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ABSTRACT

In this research, the weldability of AA 2024-T3 plates using
vibration-assisted friction stir welding (VaFSW) is primarily
inspected. The vibration imparted to the fixture holding the
specimens in VaFSW differentiates this state-of-art process from
the conventional friction stir welding (FSW) technique. For
large-scale welding applications, it is ideal to vibrate the tool
with the required amplitude and frequency for optimum
performance. Due to limitation in applying vibration to the tool
in a milling machine, the vibration is imparted to a custom-
designed fixture and rig setup. The fixture, which holds the
plates rigidly, is mechanically shaken during the friction stir
welding process to boost the material strain in the weld region.
The VaFSW is performed with 1800 rpm tool rotational speed,
16 mm/min travel speed and at four intermittent levels of
vibrational frequencies (10.11 Hz, 13.56 Hz, 16.67 Hz, 25.17
Hz). The welding morphology and mechanical characteristics of
joints produced using VaFSW and FSW are presented in the
current work. Finally, the results of VaFSW are compared with
conventional FSW. Results show that the tensile strength and,
hardness in each of the zones — Nugget zone, heat affected zone,
and base metal increased with the increase in the vibrational
frequency in the vibration-assisted friction stir welding process.
In addition, the ductility of the joints increased by the vibration
in the vibration-assisted friction stir welding process due to
excessive plasticized material resulting in a greater grain
dislocation. Moreover, the mechanical characteristics of weld
joints enhanced with the increase in the vibrational frequency.
However, the tensile strength and hardness of conventional
FSWed joint are slightly higher than the joint produced using
VaFSW at 10.11 Hz. This study is promising for finding the
capability of VaFSW over FSW to produce quality weld joints.

Keywords: Aluminum 2024 alloy; Amplitude; Frequency;
Friction stir welding; Vibration; Vibration-assisted friction stir
welding.

NOMENCLATURE
BM Base material
EFSW Electrical current-aided friction stir welding
FSW Friction stir welding
HAZ Heat affected zone
LaFSW Laser-assisted friction stir welding
NZ Nugget zone
TMAZ Thermo-mechanically affected zone
UVeFSW Ultrasonic vibration-assisted FSW
VaFSW Vibration assisted friction stir welding
VHD Vickers hardness

1. INTRODUCTION

Friction welding is a solid-state welding process in which two
metals are joined together in the absence of filler material, source
of heating and inert environment. The friction stir welding
process is never considered a new process since the process has
been widely accepted in several industries for producing firm
and rigid joints. In the friction welding processes, the
mechanical energy is converted into heat energy at the frictional
interface initiating the material bonding process. Inertia friction
welding, direct drive friction welding, linear friction welding,
friction stir welding (FSW) and orbital friction stir welding are
commercialized to manufacture tubes and shafts. Each of these
variations of the friction welding process meets specific
demands in the industries. Moreover, every such process has its
advantages and disadvantages. Due to this reason, there has been
enormous effort done in past by many researchers to further
modify the process and thereby to improve the quality of the
friction welded joints [1-4].
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However, the friction welding processes have gained popularity
only for welding low melting point metals and alloys of
aluminium, magnesium, copper, etc. In general, the low melting
point of metals limits the fusion arc welding processes with
common welding powersources. However, tungsten inert gas
welding, and gas metal arc welding processes with the modern
powersources can generate stable low heat input arc [5—7]. These
powersources (Surface tension transfer, cold metal transfer) are
capable of welding aluminium and aluminium alloys. However,
the weldability of aluminium alloys is never the same and they
exhibit unique characteristics. Also, certain alloys such as
aluminium 6000 series are readily weldable, but under certain
conditions, they are often susceptible to hot cracking as a result
of high heat generated at the arc by the fusion welding processes
[8—11]. To prevent the defects, quality assessment of the welded
joints is necessary for qualifying the welds [12—15]. The friction
stir welding process offers many benefits over the fusion welding
process. The former is recommended to weld Aluminium 2xxx
and 7xxx series that are difficult to be welded by fusion welding
processes. The other benefits include low distortion even in
lengthy welds, absence of fuse, porosity, spatter, low shrinkage,
highly  energy-efficient and outstanding  mechanical
characteristics as demonstrated by fatigue, tension and bend
testing [16,17]. FSW is capable of imparting less deformation
and residual stress in the welded components [18—20]. FSW is
also proved to impart more fracture toughness compared to arc
welding processes. Several criteria for crack growth [21-26] and
fracture toughness evaluations [27-33] are suggested forward by
researchers in the past. Porosity and brittle attributed defects are
less in FSW compared to arc welding processes. However, the
presence and size of cracks have a significant role in the fracture
toughness of welded joints [34,35]. Besides, the FSWed joints
are least prone to stress corrosion cracking compared to arc
welding processes due to less stress generated [36,37]. To a
certain extent, solid-state welding process especially friction stir
welding process has advanced remarkably over the fusion
welding processes to be a good choice for those applications
dealing with low melting point metals in aerospace, marine,
power plant and automotive industries. Several FSW articles
dealing with the optimization of parameters and determination
of applied loads emphasize the importance of the friction stir
process in the joining sector [38,39].

Many attempts were carried out in the past for further advancing
the possibilities of effectively utilizing the conventional friction
stir welding process with additional techniques. Laser-assisted
friction stir welding (LaFSW), electrical current-aided friction
stir welding (EFSW), ultrasonic vibration-assisted friction stir
welding (UVeFSW) are some of the newly invented techniques
proposed for producing quality weld joints. In the case of the
laser-assisted friction stir welding process, Campanelli et al. [40]
found out that the laser treatment considerably reduces the
transverse and longitudinal residual stresses, increases the
elongation and microhardness. Sun et al. [41] concluded that
preheating using the laser on the advanced side reduces the
frictional heat between tool and workpiece whereas preheating

on the retreating side results in the maximum heat input. Wada
et al. [42] experimentally found out that the laser preheating in
the advanced side reduces the torque needed by the tool and the
preheating in the retreating side reduces the weld defects
significantly. According to Kohn et al. [43], less transverse
forces are required by the laser-assisted FSW compared to the
conventional friction stir welding process. A similar reduction in
the friction stir welding forces was noticed by Liu et al. [44]
using an electrically assisted friction stir welding process.
Chowdhury et al. [45] proved that the direct current in FSW
increased the joint efficiency whereas the alternating current
imparted uniform hardness in the advanced and retreating side.
In contradiction, Sengupta et al. [46] claimed that the
electrically-assisted friction stir welding process can increase the
hardness in addition to the joint efficiency. An abrupt change in
the boundary between the nugget zone (NZ) and heat affected
zone (HAZ) in the conventional FSW process becomes smooth
by the addition of electrical effect [47]. These novel techniques
are proved to have an effect on the weld quality.

Muhammad and Wu [48] investigated the dissimilar Al/Cu joint
produced using an ultrasonic-assisted friction stir welding
(UVeFSW) process and found out that the vibration added in
FSW reduces the surface roughness and has no effect on the
electrical conductivity whereas the strength of dissimilar weld
joints depends on the material in the advancing and retreating
side. Kumar et al. [49] claimed an increase in the enhancement
of surface roughness, interfacial bonding and material mixing by
the addition of vibration. Zhao et al. [50] observed an enhanced
plastic flow and high strain rate in the leading and trailing side
in the ultrasonic-assisted friction stir welding process. Yang et al.
[51] stated that the ultrasound in FSW was used to initiate the
nucleation process comparatively earlier at low travel speed
reducing the incubation period. At the same time, the ratio of
nucleation to deformation increases at a higher travel speed. Yu
et al. [52] confirm the enhancement of atomic diffusion by the
ultrasound while welding using ultrasound vibration-assisted
friction stir welding. Further, increased plastic material flow and
low working loads without causing any change to the operating
temperature are the benefits of ultrasound vibration-assisted
friction stir welding process over the traditional FSW [53]. In
addition to the lower plunge forces in ultrasonic-assisted FSW,
Park [54] found that the plunge force decreases with the increase
in the vibrational amplitude. Ruilin et al. [55] stated that the
additional vibration affects the temperature field only at higher
welding speeds. From the literature studies, the unconventional
ultrasonic vibration-assisted friction stir welding techniques
described above have demonstrated a major effect on the welded
joints.

Literature highlights the wide scope for the developments in the
conventional friction stir welding process. Potential capabilities
of the vibration-assisted friction welding process are yet to
explore on different metal alloys and geometrical configurations.
Since the vibration-assisted friction stir welding process is a new
non-conventional approach, a comparative analysis of the
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mechanical and metallurgical characteristics of conventional and
vibration-assisted friction stir welding process is demanded for
commercializing the technique. The influence of vibrational
frequency in the friction stir welding process in terms of strength
and hardness is described in the current work. The results of the
study are promising for understanding the new technique and
weld properties.

2. MATERIALS AND METHODS

AA2024-T3 plates having 150 mm X 75 mm X 3 mm were used
for joining wusing vibration-assisted friction stir welding
(VaFSW) and conventional friction stir welding processes. Table
1 and Table 2 present the chemical composition and mechanical
properties of AA 2024-T3 respectively. The longitudinal edges
of the samples were thoroughly washed and rinsed with a
solution of caustic sodium hydroxide and water to remove oil
and debris followed by drying using a cloth. The specimens are
fixed to the fixture as shown in figure 1. A system was developed
for VaFSW using a 0.75kW AC motor, camshaft and fixture.
Schematic representation of vibration-assisted friction stir
welding is shown in figure 2. A 0.75 kW AC motor provided the
energy for vibrating the fixture and the rotational motion of the
engine shaft is converted into a linear fixture motion using a
camshaft. The belt was arranged in such a way as to produce
vibration with 0.5 mm amplitude to the fixture. The tool is
manufactured with a trapezoidal pin and a cylindrical shoulder
using tungsten carbide (Figure 3). The hardness of the shoulder
following heat treatment was 65 HRC. The geometrical
dimensions of the VaFSW and FSW tool are shown in figure 4.
Four sets of vibrational frequencies - 10.11 Hz, 13.56 Hz, 16.67
Hz and 25.17 Hz, and fixed rotational and transverse speed of
1800 rpm and 16 mm/min respectively are selected as process
parameters (Table 3). Fouladi and Abbasi [56] investigated the
friction stir vibration welding process for AA 5052 using
frequencies lying between 20 Hz and 40 Hz. However, the
vibrational frequency is limited to 25.17 Hz above which
resulted in a defective joint. Joints using conventional FSW and
VaFSW are prepared. Tensile tests are conducted using cut
transverse tensile specimens. Macrostructures with 5X
magnification using an optical microscope are observed. Finally,
the Vickers hardness (VHD) along different points in the
transverse direction is provided.

Table 1 Chemical composition (wt. %) of Al 2024

Element | Al Si Fe | Cu | Mn | Mg | Others

Weight

%) 911 |05 |05 |44 |15 |15 |05

Table 2 Mechanical properties of AA 2024

G UTS EL VHD
Alloy (Mpa) (%)
2024 400.690 25 120
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FIGURE 1: FIXTURE USED FOR HOLDING THE
SPECIMENS

FIGURE 3: TOOL USED FOR FSW AND VaFSW
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FIGURE 4: GEOMETRICAL DIMENSIONS OF

STIRRING TOOL (Units are in mm)
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Table 3 VaFSW process parameters

Rotational Transverse speed Vibration
speed (mm/min) (Hz)
(rpm)

1800 16 25.17
1800 16 16.67
1800 16 13.56
1800 16 10.11

3. RESULTS AND DISCUSSION

Smooth and surface defect-free quality joints are produced
using FSW and VaFSW. The vibration added to the fixture has
not imparted any cracks or defects on the weld surface.
According to Shi et al. [57] and Liu et al. [58], the ultrasonic
vibrations in the FSW process cause acoustic softening and
enhance the plastic material flow to diminish or eliminate the
tunnel defects. The absence of tunnel-type defects at the cross-
section of weld geometry in the current study supports the
findings of Shi et al. [57] and Liu et al. [58]. Lack of defects
using the vibration-assisted friction stir welding process
indicates the appropriateness of the process for industrial use.
However, the estimation of mechanical and metallurgical
characteristics of VaFSW compared to FSW is mandatory for the
wide acceptance of the technology. Figure 5 shows the macro
cross-section of friction stir welded, vibration-assisted friction
stir welded joint and base material (BM). The transverse cross-
section of the welded specimen was free from any tunnel or
pocket defects. Also, pinholes and voids across and along the
boundaries of the nugget zone, thermo-mechanically affected
zone (TMAZ), heat affected zone and base material are absent in
the FSWed and VaFSWed joints [59]. This characteristic
indicates the occurrence of proper fusion in FSWed and
VaFSWed joints. Besides, the grain size in the nugget zone is
appeared as small and dark. The grains in the TMAZ is elongated
compared to NZ due to thermal and mechanical effect. Due to
the effect of vibration in VaFSW, the TMAZ is slightly
broadened making it difficult to distinguish with HAZ and BM.
The results are in co-agreement with the work of Liu et al. [60].
The process parameters used for both of the welding processes
are optimum since defect-free and quality welds are achieved
with the set of parameters used for the current study.

FIGURE 5: MACROSTRUCTURES OF WELDED
SPECIMEN (a) FSW (b) VaFSW (c) BASE MATERIAL

The strength, one of the major quality indicative factors, is
evaluated by conducting the tensile tests made of transverse
tensile test specimens. Figure 6 and figure 7 show the tensile
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specimens of FSW and VaFSW before and after the fracture. In
both cases, the tensile specimens fractured exactly at the welded
regions. Hence, the weld strength falls below the base material
strength in FSW and VaFSW processes. A comparison showing
the stress-strain graphs of all the welded specimens using
VaFSW and FSW is shown in figure 8. Table 4 presents the
ultimate tensile strength, fracture elongation from the stress-
strain graphs and hardness at the nugget zones. These same
responses were used by Nirmal and Jagadesh [61] for estimating
the quality of dual phase titanium alloys. From the graphs, all the
vibration-assisted friction stir welds other than welded at 10.11
Hz have tensile strength and fracture elongation greater than the
joint produced by conventional friction stir welding. Since
percentage elongation is a measure of ductility, the VaFSW joints
produced using vibrational frequencies greater than 13.56 Hz are
more ductile compared to the FSW joint. Ding and Wu [62] agree
that the strength and ductility of vibration-assisted friction stir
welding are slightly higher compared to the conventional friction
stir welding process. Similar characteristics with higher tensile
strength for the ultrasonic vibration friction stir welded joints
compared to FSW joints were attained in the work of
Muhammad and Wu [63] that dealt with the joining of aluminium
alloy and copper. Moreover, strength and ductility values of
VaFSWed specimens at 25.17 Hz vibrational frequency are
greater than specimen corresponding to 10.11 Hz. Within the
investigated range of vibration frequencies, both the tensile
strength and ductility of the VAFSW joints increased with the
rise in the vibrational frequencies. These changes in the
mechanical characteristics of VaFSW joints are due to grain
refinement at the stirring zones and surrounded heat affected
regions. This correlation is according to the Hall-Petch relation
that says the yield strength increases with the decrease in the
grain size [64]. It is proved that the vibration added to the fixture
or tool in the case of friction stir welding reduces the grain size
in and around the nugget zone due to heat dissipation. This
decrease in the grain size resulted in increased strength and
ductility of VaFSWed specimens. The results show an increase
in the elongation percentage as the vibration frequency increases
within the experimented range. This typically indicates an
increase in ductility. According to Ma et al. [65] and Estrin et al.
[66], the ductility of specimens after friction stir processing
increases when the grain size decreases. The volume fraction of
grain boundary increases as grain size decreases. These high-
volume fraction grain boundaries obstruct the crack growth and
enhance the ductility. According to Estrin et al. [66], as grain size
decreases, the ductile behaviour in AZ31 magnesium alloy is
enhanced by the transition in the fracture mechanism from
intergranular fracture to transgranular fracture.

FIGURE 6: FSW TENSILE SPECIMENS BEFORE AND
AFTER THE FRACTURE

FIGURE 7: VaFSW TEI:ISILE SPECIMENS BEFORE AND
AFTER THE FRACTURE
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FIGURE 8: STRESS-STRAIN CURVES OF FSWed AND
VaFSWed SPECIMENS

Table 4 Mechanical properties of VaFSW specimens

Vibration Ultimate | Elongation | Hardness
(H2) tensile (%) (HV)
strength
(MPa)
25.17 350 21.6 96
16.67 344 21.4 94
13.56 334 21.1 93
10.11 296 19.3 88

Figure 9 presents the microhardness profile of AA 2024 welded
plates using FSW and VaFSW. The typical ‘W’ shaped profile is
observed when the microhardness is measured along the
transverse direction of the weld region. The hardness is least in
the heat affected zone and highest in the base material away from
the nugget zone, whereas the hardness at the nugget zone is
slightly higher than at the heat affected zones. Since all the
parameters such as rotational speed, transverse speed, tool tilt
angle, penetration depth and tool dimensions are constant, it is
evident from the results that the vibrational frequencies have a
significant effect on the hardness in the nugget and heat affected
zone. However, the hardness values are slightly higher when the
samples are welded using a conventional friction stir welding
process compared to vibration-assisted friction stir welding with
10.11 Hz. Correspondingly, the tensile strength and ductility of
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samples joined using VaFSW at 10.11 Hz are less compared to
the conventional FSW.
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FIGURE 9: MICROHARDNESS VALUES OF VaFSWed
AND FSWed SPECIMENS

4. CONCLUSION

A vibration-assisted friction stir welding setup was developed to
investigate the influence of vibration on the welded AA 2024
plates. Sound and defect-free joints were produced using both
FSW and VaFSW. The results from the comparative study of
FSW and VaFSW are listed below.

e The VaFSW and conventional FSW are successful with
the experimented process parameters in producing
pinholes-free and voids-free weld joints.

e The thermo-mechanically affected zone is broadened in
the vibration-assisted friction stir welding compared to
conventional FSW.

o The tensile strength and ductility of the VaFSW joints
increased with the increase in the vibrational frequencies.

e  Vibration-assisted friction stir welds with frequency over
13.56 Hz exhibited higher tensile strength and fracture
elongation compared to the sample welded by
conventional friction stir welding.

e  The tensile strength and hardness of conventional FSWed
joint are slightly higher than the joint produced using
VaFSW at 10.11 Hz.

e Hardness in the zones of FSWed and VaFSWed
specimens is in the order BM>NZ>HAZ

e Vibration frequency is a significant factor affecting the
tensile strength, hardness and ductility in a FSW process.
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