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ARTICLE INFO ABSTRACT

Keywords: The response of the dual-phase steel DP 590 under continuous loading and unloading from a biaxial stress state
Bauschinger effect is examined using a combination of experiments and analysis. The experiments utilize cruciform specimens of a
SPriIfgbaCk ) custom geometry that develop quite uniform strain fields in the test-section and allow the development of large
i;‘;;ft‘;:;ytem“g strains (>12%, depending on the loading path). Experiments along 9 radial stress paths in the first quadrant of

the plane-stress space were performed. The first part of each unloading and reloading follows the prediction of
orthotropic elasticity using the initial elastic properties. A second linear slope is observed, before the responses
become fully non-linear. The non-linear strain recovery is measured to be about 1/5 of the linearly elastic strain for
this material. Furthermore, the chord modulus reduces exponentially to a value of ~90% of the initial. The biaxial
cruciform experiments are also used to determine contours of constant plastic work and to calibrate the Y1d2000-
2D anisotropic yield function. A combined isotropic/kinematic hardening model with a simple exponential-decay
shrinkage of the yield surface is adopted. The non-linear unloading response is represented by a 4-term Chaboche
non-linear kinematic hardening model using the Ziegler back-stress evolution rule. Plasticity during unloading is
assumed to occur as soon as deviation from proportionality is detected. The 4 terms are necessary for capturing
both the second linear slope after (re-) yielding and the work-hardening stagnation observed in the experiments.
The agreement between experiments and predictions for the induced strain paths is very good. The predictions
of the non-linear strain recovery are good overall, and are independent of the yield surface adopted. In summary,
it is proposed to capture the biaxial unloading behavior using a constitutive model that includes an anisotropic
yield function suitable for predicting the induced strain paths, and a non-linear kinematic hardening rule suitable
for predicting the tension-compression behavior of the material at hand.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The loading history during plastic forming is most of the times non-
linear, including strain-path changes and unloading. The same is by
definition true for multi-step forming processes, where the material is
formed progressively, and then unloaded and transferred to the next
forming die. After every unloading, the material experiences spring-
back, i.e., release of the recoverable part of the total strain applied
during forming (e.g., [73] and the references below). The prediction
of springback both at the intermediate steps and at the end of a pro-
cess chain is critical for correct design of the forming dies, especially for
the modern materials used for automotive lightweighting. In particular,
the advanced high-strength steels develop higher stresses during form-
ing in comparison to mild steel, so that the recoverable strain is greater,
too. Similarly, aluminum and magnesium alloys have lower moduli than
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mild steel, so that the recoverable strain is also greater. Furthermore, nu-
merous manufacturing processes involve repeated loading and unload-
ing, such as pulsed tube hydroforming [18,63] and sheet drawing in a
servopress [56]. For all these reasons, the detailed exploration and the
accurate modeling of the unloading behavior of materials is of interest.

The Bauschinger effect (BE) is the reduction of yield stress when the
loading direction reverses (e.g., from tension to compression). The effect
was first described by Bauschinger [7] on wrought iron and mild steel.
More recently, Orowan [9,64] put forward the idea that the BE is caused
by pinning and bowing of dislocation lines on obstacles, so that stresses
imparted in the crystal in this fashion during prestraining add to or sub-
tract from the applied stress, which appears macroscopically as perma-
nent softening upon a loading reversal. Deak [19] performed torsion—
reverse torsion experiments on polycrystalline steel, iron and copper.
He highlighted the benefit of increased sensitivity in the measurement
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of strain in improving the measurements of BE — which prompted us
to adopt electrical-resistance strain gages in this work. Kishi and Tan-
abe [38] measured the BE on a variety of metals using torsion tests,
and found that the decrease of the yield stress correlated very well with
the prestrain using a simple powerlaw function. Miller et al. [61] and
Khan and Jackson [33] examined the BE effect in copper alloys and
highlighted its link to the yield criterion and the strain offset used for
definition of yielding. Morestin and Boivin [62] showed that the chord
modulus of various steel and aluminum alloys changes with prestrain
and that springback predictions are improved when taking this into
account. Cleveland and Ghosh [17] determined that the variation of
the instantaneous tangent modulus during unloading can be divided
into three stages. They proposed an analytical function to evaluate the
change of this non-linear compliance. Yoshida et al. [76] used a lami-
nated sheet specimen to study the BE on a mild and a dual-phase DP590
steel. They observed transient softening and work-hardening stagnation,
due to the BE, as well as a decrease in Young’s modulus with increas-
ing prestrain. Boger et al. [8] proposed a tension-compression experi-
ment suitable for thin sheets and used it to study the BE for a variety of
steels, aluminum and magnesium alloys. Kuwabara et al. [47] used the
in-plane tension—-compression testing machine also used here, to probe
the tension—-compression response of a copper and an aluminum alloy.
They found anisotropy in the BE of copper. Other researchers have stud-
ied the BE on QP980CR [78], TRIP 700 [58] and DP780 [57] steels and
AZ31B magnesium [26,27]. Chen et al. [16] measured the elastic re-
sponses of 12 steels using tensile testing, resonant frequency damping
analysis and ultrasonic pulse-echo testing and highlighted the need for
accurate descriptions of the elastic response during loading and unload-
ing.

The majority of BE experiments described so far involve uniaxial,
simple shear, or torsional loading. Among multiaxial investigations of
the BE, Chen et al. [15] loaded thin-walled low-carbon steel tubes un-
der combined axial load, internal pressure and torsion. They investi-
gated the effect of stress-ageing on the BE and the effect of the off-
set strain used for the definition of yielding. Pavlina et al. [65], fol-
lowing the work of Levy et al. [54], measured the moduli of a mild
steel during plane-strain deformation using tube inflation. In a series
of papers, Khan and co-workers measured the elastic properties of alu-
minum alloys prestrained multiaxially, using strain-gages [34,35,36].
They found that the elastic properties changed with the prestrain, and
showed path-dependence. Measurements of the biaxial unloading re-
sponse of a mild and a dual-phase DP590 steel were reported by Andar
et al. [1] using cruciform specimens. They found that the elastic prop-
erties reduced with plastic prestrain and proposed an exponential decay
model to capture the unloading stress—strain response. The work of An-
dar et al. [1] was limited to small strains due to limitations with the
cruciform specimen used. The present paper can be viewed as an exten-
sion of that work to larger strains, more relevant to industrial forming
processes.

The pure isotropic hardening assumption, where the yield sur-
face of the material is expanding uniformly in every direction, is not
appropriate to represent the BE and, as a result, to model spring-
back. Various kinematic hardening rules were devised for this purpose
[3,10,11,13,28,32,69,72,75,77,80]. In a different approach, Sun and
Wagoner [70] proposed a model to predict the Quasi-Plastic-Elastic
(QPE) strain, which exhibits characteristics of both elastic strain (re-
coverable) and plastic strain (energy dissipative). The model was subse-
quently expanded to multiaxial loading [52]. Furthermore, Barlat et al.
[5] proposed the Homogeneous Anisotropic Hardening model as an al-
ternative to classical kinematic hardening, and examined its behavior in
capturing the BE in mild and dual-phase steels Barlat et al. [6]. Zecevic
et al. [79] created a crystal plasticity model suitable for dual-phase ma-
terials, using a two-level homogenization scheme, one for the two-phase
polycrystalline aggregate and the second for the polycrystalline marten-
sitic regions. The model captured all the particular features of the cyclic
deformation of the same DP 590 steel reported here with great accuracy.
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Fig. 1. (a) True stress-strain curve recorded during uniaxial loading of DP 590
sheet. (b) Zoom-in at an unloading-reloading loop, showing hysteresis, the lin-
early elastic, non-linear recovery and plastic strains, and elastic properties dis-
cussed in this work.

The simplest possible experiment to assess the non-linear unloading
of a material is a uniaxial tension test with periodic loading and unload-
ing (e.g., [18]). A result typical for the dual-phase steel considered in
this study is shown in Fig. 1. At first, as the plastically deforming ma-
terial begins to unload, a blunt corner is recorded, see Fig. 1(b). This is
perhaps an indication of viscoplastic or time-dependent response, since
the stress and strain are out-of-phase with respect to each other. Sub-
sequently, the material unloads linearly, with the slope of this curve
being identical to the initial elastic stiffness (i.e., the Young’s modu-
lus). This can be explained (e.g., [70]) from the fact that the elastic
stiffness is a consequence of atomic bonding in the crystal lattice of
the material. Since plasticity involves the movement of dislocations, the
lattice bonding remains intact, which leads to the macroscopic observa-
tion of Fig. 1(b). Soon after, the material response becomes non-linear.
To the authors’ knowledge, the exact pinpointing of the elastic—plastic
transition has not yet been accomplished. The strain recovered when
the specimen is (macroscopically) stress-free will have a linearly elastic
and a non-linear part (Fig. 1(b)). Upon reloading, the material exhibits
the same elastic stiffness as the undeformed material, again explained
by atomic bonding, as above. The response soon becomes progressively
more non-linear, until it reaches the levels of stress attained before un-
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