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Abstract. In this work, an in-plane biaxial tensile testooficiform specimen is performed to identify thecaisplastic
hardening behaviour of metallic sheets for botgdastrains and intermediate strain rates at roompeeature. Firstly, an
optimal shape of the specimen is suggested. Therandic biaxial tensile tests are carried out fatual phase DP600
steel sheet. Experimental forces on the two axeébeoSpecimen are measured during the test andsstrathe central
area of the specimen are post-treated by meansgiaDimage Correlation (DIC) technique. Finallgonsidering a
Hill48 anisotropic yield criterion, two strain ratiependent hardening laws are identified thankentinverse procedure
based on a Finite Element (FE) modelling of theibiatensile test and on the experimental data roeet above. The
identified biaxial flow curves are then comparedwvthe ones from a classical uniaxial tensile test.

INTRODUCTION

In sheet metal forming processes, the materialeferched under multi-axial states and is subjectethtge
strains. Hence, the identification of material danss, corresponding to the different behaviour e®dyield
criterion, hardening, ...), under biaxial tensile tetdhas become a basic issue for the characterzaifo
phenomenological models.

In the last decades, the in-plane biaxial tengitd has been used to capture anisotropic elast&tamts or 2D
yield surfaces of metallic sheets by different awh[1, 2]. Recently, based on works of Kuwabarh EB
standardized flat cruciform specimen shape has pemosed (international standard 1SO16842 [4]axiil stress-
strain curves and initial or subsequent contounsladtic work of sheet metals subject to biaxiakten at arbitrary
stress ratios can be determined. Stress and dtetils are assumed to be homogeneous in the spedemral
zone. Stresses are evaluated analytically from anedgorces by considering an equivalent cross@eeand strains
in the central zone are obtained from gauge sensor.

More recently, the development of optical full-flaheasurement techniques for analysing heterogersgmin
fields, such as DIC technique, coupled with an isgestrategy of parameter identification, includihg FE model
of the specimen, have led to new characterizatiethadologies of material plastic behaviours. Basedhis new
methodology, several works have been proposeckitatit years (Teaca [5], Prates [6], Zhang [7]).

Several attempts of cruciform shape design to rdagye strains have also been presented. Greehg$]
proposed specimen geometry with a central sechiomér than the rest of the specimen and severlglesiots in
each arm. Tasan [9] has demonstrated that a signifithickness reduction in the centre is neceskamgach
fracture under a biaxial strain path. Souto efldl] have proposed an innovative numerical optitidzaprocess for
the design of heterogeneous tests. Results shavhih&est specimen shape is the cruciform shaperéenoting a
rich mechanical information when biaxial loadingttpés applied. However, in all works presented ahoanly



relatively low values of equivalent plastic strdolose to those obtained in uniaxial tension) a&a&ched before
plastic instabilities occur.

For characterizations at large strains, Zidane Hahe proposed a specific cruciform shape to déterrthe
whole forming limit curves (FLC) of metallic sheét. this specimen, a central thickness reductiotefined by a
curved profile to obtain the onset of necking a tentral point. Strain path is then completelyirdaf by the
displacement ratio imposed on the two axes of thescspecimen. Recently, an optimized cruciforncispen with
a flat thickness reduced central section, fourssioieach arm and radius fillet between two arrashown in Fig. 1,
has been proposed from a parametric study by 2} [Mhis shape has been validated by experimeatfonmed on
the same experimental device than the one usedidgn&s, for large strains and static applicatidos the
determination of hardening law parameters up to 80#&guivalent plastic strain on an AA5086 alumimialloy.

Concerning material behaviour investigations unbigxial tensile strain path at intermediate stredtes,
Grolleau [13] have proposed a dynamic bulge testiagice to identify the hardening law of aluminiiatioy
A1611-T4 sheet at high strain rate up to 500% movable bulge cell is designed and installed split Hopkinson
pressure bar (SHPB) system. Ramezani [14] haveigtsmiuced a similar high strain rate bulge teshhique on
the basis of SHPB system. In order to investiglagenhaterial behaviour under dynamic and differeaxibl stress
state, Shimamoto et al. [15] have developed a sleydoaulic dynamic biaxial loading device. The ilame
dynamic biaxial test on cruciform specimen is @ariout at 2m/s to reveal the crack extension bebavof
aluminium alloy AA7075-T6.

In the present work, the specific biaxial tensit&vide with four independent servo-hydraulic acttat@ready
used in [7, 11, 12] to perform in-plane biaxial 4@ tests on cruciform specimens at quasi-stdtairsrate is
adopted to performed quasi-static and dynamic bidensile tests on Dual Phase DP600 steel spesinstrain-
rate dependent hardening of this material is cheriaed at room temperature. Moderate strain ratpsto 108)
and large strains (up to 40% of equivalent plastiigin) are tested. The deformation-induced thegffatts are not
considered in this study even if this phenomenan lpa significant at tested strain rates which doser to the
adiabatic limit. Experiments being performed atmotemperature, temperature sensitivity of flow sgrean be
considered as a secondary material factor. Theifahbiaxial flow stress curves are then companétth uniaxial
ones for the quasi-static and intermediate stiatiesrto show the benefits of the proposed methggiolo

BIAXIAL TENSILE TESTS
Testing specimen

Dual Phase DP600 steel provided in sheets of thigkr2 mm is used in this study. Main dimensionghef
specimen shape are given in Fig. 1.
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FIGURE 1. Geometry of the cruciform shape

The ends of each arm of the specimen used to cbtireespecimen to the actuator rod are not predentthis
figure but a general view of the whole specimeshigwn in Fig. 2. This geometry has been validatgd 2] for the



characterization of the hardening behaviour fogdastrains (up to 30%) in quasi-static conditiofise thickness
reduction of the central zone is manufactured bljingi and slits are obtained by a wire cut electtischarge
machine.

Experimental device

The biaxial machine is equipped of four independsenvo-hydraulic actuators. Each end of the crucifo
specimen is connected to an actuator rod througlkecehanical part assembly as shown in Fig. 2. Foadhyc tests,
the impactor is accelerated along the sliding batitain the specific velocity before the specirisioaded. Due to
the initial impact, oscillations appear on forcgnsil. To reduce these oscillations a damping layerlastomer is
setting up at the interface between the slidingdat impactor. The thickness of damping layer isr3BrAfter the
impact, the displacement of the sliding bar is draitted to each specimen end through the load semsbthe bi-
articulated link. During the test, the velocityngintained almost constant due to the inertia efieenpactor.

]
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Specmlen link sensor layer Impactor

FIGURE 2. Dynamic biaxial device with damping layer

Tensile tests on cruciform specimens are carriedibthree loading velocities: 0.02mm/s, 1mm/s 280mm/s.
The experimental forces along the two perpendiatif@ctions are measured by deformation gauge deadors. A
high speed camera is adopted to record the sudafmrmation of the central zone of specimen. Digitaage
correlation (DIC) technique is used to determine tiue strain field on the specimen surface. Detalilout post-
treatment by DIC technique can be found in [12]e Hvolutions of the major and minor principal stsaat the
central point of the specimen are shown in Figs38a3e for respectively the three velocities th@#s, 1mm/s and
250mm/s corresponding to an approximate strain o& 0058, 0.2s' and 20%. An equivalent plastic strain of
more than 30% is observed whatever the tested iteldaue to little asynchronization between the ttemsile
directions at the beginning of tests, major priatigtrain curves does not exactly coincide withrtigor principal
strain.

PARAMETER IDENTIFICATION OF HARDENING BEHAVIOR

Procedur e of identification

The calibration of material constants of DP600istrate dependent hardening behavior is obtainedrby
inverse procedure based on a finite element (FEQletfing of the biaxial test coupling with an optiration
platform. The global experimental forces along the arms are applied to the FE model. The experiaien
database is made up of the time evolutions of tlaomand minor strains for the three tested velexitThe
experimental and simulated principal strains atcégtral point of specimen are compared to identi€/parameters
of strain rate dependent hardening laws. The costtion to be minimized is defined as follows:

o A

sim

Where n is the total number of time points‘Si and &, are the simulated major and minor principal ssain

at the central element of the FE model ad® and £, are the experimental principal strains at the re¢oint

of specimen. The optimization algorithm of Simples been chosen to optimize the material paramétecsder



to make sure that the global minimum is found,ediéht initial values are compared and more feasitilial sets
are chosen for inverse analysis.

Material modes

Considering isotropic elasticity for the DP600 ktedastic constants are defined by the Young's uhl
E =200GPa, and the Poisson's ratio,= 0.3. The associated normal flow rule and an isotr¢@icdening model
are assumed. Two different formulations of the galnstrain rate dependent hardening behaviour, ngive
equations 1) and 2), are considered. The first treel.udwick’s law, presents a stiffening behaviatrereas the
second one, the Voce’s law, shows a saturatingvi@ira From experimental observations, strain tpendence
is associated to the initial yield stregs for the two hardening laws.

T=0,E™ +KE "™ 1)
o,

£ +K(1-exp(-ng,"))E™ 2)

Based on previous works [12], a Hill48 yield criter is chosen to describe the DP600 plastic ampgtrHill's
parameters are calculated by the three anisotigeéficients defined for the three orientations, (@3° and 90°)
from the rolling direction:¢3=0.89 ; §5=0.85 ; p=1.12.

RESULTS

The material constants identified for the two harfdg laws are presented in Table 1. As it can kEnse
relatively close cost functions are found, about\@Bgtever the law. For the two hardening lawsnalkstrain rate
dependency of the initial yield function is obsetéow values of n) while a more important one is observed on
the hardening behaviour.

TABLE 1. Identified hardening parameters

Hardening Law O, (MPa) K (MPa) n m; m; (Egr(r°(/)ﬁr)
Ludwick 339.2 839.7 0.3864 0.0052 0.0158 8.69
Voce 437.9 446.2 8.2412 0.0032 0.0245 9.63

The simulated principal strains have been compwiidd the experimental ones, as shown in Fig. 3hédgh
the simulated principal strains are lower thanekgerimental ones at the beginning of tests, tlsemied trends of
simulated principal strains are in relatively gaagteement with the experimental ones for princgtedins above
3% whatever the strain rate considered.

020 ) 020
—c1_exp

c 086 ——£2_exp £ e
o . o
% 012 |——¢lsim % 0.12
[ £2_sim f [
S 0.08 = v S 008
& ’ a

0.04 0.04

0.00 . 0.00 + + +

0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

(a) 0.02mm/s, Ludwick (b) 0.02mm/s, Voce



0.20
—c1_exp
0.16 |
£
» 012 |
©
[=N
'S 0.08
£
0.04
0.00
0 0.5 1 15 2
Time (s)
(c) 1mm/s, Ludwick
0.20
—=c1_exp
< 0.16 r ——£2_exp
©
% 0.12 | |—¢1_sim
g £2_sim
S 008
£
0.04
0.00
0 5 10 15

Time (ms)

(e) 250mm/s, Ludwick

Principal strain

Principal strain

0.08

0.04

0.00

0.20

0.16

—c1_exp

Time (s)

(d) 1mm/s, Voce

—c1_exp
——£2_exp
L | ——¢1_sim

€2_sim

0 5 10 15
Time (ms)

f) 250mm/s, Voce

FIGURE 3. Comparison of experimental and simulated strames

The biaxial flow stress curves identified on theibaf Ludwick and Voce models are compared in Eay. It
can be observed that the two hardening laws idedtfbr an equivalent plastic range from 0 to 30%\zery close.
This result demonstrated that the hardening is desicribed, whatever the law, until 30%. The Fig.shows a
comparison of Ludwick and Voce hardening laws idixat from uniaxial tests, i.e. up to 20% equivdl@hastic
strain, on same DP600 steel sheets (not presenthisipaper).
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FIGURE 4. Identified Ludwick and Voce strain rate dependanrtdening laws



As it can be seen, compared to Fig. 4a, very differesults are observed for large strains both/fare and
Ludwick formulations. Therefore, as already showre dynamic biaxial tensile test is validated teritify the
hardening behaviour for large strains and alsarstede hardening dependency under biaxial tessite.

CONCLUSION

In this work, the potential of the in-plane biaxtehsile test on cross specimen to characterizesttiaén rate
dependent hardening behaviour of metallic sheatelarge strains (up to 30% of the equivalentirstievel) has
been investigated. Due to the complex specimeneshaxhibiting non-homogeneous strain and streddsfia
numerical FE model of the dynamic biaxial tensdisttused in an inverse calibration procedure igedeStrain rate
sensitivity of DP600 metallic sheets in an interiat&lstrain rate range has been identified consigéwo different
hardening models (Ludwick and Voce) and Hill48 atrigpic plastic criterion.

Like the bulge test, in-plane biaxial tensile tpstmits the identification of hardening behaviogr to large
strains. Nevertheless, contrary to the bulge st&ijn path is controlled by actuator displacemanthe two main
directions of the cross specimen and effects afrsfpath changes can be investigated without astyicon about
the type of non-linear path. This feature provideteresting perspectives for the identification advanced
hardening behaviours like isotropic-kinematical tdimed models.
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