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

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

The evolution of plastic anisotropy plays a key role for anwaate computational springback prediction in com-
plex, multistage forming processes. In many studies, tastification of material parameters is based on ex-
perimental results from shear testing because this tectnailows for large plastic deformations without facing
stability problems that occur, for instance, during unebtiensile testing. However, little is known about the com-
parability of different shear test setups. In this study,systematically compare two quite different and widely-
used setups for the simple shear test, the Miyauchi setuphantivente setup. In the shear tests performed on an
AAB016 aluminum alloy sheet, we observed a good agreenrghefiow stresses measured with the two different
setups. We then use the mechanical data for the identificati@ phenomenological model of the evolution of
plastic anisotropy, and we demonstrate the importance obistent and reliable experimental data studying a
model for combined isotropic-kinematic hardening.

1 Introduction

Sheet metals exhibit anisotropic material behavior duédnéoprocessing steps involved in their fabrication, and
both experimental characterization and modeling of thisaropy represent a challenging task. Reliable material
models are necessary for an accurate prediction of the imabethavior during and after the forming process.
A large number of material parameters are usually involveduch models, which requires a time consuming
experimental determination, the so-called parametettifisation. In particular, the information on the plastic
flow behavior obtained from uniaxial tensile tests is oftensufficient to determine all parameters, and additional
experiments, like shear tests and/or biaxial tensile tastsrequired. Moreover, several different specimen geome
tries and test rigs are in use today, but only little is knownouw the reliability and/or comparability of different
setups.

This paper focuses on modeling the evolution of plasticarepy considering strain path changes. Itis well known

that, in many metals, load reversal leads to the Bauschieifeet, Bauschinger (1881), where a lower absolute
value of the yield stress is observed after a load reversapaoed to monotonic testing. Some metals exhibit cross-
hardening presented in Clausmeyer et al. (2011), i.e. tmclisncrease in stress after such a change in strain path
for instance from tensile loading to a simple shear defoionatThese effects were, e.g., documented recently
for ferritic steel sheet materials, van Riel and van den B@od (2007), and for a 3000 series aluminum alloy,

Holmedal et al. (2008). More generally, strain path charsgesassociated with complex and distinct changes of
the yield surfaces in terms of sizes, shapes, and displadsmogtheir centers, see e.g. Ishikawa (1997). Examples
for models that include the Bauschinger effect and crosddmang are given by Teodosiu and Hu (1995, 1998)

and Wang et al. (2008). In these models the shape of the yieldce is constant, whereas the models of Baltov

and Sawczuk (1965) and Noman et al. (2010) account for clsavfgée yield surface shapes.

To identify the parameters of these models, shear tests wsm® in combination with other mechanical tests,

Teodosiu and Hu (1998); Haddadi et al. (2006); Wang et aD§20Noman et al. (2010). Hoffmann et al. (2010)

also used a shear test to identify the parameters of a ciplststicity model. The mechanical tests need to meet
a (quite complex and large) number of requirements: In atleae test a suitably high deformation has to be
achieved; preferably, the test is monotonic; at least ostevtigh a strain path reversal needs to be performed; the
applied deformation before and after the load reversallghalso be suitably high; at least one test with a strain
path change other than a simple reversal needs to be aeaifabferably, the change in strain path is orthogonal
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(e.g. atransition from tension to shear). These requirésrsfould be met because, in models for the evolution of
plastic anisotropy, different hardening contributiong. ésotropic, kinematic and cross-hardening are consiler
Depending on the model, it is desirable for the parametaettifieation to use a single test which shows a dominant
influence for one of these hardening contributions, e.g. aatamic shear test for the identification of the isotropic
hardening parameters.

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

2 Experimental Setup and Materials

This paper focuses on the experimental characterizatigriastic deformation under simple shear. In most ex-
perimental setups, the deformation force can be applié@rely axial or by radial displacement of the edge of
a specimen. A radial displacement can be achieved by plas®notesting, as recently described in Yin et al.
(2011); an overview of different setups (and of the corresling specimens) with axial displacement is given in
Merklein and Biasutti (2011). Here, we consider two sheststevith axial loading. Specimens for axial loading
can be divided into two types: those with a single shear zowktlaose with double shear zones. An important
disadvantage of single shear zone specimens is that thaidiref shear deformation is prone to rotation during
loading. Experimental compensation of this effect requaeavell adapted clamping system with a high stiffness.
As an alternative, Miyauchi (1984) proposed a shear tes$t tib symmetric shear zones. However, while this
approach provides a work-around for the rotation of the sd@action, there is also the issue of the different
rotation, i.e., the different rotation of the principalests direction in the two shear zones during deformation. As
a consequence, an anisotropic material response may lelpaverage out and may probably not be fully rep-
resented by the experimental data. One key goal of this ssudyevaluate 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 Miyauchi4)198 modified sample was used in this study,
Figure 1. The ratio of the height of the deformation regiohi® sample thickness is 3:1 and the ratio of width
to height is 5:1. We note that the second ratio differs from dhe in the second test setup (see next section).
The fixture clamps the specimen on three bars in the diredfidhe sheet thickness so that just the shear zones
are not covered. When a tensile load is applied, the centrabpéhe specimen moves relative to the two outer
parts, and the smaller, connecting regions are deformeldargsee right part of Figure 1). In all experiments
discussed here, the shear stress-strain curves wereataltflom the uniaxial force data recorded by the load cell
of the machine, as well as from the deformation field in theaslzene which was measured and analyzed using
a digital image correlation method. In the following, allests measures are given in terms of force per unit area
of the deformed solid and are referred to as true or Cauckgsty;. Here, the current area is computed using
the assumption of plastic incompressibility. Strains avergin terms of the shear strain We emphasize that the
strain distribution in the shear zones during plastic deftion is quite homogeneous for shear strains up to 0.5.
Only for higher strains, the shear zone edges begin to afiecttrain distribution.
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Figure 1: Geometry of the modified Miyauchi specimen (left)l achematic representation of the deformation in
the measurement region of heidtst0 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 delégeloped by the Applied Mechanics Group, Faculty
of Engineering Technology (CTW), University of Twente. Tleds lies on the simple shear deformation which
is achieved with a single shear zone. Similar to the firstgatuconsists of a regular uniaxial testing device with

two separate actuators. Here, only the actuator used fapiblécation of the simple shear deformation is relevant.
This actuator is accommodated in a subframe mounted betitheasross bars. The deformation is applied to the
sample as indicated in Figure 2. The ratio of the height ofdgsf@rmation region to the sample thickness (here:
3:1) is chosen in order to minimize the likelihood of buckliduring simple shear. Furthermore, in order to achieve
a homogeneous deformation in the measurement area, theofdtie width to the height has to be large, i.e. in

this case 15:1, as shown in Figure 2. The deformation is medsn a smaller area within the deformation zone

(see the magnified region on the right of Figure 2). The deétion field is determined by optical measurement.
Further details of the experimental setup can be found inRig@hand van den Boogaard (2007) and van Riel
(2009).
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Figure 2: Biaxial test setup by van Riel (2009). Geometryhaf tension-shear specimen and the measurement
region of height3.0 mm and width45.0 mm. The checkered region indicates the specimen and the btaek a
marks the actual deformation zone. The tensile directialirection 2 and the shear direction is direction 1.

2.3 Material AA6016-T4

The aluminum alloy AA6016-T4 was obtained from Novelis (&eiland) as sheet material with a thickness of
1 mm. The mechanical properties determined in uniaxialifetssts are summarized in Table 1, wheris the
Lankford coefficient and - is the yield stress at 0.2 % plastic tensile strain with resfeethe rolling direction.
Further results on the flow behavior under different stréates 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 directionH 00.2 (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) aaddwersal (TD) direction obtained with the modified
Miyauchi specimen and the Twente setup are shown in Figwres@ 3b. The shear stress vs. shear strain curves
obtained from using the two different experimental setugsia good agreement; the average deviation is less
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than 3 MPa. There is no distinct difference in hardening mpéé shear for the two tested directions in both
experimental setups. This was also observed in Zillmanh é2@11) for uniaxial tension and compression. The
cyclic stress-strain curve from the Twente setup is shovirign3c. The material’s response to forward and reverse
shearing exhibits a moderate Bauschinger effect. Whilesthesults are only briefly summarized and will not be

discussed further from a materials science point of vieey florm the basis for the modeling results discussed
below.
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Figure 3: Experimental shear stress vs. strain curves,evhgrdenotes the Cauchy shear stress artde total
shear. Figures (a) and (b) represent monotonic loadinglwaith experimental setups in rolling direction (RD) and
transversal direction (TD). Figure (c) represents cydtieas in TD obtained from the Twente setup.

4 Modeling of the Kinematic Hardening Behavior

The experimental results presented above show that, apartiie usual work hardening, the material model needs
to account for large deformation and the Bauschinger efféctandard engineering scale model for large strain
plasticity with isotropic and kinematic hardening was iepented in LS-Dyna via the user material interface.
The model is formulated in incremental form and makes usheftultiplicative split of the deformation gradient
F = FgFp into its elastic partFi and its plastic parfp (e.g. Lee (1969)). For the material considered here,
the assumption of small elastic strain is valid. In this eantthe right elastic stretch can be approximated as
Uy ~ I. ThisyieldsFj ~ Ry in terms of the elastic rotatioRy, in the context of the polar decompositidfh, =

R Uy. The effects of strong texture evolution are neglected.eéomsequently, the plastic spifp = skw(Lp)

is considered to b&p = 0. Lp is the plastic part of the velocity gradieRb Fj; *.
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In this framework, the evolution of the elastic rotatif¥y; is given by the Jaumann form
R, =WR,. 1)

Here,W = skw(L) represents the continuum spin, i.e., the skew-symmetricgfahe velocity gradient, =
FF~'. Inthe following, the rate of deformation is given iy = sym(L). Dp = sym(Lp) denotes the plastic
rate of deformation. The model is formulated in the interratconfiguration. Changes of volume in the plastic
range is neglected in the range of the observed deformatieaithe absence of phase transitions or damage. The
elastic behavior is modeled as isotropic. This yields th@ugion equations

tr(M
dev(M

~—

= 3ktr(D),

)
= 2p{R}dev(D)Ry — Dp},

~—

for the evolution of the tracer(M) and deviatoric partlev(M ), respectively, of the Mandel streded :=
FIKF; " (e.g. Gurtin et al. (2010)). Assuming small elastic stlin ~ I, the approximatiork ~ Ry M R,
is used. Heres andyu represent the elastic bulk modulus and shear modulus,cisgg.

The yield function is given by
¢=og(M — X) —oyo—7, (3)

Here,

(M — X) = /(M — X) - Ay [M ~ X]| (4)

represents the Hill equivalent streséy;, the fourth-order Hill flow anisotropy tensor and,, the initial yield
stress.r is the isotropic hardening contribution ai is the backstress tensor. Thus, the yield functiatheter-
mines the rate of plastic deformation

Dp = A Ayin[IN] %)
in terms of the measure Mox
N = g (6)
OHill

of the direction of the effective flow stress, withbeing the plastic multiplier. The evolution for the isotiop
hardening contribution is determined by the Voce form

sat ’f‘) A (7)

.o FEPresents the saturation valueradndc, controls the saturation rate. The evolution of the backsste is
given by the Armstrong-Frederick form

7=c (r

X = {u N = X}, ®)

Ze andc, are the material parameters governing the saturation waldehe rate of evolution of the backstress,
respectively.

5 Identification of Model Parameters

As explained earlier, models for the evolution of plastitsatropy require results from different mechanical tests
for the identification of the relevant sets of material pagtams. For the model discussed here, three uniaxial tensile
tests, a monotonic and a cyclic shear test were used. Theiaig@@rameter determination was carried out using
the program LS-OPT in conjunction with LS-DYNA. More detallinformation on the procedure can be found in
Noman et al. (2010). Given the homogeneous nature of thg, agle-element calculations are sufficient. The
Hill parameters are listed in Table 2. They are determinetherbasis of the average r-values i 85°, 90° with
respect to the rolling direction’, G, H and N are determined from in-plane tensile tests. For througtktigss
shear, isotropy is assumed, resultinglin= M = 1.5. The corresponding values of the shear modaiwend
Poissons’s ratio areG = 25.6 GPa andv = 0.33.
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Table 2: Parameters for Hill's (1948) yield function as itied from the experimental data.

EEEENFAREIES

’ 0.502‘ 0.614‘ 0.387‘ 1.5 ‘ 15 ‘ 1.015‘

As shown in Figures 4a, 4b and 4c, the agreement between pleeimental curves and the ones predicted by the
model is satisfying for the tested strain range. There is allsmismatch after load reversal in Figure 4c, which
disappears with higher plastic strains. The good agreeb®mnteen the model predictions and the experimental
results indicates that the assumptions made in the modelpm®priate. The applied model formulation yields

reasonable and satisfying results. The identified matpeedmeters are summarized Table 3, wheyg is the
0.2% yield stress in rolling direction.
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Figure 4: Comparison between computed and experimentsdssstrain curves. Figure (a) represents uniaxial

tension (RD), whereis the total engineering strain angh the Cauchy normal stress. Figures (b) and (c) represent
monotonic and cyclic shear, where, is the Cauchy shear stress anthe total shear.

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

’ Tsat

Cx ‘ Tsat ‘ Cr

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

Vi

Ymax

Tvir(’Yi) = Trea(’Yi) . (1 - 006) (9)
~Ymax IS the maximum shear obtained in the Twente experiment shioviigure 5. 7...(7;) is the shear stress
measured for a givety; obtained at timé in the Twente experiment. This perturbation in our virtugberiment
might be caused by superposition of normal stresses inereliff setup. Consequently, the measured shear stress
in the virtual experiment might become smaller for largeodefations (here 6 % at,,..). Figure 6 shows the
comparison between the virtual tests and the identificdiased on these data. The deviation of the virtual exper-
imental data set and the computed shear stress vs. stramlased on the data is much higher than for the “real”
experimental data which is shown Fig. 4b. Table 4 shows thanpaters obtained from the virtual experimental
data. From a material modeling point of view, this or simBaenarios demonstrate that the model formulation
might be questioned because the agreement between théiedentodel and its experimental basis, the experi-
mental data, is not satisfying. Clearly, a sound set of empanrtal data is of great importance for proper material
modeling of the plastic anisotropy in sheet metals.
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Figure 5: Virtual stress-strain curve in comparison to tkgeeimental curves.

Table 4: Identified model parameter values determined franvirtual experimental data

Cx Tsat

’ Tsat Cr ‘

’ 57.1‘ 35.7‘ 99.6‘ 9.9 ‘

6 Summary and Conclusions

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

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