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Introduction

     To address an increasing demand for weight reduction of
vehicle structures, multimaterial design has been deployed
utilizing high-strength steels for crash performance and
light metals, such as aluminum alloys, for further weight re-
duction and corrosion resistance (Ref. 1). (Note that Al will
be used as the abbreviation for aluminum alloy.) A robust
dissimilar metal-joining process is essential to ensure the

quality and performance of bimetallic structures made of Al
and high-strength steel. The joining of Al to steel by resist-
ance spot welding (RSW), one of the most widely used join-
ing methods in the automotive industry, is certainly desir-
able but suffers from inferior mechanical properties. Such
inferior properties are primarily due to the formation of
thick and brittle intermetallic compounds (IMCs) and 
solidification-related defects such as solidification cracking
and shrinkage voids, as well as severe expulsion.
     A variety of solid-state welding and mechanical fastening
processes have been developed for the dissimilar metal con-
nection of Al to steel. These processes include friction stir
spot welding (Ref. 2), vaporizing foil actuator welding (Ref.
3), magnetic pulse welding (Ref. 4), and self-piercing rivet-
ing (Ref. 5). Another interesting process is ultrasonic spot
welding (USW), which was used by Macwan et al. to join Al
to galvanized high-strength low-alloy steel (Ref. 6). They ob-
tained a thin (2–3 m) intermetallic layer of FeAl3 at the
joint interface and a high joint strength of 4.3 kN. However,
the application of USW to vehicle structural joining remains
a major challenge due to issues such as Al sticking to weld-
ing tools as well as special requirements of fixturing or
clamping. These issues are exacerbated when a high ultra-
sonic energy is used to join hard metals (e.g., steels).
     In our previous study (Ref. 7), a new joining method that
took advantage of both USW and RSW processes was devel-
oped for the dissimilar metal joining of Al to steel. Figure 1
is a schematic diagram of this process named as ultrasonic
plus resistance spot welding (U + RSW). In the first step, a
thin Al insert is ultrasonic spot welded with a steel sheet to
create an intermediate joint. Then, in the second step, an Al
sheet is resistance spot welded onto the Al insert side of the
steel to create the final, primary joint.
     When compared with solid-state joining processes in gen-
eral, U + RSW has a significant advantage in that it makes
use of the existing RSW equipment in automotive assembly
plants. Unlike USW of Al sheet to steel, which would require
high ultrasonic energy (e.g., 2000 J in the study by Macwan
et al. (Ref. 6)), USW used to create the intermediate joint of
thin Al insert to steel uses a low energy of 255 J, making it
highly resistant to the tool sticking issue. When compared
with direct RSW of Al sheet to steel, the intermediate joint by
USW is essential in that it forms a metallurgical bond at the Al
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insert to steel interface. Such a bond in turn reduces the elec-
trical resistance and temperature and ensuing IMC layer thick-
ness at the interface during subsequent RSW. Our previous
study showed that the final joint by U + RSW had ~ 3 times
higher joint strength and ~ 6 times higher fracture energy
than those by direct RSW. Finally, although a two-step process,
both USW and RSW have a fast cycle time. The insert material,
a commodity Al, is low cost and lightweight.
     The present study expands the previous work in the fol-
lowing two significant ways. First, built upon the previous
feasibility work, the present study investigated the effect of
the insert material, USW energy, RSW electrode geometry,
power source, and welding time on the nugget size and me-
chanical properties of the dissimilar metal joints of Al to
steel created by U + RSW. Second, the testing was limited to
lap-shear tensile tests in the previous work. Wedge testing
of Al/steel joints is developed in this study for in-situ obser-
vation of deformation and failure behavior in a coach-peel
loading condition. The new results generated in this study
are essential for establishing a comprehensive understand-
ing of processing-microstructure-property relation for dis-
similar U + RSW joints.

Experimental Approach

Materials

     The base materials were 1-mm-thick aluminum alloy
AA6061-T6 and 0.9-mm-thick cold rolled, uncoated AISI 1008
steel. Flat coupons of 100 mm in length and 38 mm in width
were cut from the Al and steel sheets with the length direction
aligned with the rolling direction. Two insert materials were
evaluated: 0.4-mm-thick aluminum alloy AA6061-T6 and 0.3-
mm-thick AA3003-H14. The nominal chemical composition
along with the typical ultimate tensile strength (UTS) of these
materials are summarized in Table 1.

Ultrasonic Spot Welding for Intermediate
Joints

     An Amtech Ultraweld® 20 2.4-kW lateral driven ultrason-
ic spot welding machine, designed to operate at 20 kHz with
a maximum peak-to-peak amplitude of 80 m, was used for
spot welding of the Al insert to steel. The dimensions of the
sonotrode tip and anvil tip were 8 × 6 mm and 12 × 12 mm,
respectively. Both sonotrode and anvil surfaces had pyramid

Fig. 1 — Schematic showing the U + RSW process of joining
Al to steel (Ref. 7). VD is the vibration direction of the
sonotrode during USW.

Fig. 2 — Electrode drawings of female caps: A — B-type; B —
C-type; C — F-type; and D — key dimensions.

Table 1 — Nominal Chemical Composition (wt-%) and Ultimate Tensile Strength (UTS) of Base and Insert Materials

      Material                  Thickness                   Fe                 Al                  C                      Mn                   Si                  Mg                UTS (MPa)
                                        (mm)                                                                                                                                                                 

     AISI1008                       0.9                        Bal.                —                 0.1                 0.3–0.5               —                  —                      305
    AA6061-T6                        1                          0.7              Bal.                 —                     0.15             0.4–0.8           0.8–1.2                   310
   AA3003-H14                    0.3                        0.7              Bal.                 —                     1–1.5                 0.6                —                       152
    AA6061-T6                      0.4                        0.7              Bal.                 —                     0.15             0.4–0.8           0.8–1.2                   310
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knurl patterns to facilitate a firm gripping of the coupons.
The vibration direction (VD) of the sonotrode was parallel to
the short dimension of the coupons (thus perpendicular to
the rolling direction). The coupons were ground with 240-
grade sand paper and cleaned by ethanol before welding.
     The USW parameters for intermediate joints, developed
based on those used previously (Refs. 7, 8), are listed in
Table 2. These parameters resulted in the highest tensile
shear strength (TSS) of the intermediate joint, indicating a
strong metallurgical bond of the Al insert to steel. The maxi-
mum TSS of ultrasonic spot welded AA3003 and AA6061 to
1008 steel were approximately 0.56 and 1.5 kN, respectively.

Resistance Spot Welding for Primary Joints

     As shown in Fig. 1, the 1-mm-thick Al sheet was resist-
ance spot welded onto the Al insert side of the steel to cre-
ate the primary joint. Two RSW machines were evaluated: 1)
a single-phase, 60-Hz alternating current (AC) welding ma-
chine, and 2) a medium-frequency direct current (MFDC)
welding machine. Both AC and MFDC resistance spot weld-
ing machines are commonly used in the automotive indus-
try. The RSW parameters were the following: electrode force
= 3.56 kN and welding time = 5 cycles (83 ms). Such a short
welding time was used to help reduce the intermetallic
thickness and electrode wear; the latter was due to the alloy-
ing between the Al sheet and copper (Cu) electrode.
     For electrode optimization, the electrodes tested on the Al
side included a B-type, dome-shaped FB25Z13 with a 6-mm
face diameter and an F-type, radius-faced electrode. The elec-
trodes tested on the steel side included a C-type, flat electrode
with a surface diameter of 15.875 mm and a B-type, dome-
shaped FB25Z38S with a face diameter of 8 mm. These elec-
trodes are schematically shown in Fig. 2A–C with the major di-
mensions of each type shown in Fig. 2D. For each welding con-

dition, a set of four samples was welded, of which three welds
were used for lap-shear tensile testing and the remaining one
for microstructure characterization. Some additional speci-
mens were also welded for wedge testing.

Microstructure Characterization

     The welded samples for interfacial microstructure charac-
terization were cross sectioned through the weld centerline.
The cross-sectioned spot welds were cold mounted with
epoxy to prevent aging of aluminum alloys during hot
mounting. Then the samples were ground with sand papers,
polished with 3- and 1-m diamond paste, and finished with
a final vibratory polish using 0.05-m colloidal silica for 1 h.
The IMCs at the Al/steel interface and the fracture surface
were analyzed in the scanning electron microscope (SEM)
with energy dispersive spectroscopy (EDS). Additionally, the
cross sections of dissimilar metal welds were chemically
etched with Keller’s reagent (2 mL HF (48%) + 3 mL HCL + 5
ml HNO3 + 190 mL H2O) for Al and 2% Nital for 1008 steel.
The nugget sizes were observed in an optical microscope.

Mechanical Testing

Lap-Shear Tensile Testing

     The basic mechanical properties of the spot welds were
tested by lap-shear tensile testing, and the geometry of the
test specimen is shown in Fig. 3. Not shown in this figure is
the centering shims (or spacers) added to the grip portion to

Fig. 3 — Sample geometry for lap-shear tensile testing (di-
mensions in mm).

Fig. 4 — Geometry of the wedge and sample used for single-
sided wedge testing (dimensions in mm).

Table 2 — Ultrasonic Spot Welding Parameters for Intermediate Joints of Al Insert to Steel

             Insert Material                                      Vibration Amplitude (m)                                  Normal Force (kN)                                       Energy (J)

                AA6061-T6                                                           50                                                               1.76                                                    255–275
               AA3003-H14                                                          40                                                              0.88                                                       170
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align the joint with the test axis. Quasi-static lap-shear ten-
sile testing was performed using an MTS 810 tensile testing
machine with a displacement rate of 1 mm/min. The peak
load was determined by the average of three samples per
welding condition.

Wedge Testing

     To in-situ observe the strain localization, crack initiation,
and propagation in the coach-peel loading condition, a 
single-sided wedge test was used for testing dissimilar
Al/steel joints welded by U + RSW. The dimensions of the
wedge and the sample are shown in Fig. 4. The procedure of
single-sided wedge testing with digital image correlation
(DIC) was the same as that used previously for resistance
spot welded steel sheets, for which the details are available
in Ref. 9. Therefore, only the unique features of the testing
setup for dissimilar Al/steel joints are highlighted in the fol-
lowing. In the test, one side of the sample was clamped by
the fixture, while the wedge was inserted at the Al sheet/Al
insert interface on the other side and then gradually pushed
inward with a displacement rate of 2.5 mm/min. To investi-
gate the effect of welding current on coach-peel fracture be-
havior, three welding currents were used: 17, 19, and 20 kA.

Results and Discussion

     Table 3 summarizes the various process parameters of U +
RSW that were investigated. Due to limited material availabili-

ty, Al insert thickness was not evaluated. In addition, given
that the objective was to understand the first order effect of
individual variables, a design of experiment procedure was not
used and the interactions between the variables were thus not
obtained. Detailed results of individual variables are provided
and discussed in the following sections.

Quality of Intermediate Joint

     Figure 5 shows the effect of the intermediate joint quali-
ty on the TSS of the primary joint. These welds were created
with the dome-shaped electrode on steel side, F-type elec-
trode on Al side, and AA3003 as the insert. With low ultra-
sonic energy of 100 J for joining the intermediate joint, the
average TSS of the primary joint was 3.1 kN. However, a
large variation in TSS of the primary joints indicated some
inconsistency of the intermediate joint quality. Moreover,
expulsion was observed at the Al insert/steel interface dur-
ing RSW. When the ultrasonic energy was above 125 J, the
effect of ultrasonic energy on the primary joint strength was
significantly reduced. A consistent nugget pullout failure
mode was observed with a peak load of 3.5 kN. Thus, the
metallurgical bond formed in USW with an energy above
125 J was sufficiently strong to reduce the electrical contact
resistance at the insert/steel interface and prevent early ex-

Fig. 5 — Effect of intermediate joint quality on peak strength
of the final U + RSW weld for AA3003 as the insert.

Fig. 6 — Effect of the RSW power source on the nugget diam-
eter at Al/insert and insert/steel interfaces. AC and DC are
the AC and MFDC spot welding machines, respectively. IF and
BP represent interfacial and button pullout fracture modes,
respectively. Insert material = AA6061-T6, electrode force =
3.56 kN, and welding time = 200 ms.

Table 3 — Summary of Process Parameters of U + RSW 

                                        Parameter                                                                                                                Value

                     USW energy for intermediate joints                                                                                   100, 125, and 170 J
                                 RSW power source                                                                                                   AC and MFDC
                                     Insert material                                                                     0.4-mm-thick AA6061-T6 and 0.3-mm-thick AA3003-H14
                    RSW electrode geometry on Al side                                            B-type, dome-shaped FB25Z13 and F-type, radius-faced electrode
                  RSW electrode geometry on steel side                                               C-type, flat electrode and B-type, dome-shaped FB25Z38S
                                Welding time of RSW                                                                                               83 and 200 ms
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pulsion due to overheating locally at this interface. The neg-
ligible effect of the intermediate joint quality on the pri-
mary joint strength over a wide range of ultrasonic energy
(i.e., 125 to 170 J) is essential to ensure the overall robust-
ness of the U + RSW process.

Alternating Current vs. Medium-Frequency
Direct Current Welding Machines

     Figure 6 shows the nugget size at the Al/insert and 
insert/steel interfaces as a function of the welding current
for AC vs. MFDC spot welding machines. The nugget size

obtained in the two different types of welding machines was
consistent, and it increased with increasing welding current.
For the welding time of 200 ms, expulsion occurred only at a
high welding current above 20 kA. Similar to the behavior
shown in Fig. 6, TSS of the dissimilar metal joints was com-
parable between AC and MFDC welding machines at the
same welding current, as shown in Fig. 7. At a welding cur-
rent of 19 kA, the peak TSS was about 3.7–4.0 kN with a
consistent failure mode of button pullout from the Al sheet.
For this case (i.e., current = 19 kA and welding time = 200
ms), the nugget diameter at the Al/insert and insert/steel
interfaces was 6.0 and 7.3 mm, respectively.
     For the button pullout fracture mode, the joint strength
and efficiency of the spot welds produced in AC vs. MFDC
machines were calculated and summarized in Table 4. As
shown in this table, there was an insignificant effect of the
power source used on the joint strength and efficiency. Since
MFDC machines are more widely used than AC machines in
the automotive industry, the results used in the subsequent
discussion are mainly for welds made in the MFDC machine.

AA6061 vs. AA3003 as Insert

     The intermediate joint was resistance spot welded to the
Al sheet with the electrode force of 3.56 kN and welding

Fig. 7 —  Effect of the RSW power source (AC vs. MFDC) on
TSS of U + RSW joints. Welding parameters were the same
as those in Fig. 6.

Fig. 8 — Effect of the insert material on the peak strength.
Welding time = 83 ms and electrode force = 3.56 kN.

Table 4 — Comparison of Joint Strength and Efficiency for Joints Produced in AC vs. MDFC Spot Welding Machines

       Power                       Welding Current                  Nugget                         TSS                                  Joint                                               Joint 
      Source                           and Time                        Radius                                                               Strength                                        Efficiency

       MFDC                         19 kA for 0.2 s                   3.28 mm                     3.712 kN                             3712        = 180.1 MPa                   180.1 = 58%
                                                                                                                                                       2 × 3.28 × 1                                        310

         AC                           19 kA for 0.2 s                   3.62 mm                    3.963 kN                           3963       = 174.2 MPa                  174.2 = 56%
                                                                                                                                                       2 × 3.62 × 1                                        310

*UTS of AA6061-T6 base metal was 310 MPa.

Fig. 9 — Macrostructure of the final Al/steel joint welded
using an F-type electrode on the Al side and a dome-shaped
electrode on the steel side. Welding current = 19 kA and
welding time = 67 ms in a MFDC machine.
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time of 83 ms in the MFDC machine. Figure 8 shows the
TSS as a function of the welding current for the two differ-
ent insert materials. Although the intermediate joint with
AA6061 was much stronger than that with AA3003 (see “Ul-
trasonic Spot Welding for Intermediate Joints” in this pa-
per), the peak strength of the final joints at various welding
currents was comparable for the two insert materials. Con-
sistent button pullout fracture was obtained at a welding
current of 19 kA. Because there was no obvious advantage in
the joint strength by using AA6061, and AA3003 had a low-
er cost than AA6061, the 0.3-mm-thick AA3003 was select-
ed as the insert in the following tests.

Electrode Geometry

     Figure 9 shows a typical macrostructure of Al/steel joint
made with an F-type electrode on the Al side and a B-type,

dome-shaped electrode on the steel side. In this case, the
steel bulged into aluminum, and the bulge height increased
with increasing welding current. Such bulge, resulting in an
expanded area of locking, was expected to be beneficial to
the strength of the weld in lap-shear tensile testing, accord-
ing to Chen et al. (Ref. 10). Moreover, Fig. 9 did not show
any remnant of the intermediate joint produced by USW, in-
dicating it was completely engulfed by the molten Al during
subsequent RSW.
     Figure 10 shows the effect of the welding current on the
nugget diameter for joints welded using the B-type, dome-
shaped vs. F-type electrodes on the Al side and AA3003 as
an insert in the MFDC machine. Nugget diameters at the
Al/insert and insert/steel interfaces increased gradually
with increasing welding current for both types of electrodes.
The dome-shaped electrode tended to result in expulsion
when the current was above 17 kA and the peak joint

Fig. 10 — Effect of the welding current on the nugget diame-
ter for B-type, dome-shaped vs. F-type electrodes used on
the Al side.

Fig. 11 — Effect of the welding current on the peak strength
and failure mode for B-type, dome-shaped vs. F-type elec-
trodes on the Al side. IF and BP designate interfacial fracture
and button pullout failure modes, respectively.

Fig. 12 — Effect of the welding time (83 vs. 200 ms) on the
nugget diameter as a function of the welding current. Welds
were made in a MFDC machine with 0.3-mm-thick AA3003 as
the insert.

Fig. 13 — Effect of the welding time (83 vs. 200 ms) on the
peak strength as a function of the welding current. Welds
were made in a MFDC machine with 0.3-mm-thick AA3003 as
the insert.
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strength was 3.2 kN at this current — Fig. 11. On the other
hand, the F-type electrode did not result in a significant ex-
pulsion until the current was above 21 kA. As shown in Fig.
11, the peak joint strength for the F-type electrode at 21 kA
was 3.7 kN. A possible reason for increased tolerance to ex-
pulsion in the F-type electrode is that this electrode distrib-
uted the current over a larger area at the Al sheet/insert in-
terface, thus reducing the local current density and ensuing
Joules heating. Considering the overall high joint strength
and consistent button pullout failure mode, the F-type elec-
trode was thus chosen as an improved geometry over the
dome-shaped electrode used on the Al side.

Welding Time of RSW

     It is generally expected that a short welding time is benefi-
cial to reduce the IMC thickness by limiting the time for IMC
growth. On the other hand, relatively long welding time, e.g.,
200–800 ms, was used by Chen et al. (Ref. 10) for RSW of Al
to steel. In this section, the results obtained for a short weld-

ing time of 83 ms and a relatively long welding time of 200
ms were compared. As shown in Fig. 12, the nugget diameter
at both Al/insert and insert/steel interfaces increased with in-
creasing welding time for the same welding current, as ex-
pected. At a welding current of 19 kA, the nugget diameters
at the Al/insert and insert/steel interfaces were 6.56 and
7.845 mm, respectively, for the welding time of 200 ms.
These diameters were about 21.5 and 8.7% larger than those
welded with a welding time of 83 ms. Corresponding to a larg-
er nugget diameter, the peak strength of the spot welds with
a welding time of 200 ms was higher than that of 83 ms at the
same current, as shown in Fig. 13. For instance, at a welding
current of 19 kA, the peak strength of the spot welds with a
welding time of 200 ms was 3.71  0.06 kN, which was 0.54
kN higher than that with a welding time of 83 ms. For the
welding time of 200 ms, consistent nugget pullout failure was
obtained when the welding current was equal to or higher
than 18 kA. For the welding time of 83 ms, the threshold
welding current for obtaining consistent nugget pullout fail-
ure was slightly higher at 19 kA.
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Fig. 14 — A — Macrostructure; B — zoomed-in SEM image of the IMCs formed on the top surface of the AA6061 sheet due to over-
melting for the long welding time of 200 ms.

Fig. 15 — IMC morphology at the center of the final weld. Insert material was 0.3-mm-thick AA3003-H14. Welding parameters were
welding current = 19 kA, welding time = 5 cycles, and electrode force = 3.56 kN.
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     Severe melting of the top surface of the Al sheet occurred
for the long welding time of 200 ms, which could result in
rapid electrode degradation due to the alloying of aluminum
with copper (Cu) electrode. A typical overmelted aluminum
surface is shown in Fig. 14. Based on EDS analysis, Al2Cu
formed due to the alloying of Cu with aluminum sheet. On
the other hand, overmelting did not occur with the welding
current of 21 kA for the short welding time of 83 ms. At the
same time, the peak TSS reached the same level as that
joined with the long welding time of 200 ms (see Fig. 13).
Overall, the short welding time (83 ms or 5 cycles) was
found to produce better weld quality with high peak load,
low electrode deterioration, and small porosity than the
long welding time of 200 ms.

Microstructure at the Interface of Al Insert to
Steel in the Primary Joint

     In general, Fe-Al IMCs form at the Al/steel interface due
to the limited solubility of iron in aluminum. The morpholo-
gy of IMCs formed after U + RSW with 0.3-mm-thick
AA3003-H14 insert is shown in Fig. 15. An up-to-1.4-m-
thick IMC layer was observed at the weld center with a flat
interface on the steel side, while needle-like shaped IMCs
grew into the Al sheet. The Fe and Al distributions across
the insert/steel interface indicate that the formation of the
IMCs was mainly controlled by interdiffusion of Fe and Al
across the interface of liquid Al and solid steel (Ref. 11).
Based on EDS analysis results, the IMCs formed at the
Al/steel interface were likely Fe2Al5 and FeAl3 adjacent to the
steel and Al insert, respectively.

Wedge Testing

     For single-sided wedge testing, the load-displacement
curves of welds with different welding currents are shown in
Fig. 16. Two stages can be observed in those curves. In Stage I,
the force gradually increased from 0 to 0.123  0.013 kN as
the insertion displacement increased initially to 1–1.5 mm.
Then the force was steady at 0.123 kN until around 10 mm, at

which the tip of the wedge was fully inserted between the Al
sheet and Al insert. In Stage II, the force rapidly increased
from 0.123 kN to the peak strength as the crack initiated and
propagated. For two “duplicates” at a welding current of 17 kA,
one failed by interfacial fracture at the insert/steel interface
and the other by button pullout from the Al sheet (Ref. 7); the
former had a much lower joint strength. With an increasing
welding current above 19 kA, the failure modes were consis-
tent button pullout from the Al sheet.
     For the aforementioned joint failed by interfacial frac-
ture, Fig. 17 shows the strain (xx) distribution measured by
DIC at different displacements in the load-displacement
curve. In Stage I (displacement = 8 mm), the wedge was in-
serted between the Al sheet and insert, bending both the Al
sheet clockwise and the Al insert and steel sheet counter-
clockwise. As shown in Fig. 17A, a small strain localization
was observed near the periphery of the electrode indenta-
tion on the Al sheet. No obvious strain localization was ob-
served at the Al/insert notch. At the peak load (displace-
ment = 10.77 mm) in Stage II, strain localization was clearly
observed at the Al sheet (left leg) due to the tip of the wedge
in contact with the Al sheet, as shown in Fig. 17B. Posttest
examination revealed a crack initiated at that location of
contact and propagated in the Al sheet. However, as the
wedge was inserted further, the strain localized at the Al/
insert notch quickly reached a maximum value of 0.16, as
shown in Fig. 17C. As a result, the second crack was initiated
at this notch and propagated along the IMC layer at the Al
insert/steel interface leading to the final interfacial failure.
     From the results in Fig. 17, it is deduced that the final
failure resulted from the following two competing cracking
mechanisms as shown in Fig. 18: 1) the strain accumulation
and necking at the Al sheet, and 2) the stress concentration
at the Al/insert notch. The final failure depends on the low-
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Fig. 16 — Load displacement curves for single-sided wedge
testing of joints welded at different welding currents. IF is the
interfacial failure, and BP is the button pullout from the Al sheet.

Fig. 17 — Strain (xx) distribution for a joint failed by interfacial
fracture at three insertion displacements: A — 8 mm; B —
10.77 mm; C — 11.16 mm. The left leg is the Al sheet, and the
right leg is the insert and steel. Welding current was 17 kA.

A

B

C
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er force required for the two competing mechanisms. At a
welding current of 17 kA, such competing forces were likely
comparable, thus resulting in the variability in failure mode
(i.e., either interfacial or button pullout). As the welding
current was further increased to 19 and 20 kA, the nugget
size was sufficiently large and the indentation on the Al
sheet was sufficiently high to cause consistent button pull-
out from the Al sheet. Under these conditions, the strain lo-
calized to the heat-affected zone near to the fusion bound-
ary in the Al sheet, as shown in Fig. 19A and B.

Summary and Conclusions
     In summary, a novel process, U + RSW, was significantly
improved for dissimilar metal joining of aluminum alloy
AA6061-T6 to cold-rolled 1008 steel. Particularly, the effect
of welding parameters, the intermediate joint quality, as
well as the insert material on mechanical properties and fail-
ure mode of the primary joint were investigated. The main
conclusions are as followed:
     1) A consistent failure mode of nugget pullout from the
Al sheet with TSS of about 3.7 kN was obtained for the fol-
lowing welding parameters: 0.3-mm-thick AA3003 as an in-
sert; F-type electrode on the Al side; B-type, dome-shaped

electrode on the steel side; welding current of 19 kA; and
welding time of 83 ms. Such sound joint strength was attrib-
uted to the thin layer of IMCs (less than 1.4 m) formed at
the Al/steel interface.
     2) An increase of welding time from 83 to 200 ms led to a
further increase in TSS, although severe electrode wear oc-
curred due to the overmelting of the Al sheet.
     3) The nugget size and peak load for the joints welded in
AC vs. MFDC machines were comparable, indicating that the
U + RSW process was not sensitive to the welding power
supply.
     4) The TSS of primary joints was not sensitive to the in-
termediate joint quality over a wide range of ultrasonic
welding energy of 125 to 175 J for AA3003 as an insert.
     5) Single-sided wedge testing allowed in-situ observa-
tion of deformation and failure under the coach-peel load-
ing condition. Two competing failure mechanisms were
found: I) the stress and strain concentration at the Al
sheet/Al insert notch responsible for interfacial fracture,
and II) the stress and strain concentration through the
heat-affected zone of the Al sheet responsible for nugget
pullout fracture. When the welding current was equal to or
above 19 kA, the second mechanism dominated, resulting
in consistent button pullout from the Al sheet.
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Fig. 18 — Schematics of two competing failure mechanisms: A — Button pullout; B — interfacial fracture.

Fig. 19 — Strain (xx) distribution for button pullout failure mode with a welding current of the following: A — 19 kA; B — 20 kA.
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