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Abstract

Two dissimilar ultrasonic spot welded joints of aluminum to commercial steel sheets at
different levels of welding energy were investigated. The tensile lap shear tests were conducted
to evaluate the failure strength in relation to microstructural changes. The main intermetallics at
the weld interface in both joints was 6 (FeAls), along with 5 (Fe2Als) phase in Al-to-AISI 304
stainless steel joint and FesAl phase in Al-to-ASTM A36 steel joint, respectively. The welding
strength of Al-to-AISI 304 stainless steel weld samples was slightly higher than Al-to-ASTM
A36 steel weld samples, whereas the fracture energies of Al-to-AISI 304 stainless steel weld
samples were significantly higher as compared with Al-to-ASTM A36 steel weld samples. The
welding strength of both Al-to-Steel welds were higher than other reported dissimilar USW

joints in literature. The fracture surfaces of both weld joints exhibits the growth of IMC layer
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with increasing welding energy or time, whose inherent brittleness compromises the integrity of
joints. In both cases, the lap shear tensile fracture occurred from the Al/Fe interface at lower
energy inputs and the failure mode at higher welding energy inputs became the “transverse

through-thickness crack growth” at the edge of the nugget zone on the softer Al side.

Keywords: Dissimilar ultrasonic spot welding; Tensile lap shear strength; Aluminum alloy; Steel

alloy; Intermetallic compounds; Tensile fracture.



1. Introduction

Due to the mounting environmental concern to diminish anthropogenic climate-changing,
environment-damaging, costly and human death-causing' emissions and the ensuing stringent
fuel economy regulations in recent years, lightweighting in vehicles has turned into a crucial
approach in the automotive and aerospace industries [1-5]. To manufacture lightweight vehicles,
advanced high-strength steels, aluminum (Al) alloys, magnesium alloys, and composite materials
are being increasingly used in the automotive and aerospace sectors. The applications of Al
alloys have been significantly increased in the fabrication of the vehicles because of their high
strength-to-weight ratio, good machinability, environmental friendliness and recyclability [6-8].
To expand the use of Al alloys in automotive body manufacturing, lower-cost joining methods
are important especially with dissimilar joining capability [8]. In the steel auto body
manufacturing, resistance spot welding (RSW) is one of the predominant processes [8,9].
However, RSW consumes high energy and requires frequent electrode maintenance [9].
Furthermore, it is difficult to weld Al alloys by RSW due to their high thermal conductivity [10].
Recently, two solid-state welding processes, i.e., friction stir spot welding (FSSW) [11-13] and
ultrasonic spot welding (USW) [6,14-16] are being considered as possible replacement
techniques for RSW especially for dissimilar welding. Welding aluminum alloys using a USW
process consumes less welding energy (~0.3 kWh per 1000 joints) compared with RSW (20
kWh), and FSSW (2 kWh) [8,17-19]. In addition, unlike RSW and laser welding, a peak
temperature during USW does not exceed the melting point of the metal workpiece, eliminating the
formation of undesirable compounds, phases and metallurgical defects that commonly observed in

most other fusion welds [20,21]. USW technique induces the rubbing of two metal sheets by

! According to Science News entitled “Air pollution kills 7 million people a year” on March 25, 2014 at
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maintaining the solid state without melting, which leads to the breaking of oxide layers between
contacting surfaces, producing localized heat to soften the material at the weld interface, and
eventually resulting in local adhesion and formation of microwelds [18,22]. It is considered as an
emerging and promising technique for joining non-ferrous metals and alloys with relatively a
lower melting point as well as welding dissimilar material combinations as diverse as
metal/ceramic, metal/glass, Al/Cu, and Al/steel [23-26].

Some important factors have to be taken under consideration such as the operating cost,
cycle time, reliability, and weld quality to able to successfully join dissimilar metals [6,19,27].
One of the most critical issues during USW is to control the intermetallic compounds (IMCs)
that form at the weld interface via a rapid diffusion process [6,8,19,24,27]. It is reported that
IMCs are brittle and a continuous IMC interface layer severely compromises the joints strength
[6]. To date, most of the studies involving IMC reaction kinetics in Al-Steel couples have been
focused on the growth rate of continuous IMC layers developed after long welding times or
extended isothermal treatments [28-31]. It is therefore important to thoroughly investigate the
formation of IMCs at short weld durations such as in USW of typical commercial alloys for
automotive applications. In addition, to minimize the formation of IMCs during the welding,
Chen et al. [32] used Ni foil as an interlayer in laser penetration welding of Al and steel alloys.
Watanabe et al. [27] used commercially pure Al sheet A1050-24H as an insert metal in the USW
of Al-to-mild steel to study the effect of insert metal on the joint properties. Haddadi et al. [24]
used Zn-coated steel in USW to minimize the reaction between Al and Fe during the welding. It
is also known that in dissimilar welding, the composition of the weld members can strongly
affect IMCs formation at the joint interface [28,33], although the relationship to many common

alloy additions still remains poorly understood. To the authors’ knowledge, there are no



systematic studies on the effect of alloy compositions on the formation of IMCs and the
consequent mechanical performance of the USW dissimilar welds in the open literature. The
present study was, therefore, aimed to gain a better understanding of the influence of IMC
formation on the USWed dissimilar Al-to-steel joints. To produce high-integrity joints by USW
of aluminum to steel, two typical commercial steel alloys have been used in the current
investigation with a particular emphasis on the weld microstructure evolution and mechanical

properties.

2. Materials and Experimental Procedure

The materials selected in this investigation were commercially available 1.5 mm thick sheets
of Al 6061-T6 alloy and two steel alloys (AISI 304 stainless steel and ASTM A36 steel). The
nominal chemical compositions of test materials used are given in Table 1. The specimens, being
60 mm long and 15 mm wide, were sheared, and prior to welding the sheet surfaces were ground
with 120-grit sand paper. Then the samples were cleaned in acetone and dried. The welds were
produced with a Sonobond dual-head spot welding system at the center of a 20 mm overlap. The
welding system was operated at 20 kHz and the joints were produced using an energy input
ranging from 250 to 1750 J, a nominal applied power of 2 kW with an impedance setting of 8
and a clamping pressure of 0.4 MPa.

Microstructure examinations was performed using an optical microscope (OM) and scanning
electron microscope (SEM, JEOL JSM-6480LV) equipped with energy dispersive X-ray
spectroscopy (EDS) electron backscatter diffraction (EBSD) systems. The metallographic
samples were cut from the weld cross-section, and then sample preparation was accomplished by

standard metallographic technique. A computerized Buehler hardness testing machine was used



to determine Vickers microhardness, which was measured diagonally across the joints using a
load of 100 g and a 15 s dwell time except for the thin interface layer (10-200 um), where a load
of 10 g was used for 15 s. To evaluate the joint strength, tensile lap shear tests were performed
for each welding condition using a fully computerized United testing machine. A 5 kN load cell
was used under a constant crosshead speed of 1 mm/min in air at room temperature to avoid the
unnecessary dynamic effects. At least two samples were tested at each energy level, however,
due to the experimental scatter at certain energy levels 1.e., 500 J, 750 J, and 1500 J, three
samples were tested. To prevent the rotation and bending moment of specimens during the
tensile lap shear tests, two spacers with a thickness of 1.5 mm, width of 15 mm and length of 35
mm were attached at both ends of the specimen. Phase identification on both matching surfaces
of Al and steel sides after tensile shear tests was determined using a PANalytical X-ray
diffractometer (XRD) with Cu K, radiation at 45 kV and 40 mA in a back reflection mode. The
diffraction angle (26) at which the X-rays hit the samples varied from 20 to 100°, with a step size
of 0.05° and 2 s in each step. The fracture surfaces were examined via a scanning electron

microscope (SEM).



3. Results and Discussion
3.1 Microstructure evolution

To investigate the relationship between physical weld attributes and weld performance,
microstructural characterization was conducted on the cross-section of selected welded samples
at various welding energy values (500 to 1500 J). Fig. 1 and Fig. 2 show the typical optical
micrographs of dissimilar USWed Al-to-AISI 304 stainless steel and Al-to-ASTM A36 steel
joint at different welding energy levels. It can be seen from Figs. 1(a) and 2(a) that there exist
gaps along the weld interface which show the lack of bonding at a lower energy of 500 J. As the
welding energy increases, the gaps at the weld interface become less distinct, which indicates
that by increasing weld energy almost sound joints were achieved (Figs. 1(b) and (c) and Figs.
2(b) and (c)). It is more obvious from the magnified images of different regions (indicated by the
yellow dashed boxes) of welded joints at different energy levels as shown in Figs. 1(d), (e), and
() and Figs. 2(d), (e), and (f). For instance, at the highest energy levels (i.e., 1000 J for Al-to-
AISI 304 stainless steel and 1500 J for Al-to-ASTM A36 steel joints, respectively), the weld
interface does not exhibit any gap (Fig. 1(f) and Fig. 2(f)). However, as compared to Al-to-
ASTM A36 steel joints (Fig. 2(f)) (where a clear continuous line mark can be seen at the weld
interface indicated by arrow), the weld characteristics of Al-to-AISI 304 stainless steel joints
displayed improved bonding (Fig. 1(f)). Furthermore, to observe the weld attributes more
diligently, higher magnification SEM back-scattered electron images at the interface of welded
joints at different energy inputs are shown in Fig. 3. As seen from Fig. 3, most of the welding
conditions showed good bonding since there were no large defects, such as significant crack,
void or tunnel type defects, except for the lower energy joints, i.e., 500 J (Figs. 3(a) and (b)). As

mentioned before, it is evident from SEM images (Figs. 3(e) and (f)) that sound joints were



achieved by increasing welding energy. Furthermore, it is seen from Figs. 1(e), 1(f), 2(e) and 2(f)
that interface bonding also occurred via mechanical interlocking due to the solid-state
deformation at a higher welding energy levels of 750 J to 1500 J as well as the formation and
progressive spreading of microwelds, which would be anticipated to give a high bonding strength.
This is associated with a considerable rise in temperature in the weld zone, which softens the
material and allows the sonotrode tips to sink into the sheet surfaces. In the process, the weld
interface is displaced into complex wave-like flow patterns as indicated by the yellow dashed
circles (Figs. 1(e), 1(f), 2(e), and 2(f)). Similar phenomenon was also reported in Refs. [14,17,

19,24,34].

3.2 Energy-dispersive X-ray spectroscopy (EDS) analysis

To verify the chemical composition and possible phases formed during USW, EDS line scan
analysis was performed at weld interfaces of Al-to-AISI 304 stainless steel and Al-to-ASTM
A36 steel joints at a welding energy of 500 J as shown in Fig. 4. It is seen that the interface
composition and microstructure in both joining conditions are not exactly the same i.e., a
relatively larger interface diffusion layer formed in Al-to-ASTM A36 steel as compared with Al-
to-AISI 304 stainless steel at the same magnification. Previous studies suggested that this layer
could be the IMCs containing Al and Fe and these IMCs form along the bonding line of welds
through interdiffusion [6,35]. Generally, due to the relatively low melting temperature, Al atoms
diffused into Fe lattice in the form of solid solution because they are much more energetic or
active during USW [17,36]. As can be seen in the EDS line scan (Figs. 4(a) and (b)) for Al-to-
AISI 304 stainless steel, at a distance of ~11 um the concentration of Al was starting to decrease

and then suddenly spiked at a distance of ~15 pm and then again decreased. The scan results



clearly show a higher amount of Fe merged with Al at a distance of ~12 um, then decreased, and
a relatively strong Cr element was also present in this particular region. According to the binary
phase diagram of Al and Fe, Al has a fairly high solubility in Fe and it can form disordered solid
solution in Fe up to ~11 wt.% of alloying [37,38]. Beyond this critical amount of Al, some brittle
IMCs such as 8 (FeAls), n (Fe2Als), FeAlz, and FeAl would emerge [6,17,24,35], which were
later confirmed by the XRD analysis. Many studies have also reported the presence of these IMC
phases during the welding of Al and steel, which is the main cause of fracture [6,35]. Similar
results can be seen from Figs. 4(c) and (d) for Al-to-ASTM A36 steel, decreasing the
concentration of Al and merged with Fe element, which also suggests forming the IMCs layers

of Al and Fe.

33 X-ray diffraction analysis and EBSD phase identification

Fig. 5 shows the X-ray diffraction patterns obtained on both matching fracture surfaces of Al
and steel sides for both USWed Al-to-AISI 304 stainless steel and Al-to-ASTM A36 steel joints
after the tensile lap shear test. It is clear that, apart from strong peaks of Al (Fig. 5(a)) for Al-to-
AISI 304 stainless steel joints, peaks of 6 (FeAls), n (Fe2Als) and Cr appeared on both sides of
the fracture surfaces. As reported earlier, many studies have reported the presence of 8 (FeAls)
and 7 (Fe2Als) brittle phases during the welding of Al-to-steel [27,32,39-42] even in the USW
joints [6,8,17,35,43]. The first phase that forms during metal-to-metal interaction is the phase
with the most negative heat of formation at the concentration of the lowest eutectic in the binary
system [6]. It was reported that 6 (FeAls) has the largest negative free Gibbs energy of formation
and kinetically favored [43]. In the later stage, 8 (FeAls3) and Fe phases will react with each other

to form a phase with a composition between that of the interacting phases and closest to that of



the lowest eutectic composition, i.e., 77 (Fe2Als), FeAlz, FeAl, and FesAl [33,42,44,45]. This is in
agreement with the results presented here as shown in Fig. 5(a). On the other hand, for Al-to-
ASTM A36 steel joints (Fig. 5(b)), peaks of 6 (FeAls), FesAl and Fe appeared on both sides of
the fracture surfaces apart from the strongest peaks of Al. The main difference between Al-to-
AISI 304 stainless steel and Al-to-ASTM A36 steel joints is that, in addition to the common 6
(FeAls) phase in both joints, the Al-to-AISI 304 stainless steel joint contained 7 (Fe2Als) phase
while the Al-to-ASTM A36 steel joint had Fe3Al phase. The presence of FesAl was also
confirmed in laser beam lap joints of A6111-T4-to-cold-rolled steel plates (SPCC) by Lee et al.
[46]. To further confirm the IMCs formed during USW, EBSD phase identification was also
performed in both dissimilar joints (Figs. 6 and 7). The simulation results calculated from the
indexed experimental EBSD patterns (Figs. 6(b) and 7(b)) were able to confirm the presence of
the FeAls in Al-to-AISI 304 stainless steel joint and the FesAl in Al-to-ASTM A36 steel joint. In
the EBSD analysis, for an accurate solution, the mean angular deviation (MAD) value must be
lower than 0.7 [47,48]. As illustrated in both figures, the MAD value is lower than 0.7, which

validates the results of the phase identification obtained for both FeAls and FesAl phases.

3.4  Microhardness

Microhardness profiles across the interfaces of dissimilar USWed Al-to-AISI 304 stainless
steel and Al-to-ASTM A36 steel joints at different levels of welding energy are shown in Fig. 8.
No noticeable heat-affected zone (HAZ) was observed during USW of both joints. It has been
reported that, in contrast to other joining methods such as RSW, USW does not exhibit any
clearly discernible HAZ that can degrade the strength of the joints as reported by others [6,49].

Obvious asymmetrical type hardness profiles across the both dissimilar joints were obtained with
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an average hardness value of ~47 HV on the Al 6061-T6 side, ~201 HV on the AISI 304
stainless steel side and ~129 HV on the ASTM A36 steel side. In general, the hardness supposed
to decrease with increasing welding energy due to increasing grain size with increasing
temperature [15,18,50]. As seen from Fig. 8, only the hardness values in Fe side of ASTM A36
exhibits the decreasing phenomena, whereas it was not obvious in AISI 304 Fe side. However, as
compared to the ASTM A36 steel, a significantly higher hardness in AISI 304 stainless steel side
was observed, which is due to the solid solution strengthening of Cr and high strength of the bulk

AISI 304 stainless steel.

3.5 Joint performance: Lap shear tensile testing and failure mode

The maximum tensile lap shear strengths of dissimilar USWed Al-to-AISI 304 stainless steel
and ASTM A36 steel joints as a function of welding energy are shown in Fig. 9. The strength
profiles for both joints showed a similar pattern, in which the lap shear strength increased with
increasing energy input up to a peak value, then decreased with a further increase in the welding
energy or welding time. In comparison with the lap shear strengths, the fracture energy of
welded joints exhibited a larger scatter (Fig. 10), however showed a similar trend. The optimum
welding energy resulted in a peak value of the fracture energy followed by a decrease. It can be
seen that the Al-to-AISI 304 stainless steel welds produced at a welding energy of 750 J (in a
welding time of 0.375 s) gave a peak strength of ~87 MPa (~3.5 kN), which is higher than other
dissimilar USW joints (with a similar clamping pressure), i.e., a maximum lap shear strength of
3.2 kN for aluminum AA6111-to-DCO04 steel joints by Xu et al. [35], 2.7 kN for aluminum 6111-
T4-to hard zinc-coated DX56-Z steel joints by Haddadi et al. [43], 3.1 kN for Al6111-to-hot-

dipped Zn-coated steel, and 2.7 kN for Al6111-to-galvanized annealed steel by Haddadi et al.
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[24] and 0.6 kN for A5052 Al alloy-to-SS400 mild steel by Watanabe et al. [27]. Compared to
the Al-to-AISI 304 stainless steel welds, the Al-to-ASTM A36 steel welds showed a slightly
lower peak strength of ~83 MPa (~3.3 kN) in twice the time (in a 0.75 s welding time) and twice
the energy (1500 J) in the lap shear tests and a much lower fracture energy (half of the Al-to-
AISI 304 stainless steel weld samples). This difference is clearly associated with the IMCs seen
in the Al-to-AISI 304 stainless steel weld samples (as shown in Fig. 5) and also higher hardness
value (as shown in Fig. 8). In addition, for the dissimilar joints the current USW process can also
be compared with other spot welding [11], for instance, Fukumoto et al. [51] obtained a 3.5 kN
lap shear strength with a longer welding time of 5 s using friction stir spot welding. Thus, the
current results indicate that USW offers a very promising solution for dissimilar metal joining.

It has been established that at lower energy inputs, the temperature was not high enough to
soften the sample thereby diffuse the Al into steel to achieve a sound joint [6], which is also
verified by microstructure observation in the present study (Fig. 1 to Fig. 3). Fig. 11 shows the
effect of welding energy on the tensile lap shear peak load of dissimilar USWed Al-to-AISI 304
stainless steel and Al-to-ASTM A36 steel joints along with typical tensile failure modes and
locations. It is observed that in the case of lower energy inputs (e.g., 250 J and 500 J for Al-to-
AISI 304 stainless steel joints (Fig. 11(a)) and from 500 J and 750 J for Al-to-ASTM A36 steel
joints (Fig. 11(b)), the lap shear tensile fracture occurred from the Al/Fe interface. In the case of
Al-to-ASTM A36 steel joints, by increasing the weld energy up to 1250 J, the failure mode was
still interfacial, however, the initiation of the crack started at the circumference around the
nugget on softer Al side (Fig. 11 (b)). At higher energy inputs (1500 J), the lap shear tensile
strength increased with increasing energy inputs due to high temperatures and strain rate under

larger vibration amplitude for a longer time, which leads to increased diffusion between Al and
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Fe. It was also verified by Haddadi ez al. [43] that with increasing welding time, i.e., increasing
welding energy in the present study, the thickness of the IMCs increased. After achieving the
peak strength, as these IMC phases (6 (FeAls),  (Fe2Als) and FesAl, Fig. 4 and Fig. 5) grew,
their inherent low ductility compromised the integrity of the joint. To justify the increase of IMC
thickness, Fig. 12 shows some typical SEM back-scattered electron images of tensile fracture
surfaces of USWed Al-to-AISI 304 stainless steel and Al-to-ASTM A36 steel joints at different
energy inputs. Despite the rapid weld cycle and solid-state nature of the USW process, the
fracture surfaces in Fig. 12 indicate that the IMC layer grows with increasing welding energy or
time. With lower welding energies (i.e., 250 J and 500 J for AISI 304 and ASTM A36 steel
joints, respectively) local areas of contacting asperities on the two sheet surfaces lead to the local
formation of IMCs islands where microbonds first form (Fig. 12(a) and (c)), as also reported by
Haddadi [43]. The IMC layer was observed to grow with higher welding energies which led to
greater fraction of IMC coverage area of the sheet surface (Fig. 12(b) and (d)). As the IMC
coverage area is greater during higher welding energies, there is more possibility that failure
takes place through the greater brittle Al-Fe interfacial layer observed in Fig. 12, which also
suggested that the base material locally reached its fracture strength and the fracture initiated in
that area. In addition, as shown in Fig. 5, IMC phases were present on both Al and steel sides of
the tensile failed samples, indicating a mode of cohesive failure within an IMC layer. This
suggests that failure occurred through the IMC layer due to their inherent brittleness. Indeed, Al
present on both sides (Fig. 5) also revealed a cohesive failure within Al base metal at a region
where prominent bonding mechanism is mechanical interlocking. Similar observations were also

reported by Macwan and Chen [52,53].
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It was also reported that during dissimilar USW, there is a competition between the
formation and spread of microwelds across the joint interface, which leads to an increasing
bonding strength, and the coalescence and thickening of the IMC reaction layer, which
eventually encourage a brittle interface failure [35]. In addition, as reported in Refs. [6,15,18,50],
the failure mode at higher welding energy levels can be referred to as the “transverse through-
thickness crack growth”, which occurred at the edge of the nugget zone on the softer Al side,
unlike interfacial fracture which occurred at lower energy inputs. Basically, this transverse
through-thickness crack growth mode occurred at the edge of the sonotrode in the transverse
direction (i.e., perpendicular to the tensile loading) in contact with the sample, which also
indicate that the bonding between the two sheets are very good at this energy level since the
nugget zone is completely inseparable (as indicated by arrow in higher magnification in Fig. 11).
At a further higher welding energy level, the softer Al sheet (due to high temperatures)
experiences significant amount of bending at the nugget edge due to the outward flow of the
material under the sonotrode tool indentation [6]. This leads to creating a small micro-level crack
tip at the notch of two welded sheets, which can have exposed to a higher stress concentration
since the remaining cross section could no longer sustain the shear overload. The heavily
deformed Al sheet eventually allowed the cracks to grow in the transverse direction, thus
experienced the through-thickness crack growth. Similar results have been reported by Patel ef al.

[6] and Macwan and Chen [18].

3.6  Lap shear tensile fractography
Typical SEM images of tensile lap shear fracture surfaces of dissimilar USWed Al-to-AISI

304 stainless steel joint at a welding energy of 750 J and Al-to-ASTM A36 steel joint at a
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welding energy of 1500 J are shown in Fig. 13 and Fig. 14. As from the overall fracture surface
of both joints (Fig. 13(a), (b) and Fig. 14(a), (b)), squeeze-out effect of materials at the edge of
the nugget can be observed which was caused by the localized melting due to the high
temperature and clamping pressure during the USW. However, as compared to Al-to-ASTM A36
steel joint in higher welding energy (i.e., 1500 J), more materials have been squeeze-out from
Al-to-AISI 304 stainless steel joint at lower energy (i.e., 750 J).

To better understand the tensile fracture behavior of both joints, different regions (Al-Fe
IMCs containing regions) were magnified. As seen from Fig. 13(c) and (e), most of the Al-Fe
IMCs were found on the Al side as compared to the matching steel side as shown in Fig. 13(d)
and (f) for Al-to-AISI 304 stainless steel joint. From the chemical composition analysis of Al-to-
ASTM A36 steel joints, it can be observed that both the matching sides have Al-Fe IMCs
containing regions as shown in Fig. 14(c), (e), (d), and (f). To further verify chemical
compositions on the fracture surfaces, EDS point analysis of Al-to-AISI 304 stainless steel joint
in the region A (the upper left corner of Fig. 13(c)) showed a composition of (in at.%) 61.8% Al,
27.6% Fe and 6.5% Cr equivalent to the 6 (FeAls) phase, which was in good agreement with the
XRD results shown in Fig. 5(a). Equivalent compositions have also been identified in the region
D (the center of the weld nugget) as shown in Fig. 13(d) for matching steel side. Other region of
both Al and steel sides exhibits more or less similar composition. On the other hand, EDS point
analysis in the region A (the center of the weld nugget as shown in Fig. 14(c)) showed a
composition of (in at.%) 75.1%Fe and 24.9%Al equivalent to the FesAl phase, which is
corroborated well with the XRD results shown in Fig. 5(b) as well. Other region of Al-to-ASTM
A36 steel joints also showed equivalent compositions (Fig. 14(d), (e), and (f)). As seen from Fig.

14(c) to (), the main difference between two joints could clearly be identified by observing the
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lack of higher aluminum-containing 6 (FeAls) phase in ASTM A36 welded joints, as also
reported in the study of dissimilar defocused laser beam lap welding of A6111-T4-to-cold-rolled

steel plates (SPCC) by by Lee et al. [46].
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4. Conclusions
High-power USW was used to join dissimilar aluminum to two commercial steel sheets at
different levels of welding energy, and tensile lap shear tests were performed to determine the

failure load and failure energy. The following conclusions could be drawn:

1. Microstructure observation revealed that € (FeAls) phase was mainly present at the weld
interface for both dissimilar joints in addition to 5 (Fe:Als) phase in the Al-to-AISI 304
stainless steel joints and FesAl phase in the Al-to-ASTM A36 steel joints.

2. AISI 304 stainless steel welds showed a higher hardness value as compared to the ASTM A36
steel welds due to the solid solution strengthening of Cr and high strength of the bulk AISI
304 stainless steel.

3. The average peak welding strength of Al-to-AISI 304 stainless steel weld samples was
slightly higher than Al-to-ASTM A36 steel weld samples, whereas the fracture energies of Al-
to-AISI 304 stainless steel weld samples were significantly higher as compared with Al-to-
ASTM A36 steel weld samples. In general, the welding strength of both Al-to-AISI 304
stainless steel and Al-to-ASTM A36 steel weld samples were higher than other dissimilar
USW joints reported in open literature.

4. Regardless the rapid weld cycle and solid-state nature of the USW process, the fracture
surfaces exhibit that the IMC layer grows with increasing welding energy or time, whose
inherent brittleness compromises the integrity of the joint.

5. The lap shear tensile fracture occurred from the Al/Fe interface in the case of lower energy
inputs, the failure mode at higher welding energy inputs became the transverse through-

thickness crack growth, which occurred at the edge of the nugget zone on the softer Al side.
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Table 1 Nominal chemical composition (wt.%) of the materials.

Chemical composition (wt.%)

Material Mn Si Cu Ni Cr Mg C S P Fe Al

6061-T6 0.07 071 03 - 0.14  1.14 - - - 0.18 Bal.

AISI304 098 0.62 - 8.05 18.21 - 0.05 0.004  0.028 Bal. -
ASTM A36 080 040 0.2 - - - 0.25 0.050  0.040 Bal. -
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Fig. 1 Typical optical micrographs of a dissimilar USWed Al 6061-T6-to-AISI 304 stainless
steel alloy cross-section ((a), (b), and (c)) overall view at a welding energy level of 500 J, 750 J,
and 1000 J, respectively, and ((d), (e), and (f)) higher magnification images of region A, B, and
C, in (a), (b), and (c), respectively.
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Fig. 2 Typical optical micrographs of a dissimilar USWed Al 6061-T6-to-ASTM A36 steel alloy
cross-section ((a), (b), and (c)) overall view at a welding energy level of 500 J, 1000 J, and 1500
J, respectively, and ((d), (e), and (f)) higher magnification images of region D, E, and F, in (a),
(b), and (c), respectively.
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Fig. 3 SEM back-scattered electron images at the interface of the dissimilar USWed Al 6061-T6-
to-AISI 304 stainless steel alloy ((a), (¢), and (e)) and dissimilar USWed Al 6061-T6-to-ASTM
A36 steel alloy ((b), (d), and (f)) at different energy inputs.
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Fig. 4 SEM back-scattered electron images with EDS line scan positions and the corresponding
EDS results at the interface of dissimilar USWed Al 6061-T6-to-AISI 304 stainless steel ((a) and
(b)) and Al 6061-T6-to-ASTM A36 steel joints ((c) and (d)) at a welding energy of 500 J.
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Fig. 5 XRD patterns obtained from the matching fracture surfaces of dissimilar USWed Al 6061-
T6-to-AISI 304 stainless steel alloy joints (a) at a welding energy of 750 J and Al 6061-T6-to-
ASTM A36 steel alloy joints (b) at a welding energy of 1500 J.
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Fig. 6 Phase morphology and simulation results (indexed Kikuchi pattern) for the FeAls phase in
a dissimilar USWed Al 6061-T6-to-AISI 304 stainless steel joint at a welding energy of 500 J
(MAD = 0.464).

Fig. 7 Phase morphology and simulation results (indexed Kikuchi pattern) for the Fe3Al phase in
a dissimilar USWed Al 6061-T6-to-ASTM A36 steel joint at a welding energy of 500 J] (MAD =
0.634).
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Fig. 8 Microhardness profiles across the interface of dissimilar USWed Al 6061-T6-to-AISI 304
stainless steel (a) and Al 6061-T6-to-ASTM A36 steel (b) joints at different welding energy
inputs.
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Fig. 9 Maximum tensile lap shear strength of dissimilar USWed Al 6061-T6-to-AISI 304
stainless steel (a) and Al 6061-T6-to-ASTM A36 steel (b) joints at different energy inputs.
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Fig. 10 Fracture energy of dissimilar USWed Al 6061-T6-to-AISI 304 stainless steel (a) and Al
6061-T6-to-ASTM A36 steel (b) joints at different energy inputs.
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Fig. 12 Intermetallic growth on the Al side of dissimilar USWed Al 6061-T6-to-AISI 304
stainless steel joints ((a) and (b)) and Al 6061-T6-to-ASTM A36 steel joints ((c¢) and (d)) at
different energy inputs.
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Fig. 13 Typical SEM back-scattered electron images of tensile lap shear fracture surface of a
dissimilar USWed Al 6061-T6-to-AISI 304 stainless steel joint made at a welding energy of 750
J: (a) overall view of Al side, (b) overall view of Fe side, ((c) and (e)) higher magnification
images of regions A and B, respectively, and ((d) and (f)) higher magnification images on
regions C and D, respectively.
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Fig. 14 Typical SEM back-scattered electron images of tensile lap shear fracture surface of a
dissimilar USWed Al 6061-T6-to-ASTM A36 steel joint made at a welding energy of 1500 J: (a)
overall view of Al side, (b) overall view of Fe side, ((c) and (e)) higher magnification images of
regions A and B, respectively, and ((d) and (f)) higher magnification images on regions C and D,
respectively.
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