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The ever increasing demand for more resource-efficient and safer vehicles
in today’s automotive industry makes lightweight construction techniques
necessary. However, overcoming contradicting requirements arising from
lightweight design and safety remains a challenging task. The extent to
which lightweight measures can be applied in order to save fuel, heavily
depends on the fact that rising safety requirements have to be met by increasing strength of parts. This contradicting demand for parts with high
strength and low weight leads to the development of new production technologies. One example, regarding car body components, is the tailor welded
blank (TWB) technology. In tailor welded blanks, materials and thicknesses
are locally adapted to meet the needed strength and strain properties while
keeping the weight as low as possible. While tailor welded blanks consisting of similar materials with different thicknesses are already used in vehicles, the use of TWBs with dissimilar materials, e.g. steel and aluminum, is
still in development due to the problems in joining dissimilar materials.
Especially when manufacturing parts made of TWBs through joining and
subsequent deep drawing, the joint needs to have very good strength
properties in order not to fail during forming. One way to overcome these
joining difficulties is friction stir welding. In this paper, a methodology is
presented to produce multi-material tailor welded blanks with varying
thicknesses through friction stir welding (FSW) and deep drawing in a subsequent step. A newly developed FSW joint configuration is used to weld
steel sheets in 1 mm thickness to 2 mm thick aluminum sheets. A welding
parameter study is conducted to investigate the influence of the process
parameters on the joint quality. Tensile and Nakajima tests show that the
joint strength, obtained with optimal process parameters, exceeds the
strength of the steel base material. Thus, failure occurs in the steel,
whereas the joint remains intact. The friction stir welded blanks were furthermore deep drawn. Two different tool approaches were tested to compensate the different sheet thicknesses during the forming process. Using
the more suitable approach, blanks were deep drawn with three different
punch geometries to show the potential of friction stir welding for the
manufacturing of multi-material tailor welded blanks.

The ever-increasing trend of producing resource-efficient vehicles, which meet the
safety requirements, leads to the need of
new technologies. As a result, the demand

for light-weight and high-strength structures in automotive applications is steadily
growing. In order to reduce the weight of
the car body, tailor welded blanks are used,
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consisting of sheets of different materials
and thicknesses. The basic idea of the tailor welded blank technology is to locally
adapt material properties to the local
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strength and stiffness demands of complex
parts and components.
The first challenge in producing tailor
welded blanks consisting of different materials is the joining technology. Friction stir
welding (FSW) is a solid state joining process in which the materials are joined without reaching their respective melting temperature. This circumstance not only allows the joining of similar materials, but
also of different materials like aluminum
and steel. Invented in 1991 by The Welding
Institute [1, 2], this technology has found
many fields of application throughout the
last years. In FSW, a rotating tool is pressed
into the gap between two parts. The friction
between tool and parts produces heat,
which leads to plasticizing of the material.
The tool is then moved along the joint line.
The combination of translation and rotation of the tool transports the material behind the tool, thus creating the joint as
shown in Figure 1.
The most important process parameters
of friction stir welding are the rotational
speed, the feed speed, the axial force and

the tool tilt angle. When joining similar materials, the welding tool is placed in the
middle of the joint line. However, when
joining dissimilar materials, like aluminum
and steel, the welding tool is moved almost
exclusively in the softer material. This is
necessary to reduce tool wear as well as to
reduce the creation of brittle intermetallic
compounds.
In this paper, tailor welded blanks consisting of aluminum and steel sheets with
different thicknesses are manufactured
including the production processes of friction stir welding and deep drawing of the
joined sheets. A newly developed combined butt- and overlap-FSW-joint [3] is
used to weld sheets of aluminum and steel
of different thicknesses together. Zinccoated DX54D+ZM steel sheets having a
thickness of 1 mm are joined with 2 mm
thick AC600 as well as Al 6111 aluminum
sheets. A parameter study shows the influence of welding parameters on the joint
properties. The welded sheets are afterwards tensile and Nakajima tested as well
as deep drawn to show the potential of the
newly developed joining technology for the
production of tailor welded blanks.

Literature review

Figure 1: Schematic of friction stir welding

Figure 2: Typical failure types of deep drawing
of tailor welded blanks due to weld line
movement, a) initial position, b) tearing and
c) wrinkling (based on [14, 15])

In the following, a short overview is given
of current standards of aluminum steel
friction stir welding as well as forming of
dissimilar tailor welded blanks.
FSW of aluminum and steel. Elrefaey et
al. [4] friction stir welded commercially
pure A1100H24 aluminum with low carbon zinc-coated steel in overlap configuration. Welds with the tool tip slightly penetrating the steel surface showed the highest fracture loads. It was furthermore
concluded that the zinc coating has a positive influence on the strength of aluminumsteel-FSW-joints. Watanabe et al. [5] friction stir welded Al 5083 aluminum to a
mild steel in butt configuration. The joints
reached a maximum tensile strength of up
to 86 % of the aluminum base material. The
best results were also achieved in welds
where the tool penetrated the steel slightly.
The offset was defined as a measure of how
much the tool penetrates the steel. An offset of zero means that the pin is aligned
with the steel, a positive offset indicates
that the pin penetrates the steel and a negative offset means that the tool pin has
some distance from the steel. The offset
presents an additional parameter in FSW.
Analyses of the joints lead to the assumption that regions with intermetallic com-

pounds are fracture paths. Göttman et al. [6]
friction stir welded AA 6016-T4 aluminum
with DC04 steel in butt joint configuration.
The best joints showed an ultimate tensile
strength of 85 % of the aluminum base material and failed in the thermomechanically
affected zone of the aluminum. Further examples of aluminum-steel-FSW-joints with a
great variety of different steel and aluminum
alloys are summarized by Hussein et al [7].
As described in the works before, overlap
and butt joints are used to weld steel and
aluminum together. In the reviewed works,
the feed speed does not exceed 480 mm/
min, most authors used significantly lower
feed speeds.
Forming of tailor welded blanks. The
range of benefits of tailor welded blanks
include cost reduction by requiring less
forming dies as well as weight reduction
through the possibility to use materials
with different blank thicknesses. This,
however, is contrasted by the major drawback that forming these TWBs is challenging. Difficulties in forming tailor welded
blanks result from the use of materials
with different properties and thicknesses.
Here, major efforts have to be undertaken
in order to ensure a successful process.
Previous studies conducted by different researchers [8-10] report that formability
and fracture mechanisms of parts made by
friction stir welding are strongly influenced by the amount of mismatch in mechanical properties of the weld and base
materials.
Furthermore, not only the weld properties have a significant influence on the
forming behavior, but also the weld orientation [11-13]. For tailored blanks consisting of sheets with different thicknesses, a
flow of material transversally to the weld
line can lead to cracking or forming of
wrinkles as shown in Figure 2.
In order to achieve optimal stiffness
characteristics and crash behavior in car
body construction, it is often necessary to
design non-linear and non-matched weld
lines. The weaker material in the weld connection tends to flow earlier, compared to
the stronger material which leads to a
movement of the weld line towards the
stronger material.
The design guidelines for tailor welded
blanks are as follows: The weld line should
be placed in a way that the strain direction
is longitudinal to the weld line. Furthermore, the weld line should be located in
low-stretch areas. Taking both these guidelines into account, the weld line movement
can be reduced and, thus, the formability of
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Figure 4: Preparation of aluminum sheets for
welding
Figure 3: Combined butt and overlap joint
Yield strength
Rp0,2 (MPa)

Ultimate tensile strength Rm
(MPa)

Total strain at maximum
load Agt (%)

DX54D+ZM

151

289

39

AC-600

170

270

21

Al 6111 T4

161

274

18

Table 1: Mechanical properties of DX54D+ZM, AC-600 and Al 6111 T4

the tailored blank can be increased [14]. In
the past, additional, different methods
have been developed in order to reduce or
fully avoid weld line movement. One of
these inventions is described in US-patent
No. 5,941,110 [16]. Individual segments
are integrated in the die and the punch and
are used to clamp the weld line separately
before the actual forming operation starts.
With this technique, adaptive control of the
relative movement of the punch can be
achieved. Another method is to use a segmented blank holder, which, in literature,
is often referred to as a flexible binder. The
segmented blank holder is able to accomplish control of one segment while not being significantly influenced by the variation and distribution of other segments,
thus enabling a controlled flange draw-in
during the deep drawing process.
The forming behavior of tailored blanks
can also be improved by homogenizing
strain and thickness during the forming
process. In Mennecart et al. [17], a concept
to form tailored blanks of dissimilar
strengths using tailored dies made of two
different materials is presented. By means
of this method, improved blank thickness
distribution can be achieved compared to
the use of a conventional die consisting of
only one material.
In order to design a tailor welded blank in
an ideal way, knowledge about the forming
behavior and forming limits of the TWBs is
necessary. A major limiting factor of formability is the weld seam. There are different

C

Si

Mn

P

S

Ti

0.12

0.50

0.60

0.10

0.045

0.30

Table 2: Chemical composition of DX54D+ZM
(amount in wt.-%) [22]

methods suitable for characterizing the
formability of tailor welded blanks, such as
tension tests, Erichsen cupping tests or the
cylindrical cup deep drawing test. Previous
studies show that the strength of the friction
stir welded joint is comparable with that of
the weaker material. However, in none of
the experimental tests, limiting drawing ratios of the base material were achieved. This
is mainly due to the weld line movement
which significantly diminishes the deep
drawability [18, 19].

Experimental procedures
Welding of tailor welded blanks. The joint
FSW-configuration that was newly developed [20], is schematically shown in Figure 3. The joint consists of a combination
of butt and overlap configuration (see Figure 3b). A specially designed tool with a
stepped pin (see Figure 3a) is used to weld
aluminum and steel sheets of different
thicknesses together. The lower part of the
pin creates the butt joint, while the upper
part creates the overlap joint. As described
before, the tool has an offset into the steel.
Benefits of the combined butt and overlap
joint are very good static and fatigue
strengths as well as low tool wear. Drawbacks are increased tolerance requirements. First investigations using HC340LA
steel and EN AW 6016 T4 aluminum [3]
showed that an ultimate tensile strength of
up to 89.9 % compared to the aluminum
base material can be achieved. Further-

Si

Fe

AC-600

0.6-1.0

Al 6111

0.6-1.1

more, the joints showed excellent fatigue
strengths.
In this work, different materials are
welded. The zinc-coated steel sheet material DX54D+ZM is used due to its very good
forming characteristics. The mechanical
properties and chemical composition of the
steel can be found in Tables 1 and 2. For
aluminum, as the other join partner, the alloy AC-600 as well as the alloy Al 6111,
both in T4 temper, are used. AC-600 (Al
6451) is an alloy developed by Novelis
[21], which is specially designed for automotive applications and combines high
strength with good forming properties.
Al 6111 is an alloy which is also mostly
used in automotive applications, typically
for outer panels of car bodies. As shown in
Table 1, the two aluminum alloys have
very similar mechanical properties. The
main difference in chemical composition is
the amount of copper, as listed in Table 3.
The sheet thickness of the steel was chosen
to be 1.0 mm, the sheet thickness of the
aluminum alloys to be 2.0 mm. The chosen
materials are a combination that could be
used in automotive body applications.
The aluminum sheets were milled on
one edge in order to reduce the thickness
locally to 1 mm, as shown in Figure 4. With
this preparation, the combined butt and
overlap configuration can be welded more
easily than other versions of this joint configuration.
Welding was performed on a dedicated
FSW machine by ESAB, as shown in Figure 5. The machine is equipped with one
linear axis and can provide up to 25 kN of
axial force and a feed speed of up to
4000 mm × min-1.
A specially designed device using two
micrometers, as shown in Figure 6, was
used in order to conveniently adjust the offset. The two micrometers allow to position
the steel sheet precisely with regard to the
tool position in lateral direction. After the

Cu

Mn

Mg

Cr

Zn

0.4

0.4

0.05-0.40

0.4-0.8

0.1

0.15

–

0.4

0.5-0.9

0.10-0.45

0.5–1.0

0.1

0.15

0.1

Table 3: Chemical composition of AC-600 and Al 6111 (amount in wt.-%) [23]
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Figure 7: Forming Limit
Diagram with the
different strain conditions
(based on [25])

Rot. speed
(1 × min-1)
Figure 5: ESAB FSW machine

Axial force
(N)

Feed speed
(mm × min-1)

Tilt angle
(°)

Offset
(mm)

DX54D+ZM/ AC-600

1300

11000

1000

3

0.2

DX54D+ZM/ Al 6111

1100

11000

1000

3.5

0.3

Table 4: Optimal FSW parameters

Figure 6: Offset adjustment

steel sheets are clamped down, the micrometers are removed and the aluminum
sheet is positioned by aligning the milled
edge with the edge of the steel sheet. Both
sheets were cleaned with ethanol before
welding.
The optimal process parameters for friction stir welding of the selected material
combinations are listed in Table 4. These
parameters were used to fabricate all
sheets that were either tensile tested, deep
drawn or Nakajima tested in a subsequent
step. The used feed speed is higher than
current standards found in literature in order to meet industrial minimum require-

ments. The influence of welding parameters on the properties of the joint is analyzed in a parameter study with one parameter varying at a time.
Tensile testing. For tensile testing, a
Zwick 10 kN electromechanical universal
testing machine was used in combination
with a mechanical extensometer. The
measuring length of the extensometer was
chosen to be 50 mm with regard to
ISO 6892 [24]. The FSW seam was positioned in the middle of the measuring
length and oriented in rolling direction of
the joint partners.
Nakajima testing. The Nakajima test is
one of the most commonly used methods to
evaluate the formability of sheet metal materials under different strain conditions,
and to determine forming limit curves
(FLC) of the respective materials (see Figure 7). The shape and position of the FLC in
the Forming Limit Diagram (FLD) depend
on different factors such as material thickness, material strength and deformation
history. In order to obtain a complete form-

ing limit curve, six different specimens
with different widths, as shown in Figure 8, were tested in order to achieve different strain conditions.
The difference in thickness between the
steel and aluminum sheets has to be compensated. Otherwise, wrinkling of the thinner material, tearing near the weld region
and weld line movement, which will deteriorate the formability of the welded
blanks, will occur. There are several ways
to compensate the difference in thickness.
In this study, a shim was inserted below
the thinner blank. This is possible because
the blank holder pressure is high enough
to avoid draw-in of the thinner material
during the forming process, which is a requirement for valid Nakajima tests. With
the shim, the specimen is sufficiently
clamped between blank holder and die.
Tests to determine forming limit curves
of the base materials and the tailor welded
blanks were performed according to DIN
EN ISO 12004-2 [27]. The technical equipment used is depicted in Figure 9.

Figure 9: Technical
equipment for Nakajimatest (based on [26])

Figure 8: Geometry (in mm) of the Nakajima
specimens (based on [26])
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The Profi Press 160T type can provide a
force of up to 160 tons. A maximum drawing speed of up to 2.5 mm × s-1 can be performed. Each specimen is formed until
failure occurs. The measuring system
used in order to determine the deformation behavior of all specimens is the GOM
Aramis metrology system. With this measuring device, it is possible to measure
strains at the surface of a specimen without any contact during the whole deformation process.
Deep drawing. In order to evaluate the
feasibility of the friction stir welded blanks
as tailor welded blanks, the forming behavior was examined by using different geometries. Since the tailor welded blanks consist of sheets of different thicknesses, a
way had to be found to compensate for this
difference in thickness in the deep drawing
process and to guarantee a uniform blank
holder pressure. These examinations were
done using a cylindrical geometry of the
TBWs with a diameter of 100 mm. In the
first approach, an adaption of the upper
tool part was made. As shown in Figure 10a, the draw ring was divided into two
parts. The draw ring was stepped in order
to compensate the difference in thickness
of the TWBs. Additionally, a gap was included between the two halves to provide a
clearance for the weld line to be able to
move freely in the flange area during the
forming process. The deep drawing experiments, however, showed that this gap was
designed too large. As a consequence, parts
with wrinkles were produced due to the
lack of binder force in the gap zone. For
this reason, a conventional one-piece draw
ring without gap or step was used in the
second approach (see Figure 10b). In doing
so, optimal surface pressure on the flange
of the component, even in the weld zone,
can be achieved during deep drawing. In
order to compensate the stepped tailor
welded blank, an additional aluminum
sheet with a thickness of 1.0 mm was
placed on top of the steel part of the TWB.
With this approach, the occurrence of wrinkles and weld line movement was reduced
significantly.
Since the second approach allows for
deep drawing without modifications of the
tool, it was used to conduct experiments
with two other punch geometries in addition to the circular cups. Experiments were
done with rectangular cups and with a special geometry having a convex-concave
shape. In both cases, tailor welded blanks
were used, consisting of two aluminum
sheets with one steel sheet in the middle.

Results and discussion
Welding parameter study. In order to examine the influence of welding parameters,
a study with parameters, as listed in Table 5, was conducted. In addition to the rotational speed, axial force, feed speed and
tilt angle, the resulting ultimate tensile
strength of the respective joints is listed.

The strength is calculated with respect to
the thickness of the aluminum sheet. Figure 11, furthermore, shows the surfaces of
four selected friction stir welds. The starting point for the study were the optimal
parameters as listed in Table 4.
As seen in Table 5, a change of welding
parameters away from the optimum of
weld #1 in all cases results in a deteriora-

Figure 10: a) Tool
concept 1 and b) tool
concept 2 for deep
drawing round cups from
tailor welded blanks with
a difference in sheet
thickness (based on [26])

Figure 11: Surfaces of selected welds (DX54+ZM/Al 6111 T4)

Weld #

Rot. speed
(1 × min-1)

1

1100

11000

2

1400

11000

Axial force Feed speed
(N)
(mm × min-1)

Tilt angle
(°)

Offset
(mm)

Ultimate tensile
strength Rm (MPa)

1000

3.5

0.3

153 – failure in steel

1000

3.5

0.3

125

3

800

11000

1000

3.5

0.3

143

4

1100

13000

1000

3.5

0.3

145

5

1100

9000

1000

3.5

0.3

140

6

1100

11000

2000

3.5

0.3

insufficient

7

1100

15000

2000

3.5

0.3

141

8

1100

11000

500

3.5

0.3

insufficient

9

1100

8000

500

3.5

0.3

119

10

1100

11000

1000

3.5

0.1

137

11

1400

11000

1000

3.5

0.1

104

12

1100

11000

1000

3.5

0.5

146

13

1400

11000

1000

3.5

0.5

125

14

1100

11000

1000

2.5

0.3

142

15

1100

11000

1000

1

0.3

83

Table 5: Welding parameter study with DX54+ZM/Al 6111 T4 (the values in bold show the
varying welding parameters)
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Figure 12: Tailor welded blank
(DX54D+ZM/AC-600)

tion of weld strength. A higher rotational
speed (weld #2) leads to a higher heat input and therefore to the formation of brittle, strength-reducing intermetallic compounds. The reduction of rotational speed
(weld #3) reduces heat input which, in
turn, leads to a reduced thermal-mechanical activation. The change of axial force
(weld #4 and #5) changes the position of
the tool. This, in turn, leads to disturbance
of the welding process and weld formation.
The same effect occurs when the feed
speed is changed while keeping the other
parameters constant (weld #6). The higher
reaction force from the welding process
forces the tool in a position where the
shoulder only has insufficient contact to
the aluminum and no successful formation
of the weld can take place, as seen in Figure 11. If the axial force is increased
(weld #7), weld formation is – at least
partly – possible. Analogously, lower feed
speed leads to incorrect tool position,
which has to be adjusted by changing axial
force (welds #8 and #9). A change of offset

(welds #10 to #13) again leads to deteriorated joint strengths. This shows the need
for exact adjustment of the offset (see Figure 6). A change of tool tilt angle without
adaption of the other parameters, as already described, leads to a tool position
that does not allow for successful joint formation. Figure 12 shows a tailor welded
blank after welding with parameters as
listed in Table 4 before tensile testing or
deep drawing.
Tensile tests. The results of the tensile
tests of the aluminum base material, steel
base material and welded specimen can be
seen in Figure 13. The stress of the welded
specimen is calculated with respect to the
thickness of the steel sheet.
The stress-strain-curve of the welded
specimen shows the same ultimate tensile
strength as the steel base material. This
means that the line load the joint can bear
is higher than the line load the steel base
material can carry. The fracture strain of
the FSW joints, however, is significantly
lower than that of the base materials. This
can partly be attributed to the strain hindrance that is caused by joining sheets of
different thicknesses and materials.
As shown in Figure 14, failure in the
welded specimen occurs in the steel base
sheet, while the joint itself remains unaltered. Compared to the steel, the aluminum does not show large deformations.
This fact can be attributed to the different
sheet thicknesses. Although the tensile
strength of the aluminum is lower, the
higher thickness of the aluminum sheet
leads to higher bearable loads than for the

steel sheet. Only the steel showing large
deformations contributes to the relatively
low fracture strain of the FSW specimen
in the tensile tests.
Nakajima testing. In the following section, the results of the Nakajima tests of the
friction stir welded materials (DX54 in
1.0 mm and AC-600 in 2.0 mm) are shown.
In specimen geometries with a width of
20 mm, the crack always occurred in the
steel base material. For all other specimens
with different widths, no uniform failure
location could be found. The crack either
occurred in the steel material or in the FSW
seam. In Figure 15, major and minor
strains in the base material DX54D+ZM
(top) and in one specimen of the tailor
welded blanks made of DX54D+ZM and
AC-600 (bottom) are shown.
The different forming behaviors and different locations of the cracks can clearly be
observed. The similar mechanical properties but different thicknesses of the steel
and aluminum sheet (see Table 1) result in
a larger deformation of the steel sheet. This
inhomogeneous deformation results in a
weld line movement in the direction of the
aluminum sheet. For the steel base material, a symmetrical strain distribution with
the major deformation zone in the center
can be observed.
Figure 16 shows the forming limit curves
obtained in the Nakajima tests of the base
materials DX54D+ZM and AC-600, as well
as of the tailor welded blank. The steel
sheet shows the largest forming capacity,
while the aluminum alloy shows a smaller
formability with critical major strains in

Figure 13: Tensile tests of base materials and FSW joints

Figure 14: Tensile tested FSW specimen

Figure 15: Major (left) and minor (right) strain distribution of
a) the base material DX54D+ZM and b) of the tailor welded blanks made
of DX54D+ZM/AC-600 (based on [26])
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the range of 0.28-0.45. The tailor welded
blank shows a maximum major strain,
which is 20 % smaller than that of the steel,
but 32 % higher than that of the aluminum
base material. In the range of plane strain
(minor strain ≈ 0), however, the TWB shows
only very limited formability.
Derivation of the FLC of tailor welded
blanks using the experimental procedure
according to DIN EN ISO 12004-2 must be
seen critical if looking at the results, especially in the area of plane strain. No homogeneous, almost friction-less contact between TWB and die can be guaranteed due
to the weld line, distortions of the sheets
as well as the different thicknesses of the
sheets. Additionally, failure of the specimen does not occur in the center, as
shown in Figure 15. This leads to the conclusion that the determination of forming
limit curves according to the DIN EN ISO
12004-2 standard might not be suitable
for tailored blanks and further research
needs to be carried out to identify appropriate test methodologies. The results obtained in this work are only of comparative nature.
Deep drawing. Figure 17 shows circular
cups formed using the two different tool
approaches, on the left side tool concept 1,
and on the right side tool concept 2. As can
be seen, forming without failure of the
weld is possible with both tool concepts.
The gap between the draw ring halves of
the first tool concept, however, leads to formation of wrinkles since no pressure is applied in this area on the flange of the cup.
With the second tool approach, cups without wrinkle formation and only little weld
line movement can be formed.
In Table 6, the achieved draw depths of
the cups are listed. A draw depth of 30 mm
was achieved with the aluminum alloy and
the tailored blanks, while the steel base
material shows a slightly higher draw
depth of 32 mm. In the case of the tailor
welded blanks, no failure occurred in the
weld, but rather in the area of the punch
radius, i. e. in the aluminum base material
at the bottom of the cup. In the case of the
base materials, as expected, failure also occurred at the bottom of the cup.
Figure 18 shows two rectangular cups
that were deep drawn with a punch having
a length of 150 mm and a width of 100 mm.
The punch has a radius of 20 mm in the
corners and 10 mm in all other areas. A
blank holder force of 250 kN was used and
as for the circular cups and tool concept 2,
an additional aluminum sheet was used to
compensate the different sheet thick-

nesses. Cups with two different weld orientations, i. e. 0° and 90°, were formed.
The cups show a symmetrical deformation behavior, which can be attributed to
the three-piece tailored blanks consisting
of two aluminum sheets and one steel
sheet. In the 0°-orientation, a draw depth
of 33 mm was achieved while a draw depth
of 22 mm was achieved in the 90°-orientation. This difference can be explained by
the distance between the weld line and the
corner of the punch. When the weld is positioned on the shorter edge of the punch, a
higher lateral displacement of the weld occurs due to the higher tangential stresses
in the area of the corner. With increasing

Drawing depth (mm)

draw depth, the lateral displacement of the
weld increases and finally results in failure
of the joint.
Figure 19 shows a tailor welded blank
that was deep drawn using a punch with a
more complex, convex-concave shape.
Once again, a three-piece tailor welded
blank, an additional aluminum sheet – to
compensate the difference in thickness –
and a blank holder force of 250 kN were
used. As before, the two weld orientations
0° and 90° were tested.
With a weld orientation of 0°, successful
forming of the tailor welded blanks with a
draw depth of up to 44 mm was possible
(see Figure 19). In this case, the weld is

DX54D+ZM

AC-600

DX54D+ZM / AC-600

32

30

30

Table 6: Achieved drawing depths of circular cups

Figure 16: Forming limit
curves (FLC) of the base
materials and of the
friction stir welded TWB
made of DX54D+ZM
(1.0 mm) and AC-600
(2.0 mm) (based on [26])

Figure 17: Deep drawn cups (DX54D+ZM/AC-600) manufactured with a) tool concept 1 and
b) tool concept 2 [26]

Figure 18: Rectangular cups drawn with tool concept 2 with a weld orientation of a) 0° and b) 90° [26]
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Figure 19: Tailor welded blank deep drawn with
convex-concave punch

only subjected to tension and compression,
and therefore no failure of the joint occurs.
With an orientation of 90°, however, no tailor welded blanks could be successfully
formed. In this case, the weld is subjected
to a multiaxial stress state in the area of
the convex-concave shape, which results in
a higher load. In combination with the possibility that the tested blanks had variations in the strengths of the welds due to
the experimental process setup, this lead to
failure of the joints during deep drawing.

Conclusions and outlook
Tailor welded blanks consisting of steel and
aluminum in different thicknesses were
manufactured by friction stir welding and
subsequent deep drawing. Using a newly
developed FSW joint configuration, the mild
steel DX54D+ZM with a thickness of 1 mm
was welded to 2 mm thick aluminum AC600 and Al 6111 sheets. A welding parameter study showed that changes of e. g. 27 %
of the rotational speed or 50 % of the feed
speed lead to joints with inferior qualities.
With the appropriate welding parameters, however, welds were produced with
the joint strength exceeding the strength of
the steel sheet, i. e. failure during tensile
testing occurred in the steel base material.
Nakajima testing also showed that failure
in the base steel sheet and not in the weld
itself is possible during the forming process. The Nakajima experiments additionally showed the need to develop a suited
material characterizing procedure for tailor welded blanks consisting of sheets of
different materials and thicknesses.
In order to show the suitability of the
welding process to produce formed tailor
welded blanks, the welded sheets were successfully deep drawn using three different
punch geometries. Draw depths of up to

44 mm were achieved. In order to compensate the difference in thickness of the sheets,
an additional aluminum sheet was added on
top of the thinner steel sheet as skimming.
In doing so, no modification of the drawing
tools is necessary. The deep drawing experiments furthermore showed that appropriate
orientation of the weld line is crucial to produce blanks without failures.
This study is a first step to show the potential of friction stir welding to produce
multi-material tailor welded blanks with
different sheet thicknesses.
The relatively soft DX54D+ZM steel with
good forming characteristics is used. In order to fully exploit the potential of the friction stir weld joint configuration, steels
with higher strengths should be used. In
order to achieve the necessary joint
strengths for the forming of such material
combinations, optimization of the welding
process is necessary. One possible solution
may be to use heat treatment after welding.
The approach to use an additional aluminum sheet to compensate the difference
in the sheet thickness during the forming
process has the drawback that one scrap
part is produced during the forming of one
part. While this is acceptable for experiments, an alternative solution has to be
found for industrial implementation.
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