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Abstract
Residual stress can affect the properties and performance of materials. Since it is an important factor in all welding processes,
either fusion welding or friction stir welding, thus, novel complementary methods should be integrated with friction stir welding
for reduction of residual stress. In this work, a hybrid method was introduced called bending mode ultrasonic-assisted friction stir
welding (BM-UAFSW) and its effect under various vibration amplitudes was investigated on the longitudinal residual stress in a
cross-section area of 3 mm and thickness of 5 mm AA6061-T6 plates using contour method. The findings indicated that BM-
UAFSW can decrease the maximum longitudinal residual stress by up to 24% in relation with the conventional FSW. In addition,
the reaction forces along tool axis andmacrostructure observation were provided to illustrate the effect of high-frequency bending
mode ultrasonic vibrations on the welding force and welding quality. All the results suggest that BM-UAFSWwith amplitude of
2 and 3 μm provides the best outcome for the welding of 3 and 5 mm thick joints, respectively.
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1 Introduction

Friction stir welding (FSW) as a solid-state process was first
developed by The Welding Institute (TWI) in 1991 [1]. It has
been the most significant development in joining of metals
over the past decade and has metallurgical, environmental,
and energy benefits compared to fusion welding [2]. FSW
can be employed as a novel solution to welding high strength
nonferrous metal such as aluminum alloys (i.e., 2XXX,
6XXX, and 7XXX series), which are basically non-weldable
with conventional fusion welding due to low microstructure
quality and plenty of porosity.

Like other manufacturing processes, FSW can be com-
bined with other hybrid techniques, such as ultrasonic process,
including ultrasonic-assisted friction stir welding (UA-FSW)
to obtain better results (Fig 1). The research findings imply
that use of ultrasonic energy in different metal-forming pro-
cesses causes reduction of reaction forces, acceleration of the
process, and improved quality of the products [3–5].

Few reports are available for application of ultrasonic
vibration in friction stir welding. Among them, Amini and
Amiri [6] investigated the effects of force, temperature,
hardness, and tensile strength of 3.5 mm thick AA6061
plate. The empirical results demonstrated significant evi-
dence of downward and forward force reduction due to
better material softening. Further, the temperature out-
comes indicated that US vibrations provide higher tem-
peratures at shoulder because of better stirring perfor-
mance. Furthermore, the tensile test illustrated that for
low welding speeds, ultrasonic vibration cannot signifi-
cantly improve the tensile strength, while at high welding
speeds, it can improve tensile strength. In another work,
Ahmadnia et al. [7] investigated the influence of vertical
high-frequency vibration on the mechanical and the tribo-
logical properties of the AA6061 material, and they dem-
onstrated that UV improves both characterizations.

Residual stresses (RS) refer to self-equilibrating stresses
which even exist in the absence of external loads in elastic
materials. Since FSW is known as a thermo-mechanical pro-
cess, hence, similar to fusion welding, thermal, and mechan-
ical stresses are produced inside the welded components. As
an important parameter in welding, they can consider-
ably affect mechanical behavior of components.
Depending on the nature of stresses (i.e., compressive
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or tensile), it has detrimental and beneficial effects on
the mechanical properties and service life of the com-
ponents [8]. As an instance, Paulo et al. [9] demonstrat-
ed the influence of residual stress on the compressive
strength. In another work, Citarella et al. [10] indicated
that the effect of manufacturing residual stress on crack
propagation in the FS welded joint by a fatigue load is
predictable. In a similar way, the effect of the residual
stress distribution on crack growth was analyzed by
Carlone et al. [11].

The influence of residual stress owning to FSW on
the structure performance has extensively been investi-
gated with numerical and empirical techniques [12–14].
A 3D–model, based on thermo-mechanical responses,
was developed in commercial software ABAQUS by
Jamshidi Aval et al. [15] in order to predict residual
stress on dissimilar joints, and they showed that rational
speed changes maximum tensile residual stress signifi-
cantly and the position of clamps affects residual stress
profile. In another work, Woo and Choo [16] presented
the relationship of softening behavior and residual stress
profile for AA6061-T6 weld joints.

Many techniques have been employed to measure
residual stress in friction stir welded components.
Among them, Lombardi et al. [17] used neutron diffrac-
tion, Papahn et al. [18] employed ultrasonic waves, and
Oliveira et al. [19] employed X ray diffraction as non-
destructive methods to measure residual stresses pro-
duced. Also, as destructive methods, one can mention
hole drilling [20, 21] and slitting methods [22–24]. In a
very specific case, Liu and Yi [25] measured longitudi-
nal residual stress for friction stir welded AA6061-T6
plates (i.e., thicknesses of 4 and 8 mm) using contour
method, and they demonstrated that the maximum lon-
gitudinal stress can be brought to 61% of the yield
stress of the base metal under certain conditions.

Although researchers have devoted much attention to re-
sidual stress in FSW, they have directed little attention to re-
duce it by novel hybrid methods such as ultrasonic vibrations.
In this work, a hybrid method called bending mode ultrasonic-
assisted friction stir welding is used to demonstrate the influ-
ence of high-frequency ultrasonic vibrations on longitudinal
residual stress. For this approach, an experimental setup with
new designed friction stir apparatus was set up on two sets of
AA6061-T6 aluminum alloy plates with 3 and 5 mm thick-
nesses. The counter method is employed to measure longitu-
dinal residual stress, and welding forces as well as the macro-
structure of the weld zone are illustrated to indicate the influ-
ence of ultrasonic on the welding forces and quality.

2 Materials and methods

2.1 The tool

In this work, a special tool was designed and developed at
Kashan University, which had three major components:
tip, transducer, and piezoelectric actuators. The new tool
design consisting of both ultrasonic vibration apparatus
and FSW tool has the potential to develop ultrasonic
waves with a bending mode during friction stir welding.
Bending mode ultrasonic vibrations refer to types of high-
frequency vibrations with bending formation on the tool
or transducer similar to Fig. 2a. Under these vibrations,
the tool oscillates horizontally or obliquely to the surface
of the part. The proposed tool with bending mode vibra-
tions has a circular locus which can cause better material
flow during FSW. The difference of longitudinal vibration
and bending vibration can be seen in Fig. 2a, b. The
direction of vibrations in the longitudinal mode is along
the axis of the tool, while it makes angle to the tool axis
in the bending mode.

Fig. 1 Schematic of UAFSW
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The required modal analysis depicted in Fig. 2c for ap-
paratus (tool) design was performed by commercial software
ABAQUSE 6.14. As can be seen, the apparatus has the
ability to produce bending vibration at a frequency of
18.70 kHz, and Fig. 2d illustrates the fabricated prototype
obtained from modal analysis. The transducer and back
mass have been produced from AA7075 material and other
components except piezoelectric ceramics have been made
from H13 steel material. There are two sets of piezoelectric
ceramics, each containing four bending PZTs (half ce-
ramics). Each set provides the required displacement in a
different phase in collaboration with one another to produce
bending mode vibrations similar to Fig. 2. A generator pro-
vides the periodic voltage on both sets of the piezoelectric
ceramics in 180 degrees phase shift. In practice, the appara-
tus provides 18.5 KHz with a maximum amplitude (u0) of
3 μm at the outer edge of the tool tip. In this work, welding

is done under various amplitudes provided in Table 1. It can
be seen that under condition “i” the vibration amplitude is
equal to 0, meaning that FS welding was performed without
using ultrasonic vibration, and welded plates are non-
ultrasonic welded sample under this condition. Moreover,
the welding tool (apparatus head) has pin profile due to its
better stirring action. The pin has conical shape with a major
diameter of 3 mm and minor diameter of 2 mm. Also, flat
shoulder is considered for the apparatus head with a diam-
eter of 18 mm.

Table 1 The welding conditions
Condition/
state

Vibration
amplitude/u0 (μm)

i 0/(without
vibration)

ii 2.0

iii 2.5

iv 3.0

d

Transducer

Welding tool

Bending PZT

Flange

Back mass

Longitudinal modeBending mode
a b

c

Locus

Fig. 2 Ultrasonic vibrations. a Bending mode. b Longitudinal mode. c Modal analysis of BM-UAFSWapparatus. d fabricated apparatus

Fig. 3 Tensile test for 3 mm and 5 mm thick AA6061-T6 plates used in
this study
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2.2 Welding procedure

In this work, the plates of AA6061-T6 of 3 and 5 mm thickness
were tailored into the required sizes (100 × 200 mm) by guillo-
tine cutting machine (see Fig. 1). This material has been chosen
due to excellent corrosion resistance and yield strength.
Figure 3 illustrates the stress-strain graph for 3 mm thick and
5 mm thick AA6061-T6 plates. The UAFSW, dynamometer
and fixture were mounted on Lathe machine (TN 50A), which
has a maximum spindle speed of 2000 RPM and power of
5.5 kW. Further, a spindle speed of 700 RPM and traveling
speed of 50 mm/min were chosen for performing FSW.

The welding axial forces have been provided by axial
strike of tool into plates and measured by a KISTLER
multi-component milling force dynamometer. The thrust
force along tool axis was measured by a KISTLER
9257B dynamometer. The position of the dynamometer
can be observed in Fig. 4. The dynamometer was di-
rectly connected to the amplifier (type 5070 A) and
then, through a data acquisition hardware, it was con-
nected to a computer (Fig. 4a). Figure 4a demonstrates
a schema of the experimental setup including apparatus
(i.e., FSW tool, ultrasonic transduce, etc.) generator and
lath machine.

Ultrasonic power supply

Fixture

Dynamometer

Amplifier 

Data acquisition 

hardware

Plate
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Apparatus

Fig. 4 The experimental setup of BM-UAFSW. a The schematic diagram. b The photo
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3 Contour method measurement

The contour method is a novel technique to measure the
residual stress over a cross section. This technique de-
termines residual stress by measuring deformed surface
due to released stresses as a result of sectioning. The
majority of the counter method involves the ability of
2D mapping of the residual stress across the cross-
section area [26]. Generally, contour method comes with
four steps: (1) specimen cutting, (2) displacement mea-
surement, (3) data processing, and (4) FEA. In this
study, these steps have been followed. In the first step,
samples should be cut by a wire electric discharge

machine (EDM). This process produces very straight
and clean cuts and does not affect previous cut surface
and does not produce any plastic deformation either.
The cutting process should be performed under proper
conditions to obtain the best surface roughness and less
induced stress. In this study, the plates were cut with a
CHARMILLES ROBOFIL 290 wire EDM machine.
There are various cutting parameters for different mate-
rials and thickness. Liu and Yi [25] used 0.5 mm/min
cutting speed with 0.2 mm brass wire diameter for cut-
ting Al6061-T6 plates with 4 and 8 mm thickness. In
this study, the cutting process was performed with
0.1 mm diameter brass wire and 0.5 mm/min cutting
speed for both thicknesses in order to reduce possibility
of induced stresses by the wire, improving the surface
roughness as well. The cut plan position is demonstrat-
ed in Fig. 1, and the whole cutting process was carried
out submerged in deionized water to control thermal
effects (i.e., thermal stresses, distortions). The deforma-
tion of cut surface in this study was measured by a
coordinate measuring machine (Sky 1 model) with an
accuracy of 0.001, 0.005, and 0.0001 mm in x, y, and
z directions.

The distributions of the measurement points are very
important to find proper surface accuracy. For instance,
Ref [25] employed a point spacing of 0.5 mm along the
length and 1 mm along thickness. In another work, the
residual stress was measured by contour method with a
grid size of 0.5 × 0.5 mm on the cut surface [27]. Further,
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Fig. 5 Data smoothing and regression for 3 mm thick plate welded under
condition ii

t=5mm

t=3mmFig. 6 3D FEA model of
deformed 3 and 5 mm thick plates
welded under condition ii with a
deformation scale factor of 50
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in a study [28] the point spacing of 0.5 × 0.5 mm was
used to find the surface profile of welded AA22 alloy
plate. Here, the point spacing was determined with
0.5 mm along the length (x direction) and 1 mm along
the thickness (y direction) of cut surface for both sets of
plates (3 and 5mm). This results in 200 points in the x
direction and 3 points in y direction and total points of
600 for the plates with a thickness of 3 mm. Similarly, for
5 mm thick plates, a grid of 6 × 200 points results in 1000
points. Moreover, the measurement should be performed
for both opposing surfaces of each cut samples. On the
other hand, if there is one joint, then there are two mea-
surement trials.

As an instance, the measured raw data (blue dotted
points) for 3 mm thick joint, under condition ii, are shown
in Fig. 5. It is observed that data cleaning and smoothing
were employed to make the points clear and effective.

There are noises in the measured points even under the
best cutting and measuring conditions, and they can be
considered as errors which can be omitted from the data
sets using regression. Figure 5 demonstrates that the
cleaned data are smoothed by polynomial regression to
find the profile of cut surface as a function to ease simu-
lation. The polynomial regressions of the fourth order for
x variable and first order for y variable were considered
for all cases and the 3D models of the 3 and 5 mm thick
half-plates were prepared in ABAQUSE CAE 6.14 soft-
ware as shown in Fig. 6 to evaluate the residual stress.
The spatial function of the displacements obtained from
regression was applied separately to the cross section of
the provided models. The model of 5 mm thick plate
contained total number 82,500 linear hexahedral elements
of type C3D8R and there were 49,500 linear hexahedral
elements of type C3D8R for the 3 mm thick plate model.
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Fig. 7 Cross-sectional residual
stress mapping under various
welding conditions (see Table 1)
for a 3 mm thick specimens and b
5 mm thick specimens
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Figure 6 also illustrates the deformed model for 3 and
5 mm thick plates. As can be seen, the meshes in a region
near to the cut surface have size of 0.5 mm and the others
have a size of 1 mm.

4 Results and discussion

Longitudinal residual stress (σz) measurement is common
in welded components. In this study, since displacement
measurements have been along z direction (see Fig. 1), so
the residual stresses along this direction have been present-
ed. As the key principal advantages of the contour method
include the cross-sectional mapping of the stress, then
Fig. 7 demonstrates mapping of longitudinal residual stress
in megapascal under different welding conditions using
contour method (see Table 1). The stress mapping from
Fig. 7a provides the stress distribution for 3 mm thick
plates. It indicates that the longitudinal stress is tensile
throughout the thickness within weld region for all cases.
It can be seen that the maximum stress region under shoul-
der area is continuous throughout the thickness for normal

welding, though welding under vibrations makes it discontin-
uous. It is also observed that welding under condition iii and iv
pushes the maximum tensile stress to the bottom of the weld
region. On the other hand, the bending mode ultrasonic vibra-
tions with higher amplitudes can reduce tensile stress at the top
of the 3-mm thick plates. Also, FS welding under condition ii
produces the least residual stress compared to other conditions.
Furthermore, the RSs at the top and bottom of the joint within
the axis of the tool are 171 and 150 MPa for FS welding under
condition i, while they are 150 MPa and 87 MPa for FS
welding under condition ii, respectively. Besides, BM-
UAFSW with an amplitude of 2 μm can produce 42% RS
reduction between the top and bottom of the 3 mm thick joints,
yet the reduction is 34% for welding without ultrasonic vibra-
tions. Moreover, there are also compressive stress regions away
from the weld region, and FS welding with ultrasonic vibra-
tions produces higher compressive residual stress compared to
normal welding at the sides of the joints whichmight be helpful
for crack propagation in fatigue fracture [29].

Unlike 3 mm thick joints, in 5 mm ones, the RS underneath
the shoulder within the thickness is continuous and FS
welding under condition iv produces the least longitudinal
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residual stress compared to other conditions. Also, the RSs at
the top and bottom of the joint within the axis of the tool are
177 and 158MPa for FS welding under condition i, while they
are 137 and 118 MPa for FS welding under condition ii, re-
spectively. On the other hand, BM-UAFSW with an ampli-
tude of 3 μm can produce 13% RS reduction between the top
and bottom of the 5mm thick joints. However, the reduction is
10% for welding without ultrasonic vibrations.

In many studies, maximum residual stress is based on per-
centage of yield stress, so this approach can be followed for
comparison purposes in this present work as well. The maxi-
mum tensile residual stress is about 58% of base metal yield
strength for 3 and 5 mm thick joints under normal FS welding
(without ultrasonic vibrations) which can be brought to 50 and
45% for 3 and 5 mm thick joints, respectively. Further, Deplus
et al. [30] reported RS in 40 and 60% of the yield strength in
AA6082-T6 joints. Also, Liu and Yi [25] found a maximum
ratio of 50% for 8 and 4 mm thick AA6061 welds. It can be
suggested that the results are similar to this study results.

Apart from cross-section stress mapping, plots should be
provided in order to demonstrate the difference of the RS
precisely under various conditions. Figure 8 illustrates stress
distribution along x direction in the middle of the thickness
including error bar, with each sample tested in three times. The
error illustrates maximum 6% error for each residual stress
graph in Fig. 8. The empirical results, shown in Fig. 8a, indi-
cate that the maximum longitudinal residual stresses (σz) un-
der conditions i, ii, iii, and iv are equal to 166, 133, 158, and
143MPa, respectively (see Table 2) for 3 mm thick joints, and
all have smooth M-shape like those reported in studies [25,
31]. It can be observed that the stress can decrease from
166 MPa (normal welding without vibration) to 133 MPa
(FS welding under vibratory conditions with an amplitude of
2 μm). It means that the bending mode ultrasonic vibration
can reduce the longitudinal residual stress by about 20% for
3 mm thick AA6061-T6 joints. Additionally, the vibration
amplitude at lower levels can produce less residual stress for
the 3 mm thick joints, and the peak of tensile residual stress is
at advancing side, and BM-UAFSW cannot change it.
Moreover, the line graphs given in Fig. 9 provides information
about measured forces during BM-UAFSW. It is seen that the

plunging forces are normally far greater than welding forces
across all cases. Figure 9a demonstrates the axial reaction
forces of the tool (along y direction) including mean value
during plunging and welding for 3-mm thick plates under
various vibrational states (see Table 1), indicating that apply-
ing vibration to the tools normally decreases the reaction
forces due to diminished contact of the tools and the plates.

Table 2 Maximum tensile
residual stress for different
welding conditions and joints

FS welding
conditions

σz, max for 3-mm
thick joints (MPa)

σz, max for 5-mm
thick joints (MPa)

i 173 166

ii 160 133

iii 157 158

iv 132 143

Fig. 9 Axial force for a 3 mm thick specimens b 5 mm thick specimens
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This would cause reduction in friction which in turn results in
temperature reduction. Figure 9a indicates that the vibrations
reduce axial force in 3 mm thick joints for amplitudes of more
than 2.5 μm (conditions iii and iv), while the axial force in-
creases when the amplitude is equal to 2.0 μm (condition ii).
A greater axial force results better softening, which can be one
of the reasons showing why maximum longitudinal residual
stress is the least for case ii compared to others. It is also
important to evaluate the quality of welding as macrostructure
investigation. In this regard, Fig. 10 demonstrates that the
ultrasonic vibrations do not significantly change the quality
of welding and quality is acceptable despite few small voids.

A similar approach can be seen for 5 mm thick plates. It is,
however, observed from Fig. 8a that the maximum longitudi-
nal residual stresses (σz) under conditions i, ii, iii, and iv are
equal to 173, 160, 157, and 132 MPa, respectively (see
Table 2). This demonstrates that BM-UAFSW, under condi-
tion iv, can reduce the maximum longitudinal stress by about
24% for 5 mm thick AA6061-T6 joints. Figure 9b demon-
strates that the vibrations reduce axial force in 5 mm thick
joints for amplitudes of more than 2 μm (conditions ii, iii,
and iv), while FS welding under state iv requires greater force
compared to the two other vibratory conditions. It can be seen
that although the axial force is maximum, for this case (FS
welding under condition iv) the residual stress is minimum.
This indicates that welding force is one of the major parame-
ters which can affect the residual stress. Because the fiction, as
a cause of heat generation and material softening, depends on
the axial forces. Additionally, although FS welding under con-
dition i has the maximum axial force, it has a greater maxi-
mum residual stress compared to others for the 5 mm thick
joints. This suggests that the axial force is not the only param-
eter which can influence the residual stress. Hence, there
should be other parameters such as the flow or the heat transfer
of the materials which can have impact on the residual stress.
Indeed, their impacts on the residual stress can be investigated
in future works. It is observed in Fig. 9 that the welding force
required for 3 mm thick plates is far less than the forced

required for 5 mm plates. This is due to fact that larger
amounts of material results in higher heat absorption, thereby
reducing the work temperature. Therefore, reduction in work
temperature reduces material softening, causing force reduc-
tion. The quality of 5 mm thick joints improve when bending
mode vibration is applied such that the small voids disappear
in FS welding under condition ii and iii (see Fig. 10).
Moreover, it should be noted that since the same welding tool
was employed for both sets of plates and the pin height was
2.5 mm, then the pin could not penetrate through the 5 mm
thick joints. Thus, a seam in terms of unwelded region can be
seen in all 5 mm thick joints at the weld region. The same tool
was chosen to only show the effect of the vibrations without
considering tool effect.

5 Conclusion

In this paper, a new hybrid method called bending mode
ultrasonic-assisted friction stir welding (BM-UAFSW) was
proposed to reduce residual stress. For this approach, a tool
was designed and developed with the ability of producing
high-frequency bending modes. This paper has mainly
highlighted the influence of high-frequency bending mode
ultrasonic vibration in FSWon the longitudinal residual stress,
reaction force along tool axis and macrostructure of weld
zone. The obtained findings are summarized as below:

& The ultrasonic vibrations in BM-UAFSW significantly re-
duce the tensile longitudinal residual stress for both 3 and
5 mm thick plates. It can reduce the RS approximately by
up to 24%.

& The tensile longitudinal residual stress can be minimized
when FSW is performed under vibratory conditions within
amplitudes of 2.0 and 3.0 μm for 3 and 5 mm thick joints,
respectively.

& Based on the findings, BM-UAFSW generally decreases
the welding forces (reaction force along tool axis)

i ii iii iv

t=3 mm

t=5 mm
Unwelded 

region
1 mm

Fig. 10 Macrostructure
observation of the weld zone
under various conditions (see
Table 1)—upper row pictures
3 mm thick plates and lower row
pictures 5 mm thick plates
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compared to conventional FSW. This can contribute to
mitigation of heat generation and residual stress reduction.

& From a macrostructure aspect, the BM-UAFSW did not
produce any significant defect for a spindle speed of 700
RPM and tool traveling speed of 50 mm/min.
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