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Current welding technologies for production of aluminum tailor-welded
blanks (TWBs) are utilized in low-volume and niche applications, and they
have yet to be scaled for the high-volume vehicle market. This study targeted
further weight reduction, part reduction, and cost savings by enabling tailor-
welded blank technology for aluminum alloys at high volumes. While friction-
stir welding (FSW) has been traditionally applied at linear velocities less than
1 m/min, high-volume production applications demand the process be
extended to higher velocities more amenable to cost-sensitive production
environments. Unfortunately, weld parameters and performance developed
and characterized at low-to-moderate welding velocities do not directly
translate to high-speed linear FSW. Therefore, to facilitate production of high-
volume aluminum FSW components, parameters were developed with a
minimum welding velocity of 3 m/min. With an emphasis on weld quality,
welded blanks were evaluated for postweld formability using a combination of
numerical and experimental methods. An evaluation across scales was ulti-
mately validated by stamping full-size production door inner panels made
from dissimilar thickness aluminum TWBs, which provided validation of the
numerical and experimental analysis of laboratory-scale tests.

INTRODUCTION

The introduction of high-speed friction-stir weld-
ing (FSW) at linear velocities amenable to high-
volume automotive production has the potential to
revolutionize the current joining and assembly
paradigm for aluminum stampings. Although laser
welding has effectively enabled the welded blank
market for steel,1–4 the unique metallurgical chal-
lenges associated with fusion/laser welding alu-
minum have prevented the adoption of laser
welding technologies for aluminum blanks.5–8 This
is evidenced by a significant increase in the use of
more expensive riveting technologies9,10 in the
assembly of stamped aluminum panels rather than
use of welded blanks. An effective high-speed
welding technology would enable increased weight
reduction through the use of tailor-welded blanks
(TWBs), which allow for part simplification, mass

savings, and decoupled assembly at a reduced cost.
Simply put, high-speed FSW of aluminum-welded
blanks has potential to simultaneously reduce both
mass and cost.

Recent announcements throughout the automo-
tive community demonstrate an increased commit-
ment to the overall usage and implementation of
aluminum alloys for lightweight vehicle construc-
tion. With aluminum vehicles produced as early as
190211 the use of aluminum alone in the production
of automobiles is not novel, yet such intense and
exclusive usage in high-volume production is
unprecedented. As such, technologies that support
the efficient and effective usage of aluminum alloys
throughout the body-in-white are in increasingly
high demand to offset the cost penalty of replacing
steel with aluminum. One such technology is the
use of TWBs, with a welding technique that has
enabled automotive manufacturers to optimize
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material thickness, alloy, or temper to minimize the
overall weight of a part.1,3,4,12 This is achieved by
applying localized engineered material require-
ments only to specific locations rather than dis-
tributing them across entire body panels.

Tailor-welded technologies were first introduced in
the United States in the 1960s and subsequently
were moved to Europe by Volvo in 1979.13 At that
time, blanks were produced by either electron beam
or resistance mash seam welding, and only later in
the 1980s did butt welding of TWBs come to fruition
with the introduction of laser-welding technologies
into automotive production by ThyssenKrupp
(Essen, Germany). Since the 1990s, laser welding has
been the preferred joining method for the production
of TWBs in nearly every variety of automotive sheet
steel.12,13 Several suppliers now provide laser-weld-
ed steel blanks and coils, which are available in both
linear and curvilinear weld seam configurations.

For more than a decade, research related to the
production of aluminum TWBs has been available.
Specific studies describing the weldability of alu-
minum sheets have characterized numerous joining
techniques including laser, electron beam, gas
tungsten arc, and FSW.5,6,8,14–16 Each methodology
has been shown to have specific advantages and
disadvantages associated with the joining of alu-
minum alloys, which overall have proven much
more problematic than welding automotive steel
sheets. These difficulties are inherent in the physi-
cal chemistry of aluminum alloys and are most
apparent when striving to manage a weld pool of
molten aluminum. In this state, aluminum main-
tains a higher affinity for hydrogen than the sur-
rounding atmosphere, so the association of
hydrogen in the weld pool is common even with the
use of traditional cover gases. Exfoliating during the
solidification process, these gas particles often leave
deleterious volumetric defects in their wake.2,6 This
behavior is exacerbated by the presence of organic
lubricants that are used transport aluminum
sheets. These lubricants can become trapped on the
welding edge of a sheet during the shearing process
prior to welding, and therefore they are not
eliminated with the use of cover gases during the
welding process. As such, they are present during
the fusion process, allowing the greater affinity of
the molten aluminum to claim the available hydro-
gen atoms.

Additional difficulties have challenged traditional
welding techniques, including increased thermal
diffusivity when compared with ferrous materials,
overall challenging solidification kinetics, molten
viscosities, surface oxide, and so on.8,17 As such, the
introduction of more novel welding techniques, such
as FSW, has been commonly investigated; numer-
ous researchers have reported successful weld-
ability devoid of historic challenges. FSW, a solid-
state joining process, avoids the difficulties associ-
ated with melting and solidification. Because weld-
ing occurs below the melting point, this process

takes advantage of the reductions in both yield
stress and flow stress to locally extrude the interface
of the aluminum sheets into a seamless joint.

Comparisons between available joining technolo-
gies for production of aluminum TWBs show that
postweld formability of blanks produced using solid-
state FSW is generally superior to those using
fusion based technologies.7,18 FSW also benefits
from an ability to join without prior removal of
shipping lubricants and oils, which are problematic
for welding technologies that rely on localized
melting and therefore require more rigorous and
costly cleanliness requirements. However, FSW
technology has previously lacked the ability to
demonstrate high-volume production readiness be-
cause of lagging welding speeds. The production of
aluminum TWBs using FSW has been available for
nearly a decade for use in low-volume automotive
applications19 by Audi (Herndon, VA). The welding
speeds used for such production (less than one
m/min) are generally significantly lower than travel
speeds of commercial laser welding technologies,
which regularly weld at speeds from 6 m/min to
10 m/min. With few exceptions, the majority of data
available for aluminum blanks produced via FSW
were produced at welding speeds below 0.5 m/
min.20–22 Several authors have examined speeds
beyond 1 m/min;14,23,24 however, these only cover
limited thickness ratios up to 1.5:1. For application
in high-volume vehicle production, welding speed is
a significant factor influencing part cost. The focus
of this work was to develop and characterize high-
speed FSW of aluminum TWBs that could further
enable greater use of mass-saving aluminum alloys
in high-volume production applications.

EXPERIMENTAL DETAILS

All welding reported herein was made between
dissimilar thickness AA5182-O sheets of 1.2 mm
and 2.0 mm thicknesses. The details of the material
properties and other weld conditions have been
reported previously.25 The only constant parameter
used in the development of high-speed FSW was a
fixed linear velocity (welding speed) of 3 m/min.
Other parameters related to welding conditions and
tool designs evaluated are listed in Table I.

All weld process development was performed on a
high-precision FSW machine located at the Pacific
Northwest National Laboratory. The welds were
oriented such that the advancing side of the weld
was positioned on the thick side of the dissimilar
thickness pair. Weld development panels were
approximately 600 mm long by 225 mm wide, such
that a welded panel had a total width of 450 mm.
Although the tool geometry varied according to the
features included in Table I, all tools were based on
a flat shoulder system with a concentric pin.
Figure 1 displays several representative examples
of tool geometries resulting from the variations
noted in Table I.
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The tensile properties and probabilistic forma-
bility limits of the welded material were established
by evaluating a statistically significant population
of transverse and longitudinal tensile specimens. As
FSWs produced in dissimilar thickness cannot be
evaluated using traditional tensile specimens,
Fig. 2 illustrates the representative geometries of
tensile coupons used to evaluate the mechanical
properties and determine the conditions of safe
strain for the welded coupons.

Initial postweld formability was evaluated using a
series of Interlaken servopresses (Interlaken Tech-
nology, Chaska, MN) to perform limiting dome
height (LDH) tests of the welded dissimilar thick-
ness blanks. All testing was performed with a 101.6-
mm diameter spherical punch at a rate of 10 mm/
min. A Correlated Solutions digital image correla-
tion (DIC) system (Correlated Solutions, Columbia,
SC) was used to monitor strain development from
the top side of the welded panel while the LDH
punch applied pressure to the bottom. This setup

Table I. Design factors for evaluating high-speed friction-stir welding

Tool variations Parameter variations

Shoulder-to-pin diameter ratio (S:P) 2.5:1, 3:1 Plunge depth (mm) 1.85, 2.00
Pin length (mm) 1.5, 1.75, 2.0 Tool tilt angle (pitch) 1�, 0�
Pin features Taper, flats, threads Tool roll angle 3.82� (tangent), 3�
Shoulder features One scroll, two scrolls Rotational velocity (rpm) 1100, 1500, 1950

Fig. 1. End views of representative tools used for the experiments. (a) Tapered pin, single scrolled shoulder, shoulder-to-pin diameter ratioS/P = 3.
(b) Pin with three flats, single scrolled shoulder,S/P = 2.5. (c) Pin with three flats, double scrolled shoulder, S/P = 3. (d) Threaded pin, double scroll,
S/P = 3. (e) Isometric view of the tool. (f) Schematic cross-section of a 2 mm long pin with three flats, double scrolled shoulder with S/P = 3.

Fig. 2. Representative geometries for tensile coupons of welded
aluminum TWBs.
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allowed for height and pressure measurement from
the press to be correlated with strain measurements
of the dissimilar thickness specimen. As a means of
validating finite-element models, LDH testing was
also performed on aluminum panels that had been
machined from monolithic sheets of AA5182-O into
representative TWB geometries with thickness
ratios ranging from 1:1 to 3:1. The machined slope of
the transition between thick and thin sides of each
monolithic specimen corresponded to the FSW tool
shoulder diameter of 12.7 mm.

RESULTS AND DISCUSSION

There are several important areas to discuss in
relation to the development of a high-speed FSW
process that enables high-volume production of
aluminum TWBs. A comparative look at how the
welding process evolved to accommodate high speed
development is a natural starting point for a dis-
cussion of production-focused welding parameters
and tooling. Next an examination of the results of
the statistical design of experiments data that
directed the selection of final parameters and tool-
ing is warranted. As these results are directly con-
nected to the mechanical properties and postweld
formability of the welded panels, a discussion of the
relevant statistical analysis will naturally lead to a
more focused consideration of the formability of the
aluminum TWB. This in turn allows for an explo-
ration of how actual formability compared with the
simulated results. These analyses ultimately sup-
port how the technology moved from laboratory-
scale testing and simulation to the prototypical
stamped components presented in Fig. 3.

Traditionally, FSW tools used in aluminum alloys
were focused on geometries that are effective at
welding speeds below 1 m/min. Although variations
of tool designs are used to tailor properties for
specific aims, a general rule of thumb for FSW
aluminum sheet is to use a threaded tool tilted at an
angle of 3� normal to the workpiece such that the
heel of the tool sits deeper into the material than the
leading edge.24,26,27 Unfortunately, the conventional
wisdom presented in more than a decade of lit-
erature was less effective when translated to high
welding velocities. Initial welding trials demon-
strated that tool tilts greater than 1� increased tool
drag as demonstrated by increased forces in the
welding direction. This produced deleterious effects
of both surface quality and overall distortion in the
welded panel. Additionally, higher tool tilt was
shown to produce greater weld flash and reduced
thickness of the weld nugget because of deeper
engagement of the shoulder at the trailing edge. The
tool tilts listed in Table I were selected to avoid any
reduction in thickness throughout the weld region,
to minimize welding forces and weld flash, and to
reduce potential sheet distortion. Representative
roughness data presented in Fig. 4 show a smooth
weld crown that may be used without any subse-
quent machining operation.

The tool roll angles defined in Table I were set to
accommodate two specific positioning paradigms.
While previously reported studies23 focused on
using tools with convex shoulders and higher tilt
angles to avoid inducing any tool roll, such strate-
gies do not permit thickness ratios much beyond
1.5:1. Because this work was focused on greater
thickness ratios, the introduction of a roll angle

Fig. 3. Prototypical door inner panel stamped from AA5182-O TWB including (a) a stack of as-welded TWBs, (b) laser-trimmed TWB, (c) TWB
positioned in the stamping die, and (d) stamped differential gauge aluminum door inner panel.
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discussed by von Strombeck et al.14 ultimately al-
lowed for welding across sheets with greater than a
2:1 thickness ratio. The two approaches investigat-
ed herein provide for conditions noted as tangent
and less-than-tangent to the normal of the abutting
faces. In the case of the tangent setup, the edges of
the 12.7-mm-diameter shoulder just contacts the
surfaces of each of the two sheets such that a weld is
produced that exactly transitions from the surface
of the thin sheet to the surface of the thick sheet
over a 12.7-mm (diameter of shoulder) distance. For
the less-than-tangent case, the tool is slightly rolled
toward the thick sheet with the intent to slightly
pad the final welded section of the thin sheet. While
the differences in the roll angles are less than a
single degree (3.82� (tangent) versus 3�), these re-
sults suggest that the tangent condition provides a
better overall welding condition. When evaluated
with interactions of other factors, the tangent con-
dition was better for higher rotational velocities,
lower tool tilt angles, and more shallow plunge
conditions that prevented the shoulder from

plunging excessively into the surface. Figure 5
presents the microhardness data from a represen-
tative weld, showing an expected rise in hardness
associated with the work-hardenable alloy. A cor-
responding macrograph in Fig. 5 shows a defect-free
weld with no flash.

A Taguchi design of experiments approach was
executed in Minitab (Minitab Inc., State College, PA)
to systematically investigate the effects of various
welding factors on resulting weld quality and me-
chanical properties. The Taguchi method used a
structured and organized dataset to define rela-
tionships between process factors and responses
with a significantly reduced number of experiments
compared to full factorial runs. A total of 36 runs
were prescribed by MinitabTM which resulted in a 33
unique tool designs used with different combinations
of weld control variables listed in Table I. An
evaluation of weld parameters as presented in
Figs. 6 and 7 was based on weighted and combined
results that included transverse tensile strength,
ductility, biaxial formability, surface roughness, and
extent of weld flash. These results where then nor-
malized to rate them from zero to one for ease of
comparison. A more detailed explanation of this
Taguchi-based design of experiments was provided
previously.25 These data present the outline for
justification of which welding trends provided the
best high-speed FSW solution and allow for com-
bining both welding parameters and tool design into
a single solution matrix. The main effects alone
showed that higher rotational velocities of 1500 rpm
and 1950 rpm were more likely to produce good
welds, but also suggested that there was little dif-
ference above the midpoint. Tapered pins with flat
features were clearly more beneficial than threads at
a welding speed of 3 m/min, which is a change from
the conventional wisdom for welding aluminum
alloys. Additionally, the following conclusions can be
reached from careful study of the data: Some degree
of tool tilt was better than none, tool roll angles
leading to a tangent condition showed better overall
results than the less-than-tangent condition, the
smaller pin diameter leading to the low condition for
the shoulder/pin diameter ratio was significantly
better, and longer pin lengths were better for weld-
ing the sheet thicknesses included herein. Although
these main effects are obvious, the interactions
among different welding parameters become
important in ultimately defining the best joining
solution. This point is demonstrated most effectively
by studying the interaction between plunge depth
and pin length. For both the 1.5 mm and 1.75 mm
pin lengths, the shallow plunge condition 1.85 mm
was preferred. However with the 2.0 mm pin length,
the trend not only completely reversed, but also this
combination demonstrated nearly the greatest
combined effect of any factors evaluated herein.

Ultimately, the evaluation of the statistical fac-
tors and interactions presented in Figs. 6 and 7
enabled selection of high-speed FSW parameters

Fig. 4. Plot showing the variation in surface roughness associated
with the weld surface along the centerline of the weld as indicated by
the dashed line along the inlaid image of the weld.

Fig. 5. Microhardness data from a high-speed (3 m/min) friction-stir
weld made in AA5182-O. Etched macro cross-section of the weld
shows defect-free and flash-free weld region.
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and tooling that minimized weld flash, maximized
strength and formability, and yielded repeatable
and consistent weld surfaces and properties. These
welds were then scrutinized further to determine
their probabilistic fracture properties.

To provide guidelines for an allowable forming
limit of the friction-stir welded aluminum TWB a
probabilistic forming limit diagram (FLD) for the
TWB was developed. A formability envelope for the
TWB that included the effects of the weld region

Fig. 6. Plots showing the influence of each individual factor (tool feature or process parameter) on resulting weld response in the design of
experiment approach.25 A higher number represents a greater fit with the measured responses of tensile strength, formability, surface rough-
ness, and minimal weld flash.

Fig. 7. Interaction plots showing the influence of the combined effects of factors in the design of experiment approach used to evaluate the
combined influence of tool geometry and process parameters on enabling high-speed FSW of aluminum TWBs. A higher number represents a
greater combined fit with the measured responses of tensile strength, formability, surface roughness, and minimal weld flash.
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was established using a combination of the
Marciniak and Kuczynski method (M–K method)28

and experimentally measured localization strains in
the weld material. The M–K method hypothesizes
that preexisting geometric imperfections in sheet
material are the sites of eventual strain localization
and fracture during biaxial stretching. The region
outside of the imperfection is assumed to be homo-
geneous. With this assumption, an FLD is calcu-
lated by numerically applying loads on the sheet
and tracking strains in both imperfect and homo-
geneous regions. The fracture occurs when the
imperfect region accumulates strain at a much
higher rate than the homogeneous region. See the
discussion by Davies et al.29 for details.

Imperfection levels for a TWB population were
determined from a series of tensile tests performed
on weld samples at both longitudinal and transverse
orientation (30 samples each). The geometric details
for the tensile tests are included in Fig. 2. Major
and minor strains prior to crack initiation were
obtained from each sample using a DIC technique.
The level of imperfection that corresponded to
measured major and minor strain for each sample
was calculated using the M–K method. Figure 8
presents the safe strains and corresponding imper-
fection levels f obtained for each of 30 transverse
tensile specimens. This process was carried out for
both transverse and longitudinal tensile specimens
to determine the level of strain just prior to
incipient necking. A statistically based level of
imperfection was then assigned to the TWB
population assuming Weibull probability distribu-
tion as presented in Fig. 9. These calculations were
useful in determining a FLD for the overall dis-
similar thickness welded blank with an acceptable
fracture rate of 1 part per 1,000. This reduced FLD,

shown in Fig. 10 (gray line), compared with the FLD
from the monolithic material (black line), was used
as one of the deterministic fracture criteria
employed in evaluating the formability of the
as-welded materials via finite-element analysis
(FEA). The commercial finite-element software
Abacus Explicit (Dassault Systèmes Americas Corp.,
Waltham, MA) was used to model sheet deformation
behavior under a hemispherical die to simulate LDH
tests. A two-dimensional axisymmetric model was
used to simulate an aluminum sheet of various
thickness combinations. The punch and die were
modeled as analytical rigid surfaces, whereas the
aluminum sheet was modeled of shell elements with
a thickness offset from the die direction.

Fig. 8. Plot showing the variation in equivalent strain prior to the onset of through-thickness necking in transverse tensile samples in conjunction
with the calculated level of imperfection for each tested sample as determined using the M–K method.

Fig. 9. Plot of the Weibull probability distribution of individual
imperfection levels (f) calculated on the basis of a theoretical FLD
using the M–K method. This graph was utilized to determine the safe
level of strain for the desired fracture rate.
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Formability simulations of the LDH test were
produced with three separate fracture criteria. As
the AA5182 material is a work-hardening alloy,
initial isotropic material properties associated with
base metal properties were used to simulate how the
tapered geometry and differences in sheet thick-
nesses influenced the overall welded blank forma-
bility. Table II displays the comparative results of
the conditions simulated with isotropic and
anisotropic properties. The anisotropic conditions
provided unique properties of the welded material
for that section of the model, and simulated LDH
based on two distinct fracture criteria. The first was
a condition in which any portion of the simulated
dome achieved an equivalent strain exceeding 18%,
which was comparable with the tensile data
obtained from the welded sheet and monolithic
materials. The second condition used the statisti-
cally determined FLD to impose unique material
properties in the welded material based on the
probabilistic performance of the welded panels as
measured via the longitudinal and transverse ten-
sile specimens discussed previously. This statistical

approach relies on calculating a level of imperfec-
tion associated with the introduction of a weld into
otherwise monolithic materials, which have their
own unique inherent level of imperfection.

As the predictions based on the statistically
determined FLD exhibited the lowest available
LDH of any of the simulated results, it is notewor-
thy to evaluate these findings. The FLD fracture
criterion was designed to establish a limit of strain
based on the probabilistic performance of the weld-
ed material, which would assure that no fractures
would occur when applying this criterion. As such,
the overall predicted ‘‘safe’’ dome height should be
notably less than an actual test sample. The calcu-
lation of the level of imperfection that enabled this
statistical determination essentially requires that a
safety margin is designed into the fracture criterion
to avoid finding statistical variation in practice that
would be outside of the predicted values.

The comparative plot of simulated and actual
dome heights in Fig. 11 presents how finite-element
modeling in Abaqus Explicit compared with the
dome heights of specimens that had been machined
from monolithic material. In all cases, the dome
height simulated via FEA underpredicted the actual
performance of the machined specimens. In com-
paring the actual FSW panels of AA5182-O in
thicknesses of 1.2 mm and 2.0 mm (a thickness
ratio of 1.66:1), the monolithic machined sheets
achieved a dome height of 19.2 mm, with a
simulated height of 16.6 mm. The actual welded
specimens achieved an average dome height of
18.3 mm, suggesting that the welds did reduce
actual monolithic performance. Nevertheless,
although the simplified FEA performed herein is
adequate to represent trends, it was not capable of
accurately predicting the actual performance. It is
hoped that greater sophistication in simulating the
variation of material properties along with the
functional changes in properties under strain will
provide increased accuracy. The FEA presented
herein seemed to accurately represent the geometric

Fig. 10. Comparative plot of the monolithic FLD of AA5182-O with
the reduced FLD for safe-forming plot in gray.

Table II. Comparison of simulated dome heights
with various fracture criteria for dissimilar
thickness (2–1 mm) aluminum-welded blanks with
a smooth tapered transition at the weld

Limiting dome heights (mm)

Isotropic Anisotropic Anisotropic FLD

14.75 13.85 13.75

Fig. 11. Comparative plot of simulated and actual measurement of
LDH for various sheet thickness ratios.
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discontinuities introduced by joining dissimilar
thickness sheets as shown with the trends predicted
across a variation in thickness ratio.

CONCLUSION

While welding technologies for production of alu-
minum TWBs currently have yet to be scaled for the
high-volume vehicle market, the results of this
study demonstrate that further weight reduction,
part reduction, and cost savings may be achieved
using high-speed FSW to join aluminum TWBs at
high volumes. FSW, which has traditionally been
applied at linear velocities less than 1 m/min, was
demonstrated to be effective for producing dis-
similar thickness aluminum TWBs at linear
velocities of 3 m/min. Traditional weld parameters
developed at low-to-moderate welding speed did not
directly translate to high-speed linear FSW. How-
ever, judicious use of a statistical design of
experiment approach helped to establish effective
functional relationships between tool geometry and
process parameters, thus leading to optimized FSW
parameters and tool design to enable high-volume
production of TWBs with acceptable formability
characteristics.

With an emphasis on overall weld quality, alu-
minum TWBs were evaluated for postweld forma-
bility using a combination of numerical and
experimental methods. Simulation of postweld
formability was evaluated with three distinct frac-
ture criteria, which were subsequently compared
with as-welded and machined dissimilar blanks.
These comparisons demonstrated that finite-
element modeling provided useful data to trend the
effective formability differences associated with the
geometric discontinuity created by a dissimilar
thickness joint. For thickness ratios ranging from
1.5 to 3.3, the simulation provided a conservative
estimate of the changes in dome height during LDH
testing of the dissimilar thickness blanks.
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