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Chapter 1

Introduction

Increase in productivity makes nonferrous metals to extend their use in
production industries according to the high growth of industrialization. Welding
methods suitable for joining nonferrous metals are also getting important with
the development of industrial technology. Moreover, Friction stir welding
focused in Mg alloys/Al alloys has proved to be predominance with the aspect
of advantages concerning exhaust emissions, energy consumption, transport
capacity and recycling material.

At present, FSW 1is being expanded to new areas in industries because of
these advantages. In the past, FSW was used to join between Al and Al
alloys, or AZ and AZ alloys. However, nowadays, it is being applied to join

Steel and dissimilar alloys.

1.1 Background

Friction stir welding is environmentally "friendly" method and FSW can join
materials that are "unweldable"by fusion welding methods. FSW produces less
distortion than fusion welding techniques, Friction stir welding uses a
cylindrical, shouldered tool with a profiled pin that is rotated and slowly
plunged into the joint line between two piece of sheet or plate material, which
are butted together. Heat is generated in the stir zone of the work piece
around the tool. This heat causes the work piece material to soften without
reaching the melt in oint and allows the tool to traverse the weld line. As it
does, the plasticized material is transferred from the leading edge of the tool
to the trailing edge of the tool shoulder and pin. It leaves a solid phase bond

between the two work pieces. Currently various research works are going on



in experimental aspects, numerical simulation and development of analytical
solutions to describe the FSW process. But more detailed analytical models
are still required to gain a clear physical insight of the friction stir welding

process.

Aerospace EU Shipbuilding Sweden, Norway

Fig. 1.1 Application of Friction Stir Welding in industries

1.2 The purpose

Through analysis of both similar and dissimilar welding joint, this study
intends to examine the mechanical behavior, caused by FSW and change of
residual stress, consequently obtain the mechanical properties and stability of
the welding joint.

In order to achieve these purposes, the analysis of non—stationary heat
conduction by finite element method was carried out. The effect of heat
source and temperature dependency of physical coefficient (resistivity, heat
conduction, specific heat and density and so on) is considered. Also the
analysis of heat distribution and welding residual stresses by computing
programme is used for numerical analysis which was performed considering

the temperature dependency of mechanical properties(yield stress, elastic



coefficient and heat expansion coefficient and so on).
Moreover, this paper is to assess the welds of specimen and secure the

mechanical phenomenon in welds experimentally and theoretically.

# Present : Arc Welding @ New : Friction Stir Welding

EHIELONG BARE SOUD WIRE
GAS INLET o WELDG ELECTHOON

Present Problems :
—Welding defect
—Material consume
—Working circumstance

—Preparation for welding
IWELDW ﬂuF DM DM"’M S —Wastes

/—>/' 7]
Circleshaped
Smallsized

o eovlding

Roiaw Friction Welding

Fig. 1.2 Comparison of FSW with arc welding

1.2.1 Characteristics of Friction Stir Welding

Friction Stir Welding is a solid state joining method with five phases of
actions in its entire process. The first is the plunging period, where the pin is
fully and shoulder is partially plunged into the joint line of the work piece.
The second action is in the dwell period during which the tool keeps on
rotating at the plunge point. In this phase the material around the tool is
heated due to the friction between the probe and matrix surfaces due to
sliding action. Due to this thermo—mechanical action, materials around the tool
get plasticized. The third phase of action is in the steady state welding
period, during which the rotating tool is traversed along the welding line. This
is followed by a second dwell period, which is the fourth phase of action. The
last and the fifth phase of action is in the releasing period during which the
rotating tool is raised up from the weld line leaving behind a pin cavity in the

work piece.
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Dwelling reglon
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Fig. 1.3 Schematic of Friction Stir Welding

As for any welding process, there are a large number of process parameters
that must be controlled in order to achieve a good welded jiont, The
parameters to be considered are as follows.

Side clamping force : The side clamping force, which holds the base material

together, needs to be greater than the force generated by the stirring tool pin
because the dimension of the tool pin increase at the same time. It has been
observed that if the clamping force is not high enough, avoid is present, just
below the surface on the advancing side of the weld.

Length of tool pin : To ensure sufficient plastic deformation in the root of

the weld, the longth of the pin should be related to the wall thickness, If the
length of the pin is too short, a defect in the root can be generated and early
fracture during tensile or root bend testing will occur. This type of defects
can also act as crack initiation site as well as an easy path for crack
propagation. On the other hand, if the tool pin length is excessive, the tool
will contact the backing plate and suffer damage.

Thickness : When the thickness of the substrate, many process parameters
as well as too. design have to be adjusted, tue to change in heating and
height of the weld. If the material is too thick or the tool too short a region
of non—welded material would exist near the weld roottherefore, it is

important with a consistent thickness.



Tool geometry : The tool geometry is an important parameter for FSW.

Tool pin shape influences the heat generation, plastic flow and the stirring
action in the weld. Moreover, the tool pin size is reflected in the width of the
weld, The FSW shoulder and the pin geometry are adapted to the work
material and its thickness. Microstructure changes can occur when the tool
design is modified. The most common tool today has a threaded pin whereas
the older ones had a more simple geometry. The shoulder should act as a
heat pump to assist the softening of the material around the rotation pin. The
most common shoulder has a flat underside. It has been observed that
presence of voids is related to the welding speed. A rapid increase in the
rotation speed can produce small voids. The mechanism behind this behavior is
not known at present.

Tool rotation speed : The tool rotation speed used so far for Al 6061—-T6

is between 500 and 1200rpm. The rotation speed must be large enough to
generate sufficient heat to soften the Al alloy so that tool fracture will not
occur. When the development of the process came to thicker sections of
copper the rotation speed had to be increased to match the increased heat
conduction away from the weld zone. The higher speed resulted in improved
lifetime but a small triangular shaped void was sometime present near the top
surface on the advancing side. Increasing the side clamping force and axial
welding force could eliminate this void. The rotation speed is considered as a
most significant process variable.

Tilt angle : Most FSW trials on Al alloys habe gad a tool tilt angle of 2—3".
The reason for exploring an increased tool tilt angle is to improve the forging
of the back edge if the tool shoulder. In the way, it may be possible to
eliminate sub—surface voids. In aluminum welds, an increase from 0°to 2°in tilt
angle gives a dramatic change in the microstructure development and material
flow. A larger tilt angle give a tighter weld, and a more uniform material
flow, When welding aluminum alloys it has been observed the major effect of
the tilt angle is to press down the material on the trailing edge. This material

flow results in flash on both the advancing and retreating sides. This flash



does not influence the weld integrity since it can be machined off from the

surface.

1.3 Method of study

The numerical analysis program is developed by applying the theory of
non—stationary heat conduction and thermal elasto—plasticity.

Also, thermal and mechanical behaviour is verified by carrying out the
numerical simulation against the weldments. The detailed method of study is
as illustrated below.

In experiments, 90 trials has been carried out to obtain optimum welding
condition by Friction Stir Welding. Tilt angle, tool geometry, thickness, room
temp. are fixed and the other parameters changed as shown in below table.
Normally, thickness plate require more exact measurement and control so only

one by one changing parameters was applied in this stage.

1.3.1 Numerical Simulation

(1) Analysis of Welding heat

This paper develops the computer program for analyzing the non—stationary
heat conduction considering the effect of welding heat source, and the
numerical simulation is carried out for weldments and the mechanical

properties are verified.

1) The equation of non—stationary heat conduction is adopted and the heat
conduction in solid material is formulated by finite element method using
Galerkin method, and the Iso—parametric element is used for analysis.

2) The material is isotropic and temperature dependence of specific heat,
coefficient of heat transfer, thermal conduction and density are applied,

because they are varied by temperature change.



3) Both the heat that transfers out to the air on the surface of weldments
and the radiation of heat are considered.
4) The thermal characteristics by change of welding pass in welds are

examined.

(2) Analysis of welding residual stress

The computer program, capable of analyzing the welding residual stresses
which are generated by thermal load, is developed. And the mechanical
behaviour in welds are examined by analyzing the results, obtained from the

numerical simulation against both weldments.

MSC PATRAN
y + FEMODELING
« POST PROCESSING
|- sounossy eLevent RESIDUAL STRESS
1D IN EACH DIRECTION *
IN-HOUSE SOLVER
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+ HEAT ANALYSIS |« : :"':lll :
+ THERMAL STRESS b‘::”
ANALYSIS + be
+  NODAL COORDINATE 4%
ﬂ ==+ ELEMENT CONNECTIVITY o
) WooRL
=  ELEMENT TYPE
»  MATERIAL DETAILS

Fig. 1.4 Typical model of the data transferring

1) The temperature dependent mechanical properties such as yield strength
and elastic modulus etc in elastic and plastic zone are considered.

2) In order to increase the accuracy of analysis, stress—strain and the
stiffness matrix are derived by superposition.

3) The increment of total strain in elastic zone is obtained by the sum of
elastic strain and thermal deformation. And the increment of strain in
plastic zone 1is obtained by Plastic—flow theory, and Von—Mises vyield
conditions are used as yield function considering linear isotropic hardening

law.



4) By using thermal elasto—plastic program, the numerical analysis for both
dissimilar and similar weldments and the occurrence mechanism, magnitude
and distribution pattern of welding residual stresses and of plastic strain

are examined closely and mechanical characteristics are presented.

1.3.2 Experiment

Both dissimilar and similar weldments, identical with the specimens which
are used for numerical analysis, are fabricated and the welding residual
stresses are measured to compare with the results calculated with numerical
analysis. And mechanical tests such as tensile, bending and hardness and the
examination of micro—structures, SEM(Scanning Electron Microscopy),
EDS(Energy Dispersive X—ray Spectroscopy) and OM(Optical Microscope) are

performed in accordance with the national standard (KS)

1) Dissimilar weldments are fabricated and the welding residual stresses are
measured with XRD(X—Ray Diffractometer). The property of the
calculated residual stresses are proved by comparing it with the
experimentally measured stresses.

2) With the mechanical tests (tensile, bending and hardness), carried out in
accordance with the national standard (KS) and examination of
micro—structures in welds (weld metal, HAZ and base metal), the welded
joints are verified experimentally.

3) Through the examination, the differences of material depletion and of

welding defects in both dissimilar and similar welds are verified.



Chapter 2
Thermal, elastic—plastic theory and mathematical

model for heat input

In this chapter, elastic—plastic theory that normally known was formulated

to be applied to numerical analysis.

2.1 Theory of Heat conduction and thermal elasto—plastic

analysis

The spatial and temporal temperature distribution satisfies the following

governing equation of un-—stationary heat conduction:

oT o°T o°T o°T
pC— =AM+
ot OX

oy? +<azz)+Q (2.1)

where T is temperature('C), P is density(g/cm3), Q is rate of
temperature change due to heat generation per volume (cal/cm3-sec), t

is time (sec), A i1s thermal conductivity of isotropic material

(cal/cm'sec:C) and € is specific heat (cal/g-C).

Heat conduction problem for the object of analysis is formulated as the finite

element method using Galerkin method.

Internal temperature of the element, T , is given by

T(x.y,2,1) =[N(x,y,2)o(t)} (2.2)



where [N] i1s a shape function matrix shown the relation between nodal

temperature and internal temperature of the element. {4)} 1s the vector of

the nodal temperature of the element at time {

If Galerkin method is applied in Equation (2.1) using [N] as a weighting

function at this time, following equation is obtained.

T 0°T o*T o°T, . oT
N[ <A + + +Q-pc—dV =0
IVe [ ] { (axz ay2 622 ) Q p 8’[ }

(2.3)
where superscript, T ,shows transformation of matrix and subscript,
V¢ | shows the domain of element.

Un—stationary heat conduction problem can be expressed as following finite

element expression for an element.

o)+ S} - 1) o

where [k] , [C] and {f} show the heat conductivity matrix of an
element, the heat capacity matrix of an element and the heat flow vector

of an element, respectively. They are expressed as follows:

&[N]" o[N] , o[NT" a[N] a[N]" &[N]
[k]= et x ox oy oy a a (2.5)

_10_



[c]= e pC[NT [NJaV (2.6)
{f}=],e QIN]'dV - [.q[N]"dS (2.7)

Boundary conditions on the boundary S; to S4 can be given to

substitute 94 in second term of equation (2.7).

@® When the heat flux, Yo ,flows from the boundary S,
N[ dS = NT
I oINF dS = [ 0,[NT'ds (2.8)
@® When heat transfer is on the boundary S for convection:

Jsg AINJ dS = [(g o (T - To)[N] oS (2.0)

If T in the equation(2.9) is substituted, the equation(2.10)

becomes as bellows:
T
Jsg AIN] 0 = Jog o [N]' [NJHS - {o(8)} — fog 1 Te[N]'dS (2.10)
@® When heat radiation is on the boundary S4

.[siq[N]TdSZ.‘-siaf(T_Tr)[N]TdS (2.11)

If T in the equation(2.11) is substituted by the equation(2.2), The

equation(2.12) becomes as bellows:

_11_



Jos AINT'dS = ¢ o, [NT'NJAS - {o(t)}— [ o, T, [NT s

(2.12)
K= [ NI eIN], AINToIN] eINT' eIN)

Vit axo o x oy oy oz oz

+ g NI NS + [ o, [NT'[NJds (2.13)
{t}= 1+ QINTav - [, qp[NT'as

+gacT NI dS+ [ o, T,[N'ds (2.14)

Therefore, finite element formula of an element can be derived as a form of
matrix equation including boundary conditions by using equation (2.6), (2.13)
and (2.14).

Finite element formula for the whole object analyzed is constructed with

assembled each matrix of elements and it can be expressed as follows:

[K]{®}+[C]{%?} = {F} (2.15)

where [CD] , [K] , [C] and {F} show the vector of the nodal
temperature in the whole object, the heat conductivity matrix in the whole
object, the heat capacity matrix in the whole object and the heat flow

vector in the whole object, respectively. They are given as bellows.

ol-56 K-Sk [cl-Xe -3

(2.16)

_12_



2.2 Theory of thermal elasto—plastic analysis

In the thermal elastic problem, basic equations such as 1) Equilibrium
equation, 2) Equation of strain—displacement relation and 3) Equation of
stress—strain relation are needed to solve the problem. 1) Equilibrium
equation can be replaced by principle of virtual work. These equations, 1)
Principle of virtual work, 2) Equation of strain—displacement relation and 3)
Equation of stress—strain relation are used in finite element method as the

basic equations. Each equation is given in matrix form as follows:
,8lef olav - [ s{ul" Flav - [ s{ufT{Tjds=o0 (2.17)

where {G} . stress vector, {8} ‘strain  vector, {U} :displacement

vector, {F} :body force vector per unit volume,

{T} :surface force vector per unit area, V :volume of an object, and

Se area given mechanical boundary condition.

e =[AJu) (2.18)

where matrix [A] includes the differential operator.

fe}=f )+ (2.19)

_13_



where {5} ‘total  strain  vector, {89} ‘elastic ~ strain  vector  and

T .
{8 } ‘thermal strain vector.

(o} =[p° fet} (2.20)

where [De] is elastic stress—strain matrix. From the equation (2.19) and

(2.20), an equation of stress—strain relation is obtained as follows.

o) =[D* Ko} 7 (2.21)

}:{fs}+{fv}+{fT} (2.22)

where [k] stiffness matrix of element, {fs} ‘nodal force vector due to

surface force, {fv} :‘nodal force vector due to body force and {fT} ‘pseudo

nodal force vector due to thermal strain. These are consisted as bellows.

[K]= [, [B]'[o* [ Jvic} (2.23)

N {T}ds (2.24)
f,}=[,e[N] {Fldv (2.25)
ffr}=1,.[BT [ e jav (2.26)

Equilibrium equation for the whole object, the total elements, 1s obtained to

assemble the equation (2.22) for each element.

_14_



2.3 Mathematic model for heat input
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| Juower Reteating side | pouer
Exdiusion Zone l-\'

:-T?[ Th
“ortesx swird Zone

Ry

ha Lower Advancing side
Extrusion Zone P d

Fig. 2.1 Flow pattern model of FSW

Fig. 2.1 Schematics of metal flow pattern model of FSW and shape of the

various sub zones in SZ

Analytical model

In order to get the volume of heat input for Finite element analysis, the
volume of the tool has been deducted from the total volume of the extrusion
zone, shoulder zone and vortex swirl zone. The Advancing upper and lower
extrusion zone and retreating lower extrusion zone has been defined using
parabolic geometry and the Retreating upper extrusion zone by geometry as
shown in Fig.2. The volume per unit time of the die cavity formation from

Fig. 2.2 can be written as

Voc =Vt (Rpr +Rp2)ht (2.26)
Va

where —volume of the material moving through the Advancing side of

extrusion zone
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VI’
where —volume of the material moving through the Retreating side of
extrusion zone
Volume of the material moving through the Retreating side of extrusion zone

1s given by

V' = Vrupper +Vr|0wer —die CaVity. (2.27)

_ R ,
VJpper:(Vf _Vt) _Wr +2_Z+7L6 :|hEt (2.28)
2 R
VE =V, =V, )| S| W +—2 |+A8% | h't.
lower ( f t)_s[ r 4] i| r (2.29)

Volume of the material moving through the Advancing side of extrusion zone

1s obtained as

2
V2 =(V, +V.)| =W, +18° | ht.
(Ve + t)[3 2 } (2.30)

Assuming the material moved down one tread pitch (1/1) per revolution, total

downward motion is obtained as

AZ=wt/\. (2.31)

Total volume per unit time of the shoulder—processed material is given by

Vs=t03(Rs—Rp) *h /A (2.32)
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It is also assumed that the shoulder material fills the volume vacated by the
downward motion. The plasticized metal is not allowed to expand freely due
to the containment of its solid surrounding and the axial force from the tool.
This result in the expulsion of metal at the top surface and the rotation of
the tool transport this expulsed metal and deposited them in the retreating
side. In this work this volume is assumed as 2~4% Vs depending on the

rotation speed. Equating the flow for mass balance will result the equation as

Vpe =V*© +0.98V,. (2.33)

. Toolpin
=

)

Pin Theead

Fig. 2.2 Shoulder, Extrusion, Vortex zone height and Width of Extrusion for

various rotations and Translational speed of the tool

By considering quadratic terms of general surface equation, we arrive at the

nine—term bi—quadratic function:

2
hi =agg +agpX +ap1y taggX +aqgiXy

2 2 2 2 2
+apgpy +ap(X y+appXy +agX'y (2.34)

Occasionally, the X2y2 termisomitted,

So the equations for the height of shoulder vortex and extrusion zone from
the above surface plots shown in Fig 5 are Based on the equation of the
analytical model and bi—quadratic function of height of shoulder vortex
extrusion zone and width of the stir zone an excel work sheet as shown in

the Fig 2.3 has been created to calculate the dimension of the stir zone based
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on the welding parameters.

| : Threads per inch Rs : Radius of shoulder
& : Projected thread area Vi : Forward travel speed
W, : Width of advancing extrusion Vi : Pin tangential velocity = 2 Rw
zone
W : Width of retreating extrusion Vs : Velocity of material in shoulder
zone zone
Ws : Average width of shoulder w : Rotation speed
zone
DZ : Distance material moves down h : Pin length
per revolution
Jsa,q : Rate of heat generated hs : Depth of shoulder processing zone
Sr
Fs : Shear plane component of ha : Depth of advancing side
resultant force extrusion zone
Rot, Rt Radius of pin at top and hr : Depth of retreating side
p2 bot tom extrusion zone
Vaniables Valunes uits Calenlation Details
Raotational velacity= w 850)rpm
Height of the pir= b Ajmm
Tep Radus of piv= Rpl 5.78|mm
Baottomn Radus of pin= Rpl 4 15|mm
mme =t 1zec
Radus of the shoulder= R 16]mm
Projectad area of the wead= def 0.0 e’
Pitch of the tread=lamda
Tangensial velocigy=Vt 140,675 mm/sec
Traslational Speed=Vf 45| mofan
Hﬂﬂﬂ of shoulder Zeme: 0 w.'uxun'fsimm
Heaght of Vortex Zone= 2156671425 |mm
I'Ielghr of Extrusion zone= TAW6|mm
Total wadth of extrusion Zome = 14.28014918 |
Volume of the Die cavity=Vpe 670,275 e’

Vohume of material moving through

495 355 Wr + 3500509
T30 33T W+ 1300 947
ade 493 52564 | oo’ £25 592 Wr + 1670 998

upper retreating extrusion zome Voo, =) 3843 567643

awer retreating extrusion zone V¥ . 5| 3649 957997

~Total retreating extrusion

~Total Advencing extruson wde=| 15720, 74688 e’ 734.865 Wr + 10538.07
~Total extrusion zone sde Vys| 2254399752 e’ 156046 We + 1153838
~Tatal Shoulder zone Ve=| 1394682901 |mm’ Vo= Vi + 056V, Gives ---->> Wr=| 705255

Widih of the Retreatng sude = 705255071 Tjmm

Width of the Advancmg nide = T 227598458 | mm

Fig. 2.3 Calculation for determination of the dimensions of the stir zone based

on the Friction stir welding parameters

Thus the width of retreating and advancing side were calculated. Using this
value the radial distance of the boundary of heat input volume from the axis
of the tool has been determined in both advancing and retreating side and the
radial distance at the leading side was interpolated from these values at
various level (along the thickness direction). Thus the three dimensional
analytical model of the heat input volume has been created and based on this

the finite element heat transfer analysis has been carried out.
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2.4 Flow chart of the FE analysis program
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COMPOSITION OF HEAT CAPACITY M ATRIX
L

IN THELOCA OORDINATE

| W EIGHT FUNCION SETTING |
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Fig. 2.4 Flow chart of the heat transfer analysis program
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Fig. 2.5 Flow chart of the residual stress analysis program
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Chapter 3

Numerical analysis of Friction Stir Welding

3.1 Welding condition and Analysis model

Numerical analysis model was developed as per the weld geometry obtained

from optimized welding condition.

3.1.1 Analysis model(Al6061—-T6 + AZ31)

As shown on Fig.3.1, The minimum dimension of similar (Al6061—T6 or
AZ31) specimen (100%200%2t)is selected to minimize the mechanical effect
in welds such as contraction and expansion in weldment.

To analyse the temperature distribution and welding residual stresses in
welded plate, the x—axis is placed in transverse direction of welding, the
y—axis is placed along the thickness of the weldment, and the z—axis lies in
the direction of welding.

Chemical compositions and mechanical properties are appeared on Table 3.1

and Table 3.2.

Width(B] 100mm e
Thicknesslt] 2mm |

Fig. 3.1 Model for numerical analysis
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Table 3.1

Chemical compositions of Similar material

Chemical compositions(6)
Base
meial Si cr Mg Cu Mn Zn
Al = 0.04- 0.8—  0.15—
T6 Bal. 0.7 0.4-0.8 0.15 0.26
0.35 1.2 0.4
AZ31 25—
35 0.005 0.05 - Bal. 0.05 0.2 0.7=-1.3
Table 3.2 Mechanical properties of Similar material
Mechanical properties
Base metal
Yield strength(Mpa) Tensile stress(Mpa) Elongation(%)
Al6061 —T6 55 240 25
AZ31 220 290 15

Physical and temperature dependent mechanical properties of the material is
tlustrated in Fig3.2 .
am . 0345 T 0483 N
294 : 03 ; - 043 : L -
268 ; 0.276 I & 0300 :
: T e P
261 ; Som 4 e ;
= H i H = H
275 +— : 5 naw A S 0294 :
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5 - = i i z :
2 262 s £ 0138 —~ L 2 naw . :
a ] / : 3 / '
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249 ok ; £ 0105 i :
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- H 5 1 1 2
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i , '
& 7.05e+004 : = 7% ; 203 -
] ; & ! w B
S 65304004 = an e £ au
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3 6.00e+004 5 27 ™ B oong l‘|l
E ] H 3
S 54Te+004 = o : ! 5 e |
2 T Ly : \ i !
W 49404004 o it = 12 \\
y \
442e+004 122 i i\ £
3.89e+004 &7 . a7
3 36e+004 H B = S =

-280-202-124 46 32 110 188 266 344 422 500
Temperature (C)

<270 <109 <108 -27 54 135 216 297 370 450 540
Temperature (C)

7 H
-270 -189 -108 -2T 54 135 216 297 378 450 540
Temgerature (L)

1) Temperature relativity of mechanical properties of Al6061—T6
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2) Temperature relativity of mechanical properties of AZ31

Fig. 3.2 Temperature relativity of mechanical properties

FSW were performed at a rotation speed of 600 rpm and a welding speed of
0.3mm/sec, tool—to—work piece angle was maintained at approximately 1° and
an effective plunge depth of 1.6mm. At these values of the welding

parameters an adequate welding quality was obtained.

Table 3.3 Welding conditions

Welding

Rotation
speed

Speed(rpm)

Shoulder
size(mm)

Room

temperature
(mm/sec)

4 20C

Fig. 3.3 shows the element division of numerical analysis model of an

FSW joint. The area which shows the large gradient of physical amount
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(temperature, stress etc.) was fractionated more finely in consideration of
heat distribution characteristics and stress variation characteristic.

(Total element=1300, node=1441)

Fig. 3.3 Analysis Model and Mesh Division

3.2 Temperature distribution

Fig. 3.4 shows thermal histories at different level of the FSW during joining.
From the result shown, cooling time 450 C to 270 C of weld zone was
calculated as about 4 sec. This graph shows that temperature going down
abruptly. This is because analysis model was quite thin(2mm) and both of
materials has high level of the thermal conductivity. Moreover, unstable
temperature line was shown at 6.25sec, 30.91sec, 41.47sec and 60.83sec.
Al6061—T6 and AZ31 has different conductivity and higher heat input than
retreating side was concentrated in advancing side as well. However, those
differences is slight and temperature values is going concordly, with increase

in time.

500~
——=—— Base metal{8mm -Mg)

———=——- Base metal{7mm-Mg) 450 Base metal Tmm-Mag)
400l ——=—— HAZ (6.2mm-Mg) —_— :nZ(;I.me-Mg]

———— Weld zone(center) a0l s — wl:ﬁz::e“*‘g’ .

e HAZ (6.2mm-Al) = HAZ(dmiamll ]

Base metal(Tmm-Al|
58 {7 mim: g ok

Eaxda i+ HAZ(8.2mm-Al)

———— Base metal Tmm-Al)

Temperature('C)
Temperature('C)

1 I | 0 . L L
20 a0 20 30 40
Time (sec.) Time (sec.)

3
2+
al

1) 0.4mm below top surface 2) 1.6mm below top surface
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Temperature('C)

500 —~
- e 1,00 SeC.
450 ——e—— 4.00Sec.
u — §.25Sec.
400 F —=—— 8.63Sec.
- — 14 53Sec,
N 30.91Sec.
350 —— 41.47Sec.
——s—— §0.83Sec.
300 - 822.885ec.
250
200
150 |-
100
50F
0 L L | L I | -l | L l ' L | _I__\___I ' _l ) l__
0 S0 100 150
X(mm)

3) Heat distribution of 0.2mm below top surface

Fig. 3.4 Heat distribution with respect to time

Fig 3.5 shows the isotherms of FSW. Heat affected zone were formed after 4

sec respectively from the start of heating, because same welding speed was

adopted in all welding condition.
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Fig. 3.5 Contour of heat distribution in FSW
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3.3 Comparison of experimental and numerical results of

residual stresses

The Fig, 3.6 shows residual stress distribution both measured(red) and

analyzed(pink) values.

- distance(mm)

500

40.0
o~ Al6061-T6 '
200
0.0 t h
- 39 - i3

6 12 lﬁ\ldsfi ﬂﬁ Si

—#— Measured Stress.
—# Analized Stress

AZ31
R
0

-9

Residual Stress (Mpa)
g

[~
(=]
=}

g
b

8
S

Fig. 3.6 Residual stress distribution

The welding residual stresses from numerical analysis and the measured
welding stresses are seen distributed in similar pattern. It is revealed that
the maximum stresses, measured in similar weldments, are generated
similarly at both sides on center axis but the maximum stress is generated
on the side of AlI6061—T6. The analyzed residual stresses and the
measured residual stresses are distributed in similar manner but the

measured residual stresses is higher than the analyzed stresses.
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Chapter 4

Experiment of Friction Stir Welding

Normally, Al alloy plate has used to be placed in retreating side because of
its characteristics like less tough and rough, than AZ alloy. AZ alloy cannot
cause sufficient plastic flow during FSW processing at weldment.

In this thesis, plate position of Al alloy is also significant parameter and

compared to opposite condition.

4.1 Friction Stir welding Machine and dimension of tool

Experiment was carried out by FSW which made by Winxen Co. Ltd., The

capacity of equipment is shown on below table.

ITEMS RANGE
TYPE GENTRY TYPE
X—axis | 0.5~10mm/sec
Welding ;
Y—axis | 0.5~10mm/sec
Speed
Z—axis | 0.5~10mm/sec
R—axis 1~20 RPM
Rotation 300~3000 RPM
LOAD Capacity Max. 3000Kgf

Fig. 4.1 FSW equipment and capacity

In this paper, shape of tool is same as shown in Fig.4.2 and design and the
tool 1s made of KSD 3522 tool—steel tempered by HRC 64~65, having

shoulder diameter of 12mm. The pin has height of 1.6mm, upper and lower
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diameter of — and—mm respectively.

w220 #7300 -

Fig. 4.2 Tool shape and drawing

Width of all specimen is 100mm and length is 200mm and thickness

2mm. Bead On Plate trials were carried out in few specimens.

Fig. 4.3 Specimen size
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4.2 welding conditions and bead shape

4.2.1 welding conditions
There are many parameters to be considered for FSW processing, but this
thesis considered travel speed, RPM, penetration depth, tool input position and
material position.

Range of RPM was limited from 1300 to 600 and tool penetrating point was
2mm away from edge of AZ31 specimen and penetration depth slightly changed
according to temperature of FSW equipment because tool size and backing plate

could be expanded after many times of welding trials.

Table 4.1 List of welding condition

NUMBER | MATERIAL :‘I’;e ANGLE TSRPAEVEEDH RPM PIN | SHOULDER TOOPL(”'NNTPUT PENE;’T‘:' oN
1(X) | Al4Mg | Mg 1 3.3 | 1300 | 4mm | 12mm 2mm 98.34
2 Al+Mg | Mg 1 5 1300 | 4mm 12mm 2mm 98.34
3 Al+Mg | Mg 1 6.6 | 1300 | 4mm | 12mm 2mm 98.34
4 Al+Mg | Mg 1 8.3 | 1300 | 4mm 12mm 2mm 98.34
5 Al+Mg | Mg 1 10 1300 | 4mm | 12mm 2mm 98.34
6 AltMg | Al 1 10 1300 | 4mm | 12mm 2mm 98.34
7 AltMg | Al 1 10 1300 | 4mm | 12mm 2mm 98.34
8 AltMg | Al 1 8.3 | 1300 | 4mm | 12mm 2mm 98.34
9(X) | Al4+Mg | Al 1 1300 | 4mm | 12mm 2mm 98.34
10 AltMg | Al 1 5 1300 | 4mm | 12mm 2mm 98.34
11 AltMg | Al 1 3.3 | 1300 | 4mm | 12mm 2mm 98.34
12 AltMg | Al 1 1.6 | 1300 | 4mm | 12mm 2mm 98.34
13 AltMg | Al 1 5 1300 | 4mm | 12mm 2mm 98.34
14 | Al+Mg | Al 1 5 800 | 4mm | 12mm 2mm 98.34
15 AltMg | Al 1 0.3 | 400 | 4mm | 12mm 2mm 98.34
16 AltMg | Al 1 1.6 | 450 | 4mm | 12mm 2mm 98.54
17 AltMg | Al 1 1.6 | 500 | 4mm | 12mm 2mm 98.54
18 AltMg | Al 1 3.3 | 500 | 4mm | 12mm 2mm 98.54
19 Al+Mg | Al 1 5 500 | 4mm | 12mm 2mm 98.54
20 AltMg | Al 1 6.6 | 500 | 4mm | 12mm 2mm 98.54
21 AltMg | Al 1 6.6 | 600 | 4mm | 12mm 2mm 98.64
22 AltMg | Al 1 6.6 | 1000 | 4mm | 12mm 2mm 98.64
23 AltMg | Al 1 6.6 | 1000 | 4mm | 12mm center 98.64
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24 Al+Mg | Al 1 5 1000 | 4mm 12mm center 98.64
25 AltMg | Al 1 5 1000 | 6mm | 24mm center 98.64
26 Al+Mg | Al 1 1.6 | 1000 | 4mm | 12mm center 98.64
27 Al+Mg | Al 1 3.3 | 1000 | 4mm 12mm center 98.64
28 Al+Mg | Al 1 3.3 | 1200 | 4mm | 12mm center 98.64
29 AltMg | Al 1 1.6 | 1200 | 4mm | 12mm 2mm 98.7
30 AltMg | Al 1 1 1200 | 4mm | 12mm 2mm 98.74
31 BOP Al 1 1 800 | 4mm | 12mm 2mm 98.76
32 BOP Al 1 1 800 | 4mm | 12mm 2mm 98.78
33 BOP Al 1 1 800 | 4mm | 12mm 2mm 99
34 AltMg | Al 1 1 800 | 4mm | 12mm 2mm 99
35 AltMg | Al 1 0.8 | 800 | 4mm | 12mm 2mm 99.1
36 AltMg | Al 1 0.7 | 800 | 4mm | 12mm 2mm 99.1
37 Al+Mg | Al 1 0.8 800 | 4mm 12mm center 99.1
38 AltMg | Al 1 1 800 | 4mm | 12mm 2mm 99.1
39 AltMg | Al 1 0.6 | 800 | 4mm | 12mm 2mm 99.1
40 AltMg | Al 1 0.8 | 900 | 4mm | 12mm 2mm 99.1
50 AltMg | Al 1 0.8 | 1000 | 4mm | 12mm 2mm 99.1
51 Al+Mg | Al 1 0.8 700 | 4mm 12mm 2mm 99.1
52 Al+Mg | Al 1 0.8 | 600 | 4mm | 12mm center 99.1
53 AltMg | Al 1 0.8 | 500 | 4mm | 12mm center 99.1
54 Al+Mg | Al 1 0.8 | 550 | 4mm | 12mm center 99.1
55 Al+Mg | Al 1 0.8 650 | 4mm 12mm center 99.1
56 AltMg | Al 1 1 600 | 4mm | 12mm center 99.1
57 AltMg | Al 1 0.6 | 600 | 4mm | 12mm center 99.1
58 AltMg | Al 1 0.4 | 600 | 4mm | 12mm center 99.1
59 Al+Mg | Al 1 0.3 | 600 | 4mm | 12mm center 99.1
60 Al+Mg | Al 1 0.15 | 600 | 4mm 12mm center 99.1
61 AltMg | Al 1 0.3 | 700 | 4mm | 12mm center 99.1
62 AltMg | Al 1 0.3 | 600 | 4mm | 12mm 2mm 99.1
63(x) | Al+Mg | Al 1 0.3 | 600 | 4mm | 12mm 2mm 99.1
64(X) | AltMg | Al 1 0.3 | 600 | 4mm | 12mm 2mm 99.1
65—1 | AltMg | Al 1 0.3 600 | 4mm 12mm center 99.1
65—2 | AltMg | Al 1 0.3 | 600 | 4mm | 12mm center 99.1
66—1 | AltMg | Al 1 0.3 | 600 | 4mm | 12mm center 99.1
66—2 | AltMg | Al 1 0.3 600 | 4mm 12mm center 99.1
67 Al+Al | small 1 0.3 | 600 | 4mm | 12mm center 99.1
68 MgtMg | small 1 0.3 | 600 | 4mm | 12mm center 99.1
69 Al+Al | big 1 0.3 | 600 | 4mm | 12mm center 99.1
70 MgtMg | big 1 0.3 | 600 | 4mm | 12mm center 99.1
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4.2.2 Bead shape

Table 4.1 shows different trials of FSW to get the optimum condition and

each bead shape were shown in below images.

Table 4.2 Top bead shape

Number Shape of top bead Remark
17 BAD
18 BAD
19 BAD
20 BAD
21 BAD
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22

BAD

23

BAD

24

BAD

25

BAD

26

BAD

27

BAD

28

BAD

29

BAD
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30

BAD

34

BAD

35

BAD

36

BAD

37

BAD

38

BAD

39

BAD

40

BAD
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50 BAD
51 BAD
52 GOOD
53 BAD
NOT
54
BAD
mmnm ey L
55 e R A A il #ﬂ BAD
w&m.i MWW
56 = \ t“"* Jm BAD
2 ..(—é \‘-“u nﬂlﬁ‘ﬂ'.‘"'i i‘:'t " !'ﬂ’-' ' ““ 1!
57 . ’ BAD
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NOT
58
BAD
e e e e el
Q ) R AR A - 4
59 8 o i A _ ‘ GOOD
e W ‘
60 = “‘i/y; Ll S A i dl | BAD
61 BAD
62 GOOD
66 GOOD
Al-Al
o GOOD
Big size
AZ-AZ NOT
Big size BAD
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Al-Al
smal | GOOD

size

AZ-AZ

smal | GOOD

size

4.3 Experiment of stress measurement and mechanical

properties of dissimilar welding

This chapter proves the propriety of results through comparing and
examining the obtained results from numerical analysis with the welding
residual stresses that are measured at the welded structure. Besides, the
characteristic of residual stress distribution is measured experimentally and
the adequate examination is carried out to see whether the welding defects

exist or not

4.3.1 Welding residual stress
The welding residual stress in dissimilar weldments (Al6061—-T6 / AZ31)

1s measured by XRD which provide reliable quantitative data. XRD equipment
use the X-—ray source and it can automatically calculate values of residual
stress. To obtain exact data of specimen, exposing time increased to 30
second (normally 10 second) and every 3mm point which is transverse

direction with weld line was measured by XRD.
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Also, the specimen for welding residual stresses is fabricated with the
same conditions for numerical analysis, and then residual stresses are
measured. The measured result is compared and analyzed with numerical

analysis result.

1)Specimen

Specimens are fabricated on the same condition that is considered for
numerical analysis, ie, the size of specimen, shown on Fig.3.1 and welding
condition, listed on Table 4.3. And specimens for measurement and stress
measurement appliances are shown in Fig. 4.5 and Fig. 4.6 respectively. The
checkpoints for welding residual stresses are selected in accordance with the
result of numerical analysis and measurement that is carried out at the centre
along the width direction of weldments as shown on Fig.4.6.

In order to measure the welding residual stresses,

i-g
| e
=
=1
B
L]

Fig. 4.4 Photograph of residual stress test specimens
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Fig. 4.5 Residual stress measurement machine(XRD)

-
AI6061-T6 -
ll..,
.................................... I SO —
-
AZ31 -
-
i |
200mm

Fig. 4.6 Measurement Points of Welding Residual Stress

2) Welding residual stress measurement

The measured residual stresses of dissimilar weldments (Al6061—-T6 +
AZ31) are compared with the results of numerical analysis and examined

closely.

— Results of measurements of welding specimen

Considering the measured welding residual stresses of dissimilar specimen,
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(Fig.4.4) the welding residual stresses is measured along the width direction
of weldments. However, it shows us that the maximum stresses, measured
near weldments, are generated similarly at both sides on center axis but the
maximum stress is generated on the side of Al6061—T6. It is because of the

difference of heat conductivity.

distance(mm)
60.0

E 8 &

8

—#— Measured Stress
t ~#i— Analized Stress

g

AS06L-Ts ff

4
-27 -21)-15) 9 -3 6 12 18 §24 0 5

.8

Residual Stress (Mpa)
3

g

:

g

Fig. 4.7 Measurement results of welding residual stress

4.4 Welding part mechanical property and micro—structure

examination

This chapter carries out the mechanical tests such as tensile test, bending
and micro—structure examination by using EDS and SEM. For these tests and
examination, the specimens are machined in accordance with the national
standards (KS). By the tests and examination, mentioned above, it is intended

to establish the mechanical phenomenon of welded joint experimentally.
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4.4.1 Tension and a hardness test

In case of dissimilar weldments, 7 specimens for tensile are machined
respectively and 3 specimens are machined for hardness test as well. Besides,
in case of similar weldments, 8 specimens for tensile are machined
respectively.

Tensile test is carried out with Universal Testing Machine (maximum load
50ton) of Dongil—Simaz Company. And Vickers Hardness Test Machine is
used for hardness test. The specimens are fabricated in accordance with the

national standards (KS0801—2)

1) Result of Tension test

Table 4.3 shows the strength characteristic of both similar weldments
(Al6061—T6 or AZ31) and dissimilar weldments (Al6061—T6 + AZ31) that
are obtained by tensile test. As shown on pictures, the fracture occurred at
weld zone in all specimens. Tensile strength of similar weldment agrees with
that of weldments. The weld metal transforms very sightly until the
specimens fractured, HAZ in vicinity of fractured area transformed relatively
largely but HAZ, opposite of fractured area, did not transformed much. And
the strength of dissimilar weldment is lower than that of similar weldment.
Foremost, in the case of dissimilar joining that Al6061—T6 was placed at
advancing side(this thesis),tensile strength is higher than adverse case that
AZ31 was placed at advancing side. Normally, strength of weldment has been
noticed that kinds of Al materials should be located at retreating side because
of different ductility. however, this thesis shows that opposit case also could

be available.
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a) Tensile test specimen(similar welded joint)

b) Tensile test specimen(dissimilar welded joint)

Fig. 4.8 Photograph of tensile test specimen of similar & dissimilar

welded joint
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Stress (MPa)

G — Gage length : 25.0 =0.08mm

W - Width : 8.26=0.06mm

T - Thickness : Bmm

R — Radius of fillet, min : 6Bmm

L — Over-all length. min : 100mm

A - length of reduced section, min : 32mm

B - Length of grip section, min : 32mm

C — Width of grip section, approximate : 10mm

] o f}

Fig. 4.9 Analysis model and mesh division

T —,—,,_—_A S— M S—

a) Dissimilar welded joint(Al6061—T6+AZ31)
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Stress (MP)

Stress (MPa)

200

Strain (%)

b) Similar welded joint(Al6061—T6)

Strain (%)

¢) Similar welded joint(AZ31)
Fig. 4.10 Strain—stress graph of tensile test
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Table 4.3 Result of tensile test

. Yield Strength Tensile Strength
Specimen
(MPa) (MPa)
1-1 (AI-AD 92 150
1-2 (Al-AD 68 75
Similar
1-3 (Al-AD 95 170
1-4 (Mg—Mg) 67 200
2—1 98 102
2—2 69 69
Dissimilar 2-3 94 110
2—4 90 115
2—5 93 110

300

250

200 " Tensil
strength

Stress (Mpa)
=
ui
(=]

100
50 -
-
0
Al 6OG1-TE AL Al G061-TE ATl ADI/AIGO61-TE  AZILSAMDGL-TG
L] (] Uinted) Uointed) (Adv. Al (Addv. Mg}

Fig 4.11 Result graph of tensile test

2) Hardness test result
Hardness test i1s carried out with Vickers Hardness Test Machine, shown on
Fig. 4.12, and by load 0.5kgf. Fig. 4.13 shows specimens for hardness test.

The hardness 1s measured at points 0.5mm below top surface. Fig.4.14 shows
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the hardness distribution of dissimilar weldment. While the maximum hardness
of dissimilar weldment appears in base metal, HAZ and weld metal of
dissimilar weldment have lower value among that.

When comparing the hardness values of three weldments, the maximum
hardness value of dissimilar weldment appeared on #52 that shown good top
bead shape. The reason why hardness value of weldment appears lower than
that of base metal in dissimilar welding joint is effect of different
characteristics each other and weldment grain size shows uneven state. And
the hardness value of dissimilar welding joint appears high in base metal

because of the effect of phase.

Fig. 4.12 Photograph of vickers hardness test machine

Fig. 4.13 Measurement points of hardness test (HV)
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Hardness(HV)

-10.0 -85 -70 -55 -4.0 -2.5 -1.0 05 20 35 L3 6.5 8 95
Distance(mm)

a) Result of hardness test specimen of dissimilar

(0.5mm below top surface)

1400 Center

Hardness(HV)

200 -85 70 -55 40 25 10 05 20 35 5 65 8 95
Distance(mm)

b) Result of hardness test specimen of dissimilar
(1.5mm below top surface)

Fig. 4.14 Result of Hardness Test Specimen of Dissimilar Welded Joint
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4.4.2 Micro—structure examination by using Optical Microscope

The micro—structures for weld metal, HAZ and base metal are pictured and
examined to figure out the change of micro—structure in similar weldment
(A16061—T6/AZ31) and in dissimilar weldment (Al6061—T6 + AZ31).

Similar and dissimilar welding specimens are fabricated to examine

micro—structure picture as shown in Fig. 4.15.

a) Cross section of similar welded specimen

b) Cross section of dissimilar welded specimen
Fig. 4.15 Photograph of macro—structure of similar & dissimilar welded

specimen
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Table 4.4 Cross section of welded joints

Specimen Cross section Weldment Base metal

Similar
Welding
(A16061-T6)

Similar
Welding
(AZ31)

Dissimilar
Welding
(A16061-T6
+ AZ31)

4.4.3 Micro—structure examination by using SEM and EDS
Below photos by SEM(Scanning Electron Microscopy), EDS(Energy Dispersive
X—ray Spectroscopy) was prepared in order to analyzed in—depth phenomenon
of FSW joining. Two welding condition, specimen number #52 and #59,
shows good top bead shape and cross section also is same as well. SEM and
EDS photo shows that boundary of each material was jointed well and

ingredient ratio of Al6061—T6 and AZ31 also shows balanced value.

_50_



Table 4.5 Micro—structure observation of condition

number 52

# 52
Bead

Cross

section

SEM

EDS

[
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Table 4.6

Micro—structure observation of condition number 59

# 59
Bead
Cross
section
SEM
EDS | - i h
L L 1
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4.5 Consideration about Experiment

— Result of welding residual stress measurement

i) The welding residual stresses from numerical analysis and the
measured welding stresses are seen distributed almost in similar
pattern.

ii) It is revealed that the maximum stresses, measured in similar
weldments, are generated similarly at both sides of center axis but the
maximum stress is generated on the side of Al6061—T6. Though the
experimentally and numerically obtained residual stress are in similar
manner, the measured residual stresses is higher than the analyzed

stresses.

— Mechanical tests and micro—structure examination

1) From the result of tensile test, it is found that the fracture is
generated at weld zone, slightly away from weld line in all specimens.

Many thesis has been reported that types of Al materials should be
located at retreating side but the graph in this thesis shows that
adverse case also is necessary to obtain optimum welding condition.

i1) The maximum value of hardness of dissimilar weldment appears in weld
ment and hardness is lower in AZ31 than Al6061—T6.

iii) SEM and EDS images shows that boundary of each material was jointed
well and chemical component ratio of Al6061—T6 to AZ31 also shows
balanced value.

iv) Three separate weld specimens has been selected for hardness test and
the results were compared. When comparing the hardness values of
three specimens, the maximum hardness value of dissimilar weldment
appeared on #52 that shown good top bead shape. The reason why
hardness value of weldment appears lower than that of base metal in

dissimilar welding joint is effect of different characteristics each other
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and weldment grain size shows uneven state.
When summarizing the results, the experimental values shows good
agreement with numerically calculated values. And in strength aspect, similar

weld is superior to dissimilar weld and is proved experimentally enough .
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Chapter 5

Conclusion

This chapter synthesizes the results,

@ In this thesis, 90 trials was carried out to obtain good welding condition.
Angle, tool geometry and thickness were fixed and RPM, travel speed, tool
penetrating position, material position were changed according to
experiment process.

As a result, good bead shape was observed below conditions

#52; 600rpm—travel speed:0.8mm/sec—penetrating position(away form
center:0mm—tool penetrating depth:99.1mm—advancing side: Al6061—T6

#59; 600rpm—travel speed:0.3mm/sec—penetrating position(away form
center:0mm—tool penetrating depth:99.1mm—advancing side: Al6061—T6

#62; 600rpm—travel speed:0.3mm/sec—penetrating position(away form

center:2mm—tool penetrating depth:99.1mm—advancing side: Al6061—T6

® The analyzed residual stresses and the measured residual stresses
distribute in similar manner but the measured residual stresses is higher
than the analyzed stresses. Moreover, measured residual stress value was
fluctuated at both of base metals because specimen prepared for FSW
process is thin plate(2mm). Commonly, thin plate is susceptible to be

deformed under even low heat input condition.

® When comparing the hardness values of three specimens, the maximum
hardness value of dissimilar weldment appeared on #52 that shown good
top bead shape. The reason why hardness value of weldment appears

lower than that of base metal in dissimilar welding joint is effect
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of different characteristics each other and weldment grain size shows

uneven state.

@® From the result of tensile test, it is found that the fracture is generated
at weld zone, slightly away from weld line in all specimens, It has been
noticed many thesis that Al materials should be locate at retreating side
but the tensile test graph shows the adverse case and it is found

necessary to obtain optimum welding condition

® SEM and EDS images shows that boundary of each material was joined
well and chemical component ratio of Al6061—T6 and AZ31 also shows

balanced value.

In this thesis, good welding condition between Al6061—T6 and AZ31 was
obtained and verified by experiments and numerical analysis. Also, numerical
analysis program was developed and verified by comparing experimentally

measured residual stress results.
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