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1 Motivation

The Forming Limit Curve (FLC) is an instrument widely used for the quantitative descrip-
tion of the sheet metal formability [1, 2]. Various methodologies have been proposed for
the experimental determination of the FLCs. The FLC should cover the entire deformation
domain specific to sheet metal forming processes [3]. In general, the strain combinations
span between those induced by uniaxial and biaxial surface loads [4]. The experimen-
tal methods commonly used for investigating the deformation domain of the FLCs are
presented in the following section.

The uniaxial tension of flat specimens having circular notches (proposed by Brozzo
and de Lucca [5]) allows the exploration of the tension-compression range (left branch
of the FLC). By using relatively wide specimens, it is also possible to reach the plane
strain point. The positive-positive region (right branch) of the FLC can be reproduced in a
hydraulic bulging device equipped with dies having circular or elliptic apertures. Different
load paths belonging to the tension-tension domain result by varying the eccentricity of
the elliptic aperture [6]. Other procedures used for the experimental determination of
the FLCs are those based on the punch stretching principle. Keeler [7] used circular
specimens and spherical punches with different radii in order to modify the load path. In
general, the punch stretching test developed by Keeler is able to investigate only the right
end of the tension-tension FLC branch. Hecker [8] extended Keeler’s methodology to the
whole tension-tension domain by improving the lubrication on the contact surface between
punch and specimen. A notable development of this experimental procedure is due to
Nakazima [9]. He used a hemispherical punch having a constant radius in combination
with rectangular specimens with different widths. In this way, Nakazima was able to
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explore both the tension-compression and the tension-tension domains of the FLC. By
using circular specimens with lateral notches, Hasek [10] removed the main disadvantage
of the Nakazima test, namely the wrinkling of wide specimens. In order to reduce the
frictional effects in the case of the flat punch drawing test, Marciniak [11] developed the
so-called double blank method (specimen placed on the top of a carrier blank). He was
able to obtain different load paths by modifying the cross section of the punch (circular,
elliptic or rectangular). Grosnostajski [12] improved Marciniak’s test by changing the
geometry of the specimen and carrier blank. One may notice that none of those procedures
are able to reproduce the whole strain domain of the FLC.

Therefore, an innovative procedure for the experimental determination of entire defor-
mation range of the FLCs has been proposed [13]. The procedure is based on the hydraulic
bulging of a double specimen.

2 New Procedure

The formability test proposed by the authors is based on the hydraulic bulging principle.
It is well known the fact that, in its standard version, hydraulic bulging is only able to
reproduce a biaxial tension in the polar region of the specimen. The capabilities of this
test can be extended if the specimen has a pair of holes pierced in symmetric positions
with respect to the pole. Of course, the presence of the holes creates a technical problem,
namely the need of sealing the hydraulic chamber of the experimental device. The solution
of this problem consists in placing a carrier blank under the pierced specimen. The carrier
acts both as a transmitter of the increasing pressure developed by the hydraulic agent and
a deformable punch.

Figure 1 presents the principle of the new formability test. One may notice that the
pierced specimen and the carrier blank are firmly clamped between the die and the blank

Fig. 1 Schematic view of the new formability test [13] (Copyright of Figures: Elsevier 2013)
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Fig. 2 Strain paths obtained in the hydraulic bulge tests: comparison between the numerical simu-
lation and experimental data [13] (Copyright of Figures: Elsevier 2013)

Fig. 3 Geometric parameters of the specimens [13] (Copyright of Figures: Elsevier 2013)
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holder. The bulging of the specimen and carrier is caused by the increasing pressure
applied on the lower surface of the carrier. The geometric characteristics of the pierced
specimen are the dimensions and the reciprocal distance of the holes. By varying these
parameters as shown in Fig. 3, it is possible to obtain different load paths during the
hydraulic bulge test and, consequently, to investigate the whole deformation range of an
FLC. The methodology proposed in [13] allows determining at least five different points
on the FLC, in accordance with the specification of the standard ISO 12004-2 (see Fig. 2).

3 Results and Applications

Figure 4 compares the FLCs obtained using the methodology proposed by the authors and
the Nakazima test (according to the specifications of the international standard ISO 12004-
2). In both cases, the limit strains have been measured using the ARAMIS system. Each
measuring point represents the mean value of three specimens. The limit strains have
been determined according to the standard ISO 12004-2 methodology implemented in
the ARAMIS system. One may notice that the limit points obtained in the plane-strain
case are almost the same for both methodologies. In the uniaxial and biaxial regions, the
FLC obtained when using the new methodology is slightly translated to lower values of
the major principal strain. This fact is in agreement with the theoretical considerations
presented in the literature (see, for example, Fig. 9.7 in [14]). Because the fracture takes

Fig. 4 Forming Limit Diagram of the AA6016-T4 sheet metal [13] (Copyright of Figure: Elsevier
2013)
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place at the pole in the case of the hydraulic bulge test, the corresponding limit strains are
smaller than in the case of the hemispherical punch stretching. When the rigid punch is
used (Nakazima test), the frictional interactions reduce the strain level in the polar region
and distribute the strain over a larger area. This leads to a better formability of sheet metals
subjected to hemispherical punch stretching.

4 Potential

The new method has numerous potentialities, qualifying it as a testing procedure for the
FLC determination:

1. Capability of investigating the whole strain range specific to the sheet metal forming
processes

2. Simplicity of the equipment and of the specimen configuration
3. Reduction of the parasitic effects induced by the frictional interactions between the

specimen and other components of the experimental device
4. Occurrence of the necking and fracture in the polar region of the specimen

5 Conclusion

An innovative procedure for the experimental determination of the FLCs has been pro-
posed. The methodology is based on the hydraulic bulging of a double specimen. The
upper blank has a pair of holes pierced in symmetric positions with respect to the center,
while the lower blank acts both as a carrier and a deformable punch. By modifying the di-
mensions and reciprocal position of the holes, it is possible to investigate the whole strain
range specific to the sheet metal forming processes.
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