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Abstract Friction stir welding (FSW) has been the most

attracting solid state welding process as it serves

numerous advantages like good mechanical, metallurgical

properties etc. Non weldable aluminium alloys like

5XXX, 7XXX series can be simply joined by this pro-

cess. In this present study a mathematical model has

been developed and experiments were successfully per-

formed to evaluate mechanical properties of FSW on

similar aluminium alloys i.e. AA1100 for different pro-

cess parameters and mainly two kind of tool geometry

(straight cylindrical and conical or cylindrical tapered

shaped pin with flat shoulder). Tensile strength and

micro hardness for different process parameters are

reported of the welded plate sample. It was noticed that

in FSW of similar alloy with tool made of SS-310 tool

steel, friction is the major contributor for the heat gen-

eration. It was seen that tool geometry, tool rotational

speed, plunging force by the tool and traverse speed

have significant effect on tensile strength and hardness of

friction stir welded joints.
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List of symbols

AA Aluminium alloy

Ct
e

� �
Element specific heat matrix

FSW Friction stir welding

HAZ Heat affected zone

HP Height of the probe

h1 Indent height of shoulder

hf Convection coefficient

Ktb
e

� �
Element diffusion conductivity matrix

Ktc
e

� �
Element convection surface conductivity matrix

{L} Vector operator

Nf g Element shape function

nf g Unit outward normal vector

Pn Plunging force

QSp Heat generation due to vertical pressure in

shoulder

QSm Heat generation in shoulder due to travelling of

tool shoulder

QS Total heat generation in shoulder

Q1 Heat generation due to vertical pressure at probe tip

Q2 Heat generation due to the rotational movement of

the probe (side surface)

Q3 Heat generation due to travelling of the probe (side

surface)

QP The total heat generation at the probe

Qf
e

� �
Element heat flow vector for surface S1

Qc
e

� �
Elemental convection surface heat flow vector

qsup Heat supply

q000 Heat generation

{q} Heat flux vector

RS Shoulder radius

RPb Radius of probe base

RPt Radius of probe tip

Sys
* The yield strength of the material at 80 % of the

melting point temperature
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Ta Ambient temperature

Tef g Nodal temperature vector

V Tool velocity

x Angular velocity of the tool

s* The shear strength of the material at 80 % of its

melting point temperature

l Frictional co-efficient between the tool and

workpiece

q Density of plate material

Introduction

Friction stir welding involves the joining of metals

without fusion or filler materials. It is a solid–state

joining process that takes place below the melting point

of the materials to be joined. The maximum temperature

reached was generally of the order of 0.8 of the liquidus

temperature of the material being welded. This welding

process was invented at The Welding Institute, UK in

the early 90’s [1]. The welds were created by the

combined action of frictional heating and mechanical

deformation due to a rotating tool. Welds produced by

FSW generally exhibits a higher strength and formability

due to the low welding temperatures compared to fusion

welding processes [2, 3]. FSW can potentially replace

the riveting and resistance spot welding of aluminum and

steel sheets in the aircraft and automotive industries,

respectively [4]. Friction stir welding has been widely

researched in marine and aerospace application because

it is thought to be the appropriate technique without

defects [5], which may occur in arc welding of alu-

minum alloys. The disadvantageous effects of arc weld-

ing like very high localized heating beyond the melting

temperature, residual stresses and deformations are min-

imized in FSW, as the heat generated is less than the

melting point of base plate. In marine application, mar-

ine grade steel is generally used for haul and super-

structures. But aluminum has become a very good choice

as it is lightweight, and allows for minimal rusting of

aluminum to take place as compared to steel. The geo-

metrical effect of FSW tool on welding quality [6–10] is

a crucial part of this welding process. Some authors

analyzed the influence of the tool rotation speed [11, 12],

welding speed [13–16] and both parameters simultane-

ously [17–22] of 7XXX, 6XXX and 5XXX welds by

considering the same tool geometry. They observed that

different rotational speeds did not result in significant

differences in the hardness profile in FSW welds, except

for the width of the softened region in the weld of

6063-T5 Al. They suggested that frictional heat and

plastic flow of plasticized material [23] during friction

stir welding created fine and equiaxed [16] grains in the

stir zone, and elongated and recovered grains in the

Thermo-mechanically affected zone (TMAZ).The aim of

the present study is to investigate the effect of process

parameters [24, 25] viz. tool geometry, plunging force

and rotational speed of the tool on mechanical properties

[26–29] of similar friction stir butt welds AA1100.

Model Methodology

Let us consider a cylindrical tool whose shoulder radius is

RS and radius of its probe is RPt, whereas, considering

height of the probe as Hp as shown in Fig. 1. If the angular

speed of the tool is considered as x and it is given a

plunging force Pn due to which a pressure P is generated by

the tool on the shoulder surface, due to this pressure the

generation of total heat is calculated as follows.

An elemental ring of thickness dr is taken which is at r

distance away from the centre O shown in Fig. 2. Then the

area of the elemental ring will be,

Fig. 2 Shoulder small elementary area

O

ω

δrh1 Hp Workpiecer

Rs

RPt

Pn

Tool

Fig. 1 Schematic diagram of flat cylindrical shoulder and cylindrical

probe
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dA ¼ 2prdr ð1Þ

Normal force acting on this elemental ring,

dN ¼ P � dA ¼ P � 2prdr ð2Þ

If one considers the frictional co-efficient between the tool

and workpiece to be l, the frictional force will be,

dF ¼ l � dN ¼ 2lPprdr ð3Þ

Heat generation due to elemental ring,

dQSp ¼ dF � Vt ¼ 2lPprdr � xr ð4Þ

where Vt is the tangential velocity. Integrating both sides of

Eq. (4) one gets,

QSp ¼ 2plxP
ZRS

RPt

r2dr

or

QSp ¼
2

3
plxP R3

S � R3
Pt

� �
ð5Þ

Let us consider the depth by which the tool shoulder

penetrate the work plate due to plunging force in welding

area, is h1 and the tool moves with a velocity of V. Now the

yield strength of the material at 80 % of the melting point

temperature is considered as S�ys. Since the tool is moving

forward with a traverse velocity then one force will act

upon the front half curved surface area of the shoulder. The

area responsible for heat generation,

A ¼ pRS � h1 ð6Þ

Frictional force which is responsible for heat generation is,

F ¼ lS�ys � A ¼ lpS�ysRSh1 ð7Þ

Heat Generation

QSm ¼ F � V ¼ lpS�ysRSh1V ð8Þ

So, the total heat generation,

Qs ¼ QSp þ QSm

Qs ¼
2

3
plxP R3

S � R3
Pt

� �
þ lpS�ysRSh1V ð9Þ

Heat Generation in Cylindrical Probe

There are two important surfaces of probe. These are

responsible for heat generation i.e. (i) probe tip surface and

(ii) probe side surface.

The details of mathematical models of heat generation

[30, 31] both on probe tip and side surface are described

below.

Heat Generation Due to Vertical Pressure at Probe

Tip

Similar to Eq. (5),

Q1 ¼
2

3
plxP � R3

Pt ð10Þ

Heat Generation due to the Rotational Movement

of the Probe Side Surface

If one considers s to be the shear strength of the workpiece

and s� be the shear strength of the material at 0.8 of its

melting point temperature, then the force acting on the

probe on its surface will be,

Fp ¼ ls� � 2pRPtHP ð11Þ

Heat generation by the curved surface area,

Q2 ¼ 2lps�xR2
Pt � HP ð12Þ

Heat Generation Due Traverse Speed of the Tool

by the Probe Side Surface

Let us assume that probe is moving with a velocity of V

and the yield strength of the workpiece material at 0.8 of its

melting temperature be S�ys. Here only half of the curved

surface area is responsible for heat generation during the

travelling of probe i.e.

A ¼ prHP

Therefore, force acting on the probe due to travelling on

workpiece is,

Fp ¼ lS�yspRPtHP ð13Þ

Therefore heat generation due to travelling of probe on

workpiece is,

Q3 ¼ lS�yspRPt � HP � V ð14Þ

So the total heat generation by the probe is calculated by

adding Eq. (10), (12) and (14),

Qp ¼ Q1 þ Q2 þ Q3

or,

Qp ¼
2

3
plxP � R3

Pt þ 2lps�xR2
Pt � HP þ lS�yspRPt � HP

ð15Þ

Therefore, total heat generation by flat cylindrical shoulder

with cylindrical probe is calculated by,

Q ¼ Qs þ Qp

or
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Q ¼ 2

3
plxP R3

S � R3
Pt

� �
þ lpS�ysRSh1V þ 2

3
plxP � R3

Pt

þ 2lps�xR2
Pt � HP þ lS�yspRPt � HP � V

ð16Þ

Similarly, for flat cylindrical tool with conical pin the total

heat generated can be calculated by the below mentioned

equation,

Q ¼ 2

3
plxP R3

S � R3
Pt

� �
þ lpS�ysRSh1V þ 2

3
plxP R3

S � R3
Pt

� �

þ 2

3
plxs� R2

Pb þ RPbRPt þ R2
Pt

� �
þ l

2
pS�ysV RPb þ RPtð Þ

� 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RPb � RPtð Þ2þH2

P

q

ð17Þ

Heat Flux Calculation

Heat Flux in Cylindrical Shoulder

Heat flux (q) can be obtained by dividing Eq. (4) by Eq. (1)

i:e:
dQSp

dA
¼ 2lpxPr2dr

2prdr
ð18Þ

or

q ¼ lx Pr ð19Þ

Multiplying and dividing Eq. (19) by 2
3
p R3

S � r3p

� �
, one

gets,

q ¼
2
3
lpxP R3

S � R3
pb

� �
r

2
3
p R3

S � R3
pb

� � ð20Þ

Using Eq. (5),

q ¼ 3QSpr

2p R3
S � R3

pb

� � ð21Þ

Heat flux due to travelling of shoulder

As the radius of shoulder is constant at the curved surface

area therefore heat flux is taken as uniform. Heat genera-

tion is taking place at half of the depressing curved surface

area which is given in Eq. (6).

Therefore heat flux can be calculated by using Eq. (8)

as,

q ¼ QSm

A
ð22Þ

Heat Flux in Probe

There are two important areas where flux is needed to be

calculated (a) Curved surface area of the probe and (b) Tip

of the probe.

For Curved Surface Area

Since radius of the probe is not changing the heat flux

through curved surface area is taken as uniform. Curved

surface area of the probe

A ¼ 2pRPtHP ð23Þ

Therefore heat flux is calculated as,

q ¼ Q2 þ Q3

A
ð24Þ

where Q2 and Q3 are taken from Eq. (12) and (14).

For Tip of the Probe

Similar to Eq. (21),

q ¼ 3Q1r

2pR3
Pb

ð25Þ

Similarly one can calculate heat fFlux for conical shoulder

and conical pin.

Experimental Procedure

Experimental Details

Two similar aluminium alloy of AA1100 grade test sam-

ples of size 200 mm long, 100 mm wide and 6 mm thick

plates were welded with the below referred FSW tools.

Specifications of milling machine used for FSW experi-

mentation are vertical type milling machine, motor

capacity: 7.5 HP, rotational Speeds: 50–1500 rpm,

traversing speeds: 22–555 mm/min. The tool was rigidly

fixed on an arbor. The workpiece edges are clamped to the

machine bed without any root gap to restrict the movement

in all degrees of freedom to with stand mainly plunging and

translational forces of the tool. The butting line of two

workpieces was seen to match exactly with the center of

the tool pin. After allowing the tool to plunge on the butted

plate and visually ensuring full contact of the tool shoulder

with the plate surface, the bed horizontal movement was

switched on and continued up to the end. A typical FSW

setup is shown in Fig. 3. For measurement of tool plunging

force a 5000 kg capacity load pad was used. Agilent data

logger 34,970 A was used to record temperature data. The

FSW tools were fabricated in house using SS310 shown in

Fig. 4.

Four flat shouldered but different pin dimensioned FSW

tools have been used in this work. Two are of flat shoul-

dered straight cylindrical pin tool and other two are flat

shouldered tapered cylindrical pin shown in Fig. 4. The

FSW tools were fabricated in workshop using SS-310.
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With the constant traverse speed of 112 mm/min and zero

tool inclination angle the plunging forces are taken as 5100

and 6500 N in case of 1400 and 1000 rpm tool rotational

speed respectively, for FSW of AA1100 grade.

Vickers Micro Hardness Test

Procedure to measure material’s resistance to localized

plastic deformation is done through hardness test. Required

hardness value can vary depending upon the application

and purpose of use. So to calculate the actual hardness

value of welding zone compared to other zone of the

welded plate, the test samples were made to carried micro

hardness test which have been carried out on a Vickers

micro hardness testing machine (Make BUEHLER, model

no: 1600-6036, loading range: 10–2000 gf). Hardness

measurements were taken on cross-sections perpendicular

to the welding direction. Welding was carried out using

four types of FSW tools with varying process parameters as

shown in Table 1.

The hardness at the different zones of the test samples

was measured. At a particular location on the weld zone ten

number of hardness reading have been noted and the

average of these readings was taken. The indentation load

for the hardness measurement was kept at 100 gf. The

variation of hardness value for all the eight test samples is

shown in Fig. 5.

Tensile Test

As strength of any structure or a body is determined by its

load carrying capacity so to quantify the strength or

toughness or yield strength of the welded joint, tensile test

was carried out and specimens were prepared after

welding as per ASME standard and tensile tests have been

carried out for the job specimens with 1400 rpm and

5100 N plunging force. Instron-8801 tensile testing

machine was used for tensile test. The specifications of

this machine are closed loop servo hydraulic dynamic

testing machine, maximum load capacity is 100 kN, and

actuator displacement is about 75 mm and in full scale

150 ± 5 mm.

Fig. 3 Friction stir welding setup

Fig. 4 Conical tools (top) and cylindrical tools (bottom)

Fig. 5 Vickers micro hardness for eight different FSW samples

Table 1 Different process parameters used for similar FSW of

AA1100

Exp. no. Tool pin

geometry

Tool pin diameter

(mm)

Rotational speed

of tool (rpm)

1 SC 5 1000

2 SC 6 1000

3 SC 5 1400

4 SC 6 1400

5 TC 5 1000

6 TC 6 1000

7 TC 5 1400

8 TC 6 1400

AA aluminium alloy, S straight, T tapered, C cylindrical)
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The tensile test specimens were taken perpendicular to

the welding direction from the welded test samples. All

tensile tests were performed at a constant crosshead dis-

placement rate of 4 mm/min using an Instron tensile testing

machine. Tests were performed to study the load versus

elongation characteristics for the specimens welded under

different parameters. Load versus elongation curves were

plotted for the all the four samples welded under 1400 rpm

and 5100 N plunging force have shown in Fig. 6. In this

result, specimens 1 and 2 were welded by the cylindrical

pin tool and the specimens 3 and 4 were welded with the

tool of tapered pin geometry. It is observed that the load

versus elongation plots of specimen 3 and 4 have enhanced

nature compared to all others. It can be shown that the

ultimate tensile strength for the specimens 3 and 4 were

30 % higher than the specimens 1 and 2.

Numerical Thermal Analysis

Three-Dimensional Finite Element Modeling

[32, 33]

A three dimensional finite element transient thermal model

was developed in the present work to analyze the heat

transfer and temperature distribution in a FSW process. In

the thermal model the actual conditions were accommo-

dated as far as possible. The following assumptions were

made in developing the present thermal model of a FSW

process.

1. All the thermal properties were considered as function

of temperature.

2. Linear Newtonian convection cooling was considered

on all the surfaces.

3. Heat generation was considered as a load.

The governing differential equation is:

o

ox
K
oT

ox

 �
þ o

oy
K
oT

oy

 �
þ o

oz
K
oT

oz

 �
þ q000 ¼ qC

oT

ot

ð26Þ

where o
ox

K oT
ox

� �
= variation of heat flux in X direction,

o
oy

K oT
oy

h i
= variation of heat flux in Y direction,

o
oz

K oT
oz

h i
¼ variation of heat flux in Z direction, q000 = heat

generation, q = density of plate material, C = specific

heat and K = thermal conductivity.

The following boundary conditions were applied in the

present FE model.

Equation (26) can be written as:

qc
oT

ot
¼ � Lf gT qf g ð27Þ

where {L} =

o

ox
o

oy
o

oz

8
>>>>><

>>>>>:

9
>>>>>=

>>>>>;

= vector operator, {q} = heat flux

vector.

Lf gT qf g ¼ r � qf g and Lf gT¼ rT

where r: represents divergence operator and r represents

grad operator.

Fourier’s law is used to relate the heat flux vector to the

thermal gradient

qf g ¼ � D½ � Lf gT

where D½ � ¼
K 0 0

0 K 0

0 0 K

2

4

3

5 = conductivity matrix.

Equation (27) can be written as:

qc
oT

ot
¼ Lf gT D½ � Lf gT

� �
ð28Þ

Boundary Conditions

Initial Condition

A specified initial temperature for the line heating that

covers all the elements of the specimen = Ta for t = 0,

where Ta = the ambient temperature

To develop second and third boundary conditions one

should consider energy balance at the work surface as:

Heat supply ¼ Heat loss

Fig. 6 Load versus elongation plot for four samples welded by

different tool geometry for same process parameters
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First Boundary Condition

A specific heat flow acting over surface S1

qn ¼ �qsup

or

�K
oT

on
¼ hf T � Tað Þ for t[ 0 ð29Þ

The quantity qn represents the component of the

conduction heat flux vector normal to the work surface.

The quantity qsup represents the heat flux supplied to the

work surface in W
m2, from an external welding arc.

qn ¼ qf gT nf g ð30Þ

on the surface S1 for t[ 0, where nf g = unit outward

normal vector.

Second Boundary Condition

Considering heat loss (qconv) due to convection over surface

S2 (Newton’s law of cooling):

qn ¼ qconv

or

qf gT nf g ¼ hf T � Tað Þ ð31Þ

on surface S2 for t[ 0.

Pre-multiplying Eq. (28) by a virtual change in tem-

perature, integrating over the volume of the element,

combining with Eqs. (30) and (31), and with some alge-

braic manipulation one gets:

Z

vol

qcdT
oT

ot

� �
þ Lf gT dTð Þ D½ � Lf gTð Þ

� �
d volð Þ

¼
Z

S1

dTqsupd S1ð Þ þ
Z

S2

dThf Ta � Tð Þd S2ð Þ ð32Þ

where vol = volume of the element, dT = an allowable

virtual temperature ¼ dT x; y; z; tð Þð Þ.
As stated before, the variable T is allowed to vary both

in space and time. This dependency is expressed as:

T ¼ Nf gT Tef g ð33Þ

where T ¼ T x; y; z; tð Þ = Temperature, Nf g ¼ N x; y; zð Þf g
¼ element shape function, Tef g ¼ Te tð Þf g = nodal tem-

perature vector.

The time derivatives of Eq. (33) may be written as:

_T ¼ oT

ot
¼ Nf gT Tef g ð34Þ

dT has the same form as T:

dT ¼ dTef gT Nf g ð35Þ

The combination of Lf gT is written as:

Lf gT ¼ B½ � Tef g

where

B½ � ¼ Lf g Nf gT ð36Þ

The variational statement of Eq. (32) can be combined

with Eqs. (33), (34), (35) and (36) to yield:

Z

vol

qc dTef gT Nf g Nf gT _Te

� �
d volð Þ

þ
Z

vol

dTef gT Bf gT D½ � B½ � Tef gd volð Þ

¼
Z

S1

dTef gT Nf gqsupd S1ð Þ

þ
Z

S2

dTef gT Nf ghf Ta � Nf gT Tef g
� �

d S2ð Þ ð37Þ

The density q is assumed to remain constant and specific

heat C may vary over the element. Finally Tef g, _Te

� �
and

dTef g are nodal quantities and do not vary over the

element, so that they also may be taken out from the

integrals. Now, since all quantities are pre-multiplied by

dTef g this term may also be dropped from the resulting

equation. Thus Eq. (37) may be reduced to:

Ct
e

� �
_Te

� �
þ Ktb

e

� �
þ Ktc

e

� �� �
Tef g ¼ Qf

e

� �
þ Qc

e

� �

which is used for solving thermal analysis in ANSYS

software.

Where Ct
e

� �
¼ q

R

vol

c Nf g Nf gTd volð Þ ¼ element

specific heat matrix, Ktb
e

� �
¼ B½ �T D½ � B½ �d volð Þ ¼ element

diffusion conductivity matrix, Ktc
e

� �
¼

R

S2

hf N½ � N½ �T d S2ð Þ

¼ element convection surface conductivity matrix, Qf
e

� �

¼
R

S1

Nf gqsupd S1ð Þ¼element heat flowvector for surfaceS1,

Qc
e

� �
¼

R

S2

Ta Nf ghf d S2ð Þ¼element convection surface

heat flowvector:

This can be used for easily calculating temperature {Te}.

Heat Source Modeling [34–40]

The input of heat is assumed to be linearly proportional to the

radial distance from the center of the tool which is derived

from the supposition (a) due to downward force on the

workpiece by the tool creates a uniform pressure between the

shoulder and the workpiece, and (b) from the work done by
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the frictional effect between tool-workpiece interface the

heat is generated. The distribution of the rate of heat flux to

work piece can then be represented as shown in Eq. (38).

q rð Þ ¼ 3Qr

2pr30
for r� r0 ð38Þ

where r0 = outside radius of the shoulder of the tool, Q is

the rate of heat input to the work piece.

The distribution of heat flux over the pin-plate interface

due to tool pin side surface is given by,

qp ¼
Qp

Að Þps
ð39Þ

where (A)ps = The area of tool pin side surface.

Table 2 shows the temperature dependent material prop-

erties of aluminum alloy [41, 42] used for the transient heat

transfer analysis. Constant convection co-efficient (i.e.

30 W/m2 �C) was used [43] in the analysis. The melting

point of commercial grade aluminum alloy is about 660 �C.
Table 3 shows the temperature dependent friction coefficient

of aluminum and steel [41, 42] used for the transient heat

transfer analysis. The recrystallization temperature range of

commercial grade aluminum alloy is generally 325–290 �C.

FE Results and Discussions

For calculation of weld induced frictional heat the vertical

force first considered was obtained from published

literature. It was seen the vertical force varied with welding

speed. The vertical force obtained from published results is

given in Table 4. In this present FE model the vertical

plunging force considered with different welding parame-

ters is shown in Table 4.

Analysis of the results (Results and Discussion)

Vickermicro hardness test

From Vicker Micro Hardness Test results (Fig. 5) it is

shown that the hardness value of the weld nugget is lower

than the base materials because of the stirring effect of the

pin with huge mechanical deformation, grain refinement

[44] happens around the pin. So ductility improves of that

zone due to which hardness decreases. It is seen that there

is not much difference in the hardness values of weld zone

and heat affected zone (HAZ).

Tensile Test

The tensile testing results shows (Fig. 6) that toughness for

the welding sample welded by tapered cylindrical tool pin

is more compared to straight cylindrical tool pin because

area under the curve is greater here (Fig. 6), and the dis-

placement before failure is more for tapered cylindrical

tool compared to straight cylindrical tool of same base

diameter (Table 5).

Verification of Numerical Analysis

with Experimental Result

From the numerical and the experimental study it can be

seen the both the result has come more or less same and the

error between them is very less.

Table 2 Temperature dependent material properties of Aluminum

used in FE analysis

Temperature (�C) Thermal conductivity

(W/m �C)
Heat capacity

(J/Kg �C)

37.8 162 945

93.3 177 978

148.9 184 1004

204.4 192 1028

260 201 1052

315.6 207 1078

371.1 217 1104

426.7 223 1133

Table 3 Temperature dependent friction coefficient of aluminum and

steel

Temperature (�C) Friction coefficient (l)

22 0.11

160 0.11

200 0.26

400 0.35

580 0.47

Table 4 Vertical plunging force on FSW tool and welding speed

Thickness of

the plate

(mm)

Rotational

speed of

tool (rpm)

Traverse

speed

(mm/min)

Average plunging

force on FSW tool

during welding (N)

6.0 1000 112 6500

6.0 1400 112 5100

Table 5 Process parameters upon which the experimental and

numerical results are comprised

Plates thickness

(mm)

Rotational speed

(rpm)

Traverse speed

(min/s)

Probe diameter

(mm)

6 1400 112 6
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Figures 7, 8, 9, 10, 11 and 12 are showing mesh gen-

eration model and different numerical results based on FE

model. It is understood from Figs. 10 and 11 that the heat

generation is maximum at the weld nugget zone due to

huge mechanical deformation arising from shear defor-

mation as a result of traverse speed and frictional heating

and decreases gradually with increase of the shoulder

radius of the tool.

By numerical model the isotherm pattern can be seen

from Figs. 8 and 9 at the time of welding. Like if one

considers the peak temperature error calculation, then it

can be seen from Fig. 13 that in experimental result it is

approximately 494 �C and numerically it is 480 �C which

leads to the maximum error of 2.91 %.

Conclusion

In this work 6 mm thick commercial grade aluminum

plates have been welded by using 4 different types of

tool(two straight cylindrical and two tapered cylindrical).

Fig. 7 FE model and meshing view

Fig. 8 Isothermal pattern for a particular time step during welding

for 6 mm tapered pin diameter

Fig. 9 Isothermal pattern for a particular time step during welding

for 5 mm pin diameter

Fig. 10 Peak temperature distributions along plate breadth perpen-

dicular to the weld line using conical pin
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From the above designed FSW tool geometry and the

above process parameters, a very good quality weld has

been achieved by which the following conclusions can be

made:

a) The hardness value is more in case of straight

cylindrical tool pin than tapered cylindrical tool pin

for the same process parameters.

b) The average hardness value of the weld nugget zone

reduces near about 13.28 % compared to base metal or

parent metal zone.

c) It is observed that the tool with tapered pin profile

generate less temperature than the tool with straight

cylindrical pin profile.

d) For a particular welding parameter the increase in peak

temperature for increment of 1 mm diameter in case of

cylindrical pin was around 10 % only. Since increase

in diameter does not significantly contribute to heat

generation. It is preferable to keep the diameter as low

as possible to avoid occurrence of wormhole defect.

e) Toughness was higher for welded sample done by

tapered cylindrical tools with same process parameter

because area under the curve is greater here as seen in

tensile test.

f) The hardness values of the weld zone and HAZ are

lower than the base material which indicates the

improved ductility of the weld.
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