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• In situ ultrasonic vibration enhances re-
sistance spot welding process.

• The ultrasonic resistance welding pro-
cess greatly improves Al\\Feweld prop-
erties.

• Al\\Fe bonding area increases with
superimposed ultrasonic.

• Ultrasonic vibration removes solidifica-
tion cracking at Al\\Fe interface.

• Ultrasonic vibration breaks off surface
layer and promotes wetting.
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A newly developed joining technique, ultrasonic resistance spot welding (URW), where high frequency ultra-
sonic vibration is effectively integrated into resistance spot welding (RSW) process, has been applied for joining
transformation induced plasticity (TRIP) steel 780 to aluminum alloy Al 6061. Comparing URWwith traditional
RSW, up to 300% increase in strength and more than 150% increase in displacement to failure is achieved. Light
optical microscopy (LOM) and scanning electron microscopy (SEM) revealed cracks and wide interfacial
debonded regions in conventional RSW Al\\Fe welds. With the assistance of ultrasonic vibrations, these interfa-
cial cracks are effectively removed and a thinAl\\Fe intermetallic layer (IMC) of around3 um thickness is formed.
SEM images of the fractured surface revealed that ultrasonic waves eliminated the eggcrate morphology gener-
ally observed in RSW welds fractured surface, which is a typical representative of solidification cracking. In situ
high speed videos showed that ultrasonic vibration can help break off surface contamination and oxides as
well as improving wetting of melted aluminum over the Al\\Fe interface.

© 2019 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/).
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1. Introduction

Resistance spot welding (RSW) has been extensively used in auto-
mobile industries based on its high level of productivity and degree of
automation. During the process, large electrical current flows through
. This is an open access article under
the material to generate resistance heating, particularly at the contact
interface. Fusion occurs and aweld is created after solidification. Despite
its widespread applications, RSW is difficult to join aluminum to steel.
This is on one hand due to the large differences in physical andmechan-
ical properties between these two materials. The electrical and thermal
conductivity of aluminum is much higher than steel while the alumi-
num melting point is less than half that of steel. A slight adjustment of
electrical current density can easily induce undesirable aluminum
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expulsion. Moreover, brittle intermetallics (IMCs) are formed due to
poor metallurgical compatibility and limited mutual solubility between
Al and Fe. With the growing use of advanced high strength steels, dis-
similar Al-steel RSW joining has become more challenging. Several at-
tempts have been made to improve the weldability, including
preheating of the workpiece [1], optimization of process parameters
and electrode dimensions [2], novel design of electrode morphology
(e.g. the Multi-Ring Domed electrode from the General Motor [3]),
and placing additional steel cover plate on top of aluminum to control
the heat balance [4]. However, despite these efforts, there are always
limitations in certain aspects.

On the other hand, ultrasonic welding (UW) shows several supe-
riorities over RSW in welding dissimilar materials as a solid-state
process. During UW of metals, ultrasonic vibration (typically
20 kHz) is applied parallel to the interface. Friction oscillations gen-
erate heat and abrade off surface oxide layers and contaminations.
This brings the material nascent surface into intimate contact
under pressure and achieves metal bonding without melting. UW is
highly energy efficient (0.6–1.5 kJ/weld) and has a minimal heat af-
fected zone [5]. Haddadi et al. reported a maximum strength of 3
kNwith button pullout failure mode for aluminum to steel ultrasonic
welds [6]. Despite these advantages, current applications of UW are
restricted in thin gage sheets and soft materials due to the limited al-
lowable power of generally available ultrasonic transducers.

In this study, a new ultrasonic resistance welding (URW) process
is developed, which utilizes advantages of both RSW and UW. In this
process, RSW is integrated with UW through in situ application of
perpendicular ultrasonic vibrations at the weld interface. This hybrid
Fig. 1. URW Setup (a) Schematic illustration; (b) Flowchart of the URW pr
process has been applied for joining aluminum alloy AA6061 to TRIP
steel and showed superior properties compared with conventional
RSW welds.

2. Experimental details

Commercially available Al-6061T6 (McMaster) and
electrogalvanized TRIP-780 (ArcelorMittal) with dimensions of
70Lx25Wx1.6T mm3 and 70Lx25Wx1.3T mm3 respectively are used
in this study. The design of the URW system is based on an RSW ma-
chine and a schematic illustration is provided in Fig. 1(a). AC current
passes from the top to the bottom electrode, which is connected to
the ultrasonic transducer serving as the sonotrode to transfer acous-
tic energy into the workpiece. The total length of the bottom elec-
trode is tuned such that its surface vibrates at the maximum
displacement with a natural frequency resonating with the ultra-
sonic transducer (19.4 kHz). The tip diameter of top and bottom elec-
trode is 10 mm. The electrical current is measured via a Rogowski
coil and the dynamic welding force is measured through a highly
sensitive strain sensor (Kistler 9232A) installed under the lower
arm of the RSW machine. A self-developed LabView program digi-
tally controls the start-and-off time of the ultrasonic power genera-
tor. In this study, the ultrasonic vibration starts after 3 cycles of AC
current and continues for a duration of 167 ms (peak to peak vibra-
tion amplitude 34 μm). Other investigated welding parameters are
summarized in Table 1, where themagnitude of the AC electrical cur-
rent is shownwith the root mean square (RMS) values. These param-
eters are selected based on welds with acceptable properties. Each
ocess; (c) Geometry of the welded specimen for lap shear tensile test.



Table 1
RSW and URW conditions (Note: force refers to the applied welding force, which varies
dynamically during the process.

No Material Thickness Current (RMS) Current Cycles Force Condition

1. Al-6061 1.6 mm 11.4 kA 30 c @60 Hz ~3.2 kN RSW
Trip-780 1.3 mm

2. Al-6061 1.6 mm 11.4 kA 30 c @60 Hz ~3.2 kN URW
Trip-780 1.3 mm

3. Al-6061 1.6 mm 13.4 kA 20 c @60 Hz ~3.2 kN RSW
Trip-780 1.3 mm

4. Al-6061 1.6 mm 13.4 kA 20 c @60 Hz ~3.2 kN URW
Trip-780 1.3 mm
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condition is repeated for a minimum of 5 times. Lap shear tensile
tests were performed via MTS 800 test machine at a rate of
1 mm/min and the detailed specimen dimensions are provided in
Fig. 1(c). Regarding weld cross section characterizations, the Al\\Fe
interface is examined via Quanta-200 scanning electron microscope
(SEM). EDS line scans are performed via EDAX 102 mm Octane
Prime EDS detector with accelerating voltage of 14 kV, step size of
0.2 μm and a total scanning distance of 20 μm.

3. Results

Fig. 2 (a) shows the recorded welding force during RSW at 13.4 kA
for 20 cycles. Initial variations in the curves are due to the deformation
of material surface asperities as the two substrates start to contact each
other. As the welding current passes through, oscillations are observed,
which matches the AC current waveform. This is because the material
deformation resistance can be reduced by electrical current through di-
rect electro-plastic effect (EPE) [7] and indirect thermal softening from
resistance heating. EPE has been shown on various metals and alloys,
where a drop ofmaterialflow stress is observedwhenhigh density elec-
trical current is passed through during plastic deformation. Different
mechanisms have been proposed to explain this EPE effect. One hypoth-
esis is that as the electrons pass through the deformation region, associ-
ated energies of moving electrons are transferred into dislocations,
which facilitate their motion and modify the dislocations
Fig. 2. (a) RSW Force curve at 13.4 kA & 20 cycles
multiplications and arrangements [8]. As the absolute value of electrical
current reaches the peak magnitude, the material is softened to the
highest degree, which is reflected as a valley on the welding force
curve. Certain large spikes are observed, indicating expulsion since the
material flow stress will drop dramatically as they get melted. After
the current is stopped, the force curve is slightly lower than the original
level, which is possibly due to the reduced sheets total thickness after
they were plastically deformed at high temperature [9].

Large oscillations of welding force can be observed during URW
process in Fig. 2(b). The oscillation starts after about 3 cycles of AC
current, as shown in the force and current waveform. This could be
attributed to the superimposed dynamic stress induced by ultrasonic
vibrations [10]. In addition, ultrasonic energy creates a softening ef-
fect similar to EPE in metals known as acoustic plastic effect (APE).
During plastic deformation, the ultrasonic vibration interacts with
material in terms of internal friction and dislocation movements
[11]. Local absorbance of ultrasonic energy at the dislocations sites,
dislocation annihilation and stress superposition result in reduction
of material deformation resistance and potentially additional resid-
ual softening [12]. This acoustic softening is also reflected as varia-
tions on the welding force curves in Fig. 2 (b). A fast Fourier
transformation analysis reveals a peak at the frequency of 19.7 kHz,
which is slightly higher than the ultrasonic frequency measured in
the unloaded condition (19.4 kHz). Another peak of 120 Hz also
shows up, representing cycles of the absolute AC current values.

3.1. Mechanical properties comparisons

Fig. 3 compares the mechanical behavior of URW and conven-
tional RSW welds during lap shear tensile tests. At 11.4 kA and
30 cycles, 300% increase in joint strength is achieved after applying
high-frequency ultrasonic vibration. Similarly, in the case of 13.4
kA and 20 cycles, up to 90% increase in strength is obtained. Total en-
ergy absorption of URW welds (Fig. 3b) is much higher than that of
RSW welds, i.e. ~713 N-mm at 11.4 kA and ~1749 N-mm at 13.4 kA
condition. This is also reflected from the much larger area under
the load-displacement curves of URW joints (Fig. 3c &d), showing a
greatly enhanced load-bearing capacity. At 11.4 kA, interfacial failure
; (b) URW Force curve at 13.4 kA & 20 cycles.



Fig. 3. Tensile test results (a) Joint shear strength from 11.4 kA (30 cycles) & 13.4 kA (20 cycles); (b) Energy absorption calculated via area under load-displacement curve for 11.4 kA
(30 cycles) & 13.4 kA (20 cycles); (c-d) load-displacement curve for 11.4.
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is observed in both URW and RSWwelds. At 13.4 kA, RSWwelds still
showed interfacial failure mode and relatively flat fracture surface,
whereas in URW welds (13.4 kA), a small pile of aluminum is at-
tached to the steel surface, indicating much stronger bonds. Small
spikes in the middle of the URW curve (Fig. 3 c&d) are potentially re-
lated to local instabilities of the bonded area. Since bonding condi-
tion and intermetallic at the micro level can vary at different
locations, during tensile loading, local fracture can be initiated in
some weakly bonded areas and result in a small drop of the force
curve. As the applied load continues to increase, remaining area of
the weld is still able to provide enough strength until the fracture
propagates throughout the entire weld.

3.2. Weld microstructure comparison

Fig. 4 compares the optical microscopic images of RSW and URW
weld cross sections. RSW welds at 11.4 kA showed point bonded re-
gion with the length of around 1177 μm. In this region, the bondline
is discontinuous and the joint is created at the interface through dis-
connected spots, as shown in the magnified Fig. 4(a-c) highlighted
with dashed blue outline. Compared with URW welds obtained at
the same electrical current condition (11.4 kA for 20 cycles), the
length of the fully bonded region is around 5758 μm, which is
much larger than that in RSW welds. This increased bonded area
contributes to the improved joint mechanical properties. Similarly,
at higher current condition of 13.4 kA, URW joint shows the largest
bonded length of 7129 μm, which partially explains its highest joint
strength (5.1 kN) and load carrying energy (1749 N-mm).
Indentation depth (ID) of the RSW welds increased from ~ 0.36 mm
at 11.4 kA to ~ 0.39 mm at 13.4 kA. URW samples showed slightly
higher ID compared with RSW welds, with increases of ~0.1 mm at
both current conditions of 11.4 kA and 13.4 kA.

To further reveal the detailed weld interface microstructure,
higher magnified SEM images are provided in Fig. 5. In conventional
RSW welds, random irregular patterns of widely debonded areas
occur throughout the interface (Fig. 5c and d), which is detrimental
to joint integrity and leads to the low strength. At lower current of
11.4 kA, Al\\Fe joint is possibly achieved through a brazing mecha-
nism with melted Zn. Discontinuities along the interface are due to
uneven thermal contraction that results in localized shrinkage and
unbonded region. At higher current of 13.4 kA, zinc evaporation
makes it more prone to welding defects. During RSW, initially force
is applied to create a pressure zone between the electrodes. As the
electrical current passes by, Joule heating rapidly increases the tem-
perature at the interface and results in material melting. After the
electrical current is stopped, the associated rapid cooling can induce
solidification shrinkage. Particularly for welding aluminum to steel,
their different thermal expansion coefficients and conductivities
lead to a large mismatch in thermal contraction strains and induce
high residual stress [13] [14]. Accordingly, cracks and debonded
areas are formed at the end of the welding cycle, as observed in
RSW welds of this study. Since the steel also contains a Zn coated
layer, evaporation of Zn from electrical resistance heating facilitates
the generation of weld crack deficiencies as well [15]. Arghavani
et al. [16] studied resistance spot welding of Al-5051 to galvanized
steel ASTM A653 with a zinc layer thickness of 10 μm. They

astm:A653


Fig. 5. SEM of Al-6061 & TRIP 780; (a-b) URWat 11.4 kA & 30 cycles; (c-d) RSWat 11.4 kA & 30 cycles; (e-f) URWat 13.4 kA & 20 cycles (g-h) RSWat 13.4 kA& 20 cycles. (SEM images are
taken from the middle of spot weld).

Fig. 4. Light optical microscope images; (a) RSW at 11.4 kA (30 cycles), (b) URW at 11.4 kA (20 cycles), (c) RSW at 13.4 kA (30 cycles) & (d) URW at 13.4 kA (20 cycles).
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Fig. 6. EDS line Scan of Al-6061 & TRIP 780 across interface for RSW at 11.4 kA (a-b) & at 13.4 kA (e-f) and for URW at 11.4 kA (c-d) & at 13.4 kA (g-h).
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concluded that if welding current is less than 12 kA, Zn is melted
(~419 °C). Heat is consumed in the nugget and the latent heat for
melting Zn is 101 kJ/kg. Above 12 kA, Zn is evaporated (~907 °C)
and latent heat of Zn evaporation much higher at around
1782 kJ/kg. Evaporated zinc could result in the formation of tiny
gas bubbles and also degrade the joint properties.

As a comparison, in URW welds, a continuously bonded interface
is achieved. In the condition of lower current (11.4 kA) and longer
weld cycles (30), an interlayer with the thickness of around 8–10
μm is observed at the Al\\Fe interface, as shown in Fig. 5b. EDS line
analysis revealed high amount of zinc at this layer (Fig. 6). In be-
tween the bulk aluminum and Zn layer, a thin aluminum oxide
layer is observed. In this lower current condition, the Al\\Fe inter-
metallic layer is not obvious, potentially because the weld is formed
as a zinc brazed joint at the interface. It was reported that the coated
Zn decreases the contact resistance, which generates less heat at the
interface [17].
Fig. 7. (a-f) SEM of fracture surface after tensile testing RSW at 11.4 kA & 30 cycles; (a), (c) & (
surface after fracture; (g-i) URW at 11.4 kA & 30 cycles; (g), (i) &(k) corresponds to TRIP-780
For URWweld obtained at higher current of 13.4 kA and 20 cycles,
uniform Al\\Fe intermetallic layer is observed. The Zn is not notice-
able at the interface. However, EDS analysis reveals existence of Zn
at the edge of the weld nugget. This is probably because the higher
magnitude of current increases nugget temperature. The melted Zn
is then squeezed out from the weld center towards the edge under
the electrode compression force. The EDS line analysis showed exis-
tence of intermetallics across the interface with the thickness varies
from 2.6 μm to 3.4 μm. According to the Al\\Fe phase diagram [18],
there are potentially three types of Al\\Fe intermetallics formed at
the interface, including Fe2Al5, FeAl and Fe3Al. Chen et al. [19] classi-
fied the Al\\Fe RSW joint failure modes based upon thickness of in-
termetallic layer. He concluded that the intermetallic (IMC) layer
with thickness of less than 3 μm will result in button pullout mode
while the IMC layer of thickness greater than 3 μm, interfacial
debonding failure occurs. This agrees with the mixed failure mode
observed on fracture surfaces of our URW welds obtained at 13.4kA
e) corresponds to TRIP-780 fracture surface whereas (b), (d) & (f) corresponds to Al-6061
fracture surface whereas (h), (j) & (l) corresponds to Al-6061 surface after fracture.



Fig. 8. (a-f) SEM of fracture surface after tensile testing RSW at 13.4 kA & 20 cycles; (a), (c)&(e) corresponds to TRIP-780 fracture surface whereas (b), (d) & (f) corresponds to Al-6061
surface after fracture; (g-i) URW at 13.4 kA & 20 cycles; (g), (i)&(k) corresponds to TRIP-780 fracture surface whereas (h), (j) & (l) corresponds to Al-6061 surface after fracture.
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(Fig. 8), where thickness of the IMC layer varies from 2.6 μm to 3.4
μm across the Al\\Fe interface.

Figs. 7 & 8 compared fractured surface of the RSW and URW
joints after lap shear tensile tests obtained from different electrical
conditions. In the case of 11.4 kA with 30 cycles, RSW samples
(Fig. 7a-f) are dominated with highly brittle cleavage features,
whereas in URW samples (Fig. 7g-l), some dimpled fracture surface
with cup and cone features are observed, indicating relatively duc-
tile behavior. At 13.4 kA condition, RSW samples (Fig. 8a-f) also
showed brittle appearance (8e) whereas URW welds fracture
Fig. 9. (a&b) Fracture surface for RSWat 11.4 kA c) Fracture surface for RSWat 13.4 kA. d) The p
or Fe\\Al intermetallics.
surface contained both brittle and ductile failure characteristics
(Fig. 8g-l).

Fractured surface of RSW welds are examined in more details
and results are shown in Fig. 9. Eggcrate features are observed
under both 11.4 kA and 13.4 KA conditions, which are typical fea-
tures of solidification cracking [20]. These also correspond to the
observed unbonded area in the previous weld cross section micro-
structure, which directly deteriorate the Al\\Fe RSW joint quality
and lead to brittle failure mode with low strength. Fig. 10 (a-b)
shows the direct evidence of solidification cracking inside the
eriphery of fracture surface for RSW at 13.4 kA indicates the presence of zinc oxide flowers
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unbonded region of RSW joints, represented by the typical rounded
edges in Fig. 10 (b). This morphology is more obvious on the frac-
tured surface of RSW joints, as shown in Fig. 10 (c). Eskin [21] sum-
marized mechanisms of solidification cracking, which include
thermal contraction, liquid film rupture, liquid pressure drop and
vacancy supersaturation. As a comparison, fractured surface of the
URW joints showed some ductile dimple features (Fig. 10 d-e). In
liquid, ultrasonic energy produces various nonlinear effects such
as cavitation and acoustic streaming, which help in the minimiza-
tion of solidification defects. In the later stage when material is so-
lidified, ultrasonic energy induces oscillating stress fields, which
increases the concentration of dislocations and point defects up to
certain saturation level, followed by the formation of new refined
grains [22]. Zhang et al. [23] reported that ultrasonic energy can
alter the fluidity pattern of the aluminum melt that improves wet-
tability, enhances dispersion of oxide inclusions in the melt and
promotes grain refinement. He also mentioned that ultrasonic en-
ergy minimizes the thermal contraction, which is one of the main
reasons of solidification cracking.

Fig. 11(a&b) shows a schematic model that explains the possible
effects of ultrasonic vibration on RSW process. As the electrical cur-
rent passes through pressure zone during RSW process, localized
melting takes place at the interface followed by inward solidifica-
tion. A mushy zone exists ahead of solidification front, which is
the most susceptible region to cracking due to the liquation. An-
other region prone to cracking is the interdendritic area, where fill-
ing of the material solely depends upon the presence of remaining
liquid metal. During solidification, penetration through the solidi-
fied dendrites becomes more difficult for the liquid metal. Besides,
the semi-solid nature of the mushy zone hinders the flow of liquid
metal, which facilitate cracks propagation. Ultrasonic vibration
can alleviate these aforementioned problems by adding disturbance
material flow from the acoustic streaming and cavitation effects.
This flow breaks down the dendrite fragments (Fig. 11b-Stage B),
creates additional nucleation sites and promotes epitaxial structure
growth during URW process. Moreover, ultrasonic vibration en-
hances the flowability of the liquid metal in the mushy zone. An-
other potential ultrasonic effect is to homogenize element
distribution in the liquid metal, which minimizes element segrega-
tion and also reduces possibility of solidification cracking.
Fig. 10. (a-b) Solidification cracks inRSWwelds. (c) Characteristic image of solidification crackin
Section A-A) (d) SEM of fractured surface for URW joints. (e) Magnified view of ductile dimp
dimples elongated in the shear direction.
3.3. Ultrasonic effects on RSW process

For a further understanding of the hybrid URW process, in situ
observation of ultrasonic vibrations during URW is achieved via a
high-speed camera (Photron SA-X2) under the image capturing
rate of 100,000 frames per second (100 k fps). In the setup, the
stack of aluminum and steel sheet is placed halfway at the center
of the electrode. An edge weld is performed, as shown in Fig. 12.

From the high-speed imaging, ultrasonic effects can generally be
described in two categories, depending on the occurrence of melt-
ing. In conditions without melting as shown in Fig. 13, ultrasonic vi-
bration helps abrade of surface oxides and asperities. The break-up
particles are marked with red circles in Fig. 13. This modifies the
contact conditions between the two sheets, and accordingly the re-
sistance heat generation rate. If melting occurs, as shown in Fig. 14,
the ultrasonic waves promote wetting of melted aluminum with
steel, facilitate spreading of the locally melted spot and create a uni-
formly melted interlayer.

Based on these observations, it is hypothesized that ultrasonic
vibration can alter the RSW process dynamics at several stages. At
the beginning of the weld cycle, reduced contact resistance can be
achieved as the ultrasonic vibration breaks off the surface oxide
layer and removes undesirable contaminants at the faying surfaces
of the two workpieces. Since the actual geometry of the electrode is
not ideally flat, relative shear components can be expected at the
steel aluminum interface even though the ultrasonic vibration is
perpendicularly configured. In addition, acoustic softening [24] of
the material enhances the plastic deformation under electrode
force. As a result, net contact area between the two workpiece in-
creases by closing the initial gaps. All these effects can reduce con-
tact resistance and lower the heat generation rate. This potentially
explains the perseverance of Zn layer at the Al\\Fe interface in the
URW welding condition of 11.4 kA.

In the middle of the weld cycle, if melting occurs, the ultrasonic
vibration would influence material flow dynamics in the melt pool,
as shown in the high-speed video. The alternate compression and
rarefaction field from ultrasonic vibrations can induce cyclic
stresses into the joint. This alters the solidification pattern of
welding process by detachment of dendritic fragments ahead of so-
lidification front, which serves as addition nucleation sites,
g as seenon the fractured surface for RSW joint. (It can be interpreted as the top viewof the
les appeared on the fractured surface of URW joints. Arrows indicate the direction of the



Fig. 11. a. Schematics of solidification process during RSW. b. Schematics of solidification process during URW.
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facilitates bonding and minimizes the overall solidification crack-
ing. At the end of the weld cycle, ultrasonic cavitation effects can
minimize possible shrinkage porosities [25], which is similar to
the mechanisms of ultrasonic degassing.

Finally, during cooling down, the acoustic softening effect [24]
helps ameliorate thermal stresses and maintains bonding at the
Al\\Fe interface. However, continuing supply of ultrasonic energy
for a long period can potentially induce fatigue failure and generate
cracks at the nugget edge, which becomes undesirable.

4. Conclusions

1) The hybrid URWprocess significantly improves the load-bearing ca-
pacities of Al6061-TRIP780 steel welds from conventional RSW.
2) The superimposed ultrasonic energy promotes bonding formation at
the Al\\Fe interface, increases the bonded area and removes the in-
terfacial cracks that are generally observed in conventional RSW
welds.

3) The URW welding force curves show frequencies of both ultrasonic
vibration and AC current cycles.

4) Ultrasonic vibration facilitates breakdown of the surface oxide and
contaminants, which modifies contact resistance and heat genera-
tion rate. If melting occurs, ultrasonic vibration promotes wetting
of the molten aluminum over the steel interface and modifies the
material flow dynamics in the melt pool.

The proposedhypothesis of ultrasonic effects on RSWprocesswill be
verified in details in future works.



Fig. 14. High Speed Imaging at the Al\\Fe interface showing wetting of alumin

Fig. 12. Electrode-workpiece assembly for High Speed Imaging.

Fig. 13.High-Speed Imaging at the Al\\Fe interface showing breakdown of surface oxide layer a
URW process. (For interpretation of the references to colour in this figure legend, the reader is
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