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Abstract
An initial study is proposed in order to evaluate the outcomes of ultrasonic vibration in friction stir welding of Al and Mg alloys
for lap configuration. A novel ultrasonic assembly is designed and developed such that ultrasonic vibrations could be enforced
along the welding direction into the weldment via the welding tool. Various sets of welding parameters are picked out for
experimentation and thereafter optimum are evaluated.With ultrasonic assistance during pin and shoulder plunging, a substantial
diminution in welding load, up to 30 and 19.75% are obtained while the noteworthy reduction in tool torque and input power is
also perceived at optimum parameters. Additionally, lap shear tests result into an improvement of 37.88 and 39.24%, respectively,
in context to failure load and weldment elongation. Macrostructure analysis portrays elimination of defects, enhanced material
mixing, and broadening of the stirred zone with acoustic assistance.

Keywords Frictionstir lapwelding .Ultrasonicvibration .Macrostructure .Mechanicalproperties .Aluminumalloy .Magnesium
alloy

1 Introduction

Mg alloys are the lightest metals found on the earth and one of
the third most commonly used structural metals after iron and
aluminum. Nowadays, they are being integrated into numer-
ous structural parts in countless applications in order to obtain
substantial weight reduction [1]. Integration of Al and Mg
alloys together could significantly enhance structural flexibil-
ity and reduce structural weights as well as improve mechan-
ical properties. However, it is difficult to obtain sound welding
of both the metals together due to poor weldability, a large gap
in melting point temperature, and the brittle nature of Mg
alloys. Various conventional welding methods such as vacu-
um diffusion bonding [2, 3], laser welding [4], and gas metal

arc plug welding [5] have been attempted in the past.
However, none of them is universally consented due to vari-
ous shortcomings such as defect formation, poor weld quality,
loss of mechanical strength, and formation of an intermetallic
compound layer [1, 6].

In the last few decades, the friction stir welding (FSW)
technique has gotten a wide acceptance to join various grades
of similar and dissimilar Al alloys [7–14]. Besides, it has also
been proven quite efficacious to join various grades of Al and
Mg alloys with adequate weld strength [15–20]. In conven-
tional friction stir lap welding (CFSLW) of Al/Mg alloys, a
considerable amount of constitutional liquation occurs into the
weldment due to the heat and welding load (axial force) which
enhances the formation of intermetallic compound (IMCs)
layers of nature Al12Mg17 and Al3Mg2 [21–23]. These IMCs
are brittle and structurally fragile, and substantially degrade
the weldment strength [22, 24]. A lower rotation and higher
welding speed may introduce a lesser heat input but might
suffer from poor bonding. Mohammadi et al. pointed out that
welding speed was a primary factor to obtain sound FSW
joints of Al/Mg alloys, as it might significantly alter weldment
properties [18]. They reported cleavage cracks and protuber-
ances to characterize the brittle fracture mode, depicting
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cracks and failure were developed from the intermetallic in the
Al/Mg abutting layer [25]. At a higher rotation speed, the weld
bond depth was decreased due to inadequate material mixing.
It resulted in the degraded strength of a dissimilar lap joint
[26]. Tan et al. [27] narrated that either too low or too high heat
input facilitated defect formation and should be optimized.
Firouzdor et al. [28] observed crack formation at the joint
center during CFSLW, when the Al alloy was placed at the
top. Chen et al. [22] obtained enhanced weld strength at a
lower welding speed when Al alloy was placed at the top. Ji
et al. studied about the pin adhesion problem during the FSW
of Al and Mg alloys. They concluded that the adhesion phe-
nomenon was due to higher heat input into the weld nugget
zone (WNZ) which deteriorated joint properties [29]. Some of
the notable literature in context to Al/Mg alloy CFSLW is
presented in Table 1.

During CFSLW, the presence of IMCs at the Al-Mg alloy
weld interface is still observed which is responsible for sub-
stantial loss of weld strength [30]. Therefore, it is vital to
control IMC layer formation to achieve sound Al/Mg welds.

As ultrasonic vibrations have a long-lasting history of met-
al processing and joining to cope with various conventional
shortcomings [31–34], they have also been implemented suc-
cessfully in conjunction with CFSLW to weld various grades
of Al alloys both for butt and lap configuration [35–40].
During ultrasonic assistance, ultrasonic vibrations are directly
and dynamically transported into the localized region of the
weldment. It leads to acoustic softening with the plastic defor-
mation in the shear layer of the weldment. It is worth noting
that reported studies on ultrasonic assistance in Al/Mg alloy
FSW are too scarce [41–44]. Ji et al. applied ultrasonic assis-
tance along the FSW tool during welding of Al/Mg alloys.
They showed improved material mixing and increased me-
chanical interlocking between the two metals [41]. Benfer et
al. applied ultrasonic assistance at a distance from the weld-
ment and concluded there were improved tensile strength and
suppression of the IMC layers [42]. Strass et al. applied ultra-
sonic vibrations by passing them through the backing plate
[44] and concluded there was an increment of 30% Al/Mg
alloy weldment strength. It is interesting to note that quite a
few ultrasonic assembly designs are reported in past literature
addressing the integration of ultrasonic vibrations into the
FSW process [37, 42, 44–46]; however, most of them appar-
ently either lack the adequate and efficient transfer of ultra-
sonic energy into the weldment [42, 44] or suffered from
frequent failures of horn attachments [37]. All these shortcom-
ings result into a marginal or no effect of ultrasonic vibration
on welding load diminution and improvement in weldment
strength. As ultrasonic vibrations possess the tendency to be
absorbed in a localized region, they can be more effective if
applied directly into the WNZ via rigid contacts. In order to
cope with the aforesaid deficiencies, authors have designed
and developed a new ultrasonic system that could efficiently Ta
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transfer ultrasonic energy along the welding direction into the
weldment via the FSW tool [47]. The contact points in such an
ultrasonic assembly are kept rigid so as to ensure the safe and
efficient transfer of acoustic energy over the weldment sur-
face. In order to evaluate the efficacy of such an ultrasonic
system over the CFSLW process, a series of comparative ex-
perimentation is made in context to measuring the welding
load, torque, and power as well as mechanical andmacrostruc-
tural properties of Al/Mg alloy weldment for a wide range of
welding parameters.

2 Experimental procedure

2.1 Ultrasonic vibration assembly

A novel ultrasonic vibration setup is designed, developed, and
integrated into the conventional milling machine such that the
ultrasonic vibrations can be applied along the welding direc-
tion into the weldment via the FSW tool. The ultrasonic setup
comprises a horn, transducer, and generator where the ultra-
sonic horn and transducer are rigidly fixed into the machine
structure using in-house developed fixtures. Ultrasonic vibra-
tion assembly is meant to operate under the efficient power of
3000 W to yield 20 kHz frequency and 25 μm amplitude
during ultrasonic vibration assisted friction stir lap welding
(UVaFSLW). A detailed study of the ultrasonic assembly used
in this work can be quoted from the authors’ previous work
[47]. Requisite adjustments are attained to utilize a 2.0 T
HONGHAI-made conventional milling machine to work un-
der the CFSLW framework. The machine is equipped with a
servo control system to drive the worktable along the x and y
directions. Vertical motion (along the z direction) of the tool is
controlled by a hydraulic cylinder. The position of the x, y, and
z axes can be defined using a remote-controlled system and
can also be set via NC programming. A sensor system is
attached to the milling machine for measuring real-time vari-
ation in welding load (axial force Fz) and tool torque during
the pin/shoulder plunging and tool travel. Figure 1 shows a
schematic of the ultrasonic vibration system integrated into a
conventional milling machine. During UVaFSLW, ultrasonic
vibrations are transmitted to the lapped surfaces of Al/Mg
alloys through a specially designed FSW tool as well as via
the front part mounted at the horn face.

2.2 Materials and methods

6061 aluminum alloy and AZ31B Mg alloy plates of 3.0 mm
thickness are used to fabricate dissimilar metal CFSLW and
UVaFSLW joints. Plates of dimension 300 × 80 mm2 are cut
from bulk sheet volume using a band saw such that the max-
imum dimension coincides with the rolling direction. The top,
bottom, and lapped surfaces of both of the metal plates are

polished and subsequently cleaned with acetone before
welding. Table 2 lists the nominal chemical composition of
AZ31B Mg alloy and 6061 Al alloy. A specially designed
FSW tool is employed for CFSLW and UVaFSLW of Al/Mg
and has a shoulder diameter 20.0 mm with a threaded pin of
length 5.6 mm. The maximum and minimum diameters of the
threaded pin are 6.0 and 3.0 mm, respectively, and the tool
material is H13 tool steel. The FSW tool is quenched and
subsequently tempered to achieve a hardness of 60 HRC to
improve its wear resistance. Experiments are performed with a
tilt angle of 3° with respect to the tool vertical axis, and the
plunge depth is kept constant in all experiments, equal to
0.1 mm. The overlap length of each plate is kept up to
30 mm for CFSLW and UVaFSLW. Various sets of welding
parameters are chosen to determine optimum parameters by
placing Al and Mg at the top and bottom, respectively.
However, outcomes of 600–1200 rpm rotational speed and
50–250 mm/min welding speed are presented for analysis in
the present work. For the sake of simplicity, the welding pa-
rameters are denoted as 600/50, 800/100, and so on, where

Fig. 1 a Schematic of ultrasonic vibration integration and a typical FSLW
process. b Dimensional sketch of Al and Mg plates. c Details of the lap
shear test sample

Int J Adv Manuf Technol (2019) 100:1787–1799 1789



600 and 800 rpm represent the rotational speeds and 50 and
100 mm/min are the welding speeds.

2.3 Metallographic examination

CFSLW and UVaFSLW Al/Mg weld samples are sectioned
perpendicular to the weld direction, i.e., in the plane of the
weld cross sections. The samples are grounded and polished
using different sets of emery papers up to 1200 grit followed
by 1 mm diamond slurry and 0.04 mm colloidal silica. Both
Al and Mg weld parts are etched with the solution of 20 g
NaOH in 100 ml deionized water for 55 s and Nital (0.5%
HNO3 ethanol solution) for 15 s to reveal Al and Mg macro-
structures, respectively. Al is colored using a solution of 5 g
KMnO4 and 1 g NaOH in 100 ml distilled water for 12 s. The
macrostructure is examined using a ZEISS-made Daheng
Invasion USB camera microscope.

2.4 Mechanical testing

CFSLW and UVaFSLW Al/Mg weld samples are cut as per
ASTM standard transverse to the welding direction using a
wire cut electro-discharge machine as shown in Fig. 1c. A
SANS YYL-20 universal testing machine operated in dis-
placement control mode is used to perform tensile testing at
room temperature (22 °C) with a constant crosshead speed of
1 mm/min. At least three repetitions for each condition are
performed under identical conditions, and the surface of the
specimen is polished with grade 240 abrasive papers. For
microhardness measurements, both the samples (CFSLW
and UVaFSLW) are sectioned perpendicular to the welding
direction and subsequently cold mounted using non-

conducting epoxy powders. Furthermore, they are polished
with a set of emery papers of different grades. Final polishing
is done with diamond paste using a variable-speed grinder
polishing machine (Buehler, Ecomet 3000). A Vickers hard-
ness indentation machine (UHL VMHT 001) with 200 gmf
with 15 s dwell time is used to obtain the microhardness pro-
file of the welded sample in a cross section normal to the
welding direction.

3 Results and discussion

3.1 Welding load, torque, and power variation
in CFSLW and UVaFSLW of Al/Mg alloys

A comparative analysis of welding load, torque, and power
during CFSLW and UVaFSLW is performed. Various sets of
parameters ranging from 600 rpm to 1200 rotational speed and
50 to 250 mm/min welding speed are used to determine the
optimum parameters. It is evident that welds made with
800 rpm rotational speed and 100–150 mm/min welding
speed show good results. Subsequent analysis of the welding
load, torque, and power at different sets of parameters is pre-
sented and discussed in the following sections.

3.1.1 Welding load analysis

A variation in welding load for Al/Mg alloys CFSLW and
UVaFSLW (Al at the top) under parameters 800/100 and
800/150 is depicted in Fig. 2. Results depict that ultrasonic
vibrations pose a substantial diminution in welding load dur-
ing the pin, shoulder plunging, and minor effects during tool

Fig. 2 Welding load comparison
for CFSLW and UVaFSLW at a
800 rpm and 100 mm/min and b
800 rpm and 150 mm/min

Table 2 The chemical composition of AZ31B Mg and 6061 Al alloys

Alloy Al Zn Mg Mn Si Cu Cr Fe Ti Ca

AZ31B Mg alloy 2.5–3.5 0.25 max Balance 0.2–0.1 0.1 max 0.05 max – 0.7 max 0.15 max –

6061 Al alloy Balance 0.1 max 0.8–1.2 0.15 max 0.4–0.8 0.15–0.4 0.04–0.35 – – 0.04 max

1790 Int J Adv Manuf Technol (2019) 100:1787–1799



traveling. For UVaFSLW at 800/100, an equivalent welding
load diminution, up to 29.32 and 22.12%, is foreseen during
pin and shoulder plunging, respectively (Fig. 2a). In case of
tool traveling, ultrasonics apparently do not pose any notable
effect onwelding load diminution. A similar pattern of notable
reduction in welding load up to 30.01 and 19.75% during pin
and shoulder plunging, respectively, is also evident for 800/
150. An equivalence drift in welding load reduction but quite
lesser in magnitude has been documented by Kumar [37] and
Park et al. [46] during ultrasonic-assisted FSWof Al alloys in
butt configuration. In our newly designed ultrasonic setup,
required modifications are made to ensure an efficient and
rigid contact of the horn end face with the FSW tool. It facil-
itates and ensures the efficient transfer of acoustic energy at
the area of interest. A reduction in welding load can be attrib-
uted to the fact that when ultrasonic vibrations are imparted
into the weldment vicinity, they enhance the material mixing
[41] and also lead to additional softening of the workpiece
material [48], which in turn reduces the material flow stress
[45]. Frequent contact of the FSW tool with the metal cold
part yields frictional resistance and thus increases the temper-
ature of the material just below it. It makes the material softer
and allows easy penetration of the tool pin and shoulder. It can
also be noted that variation in welding load is quite uniform
for CFSLW compared to UVaFSLW (Fig. 2). It is because,
when high-frequency ultrasonic vibrations are directed into
the weldment via the FSW tool, the bottom part of the tool
(pin) follows a to-and-fro motion at the micron level. It makes
periodic contacts of the tool pin with that of the workpiece
surface, and hence has multiple peaks in the welding load
graph.

Investigation of the welding load profile (peak-to-peak
comparison for a given parameter) during CFSLW and
UVaFSLW of Al/Mg alloys at different welding (50–
250 mm/min and constant rotation speed) and rotation (600–
1200 rpm and constant welding speed) speeds is presented in
Fig. 3.

When the rotation speed is kept constant (equal to 600 rpm)
and the welding speed is varied from 50 to 250 mm/min,

notable welding load diminution takes place at 600/150 and
600/100, equal to 9.5 and 7.2%, respectively, while on other
parameters such as 600/50, 600/200, and 600/250, ultrasonic
vibration apparently does not have any notable effects
(Fig. 3a). In the same way, at a constant rotation speed of
800, a significant welding load reduction is reported at 800/
150 and 800/100, equal to 14.22 and 8.2%, respectively.
Ultrasonic vibrations seem to have negative effects on
welding load reduction under parameters 800/50 and 800/
200 (Fig. 3a). For constant rotation speeds of 1000 and
1200 rpm, the maximum reduction in welding load occurs at
1000/100 and 1200/150, equal to 9.3 and 7.3%, while its
minima lie at 1000/250 and 1200/50.

When the welding speed is kept constant (50 and 100 mm/
min) and the rotation speed is varied from 600, 800, 1000, and
1200 rpm, maximum reduction in welding load (comparing
maximum values for a given parameter) comes out at 1000/50
and 1000/100 equal to 6.25 and 9.5%, while ultrasonic vibra-
tions seem to have a negative effect at 1200/50 and 800/50
(Fig. 3b). In the case of 100 mm/min constant welding speed,
ultrasonic vibration seems to have a positive influence on all
welding parameters equal to 7.2, 8.10, 9.5, and 1.95% at 600/
100, 800/100, 1000/100, and 1200/100, respectively. For a
constant welding speed (150, 200, and 250 mm/min), the
maximum drop in welding load occurs at 800/150, 800/200,
and 1200/250 equal to 14.11, 5.95, and 2.11%, respectively.
While on other parameters except 1000/150 (7.84%) and
1200/150 (7.13%), ultrasonic vibrations do not seem to have
a positive impact on welding load reduction. Primarily at and
close to optimum welding parameters (800/100 and 800/150),
the amount of heat input imparted into the weldment matches
well that required to have enough material softening. At a
lesser weld pitch ratio (600/100), the heat addition into the
weld region, even after the addition of acoustic energy, is
insufficient, leading to inadequate material softening and less-
er alteration in welding load. However, at a higher rotation
speed, the material has already been softened to a higher
amount owing to excess heat input at higher tool rotation.
Therefore, ultrasonic vibrations in context to the welding load

Fig. 3 Welding load variation for
CFSLW and UVaFSLW at a
constant rotation speed (600–
1200) and different welding
speeds (50–250) and b constant
welding speed (50–250) and
different rotation speeds (600–
1200)
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are proven beneficial at and close to optimum welding param-
eters and less responsive on other parametric combinations.

3.1.2 Torque analysis

Figure 4 portrays a variation in tool torque (peak-to-peak com-
parison for a given parameter) with and without ultrasonic
under 800/100 and 800/150. It can be observed that with ul-
trasonic assistance, maximum diminution in tool torque is
obtained during pin plunging at 800/100 and 800/150 equal
to 22 and 9.89%, respectively. It is because ultrasonic vibra-
tions imply localized acoustic softening of the material just
below the tool pin. This alleviates the tool pin to rotate into
the softened region with lesser resistance. No substantial drop
in tool torque is perceived during shoulder plunging and tool
travel in the case of UVaFSLWof 800/100 and 800/150 (Fig.
4a, b). As material has been softened enough during pin
plunging, this leaves no space for ultrasonic vibration to fur-
ther soften the material in case of shoulder plunging and dur-
ing travel.

Figure 5 depicts the tool torque variation (peak-to-peak
comparison for a given parameter) at different welding speeds
from 50 to 250 mm/min (rotation speed constant 800 rpm,
Fig. 5a) and at different rotation speeds from 600 to
1200 rpm (welding speed constant 100 mm/min, Fig. 5b). It
can be observed that ultrasonic vibration is proven fruitful on
specific welding parameters only in terms of maximum and
minimum values. For example, a noteworthy torque reduction
is obtained at 800/150, 800/200, and 1000/100, while on some
parameters (800/250, 1200/100), ultrasonic vibrations seem to
have negative outcomes.

3.1.3 Input power

Figure 6 shows variation in the input power (peak-to-peak
comparison for a given parameter) for CFSLW and
UVaFSLW at 800/100 and 800/150 welding parameters. It is
apparent that ultrasonic vibrations facilitate an appreciable

reduction in input power equal to 22 and 9.89% during pin
plunging for 800/100 and 800/150, respectively. It is because
ultrasonic vibrations imply localized acoustic softening of the
material just below the tool pin. This alleviates the tool pin to
rotate into the softened region with lesser resistance and lesser
power requirement. No substantial reduction in input power is
perceived during shoulder plunging and tool travel in the case
of UVaFSLWof 800/100 and 800/150 (Fig. 6a, b). As material
has been softened enough during pin plunging, this leaves no
space for ultrasonic vibration to further soften the material in
case of shoulder plunging and tool traveling. Figure 7 depicts
the tool torque variation (peak-to-peak comparison for a given
parameter) at different welding speeds from 50 to 250 mm/
min (rotation speed constant, 800 rpm) and at a different ro-
tation speed from 600 to 1200 rpm (welding speed constant,
100 mm/min). It can be observed that ultrasonic vibrations are
proven fruitful on specific welding parameters only in terms
of maximum and minimum values. For example, a notewor-
thy reduction in input power is obtained at 800/150, 800/200,
and 1000/100. While on some parameters (800/250, 1200/
100), ultrasonic vibrations are shown to have negative
outcomes.

From the above discussion, it can be summarized that
acoustic energy is proven beneficial while working at opti-
mum parameters in context to reduction in welding load,
torque, and power. Beyond that, ultrasonic assistance appar-
ently poses minor or no effects. Acoustic softening of the
material is the major cause in diminution of welding load,
torque, and power.

3.2 Shear testing

Figure 8 depicts a comparative analysis of Al/Mg weldment
shear failure load for CFSLW and UVaFSLW. Outcomes of
different welding speeds ranging from 50 to 250 mm/min
(keeping rotation speed constant, 800 rpm) and different rota-
tion speeds varying from 600 to 1200 rpm (keeping welding
speed constant, 100 mm/min), respectively, are presented. It is

Fig. 4 Variation in tool torque for
CFSLW and UVaFSLW under a
800 rpm and 100 mm/min and b
800 rpm and 150 mm/min
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observed that ultrasonic vibrations have a notable effect on the
weldment shear failure load while working at optimum
welding parameters. During UVaFSLW, maximum improve-
ment in Al/Mg weldment shear strength takes place at opti-
mum parameter (800/100), equal to 37.88%, while the same
comes out 12.57, 25.40, 14.10, and 0.72% at 800/50, 800/150,
800/200, and 800/250, respectively (Fig. 8a). It is worth not-
ing that optimum parameters reported in the current study are
severely dependent on the selection of tool material, its geom-
etry which in turn is a function of heat imparted, and strain rate
at the weldment.

It can be notified that with ultrasonic assistance at 800/50
and 800/100, the weldment shear failure load is apparent to
enhanced; nevertheless, the same is reported to be decreased
while moving beyond 800/100, i.e., 800/150, 800/200 to 800/
250. This can be explained by the fact that heat addition into
the weldment is decreased with an increase in welding speed
(from 50 to 100 mm/min) due to lesser time to input heat into
the weldment. At lower welding speed, (800/50), the magni-
tude of heat input is higher than that of the optimum value to
incur sound welds. Excess heat input leads to the occurrence
of weldment defects. It also facilitates thickening of IMCs;
hence, shear failure load of Al/Mg alloy weldment degrades
gravely. At higher welding speed (800/100), the heat input
into the weldment matches well the optimum value required
to have a sound and defect-free weld. Optimum heat addition
leads to a reduced grain size, resulting in higher weldment

strength with lower strain [49–51]. At higher welding speed
beyond 100 mm/min (150–250 mm/min, the constant rotation
speed of 800 rpm), heat input into the weldment is reduced
[52]. It leads to inadequate intermixing of Al and Mg alloys
across the interface; consequently, weldment strength de-
grades severely.

Figure 8b portrays a comparison of Al/Mg alloy weldment
shear failure load with and without ultrasonic assistance at
different rotation speeds varying from 600 to 1200 rpm (keep-
ing welding speed constant, 100 mm/min), respectively. With
ultrasonic assistance, the maximum increment in shear failure
load is accounted to occur at 800/100, equal to 37.88%, while
on other parameters such as 600/100, 1000/100, and 1200/
100, it comes out 4.92, 11.98, and − 16.82%. It can be noted
that ultrasonic vibrations seem to have a negative impact on
Al/Mg weldment shear strength at higher rotation speed and
led to a diminution in shear failure load.

As discussed, weldment shear strength represents decreas-
ing portray beyond 800 rpm (which is the optimum rotation
speed) up to 1200 rpm (both in CFSLW and UVaFSLW). It
can be inferred from the fact that higher rotation speed (be-
yond 800 rpm) inputs excess heat into the weldment. It causes
an abrupt increase in grain size which consequently deterio-
rates the weld strength. Besides, it can also be theorized that
higher heat input at higher rotation speed facilitates a highly
conductive scenario for the formation of IMCs, which sub-
stantially weakens joint strength [53].

Fig. 5 Variation of tool torque at
a constant rotation speed of
800 rpm and variable welding
speed of 50–250 mm/min and b
constant welding speed of
100 mm/min and variable rotation
speed of 600–1200 rpm

Fig. 6 Power input during
CFSLW and UVaFSLW at a
800 rpm and 150 mm/min and b
800 rpm and 100 mm/min
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In this section, Al/Mg weldment elongation is determined
to visualize the effects of ultrasonic vibrations over CFSLW.

Weldment elongation is calculated and compared for dif-
ferent welding speeds from 50 to 250 mm/min (at a constant
rotation speed of 800 rpm) and different rotation speeds rang-
ing from 600 to 1200 rpm (at a constant welding speed of
100 mm/min) as shown in Fig. 9a, b. It is observed that

ultrasonic vibrations have a significant impact on improving
weldment elongation, resembling maximum improvements of
39.24% at 800/150. On other parameters such as 800/50, 800/
100, 800/200, and 800/250 and 600/100, 1000/100, and 1200/
100, it is reported to be equal to 11.66, 25.77, 21.36, and
10.62% and 10.25, 15.24, and 6.33%, respectively. It can be
noted that at higher welding speed 800/250 and higher rotation
speed 1000/100, ultrasonic vibration does not seem to have a
positive impact to meliorate weldment elongation. Weldment
elongation follows a decreasing trend either due to lesser (at
higher welding speed, beyond 250 mm/min) or excess (at
higher rotation speed, beyond 1000 rpm) heat input. It should
be noted that in most of the cases, ultrasonic vibrations are
incurred beneficial for improving Al/Mg weldment elongation.

3.3 Microhardness

Figure 10 shows the microhardness variation profile for Al/
Mg CFSLW and UVaFSLW joints made at 800/100.
Measurements are done at different locations (1 mm above
(red line A) and 1 mm below (red line B) the Al/Mg weldment
lap interface). It is observed that ultrasonic vibrations have the
marginal effect to increase weldment microhardness. It could
be understood due to ultrasonic-assisted localized softening,
severe plastic deformation, and higher grain refinement of the

Fig. 8 Shear failure load of CFSLWand UVaFSLWAl/Mg weldments at
a variable welding speed from 50 to 250 mm/min and constant rotation
speed 800 rpm and b variable rotation speed from 600 to 1200 rpm and
constant welding

Fig. 7 Variation of input power at constant rotation speed (RS) of
800 rpm and variable welding speed of 50–250 mm/min and constant
welding speed (WS) of 100 mm/min and variable rotation speed of 600–
1200 rpm

Fig. 9 Prediction of CFSLWand UVaFSLWAl/Mg weldment elongation
at a variable welding speed from 50 to 250 mm/min and constant rotation
speed 800 rpm and b variable rotation speed from 600 to 1200 rpm and
constant welding speed 100 mm/min
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weldment. At the weld center, along line A (Fig. 10a), the
hardness of the UVaFSLW joint is higher than that of
CFSLW. No sharp peaks are observed in microhardness
values, as line A does not encounter any IMC compounds in
its path. While moving towards TMAZ, away from WNZ, a
marginal betterment in hardness is evident in case of ultrason-
ic assistance. Towards the base metal, beyond TMAZ, the
hardness profile shows similar (for UVaFSLW and CFSLW)
variation with minor ups and downs at different points.

It can be noted that the microhardness at the weld center is
quite improved for UVaFSLW compared to CFSLW. Besides,
the microhardness profile portrays sharp peaks close to
TMAZ, which can be attributed to the presence of the inter-
metallic compound. It has been established that dissimilar
CFSLWs of Al and Mg alloys portray irregularly shaped re-
gions in the WNZ and represent completely different micro-
structure and hardness compared to base metals. Irregularly
shaped regions contain a large volume of IMCs Al12Mg17.
IMCs are supposed to be formed due to constitutional liqui-
dation and are responsible for higher hardness in WNZ [21].
The similar sharp rise in microhardness has also been reported
by Mohammadi et al. [18] during the CFSLW of Al/Mg.

Towards the base metal, away from TMAZ, the microhard-
ness profile seems to have quite similar values for both
CFSLW and UVaFSLW.

3.4 Macrostructure and weld morphology

Figure 11 shows the macrostructure profile of CFSLW and
UVaFSLW Al/Mg weldments made at 800/100, 1000/100,
and 600/100, respectively. It is clearly observed that a signif-
icant degree of material intermixing occurred between Al and
Mg alloys as a result of the penetration of the tool pin into the
lower sheet. The WNZ of the Al/Mg joint seems to portray a
bowl-like morphology due to a tapered-threaded pin and con-
cave shoulder profile. It can be observed that the WNZ bowl
morphology is more intense and well defined (in terms of size
and shape) in case of ultrasonic assistance. At the retreating
side (RS), the bowl shape of the WNZ is truncated (point C)
due to the absence of the required weldment turbulence, and
the same seems to be nullified in case of ultrasonic assistance
(point D). It could be because of insufficient turbulence into
the WNZ during tool advancement. While in the presence of
ultrasonic assistance, an additional weldment pulsation is

Fig. 10 Microhardness profile of
Al/Mg weldment for CFSLWand
UVaFSLW at 800/100 mm a
above 1 mm from Al/Mg
interface (along line A) and b
below 1 mm from Al/Mg
interface (along line B)

Fig. 11 Macrostructure
evaluation of Al-Mg weldments
at a, b 800/100, c, d 1000/100,
and e, f 600/100. C, broken bowl
morphology; D, well-defined
bowl morphology; E, white
structures; F, Al-rich black
structures; G, Mg-rich brown
structures
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originated [54], which leads to enhanced acoustic softening
[55] as well as metal releveling. The bowl-shape morphology
also contains an intermixed region of black (Al-rich) and
brown (Mg-rich) (represented by F and G) colored metal struc-
ture at its bottom. It could be the replica of intense material
mixing of dissimilar metals. The volume percentage of the
black and brown-colored region is much higher in case of
ultrasonic assistance (F and G) compared to CFSLW
(Fig. 11a, b). It evidences that during ultrasonic assistance,
the comparatively large volume of both the metals is taken
away from their faying surfaces and intermixed into the
WNZ. The dissimilar intermixed material evidently settles
down at a lower portion of the bowl-shaped WNZ. Material
flow beneath the tip of the rotating pin promotes a “swirl zone”
[56] which represents a bottom portion of the bowl structure.
As the WNZ is the region where intense mixing of Al/Mg
alloys occurs, it leads to the formation of lamellar structures
into it. A relatively white-colored structure appeared in the
WNZ [57] (region E) which represents a high degree of
intermixing of Al and Mg alloys. The volume percentage of
white-colored structures appeared to be significantly larger in
the case of UVaFSLW compared to CFSLW. It further ensures
that ultrasonic assistance facilitates intense material mixing in
theWNZ even in the case of dissimilar metals. A small portion
of the Mg metal (both at the advancing side (AS) and RS)
seems to bend upwards to penetrate into the Al metal. This
feature is called hook, which has also been reported in past
literature in context to friction stir lap or spot welding [58].
The effect of ultrasonic assistance can also be realized by com-
paring the material flow path into the WNZ adjacent to the pin
(PR) (shown in red dashed lines). From Fig. 11a, b, it can be
observed that PR appears to be wider in the case of UVaFSLW
compared to CFSLW. A close observation reveals that PR in
the case of ultrasonic assistance (PRuv) comes out to be
2.50 mm compared to 4.13 mm in the case of CFSLW
(PRc). It depicts a rise of 65.20% material movement adjacent
to the pin surface with ultrasonic assistance. AS PRuv is larger
than PRc for a given parameter, indicating that the volume of
deformed material across the pin surface increases when ultra-
sonic vibrations are integrated into the CFSLW. Another vital
observation derived from Fig. 11a, b is the shape of the WNZ
bowl. It can be observed that the bowl trajectory area during
CFSLW is quite less than that shown in the case of UVaFSLW.
It infers that ultrasonic vibration enhances the material mixing
as well as enhances the material flow which widens the trajec-
tory area of the bowl. It has been evidently proven that material
viscosity and thereby material flow stresses are reduced when
ultrasonic vibration is integrated into the CFSW process [36].
These constituents enhance material deformation, and in turn,
material flow is quite improved [36]. Another outcome can be
derived by comparing WNZ regions at the AS (dashed black
region) and RS (dashed yellow region) sides for CFSLW and
UVaFSLW. It can be observed that in the absence of ultrasonic,

theWNZ (region represented by black and yellow dashed lines
at AS and RS) does not seem to have adequate material flow
and white structures, while in the addition of ultrasonic assis-
tance, an intense material flow is evident with quite a higher
percentage of white structures. Frommacrostructure analysis, a
rise in shear strength of the welded specimen in the presence of
acoustic energy can be understood by the fact that the WNZ
bowl contains a larger volume of Al and Mg intermixed com-
pounds compared to CFSLW. It poses significantly higher re-
sistance to shear during shear testing of the welded samples.
Consequently, the shear strength of UVaFSLW joints is nota-
bly higher than that of CFSLW joints as depicted in Section
3.2.

Figure 11c–f depicts the macrostructures of transverse sec-
tions of the untested joints produced at rotation speeds of
1000/100 and 600/100 for CFSLW and UVaFLSW.
Microvoids are distinctly ascertained in the CFSLW joint
(Fig. 11c, e; red color rectangles). It is because a higher tool
rotation and lower tool travel speed lead to the input of an
excessive amount of heat into the WNZ. It facilitates cavity
formation, as excessive heat generated would make it easier
for the deformed materials to be excreted on the surface as
flash [59, 60]. The lower failure load at 1000/100 CFSLW
could be ascertained to the formation of cavities across dis-
similar metal interfaces. A comparatively high rotation to
welding speed ratio results in unreasonable heat addition into
the SZ and leads to the formation of cavities, as the deformed
metals have undergone on the metal surface in the form of
flash [24]. As the weld formed at 1000/100 failed through
shear overload (as depicted in Section 3.2), the hook feature
having an inward slope poses the least resistance for shear
deformation. The weld produced at 600/100 shows large cav-
ities both at AS and RS and results into abnormal material
mixing due to poor heat input (Fig. 11e). The weld made at
800/100 shows a structurally sound joint without any presence
of a channel or cavity defects; additionally, the cold lap and
outward hook geometry favors enhancement in weldment
strength (Fig. 11a). Microvoids disappear in lap joints treated
with ultrasonic assistance (UVaFSLW) Fig. 11d, f. It is be-
cause ultrasonic vibration induces a significant amount of ad-
ditional turbulence into the WNZ [54] such that plasticized
metal adjusts itself to fill up the cavities or gaps formed during
the welding cycle.

Weld appearance for Al-Mg weldments for CFSLW and
UVaFSLW at 800/100, 1000/100, and 600/100, respectively,
is shown in Fig. 12. It is apparent that at 800/100, the weld-
ment top surface looks smooth and has a good appearance,
while on other parameters the surface quality is bad with a
poor surface finish. For 1000/100 and 600/100, the weld sur-
face is uneven, with the presence of a zig-zag line, reflecting
inadequate material intermixing as well as heavy flush pulled
out while welding. With ultrasonic assistance, the surface ap-
pearance of the weldment is quite improved as well as the
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surface defects apparently will be eliminated. Material mixing
in the case of ultrasonic assistance is quite homogeneous, and
both the alloys seemed to be penetrating each other well.

3.5 Fractography

In order to determine and compare the fracture properties of
CFSLWand UVaFSLWAl-Mg weldment, fracture analysis of
tested samples is performed at 800/100. It is observed that the
CFSLWed joint failed via shear and tensile fracture mode.
This failure mode is characterized by dual-path crack propa-
gation, via lap interface and through the hook. However, in the
present scenario, a prominent fracture seems to be observed
across the dissimilar metal interface. After application of
acoustic energy into the weldment, the failure is observed to
occur via tensile fracture, away from the SZ of both themetals.
Such failure is characterized by crack initiation across the
hook followed by its propagation along TMAZ. In order to
enable a deep understanding of the mechanism involved dur-
ing fracture of Al-Mg alloys with and without ultrasonic vi-
brations, SEM analysis of fractured surfaces is presented as
shown in Fig. 13a.

The occurrence of a shear failure mechanism due to poor
intermixing as well as diffusion of atoms of both lapped

metals is characterized [61], emphasizing the weak bonding
of both Al and Mg alloys together. SEM imaging of the frac-
ture surface reflects the presence of fluffy voids as well as
tearing ridges depicting load sustainability during microvoid
coalescence leads to localized brittle fracture [62]. On a wide
portray is the presence of a mixed mode of ductile-brittle frac-
ture. SEM imaging of the fracture surface of UVaFSLWed
joints is portrayed in Fig. 13b. An obvious presence of a duc-
tile fracture pattern with coalescence of wide-sized deep dim-
ples is evident. A moderate population of dimples oriented in
the shear zone is observed and could be the replicable path of
crack propagation. Thereby, on a broad scenario, the failure
mode of the sample can be considered to be distinctly ductile
in nature.

4 Conclusions

(1) With ultrasonic assistance, a considerable drop in welding
load and tool torque is obtained at optimum parameters, 800/
100 and 800/150 equal to 29.32, 22.12, and 30.01, 19.75%
during pin and shoulder plunging, respectively.

(2) Maximum improvement in shear strength of Al/Mg
weldment with ultrasonic assistance apparently occurs at

Fig. 13 SEM image of the
fracture surface at 800/100 a
CFSLW and b UVaFSLW

Fig. 12 Al-Mg weldments at a, b
800/100, c, d 1000/100, and e, f
600/100
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800/100, equal to 37.88%. However, ultrasonic vibrations
seem to pose negative influence in weldment shear strength
at higher rotation speeds.

(3) Ultrasonic vibration seems to have marginal effects on
weldment microhardness. In the regions, where IMCs are ob-
served to be present, a sudden rise in microhardness is
reported.

(4) Intense material mixing and enhanced material flow are
depicted in the vicinity of the WNZ. Besides, truncation in the
WNZ bowl trajectory is found to be replaced with well-
defined andmore prominent material stirring during ultrasonic
assistance. The constitution of dispersed and mixed IMCs in
SZ, as well as disruption in the presence of ultrasonic vibra-
tions, favors weldment property enhancement.
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