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Abstract 

Accuracy of springback prediction strongly depends on whether the unloading behavior of the material is properly considered in 
the material model or not. It is known that the stress-strain relationship for steel sheet during unloading is nonlinear. For accurate 
springback prediction, the nonlinear unloading behaviors should be observed not only under uniaxial, but also under multi-axial 
stress state, and properly considered in FEsimulations. In this study, unloading stress-strain curves of high strength steels under 
four stress states: uniaxial tension, plane strain tension, biaxial tension and shear, were experimentally obtained in several material 
tests. From the obtained curves with different prestrains, the average elastic moduli were calculated and converted into the 
equivalent modulus using the isotropic Hooke’s law. Moreover, the nonlinearity of the unloading stress-strain curve was evaluated 
by the instantaneous stress-strain slope. The average elastic modulus and the nonlinearity obviously differ by stress states, prestrains 
and types of steel. The investigated steels show the stress state dependency of the unloading behavior.  
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1. Introduction 

Accurate springback predictions are essential to reduce additional modifications of the stamping die especially 
when high strength steels are used. The springback is generally considered to be an elastic recovery when the 
constraints of the forming tools are removed. Therefore, the unloading behavior of the material should be properly 
modeled by a material model for accurate springback prediction. It is known that the stress-strain relationship for steel 
sheet during unloading is nonlinear and the average slope of the unloading curve decreases with plastic strain [1,2]. 
Several material models that consider the nonlinear unloading behavior have been developed, and the results of 
springback simulation utilizing the developed material model showed that the nonlinearity during unloading had an 
impact on the accuracy of springback prediction [3,4]. However, in most of those studies, the model formulations and 
parameter identifications are based on observations of uniaxial tension-unloading only. It is an open question whether 
the observed unloading behavior can be applied to other stress states. There are a few studies that evaluated the biaxial 
tension-unloading behaviors using cruciform specimens [5,6]. As a problem of the test, the deformation on the gauge 
area is limited due to fracture at the slit part. The obtained strain cannot cover the strain range in actual sheet forming. 
In this study, the unloading behaviors in high strength steels under four stress states (uniaxial tension, plane strain 
tension, equi-biaxial tension and shear) were experimentally investigated in several material tests to evaluate the stress 
state dependency of the unloading behavior and the influence of prestrain and type of steel on the unloading behavior. 

2. Experimental procedures and stress-strain determinations 

2.1. Materials 

In this study, 590 MPa HSLA (High Strength Low Alloy) steel, 590 MPa DP (Dual-phase) steel and 980 MPa DP 
steel were used. The thickness of the three steels is 1.2 mm and the mechanical properties are shown in Table 1. Yield 
stress YS, tensile stress TS and Lankford value r were obtained by tensile tests in rolling direction. Young’s modulus 
E, shear modulus G and Poisson’s ratio  were obtained by the resonance method following ASTM C1259 – 98. 

Table 1. Mechanical properties. 

Material YS (MPa) TS (MPa) r E0 (GPa) E45 (GPa) E90 (GPa) Gxy (GPa) G45 (GPa) 
HSLA590 452 636 0.62 208 198 218 76 84 0.253 
DP590 416 618 0.85 200 208 206 81 79 0.308 
DP980 702 986 0.82 202 211 210 82 79 0.305 

2.2. Uniaxial tension-unloading test 

The uniaxial tension-unloading tests were performed using a universal testing machine Z250 produced by Zwick 
Roell. Specimens following DIN EN ISO 6892-1 standard were used. The orientation of the specimen was rolling 
direction. Strain was measured by an extensometer. The specimen was loaded until the set prestrain and subsequently 
unloaded until the tensile load becomes 0 N. The loading–unloading cycles were repeated several times to obtain 
unloading stress-strain curves with different levels of prestrain in one test. 

2.3. Plane strain tensile test 

A test machine for the plane strain tensile test is the same as the one for uniaxial tension-unloading test. The notched 
specimens were used as shown in Fig. 1. The orientation of the specimen was rolling direction. The strain at the center 
of the deformed area was measured by a digital image correlation system ARAMIS produced by GOM. The tension-
unloading deformation was given to the specimen one time in one test. The difference of unloading behavior between 
single-cycle test and multi-cycle test is small enough to neglect [3]. The tests were carried out several times with 
different levels of prestrain. The tensile stress was calculated by dividing the tensile load by the current cross-sectional 
area on plane strain condition assuming that the strain in width direction is zero. 
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2.4. Hydraulic bulge test 

In hydraulic bulge test, a sheet metal forming machine BUP1000 produced by Zwick Roell was used. The blank 
for this test is a circular sample with a 200 mm diameter. Fig. 2 shows a schematic illustration of the test. ARAMIS 
was installed above the blank to measure the curvature radius  and the strain of the bulged blank. In order to protect 
ARAMIS from splashing oil at fracture, a glass plate was placed between the blank and ARAMIS. The blank is bulged 
by increasing in the hydraulic pressure p. At first, the preliminary monotonic bulge tests were carried out to determine 
the stop pressures for the loading-unloading bulge test. In the loading-unloading bulge tests, the blank was bulged 
until the pre-determined pressure and subsequently unloaded by decreasing the hydraulic pressure. 

For the calculation of the stress of the blank, the well-known membrane equations are commonly utilized. A relation 
between stresses, sheet geometry and hydraulic pressure can be established as p/t=x/x+y/y, where 
xandyare the stresses in the x and y axis,xandyare the curvature radii at the middle layer of the blank in each 
axis and t is the current sheet thickness at the dome apex. In previous studies dealing with the hydraulic bulge test, the 
two stresses (xandy) and the two curvature radii (xandy) are considered to be equal on the assumption of 
isotropy. Then, an equi-biaxial stress b is defined as b = p/2t. In this study, however, the stresses xandy were 
calculated separately to accurately evaluate the unloading behaviors in the single axis. This should be critical if the 
investigated steel shows significant anisotropy. Hill proposed a derivation of stress in each axis [7]: 
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Since ARAMIS measures the radii on the upper surface of the blank, those radii need to be corrected as follows: 
2ts

ii       (i= x, y) 
where i
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Fig. 1. Geometry of specimen for plane strain tensile test.             Fig. 2. Schematic illustration of hydraulic bulge test. 

2.5. In-plane torsion test 

Pöhlandt and Tekkaya proposed an in-plane torsion test for the determination of flow stress under shear stress state 
[8]. The experimental apparatus including servo motor, torque sensor, clamping tools and ARAMIS was installed to 
a universal testing machine Z100 produced by Zwick Roell. The specimen for the in-plane torsion test is a circular 
sample with 80 mm diameter. The outer rim and inner area of the specimen are clamped as shown in Fig. 3. By planar 
rotation of the outer fixture against the inner ones, the free circular area between the clamps is subject to planar simple 
shear. The shear stress  at radial position r is given by = M /(2tr2). M is the applied torque and t is the current sheet 
thickness. The shear strain is  given by  = rd/dr. d is the infinitesimal rotation angle and dr is the infinitesimal 
length in radial direction. A valuable advantage of this test is that it allows us to obtain a large number of cyclic shear 
stress-strain curves with different strains simultaneously in one test since the strain measurements are performed at 
locations with the different radii. 
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