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One of the friction-stir welding (FSW) limitations is joining thin sheets in sheet-metal manufacturing. To solve this limitation,
thicker sheets can be welded with FSW and then rolled to a thinner thickness. This can improve the mechanical properties and
save the weld zone soundly. In this work, 3-mm aluminum sheets were joined with FSW. The microstructure and mechanical
properties of the samples were assessed al various rotational speeds (@) and travel speeds (v). Then, the welded samples were
cold worked (CW) by rolling them at different percentages so that the samples were 2 mm and 1 mm thick. The effects of weld-
ing and post rolling on the mechanical properties and a failure analysis were deliberated. It was shown that welding reduces the
transverse ultimate tensile strength (UTS) of FSWed samples by up to 29 % compared to the UTS of the base metal (BM), while
rolling FSWed samples increased the UTS of the cold-worked FSWed samples by up to 94.7 % in comparison to the UTS of
FSWed samples. Also, during the tensile test of the specimens FSWed at a lower travel speed, a fracture occurred at the stir zone
(SZ)/thermo-mechanically affected zone (TMAZ) interface, on the advancing part; however, at a higher travel speed. it occurred
at the interface of the heat-affected zone (HAZ) and TMAZ, on the retreating part. Moreover, during the tensile test of the
cold-worked FSWed samples, the failure took place al the HAZ and the interface of the SZ and TMAZ, respectively. The UTS
was risen by increasing the cold work. The UTS of a specimen FSWed at 50 mm/min and 1200 min~' went up from 76 MPa to
124 MPa due to 33-% cold work and to 148 MPa due to 66-% cold work: meanwhile, the fracture occurred at the SZ/TMAZ in-
terface or TMAZ of most of the post-rolled FSWed samples.
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Ena od glavnih omejitev rotacijskega varjenja z gnetenjem (FSW; angl.: friction stir welding) je povezovanje tankih ploevin
med njihovo proizvodnjo. ReSitev tega problema bi bilo varjenje z gnetenjem debelejsih ploevin in nato njihovo tanjSanje na
Zeleno debelino. To lahko izboljSa mehanske lastnosti plofevin in ohrani celovitost zavarjenega spoja. V €lanku je opisano
raziskovalno-eksperimentalno delo spajanja Al ploevin debeline 3 mm s pomodjo varjenja z gnetenjem. Avtorji so ocenili
mikrostrukturo nastalo pri razli¢nih hitrostih vrienja (@) in potovanja orodja (v). Nato so varjene vzorce hladno deformirali
(CW: angl.: cold worked) z valjanjem pri razli¢nih stopnjah deformacije na debelino plofevin 2 mm in 1 mm. Potem so ocenili
vpliv varjenja in naknadnega valjanja na mehanske lastnosti in izdelali analizo poSkodb. Ugotovili so, da varjenje z gnetenjem
zmanjsa preno natezno poruditveno trdnost vzorcev (UTS) za do 29 % v primerjavi z UTS osnovnega materiala (BM; angl.:
base metal). Naknadno hladno valjanje varjenih vzorcev je povefalo UTS za do 94,7 % v primerjavi z UTS samo varjenih
vzorcev. Prav tako je med nateznimi preizkusi vefine vzorcev, ki so bili varjeni z niZjo hitrostjo potovanja orodja, prihajalo do
njihove poruSitve na meji prehodne cone in cone meSanja (SZ; angl.: stirring zone). Pri vi§jih hitrostih potovanja orodja pa je
prislo do porufitve naknadno obdelanih vzorcev na meji med toplotno vplivano cono (HAZ: angl.: heat-affected zone) in
termo-mehansko vplivano cono (TMAZ: angl:: thermo mechanical affected zone). Poleg tega je med nateznimi preizkusi FSW
in hladno deformiranih vzorcev prihajalo do njihovih poruitev pri HAZ ter na meji med SZ in TMAZ. Natezna trdnost vzorcev
se je povecevala s poveevanjem stopnje deformacije. UTS vzorcev, varjenih s hitrostjo potovanja orodja 50 mm/min in hitrostjo
vrienja orodja 1200 min™', je narasla s 76 MPa na 124 MPa pri 33 % hladni deformaciji in na 148 MPa pri 66 % hladni
deformaciji. Pri ve€ini naknadno valjanih vzorcev varjenih z gnetenjem je prelom nastopil na meji SZ/TMAZ ali TMAZ.

Kljugne besede: aluminij, rotacijsko varjenje z gnetenjem, mikrostruktura, mehanske lastnosti, hladna deformacija, naknadno
valjanje
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1 INTRODUCTION

Friction-stir welding (FSW) is one of the joining pro-
cesses utilized for the materials that are not easily joined
with conventional fusion welding methods such as alu-
minum, and it is widely implemented in some critical ap-
plications such as the automotive, aircraft and shipbuild-
ing industries.'’

*Corresponding author’s e-mail:
mkazemi(@sharif.edu
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In general, most of the FSW literature describes the
joining of thick sheets. However, Scialpi et al.® studied
mechanical properties of micro friction stir welded thin
aluminum alloy 6082-T6/2024-T3 sheets (0.8 mm thick-
ness). They reported excellent mechanical properties.
But this method (micro friction stir welding) that they
studied has some limitations. Firstly, it is not economical
as it needs a special tool to deal with thickness. Sec-
ondly, the optimization of welding parameters due to the
extreme heat transfer of thin sheets and tool geometries
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previously mentioned is too time-consuming and meticu-
lous (due to the lack of experimental work with various
thin-sheet thicknesses). Galvao et al.” also studied the
friction-stir welding of very thin aluminum-alloy sheets
of 1 mm. Moreover, Forcellese et al.'’ used pinless tools
for welding thin sheets, but their method was not com-
prehensive and applicable to all thin-sheet thicknesses,
because, according to their results, it is necessary to con-
trol the dimensions of the tools. On the other hand, a
proper shoulder diameter should be found for different
materials and thicknesses to plan proper joining. There-
fore, all the previous studies of joining thin sheets by
FSW used different tool geometries and dimensions,
making the process very time-consuming and uneconom-
ical and leading to a low production rate. However, weld-
ing sheets of higher thicknesses and then applying one of
the deformation methods such as cold rolling is more ef-
fective for achieving the desired thickness.

When post cold rolling is applied after welding, it has
some advantages. Previous studies showed that mechani-
cal properties, such as the UTS of FSWed samples, are
weaker than those of the base metal (BM).'"'? So, after
post rolling, due to strain hardening, mechanical proper-
ties, such as the UTS of FSWed samples, are increased."?
Another effect of post rolling is the surface improvement
of the weld zone formed by the tool shoulder side.'*

Thus, for joining thin sheets, first, the sheets with a
high thickness (> 3 mm) can be joined with FSW and
then the thickness of welded samples is decreased by
post cold rolling.

By focusing on FSWed sheets that can be thinned by
rolling, recently a group of researchers'>'® considered
post rolling parallel to the welding direction. However, it
seems that by exploiting the metal-forming principles,
the welding zone is not under any seriously challenging
state when the rolling direction is the same as the weld-
ing direction. To this end, in the present work, the rolling
was performed perpendicularly to the welding direction
to evaluate severe conditions in the welding zone.

ND

(a)
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It is interesting to know the microstructure and me-
chanical-property evolutions at different zones of FSWed
samples during post cold rolling.

Here, 3-mm AA1050 sheets were used as the BM.
Wrought sheets were joined with FSW at different rota-
tional speeds and travel speeds (different welding condi-
tions). The mechanical-test and metallographic-analysis
results for the joined samples were assessed. The FSWed
samples were then cold worked by rolling them along the
transverse direction (TD) of welding at different reduc-
tions. The evolutions of the microstructure in the SZ and
other zones during post rolling were studied. Based on
microstructure observations, the influences of post roll-
ing on the mechanical properties and the fracture behav-
ior were described.

2 EXPERIMENTAL WORK

The as-received AA1050 sheet with a chemical com-
position of 0.62 w/% Fe, 0.51 w/% Si (weight percent)
and balanced Al, with dimensions of (150 x 55 x 3) mm,
was used. The welding tool, made of simple cylindrical
H13 steel, was used, creating a heat-treatment process to
obtain a hardness of 54 HRC. The tool dimensions such
as shoulder and pin were 12.5 mm and 3 mm in diame-
ter, respectively, and its height was 2.7 mm. The inclina-
tion angle was set to 2.5° from the vertical axis in the
weld. The FSW conditions — rotation speed, w, and
travel speed, v — were changed from 900 min-' to
1200 min-' and 50 mm/min to 150 mm/min, respectively.
The samples were fixed during the FSW process. Before
the welding, the sheets were prepared with grating paper
and washed with acetone. After joining the sheets with
FSW, the rolling process was carried out on some joints
at room temperature, in the TD of the FSWed samples,
as illustrated in Figure 1a. The rolling was performed at
two different levels of cold work, 33 % (termed as
33 %-cold worked FSWed) and 66 % (termed as
66 %-cold-worked FSWed). For investigating the me-
chanical properties of the FSWed samples, a transverse

)

Figure 1: a) Schematic presentation of post cold rolling (transverse direction (TD), welding direction (WD) and normal direction (ND)), b) as-re-
ceived BM microstructure of AA1050 with the virgin rolled microstructure
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tensile test was carried out based on the ASTM-ESM
standard, in which the position of the stir zone was in the
middle of the gauge length and the microhardness profile
was measured. A load of 100 g for 15 s was utilized to
measure the Vickers microhardness at the centerline of
the cross-section of the samples. The microstructure was
studied after polishing and electro etching with HBF,
2.5 %. The metallographic analysis of different zones of
the FSWed samples was carried out using optical micros-
copy (OM).

3 RESULTS AND DISCUSSION
3.1 Microstructure of FSWed samples
3.1.1 Stir zone

The welded samples obtained at different FSW con-
ditions were observed to find where at the welded zone
the cracks and porosity were not visible. In order to have
a clear view of the as-received BM, its microstructure is
shown in Figure 1b. In addition, the microstructures of
the SZ of the FSWed samples at different welding pa-
rameters are presented in Figures 2a to 2d. In all FSW
conditions, the microstructures show fine equiaxed
grains in the SZ, as confirmed by other researchers.!'7-20
This happens due to the continuous dynamic recrys-
tallization that is a result of simultaneous effects of the
plastic strain applied to the material in the stir zone and
the temperature rise due to the friction between the tool

1,22

and specimen during welding.?'->> The average size of the
SZ grains was measured in accordance with ASTM E112
and the results are shown in Table 1.

An increase in the rotational speed increases the aver-
age size of the SZ grains at a specific travel speed, as can
be seen in Figure 2 and Table 1. The heat input is
greater at a higher rotational speed. Therefore, the grains
are grown after recrystallization. At a higher travel
speed, the heat input is lower in accordance with the re-
lation between w/v and heat input. Thus, decreasing the
travel speed leads to an increase in the grain size of the
SZ, which is clearly seen in Figures 2a to 2d and Ta-
ble 1. As presented in Figure 2, the grain size is in a
range of 3.4-5.4 pm while the minimum and maximum
grain sizes characterize the samples with the lowest and
highest w/v, respectively. Similar outputs were obtained
through FSW of aluminum alloys during other
works.1223-25

3.1.2 Thermo-mechanically affected and heat-affected
zones

Microstructures of other welding zones in diverse
welding conditions are shown in Figure 3. The average
sizes of these zone grains are similar to the SZ ones. In
the samples with a low travel speed, the maximum heat
causes high temperatures and increases the extent of the
HAZ and TMAZ. So, this can lead to a grain growth in
the HAZ and a slight growth in the TMAZ. The average

Figure 2: Meltallographic analysis of SZ in various welding conditions: a) 900 min~' and 50 mm/min, b) 900 min~! and 150 mm/min,

¢) 1200 min~! and 50 mm/min, d) 1200 min~! and 150 mm/min
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Figure 3: Metallographic analysis of various zones in different welding conditions: a) 900 min~! and 50 mm/m, b) 900 min~!' and 150 mm/min,

¢) 1200 min~! and 50 mm/min, d) 1200 min~' and 150 mm/min

grain sizes of the HAZ and TMAZ shown in Table 1 af-
firm this finding and the HAZ range is from 9.1-11.1 pm
and the TMAZ range is from 8.3-9.1 pym. Similar out-
comes were reported for aluminum sheets joined with
FSW in other works.'>%

3.2 Microstructurs of cold-worked FSWed samples

To understand the changes in the SZ microstructures
during the rolling process, the microstructures of the
33 % cold-worked FSWed sample and 66 % cold-worked
FSWed sample were studied with OM, and the results
are included in Figure 4. According to Figures 4a to 4h,
the SZ fine equiaxed grains are elongated in the rolling
direction. After rolling, there is no interruption or disso-
ciation in the weld zone (WZ) or the WZ/BM interface.
The levels of grain elongation are different, depending
on the level of cold work; so, the aspect ratio (AR) can
be defined in this research. The AR is the ratio of the
grain size in the rolling direction to the width of grains.
The ARs of the SZs obtained at different cold-working
percentages (CW %) are given in Table 1. According to
Figure 4 and Table 1, when the CW % is increased, the
AR is increased and the grain sizes are decreased. In
Figures 5a to 5h, a remarkable point is tilting of the
grain-boundary orientation with the HAZ rolling direc-

612

tion and the TMAZ/SZ interface. After post rolling, the
tilting of the grain-boundary orientation with the rolling
direction is decreased, which leads to an increase in the
TMAZ mechanical strength. Since the tilting with the
rolling direction in the TMAZ is higher, a fracture in that
zone can be seen later. In summary, due to the increase in
the CW %, the AR is increased and it has a positive in-
fluence on the mechanical properties.

Table 1: Average grain size of FSWed weld zones and the AR of the
stir zones of cold-worked FSWed samples al various welding parame-
ters and different CW % levels

@ v o |CW Average grain size (um) AR
(min') | (mm/min) | (%) | SZ | TMAZ HAZ
0 4.0 8.6 9.8 -
50 33 - - - 2.18
66 - - - 4.86
900 0 34 8.3 0.1 -
150 33 - - - 2.77
66 - - - 9.86
0 54 9.1 11.1 -
50 33 - - - 2.26
66 - - - 4.53
1200 0 4.2 8.9 10.3 -
150 33 - - - 2.66
66 - - - 9.53

Materiali in tehnologije / Materials and technology 55 (2021) 5, 609-617
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Figure 4: Metallographic analysis of the stir zones of cold-worked
FSWed samples at various welding conditions and different CW %
levels: a) 900 ~'min and 50 mm/min, 33 %: b) 900 min~' 50 mm/min,
66 %: ¢) 900 min~!, 150 mm/min, 33 %:; d) 900 min~', 150 mm/min,
66 %: ¢) 1200 min~', S0mm/min, 33 %: ) 1200 min~', 50 mm/min,
66 %: g) 1200 min~', 150 mm/min, 33 %: h) 1200 min~',
150 mm/min, 66 %

3.3 Mechanical properties

3.3.1 Mechanical properties of FSWed samples

The mechanical properties of the virgin BM, includ-
ing UTS, hardness and elongation, are 102 MPa, 44 HV,
and 31 %, respectively, while the tensile properties of the
as-received sheet sample are much higher than those of
the FSWed samples. Similar results can be found in
some prior researches.'>?” Table 2 presents the yield
stress (YS) and UTS of the FSWed samples under differ-
ent welding parameters where the welding parameters
have various effects on the YS and UTS of the FSWed
samples. A rotational-speed increase or travel-speed de-
crease cause a reduction in the YS and UTS of the
FSWed samples. This reduction is due to the heat input
imposed on the specimens, leading to a grain growth in
the SZ (Figure 2 and Table 1). Similar results were re-
ported by Amiri et al.!! The range of the FSWed sample
UTS at various welding parameters is 76-80 MPa. An-
other important mechanical property is the elongation.

Materiali in tehnologije / Materials and technology 55 (2021) 5, 609-617

Figure 5: Metallographic analysis of different zones of cold-worked
FSWed samples at various welding conditions and different CW %
levels: a) 900 min~', 50 mm/min, 33 %; b) 900 min~', 50 mm/min,
66 %; c) 900 min, 150 mm/min, 33 %; d) 900 min", 150 mm/min,
66 %: ¢) 1200 min~', 50 mm/min, 33%: ) 1200 min~', 50 mm/min,
66 %:; g) 1200 min~', 150 mm/min, 33 %: h) 1200 min~',
150 mm/min, 66 %

According to Table 2, the minimum travel speed leads to
the maximum heat generation and, consequently, the
risen temperature increases the elongation.'>**2¢ Elonga-
tion values at various travel speeds are listed in Table 2.
The range of the elongation of the FSWed samples is
7.13-14.38 %.

The welding heat input affects the microstructure and
mechanical properties of different welding zones. Heat
input leads to metallurgical changes, such as grain
growth and softening, which results in a hardness de-
crease. Usually. the fracture of FSWed samples through a
tensile test starts at the zone with the minimum hard-
ness.'2242 Generally, changes in the welding parameters
lead to different amounts of heat input. For example, a
low travel speed leads to an increase in the heat input
and a high heat input makes the softening zone suscepti-
ble to fracture. So, since here the BM is in the as-re-
ceived state and the SZ has fine equiaxed grains, the tilt
of the orientation of grain boundaries with the tensile di-
rection and TMAZ elongated grains causes a fracture at
the TMAZ/SZ interface. Similar results were obtained by
Sarkari Khorami et al.”’
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Figure 6: Mechanical properties of cold-worked FSWed samples at
various welding conditions and different CW % for @ = 900 min~': a)
yield stress, b) UTS, ¢) elongation, and for @ = 1200 min~': d) yield
stress, e) UTS, I) elongation

During the tensile test, the fracture occurs at the
TMAZ/SZ interface (Figures 7a and 7g) and HAZ/TMAZ
interface (Figures 7b and 7h) at low and high travel
speed, respectively. The failing side that follows the
welding parameters is another noticeable thing in the
mechanical behavior of the joining. The fracture part is
located on the advancing side (AS) and the retreating
side (RS) for the low and high travel speed, respectively.
Similar results were reported in other researches.'? In the
HAZ and TMAZ, a low travel speed and the same direc-
tion of travel and rotational speed of the FSW tool on the
AS that generated the high heat input>'>® leading to the
grain growth and thermal softening, higher than that on
the RS, corresponds to the location of the fracture on the
AS. On the contrary, for a higher travel speed, the frac-
ture is at the TMAZ/HAZ interface on the RS due to the
heat generated from plastic strain.>'>> All the mechani-

cal properties of the FSWed samples are given in Ta-
ble 2.

The average hardness of each zone extracted from the
hardness profiles of the cross-sections of the FSWed
samples are seen in Figures 8a and 8b. As can be seen,
the hardness of the SZ for all welding parameters is
lower than that of the BM.?*227 This reduction in the
hardness after welding is due to the wrought micro-
structure of the as-received state of the BM and grain
growth due to heat input. According to Figure 8, for the
FSWed samples (0 % CW) with a low travel speed, it can
be considered that the maximum heat generation causes
a higher temperature and augments the extent of the
HAZ. Also, this can be related to the slight grain growth
in the SZ that can decrease the hardness in this zone.
Other researches showed similar results relating to this
issue.”>? According to Figure 8, at the low travel speed
(high heat input), recrystallization may occur at the HAZ
that leads to an increase in the hardness.? Also, the hard-
ness level for the FSWed samples at all the zones are de-
creased on Figure 8b compared to those from Figure 8a,
which may be due to the increased rotational speed and,
consequently, increased heat input.

3.3.2 Mechanical properties of cold-worked FSWed
samples

After post rolling, the transverse tensile properties
notably increased. Generally, the strength of the FSWed
samples can be influenced by the dislocation density,
grain size and reduction in the tilt of the grain-boundary
orientation with the tensile direction at the SZ/TMAZ in-
terface after post rolling. Figure 6 shows the YS and
UTS of the cold-worked FSWed samples. With increas-
ing CW % and, consequently, increasing dislocation den-
sity due to exploiting the fundamentals of work harden-
ing and grain strengthening,”®* the YS and UTS are
increased (Figure 6). The UTS of the cold-worked
FSWed samples increased from 32.4 % to 94.7 % com-
pared to the FSWed samples. The range of the cold-

Figure 7: Failure locations on FSWed and cold-worked FSWed samples exposed to transverse tensile tests at different welding conditions and
different CW %: a) 900 min". 50 mm/min, b) 900 min‘l._ 150 mm/min, c) 900 min". 50 mm/min, 33 %, d) 900 min"._ 50 mm/min, 66 %,
€) 900 min~!, 150 mm/min, 33 %, ) 900 min~!, 150 mm/min, 66 %, g) 1200 min~', 50 mm/min, h) 1200 min~!, 150 mm/min, i) 1200 min~',
50 mm/min, 33%, j) 1200 min~!, 50 mm/min, 66 %, k) 1200 min‘], 150 mm/min, 33 %, 1) 1200 min~!, 150 mm/min, 66 %
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Figure 8: Average hardness of each zone at the cross-sections of the
samples: a) 900 min!, b) 1200 min~!

worked FSWed sample UTS is 106-148 MPa at various
welding parameters and different CW %. In general, as
can be seen on Figures 6c¢ and 6f, the elongation of the
cold-worked FSWed samples decreased compared with
the FSWed samples due to increased work hardening.
The fracture location of the cold-worked FSWed
samples follows the changes in the heat input, grain size
and tilt of the orientation of grain boundaries with the
tensile direction at the SZ/TMAZ interface after post
rolling. The zones of the cold-worked FSWed samples
exhibit just a small tilt of the orientation of grain bound-
aries with the tensile direction at the TMAZ/SZ interface
and TMAZ. Also, it is obvious that fracture does not take
place at the BM because it has a wrought microstructure;
neither does it occur at the SZ because the SZ has more
wrought fine grains than the other welding zones after

Table 2: Mechanical properties of cold-worked FSWed samples

post rolling. Furthermore, the tilt of the orientation of
grain boundaries with the tensile direction decreases the
mechanical properties of these zones. As it is expected,
fracture takes place at these zones. However, for some
cold-worked FSWed samples that are welded at a low
travel speed (high heat input), fracture occurs at the
wrought coarse-grained HAZ because the HAZ is soft-
ened during welding and this zone may be the necking
start point.

Figure 7 shows fracture locations on the cold-worked
FSWed samples. In general, the fracture location on most
cold-worked FSWed samples is at the retreating side
(RS). As the stored strain energy at the RS is high during
welding, after post rolling, the strain hardening is in-
creased and for this reason, the fracture takes place at the
RS. All the mechanical properties of the post-rolled
FSWed samples are shown in Table 2. Figures 8a and
8b show the average hardness of the weld zones after
post rolling obtained from the hardness profiles of the
cross-sections of the cold-worked FSWed samples. Ac-
cording to the visual test in this work, it is observed that
with the increasing CW %, the extent of the SZ is dra-
matically increased. So, with the CW % increased from
33 % to 66 %, the SZ width is almost stretched. In gen-
eral, the hardness of the cold-worked FSWed samples is
strongly increased due to strain hardening, increased dis-
location density and reduced grain size.”*

4 CONCLUSIONS

In this work, remarkable results were obtained, re-
solving the FSW problem about thin-sheet joining. The
concluded points are:

1. After post rolling, there is no interruption or disso-
ciation at the weld zone (WZ) and WZ/BM interface. So,
to decrease the thickness of welded sheets and obtain the
critical thickness, we can use post cold work as it has
positive effects on mechanical properties.

2. In general, microhardness distribution at the
cross-sections of all the FSWed and cold-worked FSWed

w/ v/ CW UTS YS Reduction of |Enhancement of E?lﬁ%{éemﬁgt Elongation | Fracture loca-
(min~")| (mm/min) | (%) | (MPa) | (MPa) | BM UTS (%) | BM UTS (%) FSW (%) (%) tion
0 80 52 21.5 - — 14.38 SZITMAZ
50 33 107 75 — 4.9 33.7 6.81 HAZ
900 66 130 95 — 274 62.5 4.6 TMAZ
0 79 60 22.5 — — 7.13 TMAZ/HAZ
150 33 106 85 — 3.9 324 4.6 SZITMAZ
66 123 110 — 20.5 55.7 2.9 TMAZ
0 76 49 254 — — 13.6 SZITMAZ
50 33 124 70 - 21.5 63.1 6.94 HAZ
1200 66 148 95 - 45 94.7 4.8 TMAZ
0 71 55 24.5 - - 7.8 TMAZ/HAZ
150 33 109 85 - 6.8 434 4.81 TMAZ
66 134 100 - 31.3 76.3 3 SZITMAZ
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samples clearly confirms the existence of the observed
microstructure.

3. Welding caused a UTS reduction for the FSWed
samples of up to 29 % compared to the UTS of the BM.
On the other hand, after post rolling, the UTS of the
cold-worked FSWed samples increased by up to 94.7 %
compared to the UTS of the FSWed samples.

4. The highest UTS is related to the FSWed sample
cold-worked at a 50 mm/min travel speed, 1200 r/min ro-
tational speed and 66 CW %. The UTS of this sample is
148 MPa, which is by 45 % and 94.7 % higher than
those of the BM and FSWed samples, respectively.

5. The fracture locations of the FSWed samples are
significantly dependent on the parameters that change
during the welding. So, the fracture occurs at the
TMAZ/SZ interface, on the AS at 50 mm/min, and at the
HAZ/TMAZ interface, on the RS at 150 mm/min.

6. The fracture locations of most cold-worked FSWed
samples are strongly dependent on the tilt of the orienta-
tion of grain boundaries with the tensile direction, so
they occur at the TMAZ and TMAZ/SZ interface, on the
RS.
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