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ABSTRACT
Complex (nonlinear) unloading behavior following plastic straining has been reported as a significant challenge to accurate springback prediction. More fundamentally, the nature of the unloading deformation has not been resolved, being variously attributed to nonlinear / reduced modulus elasticity or to inelastic / “microplastic” effects. Unloading-and-reloading experiments following tensile deformation showed that a special component of strain, deemed here “Quasi-Plastic-Elastic” (“QPE”) strain, has four characteristics. 1) It is recoverable, like elastic deformation.  2) It dissipates work, like plastic deformation. 3) It is rate-independent, in the strain rate range
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, contrary to some models of anelasticity to which the unloading modulus effect has been attributed. 4) To first order,o evolution of plastic properties occurs during QPE deformation. These characteristics are as expected for a mechanism of dislocation pile-up and relaxation. A consistent, general, continuum constitutive model was derived incorporating elastic, plastic, and QPE deformation. Using some aspects of two-yield-function approaches with unique modifications to incorporate QPE, the model was implemented in a finite element program with parameters determined for dual-phase steel and applied to draw-bend springback. Significant differences were found compared with standard simulations or ones incorporating modulus reduction. The proposed constitutive approach can be used with a variety of elastic and plastic models to treat the nonlinear unloading and reloading of metals consistently for general three-dimensional problems.
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INTRODUCTION







 

Highly nonlinear unloading following plastic deformation has been widely observed (Morestin and Boivin, 1996; Augereau et al., 1999; Cleveland and Ghosh, 2002; Caceres et al., 2003; Luo and Ghosh, 2003; Yeh and Cheng, 2003; Yang et al., 2004; Perez et al., 2005; Pavlina et al., 2009; Yu, 2009; Zavattieri et al., 2009; Andar et al., 2010), with the apparent unloading modulus reduced by up to 22% for high strength steel (Cleveland and Ghosh, 2002) and 70% for magnesium relative to the bond-stretching value (Caceres et al., 2003). The magnitude of the reduction depends on the plastic strain and alloy. In addition, the effect can differ with rest time after deformation, heat treatment and strain path (Yang et al., 2004; Perez et al., 2005; Pavlina et al., 2009).
Nonlinear unloading behavior has been variously attributed to residual stress (Hill, 1956), time-dependent anelasticity (Zener, 1948; Lubahn, 1961), damage evolution (Yeh and Cheng, 2003; Halilovic et al., 2009), twinning or kink bands in HCP alloys (Caceres et al., 2003; Zhou et al., 2008; Zhou and Barsoum, 2009, 2010), and piling up and relaxation of dislocation arrays (Morestin and Boivin, 1996; Cleveland and Ghosh, 2002; Luo and Ghosh, 2003; Yang et al., 2004). 
The conceptually simplest idea to account for nonlinear unloading is second-order effects in elasticity.  A simple calculation shows that such effects are far too small to be realistic for typical structural metals.  The elastic response of metals related to atomic bond stretching is very nearly linear because of the elastic normally attainable before dislocations move are very small.  Second-order elasticity can be expressed as follows (Powell and Skove, 1982; Wong and Johnson, 1988)
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where 
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, 
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 are the uniaxial stress and strain, respectively, 
[image: image10.wmf]0

E

 is the initial Young’s modulus, and 
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is a nonlinearity parameter with a value 5.6 reported for “Helca 138A” steel (Powell and Skove, 1982; Wong and Johnson, 1988). Equation 3.1 predicts a change of modulus by approximately 3% for a dual phase (DP) steel having an ultimate tensile strength of 980 MPa, making it one of the strongest steels considered for forming applications (and thus with the largest anticipated second-order effects). 
For the more physically plausible dislocation pile-up and release mechanisms, mobile dislocations move along slip planes until stopped by grain boundaries or other obstacles forming dislocation pile-ups (or similar structures such as polarized cell walls). When the applied stress is reduced, the repelling dislocations move away from each other, providing additional unloading strains concurrent with strains from atomic bond relaxation. Moving dislocations dissipate work, by exciting lattice phonons (Hirth and Lothe, 1982). Thus, while such pile-up-and-release strains are expected to be at least partly recoverable, they cannot be energy preserving.  
One practical consequence of the changed unloading modulus is the challenge of simulating springback accurately. The general rule is that the magnitude of springback is proportional to the flow stress and inversely proportional to Young’s modulus (Wagoner et al., 2006). Simulations of springback are improved markedly by taking the observed unloading behavior into account (Morestin and Boivin, 1996; Li et al., 2002b; Fei and Hodgson, 2006; Zang et al., 2007; Vrh et al., 2008; Halilovic et al., 2009; Yu, 2009; Eggertsen and Mattiasson, 2010). 
Nearly all of the proposed practical approaches to incorporating complex unloading behavior rely on adopting a “chord modulus” (i.e. the slope of a straight line drawn between stress-strain points just before unloading and after unloading to zero applied stress) (Morestin and Boivin, 1996; Li et al., 2002b; Luo and Ghosh, 2003; Fei and Hodgson, 2006; Zang et al., 2007; Ghaei et al., 2008; Kubli et al., 2008; Yu, 2009). The chord modulus model has conceptual and practical advantages: incorporating it in existing software is no more difficult than altering Young’s modulus in the input parameters,  and optionally as a function of strain before unloading. However, the method has limitations, namely that the real unloading is not linear and thus unloading to any internal stress other than zero (i.e with any residual stress for a given element) will have inherent errors.  More fundamentally, the physical phenomenon is not truly elastic (i.e. energy preserving), and thus loading and unloading excursions may follow considerably different stress-strain trajectories than expected.
The plastic constitutive equation must also be known accurately for springback applications in order to evaluate the stress and moment before unloading. This is particularly true when the plastic deformation path includes strain increment reversals, as for example being bent and unbent while being drawn over a die radius (Gau and Kinzel, 2001; Chun et al., 2002; Geng and Wagoner, 2002; Li et al., 2002b; Yoshida et al., 2002; Yoshida and Uemori, 2003a; Chung et al., 2005). Nonlinear kinematic hardening (Chaboche, 1986, 1989) has shown to be an effective method for prediction of springback under such conditions (Morestin et al., 1996; Gau and Kinzel, 2001; Zang et al., 2007; Eggertsen and Mattiasson, 2009; Taherizadeh et al., 2009; Tang et al., 2010).
In view of the state of understanding of the unloading modulus effect, simple experiments were performed to reveal the nature of the phenomenon using a high-strength steel, DP 980, chosen to accentuate the deviations from bond-stretching elasticity. DP 980 is a dual-phase steel with nominal ultimate tensile strength of 980 MPa. Based on inferences drawn from these results, a consistent, general (3-D) constitutive model was developed to represent the observed variation of Young’s modulus, and required parameters were determined. Dubbed the QPE model (Quasi-Plastic-Elastic), it was implemented in Abaqus/Standard (ABAQUS) and compared with tensile tests with unloading/loading cycles at various pre-strains, with reverse tension/compression tests, and with draw-bend springback tests. QPE introduces a third component of strain in addition to traditional elastic and plastic strains, QPE strain,.  The QPE strain is similar to one envisioned elsewhere in 1-D form (Cleveland and Ghosh, 2002) that is recoverable (elastic-like) but energy dissipative (plastic-like).
EXPERIMENTAL PROCEDURES
Materials
DP 980 steel was selected for testing because dual-phase steels have large, numerous islands of hard martensite phase in a much softer ferrite matrix. (A few experiments were also performed for DP780.)  The islands serve to strengthen the composite-like material at large strain, but also to lower the yield stress by providing stress concentrators initially. DP 980 is the strongest alloy typically considered for forming applications, where springback is likely to be a significant issue. Because of the high strength and large, numerous obstacles, DP 980 was expected to accentuate the unloading modulus effect, assuming a dislocation pile-up and release mechanism as the principal source.   

The DP 980 and DP 780 alloys used in this study had previously been characterized to obtain accurate 1-D plastic constitutive equations (Sung, 2010) [Li – This reference should be to Sung’s paper, which has been published in IJP.  Can refer to both publications, as Sung 2010a and Sung 2010b.  Let’s call Sung 2010b the constitutive equation paper.] with standard mechanical properties shown in Table 1.  The standard tensile tests represented in Table 1 were carried out at General Motors North America (GMNA, 2007) according to ASTM E8-08 at a crosshead speed of 5mm/min. The normal plastic anisotropy parameters r1 and r2 refer to results from alternate test procedures applied to sheets of original thickness and reduced thickness (Sung, 2010).  In either case, the r values are close to 1 and do not different greatly with testing direction, justifying an assumption of plastic isotropy as a first approximation adopted in the current work.

Tensile Testing
Standard parallel tensile specimens (ASTM-E646) with a gage length 75mm and width 12.5mm were cut in the rolling direction and used for uniaxial tensile testing. Unless otherwise stated, a nominal strain rate of 10-3/s was imposed. An MTS 810 testing machine and an Electronic Instrument Research LE-05 laser extensometer were used. 
Compression / Tension Testing

Compression/tension testing was performed using methods appearing in the literature (Boger et al., 2005). Two flat backing plates and a pneumatic cylinder system were used to provide side force to constrain the exaggerated dog-bone specimen against buckling in compression. Side forces of 3.35 kN were applied and a laser extensometer (Boger et al., 2005) was used to measure specimen extension directly.
The stabilizing side force necessitates correction for two effects in order to obtain uniaxial stress-strain curves comparable to standard tensile testing: 1) friction between the sample surface and supporting plates, which reduces the effective axial loading force, and 2) biaxial stress state. Analytical schemes for making corrections for each of these were employed, as presented elsewhere (Balakrishnan, 1999; Boger et al., 2005).  A friction coefficient of 0.165 was determined using a least squares value of the slope 
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 are the measured tensile force and applied normal force in a series of otherwise identified experiments. 
Draw-Bend Springback (DBF) Testing
The draw-bend springback test (Wagoner et al., 1997; Carden et al., 2002; Wang et al., 2005), shown schematically in Figure 1, reproduces the mechanics of deformation of sheet metal as it is drawn, stretched, bent, and straightened over a die radius entering a typical die cavity. It thus represents a wide range of sheet forming operations, but has the advantage of simplicity and the capability of careful control and measurement, particularly important for the sheet tension force. It was developed from draw-bend tests designed for friction measurement (Vallance and Matlock, 1992; Wenzloff et al., 1992; Haruff et al., 1993). However, while it mimics many practical operations, it is complex to analyze (Li and Wagoner, 1998; Geng and Wagoner, 2002; Li et al., 2002a; Wagoner and Li, 2007) because of reversing strain paths (need to account for Baushinger effect, e.g.), a wide range of simultaneous strains and strain rates, the 3-D nature of the deformation in view of anticlastic curvature (Wang et al., 2005) and the dependence of testing results on anisotropy (Geng and Wagoner, 2002).


The draw-bend test system has two hydraulic actuators set on perpendicular axes and  controlled by standard mechanical testing controllers. A 25mm-wide strip cut in the rolling direction was lubricated with a typical stamping lubricant, Parco Prelube MP-404, and  wrapped around the fixed tool of radius 6.4mm (R/t of 4.3). The front actuator applied a constant pulling velocity of 25.4 mm/s to a displacement of 127mm while the back actuator enforced a pre-set constant back force, , set to 0.3 to 0.9 of the 0.2% offset yield stress. After forming, the sheet metal was released from the grips and the springback angle 
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as shown in Fig. 1 is recorded to indicate the magnitude of the springback. The details of the experiment and its interpretation have been presented elsewhere (Carden et al., 2002).
Simulations of draw-bend springback tests used a three-dimensional finite element model with 5 layers of solid elements (ABAQUS element C3D8R) through the sheet thickness. [Li – add the number of elements through the width and along the length of the specimen.  Is there a paper you can refer to here with the same model?  As I recall, we found that the linear brick element is not good for springback because it is very stiff in bending.  Did you check your results against s shell element model, especially for higher R/t values, where the results should be the same? Also, did you refine the mesh to show that the mesh was fine enough to give stable results?  All of these are important for you dissertation exam and for this paper.  Readers have to be able to trust the results.]  A friction coefficient between the specimen and roller was taken as 0.04 in the simulations.  [How did you determine it?  From the front and back forces?  Please explain here in one sentence.] 
Experimental Results:  Tensile Tests
Results for tensile tests of DP 780 and DP 980 with intermediate unloading cycles are shown in Figures 2. Figures 2a and 2b show that unloading and reloading are nonlinear, forming hysteresis loops that are more pronounced for higher flow stresses prior to unloading. The loop expansion occurs for both strain hardening to higher stress or a higher initial yield stress because of microstructural differences (i.e. by comparing DP780 with DP980). It can also be seen that, to a close approximation, the (stress, strain) point at the start and end of unloading are in common for unloading and loading legs. That is, to a first approximation, all of the strain in the loop is recoverable and the plastic flow stress is not affected by unloading/loading cycle (In fact, as will be shown later in Fig.13, the unloading – loading cycle does increase the subsequent flow stress slightly, an effect that will be ignored in the first model developed. It can be included optionally by minor changes in the model.).
Figure 2c is an expanded view of the fourth cycle for DP 980 shown in Fig. 2b.  More detail is apparent. The shape of the unloading leg can now be seen as close to linear initially, with a slope approximately equal to Young’s modulus (208 GPa). At a critical stress, the slope is reduced and progressively becomes smaller until the external stress is removed. The reloading curve has similar properties, in reverse: an initial reloading linear portion with slope consistent with Young’s modulus and a reduction after a critical stress is reached.   This appearance is similar to that reported for other alloys (Cleveland and Ghosh, 2002; Luo and Ghosh, 2003; Yang et al., 2004). The area of the loop formed represents work dissipated by the strain shown between the two Young’s modulus construction lines (labeled QPE on Figure 2c).  A chord modulus of 145GPa (which is a composite of the linear and nonlinear portions of unloading or loading curves) is shown for comparison.  Note that chord modulus is 30% less than the atomic-bond-stretching value, which could potentially produce 30% more springback than expected using the standard Young’s modulus.  (This is apparently the largest deviation reported for a steel, confirming the choice of DP980 as a good material to illustrate the effects.)
A conceptual breakdown of the axial strains (and axial strain increments) from the tensile test at the point of unloading (i.e. at what will be called the pre-strain throughout this paper) will be used to motivate the current development as suggested by Figure 2c:
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where e is the elastic strain, p is the plastic strain, and QPE is a new category of strain deemed here the “quasi-plastic-elastic” (“QPE”) strain.  The corresponding 1-D infinitesimal increments are  de, dp dQPE and tensor generalizations are de, dp dQPE. QPE deformation has the following apparent characteristics:  
· It is recoverable (along with, and similar to, elastic strain) 
· It is energy-dissipating (along with, and similar to, plastic strain).
Thus, QPE straddles recovering and energy-dissipating categories of strain as follows:
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The elastic and plastic strain components have their usual, idealized definitions:

· Elastic strain 
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 is recoverable and energy conserving.

· Plastic strain, 
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, is non-recoverable and energy dissipating

Figures 3 show how the QPE effect evolves with plastic straining and strain hardening. As shown in Fig. 3a and 3b, the work dissipated by QPE deformation increases with plastic deformation and has a single proportional relationship to the stress at unloading for the two alloys tested. Figures 3c and 3d show that the QPE strain differs in the two alloys at a given pre-strain, but maintains a nearly constant fraction of ~1/3 of elastic strain, independent of pre-strain (and thus flow stress) and choice of material. 

Figures 4 compare various kinds of cyclic unloading-loading tensile tests.  Figures 4a and 4b show that repeated loading and unloading cycles increase the flow stress slightly compared with monotonic tensile testing, approximately by the stress increment expected if the accumulated QPE were included in the total plastic strain.  (The first implementation of a model, presented and utilized in this paper, will ignore this effect for simplicity, treating QPE as not affecting the state of the material.) Figure 4b shows that the details of a loading-unloading cycle are unchanged by the existence of previous such cycles, except for the slight increase of flow stress and proportional increase of QPE strain and dissipated energy (Figs 3b-3d).  Figure 4c compares a first and second unloading cycle without intervening plastic deformation.   The second cycle exhibits slightly less QPE strain and dissipated energy, thus justifying ignoring the effect for a first model implementation, particularly for a small number of cycles. 



In order to test the hypothesis that the modulus effect is related to rate-dependent anelasticity (Zener, 1948), loading-unloading tests like those shown in Figures 2 were conducted at strains rates 0.1, 1 and 10 times the one employed in Figure 2 (i.e. at strain rates of 
[image: image22.wmf]23

10/,10/,

ss

--

and 
[image: image23.wmf]4

10/

s

-

).  

 Figures 5 show that, to a first approximation, the hysteresis loops do not vary with strain rate, shown particularly clearly for 
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, thus distinguishing the nonlinear strain recovery from time-dependent anelastic deformation The data shows some scatter and drift, particularly at 
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, which is typical for strains measured using the laser extensometer at higher strain rates.. Note that the strain continues to advance during initial unloading at 
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, a result of the slow response time of the laser extensometer. (Also note that continuous tensile tests such as these cannot be used to reveal strain rate sensitivity of the flow stress for such high-strength / low rate sensitivity materials.  As noted in the literature [Sung 2010b], this is a consequence of unavoidable small random variations of flow stress from specimen to specimen, larger than the effect of strain rate sensitivity.)
In summary, a set of simple tensile experiments for DP 980 suggests the presence of a special kind of continuum strain, here deemed QPE strain, QPE, that is recoverable but energy dissipating.  The QPE strain is, to a first approximation, strain rate and path independent, does not change the material plastic state appreciably, and is proportional to the flow stress or elastic strain. There is a critical stress change required to induce QPE straining (i.e. nonlinear response), both on unloading and reloading. These characteristics serve as a basis to devise a practical constitutive model incorporating all three types of deformation, as presented next. 
Quasi-Plastic-Elastic (QPE) Model
In order to develop a general QPE constitutive model consistent with the characteristics discussed above, tensor geometric concepts from two-yield-surface (TYS) plasticity theories (Krieg, 1975; Dafalias and Popov, 1976; Tseng and Lee, 1983; Ohno and Kachi, 1986; Ohno and Satra, 1987; Geng and Wagoner, 2000, 2002; Yoshida and Uemori, 2002, 2003b; Lee et al., 2007) are employed.  (See, for example, (Lee et al., 2007) for a brief introduction to TYS.)   The differences will be made apparent below.  Most generally, the yield surface is the inner surface for TYS; the outer surface for QPE. In TYS models, a continuously varied hardening function is defined in terms of the distance between the yield surface and a bounding surface in order to establish a smooth stress-strain curve in the plastic state.  In the proposed QPE model, the elastic-QPE surface translates to reproduce a stress-strain modulus that is a continuously varying function of strain during unloading and reloading.
To begin the development, consider an inner surface in stress space [image: image30.wmf]1
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 defining an elastic-QPE transition and a standard yield surface [image: image31.wmf]2

f

 defining a transition from elastic or QPE deformation to plastic deformation, as shown in Fig. 6:

[image: image32.wmf]111

**

222

()()0

()()0

fRp

fRp

f

f

=--=

=--=

σ

α

σ

α

                                                                                           (3.4)
where 
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 is the equivalent plastic strain
 defined for von Mises yield functions by 
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Three fundamental deformation models and corresponding evolution rules are envisioned in the QPE model depending on the applied stress, stress increment, and locations of 
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: 
1.
Elastic mode:   is inside the surface [image: image57.wmf]1
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, or else ison the surface [image: image58.wmf]1
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 with  d inward, i.e. ddn<0.  The sizes and centers of [image: image59.wmf]1
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 are unchanged by straining in the elastic state. Only elastic strain 
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 occurs and the material behaves according to a classical linear elastic principle, with the elastic strain increment as follows: 
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where 
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 is the constant elastic modulus tensor representing atomic bond stretching as measured, for example, by sound velocities.  The sizes and locations of [image: image64.wmf]1
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 are constant.  Equation 2.5 defines d
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within any state of the material (i.e. whether plastic loading, QPE loading or purely elastic loading is taking  place currently).
2.
Plastic mode: The inner surface
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 is in contact with the yield surface 
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, and d is outward (ddn>0).  Plastic strain 
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 evolves, but not its location (i.e.  is constant), in order to maintain congruency of 
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 evolves according to any plastic hardening law
.  The governing equations are thus as follows:
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where 
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is an apparent elastic+QPE stiffness tensor evaluated, as shown below, at the last transition to plastic loading.  (More complex formulations are possible, but the differences would be small because the form of C, Eqs. 3.11 and 3.12, below, is close to its limiting value whenever plastic deformation is occurring.)  
3. 
QPE mode: Three conditions must be satisfied simultaneously -  is on the surface [image: image81.wmf]1
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 are not in contact.  During QPE deformation, the size and location of
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 are unchanged (in the first implementation). The size of [image: image85.wmf]1
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 is constant, but its location evolves.  Energy is dissipated and both elastic strain 
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 during QPE deformation follows two-yield surface evolution rules to ensure that when a plastic state occurs (i.e. when [image: image89.wmf]1
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coincide and therefore that n and n* are congruent (Lee et al., 2007).  To assure this, the following evolution rule is adopted: 
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The consistency condition 
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 leads to an explicit form of Eq. 3.7 as follows:
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where the brackets in the term 
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The relationship between stress increment and total strain increment (d= d
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 in the current work relies on a varying “apparent Young’s modulus”, E, which represents the slope of the stress-strain curve in uniaxial tension (i.e. thus taking into account elastic and QPE strain):
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where 
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 is the true strain at the initiation of a new QPE loading process (i.e. at the moment when  arrives at surface [image: image141.wmf]1
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 is the traditional Young’s modulus for atomic bond-stretching and 
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 are material parameters to be determined from measured unloading and loading behavior. The form of Eq. 3.10 insures that at the transition between elastic and QPE straining the Young’s modulus takes the value 
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depends only on E via Eq. 3.11.  The explicit expression for 
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for isotropic elasticity and isotropic QPE model is therefore as follows:
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where 
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 is Kronecker delta and 
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 are parallel (Eq. 3.10c). Although  and 0 will in general be large, the norm of the difference, 
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, will be small for most metals under most conditions, justifying the use of a simple difference rather than a more complex large-strain formulation. As shown in Fig. 3d, for the alloys tested here, the magnitude of this difference is approximately 1/3 the magnitude of the elastic strains.
In view of Eq. 3.10, an explicit form for the increment of QPE strain that occurs during plastic deformation, dQPE, is given by
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where S and S0 are compliance tensors with components that are inverses of matrices representing tensors C and C0.
In order to specify an exact form of the QPE model for testing, it is necessary to choose explicit forms that will in general depend on the material.  For the first version implemented here, 











the size of inner surface R1 is determined from a Voce function (Voce, 1948; Follansbee and Kocks, 1988) of equivalent plastic strain 
:
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Figure 7 shows linear-nonlinear transition stresses for loading and unloading vs. pre-strain for DP 980. The parameters in Eq. 3.14 have been determined based on these data. Alternatively, other forms such as Hollomon (Hollomon, 1945) and mixed Hollomon/Voce models (Sung, 2010), or even a linear model could be utilized to describe the isotropic hardening behavior of [image: image172.wmf]1
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.  However, it should also be noted that the exact transition stresses are largely a matter of judgment and the isotropic hardening of [image: image173.wmf]1
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 in the plastic state is small (as shown in Fig 7) and could be ignored with little error.
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in the current implementation is according to a modification of the popular Chaboche model (Chaboche, 1986). The evolution of yield surface back stress 
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The incorporation of the linear term in the standard Chaboche model allows for a permanent offset of subsequent flow stress following path reversals, such as are observed for some materials [Geng et al. 2002].

The isotropic hardening of [image: image183.wmf]2
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 with its own constants:
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A numerical algorithm for implementing the QPE model to update 
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 for a specified strain increment (such as is needed in an Abaqus/Standard UMAT subroutine) is outlined in the Appendix.  [Li – Put Figure 14 into the Appendix and refer to it there.]
Determination of Material Parametric Values 
Parameters for the proposed QPE model, three standard elastic-plastic constitutive models and one special elastic-plastic model with 3 Chaboche backstress terms were determined by least-squares fitting (except as otherwise indicated) to the tensile data presented for DP 980.  The results are shown in Table 2.  All of the models incorporate isotropic elasticity and plasticity (von Mises yield function).  The differences occur in the handling of loading to and unloading from a plastic state, and the plastic hardening law.  Shorthand labels refer to constitutive approaches as follows:
QPE/Chaboche:
QPE loading/unloading, modified Chaboche plastic hardening (2 backstresses)

Chord/Chaboche: 
Chord modulus loading/unloading (chord modulus varying with plastic strain), modified Chaboche plastic hardening model (2 backstresses)
C0/Chaboche:
Standard elastic constants Co, modified Chaboche plastic hardening (2 backstresses)

C0/Iso:
Standard elastic constants Co, isotropic plastic hardening
C0/3-Param:
Standard elastic constants Co, a special 3-parameter Chaboche plastic hardening model used to fit the nonlinear unloading behavior
The first four constitutive models are for comparative simulations of the draw-bend springback test for DP 980 steel.  The fifth constitutive model is aimed at simulating the unloading-loading behavior of DP 980 steel in tension using an elastic-plastic Chaboche model with 3 backstress evolution terms.

The parameters for the three states (elastic, QPE, and plastic) in the QPE model were determined using separate procedures and data, with results for DP 980 as shown in the QPE column of Table 2. The elastic properties (Eo, ) are standard handbook values (ASM, 1989).  A monotonic tensile test was used to establish the proportional strain hardening behavior for all plastic models using a true strain range of 0.02 to 0.11 (the uniform limit for DP 980).  (It is all that is required for the isotropic hardening model.)
The QPE properties (El, b, A1, B1, D1) were determined by the method of least-squares using the data shown in Figure 2 with final standard deviation for all 4 cycles reported in Table 2.  The constants El and b were determined using only the fourth unload-load cycle. The constants A1, B1, and D1 were fit using visually-identified transition points from linear to nonlinear behavior upon loading and unloading, as presented in Figure 7.  Figures 8 compare the overall fit of the QPE part of the model to the experimental data.  Note that although only the fourth cycle was used to fit the QPE parameters, the fit of the predictions for other loops (the second loop is shown) is equally satisfactory.  Figure 7 compares the visually-identified transition stresses between linear and nonlinear behavior for individual loading and unloading legs with the ones from the model fit.
The Chaboche plastic evolution parameters (C1, , C2, A1, B1, D1) were determined by the method of least squares using data from the single standard tensile test (for the initial elastic-plastic transition and large-strain hardening) and two compression-tension tests with pre-strains of approximately 0.04 and 0.08, as shown in Fig. 9. (A third test with a reversal at 0.06 absolute pre-strain as shown in Fig. 9 was not used for the fitting.) The yield stress 
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 was determined by curve fit, so there is some deviation from the value defined by a standard 0.2% yield offset definition. 

If any QPE straining occurs (i.e. if unloading follows any path except that linear elastic unloading according to elastic constants C0, the plastic hardening coefficients for the Chaboche model with or without QPE strains are slightly different, the differences being related to plastic strain differences approximately 1/3 the magnitude of the elastic strains. 
The parameters shown in Table 2 for the other constitutive models were found by fit, wherever possible, using the same procedures and data as for the corresponding states in the QPE/Chaboche model.  Other parameters require introduction and presentation of fitting procedures.

The chord modulus has a single value at a given plastic strain before unloading from a tensile state.  It is found from  from two points for tensile unloading, one just before unloading and the other at zero applied stress.  The discrete chord moduli found at pre-strains such as shown in Fig. 2 were fit to a continuous function of pre-strain as follows:
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In order to test the idea that nonlinear unloading and reloading can be modeled by a generalized Chaboche model, the same data using two nonlinear backstress 
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, similar to the procedures adopted for the two-parameter Chaboche model.  The new terms and equations take the following forms:
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The 3-parameter Chaboche plastic evolution properties (
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) were determined by the method of least squares using data from the single standard tensile test, two compression-tension tests with pre-strains of approximately 0.04 and 0.08 and a single unloading test at a pre-strain 0.02.  [Li – Please verify this.  It looks like you cannot have tried to fit the reloading curve or else it would have been closer and the others would have been further away.  Also, if you only used the unloading legs to fit the other models, please state that somewhere.  Otherwise, it appears that you used different procedures for this test than for the others.] 
comparison of qpe and other simulations with experiments
Fig. 8b and 8c, introduced earlier to illustrate the agreement of the QPE model with unloading-loading cycles, also show that the chord model and 3-parameter Chaboche plastic model do not provide good prediction for loading-unloading cycles.  The 3-parameter Chaboche model in particular gives a significant variation from the reloading measurement. This is a result of reloading behavior in the nonlinear kinematic hardening model must be similar to the original elastic-plastic transition in the uniaxial tensile test, regardless of the number of backstress terms used to reproduce these transitions.  Therefore, the abrupt transition from elastic+QPE reloading to monotonic plastic loading cannot be described adequately using the same parameters as initial tensile loading or reverse loading (as shown in Fig. 9), in spite of fitting many parameters to match the nonlinear unloading behavior.   
Figure 10 compares partial unloading cycles predicted by the QPE model fit independently of this experiment, and the measurement.  The agreement captures the observed behavior qualitatively and quantitatively, with much less hysteresis than for full unloading cycles. 
As is discussed above, the hardening effect of QPE strain could be considered by incorporating QPE strain into the isotropic hardening of yield surface in Eq. 3.15
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where 
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 is the equivalent QPE strain , which is defined as 
[image: image202.wmf]1/2

2

:

3

QPEQPEQPE

dpdd

æö

=

ç÷

èø

ε

ε

. And t is ratio parameter. Fig. 13 shows that the modified QPE model gives a better agreement with the measured four-cycle loading unloading test than original one.  [Li – I don’t find this figure and am not sure what to do here.  Please fix this paragraph and figure.  I think this is important, i.e. to show what happens when we incorporate optionally some plastic hardening from QPE straining.  We should also introduce the idea of using a coefficient on QPE straining to allow effective strain increments to go up slower or faster than for plastic strain.  Please show the results here.]




Table 3 compares the springback angles for the draw-bend tests and simulations for DP 980. The standard deviations were calculated as follows


[image: image205.wmf]2

modelexpt

1

()

N

i

N

qq

s

=

-

=

å

                                                                                        (3.19)

where 
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and 
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are the simulated and experimental springback angle, respectively. N is the number of experiments compared.  The QPE model shows the best overall agreement with measured data among the four constitutive models. The standard deviation of the QPE/Chaboche model is one half of Chord/Chaboche model, indicating that unloading in some elements after draw-bending must be taking place to non-zero residual stresses (as expected and as verified by Fig. 11).  It is this partial internal unloading, or even reverse internal loading upon release of external loads that provides the necessity of a model such as QPE to account for nonlinear unloading effects consistently.  
As other aspects of the QPE model are made less realistic by simplifications, the simulation predictions become progressively less satisfactory.  Moving from the Chord/Chaboche model to the C0/Chaboche model, in effect using the atomic bond-stretching modulus, increases the prediction error by approximately 30% (as would be expected by the error by ignoring the QPE strains observed in tension).  The last comparison, Chord/Chaboche with Chord/Iso shows the effect of ignoring the Bauschinger effect and subsequent transient hardening upon strain reversals.  In this case, the errors increase by 200%. 


CONCLUSIONS
[Li – I will work on these in the next version.]

A new Quasi-Plastic-Elastic (QPE) model, which mixed with the isotropic and nonlinear kinematic hardening law (Chaboche model), was developed and implemented into user material routines for ABAQUS/Standard to describe the variation of Young’s modulus. Experiments and Simulations of draw-bend tests were carried out and the simulations results based on five kinds of constitutive models: QPE, Chord, Chaboche, ISO and Chord+ISO models were compared with each other and compared quantitatively with experimental data to test validation of different models. 

The following conclusions were reached in this paper
1. A clear distinction between loading and unloading curves is observed during loading-unloading tests for DP 780 and DP 980. Both loading and unloading curves deviates from linearity. The hysteresis loops and dissipated energy are produced during this process.
2. The difference between textbook Young’s modulus and experimental average Young’s modulus is close to 30% for DP980 and indicates traditional constant Young’s modulus is inadequate to describe stress-strain curve in springback prediction. 
3. QPE behavior depends on plastic strain, but not on the details of path getting to that strain. In particular, no dependence of previous QPE strain executes evolution of current QPE strain.
4. The additional strain 
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5. The unique QPE model which introduces a third component of strain that is recoverable (elastic-like) but energy dissipative (plastic-like) was proposed and matches remarkably well with the measured results for loading unloading test and reverse loading test. 
6. The QPE model was implemented into user material routines for ABAQUS/Standard in springback predictions in draw bend test and the results illustrates that QPE model has the capability to predict springback angle more accurately than Chaboche model and chord modulus model. 
7. The average simulation error in the springback prediction in draw-bend tests: Chaboche model ~17%, Chord ~11%, QPE model ~ 3%, ISO model ~ 5% and Chord+ISO model ~35%. 
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Appendix: Numerical algorithm for QPE model

(a). Given the total strain increment 
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where 
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 is the modulus at step n. 

Check the stress state: pure elasticity, QPE or plastic state.

if following equation is satisfied
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Then the stress is in the plastic state. Chaboche model is applied (where 
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is the current back stress of yield surface).

else if
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The stress state is whether in pure elasticity or QPE state. (go to (b))

(b). When eq (A3) is satisfied and 

if   
[image: image216.wmf]1111

()0

trial

nn

fR

f

+

=--<

σ

α

                                                                                           (A4)

The stress state is pure elastic (where 
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is the current back stress of inner surface). Update the stress and back stress inside the inner surface.
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if 
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The stress is in the QPE state. (go to  (c))

(c).  First update the QPE stiffness 
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Update the stress
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where 
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, the two point Gaussian quadrature is used to obtain the average 
[image: image224.wmf](,)

n+1QPE

C

ε

ε

.

Update back stress 
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 in QPE state.

From Eqs 3.6-3.7
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Assume Von Mises function for the inner surface
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From (A8)  
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where
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Substitute (A10) and (A11) into (A9) 
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Substitute the solution of (A17) into (A8) , 
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We can decrease the step from  
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 to increase the accuracy, like 
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where 
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 is a integer from 1 to N. N=100 is used in this paper.
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� For simplicity, f1 and f2 are assumed to be of the von Mises form in the current development, which closely represents the situation for the dual-phase steels tested here.   However, there is no limitation to applying the QPE theory using anisotropic yield functions as long as a consistent definitions of effective stress and strain definitions areis incorporated.


� In the current work, a Chaboche-type model of plastic yield surface evolution is adopted, such that �translates and expands accordingly.
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