
heat generated in the profiles increases from the triangular pin profile to hexagonal pin profile. Furthermore,
increasing the tool rotational speed under constant weld speed, heat input increases, and increasing the weld speed
under constant tool rotational speed, heat input decreases.

For the experimental conditions studied by Ramanjaneyulu et al. [25], the results shows that the heat generation and
the peak temperature is directly proportional to the number of edges on the pin profile i.e. the heat generation and the
peak temperature increase from pin with triangular profile (three edges) to pin with hexagonal profile (six edges).
Apart from the fact that our present study establishes this experimental fact analytically, which are not well
established by the analytical results of Gadakh et al. [8], judging from the established experimental results as stated
in the Table, our present study have better predictions for the peak temperature than the previous analytical study as
shown in the Table 1. The enhanced predictions are due to the improved models developed in this present work.
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Table 1. Comparison of results of heat generated and peak temperature for different tool profiles

QEff, »Energy/ght QEff, >Energy/ght

Tmax(K) Tmax(K) Tmax Tmax
Profile J/mm Experiment Numerical Analytical Analytical
J/mm[8] (Present [25] [8] [8] (Present study)
study)
Triangle 163.25 393.19 614 733 515 547
Square 167.70 429.64 619 789 516 553
Pentagon 135.63 471.88 623 724 511 559
Hexagon 121.01 514.40 637 713 509 565

5. Conclusion

In this work, improved analytical models have been developed for the predictions of heat generation in straight,
tapered/conical shoulder profiles using different pin profiles such as triangular, square, pentagon, and hexagon of the
FSW tool. The developed models take into considerations that the welding process is a combination or mixture of the
pure sliding and the pure sticking. From the results, it was observed that the amount of heat generation initially
increases from the square pin to hexagonal pin profile and then decreases to the triangular pin profile. Furthermore,
increasing the tool rotational speed under constant weld speed, heat input increases, and increasing the weld speed
under constant tool rotational speed, decreases the heat input and the rate of heat generation at the shoulder is more
in flat shoulder that the conical shoulder. The predicted results show good agreements with the experimental results
in literature. Therefore, the improved models could be used to estimate the heat generation in FSW tool.
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