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Abstract In the current research, a new method is applied to
modify the conventional friction stir welding (FSW) process.
Fixture, which fixes the workpieces, is shaken mechanically
during FSW in a direction normal to weld line in order to in-
crease the straining of weld region material. In other words,
vibration of workpieces is accompanied by the rotating motion
of tool. This new process can be described as friction stir vibra-
tion welding (FSVW). Al 5052 alloy specimens are welded by
two welding methods, FSW and FSVW. Microstructure and
mechanical properties of welded specimens are compared.
Metallography analyses indicate that grain size decreases and
hardness increases as FSVW method is applied. Tensile test
results also show that strength and ductility values of friction
stir vibration (FSV)-welded specimens are greater than those
relating to friction stir (FS)-welded specimens. It is because of
more work hardening of plasticized material, during FSVW,
which leads to more generation and movement of dislocations.
Correspondingly, grain size decreases and mechanical proper-
ties improve. Additionally, it is observed that the mechanical
properties of the weld improve as vibration frequency increases.
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Nomenclature
EDM Electrical discharge machining
EFSW Electrical current-aided friction stir welding
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FSW Friction stir welding

HAZ Heat-affected zone

HABs High angle boundaries

LAFSW  Laser-assisted friction stir welding
LAB Low angle boundaries

TMAZ Thermo-mechanical affected zone
UVeFSW  Ultrasonic vibration-assisted friction stir welding
WNZ Weld nugget zone

a,b Constants

EL Elongation

k Strengthening coefficient

Q Activation energy

R Gas constant

T Temperature

UTS Ultimate tensile strength

Z Zener-Hollomon parameter

€ Strain rate

o Strength

0o Friction stress

1 Introduction

Solid-state welding is a welding process that produces
bonding at temperatures essentially below the melting
point of the base materials being joined [1]. These
welding process offers certain advantages since the base
metal does not melt and a nugget is formed. The metals
being welded usually retain their original properties with-
out the heat-affected zone problems involved when there
is base metal melting. Furthermore, when dissimilar
metals are joined, their thermal expansion and conductiv-
ity are of much less importance with solid-state welding
processes than with the fusion welding processes [2, 3].
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Friction stir welding (FSW) is relatively a new solid-
state welding process. This welding technique is energy
efficient, versatile, and environment friendly [1, 4]. In
particular, it can be used to join high-strength aerospace
aluminum alloys and other metallic alloys that are hard
to weld by conventional fusion welding [5, 6]. FSW
eliminates many of the defects associated with conven-
tional fusion welding techniques such as shrinkage, so-
lidification cracking, and porosity [7, 8]. The bond be-
tween the two pieces is made solely of the original ma-
terials. It usually results in similar strength, bending, and
fatigue characteristics of the parent materials. FSW uses
a non-consumable rotating tool consisted of pin and
shoulder to join two facing surfaces. Tool is inserted into
the abutting edges of sheets or plates to be joined and
traversed along the line of joint. Heat is generated be-
tween the tool and material which leads to a very soft
region near the tool. The tool mixes mechanically the
softened regions of two pieces of metal at the place of
the joint [9].

However, some disadvantages of the FSW have been
identified. Exit hole left when tool is withdrawn, large
down forces required with heavy-duty clamping neces-
sary to hold specimens, little flexibility, and slow traverse
rate are some of these concerns. Large forces on tool
might result in tool fracture and maximize wear of tool.
Various trials have been carried out by researchers to
modify FSW process to get better characteristics of fric-
tion stir (FS)-welded specimens, increase tool life, and
decrease the energy consumption.

Kohn et al. [10] used laser beam as assistant heat
source in FSW to join AZ9ID Mg alloy plates and found
that the use of laser power lowered significantly the need
to apply large forces both on the welding tool and the
workpiece. Casalino et al. [11] combined laser system
and FSW machine. Laser power was used to preheat and
to plasticize the volume of the workpiece ahead of the
rotating tool. They applied an ytterbium fiber laser with
maximum power of 4 kW during FSW process on 3 mm
thick 5754H111 aluminum alloy plates in lap joint con-
figuration. Their comparison between microstructure and
hardness of conventionally welded specimens using FSW
method with those welded by laser-assisted friction stir
welding (LAFSW) showed that grain refinement and the
mechanical properties of joints were improved by appli-
cation of LAFSW.

Sun et al. [12] considered the modification of FSW by
applying a high current frequency induction method to
preheat low carbon steel plates with thickness of
1.6 mm before welding. It was found that the applied load
significantly decreased when the preheating was adopted.
The welds showed a high failure load and they fractured
through the plug mode.
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Luo et al. [13] introduced electrical current-aided FSW
(EFSW) as a hybrid welding technology. In this method,
electric current flows from the FSW tool through the con-
tact interface into the workpieces. They investigated the
effect of EFSW and electric current intensity on welding
seam of AZ31 B and Al 7075 joints. The results revealed
EFSW refined grain size significantly and increased the
hardness in the weld nugget zone (WNZ) of AZ31B
joints, while for the Al 7075 joints, the grain size in the
WNZ and heat affected zone (HAZ) increased lightly with
the increase in electric current intensity. Liu et al. [14]
applied another version of EFSW method. In their tech-
nique, two additional copper brushes, without requiring
the tool to be one of the electrodes, were pressed against
the top surface of the workpiece. These copper brushes,
serving as the anode and cathode, were mounted to the
spindle holder and traveled together with the FSW tool.
Using this technique, Al 6061 was joined to TRIP 780
steel. They found that axial welding force was reduced
and formation of thin layer of intermetallic compounds
at the Al-Fe interface enhanced. They concluded that the
combined effect of accelerated atom diffusion and re-
duced activation energy for chemical reaction because of
joule resistance heating were the reasons for
improvements.

Liu et al. [15] applied a sonotrode to transmit the ultrasonic
energy directly into the localized area of the workpiece near
and ahead of the rotating tool during FSW. They called this
process ultrasonic vibration-assisted friction stir welding
(UVeFSW). They investigated the influence of ultrasonic vi-
bration on microstructure and mechanical properties of butt-
welded 2024 A1-T4 joints. Morphology inspection, X-ray de-
tection, and metallographic inspection of the welds revealed
that the stir zone in the UVeFSW broadened, while the grains
in the heat-affected zone had no obvious growth. Mechanical
test results indicated that by application of UVeFSW, the ten-
sile strength and elongation of joints, as well as the microhard-
ness value in the stir zone increased. Amini and Amiri [16]
studied the effect of ultrasonic vibrations on tool force and
temperature as well as tensile strength and hardness of the
weld region formed by FSW. Ultrasonic vibrations were
employed on the tool in pin direction and perpendicular to
the welding direction, and AA6061-T6 specimens were
joined. They found that application of ultrasonic vibration
during FSW decreased the downward force of tool and in-
creased the strength and ductility of weld region.

The problem in regard with UVeFSW is high cost of equip-
ment, namely ultrasonic generator and transducer, and its ap-
plication which is not easy. In the current research, unlike
conventional UVeFSW, in which the tool is vibrated by ultra-
sonic, the workpiece is vibrated mechanically in a direction
normal to weld line. In fact, in the developed method which is
easy to apply, the workpieces are vibrated during FSW. The
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microstructure and mechanical properties of weld developed
by the modified welding process are compared with those of
weld resulted from conventional FSW process.

2 Materials and methods

Al 5052 sheet metal with thickness of 3 were used as work
material. Chemical composition of the studied material is pre-
sented in Table 1.

Rectangular specimens with size of 120 x 50 (mm X mm)
were cut from the studied sheet metal. The longitudinal edges
of specimens were cleaned of oil and debris carefully, and they
were aligned along the cleaned edges to be in a butt weld
position on fixture (Fig. 1). Oil removal was carried out by
rinsing the specimens by a caustic solution of sodium hydrox-
ide and water. They were dried by cloth finally.

Vibration was applied through fixture. Schematic design of
the method utilized to vibrate the fixture is illustrated in Fig. 2.
In this design, rotation movement of motor shaft is trans-
formed to linear motion of fixture using a camshaft. The pow-
er for fixture vibration was supplied by an AC motor 0.5 kW.
The motor was equipped by a driver to bring the possibility to
change the motor rotation speed. Camshaft was designed in a
way that it resulted in vibration of fixture with amplitude of
0.5 mm.

Tool was consisted of a cylindrical shoulder and a trape-
zoidal pin. Pin was made of tungsten carbide, and the shoulder
was prepared from M2 steel. Shoulder hardness after heat
treatment was 65 HRC. In order to study the effect of shoulder
size on microstructure and mechanical properties, two shoul-
ders with different sizes were used. Small shoulder with di-
ameter of 22 mm and large shoulder with diameter of 32 mm
were applied. Except the diameter, the geometries for both
shoulders were the same. The geometry for FSW tool with
small shoulder is presented in Fig. 3. The penetration depth
of pin was 2.8 mm.

To find the effect of the developed welding method on
microstructure and mechanical properties, different welding
conditions were applied. These conditions are presented in
Table 2. For each condition, both welding processes, FSW
and FSVW, were done. Vibration frequency was 16.67 Hz.
However, to get the effect of vibration frequency on mechan-
ical properties, some specimens were also welded by frequen-
cy of 13.33 and 19.17 Hz.

Table 1  Chemical composition of the studied material (wt.%)

Al Cr Cu Fe Mg Mn Si Zn  Other

Balance 025 01 035 24 01 02 0.1 015

Rotation
direction

Vibh

direction

Fig. 1 Schematic design of fixture used for fastening the specimens

Weld

The microstructure and mechanical properties of the
welded specimens were analyzed. Metallography samples
were prepared from the cross sections of the welded speci-
mens, and they were subjected to grinding, polishing, and
etching. The test sections were mounted and manually grinded
with emery papers (80-2400 mesh) and carefully polished
using alumina powders with size of 0.03 pm.
Metallographic samples were etched for 5 s with an etchant
consisting of 2.58 vol.% picric acid, 10.82 vol.% acetic acid,
10.82 vol.% water, and 75.78 vol.% ethanol.

The grain size was evaluated by optical microscopy, and it
was quantified through the mean linear intercept method
(ASTM E-112 [17]). To measure the grain size, a square of
selected area (300 x 300 pum?) was overlaid on a micrograph
and the number of grains including the grains completely
within the known area plus one half of the number of grains
intersected by the circumference of the area were counted.
Accordingly, the number of grains per unit area was calculated
and then, the average diameter of the grains was estimated
assuming the grains to be spherical in shape.

Sub-size samples for tensile testing based on the ASTM-ES8
standard test were prepared according to ref. [18]. The sam-
ples were obtained from the welded specimens using wire
electrical discharge machining (EDM) method in such a way
that the weld was positioned in the middle of the gauge sec-
tion. The schematic design of the tensile test sample is pre-
sented in Fig. 4. During the tensile test, the strain was mea-
sured using extensometer and the crosshead speed was

Fixture

Rail
Motor :

Fig. 2 Schematic design of fixture and the set used for vibration
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Fig. 3 Geometry of pin and shoulder used for FSW and FSVW processes

5 mm min . For each welding condition, three samples were
tested.

Hardness was investigated using Vickers hardness test
(HV) method. Microhardness tests were performed on
polished samples using a programmable hardness test ma-
chine. The load was 1 N and the dwell time was 10 s. The
mean value of 3 measurements was collected for each welding
condition.

3 Results and discussion
3.1 Microstructure

Microstructures of welded specimens relating to different
welding conditions, based on Table 2, as well as the base
material are presented in Fig. 5. The weld region micro-
structures of welded specimens, at higher magnification,
are presented in Fig. 6. The figures show the effect of
vibration on microstructure and grain size for two shoul-
der sizes. Grain size measurement data for different

Table 2 Different conditions were applied for welding

Shoulder Rotation speed Transverse speed Vibration
(rpm) (mm/min)
Small 1200 25 -
+
Large 1200 25 -
+

— and + stands denote without and with vibration, respectively
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welding conditions, relating to Fig. 6, are presented in
Fig. 7. It is observed that vibration during welding de-
creases the grain size of weld region for both shoulders;
additionally, grain sizes of specimens welded with small
diameter shoulder are generally lower than those welded
by large shoulder.

It is known that metal working during FSW results in
dislocation generation in microstructure [19, 20].
Additionally, the heat produced during FSW, because of
friction, brings the possibility to develop the dynamic re-
crystallization [21]. These result in formation of fine
grains in the weld region. The authors believe that when
tool stirring is accompanied by vibration of workpieces,
during FSVW, strain and strain rate increase and more
dislocations are generated and correspondingly finer
grains develop in the weld region. This is in agreement
with Zener-Hollomon relation [22].

Z = eexp (R_QT) (1)

According to Zener-Hollomon relation (Eq. 1), Z pa-
rameter increases as strain rate (¢ ) increases. Based on
Eq. 2, which indicates the relation developed between
Zener-Hollomon parameter (Z) and grain size (D) [23]:

D' =alnZ-b (2)

grain size decreases, as Z parameter increases.
Grain size enhancement, because of shoulder diameter
increase, can be related to the effect of friction heat.
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Fig. 4 The schematic design of
the tensile test sample prepared by
electrical discharge machining

. 100
(wire cut)

v

T
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All dimensions are in mm. R6 30
Researchers have found that more heat is produced during 3.2 Mechanism of grain size refinement
welding when shoulder diameter increases [24, 25].
Abbasi et al. [26] found that grain size increased as gen- It has been known that severe plastic deformation during FSW
erated heat during FSW enhanced. results in high density of dislocations [27, 28]. When vibration

Fig. 5 Microstructure of joints
developed using different welding
conditions as well as the base : Weld
material: a FSVW with small ;
diameter shoulder, b FSW with
small diameter shoulder, ¢ FSVW
with large diameter shoulder, d
FSW with large diameter
shoulder, and e base material
(welding parameters values were
according to Table 2)

100 pm

100 pm
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Fig. 6 Weld region
microstructure of FSV-welded
specimens under different
conditions: a FSVW with small
diameter shoulder, b FSW with
small diameter shoulder, ¢ FSVW
with large diameter shoulder, d
FSW with large diameter
shoulder (welding parameters
values were according to Table 2)

is applied during FSW, plastic deformation and generation of
dislocations increase and therefore, microstructure evolution
proceeds faster. According to Kaibyshev [29], the

Grain size (um)

Fig. 7 Weld region grain size data for different specimens welded using
different welding conditions (welding parameters values were according
to Table 2; minus sign and plus sign denote without and with vibration,
respectively)

@ Springer

100 pm

microstructure evolution during severe plastic deformation
consists of two sequential processes: (i) the formation of
three-dimensional arrays of low angle boundaries (LABs)
and (ii) the gradual transformation of LABs into high angle
boundaries (HABs) (>15°).

LABs with a low misorientation (~1°) are continuously
formed in pure aluminum and its alloys by dynamic recovery
during deformation by rearrangement of accumulating lattice
dislocations (Fig. 8a). At high strain values, mobile disloca-
tions move across sub-grains and are trapped by sub-
boundaries resulting in an increase in their misorientation.
Extensive rotation of sub-grains provides increasing misori-
entation of LABs with strain within sub-grains. These pro-
cesses result in the formation of individual segments of
HABS, and this can be considered as a proof for the occur-
rence of dynamic recrystallization (Fig. 8b). The recrystallized
grains persistently replace sub-grains evolved at small strains
through continuous transformation of their boundaries, and
accordingly, grain size refinement occurs [30].

3.3 Mechanical properties

Stress-strain curves of welded specimens with vibration are
compared with those welded without vibration in Fig. 9.
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Fig. 8 Schematic illustration of (a)
dynamic recrystallization: a
dynamic recovery and formation
of LABs and b grain size
refinement due to gradual
transformation of LABs into
HABs [29]

Ultimate tensile strength and elongation at fracture of these
specimens are presented in Table 3. Based on Table 3, strength
and ductility values of FS-welded specimens with vibration
are higher than those welded without vibration. Moreover,
strength and ductility values of FS-welded specimens with
small diameter shoulder are greater than those relating to large
diameter shoulder. These can be related to the grain size effect,
and they can be justified based on Hall-Petch relation [31].
According to this relation (Eq. 3), strength (o) increases as
grain size decreases. As vibration decreases the grain size
(D) (Fig. 6), the strength of FS-welded specimens with vibra-
tion is generally higher than those welded without vibration.

o=00+kD? (3)

Various researches have been carried out to find the
effect of grain size on ductility. Findings have shown

Small shoulder (+)
Small shoulder (-)
- - -Large shoulder (+)
—-—- Large shoulder (-)
— B 256

2 T T T T T T T
200
180
160
140
120
100
80
60
40
20
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i
i

PR TR T -
0 2 4 6 8 10 12 14 16 18 20 22 24 26
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Fig. 9 Stress-strain curves of base material, FS- and FSV-welded
specimens (minus sign and plus sign denote without and with vibration,
respectively)

(b)

that ductility increases as grain size decreases [32, 33].
As grain size decreases, grain boundary volume fraction
increases. Grain boundaries act as obstacles for crack
growth and enhance the ductility. Estrin et al. [33] noted
the possibility of ductility enhancement in AZ31 magne-
sium alloy due to the transition in the fracture mecha-
nism from intergranular fracture to transgranular fracture
as grain size decreases. It is also observed in Fig. 9 that
stress-strain curves of FS-welded specimens with small
diameter shoulder are higher than those welded with
large diameter shoulder.

Fractography analysis by SEM was carried out to compare
the fracture surface of FS-welded and FSV-welded specimens.
For both conditions, rotation and traveling speeds were
1200 rpm and 25 mm/min, respectively, and small shoulder
with 22 mm diameter was used for stirring. The results are
presented in Fig. 10.

Both samples show fracture surfaces characterized
with presence of voids which indicate a ductile fracture.
It is known that in ductile fracture, extensive plastic de-
formation takes place before fracture and the basic steps
before fracture are void formation, void coalescence, and

Table 3  Ultimate tensile strength and elongation at fracture of base
material, FS-and FSV-welded specimens obtained from tensile test
results presented in Fig. 9

Ultimate tensile strength Elongation
(MPa) (%)
Small shoulder (+) 162.3 23.42
Small shoulder (—) 150.6 2241
Large shoulder (+) 153.8 17.25
Large shoulder (—) 145.2 13.29
Base 204.1 15.64

— and + denote without and with vibration, respectively

@ Springer
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Fig. 10 SEM fracture surface of a FSV-welded sample and b FS-welded sample

crack propagation [34, 35]. It is observed in Fig. 10 that
the voids for FSV-welded sample are more than the other
one. This indicates that FSV-welded sample has strained
more than FS-welded sample before fracture. This is in
agreement with tensile test results that ductility of FSV-
welded samples is more than that of FS-welded sample.

Formability index values of FS-welded specimens are
presented in Fig. 11. The formability index which is
quantified with the UTS x EL relation, can be regarded
as a fingerprint of energy absorption during tensile test,
where UTS stands for ultimate tensile strength and EL
stands for elongation [36]. It is observed in Fig. 11 that
presence of vibration, during welding, increases the
formability index. This can be related to the effect of

N\
%ﬂ%\\\

Fig. 11 Formability indexes of FS- and FSV-welded specimens (minus
sign and plus sign denote without and with vibration, respectively)
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vibration on strength and ductility of welded specimens
which increases both.

Hardness values of different zones of FSV-welded
specimens are compared with FS-welded specimens, and
the results are presented in Fig. 12. Figure 12 shows that
weld and thermo-mechanical affected zone (TMAZ) re-
gion hardness of FSV-welded specimens are greater than
those relating to FS-welded specimens, although HAZ
hardness changes because vibration is small. This can be
related to the effect of vibration on grain size. The pres-
ence of vibration during stirring refined the weld region
grain size (Fig. 6), although it did not affect the HAZ
grain size significantly (Fig. 5). It is known that grain size
refinement is one of the strengthening mechanisms, and
hardness increases as grain size decreases [37].

3.4 Effect of vibration frequency

The effect of vibration frequency on stress-strain curves of
FSV-welded specimens is shown in Fig. 13. For all cases,
the welding conditions, except frequency, were constant.
Rotation speed was 1200 rpm, traveling speed was 25 mm/
min, and shoulder with small diameter (22 mm) was applied
for welding. It is observed in Fig. 13 that increment of fre-
quency has increased the strength and ductility values.

This can be related to the effect of frequency on strain rate.
Increase of frequency enhances the strain rate and correspond-
ingly, according to Egs. 2 and 3, Z increases and grain size (D)
decreases. Hall-Petch relation (Eq. 3) indicates that strength
and hardness increase as grain size decreases. Weld region
hardness values of FSV-welded specimens with different vi-
bration frequencies are presented in Fig. 14. As it is predicted,
the greatest hardness value belongs to the FSV-welded spec-
imen with the greatest amount of vibration frequency.
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4 Conclusions

In the current research, a new method is presented for modi-
fication of FSW process. Workpieces are vibrated normal to
weld line during rotation of shoulder and pin. In the current
modified version of FSW, vibration and stirring of plasticized
material in the weld region take place, simultaneously. This
joining method is a friction stir vibration welding (FSVW)
process. Using the presented process, Al 5052 specimens are
joined together and microstructures and mechanical properties
are compared with those obtained using conventional FSW
process. The results show that vibration during FSW leads to
grain size decrease of about 45 % in the weld region.
Additionally, it is found that strength and ductility values of
FSV-welded specimens are greater than those relating to FS-
welded specimens (about 7 % for ultimate tensile strength and
about 17 % for elongation at fracture). It is also observed that
weld region microhardness of FSV-welded samples are great-
er than those of FS-welded samples for about 23 %. The re-
sults also indicate that increase of vibration frequency, during
FSVW, increases the hardness and strength of welded speci-
mens. It can be concluded that FSVW, as an inexpensive and
easy to apply welding method, is a proper alternative process
for FSW process.
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