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Modeling offers great potential for reducing experimental effort in development of welding
parameters, tool design and many other areas and at the same time reduce cost and time.
An analytical model for heat generation for friction stir welding using taper cylindrical pin
profile was developed. The proposed analytical expression is the modification of previous
analytical models known from the literature which is verified and well matches with the
model developed by previous researchers. The results of the proposed model were validated
with the data from previous researchers. From the obtained results, it was observed that
less temperature is generated using taper cylindrical pin profile than straight cylindrical

Tool shape pin profile under given set of working conditions. Furthermore, numerical simulation result
Energy shows that increasing the taper pin angle leads to decrease in peak temperature.
Al alloys © 2013 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. Este é um artigo Open Access sob a licenga de CC BY-NC-ND
- process parameter optimization, understanding and predict-
1. Introduction

Friction stir welding (FSW) [1-5] was invented at The Welding
Institute (TWI) of UK in 1991 as a solid-state joining tech-
nique, and it was initially applied to aluminum (Al) alloys.
Researchers all over the world now recognize the benefits
of using solid-state welding process as potential measure
for difficult-to-weld materials and for additive manufactur-
ing. For example, friction stir processing (FSP) and friction
welding, friction surfacing processes are under active con-
sideration for additive manufacturing [6]. The science and
technology is directed toward advanced equipment develop-
ment, tool design and tool material development, welding
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ing microstructural and mechanical property evolution during
joining. By adapting the concepts of FSW, FSP have been
developed for the fabrication of metal matrix composites
(MMC) [7], surface modification [8]. During this process, the
material undergoes intense plastic deformation at elevated
temperature resulting in significant grain refinement. Tool
geometry/design plays an important role in FSW/P process
because it performs main functions such as (a) localized heat-
ing, (b) material flow and (c) stirring action. A number of
researchers used different tool geometries/designs in order to
improve the mechanical properties [9].

In the present work, an analytical model for heat gen-
eration for taper cylindrical (TC) pin profile in FSW was
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Nomenclature

Q1 heat generation from shoulder surface
Q2 heat generation from probe surface
Qs heat generation from tip surface

n friction coefficient

® tool angular rotation speed (rad/s)
o tool pin taper angle (°)

v tool speed of wr (m/s)

o contact pressure (Pa)

Tcontact ~ Contact shear stress (Pa)

Rpr tool probe radius (mm) (taper)

Rps tool probe radius (mm) (straight)

Rshoutder tool shoulder radius (mm)
total heat generation (W)
tool probe height (mm)

Qrotal
Hprope

developed. Nowadays, the analytical models developed are
only for straight cylindrical pin (SC) pin profile. The need of
developing analytical model is that for TC pin profile bet-
ter mechanical properties were obtained than SC pin profile
[10-14]. The proposed analytical expression is a modification
of previous analytical models developed by Khandkar et al.
[15] and Schmidt et al. [16]. Khandkar et al. [15] 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. Furthermore, Schmidt et al.
[16] developed an analytical model for heat generation for SC
having concave shoulder in FSW based on different assump-
tions in terms of contact condition between the rotating tool
surface and the weld piece. Biswas and Mandal [14] reported
that tools having a concave shoulder led to lesser temperature
rise. At the same time, conical tool pins exhibited somewhat
lesser peak temperature compared to that of a SC pin profile.
Gadakh and Kumar [17] have made an attempt to develop an
analytical model for heat generation for TC pin profile but they
have modeled it incorrectly.

From the experimental aspect various researchers reported
better mechanical properties for TC pin profile. Suresha et al.
[10] reveals that the conical tools show better joint efficiency
compared to the square (SQ) tools. Hattingh et al. [11] found
that taper pin angle is beneficial in producing the plastic flow
conditions that are conducive to high strength welds. Buffa
et al. [12] observed that increase in temperature is greater
when the pin angle is small than that when pin angle is large.
It is also important here to note that fine grain-sized product
is always desired, so it is better to lower the working tempera-
ture where the grain growth during cooling from the working
temperature is negligible called finishing temperature which
is just above the minimum recrystallization temperature. In
hot working processes grain size is favored by a low finish-
ing temperature [18]. Mishra and Ma [9] reported that FSW/FSP
parameters, tool geometry, composition of workpiece, temper-
ature of the workpiece, vertical pressure, and active cooling
exert significant influence on the size of the recrystallized
grains in the FSW/FSP materials. As the pin taper angle
increases, the contact area between the welding pin and work-
piece increases which increases frictional heat, deformation

energy and heat affected zone (HAZ). A SC pin profile is helpful
for obtaining a smaller grain size, but the nugget area obtained
by SC pin profile is smaller than that by TC pin profile. A big-
ger pin angle has a significant increase in nugget area, namely
the core of the welding where the grain size is in the order of
2-5um, which eventually leads to enhanced nugget integrity.
Lammlein et al. [13] stated that conical tool reduces the pro-
cess forces drastically. The 90° tool welds retained a reasonable
percentage of parent material strength (50-60%). The 90° tool
was shown to work better than the 60°, 80°, or 120° tools. Small
cone inclusive angles require higher spindle speeds and cre-
ate more flash while large angles produce larger processed and
HAZs.

Another motivation for development of the model is that
Fujii et al. [19] reported that in case of 6061-T6, whose defor-
mation resistance is relatively low, the tool shape does not
significantly affect the microstructures and mechanical prop-
erties of the joints. They have reported that under almost all
FSW conditions, defect-free FSW joints were obtained. Accord-
ingly, the tensile strength is not affected by the tool shape. But
from macrostructure, tunnel defects were seen for triangular
(TRI) pin profile at 1500 rpm, 1000 mm/min. While Elangovan
et al. [20] revealed that microstructure of FSP region produced
by SQ pin profile at 1200 rpm contained fine equiaxed grains
which is for superior tensile properties of the joints. Also,
microhardness survey shows that greater hardness for the
TC pin profile than the SC pin profile. Furthermore, from the
macroscopic point of view, tunnel defects were seen for SC pin
profile at 1400 and 1600 rpm; for TRI pin profile at 1600 rpm.
The above two references appear to be conflicting with each
other.

Kumar and Raju [21] have studied the influence of different
tool pin profiles (TC, taper cylindrical with threaded (TCH),
TRI, SQ, pentagon (PEN) and hexagon (HEX)) on microstruc-
ture and mechanical properties of FSWed copper and reported
that joints made using SQ tool pin profile resulted in better
mechanical properties compared to other tool pin profiles.
Ramanjaneyulu et al. [22,23] studied the influence of differ-
ent tool pin profiles such as TC; taper (TRI, SQ, PEN and HEX)
on heat generation and microstructure of AA2014 aluminium
alloy. They have reported that the rate of heat generation as
well as peak temperatures are relatively higher in the case
of non-circular pin profiles, increasing with the number of
flats (i.e., SQ to HEX). From the reported literature, it is well
understood that the pin geometry plays a vital role for material
flow, temperature history, grain size and mechanical proper-
ties in FSW process. From these aspect, there is ardent need
of a model for TC pin profile by which one can find the peak
temperature at the weld zone so that severe softening in
the HAZ because of reversion (dissolution) of Mg,Si precipi-
tates during weld thermal cycle can be minimised or avoided
in case of Al-Mg-Si alloys [24] by controlling weld process
parameters.

Modeling offers great prospects in the future for reducing
experimental effort in development of welding parameters,
tool design, machine design, clamping systems and many
other areas, and with the large effort currently being made
in modeling it is reasonable to expect a significant return on
this investment [25]. The numerical method can solve compli-
cated functions that are difficult to be solved by the analytical
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Fig. 1 - Different heat generation regions.

method. However, a numerical solution is discrete. On the
other hand, the analytical method can solve relatively easy
functions. Its solution is given by a formula that shows clearly
the relationship between independent and dependent vari-
ables [26].

In this paper, combined approach of both methods was
considered. In the first part an approximate analytical equa-
tion for heat generation was developed for TC pin profile and
in the second part the effect of the taper pin on the temper-
ature history was shown. The main objective was to estimate
the heat generated due to plastic deformation and friction
between the workpiece and tool surfaces. In order to verify
the proposed model, this generated heat energy and the asso-
ciated maximum temperature were compared to the results
available in the literature.

2. Analytical estimation of heat generation

Fig. 1 shows three different regions where Q; is the heat
generated under the tool shoulder, Q, at the tool pin side
and Qs at the tool pin tip, hence the total heat generation,
Qtotar = Q1 + Q2 + Q3.

The following underlying assumptions were made for the
analytical modeling.

¢ The analytical estimation based on a general assumption of
uniform contact shear stress tcontact Was considered.

o The sliding condition the shearing take place at the contact
interface.

e Other mechanism of heat generation such as deformation
was not considered.

e Due to friction interface conditions the frictional shear
Stress tficion Was considered. The shear stress estimated for
a sliding condition was tcontact = Tfriction = P = [0

A simple tool design with flat shoulder surface, TC probe
side surface and flat probe tip surface is assumed which is
the modified version of the analytical model given by Schmidt

rdo
dr

SN

Fig. 2 - Surface orientations and infinitesimal segment
areas for TC pin profile.

et al. [16]. The TC pin surface is characterized by the taper
angle «. The general equation for heat generation:

dQ=w-dM =w -1-dF = o - T - Teontact - dA (1)

The contact surface between tool and workpiece given by
position and orientation relative to rotation axis is shown in
Fig. 2.

2.1. Heat generation from the shoulder surface

In order to calculate the heat generation in the shoulder sur-
face rotating around the tool center axis, an infinitesimal
segment on that surface is considered. The infinitesimal seg-
ment area dA=r.do-dr is exposed to a uniform contact shear
stress tcontact- This segment contributes with an infinitesimal
force of dF = tcontact-dA and torque of dM =r-dF. The heat gener-
ation from this segment is

dQ=w-1-dF = ®- 12 - Tcontact - 40 - dr ()
where r is the distance from the considered area to the center
of rotation, w is the angular velocity, and r-do and dr are the
segment dimensions. Integration of Eq. (2) over the shoulder
area from Rpr to Rgpouider gives the shoulder heat generation,

Qa.

Q1 _/ / shoulder .
3)

- Teontact - 46 - dr
§”wr€0nt“Ct(Rshoulder R3.)
2.2. Heat generation from the taper probe surface
The probe consists of a taper cylindrical surface with a bottom
radius of Rps, top radius Rpr and probe height Hprobe- The heat

generated from the probe is given by Eq. (4) over the probe side
area.

Q= / /a) r2 - Teontact - 46 - dz

Rps + R
=27 o Teontact - - (y) (4)
T - W - Teontact Hprobe 2
Q= ' - (Rps + Rer)

2 Ccosa
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Table 1 - Material characteristics and tool geometry of the Al alloys [29].

AHOY ThiCkneSS: t (mm) Rshoulder (mm) Rps (mm) Hpvobe (mm) Ts (QC)
AA6061-T6 6.4 12 9.5 6 582
AA6061-T651 8.13 12.7 5 8 582
AA6082-T6 6 7.5 2.5 6 606
AA7050-T7451 6.4 10.2 3.6 6.1 488
AA7050-T7451 19.1 9.5 3.2 6.4 488
2.3.  Heat generation from the pin tip surface The shear stress estimates for a sliding condition is

Integration of Eq. (2) over the pin tip surface, assuming a flat
pin tip gives pin tip heat generation, Qs.

QB// ©)

- Teontact - A6 - dr

*7T @ - Tcontact * Rps

From Egs. (3)—(5), Qmta can be calculated as:
Qrota1 = Q1+ Q2+ Q3
— 2 R3 R3 T - @ - Teontact
Qrotal = g”w'fcontact( shoulder — PT) + -
H 2
probe 2 3
. -(Rps + R +omow- -R
CoSu (Rps PT) 3 T - W - Teontact * fpg
But,
Rps = Rpr — Hprobe -tana (6)

Hence, Qrotq becomes,

3 Hpvobe

2
I . 3 el
Qrotat = 37TCUTcontact Rshoulder RPT+ 4 cosa

: (2 -Rpr — Hprobe -tan a)Z

+(RPT - Hprobe -tan 0’)3) (7)

The energy per unit length of the weld can be calculated
dividing Eq. (7) by the transverse speed:

w-F-u -<R3 —RST+§ Hprobe

2
QEnergy/Iength =3
2 shoulder
3 v R houlder 4 cose

(2-Rpr — Hprobe -tan a)z + (Rpr — Hprobe -tan a)?’)
8

®)

In the case of a SC pin profile, the heat generation expres-
sion simplifies to (Rpr =Rps)

Qrotal = 5 - 7 - @ - Teontact - (RShoulder +3- Hprope - R}%S) (9)

3
This correlates with the results found by Khandkar et al.
[15] or Schmidt et al. [16]. The same expression without the
last term has been suggested by Frigaard et al. [27,28].
The energy per unit length of the weld can be calculated
dividing Eq. (8) by transverse speed.

Tcontact = Tfriction = WP = po and pressure equals to the force
divided by the projected area.

w-F-p R3 _Rg3 3 Hprobe
v-R2 ' shoulder prt+ 7 1 cosa
shoulder

2
QEnergy/Iength = § .

(2-Rpr — Hprobe -tan o‘)z + (Re — Hprobe -tan 0()3>

(10)

The effective energy per weld length (Qgg) [29] is defined as
the energy per weld length multiplied by the transfer efficiency
(B, ratio of the pin length Hpy,, to the work piece thickness t)
and given by:

h

Q.Eff = ? . Q.Energy/length =8 QEnergy/length (11)

For validation of the proposed model, the empirical rela-

tionship developed by Hamilton et al. [29] between the

temperature ratio and the effective energy level was consid-
ered. The empirical formula is given by

Tmax

Ts

=1.56 x 107* x Qgff + 0.54 (12)

The coefficient of friction () varies with temperature. But
in the present model for demonstration purpose it was consid-
ered as 0.5. Table 1 shows the material characteristics and tool
geometry of the different Al alloys [29]. Table 2 shows welding
process parameters Qgpergy/length @0d Tmax (°C) of the different
Al alloys along with the results of this study considering zero
taper angle «. Fig. 3 shows the variation of the peak tempera-
ture for the proposed model, Hamilton et al. [29] model, and
Emam and Domiaty [30] results.

600

500

400 /

300 \/ \

200 =

=== Ours

Tmax, C

== Hamilton et al

Emam and Domiaty

100

0
123 4567 8 9 1111213141516

Expt. No

Fig. 3 - Variation of the peak temperature for the proposed
model, Hamilton et al. [29] model and Emam and Domiaty
[30] results.
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Table 2 - Welding process parameters of the Al alloys and calculated peak temperature [30].

AllOy revmin—! (‘U) v (mm minil) F (kN) QEnergy/length Q.Energy/length QEnergy/Iength Tmax (OC) Tmax (OC) Tmax (OC)
(mm=1)[29] (mm)[30] (mm ) ours [29] [30] ours
AA6061-T6 344 2.2 13 1639 1756 1652 425 408 395
AA6061-T651 390 2.4 22 1896 2049 2049 466 458 458
5 696 791 696 321 310 297
AA6082-T6 1500 8 7 435 529 435 275 274 261
12 290 384 290 250 254 241
0.85 20 1845 1863 1845 355 349 347
180 1.3 25 1513 1564 1508 350 315 309
AA7050-T7451 1.7 28 1273 1373 1291 320 293 284
) 360 1.7 24 1978 1993 2214 400 363 388
540 2.5 34 2464 2559 3199 390 428 500
810 3.8 39 2868 2897 3621 430 466 548
520 1 18 3053 3053 3816 220 259 290
1.9 24 2410 2410 2678 175 234 244
AA7050-T7451 1 13 3710 2968 3710 260 256 286
700 1.9 16 2403 2163 2403 220 224 234
2.6 18 2229 1978 1976 210 217 217
3. Effect of taper angle on thermal history a 0
390 ™,
In Fig. 4(a—c) under given set of conditions peak temperature 370+ T,
goes on reducing. From Fig. 4(a) it is seen that for 59° taper O 35 S
. X o,
angle temperature is 286 °C; beyond that Rpr becomes zero. For g a3 -
£ S

Fig. 4(b), 34° taper angle, temperature is 400 °C and for Fig. 4(c) 310 e
26° taper angle, it is 278°C. —

A similar trend is seen as suggested by Lammlein et al. :z ‘
[13]. They mentioned that 90° (here 45°) tool welds retained 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
a reasonable percentage of parent material strength (50-60%) Taper angle
than the 60° (here 30°), 80° (here 40°), or 120° (here 60°) tools.
Furthermore, Woo et al. [31] reported that in case of Al-Mg-Si b 470

alloys B precipitate phase begins at 216 °C and at 550°C tem- 460
perature there is complete dissolution of (8”) [32]. Considering 450
the solvus temperature of the g (below 353°C), the temper-

O 440
ature inside the material during FSP can be high enough to % 430
dissolve the initial strengthening precipitates (8”), resulting in E 42
the microstructural softening for the precipitation-hardenable 410
6061-T6 Al alloys. Softening in the nugget zone and thermo- 400
mechanically affected zone (TMAZ) is mainly related to the 390+ v T T T v
. . . Py . 15 9 13 17 21 25 29 33
complete dissolution of needle-shape precipitates (8”), while T |
the softening in the HAZ is due to the partial dissolution of aperange
(8”) and the growth of the rod-shape precipitates (8). c 200
It is interesting to note that as taper pin angle increases
(under constant shoulder to pin diameter ratio), the con- 295
tact area of the probe with workpiece increases resulting in O 200
increase in friction and heat generation. Schmidt et al. [16] %
reported that maximum heat generated is due to tool shoulder E 285
(86%) than probe (11%) for SC pin profile which is approxi- 280
mately 8:1. This indicates that for SC pin profile due to small
contact area of the probe with the workpiece, less heat is gen- 275
. 1 5 9 13 17 21 25
erated at the probe side. In short, the contact area of the probe
Taper angle

with the workpiece in the case of SC pin profile is less as com-

pared to the TC pin profile. So, the net heat flow is from probe Fig. 4 - Effect of taper angle on peak temperature (a)
toward the shoulder. However, the heat generated by the pin AA6061-T6, (b) AA6061-T651 and (c) AA6082-T6.

(%) is much lower [16]. As a consequence, the net result of

temperature is always less than SC pin profile.
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4, Conclusions

In this study, an analytical model for heat generation for FSW
of Al alloy using taper cylindrical pin profile was developed.
A combined of both analytical as well as numerical approach
was considered. There is good agreement between the gener-
ated heat energy and the associated maximum temperature
by the proposed model and results available in the literature.
With the proposed analytical approach one can directly see
the peak temperature for respective taper probe angle under
given process conditions which will be helpful for predicting
the mechanical properties for that Al alloy and hence elimina-
tion of post weld testing cost and time. The developed model
described in this study with modification in Egs. (11) and (12)
canbe used to predict the peak temperature for different alloys
and materials.
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