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Abstract—Solid-state ultrasonic spot welding (USW) of
AA5182-AA5182 and Alclad AA7075-AA7075 was
performed to evaluate the microstructural features at weld
interface, joint robustness and the static and fatigue properties.
Strong and defect-free joints were attained in both aluminum
alloys via USW. High temperatures at the weld interface were
rapidly reached especially at high welding energy levels,
which facilitated the weldability of joints. The microstructure
of the weld interface evaluated via electron backscatter
diffraction (EBSD) exhibited a necklace-like characteristic
with fine grains, manifesting the attainment of robust bonding.
The obtained tensile lap shear failure load increased with
increasing welding energy, with a maximum of ~6 kN
satisfied the requirement of AWS D17.2 standards.
Furthermore, the welded joints of both alloys exhibited a
superior fatigue resistance, with the so-called “unweldable”
AA7075 having a fatigue life even somewhat longer than that
of AA5182, which was associated with the existence of softer
AA7072 Alclad layer. The results obtained in this study
demonstrated that USW is a promising solid-state welding
technique with shorter weld cycles and high energy-efficiency,
which can be used for joining thin sheets in the automotive
applications.

Keywords-Aluminum alloys; Alclad; ultrasonic spot welding;
tensile lap shear; fatigue.

. INTRODUCTION

The challenge of climate change is propelling the
transportation industry towards more fuel-efficient products
and manufacturing processes with lower energy consumption
[1]. This inevitably entails the fabrication and/or joining of
lightweight body structures. The transportation industry has
emphasized the demand for efficient joining methods to boost
the flexibility of design. Ultrasonic spot welding (USW) is one
of the emerging solid-state welding processes, producing robust
joints with low energy consumption [2]-[5]. The USW works

based on the principle of converting electrical energy to
mechanical vibrations at a high frequency normally at 20 kHz.
Short weld cycle time (~0.5-1 s) results in strong welded joints
owing to a small heat-affected zone (HAZ) [6], [7]. A strong
USW joint could be obtained at a welding energy as low as 0.6
kJ, compared with the required high welding energy of 50-100
kJ by resistance spot welding [3]. Several studies demonstrated
the benefits of USW compared to conventional techniques, and
reported the increase in tensile properties of the joint with
increasing welding energy [8]-[11]. The high temperature
generated during USW facilitates the weldability of aluminum
alloy (AA) joints [12]. The feasibility of USW of body
structures with promising results was validated by Ford Motor
Company [7]. Aluminum alloys like AA5182 have been
commonly used for manufacturing vehicle body, brackets, etc.,
and thus became prominent candidate alloys for joining-related
applications, while some aluminum alloys like AA7075 mostly
used in the aerospace applications are difficult to be welded by
fusion welding and termed as “unweldable” [13]. Recently, we
have reported a defect-free and robust bonding of AA7075-
AAT7075 via USW [14], with the presence of Alclad coating,
which is also referred to as corrosion resistant alloy (CRA).

The aim of the present study was to identify and compare
the feasibility of joining AAb5182-AA5182 and Alclad
AAT7075-AA7075 via USW. The interfacial microstructure,
static strength and fatigue life of the joints were evaluated over
a wide range of welding energies in relation to the temperature
at the weld center.

Il. METHODOLOGY

AA5182-H19 (Al-4.5Mg-0.35Mn) and AA7075-T6 (Al-
5.7Zn-2.5Mg-1.4Cu) sheets of 2 mm thick were used in the
present study. The sheets of AA7075 were cladded with a ~50
pm CRA which was AA7072 (Al-1zZn) by metallurgical
bonding on both sides. The sheets were machined into
20mmx15mm and 80mmx15mm strips, with the length being
in the rolling direction (RD), for the temperature measurement
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and microstructural characterization, and for the determination
of mechanical properties, respectively. USW was performed on
MH2016 dual-wedge reed Sonobond HP ultrasonic spot welder
in an energy-controlled mode as schematically shown in Fig. 1.
The transverse vibration direction of the upper and lower
sonotrode tips regulated by respective transducers should be
reverse, i.e., with a phase shift of 180°, aiming to maximize the
amplitude. The welding parameters include ultrasonic vibration
frequency (f) of 20 kHz, maximum power output (P) of 2 kW
and a clamping pressure of 0.4 MPa. The optimum impedance
setting of 2 and 8 is implemented for AA5182 and AA7075,
respectively. The welding energies of as low as 500 J to a
maximum of 6000 J were applied in the present study. The
sample preparation and welding process could be found
elsewhere [14], [15].
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Figure 1. Schematic illustration of USW test setup.

A small groove was machined on the faying surface of
20mmx15mm to accommodate the K-type thermocouple
(diameter = 0.076 mm) for temperature measurements. The
microstructures and fracture surfaces of the joints were
observed wusing a scanning electron microscope (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDS)
and electron backscatter diffraction (EBSD). EBSD was
performed on the sectioned samples welded at 4000 J. The
EBSD samples were ground using SiC papers ranging from
#600 to #4000 and polished with diamond paste down to 0.5
um, followed by electropolishing in an electrolyte containing
90% ethanol and 10% perchloric acid at 20 V for ~20 s at room
temperature. The analyses were conducted at a working
distance of 15 mm, a fixed voltage of 20 kV, and a tilt angle of
70° in SEM. The fracture surface of the selected samples was
observed to identify the fracture mechanisms.

The tensile and fatigue specimens were welded with an
overlap length of 20 mm. The tensile tests were performed with
the samples welded at different welding energies at a
displacement rate of Imm/min on the United tensile testing
machine. Samples welded at 4000 J were used to perform
stress-controlled fatigue tests at a load ratio R (=Pmin/Pmax) Of
0.2 and sinusoidal waveform with a frequency of 50 Hz on
Instron 8801 servo-hydraulic testing system at various
maximum cyclic loads ranging from 0.5 kN to 5 kN. Tension-

tension cyclic loading was adapted to avoid any potential
buckling during the tests. Two spacers of 35x15x2 mm
machined from the same material were attached to prevent the
effect of rotation and asymmetric bending moment during the
fatigue tests.

I1l.  RESULTS AND DISCUSSIONS

A. Temperature measurements

The average peak temperature at the center of the weld for
both AA5182 and Alclad AA7075 was measured and presented
as a function of welding energy in Fig. 2(a). A similar quick
increase in temperature could be observed in both alloys as the
welding energy increased. A close examination indicated that a
higher welding temperature could be achieved in the Alclad
AAT075 especially in the welding energy range below ~2000 J
due to the presence of a softer AA7072 (Al-1Zn) surface layer,
while the welding temperature in both alloys was equivalent in
the welding energy range above ~2000 J within the
experimental scatter. The average peak temperature in AA5182
raised from 235°C at 1000 J to ~522°C at 4000 J; and from
~242°C at 500 J to a maximum of ~513°C at 3000 J in AA7075
joints. A peak temperature of >500°C recorded in both alloys is
still below the liquidus temperature of respective alloys which
confirms that the welding occurred in a solid-state condition.
Obviously, such high temperatures generated via the high-
frequency vibration (or surface rubbing) during USW are
responsible for softening the weld zone that is needed for
joining, but also for the plastic deformation between the
sonotrode tips accompanied by clamping pressure.

B. Microstructural evolution

The EBSD orientation map of the cross-section of AA5182
and Alclad AA7075 welded at 4000 J is presented in Fig. 2(b)
and (c), respectively. The diagonal lower and upper half
corresponds to the orientation map and recrystallization
fraction map, respectively, in both Fig. 2(b) and (c). It is
observed that both alloys were well joined via USW without
visible defects along the weld interface oriented horizontally in
Fig. 2(b) and (c). In general, in the base metal (BM) the grain
size of AA5182 was smaller than that of the Alclad AA7075.
Further grain refinement was observed in the weld zone of both
alloys due to the occurrence of dynamic recrystallization
(DRX) during USW. However, the grains in the BM retained
their elongated nature in the rolling direction due to a smaller
HAZ formed in short USW cycles (~0.5-1 sec), along with the
retainment of the Alclad layer in AA7075. The retainment of
Alclad layer was verified by microstructural observations along
with EDS analyses. The difference in grains in the weld zone
and BM was attributed to the difference in temperature which
was higher at the weld interface stemming from ultrasonic
vibrations and plastic deformation at a high strain rate during
welding. The width of the weld zone in AA5182 was ~30 pm
whereas it was larger in Alclad AA7075 (Fig. 2(c)). This would
be related to the presence of the initially ~50 um thick Alclad
layer on both upper and lower sheets, which was also softer
[14].

The necklace-like DRX band at the interface infers that the
temperatures during welding exceeded the recrystallization



temperature of Al alloys (340°C-400°C) [16], which was
corroborated from the temperature measurements in Fig. 2(a).
The fraction of recrystallized grains in the weld zone of
AA5182 was higher whereas deformed grains dominated the
weld zone of AA7075 joins which is again associated with the
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softer Alclad layer. Fewer substructured grains appeared in the
weld zone of both alloys. Furthermore, the presence of DRX in
the weld zone suggests that the bonding would be robust. To
confirm this, the tensile lap shear test results are presented in
next section.
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Figure 2. (a) The peak welding temperature measured at different welding energies; EBSD orientation maps (bottom left) and the evolution of grains (top right)
of (b) AA5182-AA5182 and (c) AA7075-AA7075 welded at 4000 J.

C. Tensile properties

The tensile lap shear failure load, critical stress intensity
factor (Kc) and total failure energy of the USWed AA5182 and
Alclad AA7075 are presented in Fig. 3(a) and (b). The failure
load increased with increasing welding energy for both alloys
and surpassed the requirement of AWS D17.2 standards for the
spot-welded sheet specimens at higher welding energies. It is
appealing that the so-called unweldable AA7075 even
outperformed AA5182 marginally at some welding energies.
Moreover, the failure load of the present alloys was in general
much higher than several other aluminum alloy joints [6], [17].
It should be noted that in the Alclad AA7075 at the higher
welding energy, due to higher welding temperatures generated
(Fig. 2(a)) and more severe plastic deformation, the softer
Alclad metal squeezed into the voids at the ends of the
interface, leading to the formation of additional microbonds
and the reduction of stress concentration there. As a result, the
tensile lap shear failure load appeared to keep increasing within
the applied welding energy range up to 6000 J. However, this
trend could not be sustained if further higher energies would be
applied due to the further sample thinning in-between the
sonotrode tips.

Macwan et al. [18] pointed out that the decrease in the
tensile lap shear failure load of the welded joints at higher
welding energies was closely related to the welding tip
penetration (or sample thinning). In general, as the welding
energy increased, the microbond density increased,
accompanied by an increased penetration as well. Thus, the
failure load increased until a threshold was reached followed
by a reduction. This phenomenon is common in several
USWed joints [18]-[20]. In contrast, the lap shear load of
USWed Alclad AA7075 in the present study exhibited
increasing failure load with increasing welding energy up to
6000 J. This was directly related to the presence of the softer
Alclad layer on the surface of AA7075 sheets, as discussed
above.
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Figure 3. (a) Tensile lap shear failure load, and (b) critical stress intensity
factor (K;) and failure energy of the USWed AA5182-AA5182 and Alclad
AAT7075-AAT075 joints as a function of welding energy.



Fig. 2(b) presents the change of failure energy and critical
stress intensity factor, K¢, with welding energy, which could be
calculated based on the following equation [21],

Ke = 0.694F/dt )

where F; is the peak tensile load, d is the nugget diameter,
and t is the sheet thickness. The parameters used in the
calculation were detailed in [14], [15].

The failure energy is defined as the area under the tensile
test curve, which could be used to better indicate the effect of
welding energy. The value of K. and failure energy increased
with increasing welding energy similar to the failure load in
Fig. 3(a). Alclad AA7075 exhibited higher values of K and
failure energy than AA5182 especially in the lower welding
energy range, with a maximum K. and failure energy of 13.2
MPa-m¥2 and 8.0 J at a welding energy of 6000 J. These results
further corroborated robust bonding generated via USW,
demonstrating that the process is promising and helps pave the
way for some automotive applications, provided that the joints
could withstand cyclic loading which will be presented in next
section.

D. Fatigue properties

Fig. 4 illustrates a plot between the maximum cyclic load
versus the number of cycles to failure (S-N curve), which is a
measure of the lap shear fatigue life. The samples welded at an
energy of 4000 J were selected for fatigue tests. The run-out
data points for the sampled without failure beyond 1x107
cycles were labeled with horizontal arrows. The fatigue life of
both alloys increased with decreasing applied maximum cyclic
load. The Alclad AA7075 exhibited marginally better fatigue
resistance than AA5182 which was associated with the better
bonding of softer Alclad alloy AA7072 (Fig. 2(c)) and tensile
properties (Fig. 3(a)).
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Figure 4. S-N curves of AA5182- AA5182 and Alclad AA7075-AA7075
joints USWed at 4000 J, R = 0.2 and frequency = 50 Hz.

Although the failure load of AA5182 was slightly higher
than Alclad AA7075 at a welding energy of 4000 J, the overall
tensile properties of Alclad AA7075 were better which led to a
slight increase in fatigue properties. The fatigue strength of the

welded joints was also related to the tensile strength of the BM
[22], which was higher in Alclad AA7075. Furthermore, the
improved fatigue life was also associated with the potential
squeezed-out effect at the higher welding energy level and
temperature, which led to the formation of additional
microbonds and the reduction of stress concentration there, as
discussed earlier. The USWed joints of both alloys exhibited a
superior fatigue resistance compared to the welded joints of
several other aluminum alloys [6], [17]. Again, a widely used
AA7075 which has been challenging to be welded by fusion
processes could be well joined via USW due to the presence of
softer AA7072 Alclad layer, with promising results and
superior resistance than several weldable aluminum alloys.

E. Fractography

Fig. 5 presents the fatigue fracture surfaces of AA5182 and
AAT7075 alloys welded at 4000 J, fatigued at Pmax = 5 kN. The
fatigue failure was in the form of interfacial failure. There were
multiple crack initiation sites, and the crack propagation
regions are presented in Fig. 5(a) and (b) for AA5182 and
AAT7075 welded joints, respectively. There were very faint
fatigue striations present on the fracture surface of AA5182,
but clear fatigue striations were present on the fracture surface
of AAT7075, further demonstrating the robust bonding along
with a larger plastic zone ahead of the crack tip due to the
presence of softer AA7072 Alclad layer. Fig. 5(c) and (d)
depicts the fast fracture regions for AA5182 and AA7075
welded joints, respectively, which showed the ductile behavior
of the welded joints. The presence of sheared, non-closure
dimples on the fracture surface indicated ductile deformation in
well-joined lap shear type samples for both alloys. The
presence of finer dimples in Fig. 5(d) than Fig. 5(c) appeared to
demonstrate that AA7075 welded joints were more ductile than
AA5182 welded joints, also indicating better bonding.
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Figure 5. Fatigue fracture surface of (a) AA5182 and (b) AA7075 welded
joints; dimpled fast-fracture region for (c) AA5182 and (d) AA7075, where all
the samples were welded at 4000 J and failed at Ppax = 5 kN.

IV. CONCLUSIONS

A robust bonding with superior static and fatigue properties
was achieved via ultrasonic spot welding of AA5182 and



AAT7075. The interfacial temperature increased with increasing
welding energy, with temperatures greater than 500 °C
recorded at high welding energies. A “necklace”-like grain
structure was observed along the weld zone as a result of
dynamic crystallization, which occurred due to severe plastic
deformation and high temperatures during welding. The tensile
lap shear failure load reached a maximum of ~6 kN and
surpassed the requirement by AWS D17.2 standards at higher
welding energies in both alloys. The increase in the
temperature at higher welding energy beyond 4000 J led to a
decrease in the failure load of AA5182 welded joints, whereas
the failure load continued to increase in Alclad AA7075 due to
the soft nature of AA7072 Alclad layer. The fatigue resistance
of Alclad AA7075 welded joints was observed to be higher
than AA5182 welded at 4000 J at a given applied cyclic load.
These results demonstrated that the so-called “unweldable”
AA7075 could be well-joined by this solid-state USW
technique with superior mechanical properties, as long as it
contained a softer Alclad layer.
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