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• Ultrasonically assisted resistance spot
welding (URW) improves the mechani-
cal properties of the welds of aluminum
alloy.

• Ultrasonic energy promotes formation
of equiaxed crystal zone in the weld
nugget.

• Ultrasonic energy assists in the removal
of RSW weld defects.

• Infrared thermography reveals lower
temperature during URW than RSW.
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This study investigates the effects of superimposed ultrasonic vibration on resistance spotwelding (RSW) of alu-
minum alloy AA6061-T6. A novel ultrasonically assisted resistance spot welding process, referred to as ultrasonic
resistance welding (URW), is applied to weld AA6061 at various conditions and compared with the results from
RSW. Lap shear tensile tests of URWwelds show significantly improved mechanical properties, including higher
strength, better ductility and higher amount of energy absorbed prior to failure compared with RSWwelds. Op-
tical micrographs of the weld cross section show that the ultrasonic vibration enhances nugget formation and
minimizes porosities defects. Besides, equiaxed crystal structure is generally observed in the nugget center of
URWweldswhereas themajority of RSW fusion zone is dominatedwith columnar grain structure. In situ thermal
imaging of the two processes shows a lower temperature distribution, smaller heating and cooling rates during
URW. This is attributed to the ultrasonically assisted fracture and breakdown of surface oxides and contaminates,
which reduces the contact resistance and accordingly heat generation rate.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Resistance spot welding (RSW) is one of the most widely used join-
ing processes in automotive and aerospace industry based on its numer-
ous advantages, such as ease of automation, self-clamping, high
. This is an open access article under
reliability, and high production rate [1]. During RSW, a high amount of
electrical current is passed through a pressurized zone for a short dura-
tion of time, followed by rapidmelting, nugget formation and solidifica-
tion. There are typically around 5000 spot welds in an automobile body
[2]. Integrity on mechanical properties of these joints is critical for the
safety of passengers in case of vehicle crash.

Nowadays, growing concerns of energy consumption and global
warming increases the demand for lightweight vehicles. As one of the
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Fig. 1. Optical micrograph of the grain structure in the as received Al-6061alloy.
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promising materials with high specific strength, aluminum alloys have
received increasing attention in the automotive industry these years,
for example, the entire body of Ford 150 truck is manufactured from
aluminum [1,3]. On the other hand, RSW for aluminum alloys is rela-
tively challenging despite its widespread and robust applications on
joining steel. This on onehand is because the electrical and thermal con-
ductivities of aluminum alloy aremuch higher comparedwith steel. Ac-
cordingly, a higher welding current is generally required. Moreover, the
stable oxide layer on the surface of aluminum alloys creates higher con-
tact resistance and instability during the process, which reduces repeat-
ability of weld quality and leads to rapid electrode wear [1,4]. To
facilitate RSW of aluminum alloys, this oxide layer needs to be effec-
tively removed. Conventional methods include sample surface prepara-
tion through mechanical grinding or chemical cleaning with certain
reagents, for example, NaOH. Increasing electrode force during RSW
also helps with the squeezing and breakdown of the oxide layer.
James et al. reported that a small relative rotation (1o) under 1 kN
force on coated aluminum can significantly reduce the contact resis-
tance from 7000 μΩ to 110 μΩ [5]. Pre-pulsing is another method to
modify the contact resistance and improve RSW process robustness
for aluminum [6–9]. Luo et al. applied a pre-pulse of 8 kA with 50 ms
under 3 kN force for AA5052 spot welds and reported theweld strength
increased from 1.4 kN to 2.1 kN [9]. Similarly, Han studied AA5754 and
AA6111 and found that pre-pulsing is able to suppress expulsion and
improve process robustness [7].

The rapidmelting and solidification during RSWcould generate high
residual stress and solidification defects, such as cracks and porosities.
Compared with steel, aluminum is more prone to such discontinuities
due to its higher thermal expansion coefficient and wider solidification
range [10]. Besides, molten aluminumhas higher affinitywith hydrogen
and can absorb up to 0.8 cm3/100 g, which facilitates cold cracking [11].
Generally, to minimize aluminum solidification defects, there are two
categories of solutions from mechanical and chemical perspectives. In
the mechanical approach, Abramov et al. [12] employed hydrodynamic
stirring and ultrasonic treatment during casting of various aluminumal-
loys. In their studies, the ultrasonic irradiated samples showed higher
ductility with improved microstructure, including refined grains, sup-
pressed columnar dendrites, increased homogeneity and reduced ele-
ment segregation. Eskin et al. [11] attributed these microstructure
modifications to the cavitation and acoustic streaming effects associated
with the ultrasonic vibration. They were also able to directly observe
bubbles through in situ synchrotron radiation imaging. In the presence
of ultrasonic energy, cavitation bubbles act as small pumps that remove
dissolved hydrogen from the melt [13]. Regarding chemical solutions,
Knuutinen [14] reported fibrous eutectic silicon with the additions of
Ba and Ca and refined plate-like eutectic silicon with the additions of
Y and Yb in cast A356 aluminum alloy. Similarly, Shivkumar [15] sum-
marized the effect of Ti-B, Sr and Na on different groups of cast alumi-
num alloys and reported significant improvements of microstructure
with thesemodifiers. Comparing themechanical and chemical solutions
to remove solidification defects, the main advantage of mechanical
method is its universal applicability to all alloys whereas chemical addi-
tions closely depend on the composition of specific alloy system [16].

In this study, effects of ultrasonic vibrations on RSW of aluminum
alloy AA6061 are investigated. The various nonlinear physical phenom-
ena induced by ultrasonic energy are considered to improve spot
weldability of aluminum alloys in multiple aspects. In our previous
study on ultrasonically assisted resistance spot welding (URW) of alu-
minum to steel, high speed video shows that ultrasonic vibrations
help to remove the oxide layer and other surface contaminants [17].
This modifies the electrical contact resistance in the beginning stage of
RSW and accordingly the weld nugget formation. Moreover, the Peltier
effect at the electrode-sheet interface could be attenuated, which in-
creases the overall electrode life [18]. In themolten aluminum, acoustic
streaming and cavitation effects can alter material flow. At the liquid-
solid interface, ultrasonic energy induces micro-jetting, shock stress
and radiation pressure, which could facilitate heterogenous nucleation
and enhance production of refined microstructure.

On the other hand, ultrasonic spot welding (USW) is a solid state
joining process that utilizes frictional heating due to high frequency
shear vibrations at the faying surfaces, followed by dispersion of the un-
desirable contaminants and oxide layer, and a solid state joint is
attained [19,20]. Mohammed et al. investigated the USW of AA 5182
alloy and reported the peak load of 6 kN and failure energy of 8 J during
tensile tests of the weld, which satisfies the AWS D17.2 standard [21].
Although USW shows to be an efficient joining process, its applications
are mainly restricted to thin gage sheets and softer materials due to the
limited power of generally available ultrasonic transducers. For im-
provement, Yang and Cao [22] developed an electrically assisted ultra-
sonic spot welding process, during which electrical current was
applied prior to ultrasonic welding. Their hybrid method resulted in
an 80% increase in the mechanical strength of conventional ultrasonic
welds of Cu and Al. Different from their approach, Shah and Liu [23] de-
veloped an ultrasonic resistance welding (URW) process, during which
ultrasonic vibrations are superimposed on resistance spot welding
(RSW). The experimental system is based on a regular RSW welding
machine where the bottom electrode is connected to an ultrasonic
transducer and serves as a sonotrode simultaneously. Comparing with
RSW welds at the same electrical current condition, URW welds have
shown great improvement of mechanical properties in both aluminum
to steel [24] and steel to steel [23] joints.

In this study, URW of aluminum alloy AA6061 were systematically
studied and compared with RSW at different conditions. In situ thermal
imaging is performed to reveal the ultrasonic effects on the temperature
field evolution during the welding process. Mechanical properties and
microstructure of the welds were evaluated.

2. Experimental details

2.1. Materials

Commercially available AA6061 sheets (Si: 0.561, Mg: 0.986, Cu:
0.310, Fe: 0.289, Mn: 0.052, Zn: 0.024, O: 0.018, from McMaster) with
dimensions of 70Lx25Wx1.6T mm3 are used in this study. The AA6061
sheets are cold rolledwith the T6 tempered condition, the specifications
of which met ASTM B209 and AMS 4027 standards. T6 tempering is a
two-stage process i.e. quenching at 500 °C, followed by aging at
180 °C. Fig. 1 shows the microstructure of the as-received AA 6061
alloy (etched with Keller's reagent). The black dots correspond to dis-
persed second phase particles, which is frequently observed in the de-
formed and heat treated wrought aluminum alloys [25,26].



Table 1
Energy comparison for RSW and URW process.

RSW URW

Welding current (A) 20,000 30,000 20,000 30,000
Welding time (s) 0.15 0.5 0.15 0.5 0.15 0.5 0.15 0.5
Secondary voltage (v) 8.25 8.25 8.30 8.31 8.27 8.26 8.33 8.35
Ultrasonic power (Watts) 0 0 0 0 700 700 700 700
RSW energy (J) 24,750 82,500 37,350 124,650 24,810 82,600 37,485 125,250
Ultrasonic energy (J) 0 0 0 0 105 350 105 350
Total energy (J) 24,750 82,500 37,350 124,650 24,915 82,950 37,590 125,600
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2.2. URW setup

The URW system is developed based on an RSW machine and de-
tailed descriptions are provided in our previous works [17]. The tip di-
ameter of top and bottom electrode is 12 mm. The electrical current is
measured via a Rogowski coil and a self-developed LabView program
digitally controls the start-and-off time of the ultrasonic vibration. The
ultrasonic vibration is triggered based on the AC electrical current and
continues for the same amount of time as the current. The ultrasonic vi-
bration amplitude in the unloaded condition is 34 μm (peak to peak).
Other process parameters include AC current (60 Hz) with root mean
square magnitude of 20 kA, 30 kA and durations of 150 ms, 500 ms.
The applied welding force is around 2.67 kN. URW and conventional
RSW are performed at the same electrical current conditions for
benchmarking and comparison. The electrical energy for RSWandultra-
sonic energy for URWprocess are estimated via Eqs. (1) and (2) respec-
tively. Energy inputs into the two processes are summarized in Table 1.
It can be observed that overall in theURWprocess, the ultrasonic energy
contributes to less than 2% of RSW energy.

ERSW Jð Þ ¼ Secondary Voltage Voltsð Þ �Welding current Ampsð Þ
�Welding Time sð Þ ð1Þ
Fig. 2. Side and top configurat
EUA Jð Þ ¼ Power Wattsð Þ �Welding Time sð Þ ð2Þ

2.3. Thermal imaging of the URW process

Evolution of the temperature distribution during the welding pro-
cess was captured through a non-contact infrared (IR) camera at a
frame rate of 30 Hz. Each frame consists 640 × 480 discrete intensity
measurements. The IR camera was mounted in two different positions
relative to the sheets, i.e. top and side configuration as shown in Fig. 2.
In the side view, the two sheets are placed at the center half of the elec-
trodes, revealing the edge surface as a pseudo-weld cross section. Since
the effective contact area is reduced in half, lower electrical current is
selected for the same level of current density as the actual welding pro-
cess and avoid large expulsion. In this view, 10 kA with 150 ms and
500ms, as well as 20 kAwith 150ms welding conditions were studied.
At 10 kA, 500ms and 20 kA, 150ms a little melting and ejection of mol-
tenmetalwas recorded. In the top view, since thewelding configuration
essentially remains unchanged as the actual URW process, the same
welding parameters are selected to capture instantaneous images of
the spot weld. To protect the IR camera from potential expulsion of
ion for thermal imaging.
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molten aluminum, a Germanium anti reflection coated filter with a
range of 3 to 12 μm and transmittance greater than 95% was installed
in front of the camera lens. The operating range of the camera with
the selected calibrated lens filter is from 10 °C to 375 °C. Regions
above this maximum temperature limit of 375 °C are represented
with sharp red color in the infrared images.

2.4. Weld characterization

Lap shear tensile tests of the welds were performed via a MTS 800
test machine at a rate of 1 mm/min. The tensile direction is parallel to
the sheet rolling direction. Detailed geometries are provided in Fig. 3.
Restraining shims are placed at the two ends to ensure co-planar load-
ing. Hardness measurements on the welds are performed with a load
of 100 g for a duration of 15 s, and 150 μm spacings between indenta-
tions. Microstructure of the weld is characterized by light optical
(OLYMPUS GX71) and scanning electron microscope (FEI Apreo
LoVac). Metallurgical samples are sectioned along the weld center,
ground and polished following standard preparation procedures. The
samples are finally etched with Keller's reagent (95 mL H2O, 2.5 mL
HNO3, 1.5 mL HCl & 1.0 mL HF) to reveal the grain structure.

3. Results and discussion

3.1. Mechanical properties comparisons

Fig. 4(a) compared the peak load during lap shear tensile tests of
RSW and URW welds and the area under the load-displacement curve,
representing the energy absorbed prior to failure. In all the tested con-
ditions, URW welds show a significantly higher strength than conven-
tional RSW welds. At 20 kA and 150 ms, URW welds are fractured at
an average load of around 1.83 kN compare to 0.83 kN in the absence
of ultrasonic energy. The highest weld strength was obtained at 30 kA
and 500 ms, where the average peak load for URW is around 4.73 kN
while only 2.20 kN for RSW samples. Energy absorption is considered
to be a more accurate indication of the load carrying capacity for spot
welds [27]. For all the investigated welding conditions, URW joint
absorbed energymore than twice as that of RSW joints. These improved
mechanical behaviors are directly reflected by the load displacement
curves of the welds during tensile tests, and the typical ones at different
electrical and ultrasonic parameters are provided in Fig. 4(b–e). Fur-
thermore, a higher stiffness (shown as the S value on the curve) is ob-
served in URW welds with more resistance to deformation, which
could be a result of larger nugget and refined microstructure.

At 30 kA and 500 ms condition, URW specimen exhibited partial in-
terfacial failure mode. In remaining scenarios, interfacial failure mode is
observed. Fracture of the spot weld is a competition between crack
propagation through the weld nugget known as interfacial debonding
and twisting around theweld nugget known as nugget pullout. In inter-
facial failure mode, shear stress dominates between sheets while in the
nugget pullout failure mode, tensile stress dominates in the weld zone
[28]. Fig. 3 schematically illustrates the stress distribution pattern dur-
ing the interfacial (path A) and nugget pullout failure mode (path C).
In path C, necking occurs at the tensile region adjacent to nugget
Fig. 3. Simplemodel showing various paths for crack propagation i.e. A (interfacial failure), B (Pa
around nugget during load displacement test.
(legs) on the top and bottom sheets unevenly, followed by localized
stress concentration and fracture of the weld [29]. Local variations of
microstructure and properties could result in mixed partial interfacial
failure mode (path B). In this scenario, as the crack propagates and en-
counters a macroscopic strengthening site, it will detour its path and
propagate through the nearby soft region. A larger weld nugget is
more restraining and generally requires a higher force for shearing or
twisting, which accordingly increases the maximum failure load. On
the other hand, this strengthening effect can be directly deteriorated if
weld defects, for example, porosities are present.

Fig. 5 compares the microhardness distributions on RSW and URW
welds at various conditions. Overall, lower hardness is observed in the
weld nugget compared with the base metal, which can be attributed
to the dissolution of strengthening precipitates [1]. In between the nug-
get and the base material, a narrow transition region exists, which cor-
responds to the heat affected zone and the decrease of hardness is
related to coarsening of precipitates. At 20 kA 500 ms, URW and RSW
welds have shown similar hardness values in the nugget center even
though in the microstructural perspective, URW contains equiaxed
crystals while RSW contains columnar grains in this location. In the ad-
jacent region surrounding the center, URW welds show slightly higher
hardness that RSW welds. This indicates the formation of the equiaxed
crystal zone will modify the element distribution in the columnar
zone, which accordingly change the hardness distribution. In the first
three weld conditions, i.e. 20 kA 150 ms, 20 kA 500 ms and 30 kA
150 ms, the low hardness in the weld nugget leads to interfacial
debonding. On the other hand, in the case of 30 kA 500 ms, URW weld
shows slightly higher hardness at the weld nugget than the RSW weld
and welds at other conditions. This contributes to the partial interfacial
failure mode observed during lap shear tensile tests.

3.2. Weld microstructure comparison

Microstructure of the weld is a function of base metal composition
and the thermo-mechanical history during the welding process. The so-
lidification behavior is governed by the heat extraction rate at the solid-
liquid boundary and accordingly determines formation if different types
of microstructure [30,31]. The weld cross section can overall be divided
into three main regions, i.e. fusion zone (FZ), heat affected zone (HAZ)
and basemetal. HAZ is further composed of the precipitated and recrys-
tallized zones. Outside of the recrystallized zone is the basemetal. At the
boundary between FZ and HAZ, there is a narrow band of partially
melted zone (PMZ). In the fusion zone of the welds obtained from this
study, two types of microstructures were generally observed, as
shown in Fig. 6. Type A contains an equiaxed grain structure in the cen-
ter, surrounded by columnar grains. The equiaxed grains can be a single
α-Al phase or a bimodal structurewithα-Al and second phase particles.
On the other hand, type B only contains columnar grains. These different
forms of microstructure are obtained at different welding conditions.

Fig. 7(a) and (b) compares URW and RSW welds obtained at the
electrical current condition of 20 kAwith 150 ms duration. Bond length
of URW weld is around 3.2 mm whereas for RSW weld is 4.6 mm. In
other words, at the condition of low magnitude and short duration of
electrical current, RSW has a larger nugget size than URW. However,
rtial interfacial failure) & C (Nugget pull out failure) and stress distribution at interface and



Fig. 4. (a) Maximum loadmeasured during lap shear tensile test. (b) Area under the load displacement curve prior to failure. (c–f) load displacement curves for RSW and URW at various
conditions. Here S corresponds to the slope or stiffness.
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large scale voidswere observed in the center of the RSWweld, as shown
in the Fig. 7(b-1), which directly leads to a low average strength of 0.83
kNwith a large variance for these RSWwelds. These porosities are likely
to be generated fromaluminum shrinkage at the endof solidification. As
a comparison, in the center of the URW weld fusion zone, a bimodal
equiaxed crystal structure (ECZ) is observed, as shown in Fig. 7(a-2).
These equiaxed grain structure helps to preserve the weld strength
even though the nugget size is relatively small. Lou et al. [30] observed
similar microstructure and identified the whitish region in the micro-
structure (Fig. 7a-2) to beα-Al and the other region to beβ-Al3Mg2 sec-
ondary precipitates. Fig. 7(a-3) shows the partially melted zone (PMZ)
and heat affected zone (HAZ).
Fig. 7(c) and (d) compares URW and RSW welds obtained at 20KA
with a longer duration of 500 ms current. Similar to the 150 ms current
condition, the URW fusion zone contains an equiaxed crystal zone (ECZ)
surrounded by the columnar grains (Fig. 7c-1) while that of the RSW
weld is primarily columnar structure. Certain amount of porosities can
still be observed in the center of the RSWweld but the size is greatly re-
duced. These porosities are detrimental to RSW weld whereas the
equiaxed structure enhances the URWweld properties. Accordingly, a
higher strength is observed on the URW weld. It is also noticed that
for RSWwelds at 20 kA, large variations in opticalmicrographswere ob-
served, including the size and shape of the nugget and appearance of the
porosities. These variations could be due to the instabilities during RSW



Fig. 5.Microhardness profile for RSW and URW spot welds. WN: Weld nugget; BM: Base metal; HAZ: Heat affected zone.
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at low current condition to form nugget, which is also reflected in the
variations of weld strength.

By increasing the electrical current length from 150 ms to 500 ms,
the ECZ zone of URWweld is dominated by the whitish area of the α-
Al phase and the bimodal structure disappeared.

Fig. 8 compares the URW and RSWwelds at higher magnitude cur-
rent condition of 30 kA. With a higher current, the bond length of
Fig. 6. Illustration of weld microstructure obtained from different process con
URWwelds greatly increases (Fig. 8a-1, c-1). In RSW welds, the poros-
ities are effectively removed (Fig. 8b-1, d-1). At both 150 ms and
500ms current durations, the nugget size of URW is significantly larger
than that of the RSW joint. Similar to the URW weld at lower current
condition, its fusion zone contains the ECZ structure in the weld center,
surrounded by the columnar grains. With short duration of current, the
ECZ zone comprises of bimodal structure of α-Al and second phase β-
ditions. (The phase diagram is calculated from Thermo-Calc® software).



Fig. 7.Opticalmicrographs showing theweldmicrostructure for (a) RSW at 20 kA 150ms, (b) URWat 20 k 150ms, (c) RSWat 20 k 500ms, (d) URWat 20 k 500ms. ECZ: equiaxed crystal
zone, CZ: columnar zone, PMZ: partial melted zone.
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particles (Fig. 8a-2), which could be Mg2Si, AlSi, AlSiMg, or other meta-
stable phases. By increasing the current length to 500ms, this bi-modal
structure is removed and the ECZ is homogenized without formation of
large second phase particles. Regarding RSW welds, the fusion zone is
mainly composed of columnar grains with 150 ms length of current.
At a longer current duration of 500ms, ECZ starts to form in RSWwelds.

Table 2 summarizes the microstructure features of URW and RSW
joints at various conditions. Overall a larger weld nugget corresponds
to a higher peak load during weld lap shear tensile tests. All URW
welds show an ECZ structure in the center of the weld nugget whereas
the majority of RSW joints only contains columnar zone, also known as
cellular dendritic zone, in the nugget except at the condition of 30 kA,
500 ms. ECZ in URWwelds at 20 kA 150 ms and 30 kA 150 ms consists
of bimodal structurewithα-Al and secondβ-phase particles. The longer
duration of electrical current resulted in a more homogenized element
distribution and significantly reduced the second β-phase particles in
ECZ. At 20 kA (150ms& 500ms), RSWwelds showed an inferior tensile
strength due to the porosities in the microstructure.

Regarding the ECZ generally observed in theURWwelds, Li et al. [32]
were able to achieve a similarmicrostructure by placing two permanent
magnets between top and bottom electrode during RSW process. The
electromagnetic stirring effect promoted formation of ECZ by breaking
down the primary dendrites during the solidification process. This indi-
cates the superimposed ultrasonic vibration has a similar stirring effect
on the melted aluminum pool during RSW. Higher magnified SEM im-
ages of the weld nugget center at different conditions are provided in
Fig. 9. Combinations of different detector segments were used to reveal
individual features at the surface. For 30 and 20 kA, 150ms URWwelds,
the center contains equiaxed bimodal structure with α-Al and α-Al +
secondary β phase. The second β phase exists in the shape of round
dots (Fig. 9a). As a comparison, for RSW 20 kA 500 ms where only co-
lumnar structure is formed, these β phase particles exist in the needle
morphology in the columnar zone and are assembled in a pattern like
daffodil flowers (Fig. 9c). EDS chemistry analysis shows presence of Al
and Si in these flowers. In RSWwelds at high current and long duration
(30 kA, 500 ms), round β particles can be observed in the columnar
zone, are shown in Fig. 9b.

3.3. Infrared thermography

Side view of the temperature distribution on the workpiece sheets
and electrodes is provided in Fig. 10. From left to right, the thermal
graphs show evolution of temperature distribution in the beginning,
middle and end stage of the welding process. Fig. 10(A) represents the
URW process at 10 kA, 150 ms. At 0.067 s, the peak temperature mea-
sured in URW was 143 °C (Fig. 10A-2), whereas it was 240 °C in RSW
(Fig. 10B-2). The lower peak temperature could be attributed to the
superimposed ultrasonic vibrations, which generate relative move-
ments between the sheets. This facilitates breakdown of surface oxide
layer and removal of contaminants. Accordingly, the overall contact re-
sistance is reduced, and the peak temperature is lower with a smaller
heat generation rate. Similar trend between URW and RSW process
was also observed at 10 kA 500 ms (Fig. 10C, D). The peak temperature
occurs at around 0.437 s for the two processes, which in RSW is 288 °C



Fig. 8. Optical micrographs showing the weld microstructure for (a) RSW at 30 kA 150 ms, (b) URW at 30 k 150 ms, (c) RSW 30 k 500 ms, (d) URW 30 k 500 ms. ECZ: bimodal equiaxed
zone; CZ: columnar zone; PMZ: partial melted zone.
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whereas URW is 136 °C. At 20 kA 500 ms, RSW process starts to show
peak temperature greater than 375 °C after 0.029 s whereas this peak
temperature is not observed in URW process until after 0.106 s. Com-
paring with the short current duration of 150 ms, the dwell time at
high temperature is longer with 500 ms. Fig. 10(E) and (F) compares
the URW and RSW temperature results in the case of 20kA and
150ms. The pink area in the center of theweld represents the thermally
overexposed region due to the limit of the camera filter, which is 375 °C.
It can be observed that RSW process has a larger high temperature area
above 375 °C in the weld center, indicating the temperature field is
higher in RSW compared with URW process.

Fig. 11 shows the extracted temperature history from the thermal
graphs in Fig. 10 at different process parameters. In the side view, this
thermal history corresponds to the maximum temperature at the inter-
face region between the two sheets during the process. At 10 kA
Table 2
Values calculated form optical images showing comparison between URW and RSW joints at v

Ultrasonic resistance welding

20kA
150 ms

20kA
500 ms

30kA
150 ms

30k
500

BL (mm) 3.2 3.75 5.08 4.9
FZ ECZ+CZ ECZ+CZ ECZ+CZ ECZ
ECZ (μm) 510 (BM) 441 429 (BM) 298
CZ (μm) 530 411 236 421
PMZ Narrow Narrow Narrow Nar
HAZ Narrow Narrow Narrow Nar

(BL: bond length, FZ: fusion zone, ECZ: equiaxed crystal zone, CZ: columnar zone, PMZ: partial
condition (Fig. 11a, b), the temperature increases at a faster rate and
reaches to a higher maximum value for the RSW process compared
with URW. For a more quantitative comparison, the heating rate
(H.R.) can be estimated by the slope in the most linear region (0 ms–
50 ms) from the start of the weld and the cooling rate (C.R.) can be es-
timated by the slope of the thermal profile after the peak temperature
with the period of 50ms. At 10 kA 150ms, RSW process shows a higher
heating rates of 4076 °C/s compared with URW process of 2054 °C/s.
After the peak temperature, a higher cooling rate is also observed for
RSW than URW, possibly due to larger thermal gradient. This trend is
similar for a longer duration of electrical current with 500 ms, as
shown in Fig. 11b. A longer thermal cycle is generally observed for
both RSW and URW process compared with the 150 ms case. In the
third condition of higher current magnitude of 30 kA and long duration
of 500 ms (Fig. 11c), the heating rate of RSW is slightly higher than
arious conditions.

Resistance spot welding
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ly melted zone, HAZ: heat affected zone).



Fig. 9. SEM images of the weld microstructure at various conditions. a) center of ECZ, b) columnar zone near the center of the nugget and slight above ECZ & c) columnar zone near the
center of the nugget.
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URW. The actual peak temperature is not detected in this case due to the
limit of the infrared camera filter.

Fig. 12 shows the top view of the temperature evolution during RSW
and URW processes, which mainly provides the information at the in-
terface between top electrode and aluminum sheet. In all the studied
electrical current conditions, the peak temperature is higher in conven-
tional RSW process than URW, which agrees with the temperature re-
sults at the interface of workpiece sheets. To further quantify the
heating and cooling rates at this top contact interface to the electrode,
the thermal history was extracted following the same procedure as in
the side view, where the peak temperature in the area adjacent to top
electrode was recorded. The results are shown in Fig. 13. Similar to the
results at the interface between aluminum sheets, the electrode-
workpiece interface also shows higher heating and cooling rates in
RSW than URW process.

4. Ultrasonic effects on RSW process

Theweldmicrostructure and process thermographs show that ultra-
sonic energy can modify the resistance spot welding process in several
aspects. First is on electric contact resistance, which directly influences
the formation and growth of melt nugget. The contact resistance con-
sists of static (SECR) and dynamic electric contact resistance (DECR)
[33,34]. SECR is related to the surface characteristic prior to the flow of
the current, whereas DECR is a combination of interfacial resistance
and bulk material resistance, which changes dynamically during the
spot welding process. Both SECR and DECR directly depend on the ap-
plied electrode force, the conditions of workpiece as well as surface
properties, such as elastic modulus, material flow stress, surface asperi-
ties, oxides and contaminations. It is known that ultrasonic energy can
modify several of these properties [35]. Izumi et al. [36] reported 10%
decrease in compressive flow stress and 30% reduction in Vickers Hard-
ness with ultrasonic treatment of various materials. Y. Bai et al. [37] re-
ported the surface roughness value is reduced by 42.8% via
superimposed ultrasonic vibrations of 2 μm during ultrasonically
assisted compression test. The increased amount of surface deformation
helps fracture the oxide layer due to its limited ductility. It is known that
fracture of this high resistance oxide layer can reduce the contact
resistance, modifies the current density distribution and accordingly
heat generation rate during RSW [38,39]. In another work carried out
by E. Crinon & J. Evans [40], the effect of interfacial sliding on the electri-
cal contact resistance of aluminum is studied. They reported a small rel-
ative rotation i.e. less than 2o could decrease the electrical contact
resistance by several orders. Furthermore, in our previous study [24],
the high speed video shows that in situ ultrasonic vibration facilitates
breakdown of surface oxide layer and contaminants. These changes of
surface conditions are reflected in the evolution of temperature field
during the process, as shown in Figs. 10–13 that the peak temperature
and heating rate are smaller in the URW compared with RSW process.
Considering the temperature distribution and total energy input into
the process, Table 2 shows that in URWprocess, the ultrasonic vibration
adds around 2% to regular RSW process at the same electrical current
condition. Despite the slightly higher energy input, the temperature is
lower in the URW process. This could be explained from the aspect
that main proportion of ultrasonic energy is consumed up by deforming
surface asperities and breakdown of oxide layer rather than being trans-
formed into heat.

Optical microstructure of the weld shows that the nugget size of
URW is larger than RSW welds in several conditions, even though the
temperature during URW process is lower. This is possibly related to
the contact area andmaterial flow in themelt pool. In situ ultrasonic vi-
bration can soften the material during plastic deformation, known as
acousto-plastic effect [41]. Under the compression force of the elec-
trode, the surface asperities are easier to deform with the assistance of
ultrasonic energy, which helps achieve a more uniform and larger con-
tact area at the faying surface. Accordingly, this larger contact area can
increase the nugget size. Besides, in the melt pool, the additional ultra-
sonic vibration can cause disturbance in the material flow, which ho-
mogenizes the temperature distribution and enlarges the size of the
melt pool. This can also increase the nugget size without increasing
maximum temperature in theweld. Further validation of these assump-
tions will need to be performed in future.

In the middle stage of the welding process when melting of alumi-
numoccurs, ultrasonic energy could induce various nonlinear effects in-
cluding cavitation and acoustic streaming [42]. These physical
phenomena have been utilized in ultrasonic cleaning and ultrasonically



Fig. 10. Side view of the evolution of temperature distribution at various conditions. The red regions in themiddle of the nugget (E2, E3, F1-F4) is due to the temperature saturation above
375 °C (maximum limit of the camera filter). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Thermal history of the weld process at various conditions from the side view (Note: The thermal profile is extracted from the center of the weld nugget).
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Fig. 12. Top view of the evolution of temperature distribution at various conditions.
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Fig. 13. Thermal history of theweld process at various conditions from the top view (Note: Thermal history is extracted from contact area between electrode and surface of the top sheet).
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assisted casting process for aluminum degassing, grain refinement and
elimination of casting defects such as voids and porosities [43]. Cavita-
tion bubbles promote heterogenous nucleation during solidification,
which subsequently promoted equiaxed microstructure and refines
the grain size. The threshold value of ultrasonic intensity (I) to induce
acoustic cavitation in aluminum melt is approximated 80 W.cm−2

[44]. In this study, the applied ultrasonic amplitude during URW is
34 μm (peak to peak). Accordingly, the ultrasonic intensity can be esti-
mated based on the following equation

I ¼ 1
2
ρc 2πfAð Þ2 ð3Þ

where ρ is density of molten aluminum (~2375 kg.m−3 at 660 °C), c is
the speed of the sound in the molten aluminum (~1.3 × 103 ms−1), f
is the ultrasonic frequency (19.7 kHz) and A is the vibration amplitude
[44]. The estimated ultrasonic intensity in this URW process is
2734 W.cm−2, which far exceeds the threshold value to induce
cavitation.

The ultrasonic vibration introduces alternating compression (high
pressure) and rarefaction (low pressure) fields in the melt. Cavitation
bubbles are generated in the low-pressure period, which are then col-
lapsed during the high-pressure period and produce shock waves. The
shock waves help to fracture the columnar dendrites. Acoustic stream-
ing promotes forced convection of material and transports these den-
drite fragments away to serve as additional heterogeneous nuclei.
Besides, the material flow from acoustic streaming reduce macro-
segregation and improve the solidification structure. This is reflected
in the ECZ zone of URWwelds obtained at longer duration of electrical
and ultrasonic field (500 ms), which is primarily composed of single
phase α-Al without the bi-modal appearance. Shrinkage porosities in
conventional RSWwelds can also be effectively removedwith the ultra-
sonic energy, since the potential voids can be promptly filled up by the
flow of available surrounding melt from acoustic streaming.

In addition to the acoustic streaming and cavitation effect, ultrason-
ically reduced cooling rate (Figs. 11–13) further modifies the solidifica-
tion path. All these effects contribute to the equiaxed crystal structure at
the center of the fusion nugget and a smaller columnar zone in URW
welds.

5. Conclusions

1) URWwelds of aluminum alloys show a higher mechanical strength,
ductility, stiffness and energy absorbed prior to failure than RSW
welds under the same electrical current condition.

2) Superimposed ultrasonic vibration promotes formation of equiaxed
crystal zone (ECZ) in the center of theweld nugget.With short dura-
tion of electrical current and ultrasonic vibration (150ms), ECZ com-
prises of a bimodal microstructure (α-Al+β-second phase). By
increasing the duration to 500 ms, the element distribution in ECZ
is homogenized and results in a single phase α-Al structure. For
RSWwelds, ECZ zone is only generated at the condition of high cur-
rent and long duration,while the fusion zone consists of only colum-
nar grain structure in the remaining conditions.

3) Ultrasonic vibration can effectively remove porosity defects that are
observed in conventional RSW welds of aluminum alloys.

4) Ultrasonic vibration decreases the contact resistance and reduces
the temperature distribution, heating and cooling rates.

5) The defect-free and refined microstructure of URW welds are
achieved based on the ultrasonically induced acoustic streaming
and cavitation effects, together with the modified temperature
field during the process.
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