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Validation of Simple Shear Tests for Parameter Identification Considering
the Evolution of Plastic Anisotropy

B. Zillmann, T. Clausmeyer, S. Bargmann, T. Lampke, M.F.-X.Wagner, T. Halle

The evolution of plastic anisotropy plays a key role for an accurate computational springback prediction in com-
plex, multistage forming processes. In many studies, the identification of material parameters is based on ex-
perimental results from shear testing because this technique allows for large plastic deformations without facing
stability problems that occur, for instance, during uniaxial tensile testing. However, little is known about the com-
parability of different shear test setups. In this study, wesystematically compare two quite different and widely-
used setups for the simple shear test, the Miyauchi setup andthe Twente setup. In the shear tests performed on an
AA6016 aluminum alloy sheet, we observed a good agreement for the flow stresses measured with the two different
setups. We then use the mechanical data for the identification of a phenomenological model of the evolution of
plastic anisotropy, and we demonstrate the importance of consistent and reliable experimental data studying a
model for combined isotropic-kinematic hardening.

1 Introduction

Sheet metals exhibit anisotropic material behavior due to the processing steps involved in their fabrication, and
both experimental characterization and modeling of this anisotropy represent a challenging task. Reliable material
models are necessary for an accurate prediction of the material behavior during and after the forming process.
A large number of material parameters are usually involved in such models, which requires a time consuming
experimental determination, the so-called parameter identification. In particular, the information on the plastic
flow behavior obtained from uniaxial tensile tests is often not sufficient to determine all parameters, and additional
experiments, like shear tests and/or biaxial tensile tests, are required. Moreover, several different specimen geome-
tries and test rigs are in use today, but only little is known about the reliability and/or comparability of different
setups.

This paper focuses on modeling the evolution of plastic anisotropy considering strain path changes. It is well known
that, in many metals, load reversal leads to the Bauschingereffect, Bauschinger (1881), where a lower absolute
value of the yield stress is observed after a load reversal compared to monotonic testing. Some metals exhibit cross-
hardening presented in Clausmeyer et al. (2011), i.e., a distinct increase in stress after such a change in strain path,
for instance from tensile loading to a simple shear deformation. These effects were, e.g., documented recently
for ferritic steel sheet materials, van Riel and van den Boogaard (2007), and for a 3000 series aluminum alloy,
Holmedal et al. (2008). More generally, strain path changesare associated with complex and distinct changes of
the yield surfaces in terms of sizes, shapes, and displacements of their centers, see e.g. Ishikawa (1997). Examples
for models that include the Bauschinger effect and cross-hardening are given by Teodosiu and Hu (1995, 1998)
and Wang et al. (2008). In these models the shape of the yield surface is constant, whereas the models of Baltov
and Sawczuk (1965) and Noman et al. (2010) account for changes of the yield surface shapes.

To identify the parameters of these models, shear tests wereused in combination with other mechanical tests,
Teodosiu and Hu (1998); Haddadi et al. (2006); Wang et al. (2008); Noman et al. (2010). Hoffmann et al. (2010)
also used a shear test to identify the parameters of a crystalplasticity model. The mechanical tests need to meet
a (quite complex and large) number of requirements: In at least one test a suitably high deformation has to be
achieved; preferably, the test is monotonic; at least one test with a strain path reversal needs to be performed; the
applied deformation before and after the load reversal should also be suitably high; at least one test with a strain
path change other than a simple reversal needs to be available; preferably, the change in strain path is orthogonal
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(e.g. a transition from tension to shear). These requirements should be met because, in models for the evolution of
plastic anisotropy, different hardening contributions, e.g. isotropic, kinematic and cross-hardening are considered.
Depending on the model, it is desirable for the parameter identification to use a single test which shows a dominant
influence for one of these hardening contributions, e.g. a monotonic shear test for the identification of the isotropic
hardening parameters.

This work presents the identification of a phenomenologicalmodel which includes the evolution of plastic anisotropy.
The mechanical data used in simple shear were gained from twodifferent setups under monotonic and cyclic load-
ing. The monotonic stress-strain curves of the two setups are compared to each other. The experiments have
been applied on a AA6016-T4 aluminium alloy. It is shown thata flawed experimental data setup might lead to
completely different results compared to the ’true’ material behavior.

2 Experimental Setup and Materials

This paper focuses on the experimental characterization ofplastic deformation under simple shear. In most ex-
perimental setups, the deformation force can be applied either by axial or by radial displacement of the edge of
a specimen. A radial displacement can be achieved by plane torsion testing, as recently described in Yin et al.
(2011); an overview of different setups (and of the corresponding specimens) with axial displacement is given in
Merklein and Biasutti (2011). Here, we consider two shear tests with axial loading. Specimens for axial loading
can be divided into two types: those with a single shear zone and those with double shear zones. An important
disadvantage of single shear zone specimens is that the direction of shear deformation is prone to rotation during
loading. Experimental compensation of this effect requires a well adapted clamping system with a high stiffness.
As an alternative, Miyauchi (1984) proposed a shear test with two symmetric shear zones. However, while this
approach provides a work-around for the rotation of the shear direction, there is also the issue of the different
rotation, i.e., the different rotation of the principal stress direction in the two shear zones during deformation. As
a consequence, an anisotropic material response may be partially average out and may probably not be fully rep-
resented by the experimental data. One key goal of this studyis to evaluate this issue by comparing testing results
for specimens with one and two shear zones, respectively.

2.1 Simple Shear Test by Miyauchi

The first setup considered here was proposed in Miyauchi (1984). A modified sample was used in this study,
Figure 1. The ratio of the height of the deformation region tothe sample thickness is 3:1 and the ratio of width
to height is 5:1. We note that the second ratio differs from the one in the second test setup (see next section).
The fixture clamps the specimen on three bars in the directionof the sheet thickness so that just the shear zones
are not covered. When a tensile load is applied, the central part of the specimen moves relative to the two outer
parts, and the smaller, connecting regions are deformed in shear (see right part of Figure 1). In all experiments
discussed here, the shear stress-strain curves were calculated from the uniaxial force data recorded by the load cell
of the machine, as well as from the deformation field in the shear zone which was measured and analyzed using
a digital image correlation method. In the following, all stress measures are given in terms of force per unit area
of the deformed solid and are referred to as true or Cauchy stressσij . Here, the current area is computed using
the assumption of plastic incompressibility. Strains are given in terms of the shear strainγ. We emphasize that the
strain distribution in the shear zones during plastic deformation is quite homogeneous for shear strains up to 0.5.
Only for higher strains, the shear zone edges begin to affectthe strain distribution.
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Figure 1: Geometry of the modified Miyauchi specimen (left) and schematic representation of the deformation in
the measurement region of height15.0 mm and width3.0 mm (right).
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2.2 Biaxial Testing Device for Simple Shear (Twente Setup)

The second setup used in this study is a biaxial testing device developed by the Applied Mechanics Group, Faculty
of Engineering Technology (CTW), University of Twente. The focus lies on the simple shear deformation which
is achieved with a single shear zone. Similar to the first setup, it consists of a regular uniaxial testing device with
two separate actuators. Here, only the actuator used for theapplication of the simple shear deformation is relevant.
This actuator is accommodated in a subframe mounted betweenthe cross bars. The deformation is applied to the
sample as indicated in Figure 2. The ratio of the height of thedeformation region to the sample thickness (here:
3:1) is chosen in order to minimize the likelihood of buckling during simple shear. Furthermore, in order to achieve
a homogeneous deformation in the measurement area, the ratio of the width to the height has to be large, i.e. in
this case 15:1, as shown in Figure 2. The deformation is measured in a smaller area within the deformation zone
(see the magnified region on the right of Figure 2). The deformation field is determined by optical measurement.
Further details of the experimental setup can be found in vanRiel and van den Boogaard (2007) and van Riel
(2009).
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Figure 2: Biaxial test setup by van Riel (2009). Geometry of the tension-shear specimen and the measurement
region of height3.0 mm and width45.0 mm. The checkered region indicates the specimen and the black area
marks the actual deformation zone. The tensile direction isdirection 2 and the shear direction is direction 1.

2.3 Material AA6016-T4

The aluminum alloy AA6016-T4 was obtained from Novelis (Switzerland) as sheet material with a thickness of
1 mm. The mechanical properties determined in uniaxial tensile tests are summarized in Table 1, wherer is the
Lankford coefficient andσ0.2 is the yield stress at 0.2 % plastic tensile strain with respect to the rolling direction.
Further results on the flow behavior under different stress states of the same batch AA6016-T4 are presented in
detail in Zillmann et al. (2011).

Table 1: Mechanical properties in uniaxial tension.

Angle to rolling direction σ0.2 (MPa) r

0◦ 117 0.63

45◦ 114 0.41

90◦ 114 0.77

3 Experimental Results in Simple Shear

The monotonic stress vs. strain curves in rolling (RD) and transversal (TD) direction obtained with the modified
Miyauchi specimen and the Twente setup are shown in Figures 3a and 3b. The shear stress vs. shear strain curves
obtained from using the two different experimental setups are in good agreement; the average deviation is less
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than 3 MPa. There is no distinct difference in hardening in simple shear for the two tested directions in both
experimental setups. This was also observed in Zillmann et al. (2011) for uniaxial tension and compression. The
cyclic stress-strain curve from the Twente setup is shown inFig. 3c. The material’s response to forward and reverse
shearing exhibits a moderate Bauschinger effect. While these results are only briefly summarized and will not be
discussed further from a materials science point of view, they form the basis for the modeling results discussed
below.

(a) (b)

(c)

Figure 3: Experimental shear stress vs. strain curves, where σ12 denotes the Cauchy shear stress andγ the total
shear. Figures (a) and (b) represent monotonic loading withboth experimental setups in rolling direction (RD) and
transversal direction (TD). Figure (c) represents cyclic shear in TD obtained from the Twente setup.

4 Modeling of the Kinematic Hardening Behavior

The experimental results presented above show that, apart from the usual work hardening, the material model needs
to account for large deformation and the Bauschinger effect. A standard engineering scale model for large strain
plasticity with isotropic and kinematic hardening was implemented in LS-Dyna via the user material interface.
The model is formulated in incremental form and makes use of the multiplicative split of the deformation gradient
F = FEFP into its elastic partFE and its plastic partFP (e.g. Lee (1969)). For the material considered here,
the assumption of small elastic strain is valid. In this context, the right elastic stretch can be approximated as
UE ≈ I. This yieldsF

E
≈ R

E
in terms of the elastic rotationRE in the context of the polar decompositionF

E
=

R
E
U

E
. The effects of strong texture evolution are neglected here. Consequently, the plastic spinWP = skw(LP)

is considered to beWP = 0. LP is the plastic part of the velocity gradientḞPF
−1

P
.
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In this framework, the evolution of the elastic rotationRE is given by the Jaumann form

ṘE = WRE . (1)

Here,W = skw(L) represents the continuum spin, i.e., the skew-symmetric part of the velocity gradientL =
Ḟ F

−1. In the following, the rate of deformation is given byD = sym(L). DP = sym(LP) denotes the plastic
rate of deformation. The model is formulated in the intermediate configuration. Changes of volume in the plastic
range is neglected in the range of the observed deformation due to the absence of phase transitions or damage. The
elastic behavior is modeled as isotropic. This yields the evolution equations

˙
tr(M) = 3κ tr(D) ,

˙
dev(M) = 2µ {RT

E
dev(D)R

E
−D

P
} ,

(2)

for the evolution of the tracetr(M) and deviatoric partdev(M ), respectively, of the Mandel stressM :=
F

T
E
KF

−T

E
(e.g. Gurtin et al. (2010)). Assuming small elastic strainUE ≈ I, the approximationK ≈ REMR

T
E

is used. Here,κ andµ represent the elastic bulk modulus and shear modulus, respectively.

The yield function is given by
φ = σHill(M −X )− σY0 − r , (3)

Here,

σHill(M −X ) =
√

(M −X ) · A
Hill

[M −X ] (4)

represents the Hill equivalent stress,A
Hill

the fourth-order Hill flow anisotropy tensor andσ
Y0

the initial yield
stress.r is the isotropic hardening contribution andX is the backstress tensor. Thus, the yield functionφ deter-
mines the rate of plastic deformation

DP = λAHill[N ] (5)

in terms of the measure

N =
(M −X )

σHill

(6)

of the direction of the effective flow stress, withλ being the plastic multiplier. The evolution for the isotropic
hardening contributionr is determined by the Voce form

ṙ = cr (rsat − r)λ . (7)

rsat represents the saturation value ofr andcr controls the saturation rate. The evolution of the back stressX is
given by the Armstrong-Frederick form

Ẋ = cx {xsat N −X}λ. (8)

xsat andcx are the material parameters governing the saturation valueand the rate of evolution of the backstress,
respectively.

5 Identification of Model Parameters

As explained earlier, models for the evolution of plastic anisotropy require results from different mechanical tests
for the identification of the relevant sets of material parameters. For the model discussed here, three uniaxial tensile
tests, a monotonic and a cyclic shear test were used. The material parameter determination was carried out using
the program LS-OPT in conjunction with LS-DYNA. More detailed information on the procedure can be found in
Noman et al. (2010). Given the homogeneous nature of the tests, single-element calculations are sufficient. The
Hill parameters are listed in Table 2. They are determined onthe basis of the average r-values in 0◦, 45◦, 90◦ with
respect to the rolling direction.F , G, H andN are determined from in-plane tensile tests. For through thickness
shear, isotropy is assumed, resulting inL = M = 1.5. The corresponding values of the shear modulusG and
Poissons’s ratioν areG = 25.6GPa andν = 0.33.
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Table 2: Parameters for Hill’s (1948) yield function as identified from the experimental data.

F G H L M N

0.502 0.614 0.387 1.5 1.5 1.015

As shown in Figures 4a, 4b and 4c, the agreement between the experimental curves and the ones predicted by the
model is satisfying for the tested strain range. There is a small mismatch after load reversal in Figure 4c, which
disappears with higher plastic strains. The good agreementbetween the model predictions and the experimental
results indicates that the assumptions made in the model areappropriate. The applied model formulation yields
reasonable and satisfying results. The identified materialparameters are summarized Table 3, whereσ

Y0
is the

0.2% yield stress in rolling direction.

(a) (b)

(c)

Figure 4: Comparison between computed and experimental stress-strain curves. Figure (a) represents uniaxial
tension (RD), whereǫ is the total engineering strain andσ11 the Cauchy normal stress. Figures (b) and (c) represent
monotonic and cyclic shear, whereσ12 is the Cauchy shear stress andγ the total shear.

Table 3: Identified model parameter values, determined fromuniaxial tension, monotonic shear and cyclic shear.

xsat cx rsat cr

53.7 40.6 109.5 9.6
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We note that more advanced models like the Teodosiu and Hu (1995) model require additional tests. Quite often,
material modelers use one or more experimental data sets obtained from literature to identify their models. Even
if the material modeler has access to raw experimental data from different setups, the following problem(s) may
occur: If experimental data from the literature is used, thedata may well come from different batches of the same
material or even from materials differing slightly (in terms of microstructure) because no other data is available.
Furthermore, there might be differences in experimental setups so that the obtained physical information can be
flawed. Assume now that, instead of the monotonic and cyclic shear data from the Twente setup, flawed shear
stress vs. shear data was used for the identification of our model. For this virtual simple shear experiment, the
obtained virtual shear stressτvir might well be given by

τvir(γi) = τrea(γi) · (1−
γi

γmax

0.06). (9)

γmax is the maximum shear obtained in the Twente experiment shownin Figure 5. τrea(γi) is the shear stress
measured for a givenγi obtained at timei in the Twente experiment. This perturbation in our virtual experiment
might be caused by superposition of normal stresses in a different setup. Consequently, the measured shear stress
in the virtual experiment might become smaller for large deformations (here 6 % atγmax). Figure 6 shows the
comparison between the virtual tests and the identificationbased on these data. The deviation of the virtual exper-
imental data set and the computed shear stress vs. strain curve based on the data is much higher than for the “real”
experimental data which is shown Fig. 4b. Table 4 shows the parameters obtained from the virtual experimental
data. From a material modeling point of view, this or similarscenarios demonstrate that the model formulation
might be questioned because the agreement between the identified model and its experimental basis, the experi-
mental data, is not satisfying. Clearly, a sound set of experimental data is of great importance for proper material
modeling of the plastic anisotropy in sheet metals.

Figure 5: Virtual stress-strain curve in comparison to the experimental curves.

Table 4: Identified model parameter values determined from the virtual experimental data

xsat cx rsat cr

57.1 35.7 99.6 9.9

6 Summary and Conclusions

We have analyzed the results of simple shear tests on an AA6016-T4 aluminum alloy from two different experi-
mental setups: The shear stress vs. shear strain curves obtained from the Miyauchi and the Twente setups agree
well. Since the simple shear test is not standardized as the uniaxial tensile test, these observations represent valu-
able information for material modelers: Simple shear test data is often used for the identification of models for the
evolution of plastic anisotropy. The importance of reliable experimental data is further demonstrated for the iden-
tification of a model for combined isotropic-kinematic hardening, and by considering how flawed experimental
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Figure 6: Comparison between the virtual test and the identified shear stress vs. strain curve based on these data

data (or ill-suited data from literature) might lead to considerably different results compared to the ’true’ material
behavior.
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