
Introduction
     Resistance spot welding (RSW) has
been the dominant welding process
employed by the automotive industry
for joining of steel sheet for body
structures because of its inherently
low cost and high speed. Facing in-
creasing demand from the automotive
industry to utilize aluminum alloy
sheets for mass reduction and in-
creased fuel economy, it is thus desir-
able to continue using RSW as the
joining process to save considerable
costs in capital investment and facility
upgrades that would be required with
the introduction of other possible
joining techniques in existing RSW-
based body shops (Refs. 1, 2). Howev-
er, the presence of insulating oxide
layers on the aluminum alloy material
surface presents significant problems

in obtaining consistent spot welding
processes. This problem has been ad-
dressed with the invention of the mul-
tiring domed (MRD) electrode (Refs.
3–5). This process is currently used to
weld automotive structures and clo-
sures including the 2014 Corvette
Stingray (Ref. 5) and 2017 Cadillac
CT6, as well as numerous hoods,
doors, and liftgates.
     Quantitative determination of the
performance of aluminum alloy spot
welds is critical to safety and structural
life prediction (Ref. 6). Traditional ten-
sile tests such as lap shear, cross-
tension, and peel tests can report the
maximum load and load-displacement
curves for the tested nugget size and
weld schedule. However, such load-
displacement curves cannot be directly
converted into stress-strain curves of
the specific weld nugget or heat-affect-

ed zone (HAZ) material given the fact
that the actual area of the weld nugget
is unknown and because of the com-
plex stress state of the weld nugget.
The actual stress state of the weld
nugget is much more complex than
those applied during simple tensile
tests and depends on the base materi-
als, nugget size, loading condition, and
failure mode (Refs. 7, 8).
     What is desired is a general method
to evaluate the material properties of
the weld nugget and/or surrounding
heat-affected zone HAZ that could then
be used to extrapolate joint behavior in
both simple tensile tests and, eventual-
ly, vehicle structures. A new shear test
specimen and test procedure coupled
with digital image correlation was re-
cently developed by Kang et al. (Refs. 9,
10) and have been included in the latest
ASTM Standard B831-14 (Ref. 11).
Compared to the previous versions of
ASTM B831, a pair of notches were
added in the shear zone in the thickness
direction ensuring a simple shear state
in the shear zone in the new shear test
specimen (Ref. 10) and digital image
correlation was introduced to directly
measure the shear strain in the shear
zone. This new shear test specimen and
test procedure have been used to suc-
cessfully measure the constitutive be-
havior of aluminum sheet materials
(Ref. 9) and resistance spot weld
nuggets of aluminum alloy wrought
sheets at large strains (Refs. 12, 13).
     In this contribution, a newly devel-
oped shear test and test procedure was
used to directly measure the constitu-
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tive behavior of large strains of resist-
ance spot weld nuggets produced in
dissimilar aluminum alloy combina-
tions. The dissimilar alloy combina-
tions included die cast Aural-2-T7 to
die cast Aural-2-T7, die cast Aural-2-T7
to AA5754-O, and die cast Aural-2-T7
to AA6022-T4. Also included were the
heat-affected zones (HAZs) for the Au-
ral-2-T7 and AA6022-T4 combination.
In addition to microhardness testing
and metallography, advanced material
characterization tools such as focused
ion beam (FIB), transmission electron
microscopy (TEM), and associated
techniques, e.g., energy-dispersive
spectroscopy (EDS) were used to char-
acterize and understand the measured
constitutive behavior of the weld
nuggets and HAZ. 

Experimental
     The materials used in the present
study are typical for automotive body
applications and were 3-mm-thick
Aural-2-T7 (AlSi10Mg-T7) high-
pressure die cast sheets, 2-mm-thick
AA5754-O (Al-Mg3 solid-solution hard-
ened alloy), and AA6022-T4 (Al-Si-Mg
precipitation-hardened alloy) wrought
alloy rolled sheets. The chemical compo-
sition and nominal mechanical proper-
ties, respectively, of these materials are
shown in Tables 1 and 2. Tensile tests
were carried out per ASTM E557-10
(Ref. 14) at a nominal cross-head move-

ment speed of 1
mm/min to obtain
the baseline tensile
stress-strain curves
of the base alloy
sheets. 
     General Motors’s
proprietary MRD
resistance spot
welding process was
used to weld three
types of aluminum
dissimilar spot
welds, namely, Au-
ral-2-T7 to Aural-2-
T7, Aural-2-T7 to
AA5754-O, and Au-
ral-2-T7 to AA6022-
T4. Weld coupons
were 150 mm long
and 38 mm wide. Spot welding was
done using a medium-frequency DC
(MFDC) weld control and transformer.
The MRD electrode is made from
C15000 copper alloy and has a 12-mm
face diameter with a 25-mm radius of
curvature and 5 upstanding rings. The
spot welding schedules are shown in
Table 3. Some of the aluminum spot
welds underwent “baking” to simulate
the thermal history experienced dur-
ing the electrophoretic painting
process, i.e., e-coat employed within
the assembly plant paint shop, i.e., a
thermal cycle of 30 min in total at
177C. For the sake of simplicity, spec-
imens subjected to the e-coat bake

simulation are denoted as “baked sam-
ples,” whereas those not subjected to
the bake simulation are denoted as
“as-welded samples.”
     Some of the spot weld specimens
were sectioned through the cross sec-
tion perpendicular to the length direc-
tion and mounted for microhardness
measurements and macrostructure ob-
servations following standard metallo-
graphic procedures. 
     Shear specimens (Fig. 1) were made
with the shear zone located at the cen-
ter of the weld nugget for weld nugget
shear test specimens, or 6 mm away
from the center of the weld nugget for
the HAZ shear test specimens. The
depth of the shear zone shown in 
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Fig. 1 — Shear specimen design for the following: A — Aural2
T7 to Aural2T7 and Aural2T7 to AA5754O spot welds; B —
Aural2T7 to AA6022T4 spot welds where the AA6022T4 side
was removed; C — HAZ at the Aural2T7 or AA6022T4 side
where the other pieces were removed.

A

C

B

Table 1 — Nominal Chemical Composition of Aural2T7, AA5754O, and AA6022T4 (wt%)

   Element                     Si                     Mn                    Mg                 Fe                   Ti                       Sr                   Cu                Cr                 Zn               Al

 Aural2T7            9.5–11.5           0.3–0.6            0.1–0.4          ≤ 0.25            ≤ 0.1           0.01–0.018           —                —                 —             Bal.
 AA5754O                ≤ 0.4                 ≤ 1.0               2.6–3.6           ≤ 0.4             ≤ 0.15                  —                ≤ 0.1          ≤ 0.30          ≤ 0.20          Bal.
AA6022T4             0.7–1.5             ≤ 0.35           0.25–0.75        ≤ 0.30            ≤0.15                   —               ≤ 0.25         ≤ 0.10          ≤ 0.20          Bal.
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Fig. 1 for the weld nuggets was deter-
mined based on weld nugget macro-
graphs to ensure the entire shear zone
was within the corresponding weld
nugget. Wire electric discharge ma-
chining (EDM) was used to machine
the specimen contour while the notch
of the shear zone was machined using
sink EDM with a specially designed
electrode to ensure the notch edges at
the bottom were at 90 deg to the shear
zone on both sides of the sample.
More details on shear test specimen
preparation and shear test procedure
for aluminum resistance spot welds
are described in Ref. 12.
     A commercially available optical
digital image correlation (DIC) strain
mapping system, Aramis, was used to
follow the shear strain development
during the shear tests. In the present
study, the DIC system was used to di-
rectly measure shear angles as they are

the integral part of the full-field strain
measurements during the shear tests
(Refs. 11, 15). A random ink pattern
was placed on the sample surface us-
ing an airbrush prior to testing for
shear specimens. The DIC measure-
ments were made from a set of speci-
men surface images collected automat-
ically at 1-s intervals during the shear
tests. After the tests, the captured im-
ages were processed to obtain full-field
strain maps using the DIC system soft-
ware (Aramis). A set of ink pattern im-
ages before and after testing are
shown in Fig. 2.
     The instantaneous shear stress ()
was calculated using  = F/A0 where F
is the instantaneous force and A0 the
initial shear area. The instantaneous
average shear angle over the shear
zone was calculated and converted to
shear strain using  = tan (), where 
is the shear strain and  the shear an-

gle. The von Mises yield criterion was
used to convert the shear stress-shear
strain curves into effective stress-
effective strain curves, i.e., s = √3 , 
e = /√3, where s is the effective stress
and ethe effective strain.
     The TEM samples were prepared
using ion milling (Gatan PIPS) or FIB
(FEI Helios Nanolab DualBeam). All
TEM studies were carried out using
FEI’s Tecnai Osiris TEM equipped with
an X-FEG gun at 200 keV. Convention-
al bright-field/dark-field imaging,
SAD, and CBED techniques were used
for phase identification and crystallog-
raphy. STEM mode using bright field
(BF) and high angle annular dark field
(HAADF) detectors were used in com-
bination with EDS point detection and
elemental mapping. The HAADF im-
ages contain chemical information as
at higher angles, scattering is related
to atomic Z-number. 

Results and Discussion
     Macrostructures along with micro-
hardness line scans of all the spot
welds are shown in Figs. 3–5.
     From Figs. 3–5, it is seen that the
penetration is much greater into the
Aural-2-T7 side of the stack-up in both
the Aural-2-T7 to AA5754-O welds and
Aural-2-T7 to AA6022-T4 welds. Fig-
ure 5 exhibits the unusual microstruc-
ture formed with very little penetra-
tion into the AA6022-T4 side for the
Aural-2-T7 to AA6022-T4 spot welds.
The bonded area between the two
sheets is difficult to discern in the mi-
crostructure since wetting between
the two sheets occurs beyond the area
where shallow penetration can be
seen. The weld nugget size is easily re-
vealed during peel testing and was
found to meet the target. It is also in-
teresting to note in Fig. 4 that the di-
ameter of the weld nugget is notice-
ably smaller at the AA5754-O side
(e.g., 6.5 mm) than the Aural-2-T7 side
(e.g., 8.0 mm).
     It can be concluded from the micro-
hardness data presented in Figs. 3–5
that all the weld nuggets have signifi-
cantly higher microhardness than the
base alloy sheet. In addition, for the
baked welds shown in Figs. 4 and 5,
the nugget hardness remains un-
changed after the e-coat, i.e., the ther-
mal cycle does not impact the hard-
ness of the weld nuggets. No apparent
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Fig. 2 — An example of the random pattern used on the shear specimens for digital
image correlation: A — Before testing; B — after testing. The shear deformation is evi
dent in the shear zone (highlighted in boxes in red color).

A B

Table 2 — Nominal Main Mechanical Properties of Aural2T7, AA5754O, and AA6022T4

   Material            Yield Strength, MPa          Ultimate Tensile Strength, MPa     Elongation, %

 Aural2T7                   150–165                                        180–220                                14–20
  AA5754O                     90–130                                    Minimum 250                              23
 AA6022T4                   100–150                                   Minimum 200                              24
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microhardness change was seen in
the AA5754-O, Aural-2-T7 sides be-
fore and after the e-coat. However, in
the Aural-2-T7 to AA6022-T4 spot
welds shown in Fig. 5, an increase of
10 Hv is observed after the e-coat at a
spot 6 mm away from the center of the

weld nugget. This is the area of inter-
est chosen for the shear test of the
HAZ.
     Shear angle measurements from
the shear tests of the three types of
dissimilar aluminum alloy spot welds
under as-welded and baked conditions

were all obtained in-situ during the
shear tests. For the sake of simplicity,
only the shear angle maps at maxi-
mum load for the weld nuggets and
HAZ in the as-welded condition are
shown in Figs. 6 and 7. Based on these
measurements, the shear strains over
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Fig. 3 — Macrostructure and microhardness of Aural2T7 to Aural2T7 spot weld: A — Aswelded sample for welding schedule 1; B — 
aswelded sample for welding schedule 2.

Fig. 4 — Macrostructure and microhardness of Aural2T7 to AA5754O spot weld: A — Aswelded sample; B — baked sample.

A B

BA

Fig. 5 — Macrostructure and microhardness of Aural2T7 to AA6022T4 spot weld: A — Aswelded sample; B — baked sample.

BA

Kang Supplement July 2016.qxp_Layout 1  6/10/16  12:54 PM  Page 251



the shear zone were calculated and
converted to effective strains. Togeth-
er with effective stresses obtained
from shear stress measurements, the
measured effective stress-effective
strain curves of all three types of weld
nuggets and their HAZ are shown in
Figs. 8–10. Also shown in Figs. 8–10
are the corresponding true stress-
true strain tensile curves of the base
metals. 
     Figures 8–10 illustrate that the ten-
sile strength of all three weld nuggets
(triangular data) are higher than the
base metal substrate shown by the sol-
id line. Figure 8 shows data for the Au-
ral-2-T7 to Aural-2-T7 alloy combina-
tion, where no change in alloying oc-
curs between the two welded sheets.
In this case, the nugget still shows sig-
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Table 3 — Resistance Spot Welding Schedules(a)

       Spot Weld                        Force, kN             Preheat                      Preheat                           Cool                      Weld                     Weld rms(b)

                                                                               Time, ms                  Current, kA                    Time, ms               Time, ms                  Current, kA

         Aural2T7                             4.9                        30                           ~10.0                               10                         156                             33.3
       + AA5754O                                                                                                                                                                                                       

         Aural2T7                             5.3                        30                           ~10.0                               10                         156                             32.5
      + AA6022T4

         Aural2T7                             6.7                        50                             ~6.0                                10                         267                             27.0
       + Aural2T7                                                                                                                                                                                                       
(welding schedule  1)                                                                                                                                                                                              

Aural2T7 + Aural2T7                5.8                        50                           ~10.0                               10                         247                             29.5
(welding schedule  2)                                                                                                                                                                                              

(a) No post heat was used for any of the weld schedules.
(b) Pulsating DC current was used during the welding step and is given as rms current.

Fig. 7 — Shear strain maps at maximum load for the heataffected zone in “aswelded samples”: A — Aural2T7 to Aural2T7 spot
weld; B — Aural side in an Aural2T7 to AA5754O spot weld; C — Aural2T7 side in an Aural2T7 to AA6022T4 spot weld; D —
AA6022T4 side in an Aural2T7 to AA6022T4 spot weld.

A

A C D

B

B

C

Fig. 6 — Shear strain maps at maximum load for weld nuggets in “aswelded samples”.: 
A — Aural2T7 to Aural2 for welding schedule 1; B — Aural2T7 to AA5754; C — Aural
2T7 to AA6022.
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nificantly greater strength than that
found for the base metal substrate.
Figures 9 and 10 also reveal that the
effect of paint bake cycles on the ten-
sile stress-strain curves for the Aural-
2-T7 to AA5754 and Aural-2-T7 to
AA6022 weld nuggets is indeed negli-
gible, as the differences are within the
measurement error. 
     Tensile stress-strain curves for the
HAZ are also shown in Figs. 8–10. For
all three stack-up combinations, the
measured tensile stress-strain curves
in the Aural-2-T7 HAZ are slightly low-
er compared to that of Aural-2-T7 base
metal regardless of testing conditions,
i.e., whether as-welded or baked. This
means the HAZ in the Aural-2-T7 side
is indeed insensitive to the paint bake
simulation. 
     It is interesting, however, to note
that one sees a significant increase in
yield strength of the HAZ in AA6022-
T4 (Fig. 10) compared to the base met-
al substrate, but a corresponding de-

crease in work hard-
ening of the HAZ
compared to the
base material. This
is attributed to the
heat input of the
welding operation.
After the paint bake
cycle, an apprecia-
ble increase in yield
strength is ob-
served although the
work hardening re-
mains similar to
that observed in the
as-welded condi-
tion. This was likely
due to age harden-

ing as the bake temperature of 177C
is close to the solution aging tempera-
ture of 180C for AA6022-T4 (Refs.
12, 16). These observations are consis-
tent with those from the microhard-
ness testing but quantitative tensile
stress-strain curves were directly
measured from the areas of interest
within the corresponding spot welds. 
     The microhardness measurements
in the current work for the AA5754-O
in as-welded and as-baked conditions
indicate no HAZ, although metallo-
graphic analysis of AA5754 welds by
Zhang and Senkara does indicate a re-
gion adjacent to the weld having dark-
ened and widened grain boundaries in-
dicative of a HAZ (Ref. 17).

Figure 11 shows the FIB images of
the microstructure near the faying
interface of the Aural-2-T7 and weld
nugget for all three spot welds. From
Fig. 11, it is seen that the primary
aluminum grains and pure Si for all

three weld nuggets are much finer
compared to the die cast Aural-2-T7
base metal where typical spher-
oidized and isolated globules of Si are
present, indicating the addition of Sr
as a modifier in its chemistry (Ref.
18). The presence of Sr is confirmed
in the EDS elemental maps of Aural-
2-T7 alloy by TEM — Fig. 12. Never-
theless, the rapid cooling and solidifi-
cation produced by resistance spot
welding leads to grain refinement in
the weld nugget. This is postulated
as the main strengthening mecha-
nism responsible for the observed in-
crease in strength of the weld
nuggets. 
     All three weld nuggets were ana-
lyzed by TEM and the results are pre-
sented in Figs. 13–16. From the TEM
results of the Aural-2-T7 to Aural-2-
T7 weld nugget (Fig. 13), it is seen
that the structure consists of pri-
mary aluminum surrounded by an
aluminum-silicon eutectic containing
magnesium, manganese, and iron.
The grain boundaries for this weld
nugget are free of intermetallic parti-
cles, but the grain size is much finer
compared to the Aural-2-T7 base
metal alloy.
     The TEM results for the Aural-2-
T7 to AA5754-O weld nuggets are
shown in Fig. 14. These weld nuggets
are primarily composed of material
from the Aural-2-T7 substrate — Fig.
4. Figure 14 reveals primary alu-
minum surrounded by a more com-
plex eutectic structure. Intermetallic
particles are clearly seen in the alu-
minum-silicon-rich eutectic regions,
e.g., AlMgSi phase (Al0.45Mg1.55Si)
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Fig. 8 — Measured effective stresseffective strain of Aural2T7
to Aural2T7 spot welds.

Fig. 9 — Measured effective stresseffective strain of Aural2T7 to
AA5754O spot welds.

Fig. 10 — Measured effective stresseffective strain of Aural2
T7 to AA6022T4 spot welds.
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was seen in two morphologies (Fig.
15), one with a MgSiSr core (Fig.
15C) and one without (Fig. 15D).
Dendritic Si was seen in grain bound-
aries, and AlMnFeSi phase
(Al19Fe4Mn1Si2) within the Si den-
dritic region was observed as well.
     The TEM results for the Aural-2-
T7 to AA6022-T4 weld nuggets are
shown in Fig. 16. These weld nuggets
are composed almost entirely of ma-
terial from the Aural-2-T7 substrate
— Fig. 5. Figure 16 also reveals pri-
mary aluminum surrounded by a
more complex aluminum-silicon eu-
tectic structure. The needle-like
phase -Al5FeSi was seen in the eutec-
tic region — Fig. 16C. 
     In summary, further strengthen-
ing in the Aural-2-T7 to AA5754-O
and Aural-2-T7 to AA6022-T4 spot
weld nugget as shown in Figs. 9 and
10 are the direct result of the forma-
tion of various forms of intermetallic
particles within the Al-Si eutectic re-

gions surrounding
primary aluminum.

Conclusions
Three types of

spot welds between
dissimilar alu-
minum alloys,
namely, Aural-2-T7
to Aural-2-T7, Au-
ral-2-T7 to AA5754-
O, and Aural-2-T7
to AA6022-T4, were
successfully produced using General
Motors’s proprietary MRD resistance
spot welding process. The constitu-
tive behavior of these three resistance
spot weld nuggets as well as that of
the HAZ for the Aural-2-T7 and
AA6022-T4 side were determined us-
ing modified shear testing coupled
with digital image correlation. This
local-scale data of the specific weld
nugget and HAZ properties can be

used as input to multiscale modeling
of macroscale joints, an example of
which shall be published in a separate
body of work. 
     All the weld nuggets were found to
have higher yield strength than the
base Aural-2-T7 material. This was
found to be a result of grain refine-
ment that occurs during the resist-
ance spot welding process and would
be typical for any combination of Al
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Fig. 12 — A — STEM HAADF and corresponding EDS combination
map; B — corresponding EDS elemental maps of Aural2T7 .

A

B

Fig. 11 — FIB images of spot welds obtained from FIB. A —
Aural2T7 to Aural2T7 for welding schedule 1; B — Aural
2/T7 to AA5754; C — Aural2T7 to AA6022T4. Red dash lines
in each image guide the boundaries of the weld nugget and
Aural2T7.

A

C

B
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alloy stack-ups containing at least one
cast alloy because of the relatively
fast solidification rates inherent in re-
sistance spot welding. Further
strengthening due to the formation
of intermetallic particles within the
aluminum-silicon eutectic region was
found in the Aural-2-T7 to AA5754-O
and Aural-2-T7 to AA6022-T4 dissim-
ilar spot welds. The formation of the
intermetallic particles was caused by
the alloying between the dissimilar
metal substrate materials; thus, the
extent of strengthening is a function
of the weld nugget diameter and rela-
tive amounts of penetration, as well
as the alloy composition of the base
materials.
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tion map; B — corresponding elemental maps of Aural2T7 to
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Fig. 14 — A — STEM bright field and corresponding EDS combi
nation map; B — corresponding elemental maps of Aural2T7 to
AA5754O spot weld.
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Fig. 15 — A — STEM HAADF image and corresponding composi
tion EDS map; B — corresponding EDS elemental maps of the
grain boundary region in Aural2T7 to AA5754O spot weld
zone showing two different morphologies of AlMgSi phase
shown in C and D along with corresponding electron diffraction
patterns showing Al0.45Mg1.55Si phase. The morphology
shown in C has a core of MgSiSr.

Fig. 16 — A — STEM bright field and corresponding EDS combination
map; B — corresponding elemental maps of Aural2T7 to AA6022
T4 spot weld; C — the needleshaped phase in the grain boundary
area is Al5FeSi shown in higher magnification.

A A

B B

C C

D

Kang Supplement July 2016.qxp_Layout 1  6/10/16  12:54 PM  Page 256


