
Introduction

Ultrasonic spot welding (USW) is a
solid-state process in which two sheet ma-
terials are joined by the application of ul-
trasonic vibrations at a frequency of ~20
kHz and an amplitude of 20–75 μm under
a moderate pressure, where the vibrations
are applied parallel to the interface be-
tween the sheets (Refs. 1–4). A solid-state
weld can be achieved via a high-frequency
relative motion between the sheets, cou-
pled with severe plastic deformation and
mechanical interlocking, as well as a
chemical bond involving diffusion (Refs.
5–8). Compared with resistance spot weld-
ing, USW can join aluminum car body
panels at lower energy consumption, using
only 0.6–1.3 kJ per weld, and create a

more homogeneous microstructure char-
acterized by refined grains and confined
inclusions free from pores between the
base materials (Refs. 9, 10). In addition,
USW requires no welding wire or water
cooling, has modest space requirements,
and results in no arcs or sparks. Therefore,
USW is an alternative method that can be
applied for joining aluminum (Al) alloys
in automotive body construction (Refs. 1,
3).

During USW, welding energy is a key
parameter for the welding of Al alloy
sheets, as well as their mechanical proper-
ties. The previous USW system was only
able to join thin foils, generally <0.5 mm
in thickness, because of its lower power
output (Ref. 11). For thicker sheets (1–2
mm), higher power welding systems are
necessary (Refs. 3, 12). At a lower level of

welding energy, the microbond density
was too low; failure occurred through the
interface. Higher welding energies can ef-
fectively promote joining in the entire
weld, thus improving weld strength. Jahn
et al. (Ref. 13) evaluated the effects of
welding energy on the microstructure and
weld strength of ultrasonic spot welds of
AA6111-T4 Al alloy using a single-trans-
ducer, unidirectional wedge-reed welding
machine. It was observed that the weld
strength increased with increasing welding
energy up to ~500 J, and the maximum
failure load obtained was between 2.6 and
3.1 kN. Recently, Bakavos and Prangnell
(Ref. 14) studied the joining mechanisms
and microstructure formation in a high-
power ultrasonic spot welded 6111 Al
sheet. Good mechanical properties for the
welds were obtained with a shear failure
load of up to 3.5 kN. Strong welds could be
achieved only after the welding energy ex-
ceeded a threshold; then a failure mode of
button pullout occurred. The welding en-
ergy required during USW is closely re-
lated to the clamping pressure, welding
time, as well as the vibration frequency
(Refs. 15, 16). The welding energy and/or
welding time can be reduced as the clamp-
ing pressure increases (Ref. 17). The me-
chanical properties are also related to the
weldability of the materials to be welded.
The lower the hardness, the more efficient
the transfer of the welding energy (Ref.
17). Accompanied by the ultrasonic vibra-
tion, the input power leads to the temper-
ature rise in the specimen. Therefore, how
the temperature increases during USW
becomes an important parameter to in-
vestigate the welding mechanisms (Refs.
18, 19). The specimen temperature, due to
the friction dissipation at the weld inter-
face during USW, generally arrives at
31~75% of the melting temperature.
Doumanidis and Gao (Ref. 20) studied
the USW process of a 0.127-mm-thick
1100 Al alloy experimentally and numeri-
cally. The thermal distribution during
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When a peak temperature of above 500°C was attained, the material softened
considerably, enhancing the joining of the aluminum sheets
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ABSTRACT

The aim of this study was to evaluate the weldability and tensile shear failure load
of a 2-mm-thick 5754 aluminum alloy sheet (a typical automotive structural material)
joined via ultrasonic spot welding at various energy levels from about 2300 to 5800 J.
The temperature changes at the weld center were monitored during welding. It was
observed that the temperature rise rate and peak temperature increased rapidly with
increasing welding energy. At an energy level between about 5000 and 5500 J, a peak
temperature of more than 500°C was reached, leading to significant softening of the
sheets required for proper joining, and a failure load of over 4 kN was achieved. With
increasing welding energy, the interface was observed to change from a wavy line with
some characteristic tree-like bifurcation to discontinuous voids or cracks, and to com-
plete disappearance, corresponding to a progressively expanding joining area from the
periphery to the center of the weld and an increasing tensile shear failure load.
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USW was reported to reach a peak tem-
perature ranging 35~65% of melting
point of the material. Siddiq and Ghas-
semieh (Ref. 21) explained the ultrasonic
welding process of 3003 Al alloy by con-
sidering a combined effect of both surface
(friction) and volume (plasticity) soften-
ing. The coefficient of friction was ob-
served to increase with increasing temper-
ature until a specific temperature, and
then decrease.

Furthermore, the previous USW inves-
tigations were mainly carried out using
relatively thin sheets of up to about 1.2
mm. Since Al alloys possess high electrical
and thermal conductivities, the specimen
thickness would play an important role in
the weldability. It was unknown whether a
higher energy input is needed for joining a
thicker sheet, how the temperature and
microstructure would change during
USW, and whether the failure mode would
remain the same. The present study was,
therefore, aimed at examining the tem-
perature change profile during USW and

identifying the ef-
fect of welding en-
ergy on the tensile
shear strength of 2-
mm-thick 5754 Al-
alloy sheet, which is
a typical thickness
used in automotive
structures.  

Experimental
Procedure

Ultrasonic spot welds were made on a 2-
mm-thick wrought 5754-O Al-alloy sheet,
with the nominal composition listed in
Table 1 (Ref. 22). The sheet was cut into
80 ×15 × 2-mm test coupons. The length
of the coupons was parallel to the rolling
direction. The surface of the coupons was
prepared by grinding in the direction per-
pendicular to the coupon length using
#80 emery papers, which gave rise to an
estimated surface roughness (Ra) of
about 140 nm. 

The test coupons were overlapped for 20
mm along the length direction, forming an
overlapped area of 15 × 20 mm2 for the lap
welding, as shown in Fig. 1. The welds were
positioned at the center of the overlapped
area. The ultrasonic vibration direction dur-
ing welding was parallel to the longitudinal
direction of the test coupon. A dual-head,
wedge-reed-type MH2026DWR welding
machine from Sonobond, Inc., West
Chester, Pa., configured with a power con-
troller was used for the welding experi-

ments. The flat 8 × 5-mm sonotrode tips
used in the present study had serrated sur-
faces with nine parallel ridges (or teeth) to
improve gripping of the lapped sheets.
The ridges of the sonotrode tips were ori-
ented perpendicular to the vibration di-
rection during welding. The welding ex-
periments were conducted using time
mode at a wide range of energy levels from
2250 to ~5800 J at an impedance setting
of 8 and a constant clamping force of 1.64
kN. Laser vibrometry was used to measure
the amplitude of oscillation at the
sonotrode tip, which was about 5~6 μm.
The output energy was achieved by ad-
justing the power and time. Since the pres-
ent work aimed to investigate the weld-
ability of a thicker Al sheet with USW, a
higher energy input was applied at a
slightly longer welding time. Indeed, a
weld should be made in less than 1 s in au-
tomotive production; therefore, further
study will be carried out to optimize the
processing parameters especially to
shorten the welding time. 

To determine the temperature profile
during USW, a Type K thermocouple
(nickel-chromium vs. nickel-aluminum)
was carefully placed in between the two
sheets to be joined. Since the welding in-
volves ultrasonic vibration or rubbing of
sheets with each other, it was difficult to
ensure that the tip of the thermocouple
stayed perfectly at the correct location. A
roller-like effect of the thermocouple
wires might take place. In addition, the
thermocouple might separate the sheets
to be welded. To overcome the above is-
sues caused by the thermocouple wires on
the welding process, a small groove paral-
lel to the ultrasonic vibration direction was
made on the lower piece of each pair by
scratching the surface using a lathe tool
with a sharp edge. The width and depth of
the groove were about 0.8 and 0.5 mm, re-
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Fig. 1 — Schematic illustration of a test coupon used in the present ultrasonic
spot welding.

Fig. 3 — Variation of temperature at the center of the weld with time during
USW at different levels of welding energy.

Fig. 2 — Schematic illustration of the top view of the bottom sheet, showing
the location of a thermocouple for monitoring the interface temperature
change during USW.

Table 1 — Typical Chemical Composition of 5754-O Aluminum Alloy (wt-%)

Element Cr Mn Mg Al

Composition, wt-% 0.3 0.5 3.1 Bal
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spectively. The thermocouple wires were
laid into the groove with the thermocou-
ple tip located at the center of the weld, as
shown in Fig. 2. The signal from the ther-
mocouple during USW was recorded
using a computer via a data-acquisition
system at a frequency of 50 Hz.

Samples for scanning electron mi-
croscopy (SEM) observations were sec-
tioned through the weld nugget parallel to
the ultrasonic vibration direction. The sec-
tioned samples were cold-mounted using
two-component epoxy resin to avoid any
potential microstructural change caused
by the hot mounting. The mounted sam-
ples were ground with SiC papers up to
1200 ANSI grit, and then polished using
diamond paste of 6 and 1 μm followed by
alumina paste of 0.3 μm, and finally by vi-
bratory polishing in a colloidal silica of
0.05 μm with a VibroMet® I polisher from
Buehler, Lake Bluff, Ill.

To identify an optimum welding condi-
tion, tensile shear tests of the ultrasonic

spot welds were conducted to evaluate the
lap-shear failure load with a computerized
United tensile testing machine with a 50-
kN load cell at a constant crosshead speed
of 1 mm/min at room temperature. During
tensile shear testing, restraining shims or
spacers were used at both ends of the ul-
trasonic spot welded samples (Fig. 1) to
ensure the alignment and to minimize

sheet bending and nugget rotation. The
fracture surfaces of the failed samples ob-
tained at various energy levels were then
examined via a scanning electron micro-
scope (SEM) equipped with energy-
dispersive X-ray spectroscopy (EDS) and
three-dimensional (3D) fractographic im-
aging/analysis capacity.
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Fig. 4 — A — Lower magnification; B — higher magnification SEM backscattered electron images of the cross section of the spot weld made with a welding
energy value of 2580 J.

Fig. 5 — A — Lower magnification; B — higher magnification SEM backscattered electron images of the cross section of the spot weld made with a welding
energy value of 2839 J.

A B

BA

Table 2 — Comparison of the Weldability of Several Al Alloy Sheets with Various Thicknesses 

Material Processing Parameter Failure Load Fracture Mode Source

1-mm Clamping force: 1.9 kN 
AA6111-T4 Welding energy: 1500 J 3.4 kN Button pull-out (Refs. 7, 12)

Temperature rise: 500°C
0.127-mm Clamping: 0.4 kN

1100 Power: 300 W (Ref. 20)
0.9-mm Not given 3.5 kN Button pull-out (Ref. 2)

AA6111-T4
2-mm Clamping force: 1.64 kN,
5754 Welding energy: 4500~5500 J， 4.7 kN Partial button pull-out Present

Temperature rise: ~500°C
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Results

Temperature Change

The temperature change during USW,
determined using a thermocouple posi-
tioned at the center of the weld, is shown
in Fig. 3. It is seen that a higher energy
input resulted in a higher temperature at

the center of the weld. A
rapid temperature rise can
be seen in the initial stage
within about 0.2 s due to
the fast rubbing action be-
tween the upper and lower
roughened-sample sur-
faces. Then the tempera-
ture increase becomes al-
most linear up to the
maximum temperature.
The maximum or peak tem-
perature recorded at the
end of the welding process
was observed to increase
from about 186°C with a
welding energy of 1624 J to
about 420°C, with a weld-
ing energy of 3233 J, and to
about 535°C with a welding

energy of 4995 J. Once the supplied power
was off, the sample temperature started to
drop rapidly and then slowed during air
cooling. 

Weld Interface

Figure 4 shows two typical cross-
sectional images of the ultrasonic spot

welded joints with a lower welding energy
(2580 J). A characteristic wavy ultrasonic
weld interface can be seen in Fig. 4A. The
presence of the wavy weld interface was
closely related to the original surface rough-
ness and the applied pressure during USW.
As shown in Fig. 4B, bifurcation of the weld
interface in some spots can be seen, which
was accompanied by localized plastic defor-
mation at the interface. The appearance
was typical of that seen in conventional ul-
trasonic welding at low power (Ref. 23).

The cross section, shown in Fig. 5, is
from the joint welded with an intermediate
energy of 2839 J. The weld interface be-
comes discontinuous (Fig. 5A), indicating
more extensive plastic deformation and im-
proved weld quality, in comparison to the
welded joint made at a lower energy (Fig. 4).
However, pores and bifurcation can still be
observed, as shown in Fig. 5B. That is, the
joining presents like a “tree” at the right-
hand side of the image. This kind of tree-
like branching is sometimes called “flow” or
“wake” features in USW (Ref. 14). Such a
discontinuous feature of joining and non-
joining appears to disperse randomly over
the weld interface — Fig. 5A.

Figure 6 shows SEM images of the
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Fig. 6 — SEM backscattered electron images of a joint welded with an energy value of 3242 J. A — In the center of the spot weld; B — near the periphery of the
spot weld.

Fig. 7 — SEM backscattered electron images of a joint welded with an energy value of 5287 J. A — In the center of the spot weld; B — near the periphery of the
spot weld.
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Fig. 8 — Failure load of the tensile lap shear samples welded with dif-
ferent values of welding energy.
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joints welded with a higher energy of 3242
J. It is seen that the joining at the center of
the weld is significantly improved, but
some discrete pores are still present —
Fig. 6A. Microbond rotation in the border
area of the weld (Fig. 6B) could also be
seen. The presence of porosity might be
associated with the interface folds and the
trapped debris at the weld interface,
whereas the microbond rotation seems to
be related to the flanks of the waves gen-
erated from the displaced interface, which
were in the border area of lower pressure,
being located in between the sonotrode
tips (Ref. 23). 

At a further higher level of energy, the
interface of the welded joints is essentially
not discernible, as shown in Fig. 7A, where
an energy value of 5287 J was applied.
Therefore, a sound joint is achieved. The
border area of the weld is also characterized
by the microbond rotation together with
branching (Fig. 7B), where the interface
rapidly became convoluted and locally dis-
placed by the rotation of the welded seg-
ments with some retained porosity.

Lap Tensile Shear Failure Load

The lap shear failure load as a function
of welding energy is shown in Fig. 8. It is
seen that the failure load first increases and
then decreases with increasing welding en-
ergy, in spite of the presence of fairly large
experimental scatter. The welds produced
with an energy level of 4500~5500 J have a
high failure load of about 4 kN or higher,
with the maximum failure load reaching ap-
proximately 4.7 kN, higher than those pre-
pared by resistance spot welding (Refs. 24,
25). When the welding energy exceeds
about 5500 J, the lap shear failure load de-
creases. The change of the failure load with
the welding energy is closely related to the
welding processes and the related interface
features (Figs. 4–7), which will be discussed
later. Such a variation trend was also ob-
served in other materials (Refs. 15, 26–28). 

Failure Mode

Figure 9 shows a
macroscopic view of
the failed samples
welded at different en-
ergy levels after lap
shear tests. Although
the welds fractured
basically along the
weld interface, i.e., in
the form of debond-
ing, different extents of bending of the
failed samples were observed. While the
restraining shims were used to maintain
the alignment and minimize the rotation
of the joints, it is inevitable that the spot
weld would inherently experience a rota-
tion. Accordingly, the rotation of the
welds could lead to the bending when the
sample was loaded in tension gradually.
More bending occurred for the samples
welded at higher levels of energy. For the
weld produced with a lower energy of
2196 J (Fig. 9A), the separated sheets re-
mained almost flat. With increasing weld-
ing energy to about 3000 J, a certain ex-
tent of bending occurred (Fig. 9B). For
the weld made with an energy value of
5287 J, the separated sheets bent signifi-
cantly, which can be clearly seen in Fig.
9C. The stronger the weld was, the higher
the load and plastic deformation were,
and the higher the degree of bending was. 

Fractography

The typical fracture surface of the joint
welded at a low energy level of 2196 J is
shown in Fig. 10. Outside the periphery of
the weld, a bright zone can be seen, which
was identified with EDS to be an oxide
layer formed during welding, due to the di-
rect contact of air with the material at an
elevated temperature. Just inside the
oxide zone there existed a dark zone
2.5~3.0 mm wide, labeled “A” in Fig. 10A,
which represents the bonded zone. Close

to the left end of the region, several sec-
ondary cracks are seen, which occurred
during the tensile shear. It suggests that
the base material should reach its fracture
strength and the fracture initiated in that
area. Figure 10B shows a 3D image of the
bonded zone. It is seen that the zone was
basically flat with a certain amount of
ridges at such a low magnification. A mag-
nified image (Fig. 10C) of the bonded
zone shows a characteristic dimple frac-
ture, where the elongated dimples indi-
cate the shear fracture via void forma-
tion/nucleation, growth, and coalescence.
Figure 10D shows the failure mode in the
center region of the fracture surface.
Apart from some small, isolated dimples
and tearing ridges, the predominant fea-
ture in the center area is the scrubbing
lines parallel to the loading direction. The
scrubbing lines are generated due to abra-
sion or galling of asperities of the micro-
scale roughness of the ground sheet sur-
faces (Refs. 11, 22). 

The dimensions of the welds were ob-
served to remain almost constant, regard-
less of the change in the welding energy.
However, the fraction of the bonded zone
increases and the insufficiently bonded
center zone decreases, as shown in Fig. 11
for the joint made with a higher welding
energy of 5287 J. In the border area at the
left end of Fig. 11A, a big crack can be seen
in the low-magnification SEM image. The
3D view of the boxed area in Fig. 11A re-
veals that the crack penetrated into the
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Fig. 9 — Macroscopic views of the failed samples welded at different levels
of energy. A — 2196 J; B — 3012 J; C — 5287 J.
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material deeply and the crack opening was
much larger than that in Fig. 10B. This in-
deed indicates that the base material was
partially pulled out from the weld inter-
face. It should be pointed out that it was
possible for the entire weld button to be
pulled out for the thinner sheets after
USW. For example, the weld button pull-
out occurred at a failure load of 3.5 kN for
the ultrasonic spot welded 0.9–0.9-mm-
thick 6111-T4 Al alloy (Ref. 1). While the
ultimate tensile strength of 5754-O Al
alloy (220 MPa) was lower than that of
6111-T4 Al alloy (280 MPa) (Ref. 22), the
failure loads exceeding 4 kN in the present
ultrasonic spot welded 5754-O Al alloy
have been achieved when the welding en-
ergy lay in between about 4500 and 5500 J
— Fig. 8. Nevertheless, no full pull-button
failure mode was observed since the
thicker, 2-mm sheet was used in this study.
The magnified images taken from the
well-bonded zone near the periphery (Fig.
11C) and from the center of the weld (Fig.
11D) show the similar failure modes to
those seen in Fig. 10C and Fig. 10D. It ap-
pears that more dimple-like features and
tear ridges occurred in the center area of
the weld made at a higher level of energy.

Discussion

The formation of a joint in the ultra-
sonic welding of metals is a complex
process that occurs rapidly under condi-
tions of rubbing action and cyclic defor-
mation at a very high frequency (20 kHz)
with a relatively small amplitude arising
from the ultrasonic vibration. The high-
frequency rubbing action generates fric-
tion heat and rapid temperature increase
depending on the welding energy applied
— Fig. 3. From the cross-section images
shown in Figs. 4–7 and the failure load
presented in Fig. 8, the quality of the ul-
trasonic spot welded joints and the tensile
shear failure load increased with increas-
ing welding energy up to about 5287 J at
which the maximum failure load was
achieved. This is a result of the weld area
expanding gradually across the weld inter-
face and the rapid softening of the mate-
rial as the temperature rose more quickly
— Fig. 3. During USW, the microscopic
cyclic strain amplitude dynamically
changed as the weld developed and there
was a complex coupling of the sonotrode
tips with the sheets, accompanied by
acoustic feedback from the parts. Gener-

ally, a larger vibration amplitude could be
obtained at a higher energy (Refs. 15, 28).
The heat could be generated under the
sliding between the sheet/sonotrode tip
and the sheet/sheet at a high frequency of
20 kHz. However, the specially designed
sonotrode tip teeth would crunch into the
top and bottom surfaces of both sheets to
suppress effectively the generation of
high-frequency friction heat between
sheet and sonotrode tip. As a result, the
heat was predominantly generated in be-
tween two sheets to be joined, arising from
the high-frequency rubbing action. At a
given ultrasonic frequency, the heat gen-
eration increased with increasing ampli-
tude of vibration which was dependent on
the energy supplied. The higher welding
energy led to a faster temperature rise and
a higher peak temperature, as shown in
Fig. 3. Meanwhile, as the temperature
rose, the material was softened. The soft-
ening of the material means that the yield
strength decreased and the plastic defor-
mation capacity increased. The above ef-
fects would cause rapid microjoining, ac-
celerating welding and energy dispersion
by plastic work. Obviously, the higher
welding energy leading to higher temper-
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Fig. 10 — Fracture surface of the weld made with an energy value of 2196 J. A — Macroscopic view of the spot weld button; B — 3D view of the bonded zone,
marked by “A” in Fig. 10A; C — dimple-rupture failure mode in the bonded zone; D — fracture appearance in the center area of the weld.
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atures and more softened material re-
sulted in a better joint, as seen in Figs. 3–8.
For example, at an energy level of about
5000 J, a peak temperature of as high as
535°C has been achieved (Fig. 3), resulting
in a significant loss of strength and effec-
tively improving the softness since the
melting point of this alloy was reported to
be about 600°C (Ref. 14). While no high-
temperature tensile tests were directly
conducted in the present study, other re-
searchers have reported the considerable
change of yield strength with the temper-
ature. When temperature increased from
room temperature to 371°C, the yield
stress fell from 393 to ~28 MPa for 2024-
T6 alloy and from 115 to 29 MPa for 5154-
O Al alloy (Refs. 22, 29). It was clear that
a faster temperature rise and higher peak
temperature achieved at a higher level of
welding energy corresponded to a higher
extent of softness and better plastic de-
formability, thus enhancing the welding
ability of the alloy. As a result, the failure
load increases with increasing welding en-
ergy. However, if too high energy was
used, the resulting larger amplitude of ul-
trasonic vibration could lead to fatigue
damage at the high frequency, whereupon

the initial deformation became largely
elastic and joining was inhibited (Refs. 15,
28). The optimal welding energy in the
present study was observed to be about
5300 J for the 2-mm-thick 5754-O Al sheet
— Fig. 8. 

Two distinct regions were observed on
the fracture surfaces of the ultrasonic spot
welded joint: the area near the edge of the
weld where joining occurred first and the
center where joining only took place at
higher welding energies. This behavior
could be associated with different stress
states on the contacting sheet surface dur-
ing welding. According to the results of
mechanical modeling, there is a nonuni-
form contact pressure under the
sonotrode tips, which is greatest near the
periphery of the flat platens (Ref. 20).
Then the microjoining occurred first near
the edge of the sonotrode tip footprint di-
rectly under the sonotrode tip ridge,
where the oxide was broken by abrasion,
or galling, or asperities resulting from the
micron-scale roughness. Figures 10 and 11
confirm that the microjoining indeed
started from the periphery area with a
slightly higher pressure. Again, as the en-
ergy input increased, the temperature be-

tween the two sheets being welded in-
creased more rapidly (Fig. 3), and the
sheets became more softened, leading to
more expanding microjoints toward the
center of the weld and a higher lap tensile-
shear failure load. However, the subse-
quent decrease in weld strength (Fig. 8)
seen for higher welding energy was related
to the increasing penetration of the
sonotrode tips into the sheet surfaces,
which causes thinning of the weld area.

The above results indicate that the
welding quality of the 5754 Al alloy sheets
progressively improved. In addition, in
agreement with the previous knowledge
(Refs. 7, 12), the welding mechanisms of
the Al alloy involve solid-state deforma-
tion, mechanical interlocking, as well as
the formation and progressive spreading
of microwelds. The microjoint density in-
creases with increasing welding energy.
Therefore, it can be concluded that the
weld interface should vary in a similar way
for the thin alloy sheet. However, a higher
welding energy is required for welding the
thicker sheets. This can be seen from Table
2, where the weldability of Al alloys with
different thicknesses was summarized. It
is clear that a higher welding energy is
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Fig. 11 — Fracture surface of the weld made with an energy value of 5287 J. A — Macroscopic view of the spot weld button; B — 3D view of the bonded zone,
marked by “A” in Fig. 11A; C — dimple-rupture failure mode in the bonded zone; D — fracture appearance in the center area of the weld.
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needed for welding thicker automotive
sheets. For example, a welding energy of
the order of 1500 J was required to pro-
duce optimized welds in a 1-mm-thick Al
sheet that exhibited the desired nugget
pull-out failure behavior (Refs. 7, 12).
However, the welding energy of
4500~5500 J was needed for the 2-mm-
thick 5754 Al alloy sheets in the present
work. The maximum failure load was
higher than that of the thin sheets and
might be higher if the welded joint failed
in the manner of full nugget pull-out.
Therefore, further attention will be paid
to the optimization of the processing pa-
rameters for the 2-mm-thick 5754 Al alloy.

Conclusions

1. The temperature at the center of the
ultrasonic spot weld increased rapidly at the
beginning, and then reached a steady-state
linear increase up to a peak temperature at
the intermediate and lower energy levels. At
higher energy levels, a nonlinear change in
the heating rate was observed. When the
applied welding energy was about 5000 J, a
peak temperature above 500°C was at-
tained, which would considerably soften the
material and enhance the joining of the alu-
minum sheets.

2. The lap tensile shear failure load in-
creased with increasing welding energy up
to about 5500 J. When the welding energy
was below about 3200 J, the weld interface
could be seen and the characteristic tree-
like bifurcation appeared at some loca-
tions along the weld interface. From 3200
J to about 5000 J, the weld interface was
characterized by some discontinuous
voids or cracks. When the applied energy
lay between about 5000 and 5500 J, the
weld interface disappeared and sound
spot welds were achieved, corresponding
to the maximum level of failure load.

3. Failure occurred basically in a mode
of debonding when the spot-welded sam-
ples were loaded under tensile shear, but
with increasing extent of bending at the
weld and partial button pull-out at higher
energy levels. This was in line with the
higher tensile shear failure load.

4. There existed two distinct regions on
the fracture surface. One was the joined
region in the vicinity of periphery, and the
other was the center region. The joined re-
gion was observed to expand gradually to
the weld center with increasing welding
energy up to about 5500 J. 
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