
Introduction

     Traditionally, the heat generation in friction stir welding
(FSW) was considered to be due to friction, but practically it
is due to friction as well as deformation. Henceforth, it will
better to be termed as ‘deformation stir welding’ rather than
FSW (Ref. 1). Heat generation in FSW is a complex transfor-
mation process where one part of mechanical energy is de-
livered to the tool, which is consumed in welding, while an-
other is used for the deformation process and the rest of the
energy is transformed into heat (Ref. 2).
     In the present work, an analytical model for heat genera-

tion using different pin profiles such as
triangular (TR), square (SQ), pentagon
(PEN), and hexagon (HEX) are devel-
oped. As for today, the analytical mod-
els developed are for straight cylindri-
cal (SC) (Refs. 3, 4) and taper cylindri-
cal (TC) (Ref. 5) pin profiles.

Khandkar et al. (Ref. 3) introduced a
torque-based heat input model for SC
pin profile, where the torque/power
known from experiments is used in the
expression for the heat source. Further-
more, Schmidt et al. (Ref. 4) developed
an analytical model for heat generation
for SC having a concave shoulder in
FSW based on different assumptions in
terms of contact condition between the
rotating tool surface and workpiece.

The models developed by Schmidt et
al. (Ref. 4) and Ulysse (Ref. 5) assume
that heat is dominantly generated on
the shoulder tip and neglect the heat
generated on the probe. Their models
show that 80–90% of the mechanical
power delivered to the welding tool
transforms into heat.

The model developed by Song and
Kovačević (Ref. 6) considers all active
surfaces in the analysis of heat genera-

tion and shows that 60–100% of the mechanical power
transforms into heat during FSW. Gadakh and Kumar (Ref.
7) developed an analytical model for heat generation for TC,
which is the modification of analytical models developed for
SC pin profiles.
     Elangovan et al. (Ref. 8) have considered five different
pin profiles such as SC, TC, TH (threaded cylindrical), SQ,
and TR. They reported that the SQ pin profiled tool exhibit-
ed superior tensile properties. Pin profiles with flat faces
(SQ and TR) are associated with eccentricity, which produces
the pulsating stirring action and causes a reduction in grain
size and homogenous redistribution of the second phase
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particles throughout the matrix. Eccentricity of the rotating
object is related to the dynamic orbit due to eccentricity.
     Khodaverdizadeh et al. (Ref. 9) considered TH and SQ pin
profiles. They reported that the SQ pin profile has a finer
grain structure, generates higher peak temperature, and
higher hardness values. In addition, higher heat generation
due to plastic deformation and smaller interfacial contact
area with the workpiece leads to lower frictional heat gener-
ation relative to the TH pin.
     Palanivel et al. (Ref. 10) considered straight (SQ, HEX,
octagon (OCT)) and taper (SQ and OCT) pin profiles. They
found that the joint fabricated using the straight SQ pin
profile yielded highest strength of 273 MPa and tool rota-
tional speed of 950 rev/min.
     Fujii et al. (Ref. 11) considered the SC, TH, and TR pin pro-
files. They reported that in the case of the 1050-H24 alu-
minum alloy, SC produces a weld with the best mechanical
properties. For 6061-T6, the tool shape does not significantly
affect the microstructures and mechanical properties of the
joints. For 5083-O, at a high rotation speed (1500 rev/min),
the TR is the best; at the middle rotation speed (800 rev/min),
the TH is the best; while for a low rotation speed (600
rev/min), the tool shape does not significantly affect the mi-
crostructures and mechanical properties of the joints.
     Vijay and Murugan (Ref. 12) considered three straight (S)
and taper (T) SQ, HEX, and OCT pin profiles. They found
that for the straight SQ pin profile, it exhibited maximum
tensile and joint efficiency, while the taper OCT pin profile
exhibited maximum (%) elongation. A defect-free weld is ob-
tained when the taper HEX pin and straight SQ pin tools are
used for joining aluminum matrix composites (AMCs).
     Padmanaban and Balasubramanian (Ref. 13) considered
the SC, TC, TH, TR, and SQ pin profiles. They found that the

joints fabricated using the TH pin profile yielded a defect-
free and fine-grained nugget region, which led to the en-
hancement of hardness and tensile properties of the welded
joints.
     Gadakh and Kumar (Ref. 14) developed a process window
for the AA 6061-T6 aluminum alloy and obtained a fine-
grained structure using the TC pin profile.
     Boz and Kurt (Ref. 15) considered five different pin pro-
files. Four are TH — with 0.85, 1.10, 1.40, and 2.0 mm pitch
— and the last SQ with 5  5 mm cross section. They have
found that the TH with 0.85-mm pitch exhibited maximum
elongation (%) and reduction in cross-sectional area (%),
and the TH with 1.10-mm pitch exhibited maximum UTS.
     Suresha et al. (Ref. 16) have considered TC and SQ pro-
files for FSW of the AA7075-T6 aluminum alloy. They re-
ported the welded joints produced by the TC tool show bet-
ter joint efficiency when compared to the SQ tool. Raman-
janeyulu et al. (Ref. 17) studied the influence of different
tool pin profiles such as TC; taper (TR, SQ, PEN, and HEX)
on heat generation; and microstructure of the AA2014 alu-
minum alloy. They have reported the rate of heat generation
as well as peak temperatures are relatively higher in the case
of noncircular pin profiles, increasing with the number of
flats (i.e., SQ to HEX) and lowest for TC.
     From the reported literature, it is understood that the pin
geometry plays a vital role for material flow, temperature his-
tory, grain size, and mechanical properties in the FSW process.
From these aspects, a question arises why the results are var-
ied for different tool geometries and thereby variations in
properties and microstructures. With this consideration, in
this paper, an analytical modeling using different tool geome-
tries is considered to estimate the heat generated due to fric-
tion between the workpiece and tool surfaces.
     Many of the referred literature stated that the failure of
friction stir welded joints takes place at the heat-affected
zone (HAZ) where the density of the needle-shaped precipi-
tate (’’) is less. From the proposed developed models for
different tool geometries, one can find the peak temperature
at the weld zone so that severe softening in the HAZ (be-
cause of the reversion of ’’ precipitates during the weld
thermal cycle) can be minimized (Ref. 18) by controlling
weld process parameters.
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Fig. 1 — Different pin profiles used in FSW.

Fig. 2 — Schematic of the triangular probe.

Fig. 3 — Schematic of the surface orientations and infinitesi
mal segment areas. The top left probe side is Q2, bottom left
square probe is Q3,and right shoulder surface is also seen.
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     Modeling offers great prospects in the future for reducing
experimental efforts in the development of welding parame-
ters, tool and machine designs, clamping systems, and many
other areas. Also, with the large effort currently being made
in modeling, it is reasonable to expect a significant return
on this investment (Ref. 19).
     Because of the nature of this approach, the proposed ana-
lytical model relies on three major elements — analytic alge-
bra, numerical calculations, and experimental data. The ana-
lytic algebra is based on existing research and results but in-
cludes some improvements. The algebra is developed for a
complete welding tool, involves more dominant parameters in
the calculations than in previous models, recognizes more de-
pendencies between parameters, neglects fewer parameters,
and has a shorter calculation time (Ref. 19). The numerical
method can solve complicated functions that are difficult to be
solved by the analytical method. However, a numerical solu-
tion is discrete. On the other hand, the analytical method can
solve relatively easy functions. Its solution is given by a formu-
la that clearly shows the relationship between independent
and dependent variables (Ref. 25).
     In this paper, a combined approach of both methods is con-
sidered. In the first part, an approximate analytical equation
for heat generation is developed for different pin profiles. In

the next part, the effect of the different process parameters on
the temperature history is shown.
     In the present work, analytical modeling of different tool
geometries such as TR, SQ, PEN, and HEX (all regular poly-
gons) are developed. The next section is divided into four sub-
sections; the first four sections show proposed analytical mod-
els for heat generation for the FSW process on different tool
pin geometries, then thermal modeling of different pin
geometries using Comsol is presented.
     Later, comparison of all tool geometries in terms of total
heat generation and peak temperature generated is presented.
The FSW process consists of a rotating tool pin penetrating
into the two butt joint positioned plates to be joined and
transverse motion to the tool. The shoulder surface heats the
plate surface due to tool rotation whereas the pin mixes the
material from the front of the pin to the back of the pin due to
tool rotation and translation.
     The following underlying assumptions are made for analyt-
ical modeling:
     • The analytical estimation based on a general assump-
tion of uniform contact shear stress contact is considered.
     • Weld cycle excludes plunging; first, second dwell, and
retract cycles.
     • Tool inclination angle was not considered.
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Fig. 5 — Schematic of the hexagonal probe.Fig. 4 — Schematic of the pentagonal probe.

Fig. 6 — A — Model geometry for FSW; B — temperaturedependent 0.2% offset yield strength for AA 2014T6.
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     • No heat flows into the workpiece if the local tempera-
ture reaches the material melting temperature.
     Due to friction interface conditions, the frictional shear
stress friction is considered. The shear stress estimates for a
sliding condition is as contact = friction = p (where p = F/Area
under shoulder).

Analytical Modeling

Analytical Heat Generation Equation for
Triangular Pin Profile

     During the FSW process, due to complex geometries of

the tool (Fig. 1), the estimation of heat generated at the con-
tact surfaces is quite complex. In the analytical estimation, a
simplified tool design with a flat shoulder surface, a vertical
SQ prism probe side surface, and a flat probe tip surface is
assumed.
     The simplified tool design for the TR pin is presented in
Fig. 2, where Q1 is the heat generated under the tool shoul-
der, Q2 at the tool SQ probe side, and Q3 at the tool probe
tip, hence the total heat generation, Qtotal = Q1 + Q2 + Q3. To
derive the different quantities, the surface under examina-
tion is characterized by either being a vertical or horizontal
surface. The expressions for each surface orientation are dif-
ferent but are based on the same equation for heat genera-
tion:

     Heat generation from shoulder surface is calculated by sub-
tracting the heat generated due to probe tip (Q3) from the heat
generated due to shoulder (QShoulder) where a = Rprobe • 3 is the
side of the TR pin profile. Thus, heat generated due to the
shoulder is given by Frigaard et al. (Refs. 20, 21) as

     Therefore, Q1 is calculated as Qshoulder – Q3, i.e., Equations
2–5

= ω⋅ = ω⋅ ⋅ = ω⋅ ⋅τ ⋅dQ dM x dF x dAcontact (1)
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Fig. 7 — Temperature contours for the following: A — TR; B — SQ; C — PEN; and D — HEX pin profile.

Fig. 8 — Variation in peak temperature with the number of
polygon sides.
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     Heat generation from the probe surface is

     The multiplying factor 3 denotes the three sides of the
TR probe. Heat generation from the tip surface by using a
polar coordinate,

     The multiplying factor 6 denotes the six different regions
that form the whole TR surface. From Equations 3, 4, and 5,
QTotal can be calculated as QTotal = Q1 + Q2 + Q3
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Fig. 9 — Numerical modeling of the SQ pin profile under different process conditions.

500 rpm - 600 mm/min

1500 rpm - 600 mm/min

1000 rpm - 400 mm/min
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1000 rpm - 600 mm/min
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     The energy per unit length of the weld can be calculated
as dividing Equation 6 by weld speed () as

     Where contact = friction = p = , pressure equals the force
divided by the projected area.

Analytical Heat Generation Equation for Square
Pin Profile

     The heat generation from the shoulder surface is calculat-
ed by subtracting the heat generated due to probe tip (Q3)
from the heat generated due to the shoulder (QShoulder) where
a = Rprobe ·2 is the side of the SQ.

Top Left Probe Side (Q2), Bottom Left Square Probe (Q3),
and Right Shoulder Surface

     Similarly, the heat generation from the tip surface (Q3) is
given by the general expression (1) from Fig. 3 (bottom left),
an infinitesimal segment having the width dx and height dy
by considering only 1/8th part, which is integrated and con-
verted from rectangular to polar coordinates with the limits
given in the below expression as follows:

     The multiplication term 8 denotes the eight different re-
gions that form a SQ surface. Therefore, Q1 is calculated as
Qshoulder – Q3, i.e., Equations 2–8

     With the heat generation from the probe surface, consid-
ering rectangular coordinates, we get

     The multiplication term 4 denotes the four sides of the
SQ probe. From Equations 8–10, QTotal can be calculated as
QTotal = Q1 + Q2 + Q3

     The energy per unit length of the weld can be calculated
by dividing Equation 11 by the weld speed () as

Analytical Heat Generation Equation for
Pentagonal Pin Profile

     The heat generation from the shoulder surface is calculat-
ed by subtracting the heat generated due to the probe tip
(Q3) from the heat generated due to shoulder (QShoulder). a =
Rprobe/0.8506 is the side of the PEN pin profile. The simpli-
fied tool design for the PEN pin is presented in Fig. 4.
     Therefore, Q1 is calculated as Qshoulder – Q3, i.e., Equations
2–15
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     The heat generation from the probe surface represents

     The factor 5 denotes the five sides of the PEN probe.
     Heat generation from the tip surface is

     The factor 10 denotes the ten different regions that form
a PEN surface. From Equations 13–15, QTotal can be calculat-
ed as QTotal = Q1 + Q2 + Q3

     The energy per unit length of the weld can be calculated
as dividing Equation 16 by weld speed () as

Analytical Heat Generation Equation for
Hexagonal Pin Profile

     Figure 5 shows the simplified tool design for the HEX pin
profile. The heat generation from the shoulder surface is cal-
culated by subtracting the heat generated due to the probe
tip (Q3) from the heat generated due to the shoulder 
(QShoulder). a = Rprobe is the side of the HEX pin.
     Therefore, Q1 is calculated as Qshoulder – Q3, i.e., Equations
2–20

     The heat generation from the probe surface is

     The factor 6 denotes the six sides of the HEX probe. Heat
generation from tip surface is as follows:

     The factor 12 denotes the twelve different regions that
form a HEX surface. From Equations 18–20, QTotal can be cal-
culated as QTotal = Q1 + Q2 + Q3.

     The energy per unit length of the weld can be calculated
as dividing Equation 21 by the weld speed () as
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Thermal Modeling
     The thermal-pseudo-mechanical model (TPM) for differ-
ent pin profiles such as TR, SQ, PEN, and HEX is developed
using the heat transfer module in Comsol 4.4.
     The model geometry is symmetric around the weld;
hence, only one aluminum plate is modeled. The aluminum
Alloy AA 2014-T6 plate dimensions are 320 × 80 × 5 mm,
surrounded by two infinite domains in the x direction. The
shoulder and pin diameters were kept constant for all tools
at 12 and 6 mm. For different geometries, the tool rotation-
al speed at 1000 rev/min and weld speed at 600 mm/min
were kept constant. The values of axial force were 9.09 kN
for TR, 8.97 kN for SQ, 6.98 kN for PEN, and 6 kN for the
HEX pin profile (Ref. 17).
     The temperature distribution is obtained by solving the
energy equation, expressed here as the conductive-convec-
tive, steady-state equation (Ref. 5).

where  is density, Cp the specific heat, u the velocity vector,
k thermal conductivity,  the temperature, and Q is the in-
ternal heat generation rate.

Boundary Conditions and Initial Condition

     The model geometry is symmetric around the weld. Hence,
only one aluminum plate is sufficient to model.
     Figure 6A shows the resulting model geometry. The tem-
perature-dependent yield stress is shown in Fig. 6B. The heat
flux boundary condition for the workpiece at the tool shoul-
der/workpiece interface is Qshoulder. Similarly, the heat flux
boundary condition at the tool pin/workpiece interface and
tool shoulder/workpiece interface is Q2 and Q3, respectively.
Qshoulder, Q2, and Q3 can be calculated by respective equations
for different pin profiles.
     The inbuilt material properties for the AA 2014-T6 alu-
minum alloy were considered, and for AISI H13 tool steel, are
as follows: thermal conductivity – 36 [W/(m·K)], density –

7833 [kg/m3], and heat capacity at constant pressure – 460
[J/(kg·K)]. Mesh size for the model is as follows: maximum ele-
ment size – 8.4 mm, minimum element size – 0.084, and max-
imum element growth rate – 1.3.
     The element type and amount used in this study are as fol-
lows: prism elements – 142, hexahedral elements – 1352, tri-
angular elements – 142, quadrilateral elements – 1698, and
edge elements – 374.

Convection Boundary Conditions

     The upper and lower surfaces of the aluminum plates lose
heat due to natural convection and surface to ambient radia-
tion. The hup and hdown are heat transfer coefficients for nat-
ural convection. In the present study, it is considered as
12.25 and 6.25 W/m2K, respectively.
     Figure 7A–D shows temperature isotherms for different
pin profiles. The peak temperature among different pin pro-
file is monotonous. The highest peak temperature is for the
SQ pin profile (789 K) and lowest for HEX pin profile (713
K), whereas the trend is increases from TR (733 K) to SQ
(789 K), then decreasing from PEN pin profile (724 K) to
HEX pin profile (713 K). Furthermore, the peak temperature
in case of conical tool geometry from TR-HEX pin profiles
was also monotonous (Ref. 17). It was reported that the
HEX pin profile has the highest peak temperature and low-
est for SQ pin profile. The peak temperature trend is de-
creases from HEX-TR-PEN-SQ pin profile.

Results and Discussion
     The effective energy per weld length (QEff) (Ref. 22) is de-
fined as the energy per weld length multiplied by the trans-
fer efficiency (, ratio of the pin length HProbe to the work-
piece thickness, t) and given as follows:

     For validation of the proposed model, the empirical rela-
tionship developed by Hamilton et al. (Ref. 22) between the
temperature ratio and effective energy level is considered.
The empirical formula is given by

     It is agreed that the above expression will change for dif-
ferent work material and one has to find this expression by
trial experiments.
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Table 1 — Summary of Different Pin Profiles Showing QEnergy/Length, and Tmax

Pin Profile Q(Energy/length) Q(Energy/length), Tmax/Ts Tmax (K) Tmax (K) Tmax (K)
J/mm Eff. (Analytical) (Numerical) (Ref. 17)

TR 173.67 163.25 0.565 515 733 614
SQ 178.40 167.70 0.566 516 789 619

PEN 144.29 135.63 0.561 511 724 623
HEX 128.73 121.01 0.559 509 713 637

.
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     The analytical model gives precise results only if experi-
mentally estimated parameters are involved in the model. Fur-
thermore, verification of the analytical model can be done by
comparing the results from the analytical model with experi-
mentally estimated results (Ref. 2). The friction coefficient ()
varies with temperature. However, in the present model for
demonstration purposes, it is considered as 0.4.
     The summary of all pin profiles shown in Table 1, under
the following process parameters, are as follows: tool rota-
tional speed – 1000 rev/min, weld speed – 10 mm/s,  – 0.4,
Rshoulder – 6 mm, Rprobe – 3 mm, and Hprobe – 4.7 mm. The
AA2014-T6 thickness is 5 mm, solidus temperature – 780 K,
liquidus temperature – 911 K, F - 9.09 kN for TR, 8.97 kN
for SQ, 6.98 kN for PEN, and 6 kN for the HEX pin profile.
     The expression for heat generation in FSW is given below
in a generalized form where the value of multiplying factor
‘X’ is 3 (Ref. 4). The value of ‘X’ for different pin profiles is
shown in Table 2. From Table 2, it is seen that by increasing
the sides of polygon, the value of ‘X’ goes on increasing and
finally it stops at value 3.

     From Table 1, it is seen that heat generation of given pin
profiles in ascending order of the edges initially increases
from the TR to SQ pin profile, then decreases to the HEX pin
profile. From Table 2, it is seen that an increase in the num-
ber of edges leads to an increase in the pulsating stirring ac-
tion, but a decrease in the heat and temperature profile of
the weld zone under the given set of process conditions.
     From Fig. 8, it can be seen that increasing the number of
edges, the peak temperature initially increases from the TR
to SQ pin profile then decreases to the HEX pin profile. Fur-
thermore, an increase in number of edges that finally forms
a circle means the heat generation is lowest for the SC pin
profile, beyond which no temperatures rise.
     Figure 9 and Table 3 shows the modeling heat generation
for the SQ pin profile with peak temperature and its com-

parison with the developed analytical model.
     The variation in analytical and numerical modeling using
Comsol is attributed due to the following two reasons: First,
in numerical modeling, material properties such as thermal
conductivity, heat capacity, and density of both the work-
piece and tool material were considered (i.e., material specif-
ic), whereas in analytical modeling only process parameters
were considered (i.e., nonmaterial specific). Second, the fric-
tion coefficient was assumed and Equation 25 adapted from
Ref. 22, when the analytical method is used.
     From Table 3, it is seen that under constant weld speed and
increasing tool rotational speed, heat input increases and
hence peak temperature increases. This agrees well with litera-
ture (Ref. 8) where it was reported that varying tool rotational
speed could raise strain rate, and thereby influence the recrys-
tallization process. Similarly, under constant tool rotational
speed and increasing weld speed, heat input decreases and
hence peak temperature decreases. This agrees well with litera-
ture (Ref. 26), where it was reported that at lower weld speed,
overaging takes place in the weld region due to high frictional
heat generation and at higher weld speed underaging take
place due to low frictional heat generation.
     Moreover, process maps for different work material (Ref.
23) gives a clear understanding regarding temperature,
strain rate, plastic deformation, and behavior, which will be
helpful to optimize the FSW tool geometry and process pa-
rameters to get defect-free welds.
     Recently, a similar approach was developed by Backer et
al. (Ref. 24) where they used a temperature controller that
modifies the spindle speed to maintain a constant welding
temperature except predicting the mechanical properties.
The correlation of temperature data by considering the de-
formation with strain rate, Zener-Holloman parameter, and
grain size will remain as a future work.

Conclusions
     Understanding the process of heat generation and esti-
mating the amount of heat generated during FSW are com-
plex and challenging tasks that require a multidisciplinary
approach.
     In this study, an analytical model for heat generation in
FSW of aluminum alloys using different pin profiles such as
TR, SQ, PEN, and HEX are developed. Using an analytical
approach, it is seen that by increasing the number of edges,
the amount of heat generation initially increases from the
TR to SQ pin profile, then decreases to the HEX pin profile.
Furthermore, numerical modeling shows that increasing the

( )= ⋅π⋅ω⋅μ⋅τ ⋅ + ⋅ ⋅Q R X R HTotal contact shoulder probe probe
2
3

(26)3 2
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Table 2 — Different Pin Profiles with Multiplying Factor ‘X’

Pin Profile Multiplying Factor (X)

TR 0.72
SQ 0.95

PEN 1.19
HEX 1.43
SC 3

Table 3 — Numerical Modeling of SQ Pin Profile under Different Process Conditions

Sr. No. Condition Q(Energy/length), J/mm Q(Energy/length) , Eff. Tmax (K) (Analytical) Tmax (K) (Numerical)

A 500–600 89.20 83.85 504 593
B 1000–600 178.40 167.70 516 789
C 1500–600 267.60 251.54 528 864
D 1000–200 535.20 503.09 563 889
E 1000–400 267.60 251.54 528 850
F 1000–500 214.08 201.23 521 822

Note: 500–600 = 500 rev/min (tool rotational speed) – 600 mm/min (weld speed) all at 8.97 kN (vertical force) condition.
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tool rotational speed under constant
weld speed, heat input increases, and
increasing the weld speed under con-
stant tool rotational speed, heat input
decreases. With the proposed analyti-
cal approach, one can directly seek the
peak temperature for respective tool
geometry under given process condi-
tions, which will be helpful for predict-
ing the mechanical properties by cor-
relating with the precipitate phase dis-
tribution for that aluminium alloy.
     The proposed analytical model
gives precise results only if experimen-
tally estimated parameters are in-
volved in the model. In addition to
this, a process map for the defect-free
joints can be obtained using a material
flow pattern.
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Nomenclature
Q1 = heat generation from the shoul-
der surface
Q2 = heat generation from the probe
surface
Q3 = heat generation from the tip 
surface
 = friction coefficient
 = tool angular rotation speed/rad s−1

 = tool speed of r/ms−1

 = contact pressure/Pa
Contact = contact shear stress/Pa
RProbe = tool probe radius/mm
RShoulder = tool shoulder radius/mm
QTotal = total heat generation/W
HProbe = tool probe height/mm
F = axial force/N
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