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ABSTRACT

Welded parts are often subjected to variable loads. Paper’s aim is to evaluate the fatigue
characteristics of friction stir welding of AA6061-T6 alloy under variable loading and
observed the influence of heat treatment for friction stir welding joint on the fatigue stress
analysis. The microstructure of the welds alloy are studied before and after heat treatment.
The friction stir welding was employed using milling machine with constant tool rotation
(1000 rpm) and feed rate (20 mm/min). Artificial aging are made for aluminum friction stir
welded alloy using electrical furnace at temperature of 500°C for 20 min. Quenching at
190°C for 4 hr. via water is followed the aging process. Fatigue test were done for specimens
(base metal, friction stir welding alloys before and after heat treatment) to obtain the S-N
curves for each case. Finite element via ANSYS software is used to analysis the FSW
(temperature, Von-Mises stress, deformation in the welded zone and contact friction stress
distributions) and Fatigue test (fatigue life, fatigue damage, fatigue safety factor, biaxiality
indication , equivalent alternating stress and stress intensity factors) where the general
thermo-elasto plastic relation produced under thermal and mechanical loads with isotropic,
kinematic and mixed hardening rule in three dimensional problems is proposed. The results
shown that the heat treatment for the friction stir welded alloy would be increased the
fatigue strength of the welded plate that the number of cycles of base metal (AA6061-T6)
was 1.2x10° and the number of cycle for welded joints without heat treatment was
(0.9x10°%), where the number of cycles was 1x10” with heat treatment with quenching within
4hr. also it can be concluded that, the fracture opening mode (mode 1) is exist in the un
heated welded alloy and disappeared with heating treatment .

KEYWORDS: Friction stir welding, 6061-T6 Al-alloys, Fatigue, ANSYS, Fatigue life,
Factor of safety.
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SYMBOLS

MIG Metal Inert Gas

TIG Tungsten Inert Gas

GTAW Gas tungsten arc welding

EBW Electron beam welding

FSW Friction stir welded

HAZ Heat affected zone

NZ Nugget zone

BM Base metal

TMAZ Thermo-Mechanically Affected Zone

INTRODUCTION

In recent years, aluminum alloys have attracted attention of many researchers, engineers and
designers as promising structural materials for automotive industry or aerospace applications.
(Ozturk F. et al.,2010). In results of combination welding procedures, for example, (TIG) or
(MIG), hot cracking frequently happens without filler metals. These issues can be eliminated
using Friction stir welding (FSW) process. FSW is another strong state joining process that
offers huge advantages over customary joining forms. FSW utilizes a mix of frictional heating
and compressive loading to combine metal plates that are knocked into each other and firmly
clipped to the anvil of the machine (Maria Posada et al.,2003). In this way two molecularly
clean metal surfaces are united under pressure and the intermetallic bond is formed. The
production of heat is kept to the interface, warm information is low and the hot work
connected to the weld zone brings about grain refinement. It is essential to evaluate the useful
fatigue life of large welded assemblies. Fatigue is a failure mechanism that the segment fails
after a timeframe in employment that it’s observed the repetitive cyclic stresses (M. Ericsson
and R. Sandstrom, 2003). Caizhi Zhou and Xingi Yang (2006) explored the microstructures
and properties of fatigue for friction stir welded Al- Mg alloy. FS welding had a sound joint
for the absence of voids, cracks and distortions. At the point when contrasted with the base
material, FSW joints displayed a better precious stone grain in the weld nugget. Y. Uematsu
et al., (2008), considered the impact of microstructure and post heating treatment on fatigue
conduct of the unique joints of cast aluminum composite, AC4CH-T6, and wrought aluminum
compound, AA6061-T6, were contributed. Close to the weld focus, Vickers hardness is lower
than in the parent metals and the hardness minima were seen along the follow course of FSW
device's shoulder edge. M. K. Kulekci et al., (2008) investigated the fatigue behavior of
friction stir welded butt joints of Al-1050-H8. The FSW tool rotational and transverse speeds
were accepted as variable parameters. The results showed that an optimization was needed to
obtain a reasonable fatigue endurance limit. Asmaa M. A. Al-Doori (2010) studied the
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welding of aluminum alloy AA3003-H114 was welded by two different methods; TIG and
FSW. Fatigue was tested at the optimum FSW results and compared with TIG and base metal.
Many tests were examined the results of welding these tests (Tensile, Hardness, Bending,
Fatigue, Micrographic, Crack propagation, and X-Ray). S. Malarvizhi and V.
Balasubramanian (2011) examined the AA2219 aluminum compound square butt joints
(without filler) were manufactured utilizing gas tungsten arc welding (GTAW), electron beam
welding (EBW) and friction stir welded (FSW) forms. The impact of three welding forms on
the fatigue crack development conduct was accounted for. Riyadh B. Mohammed (2013)
investigated the influence of FSW on tensile strength, microhardness and fatigue properties of
the aluminum alloy AA6061-T651. Six rotational speeds and three traverse speeds were
applied, but only two tilt angles of tool, namely 0 and 2.5°. It was found that all parameters of
FSW decrease both tensile strength and micro-hardness, with slight differences among
parameters. The best condition was 710 rpm, 50 mm/min, and 2.5° tool tilt angle. Ahmed A.
Zainalabdeen (2013) explored the fatigue conduct of friction stir welding joints for different
aluminum alloys AA5052-H32 and AA7075-T6 plates of 4.82 mm thick via MTS-5-axis
friction stir welding machine and scroll shoulder adjustable pin tool. Tension- tension fatigue
test were done at frequently of 7 Hz.

In this work the fatigue characteristics for heated and un heated FSW welded joints are
investigated experimentally and numerically via ANSYS software.

EXPERIMENTAL WORK

Material used

The base metal used in this work was 6mm thick AA6061-T6 aluminum alloy, whose
chemical composition is provided in Table 1. The base metal utilized as a part of this work is
6mm thick AA6061-T6 aluminum alloy, having the chemical composition given in Table 1.
The chemical composition was carried out in the Central Organization for Standardization and
Quality Control / Ministry of Planning / Irag.

Welding Process

As shown in Fig.1, the specimens with 70mm x 100mm x 6mm were longitudinal butt welded
utilizing the milling machine. Every single comparable weld of 6061-T6 aluminum alloy were
performed utilizing a welding device made of hardware steel. The welding device is made out
of shoulder of (20mm dia.) and probe with (5mm dia. and 4.7mm length). The dimensions are
suggested from the Svetsaren, ESAB, 2000, which gives the optimum mechanical properties
of the welded plate as shown in Fig.2. The welding device is turned at fast and dove into the
joint line between two plates to be butt welded together. In this examination, the welding
parameters, for example, tool rotation (1000 rpm) and feed rate of (20mm/min) are constants.

Heat Treatment

The heat treatment precipitation incorporates arrangement heat treatment and artificial aging
are made of aluminum welding joints in electric furnace with temperature of 500°C for 20min.
Quenching in water was trailed with aging process at 190°C for 4 hr.

Microstructure Examination

The specimens produced using a cross segment of the FSW joints heated and un heated
treatment compounds are ground, cleaned and carved and saw under optical magnifying lens
in successions steps. Wet crushing operation with water is finished by utilizing emery paper
of SiC with the distinctive grits of (220,320,500, and 1000). Cleaning process is done to the
specimens utilizing diamond paste with size (1pum) with exceptional cleaning material and
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grease. Then cleaned with water and alcohol and dried with warm air. Etching process is done
to the specimens utilizing etching solution that is made out of (99% H20+1%HF). At that
point the specimens are washed with water and alcohol and dried.

Fatigue Test

At the point when the material is much of the time subject to changing load conditions at that
point fatigue disappointment is a basic issue, that can be spoken to graphically on a S/N curve
where "S" is a stress and "N" the number of cycles to failure. The specimen is performed
according to the machine standard with (100 mm length) and (10mm width) as shown in
Fig.3; two samples were taken for each welded plate to implement the tests.

FEM FOR THERMO-ELASTO-PLASTIC MODEL USED IN FSW

In this work, thermo-elasto-plastic model was used to simulate the FSW Process within the
stir zone. In this paper the general stress -strain relation produced under thermal and
mechanical loads with isotropic, kinematic and mixed hardening rule in three dimensional
problems is proposed. Starting from the assumption that the total strain is separable into a
(ASTM E747 ,2008):

de=de +de“™ +de™ +de™® 1)
now, from Hooke’s law (ASTM E747 ,2008), do =[D]dc ,where [D] is the elasticity
matrix (S.P. Timoshenko & J.N.Goodier,1970) de” = a.dT, the flow rule is

de'® =di.a, where a=dF/dg, and it can be proved that de™™ =(8[D]™*/6T) o dT.
Substitute  all  these relations into Eq.(I), it «can be deduced that:
o]

do =[D]de ~[D](adT + odT)—-[D]dia )

(i) Isotropic Hardening Rule

For isotropic hardening rule, the yield surface is function of

F=F(KT) @)
A similar postulation but without the thermal effect was proposed by Zienkiewicz et al.,1969.
Differentiating Fin Eq.(3) by the chain rule, it can be get (Hani Aziz Ameen,1998):

o do + oF[ de® + Far-0 (4)
o ok o PRl e
where K = f(k,&'™) . By substituting Eq.(2) into Eq.(4), and rearranged to get:

o[D]™

d/i:ﬂ—%i)(gt[D](dg—ng— odT) + —dTJ (5)

Where u(i)=a‘'[D]a- oK a . Substitute Eq.(5) into Eq.(2), it can be get

ak ag(p)
do® =[Dep]” dz — [Dep]® (a dT+a[D]7 dT)——[D(]f‘Z—i T (6)
Where[Dep]® =[D]-[D®]?;and (7)

[DM]® =%[D]§gt[D]. It can be found that Eq.(6) is identical to what was given in

Yamada et al., 1968, without the thermal effects. To analyze the constitutive equation (Eq.(6))
with the Von Mises criterion, firstly the gradient vector a must be found as follows: the yield
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surface for Von Misesis F =,/3J, -0,
where J, can be evaluated as ( Timoshenko&J.N.Goodier ,1970)

1
J, :g[(o-l _‘72)2 + (o, _03)2 + (o, _01)2], thus

a= L _F A Ly, ®)
0o 0d), 0o ©

[ 1 -05 -05 0

-05 1 -050

-05 -05 1 O
0 0 0
0 0 0

0 0 0

and, the value of a'[D]a=3G (9)

t
now, to find 8_F ok
ok aé‘( p)

where M, ]=

w O O o o o

o O W

oF o5

we have F =,/3J, —¢ ,thus —=—-——
ok ok

(10)

_ ey 1
and the work done = dk =&.dg(™, hence o = (11)
o

) -
therefore , 6—0=?—088—: H'% , where H’:(j—a

ok g™ ok o dz ™
now the value of 4@ =3G +HTgt [M. ]

o o

it can be proved that ¢'[M_Jo =52, thus x® =3G +H’
After finding the value of » the value of [D™]® is
R —)
52(1+(H'/3G))

Where S={S, S, S, ¢, 7, 1.}, S,=0,-0,,S,=0,-0,,adS,=0,-0,

Hence, [D,,1” =[D]-[D™ 1. Now, Eq.(6) will be

do® =dg™ +da™ +dg“” +dg™ (13)

4

[D(p)](i) — (12)

-1
where:  dg™ =[D,,1%de , d¢™ =-[D,1° ¢dT , dg“™ =-[D,]" —a[;)T] odT

[D]a oF
———=—dT
,U(I) oT
(if) Kinematic Hardening Rule
For kinematic hardening rule the yield surface is (Hani Aziz Ameen,1998: F =F(o,a,T)
The total differentiation of F is

t t
dF = o* dg+(ﬁj d@+ﬁdT=O (14)
oo oa or

do® =
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and it can be proved that oF _oF _ oF

c Jo,  Oa

from Prager shift (K. Axelsson and A. Samnelsson ,1979), da =Cde™” =Cdia , where

C =H'(s,¢), thus Eq(14) will be : dF =a'(do — Cd/la)+ﬁdT (15)
From Eq(15) and Eq(2), it can be deduced that
A=t [ abl” | —de (16)
,u
Where 1™ =a'([D]Ja+Ca). Substitute Eq(16) into Eq(2), gives
6[D]’ [DO]
(k) _ (k) (k)
do™’ =[D,]"de~[Dg, ' (adT + ——— o dT) - W a_TdT (17)
Where [D,, 1% =[D]-[D"™1¥; (18)
(D] =2 (D]a®a“[D]) ;and o =¢-g
y2i
To analyze Eq.(17), firstly find a®, similar as in Eq.(8), hence, a" [M Jo"

A

Where 7 is the effective stress of ¢ and the terms ((a".a)™® will be

(k)
L3 ’ 3
31, M rre + ) e 0 6. {1 (z

—2

(@a.a)= E -

5 7K
Pty )}

After finding the value of 4™ the value of [D®™]®is, [D®P ] = #%k) [ 3(?)) (SSH®

Hence, [D,,]* =[D]-[D™]", Eq.(17) will be

dQ_(k) _ dQ(M) + dg(T) + dg(dm) + dg(F) (19)
(M) K ) ’ (dm) w0 DI @
where: dQ’ :[De ]( )d(E ’ dQ' :_[Dep]( ) ng ) dg :_[Dep] G—Tg dT
4, - [Dlal oF oo
¢ WO T

(iii) Mixed Hardening Rule
The yield surface for mixed hardening rule is F = F(s,4,¢™,T) and the loading criterion
may be written f = F(g,4,T)h® (™) (20)

Where h® is a function which governs the isotropic expansion or contraction of the yield
surface. Hence the rate of plastic strain is now simply split into two components as
(Y.Yamada, 1968, K. Axelsson,1979, Hani Aziz Ameen,1994)

d&‘(p) :dg(p)(k) +d8(p)(i) (21)
Where  de™" = Mde® (22)
And de®™V =@-M)de'® (23)
Where M<1 , Now, the total differentiation of Eq.(20), gives
0)
f =[O ) do+[ O ) das Far -9 oo _g (24)
8g aa oT de®
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Having da=C@l-M)de®” =C(1- M)d/lgi("’ hence Eq.(24) will be

dh® oF

df =a'“do—C(1-M)a'“dia™ - F=0) — —dg ™ +=— o dT =0 (25)

Substitute Eq.(2) into Eq.(25), it can be get :

-1 (i)
dzz%(g““[o](dg—gﬂ—Ma“)dTnﬁd LGN <P>j (26)
7 oT oT de

Where #™ =a'®[DJa" +c@a-M)a'“a®)
Substitute Eq.(26) into Eq.(2) it can be get

(m) =[D ](m)dg [D ](m)( dT+a[D]_ (k) dT) - [D] aF N7 + [D]a(k) dh® 2 dg®

ﬂ<k) aT 4 dz®
(27)

Where [D,,]1™ =[D]-[D*”]1™; and (28)

[DP]™ = ¢ ([Dla¥a[D]) :and
U

It can be found that Eq.(27) is identical to what was found in Axelsson,1979 and Hani Aziz
Ameen, 1994 without the thermal effects. Hence, to analyze Eq. (27), with , de® =dia®,

0.5
dg(P) — (%(d§(P))t.d§(p)j and d§(P)(i) -M _dé,(p) ’ Eq(26) will be

-1
2 [D](dg—odT - LPL s(iyaT + ZFdT
di= (29)
a'®[DJa® +C(-M)a®a®)+ M - O(I?)(.) (£ai®g))os

if we defined the abdomen of Eq.(29) as Y mstead of u«™ asin Eq.(26) ,it can be get

dh 2
Y =a®“[Dla® +C(L-M)a™a®) + M i (Saa®)"

simplified the above equation ,it can be get

ca-m)|,, 3+, e, (e, 7,0+, )0 ]
Y =3G+ 5 L +26, MH'| 1+ — 2

= —2®
Where d;(lg(i) =23, dfji;(i) =25,H" and 6, =0 —6=0"
Hence, [D™]™ = i ( 33) (s.8")*®, and, [D,,]™ =[D]-[D™]™, it can be get
do™ =dg™ +dg” +dg“” +de™” (30)
where:  dg™ =[D,]™de , dg™ =D, ]™ adT, dg‘” =—[Dep]‘m)a[aLT]1g(k’ dT
do® [D]ﬂde
N Y OT
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FSW Finite Element Model via ANSYS

In this study, an adopted coupled model was used. The first part was to evaluate the
temperature and its distribution (Hani Aziz Ameen ,2011), whereas the second part was to
indicate the adaptive plastic deformation and material displacement (H. Tawfig and Hani Aziz
Ameen ,2000, R. M. Richard & J. R. Blacklock ,1969, S.P. Timoshenko & J.N.Goodier
,1970). A 3D coupled field (multiphysics) model was generated using ANSYS-15 software
(D.R.J. Owen and E.S.Salonen ,1975). In thermal analysis, the SOLID278 element was
utilized, whereas SOLID185 was used in structural analysis and SOILD226 is the coupled
thermal-structural element is utilized in the coupled system. The heat generated by the tool
was simulated at the penetration zone; this indicates both pin plunge and AT effect on the
plastic deformation and material displacement at the plate edge. Stirring was modeled, in
order to participate these effects on plastic deformation and material displacement. Firstly, the
temperature values obtained by ANSYS. In this study, it is assumed that the tool is not rigidly
solid and the work-piece is a ductile material composed of multi-linear, kinetic hardening
elasto-plastic (ANSYS 15 help ,2015). Also, stress - strain curves of AA6061-T6 for different
temperatures were used (ANSYS 15 help,2015). To improve modeling accuracy, a fine mesh
was applied at the tool/work-piece interface. The boundary conditions (BC) at the top and
bottom of the work-pieces (conduction and convection) affect the results; hence, this study
adopted the BC applied by Mun and Seo (H. S. Mun and S. I. Seo ,2013). Heat generation
changes according to the contact area (tool/workpiece), which produced different forces until
a specific length of the shoulder (0.2 mm) dipped inside the work-piece for a period of time
(AT). (R. Nandan ,2006, D. Jacquin ,2011).

The thermomechanical model follows the yield criteria developed by von Mises represented
by Eqgs.(13),(19) and (30). Their model confirmed the occurrence of transient behavior and the
relationship between the stresses o;; and the strain ¢; in the present study, and the variation in
the physical material properties of the AA6061-T6 alloys was adopted from the study of
Nandan et al.,2006 with respect to temperature, specific heat (C,), and thermal conductivity (k).

RESULTS AND DISCUSSION

Microstructure of AA 6061-T6 welded joints without heat treatment

The microstructure results of aluminum alloy (6061-T6) that are welded by friction stir
welding (FSW) process are different from parent material microstructure. Heat generated
during weld this heat is change the distributed of grain and refining grain and show new
phases precipitation in grain boundary. Figure(4) shows the microstructure of the cross
section area of welded joint. The microstructure of nugget zone (NZ) consists of equi-axed
grains in much smaller size compared to the large elongated grains of base metal (BM).

The welded nugget and TMAZ microstructures with various conditions of welding are
appeared in Figure(4) Microstructures of mix zone comprise of fine equi-axed grains in all
specimens. The grains in the material is deformed to recrystallize by shaping without strain
grains. The grain measure is changed essentially relying upon the connected strain rate and
forced warmth input. The experimental outcomes demonstrate that the higher the warmth flow
the bigger the last grain sizes. This is valid for both conditions of annealed and work-
hardened; be that as it may, in the work-hardening example, the current plastic strain
advances recrystallization energy and microstructures with bigger grain estimate are seen in
these specimens especially in TMAZ.
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Microstructure of AA 6061-T6 welded joints with heat treatment

Heat treatment and artificial aging are made of AA 6061-T6 welding joints under electrical
furnace with temperature of 500°C within 20min. Quenching in water is trailed by aging
process at 190°C for 4 hrs. The microstructure results shown in Figure(5).

It’s observed the microstructures of warmth influenced zone (HAZ) in the advancing and
retreating sides, (b) and (d) indicated to TMAZ on the advancing and retreating sides,
separately. As can be found in the pictures the bowed and prolonged TMAZ grains in the
advancing side are much noticeable than in the retreating side. This might be ascribed to the
direction of plastic flow out of advancing side to retreating side that creates a fiber-structure
design ordinarily seen inside the metals.

S-N curves

Fatigue execution can be spoken to graphically on a S/N curve that "S" is the stress and "N"
the number of cycles to failure. Friction stir welding have two group without and with heat
treatment welded alloy, two groups have same variable for fatigue test such as load and
dimensions specimens. Figure(6) shows the S-N curve for the base metal (Al 6061-T6).
Figure(7) illustrates the S-N curve for the Al-6061-T6 welded joints without heat treatment.
Heat treatment were made for FSW of AA 6061-T6 welding joints in electric furnace within
temperature of 500°C for 20min. Quenching in water is followed using the process aging at
190°C for 4 hrs. After that the Fatigue test is done to get the S-N curve for this case as shown
in Figure(8). For the purpose of toughness of each welded compared with the base metal
(Figure6), the fatigue curve of the base metal (AA6061-T6) was plotted and the number of
cycles was 1.2 x 10°. And the number of cycle for welded joints without heat treatment was
(0.9x10°) (Figure7). As can be seen from this figure, in general the resistance of the fatigue is
less than that of the base metal. This can be attributed to the fact that the heat obtained by the
(FSW) has led to a change in the mineral properties, the microscopic structure of the weld. In
addition, the high heat generated during the process of friction stir welding leads to the
generation of residual stresses and plastic strain, which in turn weaken the mechanical
properties of the weld, including the property of the fatigue.

Figure(8) shows the results of the fatigue test for samples welded with heat treatment with
quenching within 4hr. where the number of cycles was 1x10”. The welding area gave the
strong mechanical properties in the fatigue test due to the release of residual stresses, the
properties of the fatigue are higher than the base metal.

Temperature Distribution of FSW

Due to the difficulty in simulation, individual average force values were used with respect to
pin penetration and AT. In FSW, heat is mainly generated by friction and plastic deformation,
some formulae were developed to evaluate the influence of FSW parameters on the extent of
heat generation within the welding/processing area. In FSW, the heat generated by the first
touch of the pin increases the heat of the plate before the shoulder dips inside. Moreover, the
material begins to plasticize in that area. Thus, the heat generated by the pin is very important
in the initial welding stage, the shoulder increases this heat, especially during AT. The heat
decreases when the tool is moved, and also it was reported that accelerating weld speed
lowers temperature. Figure(9) demonstrated the temperature ascend because of heat
generation. The greatest temperature on the workpiece happens under the tool. Warmth
generated is because of the turning and moving pin. No outer warmth sources are utilized. As
the temperature builds, the material relaxes and the coefficient of contact diminishes. A
temperature-dependent coefficient of friction keeps the most extreme temperature from
surpassing the material melting point (Riyadh B. Mohammed ,2013). The illustrated
temperature ascend in the model demonstrated that heat generation via the load steps is
because of friction between the device shoulder and workpiece.
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Equivalent Stress Distribution of FSW

A standout amongst the most essential highlights of the proposed demonstrates is the capacity
to foresee the equivalent stress distributions over the entire FSW process. Figure(10)
demonstrates the von Mises stresses plots at six trademark time focuses, 5s, 10s, 15, 20s, 25s,
and 30s from the begin of the procedure. Asymmetry dissemination of stresses is additionally
an extraordinary element of FSW as it is watched. The maximum equivalent stress is moving
with the tool and decreasing with time of the process.

Deformation in the welded zone of FSW

Also an essential highlight of the model is the capacity to evaluate a deflection distribution
over the whole FSW process. Figure (11) shows the distribution of displacement at time
points, 5s, 10s, 15, 20s, 25s, and 30s from the start of the process. From this figure it can be
illustrated that deflection occurs due to heat load and the maximum deflection is moving with
the tool and decreasing with time of the process.

Contact friction Stress distribution of FSW

As the instrument pivots at its area, the frictional stresses create and increment quickly. Figure
(12) shows the increment in contact frictional stresses at time points, 5s, 10s, 15, 20s, 25s, and
30s from the start of the process. The values of contact frictional stresses are generated due to
friction of tool and the welded plate and its produced with the rotation of tool. Heat generated
from both grinding (friction) and plastic deformation is drawn against time as appeared in
figures (13 and 14). Frictional energy scattering and plastic dispersal increment in a bilinear
way have been shown. There is a smooth progress locale around 12s and generation rates end
up plainly higher after 13.5s. In the present model outcomes, friction was in charge of
producing a large portion of the warmth required notwithstanding when full contact condition
had built up and extreme plastic distortion happened. Figure(13) watched the generation of
warmth because of plastic distortion on the workpiece. The yield alternative of component
SOLID226 gives the plastic warmth generation rate per unit volume. Figure(14) illustrated the
heat generation because of friction and plastic distortion produced heat. A figuring of
frictional and plastic warmth generation is implemented, starts with the first load step.
Figure(15) illustrated the greatest temperature go at the weld line area on the workpiece under
the device’s tool is good beneath the liquefying temperature of the workpiece via the load
steps. Plainly watched that friction is in charge of producing a large portion of the required
warmth, while the commitment of warmth because of plastic distortion is less noteworthy.

Welded joints analysis ( ANSYS results)

Fatigue is the failure of a material under fluctuating stresses each of which is believed to
produce minute amounts of plastic strain (Mustafa Kemal Kulekci et al.,2008), failure is the
sudden fracture after initiation and growth of a crack. The module is incorporated into the
ANSYS Workbench Environment. From the test of fatigue, the fracture opening mode (mode
1) is exist in the un heated welded alloy associated with local displacements in which the
cracks surface move apart in a direction perpendicular to the surface.

Fatigue Life

ANSYS Workbench demonstrated the outcome form plot demonstrated the accessible life for
the given fatigue investigation, as appeared in Figure(16).
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Fatigue Damage
It is a contour plot of the fatigue damage at a given design life. Fatigue damage is defined as
the design life divided by the available life, as shown in Figure(17).

Safety Factor of Fatigue

It is a shape plot of the safety factor as for the fatigue failure at a given outline life. The
greatest Safety Factor showed is 15. Like damage and life, this outcome might be perused.
For Fatigue Safety Factor, values short of what one demonstrate disappointment before the
outline life is come to, as appeared in Figure(18).

Biaxiality indication

It is characterized as the principal stress littler in extent separated by the bigger principal
stress with the main stress closest zero disregarded. A biaxiality of zero compares to uniaxial
stress as appeared in Figure(19).

Equivalent Alternating Stress

It is the stress used to inquiry the SN curve of fatigue in the wake of representing fatigue
loading sort, mean stress impacts, multiaxial impacts, and some other parameters in the
fatigue investigation, as appeared in Figure(20).

Stress Intensity Factor

The stress components near the crack is proportional to a single constant factor (K). If this
constant is known, the entire stress distribution at the crack tip can be computed. This
constant, which is called the stress-intensity factor as shown in Figure(21).

CONCLUSIONS

1. The simulation results are presented in this paper shown that the fatigue strength of welded FSW

joints is significantly improved with heat treatment welded alloy. This simulation gives the

advantage to visualize damaged areas and allows to optimize the lifetime of structures; to avoid
significant damage and loss of life. Due to the differences of microstructure present in FSW welds
under heated treatment and un heated treatment, highly differences in mechanical behavior in each

of the areas (BM, HAZ, TMAZ and Nugget is existed .

The microstructure of the metal has been improved and refinement after heat treatment.

3. The number of cycles of base metal (AA6061-T6) was 1.2x10°. And the number of cycle for
welded joints without heat treatment was (0.9x10°), where the number of cycles was 1x10’ with
heat treatment with quenching within 4hr.

4. 1t can be concluded that mode | (fracture opening mode) is observed in the un heated welded alloy
associated with local displacements in which the cracks surface move apart in a direction
perpendicular to the surface.

N

Table 1 Chemical composition of 6061 Al T6 alloy

Element wt% Mg Si Fe Mn Cu Cr Zn Al

Measured value 1.03 0.778 0.6 0.14 0.082 0.09 0.03 Rem

Standard value [12] | 0.8- | 0.4-0.8 | Max | Max 0.15- 0.04- | Max | Rem
1.2 0.7 0.15 40 .35 0.25
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Fig.11 Deformation in the welded zone with moving tool
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Fig.21 (a) un heated FSW alloy (b) heated FSW alloy
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