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Abstract

The process of friction stir welding is a significant advance in
the field of research on the Friction welding technique known
for several decades. This assembly technique has obvious
originality since welding is performed in the solid state, which
can help eliminate birth defects related to solidification phase
compared to conventional welding.

The numerical modeling of this type of process is complex,
not only in terms of the variety of physical phenomena which
must be considered, but also because of the experimental pro-
cedure that must be followed in order to verify and validate
numerical predictions. In this work, a finite element model is
proposed in order to simulate the crack propagation under
monotonic loading in different areas of the weld seam of a
specimen CT-50 aluminum alloy 6082-T6.

Microhardness tests were performed to characterize the
Vickers hardness profile in the vicinity of the weld area. Friction
stir welding process leads to a decrease of the static mechani-
cal properties relatively to base material. Detailed examina-
tion revealed a hardness decrease in the thermo mechanically
affected zone and the nugget zone average hardness was found
to be significantly lower than the base alloy hardness. Welded
specimens show significantly lower lives than base material.
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1 Introduction

Considered as the most significant development in metal
joining in the last decade, the Friction Stir Welding (FSW) is a
joining process with good energy efficiency that is also environ-
mentally friendly and versatile. Significant research has been
conducted in various fields since the invention of this technique
in 1991, [1]. Generally, FSW specimens have higher resistance
than specimens welded using the Metal Inert Gas (MIG) and
Tungsten Inert Gas (TIG) processes. [2] and [3], compared
fatigue results of friction stir welds with data obtained for con-
ventional arc-welding methods, namely, MIG-pulse and TIG
processes in aluminum alloy (T6 and T4 conditions). [4, 5]
also compared the fatigue behaviour of joints performed by
the traditional MIG welding process and by the FSW process,
observing that FSW and MIG welded specimens had lower
yield and ultimate stresses than the base material. In general,
a higher lifetime for the friction stir welds in comparison with
other welds was also observed by [6]. It has also been observed
that FSW leads to a decline of the mechanical properties of
weld bead in comparison to the base metal [7]. Furthermore,
an important hardness decrease in the Thermomechanically
Affected Zone (TMAZ) and a nugget zone average hardness
was recorded.

Due to severely thermal and mechanical deformation in the
weld zone during FSW, this zone generally possesses various
microstructural features and various mechanical properties [8]
and [9]. The crack propagation in the weld bead (FSW and clas-
sic) is known to be concerned by residual stress and/or hard-
ness around the welded zone [10] and [11]. [12] Conducted
hardness tests on micro-specimen.

The limit of elasticity, tensile strength and Young’s modulus
(E) of the aluminum alloy (6082-T6) were measured using ten-
sile tests on welded and non-welded specimens. Modeling the
tensile behavior of welded FSW for an aluminum alloy joint
showed that the weak area is the HAZ, [13]. Welding param-
eters also affect the mechanical properties of the weld and its
resistance is related to the speed of rotation of the welding tool
[14] and [15]. [16] studied the effect of rotational speed, weld-
ing speed, axial force, shoulder diameter, pin diameter and tool
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hardness on the strength properties of AA7075-T6 aluminium
alloy. It is therefore advisable to choose the best parameters
speed, welding speed and good fixation of the parts [17].

2 Presentation of the material

The material used is an aluminum alloy 6000 series sub-
jected to T6 treatment, which will help the investigation of the
various phenomena that occur during welding with involving
the precipitation phenomenon.

This aluminium alloy is a high strength AI-Mg-Si alloy that
contains manganese to increase ductility and toughness. The
T6 condition is obtained through artificial ageing at a tempera-
ture of approximately 180°C [2].

The alloy chemical composition and mechanical properties
are shown in Tables 1 and 2, respectively.

Table 1 Chemical composition of AA 6082-T6 aluminum alloy (wt %).

Si Mg Mn Fr Cr Cu Zn Ti Al
1.3 1.2 1.0 0.5 025 0.1 0.2 0.1 98.3
Table 2 Tensile properties for base materials [18].
Material E[MPa] ¢ [MPa] o [MPa] ¢[%] n K[MPa.m'?]
Al6082T6 69000 260 366 13.3  0.10 22

2.1 Experimental procedure
The friction stir welding was performed with the following
conditions:
e The machine is a universal milling machine
e A tool with a diameter of 5 mm and that of the shoulder
equal to 12 mm.
* The rotational speed equal to 1400 rev / min
* The advance speed equal to 80 mm / min.
* Parts made have suffered as microhardness testing, on a
device HMV 2000.

Tensile and fatigue tests were simulated using ABAQUS.

2.2 Hardness profile and Microstructure of the 6082-
T6 FSW joint

The optimization of the weld process requires the mechani-
cal characterization of the weld bead. The most commonly
used practice is the measurement of microhardness which gives
a first evaluation of the mechanical properties in different areas
of the weld, in order to obtain a profile across it and to estab-
lish the weld zones. The cross-section thus provides a profile of
microhardness [19]. The Vickers hardness profiles for all areas
(BM, HAZ, TMAZ and nugget) are presented in Fig. 1. A hard-
ness decrease occurs when approaching the TMAZ. The aver-
age hardness of the nugget zone (NZ) was found to be signifi-
cantly lower than the hardness of the base alloy. There is a zone

outside the nugget (transition between TMAZ and HAZ) which
has the lower hardness value. In [9] and [20], it is suggested
that the variation of the microhardness values in the welded
area and parent material is due to the difference between the
microstructures of the base alloy and weld zone.
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Fig. 1 Hardness profile

Pictures of the microstructure of the different areas of the
6082-T6 alloy aluminum can be found in [21].

An recrystallization was observed in nugget. By moving
towards the BM, no recrystallization was observed in TMAZ
and in HAZ.

Optical micrographs of the thin friction stir welded joint
are illustrated in Fig. 2. The weld exhibits distinct regions as
shownin on these figures.

c) d)

Fig. 2 The Base Material (or parent material), HAZ, TMAZ and Nugget
for the 6082-T6 [21], a) Grains of base material, b) Nugget with its fine
recrystallized grains, ¢) Grains of TMAZ, d) Grains of HAZ
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2.3 Numerical protocol and mechanical properties of
the material

The tensile test is modeled and simulated in the calculation
software Abaqus FEA. This step requires the setting of many
sizes and choices in the model which are explained in this study.

[73)

A displacement along the axis “y” is imposed. A fault is
inserted to initiate and locate the break.

The numerical method was performed using standard rec-
tangular tension test specimens [22], Fig. 3.

The geometry of the specimen is created under the 2D soft-

ware. Geometry and boundary conditions are defined in Fig. 4.
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Fig. 3 Tensile Specimen
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Fig. 4 Geometry and boundary conditions in the simulation of a tensile test.

The calculations are made in explicit because the removal
of the elements is managed directly by Abaqus. The explicit
approach depends on the size of the mesh.

By refining the mesh, the calculation time increases. It is
therefore preferable to use a coarse mesh. However, it is also
necessary to refine the crack tip mesh to visualize phenomena
such as plasticity.

FSW joints in 6082-T6 aluminium alloys of 6 mm in thick-
ness were subjected to a number of tensile tests. The aim of this
work is to gain some understanding on mechanical properties
and on the effect of plastic deformation on the microstructure
of thin aluminium alloy FSW joints.

Figure 5 shows a broken test specimen under Abaqus
software.

Table 3 presents the tensile properties for friction stir welded
specimens and base material.

The test results from the 6082-T6 welds are lower than the
parent material due to thermal softening.

S, 822

(Awg: 759%)
+2,237e+02
+1.728e+02
+1.219e+02
+7.100e+01
+2.009e+01
=3.083e+01
-B.174e+01
-1.327e+02
-1.836e+02
-2,345e+02
-2.854e+02
-3.363e+02
-3.872e+02

Appearance of necking before
failure

Fig. 5 2D simulation of a tensile test. S,, constraints after the failure

Results of tensile tests simulation on unwelded and welded
samples, performed in this paper, are here mentioned in
Table 3, these tests showed a remarkable reduction of both ten-
sile strength (from ~320 MPa down to 200 MPa) and elonga-
tion (from ~ 16% down to ~ 7%) as compared with nominal.

The softest points of the joints correspond to the failure
locations in tensile tests.

In practice for each set of welding parameters, local tensile
strength and local ductility vary widely. In turn, variations in
these local conditions result in different bulk tensile strengths
and bulk ductility [17]. The lowest Tensile Strength found for
welds in FSW for 6082-T6 was 64% of the base metal strength.
This variety suggests that parameters can be tailored in order to
impart desired weld characteristics.

Three tests were performed for each area by changing the
mesh to be closer to experimental test.

3 Modeling of the specimen CT-50

The calculations are made in two dimensions to meet the
time constraint. Similarly, only half CT50 specimen is modeled.

Pressure

8- angle of application of the pressure

"

i

Us=0

Uy=0

~ T T

Conditions of symmetry
following X

Crack direction
-

*_ a- Crack lenght

Fig. 6 Modeling of the specimen CT-50 and boundary conditions.
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Table 3 Results of tensile tests on unwelded and welded samples

Tensile strengh

Ne Sample [MPa] Zones of rupture Elongation % Hardness, Hv
1 Base material 322.6 BM 16.8 110

2 Base material 323.4 BM 15.2

3 Base material 322.7 BM 16.5

- Average 3229 BM 16.2

1 As welded 286 Nugget 10.8 78 to 84
2 As welded 279 Nugget 10.4 -

3 As welded 218 HAZ/TMAZ 7.5 -

4 As welded 221 HAZ/TMAZ 8.6 -

5 As welded 230 HAZ/TMAZ 8.4 -

6 As welded 225 HAZ/TMAZ 8.7 75 to 85
7 As welded 211 HAZ 7.4 65 to 109
8 As welded 207 HAZ 7.0 -

9 As welded 213 HAZ 7.3 -

10 As welded 209 HAZ 7.2 65 to 109

Table 4 Material parameters entered in Abaqus

6082-T6 6082-T6 (FSW)
E [MPa] 63000 51200

R [MPa] 265 135.8

C [MPa] 1100 1100

s 0.93 0.93

S [MPa] 2 2

3.1 Modeling of the cracked part

The modeled weld is divided into several zones, as shown in
Fig. 7, and a different mechanical behavior is assigned for each.

In the model considered in this paper, the areas are fully sup-
portive of each other, movement is continuous and normal stress
is transmitted. This model allows the obtainment of a mapping
of local deformations through a welded joint (Fig. 8). The part
is a CT-50 specimen, the cracking plane is considered normal to
the loading axis and the crack front is considered straight.

Specimen CT-50

Loading

Two fixing at the interfaces of
cohesive and continuous elements

Fig. 8 Cohesive elements and boundary conditions.

3.2 Mesh of the cracked part and Boundary
conditions

The numerical analysis of the mechanical fields of a cracked
part is strongly linked to the meshing quality of this part, par-
ticularly the vicinity of the crack tip. It is therefore important to
manage the mesh to the crack tip Fig. 9.

Global Mesh

TMAZ (AS) = - BM
TMAZ (RS) ¢
B HAZ (AS)
Crack T Lougpes
HAZ (RS)
Refined Mesh
Fig. 7 Representation of welding areas.
Fig. 9 Mesh of the specimen.
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The master surface is coarsely meshed and corresponds to
the continuous elements.

The slave surface is finely meshed and corresponds to the
cohesive elements.

4 Numerical results
4.1 Numerical modeling

The simulation is performed by explicit. A specimen test
CT-50 is modeled in computing software by finite element. The
geometry of the specimen and the modeled conditions limits
applied are shown in Figs. 7 and 8.

The mesh is refined only at the crack tip for limit the dura-
tion of the calculation. In this area, the mesh size is between
107 and 10 mm.

Loading F obeys a sinusoidal law inserted under the soft-
ware as periodic amplitude:

F=F,+F, sin(2xft) )

sta amp

The values of F__ and F, ., are related to R = 0.1, charge ratio.

Upload is modeled by a pressure P, defined on the upper sur-
face of the hole of the CT test piece, as shown in Fig. 8.

It is introduced in two stages during the calculation. In the
first “Step” static Fsta is applied. Then the cyclic loading is
superimposed in a second “Step”.

This division is necessary because the calculation converges
difficult if the loads are applied simultaneously. Similarly, the
frequency should not be too high because otherwise the explicit
calculation diverges or the energy criterion, E, . <<E, .
ensuring the validity of the results is not checked. The choice of
timing parameters take into account the convergence calcula-
tions, the energy criterion, and the need for acceptable calcula-
tion times.

4.2 Visualization of the crack propagation
More than a failure criterion may be associated with cal-
culation. A criterion consists of two stages, the initiation and
propagation:
+ Initiation:
This step corresponds to the beginning of the damage. It
starts when the stresses and deformations satisfy an ini-
tiation test. This phase is in no way associated with a law
of propagation and does not model the damage process.
* Evolution of damage:
A damage evolution law describes the percentage of deg-
radation of the material in the thickness when the ini-
tiation criterion is reached. A variable D, characterizing
damage and actual nominal stresses is introduced:

The load is applied gradually. The
crack does not spread.

The crack appears. Moving jump has
reached the critical value.

Specimen is fully open.

Fig. 10 Visualization of the crack propagation

40 Period. Polytech. Mech. Eng.

Y. Kambouz, M. Benguediab, B. Bouchouicha, M. Mazari



4.3 Numerical determination of the curve
da/dN = f (AK)

The first objective is to compare the curves of Wohler for the
different areas of welding FSW.

The Wohler curves reach clear differences between 6082-T6
(BM) and Nugget, TMAZ and HAZ. The comparison of curves
(SN) characteristics of welded joints by FSW and those of the
base material shows that the fatigue strength of welded joints
is significantly smaller than the base material except for a few
points in the areas of medium lives (Fig. 11).

Fatigue results obtained in this work are close with data
obtained by other authors [23] for this welding process FSW.

115 T
A Nugget
R=0.1 4 HAZ
& TMAZ
110 x « Base Metal
X
X
~— 105
g X
s s %
<] 100 7 X
A X
A
95
S
A
A
90
10% 10° 108 107

Cycles to Failure

Fig. 11 Fatigue endurance curves for the joints welded and base metal.

The second objective is not to simulate the crack propagation
test for strong AK, but to digitally generate the da / dN curve
according to AK. Therefore, we opted for a stepwise approach.
This method consists of performing several simulations at dif-
ferent values of AK for determining the speed of propagation of
the da / dN corresponding crack at these points. For varying the
value of AK, the length of the initial crack is changed between

P

Uy=0 >
< AK
Cﬁdﬁmﬁgm?/ a1 Crack length at the first point
following X ' @2 Crack length at the second point
as

each simulation Fig. 12.

Pressure

Crack direction
-

<
«

Fig. 12 Obtaining of the da/dN - AK curve with the point by point method.

The relationship between a, and AK is given by (2) and (3)

for a given loading Fo

2

F(2+V‘;j .
K :—mf(ﬁj
BW‘/Z(I—a)
w

f(ﬁj:0.886+4.64£—13.32£
w w w
a } a ¥
+14.72(—) —5.6(—)
w w

F: is the applied load [N].
W: is the width of the specimen from the loading axis [m].

2

3)

B: is the thickness of the test specimen [m] and a, is the crack

length.

For 02<<<0.3 function, f (ﬁj established by Neuman
w w

[12] is of the form:

The propagation velocities of Crack in a 6082-T6 alloy in
the different areas of the same weld (Nugget, TMAZ and HAZ)
for a load ratio R = 0.1 for a specimen C (T). From the curves
da/dN = AK (Fig. 13), several outcomes can be identified.

1.E-05 ¢
F  oBase material, 6082-T6

[ Friction stir welding
E D Nugget
L 4 TMAZ/ AS

LE-07 4 & TMAZ/RS

1.E-06

1.LE-08 +

Crack growth rate (cycle/m)
-
5

LE-09 ¢

1.E-10 L Ay

AK (MPa.m!?)

Fig. 13 Crack length according to number of cycles.

Studies report that the introduction of a plastic strain of 2%
parallel to the joint makes the propagation speed of the same
level as that of the base metal [23]. The resulting residual
stresses than 2% plastic deformation did not affect hardness.
Thus, the velocity of propagation will be primarily related to
the distribution of residual stresses.

The rate of propagation of fatigue cracks depends on the
ratio R (minimum / maximum stress). The presence of residual
stresses in the bead welded changes the ratio [24] report that, in
the longitudinal direction, the residual stresses are in tension.
They are of + 75 MPa in the nugget and +100 MPa in the HAZ.
In the transverse direction, the residual stresses are also in ten-
sion. They are of +30 MPa in the nucleus and +40 MPa in the
HAZ. The crack propagation fatigue tests performed by [10]
show that the rate of spread in the nugget, the HAZ and base
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metal for AA2024-T351 vary more in the longitudinal direction
than in the direction cross. In addition, they report that the lon-
gitudinal fatigue crack growth threshold in the HAZ is about 10
MPa m!’2, compared to 5 MPa m'/?in the base metal.

5 Residual stresses

Residual stresses are one characteristic of welding pro-
cesses. They are caused primarily by the thermal welding cycle
(local heating and rapid cooling). ). The level of residual stress
is influenced by the welding parameters. [25] report that they
increase with increasing feed rate. [24] show that the change
of the feed ratio changes the shape of the distribution and the
maximum value of residual stresses in the longitudinal and
transverse directions.

The residual stresses have compressive character by
approaching the weld line, changing to a tensile character in the
weld zone from the heat affected one. It can be observed that the
higher values of residual stresses are achieved in the advancing
side of the tool. The residual stresses values differences depend
on the asymmetry of the FSW process; it is demonstrated by
several finite element calculations that the higher deformation
across the weld line are achieved in the retreating side of the
tool when a clockwise direction is employed for the rotation.

VAL

—T T T T T T T T T T T
-14 12 10 8 6 4 -2 0 2 4 6 8

Distance from the weld center (mm)

100 o

-100

UL
10 12

Fig. 14 Residual stress profile in longitudinal direction
respect to the welding one for the fatigue tested joints.

The microstructure, hardness and residual stress distribu-
tions in the FSW are all complex. The studies in this work show
each of them in three regions. These are the nugget region, the
thermo mechanically affected zone and the HAZ. Each region
has qualitatively or quantitatively distinct values of microstruc-
ture, hardness and residual stresses.

The nugget region has a fine recrystallised grain struc-
ture, with hardness values between 110 and 140 Hv1. within
the nugget, residual stresses are low (8 MPa) parallel to the
weld but large and tensile (174 MPa) perpendicular to the
weld. Immediately outside the nugget, the thermo-mechani-
cally affected zone consists of highly elongated and deformed
grains, which comprise the softest (102 Hv1) part of the HAZ.

This is the region with the highest recorded residual stress in
the longitudinal direction of 264 MPa, and only 5 MPa in the
transverse direction. Beyond 10-12 mm the structure is only
heat affected and contains a parent plate grain structure. The
hardness climbs rapidly throughout the thermo-mechanically
affected zone reaching a maximum at about 20-25 mm from
the PJL of almost 150 Hv1. Residual stresses in this region are
compressive in both longitudinal and transverse directions, the
transverse component being large 192 MPa and the longitudi-
nal component small (_13 MPa).

6 Conclusion

The principle of FSW welding implies that the material
at the interface of the plates to be assembled is kneaded. For
this, it is necessary that the material be heated to a sufficient
temperature, approximately 80% of its melting temperature to
facilitate mixing. Very complex process FSW where the ther-
mal, mechanical and metallurgy remain coupled. The Purely
analytical models have been developed as well as models based
on methods without mesh, however, the finite element method
is still the most widely used for modeling the FSW process.

The first step of this study allowed us to understand the
mechanisms of FSW welding and determine in a first unlike
the microstructure of welding these areas microhardness tests
are used to confirm interpretations made on the heterogeneity
of the structure of the solder joints.

The FSW process generates three distinct microstructural
zones:

* The nugget zone (NZ)

e The thermomechanically-affected zone (TMAZ)

* The heat-affected zone (HAZ).

The HAZ is only affected by heat, without plastic deforma-
tion. The TMAZ adjacent to the nugget is plastically deformed
and heated. The nugget is affected by the highest temperature
and the highest plastic deformation, which generally consists of
fine equiaxed grains due to the full dynamic recrystallization.

The microstructural changes are induced by the plastic defor-
mation and the frictional heat during FSW process. A relation-
ship between microstructure and microhardness of each FSW
weld zone has been discovered. Changes in microhardness along
the FSW joint are directly related to the precipitation state.

The microhardness falls dramatically in the region that is
passed over by the shoulder and the microhardness reaches
its lowest value in the softening region. The microhardness of
TMAZ is lower than that of nugget but higher than that of HAZ.
Compared with HAZ, the increase of microhardness in TMAZ
can be explained by the high density of dislocations which were
induced by the plastic deformation during welding. The minimum
hardness is located at the interface between the TMAZ and HAZ.

The second step this study focused on the analysis of
mechanical properties of the joint and the base metal.
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Given the heterogeneity of FSW welding and especially
that of the Nugget, it is necessary to know the areas likely to
initiate the break during the various mechanical stresses (ten-
sile and fatigue).

For a welding defect-free and properly polished, the crack
propagation mechanism is related to three main elements: the
residual stress, the crack initiation and the microstructure of
the weld area.

This portion showed a decrease in the mechanical properties
of the joint relative to the base metal.

The fatigue resistance under static and a FSW weld decreases
linearly as a function of the maximum residual stress in certain
conditions. The propagation velocity difference was attributed
to the difference in microstructure around and in the weld zone
rather than the existence of residual stresses.

Despite the fact that the residual stresses are minimal in
FSW welds compared to welding of liquid phase processes,
a significant quantity of these constraints may be observed,
resulting in a critical deterioration of the seal and its perfor-
mance in service.
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