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Abstract

In sheet metal forming, external energy is transferred to sheet metal through a set of tooling to plastically deform a workpiece. The
design of the tooling and its associated forming process parameters play important roles in this manufacturing process since they
directly a!ect the quality and cost of the "nal product. With increasing demands from customers, government regulations, and global
competition, the controllability and #exibility of stamping dies have been challenged. In this paper, we will summarize the research
activities conducted at the AdvancedMaterials Processing Laboratory at Northwestern University in the area of sheet metal forming.
An overview of our approach towards the system will be given followed by a summary of individual projects in the areas of failure
prediction, design and control of a variable binder force, and the segmented die design with local adaptive controllers. � 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The old adage says &Knowing the past is the "rst step
for preparing ourselves for the future'. As we enter the
next century, it is bene"cial to look back and review how
technologies evolved through the years. Take sheet metal
forming for example, in the past, it heavily depended on
the skills of metal workers. Each piece was hammered
artistically to provide a personal touch to the product.
However, with increased production demands, this pro-
cedure was replaced by an automated stamping opera-
tion, which today is one of the most widely used
manufacturing processes to plastically deform materials
into desired shapes. The popularity of stamping is mainly
due to its high productivity, relatively low assembly costs
and the ability to o!er high strength and lightweight
products. Interestingly, the transformation of external
forces into the sheet metal deformation is quite di!erent
from other manufacturing processes, such as machining
or layered manufacturing, where external energy is fo-
cused on the spot at which certain deformation is re-
quired by the use of a cutter or laser beam for example. In
a stamping/deep-drawing process, tooling consists of
a binder, a die and a punch. In the "rst step of the
process, energy is applied through the binder to the

periphery of the sheet metal as shown in Fig. 1. By
applying this binder force to the workpiece, a restraining
force is produced in the plane of sheet metal under the
binder. This restraining force consists of a frictional force
between the workpiece and tooling and/or the force to
overcome material hardening due to stretching and
bending/unbending through the draw bead radii. As the
process proceeds, external energy is applied as the punch
forms the material, and the restraining force prohibits
material from #owing into the forming cavity. Once the
tooling is produced, the controllable process variables
are binder force, lubricant and punch speed. In the pro-
duction environment, setting the punch speed to the
maximum possible press value is desired to reach the
highest production rate. As stamping applications are
moving towards a lubricant-free operation to produce
a more repeatable process and to address environmental
concerns, binder force is left as the only control para-
meter in a deep drawing process. In the cases where these
changes are not su$cient to manufacture parts success-
fully and ensure repeatability, tooling modi"cation is
required and this could be very costly and time consuming.

With the demands of better quality and rapid tooling
con"guration on the manufacturing #oor, tooling modi-
"cation is undesirable and could be eliminated through
enhanced controllability and #exibility in our next
generation stamping tooling. Controllability in this
paper consists of two aspects, the ability to control how
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Fig. 1. Schematic of sheet metal forming.

Fig. 2. A schematic representation of a computer-integrated system for
sheet metal forming.

Fig. 3. A typical forming limit curve.

material deforms through the determination of tooling
and process parameters during the design period and the
ability to vary process parameters during the forming
process using an open- and/or closed-loop controller.
Compared to machining or layered manufacturing, the
#exibility of one tooling set in stamping is limited by its
rigidity and the way that energy is applied to the sheet
material as described in the above paragraph. Recently,
a novel tooling design was proposed by Cao and Kinsey
[1] that has the promise of forming many unformable
geometries and/or materials if the conventional stamping
process were used. In each of the subsections below,
a review of a particular research topic is given followed
by the recent research results obtained in the Advanced
Materials Processing Laboratory (AMPL) at North-
western University. In general, the ultimate goal is to
eliminate soft prototype tooling in a computer integrated
system as illustrated in Fig. 2. The system typically in-
volves (1) utilizing computer aided design (CAD) data
throughout the entire design process (including part de-
sign and the design of subsequent manufacturing pro-
cesses) and part inspection; (2) using numerical
simulations to design tooling and forming parameters;
(3) providing for a computer-controlled forming process;
and (4) incorporating a computer-aided post-process
measurement system, etc. However, the complexities of
forming processes create many technical and practical

challenges to the development and realization of such
a computer-integrated system. In this paper, these chal-
lenges will be outlined brie#y together with our recent
research results to overcome these obstacles. Emphasis
will be given to parts 2 and 3 in the above list.

2. Controllability = prediction of failure

The goal of Numerical simulations is to produce fail-
ure free forming process and to reduce or eliminate
engineering changes of the tooling. Typical failure modes
include tearing and wrinkling.

It is believed that tearing in sheet metal forming is
dominated by localized deformation, which is related to
the current strain and strain history of one particular
material point. The forming limit diagram (FLD) pro-
posed by Keeler and Backofen [2] is widely used for
measuring acceptable strain states of material deforma-
tion without failure. A typical FLD has a forming limit
curve (FLC) as shown in Fig. 3. Material subjected to
linear in-plane tension (�

�
/�

�
"const., �

��
"0) can be

safely stretched until the FLC is reached. Experiments
have shown that changes to the strain path could sub-
stantially alter the forming limits. Experimental deter-
mination of the forming limits in all sheet metal forming
processes is not only tedious but also nearly impossible,
since the strain paths of material points are quite non-
linear and distinct from each other. Therefore, the ability
to accurately predict FLDs is in great demand. One of
the most common methods is the Marciniak}Kuczynski
(M}K) analysis [3]. A large amount of research work has
been performed to numerically predict the FLD using the
M}K method [4,5]. One of the "ndings is that the shape
of the yield function used plays a signi"cant role in the
accuracy of calculated FLDs. Research in the area of
yield description started in 1864 [6], when Tresca pro-
vided a phenomenological description about the yielding
of materials. This was followed by von Mises's work [7]
for isotropic materials and Hill's research [8] for ortho-
tropic anisotropic materials. With the increasing number
of aluminum sheet metal applications, which typically
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Fig. 4. Comparisons of the experimental and numerical FLDs of
Al2008-T4 prestrained in equal biaxial tensions of 0.04 and 0.17 and
tested perpendicular to the rolling direction. (Hosford's numerical re-
sults and experimental data was published by Graf and Hosford
[19,20]).

possess a FCC structure, it is found that the non-quad-
ratic yield function proposed by Hosford [9] has a better
representation. However, Hosford's criterion is applic-
able only for isotropic material, while Barlat [10] ex-
tended the analysis to represent the orthotropic behavior.
A more generic K}B criterion was proposed by Kara"llis
and Boyce [11]. The K}B yield criterion was constructed
by mixing two yield functions, �

�
and �

�
. As shown in

Eq. (1), �
�
represents a yield locus located between the

von Mises yield locus and the Tresca yield locus and
�
�

varies from the von Mises to a theoretical upper
bound as m changes from 2 to R.
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and S
�
is the principal value of the isotropic plasticity

equivalent (IPE) stress tensor as further de"ned below
and > is the average yield stress in uniaxial tension
obtained experimentally. A fourth-order tensorial oper-
ator, L, introduces the material anisotropy, i.e.,
S"L(�!B) where � is the Cauchy stress in the aniso-
tropic material, S is the IPE stress tensor, B is an irredu-
cible symmetric traceless tensorial state variable of the
second order, and L is a fully symmetric and traceless
fourth-order tensor. Barlat and his co-workers [12,13]
adopted the same approach of handling the anisotropy
to improve their previous yield criterion. In all the above
cases, a phenomenological yield function approach was
utilized to describe the initial yielding behavior, whereas
the plastic #ow of the material is determined by the
#ow rule. Another approach is based on Taylor's [14]
polycrystalline plasticity model, which describes both
the initial yielding behavior and the subsequent evolu-
tion of anisotropy with deformation [15,16], etc. How-
ever, the use of this approach is time consuming and it
becomes unrealistic to use in simulations of sheet metal
forming.

Using the K}B yield criterion discussed above and
following the standard M}K analysis procedure, the
FLD with non-linear strain paths was calculated in
[17,18] and compared with experimental results pub-
lished in [19,20]. As shown in Fig. 4, very good agree-
ments were obtained. In particular, two levels of equal
biaxial pre-straining straining, �

�
, were applied. Fig. 4

demonstrates that the combination of K}B yield cri-
terion and M}K analysis can be a powerful tool for
accurately detecting tearing failure in the numerical
simulations of sheet metal forming processes, where
non-linear strain path is almost always the case at the
critical areas (near punch radii or some feature lines, etc.).

Unlike fracture which is a local phenomenon depend-
ing only on the strain history of the material point, the

occurrence of wrinkling depends on the current stress
states of that material point as well as the part geometry
and the boundary conditions. Due to the page limitation
of this paper, a detailed review and our "ndings can be
found in [21,22], where a hybrid approach, which utilizes
analytical solutions combined with the "nite element
method (FEM), provides accurate predictions even for
complicated geometries.

3. Controllability = variable binder force

By understanding the mechanics of metal deformation
in sheet metal forming and having con"dence in numer-
ical simulations, the next logical step is to design the
process using numerical simulations. Very early attempts
utilized the slip line theory [23], upper bound analysis,
and lower bound analysis. An inverse method using de-
formation theory was developed for designing the initial
blank shape in [24]. Based on the minimum plastic work
principle, Chung and Richmond [25] proposed an ideal
forming theory to design the optimal blank shape and
forming procedures [26]. With the development of data
acquisition systems and computer hardware, the concept
of variable binder force was "rst introduced by Hirose
et al. [27]. More recently, the ability to change the binder
force during the forming process is no longer limited to
a research apparatus but is also available in commercial
stamping presses, which can be found in all the major
automotive companies' stamping plants. However, most
of the work found in the literature utilized a force traject-
ory generated by a trial-and-error approach. Using
a control element in their FEM model, Cao and Boyce
[28] monitored the tendency of wrinkling and tearing
and thereby, designed a single variable binder force
trajectory (see Fig. 5) for a conical cup forming using
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Fig. 5. An optimal VBF trajectory for conical cup forming [28].
Fig. 6. A stepped binder force in channel forming reduces springback at
a moderate strain.

numerical simulation. This trajectory was imple-
mented in experiments and led to a 16% increase in the
ultimate forming height of the cup over the traditional
processes.

The loop of a computer-integrated system is not
completed until the inclusion of an active process control.
Although e!orts from computational mechanics, solid
mechanics and tribology have resulted in much more
accurate predictions for a certain forming process, nu-
merical simulations cannot, and are not intended to,
cover all the normal process variations which occur in
the production plant. Such incoming variations should
be accommodated by e!ective process control to reduce
the "nal part variations. To achieve these goals, Fenn
and Hardt [29] developed a real-time closed-loop con-
trol system to alter the binder force during the forming
process using the actual punch force or material draw-in
as inputs. They obtained consistent forming heights des-
pite the presence of variations in the lubricant, blank
location and initial binder force. This approach was
adopted successfully by Jalkh et al. [30] for aluminum
cup forming. At around the same time, Cao and Boyce
[31] proposed to use drawbead penetration as another
control element for varying restraining force. The idea
was tested by the Weinmann group [32] and showed
promising controllability. One trade-o! of the closed-
loop control system is the increasing complexity of the
system. In recent studies [33,34], we used a neural net-
work to provide another avenue for process control. The
neural network determined the optimal processing para-
meters to accommodate for variations in binder force,
material thickness, friction condition and material prop-
erties. The results show that, the neural network was
successful at providing high binder force (HBF) and the
punch location (PD%) values for the stepped binder
force trajectory (Fig. 6) which produced acceptable
values of springback (�), 0.2}0.63, and maximum strain
(�), 8}10%, in the "nal product when faced with vari-
ations in the material strength hardening (K) of $20%,
the strain hardening component (n) of $16%, the sheet

thickness (t) of $25%, and the friction coe$cient (�) of
$65%. Experimental implementation of this control
system is successful and being reported.

4. Flexibility = segmented die with local
adaptive controllers

As mentioned in the introduction, the geometry and
#exibility of stamping is largely limited by the way that
the external force is applied. A novel forming concept was
proposed by Cao and Kinsey [35] as shown in Fig. 7 to
address the #exibility issue. Instead of limiting ourselves
to applying the external force through only the binder,
we proposed to have internal segmented dies to provide
additional constraints inside the forming area. The seg-
mented dies are controlled by a hydraulic cylinder above
and below the blank, incorporated into the punch and
lower die, respectively. While Fig. 7 only shows one set of
opposing hydraulic cylinders, multiple sets could be used
to clamp in several locations.

One immediate application for the SDLAC system
is the forming tailor welded blanks (TWBs). The term,
TWB, is derived from the notion that the automobile
designer is able to `tailora the location in the stamping
where speci"c material properties are desired. These
di!erences can be in the material's grade, gauge
thickness, strength, or coating, for example galvanized
versus ungalvanized [36]. Forming TWBs changes the
traditional forming-welding sequence to a welding}form-
ing sequence. TWBs add #exibility into the design pro-
cess and have generated enormous interest in the
automotive industry as of late due to the substantial
bene"ts they produce. These include reduced manufac-
turing costs due to fewer forming dies, elimination of
downstream spot welding operations, and reduced scrap;
weight reductions due to the combining of parts into
a single component; improved dimensional part consist-
ency from the reduction of inaccurate spot welding
processes; improved corrosion resistance through the
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Fig. 7. Schematic representation of segmented die with local adaptive
controllers.

Fig. 8. FLD for Al5182 and Al5182 TWB.

Fig. 9. Limit dome height sample.

elimination of lap joints by integration of reinforcements
[36]; and improved crash test results due to the increased
sti!ness of laser and mash-seam welds in comparison to
traditionally used spot welds [37].

While TWBs provide more #exibility in blank design
and a great potential for cost savings, the forming of
TWBs is more challenging due to material property
changes in the heat a!ected zone and the weld itself.
Signi"cant reduction in the potential elongation of the
TWBs has been reported. For a 6XXX Series Al Alloy,
the tensile strength in the HAZ can be reduced by as
much as 40% of the base metal's value [38]. In our recent
limit dome tests (Fig. 8) on Al5182, we found that the
forming limit at the plane strain loading condition drop-
ped to 8% compared to the original 20%. In the biaxial
limit dome height tension specimen shown in Fig. 8, the
material tears along the weldline at around 10% com-
pared to 23% for the base material case. This reduction
varies greatly based on the "ller alloy used in the welding,
post weld heat treatment or aging, and other welding

process parameters, such as amount and length of weld
heating. As shown in Fig. 9, the original centered weld
line has displaced towards the thicker material side dur-
ing the forming process. This is due to the thinner mater-
ial undergoing more deformation than the thicker
material. However, an ideal forming case would involve
a uniform deformation. In order to overcome the failures
encountered during forming, attempts have been made to
modify a traditional forming process to improve the
formability of TWBs. Ahmetoglu et al. [39] investigated
forming round cups with TWBs. In their work, the circu-
lar blank holder plate was cut, or segmented, in two with
respect to the side with the thicker, stronger material and
the side with the thinner, weakermaterial. Three nitrogen
cylinders were positioned under each portion of the
blank holder plate to vary the blank holder force applied
to the two di!erent material gauges. The thicker material
was subjected to a lower blank holder force, thus allow-
ing more material to #ow into the die cavity. This process
modi"cation was successful at reducing the weld line
movement and delaying tearing failure along the weld
line compared to the case where a uniform binder force
was applied to the TWB. In another e!ort to improve
TWB formability, Munzen [40] used the lower die
cushion from a production triple action stamping press
to clamp on the weld line during the forming process. The
die cushion supported the weld line when the blank was
initially placed across the die cavity. The part of the
punch opposite the die cushion would then contact the
blank prior to or just as deformation of the blank occur-
red. Once clamped, the part was formed entirely before
the weld line was released. This clamping prevented the
weld line from moving during forming. However, this
process required that the weld line be at the highest point
on the stamping in order for the clamping to occur
successfully. Using our system shown in Fig. 7, the weld
line can be anywhere in the curvature of the formed part,
not necessarily at the peak of the punch. Furthermore,
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Fig. 10. Door inner.

Fig. 11. Thickness contours of (a) the traditional tooling, Free Case and (b) the new proposed segmented tooling, Fixed Case.

the hydraulic cylinders would allow the weld line to be
released prior to reaching the "nal forming depth in
order to produce limited strain in the material near the
weld line, which is desirable for part integrity.

In order to examine the potential of our proposed
clamping mechanism for improving the formability of
TWBs, metal forming simulations of a geometry similar
to a door inner were conducted. A schematic of the punch
used in the simulations is shown in Fig. 10. The various
dimensions were scaled to that of door inners found in
industry [41] including the curvature of the stamped
part. Fig. 10 also shows the location where the weld line
will initially contact the punch. Note that the weld line is
in the direction of the punch curvature; therefore, oppos-
ing cylinders will not necessarily contact the punch at its
peak. Also, notice that the weld line is more complicated
than simply a uni-directional straight line, thus optimiz-
ing material usage of the thicker gauge material. In most
of the current applications, there is only one vertical weld
line in the door inner [41]. This design is due to the

limitations of current forming technology, not because of
functional requirements. Two cases were simulated.
A traditional metal forming process without a weld line
clamping force, the Free Case, and the Fixed Case where
the nodes in a circular area were restricted from moving
in the x- and y-directions to simulate the segmented
tooling. This "nite element analysis was performed on
the commercially available software package, LS-
DYNA3D. Details of the simulation can be found in
Kinsey et al. [42]. Fig. 11 shows the thickness reduction
contour plots for (a) the traditional tooling Free Case
and (b) the proposed segment tooling Fixed Case. Note
that the location of the weld line is visible on the Free
Case plot due to the large thickness reductions near the
weld line in the thinner gauge material while the thicker
material has signi"cantly less thickness reduction. The
maximum thickness reduction was 20.8% in the thinner
gauge material element located at the intersection of the
slanted and vertical weld lines. This indicates that tearing
failure would likely initiate in the sheet. In comparison,
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Fig. 11(b) shows the distribution of the thickness reduc-
tion for the Fixed Case. Note that the location of the
clamping mechanism on the thicker material side just
below the weld intersection is discernible in the Fixed
Case plot. The maximum percent thickness reduction
along the weld line for the Fixed Case was reduced to
6.3%. Signi"cant improvements in other forming para-
meters were also obtained.

The SDLAC concept improves the formability of
TWBs as demonstrated above. Furthermore, this system
can be applied to form regular blanks. The important
concept introduced here is that local control of metal
#ow into the forming cavity can be achieved through this
clamping device, which provides greater #exibility to
the process. In addition, the clamping system could be
utilized on multiple forming dies providing for reusable
tooling.

5. Conclusion

Sheet metal forming is a widely used manufacturing
process in the automotive, aerospace and appliance in-
dustries due to its high productivity, low manufacturing
costs, and the high strength to weight ratios of its "nal
products. Therefore, a complete computer integrated sys-
tem to optimize the process which incorporates all as-
pects of manufacturing from tooling design to process
parameter determination to "nal part inspection would
be bene"cial. Two of the areas in the complete integrated
system that need to be addressed are the controllability
and #exibility of the process. In this paper, an overview of
research projects at NorthwesternUniversity's Advanced
Materials Processing Laboratory are presented which
address these concerns. In particular, e!orts to address
material modeling, failure criteria, and process design
and control were discussed. Excellent results were ob-
tained in each of the areas improving the current state of
sheet metal forming. However, many issues still need to
be investigated to reach the goal of a completely integ-
rated manufacturing system.
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