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Abstract: The rate-dependent hardening behaviour of dual phase DP600 steel sheet is investigated
by means of in-plane biaxial tensile tests, in an intermediate strain rate range (up to 20s™) and for
large strains (up to 30% of equivalent plastic strain) at room temperature. The dynamic biaxial in-
plane tensile tests are performed on a dedicated cruciform specimen shape previously developed and
validated for large strains at quasi-static conditions. To perform dynamic biaxial tensile tests, a
specific device is used to reduce oscillations on measure of forces. Based on these experiments,
parameters of two phenomenological strain-rate hardening models (saturated and power law), are
identified. Material parameters are obtained from an optimization process, based on the finite
element modelling of the biaxial test, by minimizing differences between experimental and simulated
principal strains at the specimen centre. A comparison of the strain hardening functions calibrated
from both biaxial and uniaxial tensile tests under static and dynamic conditions are then proposed.
Results show that the biaxial procedure developed in this work, associated with a specific shape of
the cross specimen, are more efficient to determine the rate-dependent hardening behaviour for large

strains than the conventional uniaxial tensile test.

Keywords: Biaxial test, Cruciform specimen, Hardening model, Rate-dependent behaviour, Metallic
sheet, DP600.

1. Introduction
In many industrial fields (automotive, aeronautical, shipbuilding, railway, ...), sheet metal
forming processes are widely adopted to produce more and more complex parts. The lightening, the

enhancement of safe design, the cost decrease of both the design stage and the manufacturing process
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are challenging issues in these industries. These objectives lead to the increasing adoption of the
simulation tool, usually based on Finite Element (FE) numerical simulations. For material behaviour
modelling, accurate constitutive models are then required and have to be implemented in FE codes.
Today, phenomenological approach remains predominant to model material behaviours. These
models have to be characterized and calibrated by means of experimental techniques carefully
designed to carry out tests at conditions met both in the considered sheet metal forming processes
and in service. Depending on the forming operation and service conditions, multi-axial loadings,
large plastic strains, thermal and rate-dependencies of the material usually have to be investigated.
The most popular experimental test used to characterize sheet metal behaviour is the uniaxial tensile
test. Nevertheless, only uniaxial stress and strain states and relatively low strain levels, compared to
the ones obtained in forming operations, can be reached. In order to obtain information concerning
multiaxial loading conditions encountered in sheet forming processes, several tests have been
developed such as, tension tests on wide specimens [1, 2], combined plane strain-simple shear test on
only one specimen [3,4], hydraulic bulge tests with circular or elliptical die openings [5], combined
uniaxial tension-internal pressure tests [6], Marciniak [7] or Nakazima stamping tests [8] and biaxial
tensile tests on flat cruciform specimen [9, 10]. As shown in these last works, the biaxial tensile test
on a flat cruciform specimen presents several advantages: it is a frictionless test, it allows to reach
large plastic strains and linear and non-linear strain paths can be easily achieved. Nevertheless,

strain-rate dependency of metallic sheets has not yet been studied with such experimental device.

Various dynamic tests have been performed to identify strain rate dependent hardening law in
the intermediate strain rate range. For dynamic tests, depending on the initial impact velocity at the
beginning of the test, an oscillation phenomenon of the force signal measured by the load cell, called
as loading ringing [11], can be observed. Those variations of the experimental force can be induced
by the propagation of an elastic stress or strain wave or by the vibratory response of mechanical parts
of the experimental device [12]. Huh et al. [13] have developed a high speed uniaxial testing
machine to investigate dynamic tensile behaviour of steel sheets in the strain rate range from
0.003s™ up to 200s™*. The grip attached to the load cell has been shorted to increase the natural
frequency. This designed grip has been validated to reduce the load ringing. For testing materials in
the intermediate strain rate range from 10s™ up to 200s™*, Gilat et al. [14] have introduced a new
compression apparatus consisting in a large hydraulic actuator and a long transmitter bar of 40m
length. The experiment is completed before the reflected wave in the transmitter bar returns back to

the strain gauge so that the measured force is not disturbed. Othman et al. [15] have developed a



modified servo-hydraulic machine to assess the mechanical properties of aluminium alloy 2017-T4 at

the strain rate of approximately10?s™. A long duration Hopkinson bar technique and a wave

separation method are adopted for less oscillating force measurement. Wood et al. [16] have

developed uniaxial tensile tests at the strain rates from quasi-static to 500s . The force measured by
the local force transducer on the specimen is less oscillating than the one measured by the dynamic
load cell located between the grip and the machine frame. Diot et al. [17] have carried out uniaxial

compressive tests to identify the constitutive model of a steel up to large strains of 150% and at the

intermediate strain rate of 500s™. The force on the bar/specimen interface is firstly determined by
inverse analysis based on the elastic FE model of tools. The plastic hardening model of material is
then identified by applying the preliminarily identified force to the testing specimen. Fitoussi et al.
[18] have conducted high speed uniaxial tensile tests on fibre reinforced polymer composites by a
servo-hydraulic machine. A damping joint of a low impedance material is placed between the sliding
bar and the hydraulic jack to reduce the wave effects caused by the dynamic shock. Boyce et al. [19]

have performed uniaxial tensile tests on ultrahigh strength steels at the strain rates from 0.0002s™ to

200s~*. A rubber damper placed in the slack adapter is validated to reduce the initial oscillations by
more than 50%. Xiao [20] has also adopted a damping layer to reduce load ringing for dynamic
uniaxial tensile tests on plastic materials. As one can see, many works were interested in strain rate

dependency of metallic alloy behaviour under uniaxial stress state.

Concerning stain rate sensitivity under biaxial loadings, very few studies have been published.
Recently, Grolleau et al. [21] have proposed a dynamic bulge testing device to investigate the
material behaviour under biaxial loadings conditions at intermediate strain rates. The hardening law

of aluminium alloy A1611-T4 sheet at high strain rate of up to 500s " is identified. A movable bulge
cell is designed and installed in a split Hopkinson pressure bar (SHPB) system. Ramezani et al. [22]
have also introduced a similar high strain rate bulge test technique on the basis of SHPB system. The
analytical and finite element methods are compared with experiments to verify the developed method.
In order to investigate the material behaviour under dynamic and different biaxial stress states,
Shimamoto et al. [23] have developed a servo-hydraulic dynamic biaxial loading device. The in-
plane dynamic biaxial test on cruciform specimen is carried out to reveal the crack extension
behaviour of aluminium alloy AA7075-T6 at 1m/s. Nevertheless, no calibration model is proposed in
this work. Recently, a specific dynamic biaxial tensile device with four independent servo-hydraulic
actuators (each one with a loading capacity of 50kN) has been developed in the Laboratory of Civil
and Mechanical Engineering (LGCGM) of National Institute of Applied Sciences (INSA) at Rennes



[24]. This biaxial tensile machine has been used to lead in-plane biaxial tensile tests on cruciform
specimens at quasi-static strain rate for different applications: (i) calibration of yield criteria [25], (ii)
identification of hardening laws at large strains [10] and (iii) determination of forming limit curves
[9] of metallic sheets. Depending on applications, several in-plane specimen shapes have been
proposed and validated and linear or non-linear strain paths can be imposed. Based on an
instantaneous release of a great quantity of high pressure flow accumulated, this machine is also
dedicated to perform dynamic tensile tests (a maximum velocity of 2m/s can be reached on each
actuator) on flat cross specimens.

In the last few years, optical measurement techniques and image correlation techniques have
been intensively used to calibrate material models. In most analyses reported in the literature, the
identification is performed by minimizing a least-square functional based on the difference between
experimental and numerical fields or discrete values of strains or displacement. Within the
framework of quasi-static characterization, Meuwissen [26] designed sheet specimens of non-
standard geometry and optically measured the displacement of markers placed on the surface
specimen. Belhabib [27] identify material parameters by fitting simulated and optical heterogeneous
strain fields obtained from tensile tests on elastoplastic metallic sheet. On flat cruciform specimen,
Zhang [25] used discrete values of principal strains along a diagonal direction of the central zone of a
cruciform specimen. With a more complex cross specimen shape, Liu [10] used local strain measures
in the specimen centre to identify hardening law of a 5086 aluminium alloy up to large strains. Due
to the increasing acquisition frame rate of cameras, these non-contact techniques are now well
adapted to dynamic characterizations and may be used for homogeneous or non-homogeneous tests.
Kajberg [28] used specimens with non-uniform widths tested in tension. The state of deformation is
quantified by an optical method, digital speckle photography (DSP), providing field information for
both in-plane displacements and strains. The strain fields were then analysed for the numerical

identification of the stress-strain relationship up to large strains.

In the present work, a dual phase advanced high strength steel (DP600), which combines high
strength and good formability, is considered. It has been shown in previous works [29] that such steel
grades exhibited rate-dependent behaviour. This strain rate dependency is first evaluated
experimentally from uniaxial tensile tests at room temperature in a moderate strain rate range (from
quasi-static conditions up to 20s™). Based on these observations, two phenomenological rate-
dependent hardening models are selected and calibrated. Then, static and dynamic equi-biaxial tests
are performed on a dedicated cross specimen shape, previously developed and validated for quasi-
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static applications [10], up to an equivalent plastic strain of 30%. Parameters of the two rate-
dependent hardening formulations are identified from biaxial experiments by means of an
optimization procedure minimizing the difference between local simulated and experimental strains
in the specimen centre. The identified biaxial flow stress curves are then compared with uniaxial
ones for the quasi-static and intermediate strain rates to show the benefits of the proposed

methodology.

2. Uniaxial tensile tests

Initially, uniaxial characterizations of DP600 thin plate specimens are performed to establish
the strain rate dependency of the elastoplastic behaviour of such alloys in an intermediate strain rate
range. Based on these experimental observations, two phenomenological strain rate-dependent
constitutive relationships are selected and calibrated up to the maximum strain level reached in

uniaxial tension.

2.1 Uniaxial flow stress curves

Uniaxial tensile tests on DP600 were performed by dynamic servo-hydraulic testing machine
at room temperature. The specimens have a constant cross section (widthxthickness: 10mmx2mm)
over an initial gauge length of 50mm. For all specimens, the tensile direction corresponds to the

rolling one. The loading speeds, Imm/s, 100mm/s, 500mm/s and 1m/s correspond to initial true

strain rates of 0.02s™, 2s™*, 10s™ and 20s*, respectively. The oscillations on the measured force
curves for dynamic tests are very small. Therefore, the measured force curves are post-processed by
median filtering method to obtain smooth ones. A high speed camera (FASTCAM-APX RS) is used
to film the specimen deformation and digital image correlation (DIC) technique is used to determine
the true strain field at the specimen surface. An image resolution of 704x128 pixels and an

acquisition rate from 250f/s to 15000f/s, respectively for the loading velocities Imm/s and 1m/s, are

adopted. The commercial software CORRELAZ2006, developed by LMS at the University of Poitiers,
is employed to carry out correlation analysis. Since the gauge area has a constant cross section, these
tests can be considered homogeneous, at least over a restricted area, and an average value of strains
at the surface of the specimen was calculated over this area. Stresses have been directly calculated
from measures of force. Three tests are performed for each loading speed to ensure repeatability. The
equivalent stress versus equivalent plastic strain curves up to the onset of diffuse necking are

presented in Fig. 1. These curves will be used for parameter identification of hardening laws. The



initial yield points for the four different strain rates are determined by the conventional limit at 0.2%
of strain.
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Fig. 1 Equivalent stress-plastic strain curves of DP600 by uniaxial tensile tests

It can be seen that DP600 exhibits a positive strain rate sensitivity in the tested strain rate
range at room temperature. The maximum stress values at 0.02s~! and 20s~?! are respectively
760MPa and 820MPa, corresponding to an increase of about 8%. In the observed strain range, the
strain rate dependency seems to affect both the initial yield stress and the strain hardening. These
trends (moderate rate sensitivity) have been already observed in previous works on the same material
[29, 30].

2.2 Strain rate dependent hardening law

Many integrated constitutive equations relating equivalent flow stress o with equivalent
plastic strain &, equivalent total strain rate £ and temperature T have been proposed to describe the
mechanical behaviour of metallic alloys. In the current work, the temperature is not considered so the
different formulations used to describe the influence of this parameter on the flow stress are not
discussed. Concerning the strain hardening function H(&,), two main types of formulations are
usually encountered. The first one includes “saturation” models which present a saturation stress at
large strains while the second one concerns “power-law” models which are unbounded at large strain.
A typical formulation of these models is given by Ludwick’s (Eg. 1) and Voce’s (Eg. 2.) equations
which present respectively the saturated and unsaturated behaviour:

E=O-0+H(gp)=0-0+Kgpn (1)



E=00+H(£_p) =00+K( —exp(ep )) @)

Where gy is the initial yield stress, &, is the equivalent plastic strain and K and n are material
constants.

The strain-rate influence on the plastic flow curve, described by the function V (%), can be

introduced in a multiplicative or additive way on the general strain hardening law. According to the

coupling effects, four types of rate-dependent hardening model have been identified by Paul [32].

These models are summed up below (Eqg. 3 to 6):

Type1:G =0, + H(&,).V(E) (3)
Type2: 7 = 00, V(E) + H(&,) @
Type3: o = (00 +H(5,)).V(e) (5)
Type 4 : G = 0,.V1(€) + H(&,). V2 (€) (6)

In those models strain and strain-rate hardening parameters can be linear or non-linear
functions of temperature. In this work, deformation-induced thermal effects are not considered, even
if these phenomena could be significant at tested strain rates which are closed to the adiabatic limit
for typical steel [31]. The purpose of the current work being to validate a new dynamic experimental
device in order to investigate the rate-dependent behaviour of metallic alloys under biaxial loadings,
the flow stress temperature sensitivity is considered as a secondary material factor in this study.

Classically, behaviour of many metallic alloys is described by Type 1 models assuming the
independency of the initial yield stress to the strain rate.

Concerning the DP600 steel grade, Yu [33] have proposed a hardening model on the basis of
Khan-Huang (KH) model [34] by neglecting the influence of strain rate on the strain hardening term
(Type 2) as follows:

7 = o, [1 +D (lné)m] + En&y — ae(~a%p) (7

The strain-rate dependency of the modified model is applied only on the initial yield stress though it

was applied on both initial yield stress and strain hardening in the initial KH model (Type 3). This

modified model describes well the hardening behaviour for DP600 steel at the strain rates from

107*s71 to 103s~1. In this model, 6,4, E, a, « and m are the material parameters and the reference
strain rate is £, = 10°s~!

In [34], Paul proposed a hardening model with different strain rate dependencies on the initial

yield stress and the strain hardening term as follows (Type 4):



5= l1+Aln( )+Kfl+[33p+c(1—e ﬁfp)]l1—azn ﬂl ®)

A, K,B,C, [, Gand H are the material parameters. This model has been validated to describe the
strain rate influence on both the initial yield stress and strain hardening term for DP600 steel sheets
in the strain rate range from 0.0007s~1 to 250s~1

Based on observations of experimental uniaxial true-stress versus plastic strain curves (Fig. 1)
and recent published works on this grade (cited above), a general formulation of the constitutive law
assuming both a strain-rate dependency on the initial yield stress and the strain hardening seems to

be well adapted to describe the hardening behavior of DP600 steel sheets. Here, a constitutive
hardening law (Type 4) with two different strain rate dependency terms, V;(g) and V;(¢),

respectively on the initial yield stress and the strain hardening is chosen. For these two terms, a

power model is adopted to describe the strain rate sensitivity:

V@) =€ fand V() =% )

Where m; and m,, are the strain rate sensitivity parameters.

2.3 Calibration of strain-rate dependent hardening laws from uniaxial tensile tests
Parameters of the strain rate dependent hardening laws are obtained by minimizing the error
function o expressed below (Eg. 10). The calculated stresses are determined from the analytical

model of the homogeneous uniaxial tensile test.

p Pl1d 5 (Esxp,i,j )_5_exp (Epexp,i,j) 2
5 Zé] Z Z exp,i, j (10)

—ex i,
j=1 i=| 9= (o2 p(gp )

Where p is the number of true stress-plastic strain curves (or number of tests in the experimental
database), q is the point number on each curve, °* and G°*? are respectively the analytical and

experimental equivalent true-stress.

The identified parameters on the basis of Ludwick’s law are presented in Table 1. As it can be
seen, both initial yield stress and hardening behaviour are strain rate dependent. As shown in the
literature, it seems that initial yield stress is more sensitive than strain hardening to the strain rate
(my; > my,), nevertheless, as observed in Fig. 2, the best set of parameters for the Ludwick’s

formulation leads to an over-estimation of the hardening level at low strains.



Tab. 1 Identified material parameters of rate-dependent Ludwick’s law from uniaxial tests

G=0,™ + Ke_‘pné‘m2 Error & (%)
o, (MPa) K (MPa) n m, m,
6.53
351.6 1079.4 0.47 0.0223 0.0044

The identified parameters on the basis of VVoce’s law are presented in Table 2. As observed
on Fig. 2, a better fit is obtained with Voce’s formulation than with Ludwick’s one which is
confirmed by error function values 6 which are respectively 6.53% and 3.85% for Ludwick’s and
Voce’s formulations. Both the initial yield stress and the strain hardening term are observed to be
strain-rate dependent. Nevertheless, Voce’s formulation gives close values of sensitivity indexes
my; = 0.0137 and m, = 0.0123, with a higher sensitivity observed on the yield stress than on the

strain hardening.

Tab. 2 Identified material parameters of rate-dependent VVoce’s law from uniaxial tests

o= aoéml +K (1—exp(—n§p ))Emz Error 6 (%)
o, (MPa) K (MPa) n m, m, 285
392.4 432.4 14.45 0.0137 0.0123

The identified flow stress curves on the basis of Ludwick’s and VVoce’s laws are compared with the
experimental ones at each strain rate, as shown in Fig. 2.

It can be seen that all identified flow stress curves are in relatively good agreement with
experimental ones. Nevertheless, the Voce’s formulation is closer to the experimental results than the
Ludwick’s one. This last formulation leads to a slight over-estimation for small strains (under 5%)

and for large strains (up to 13%).
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Fig. 2 Comparison of experimental and identified flow curves from uniaxial tensile tests

For the two analytical models (Ludwick’s and VVoce’s) calibrated from experimental uniaxial
tensile tests in an equivalent plastic strain ranging up to 17%, the equivalent stress versus equivalent
plastic strain curves are plotted for an equivalent plastic strain range extrapolated up to 0.3 (Fig. 3).
These two formulations are compared at three strain rates 1073571, 1071s~1 and 10%s~. As shown
in this figure, these two models give very different trends. The identified material parameters for the
Voce’s formulation lead to a complete saturation of the strain hardening for deformation between 17%
and 30%. As contrary, Ludwick’s model, identified on the same experimental data, shows a constant
increase of the flow stress for large strains (between 15 and 30%). As one can see it, it is difficult to

define the best formulation for large strains on the only base of uniaxial tensile tests.
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Fig. 3 Strain rate dependent hardening law identified by uniaxial tests

3. Biaxial tensile tests

In this section, the quasi-static and dynamic biaxial tensile tests on cruciform specimens are

performed to obtain large strains at the central zone.

3.1 Testing specimen and experiments

Recently, for static characterizations, Kuwabara [37] has proposed a standard cruciform
shape to determine elastic constants or 2D initial yield surfaces of metallic sheet under in-plane
biaxial loadings. This shape is only suitable for low strain levels and no standard specimen exists for
large strains. To allow characterizations for large strains, Zidane et al. [24] have proposed a specific
cruciform shape to determine forming limit curves (FLC) of metallic sheet. In this specimen, a

central thickness reduction is defined by a curved profile to obtain the onset of necking at the central

point.
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Fig. 4 Cruciform specimen of DP600

In the present study, a cruciform shape with a flat central zone of reduced thickness to
localize the deformation, four slits in each arm to reduce the transverse rigidity, notches at the
intersections of arms to reduce the localisation is optimized as shown in Fig. 4. This shape has been
validated for large strains and static applications by present authors in previous works [10] for the
determination of hardening law parameters. The sample thickness outside the thinned zone is 2mm.
The final thickness in the central zone of the specimen is 0.625mm. The specimen is manufactured in
DP600 steel sheet by milling the central zone and by wire cutting the slits.

As explained above, the biaxial machine (Fig. 5) is equipped with four independent servo-
hydraulic actuators. Each end of the cruciform specimen is connected to an actuator rod through a
mechanical part assembly as shown (for only one specimen end) in Fig. 6. For dynamic tests, the
impactor is accelerated along the sliding bar to obtain the specific velocity Viypqcror before the
specimen is loaded. Due to the initial impact, oscillations appear on force signal measured by the
load sensor (see Fig. 6). To reduce these oscillations a 3mm thick elastomer damping layer is placed
at the interface between the sliding bar and impactor. The thickness of the damping layer has been
determined by mean of numerical simulations. These simulations are based on a FE model of the
equi-biaxial tensile test including the mechanical part assembly presented Fig. 6, under dynamic
conditions. After the impact, the displacement of the sliding bar is transmitted to each specimen end
through the load sensor and the bi-articulated link. During the test, the velocity is maintained almost
constant due to the inertia effect of impactor. The experimental forces along the two perpendicular

directions are measured by deformation gauge load sensors.

12



Accumulator

Servovalve

Camera axis

Additionnal
mass

Actuator

Sensor
displacement

Fig. 5 Biaxial testing machine
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Fig. 6 Dynamic biaxial device with damping layer

3.2 Experimental results

Quasi-static and dynamic biaxial tensile tests on cruciform specimens are carried out at three
loading speeds: 0.02mm/s, 1mm/s, 250mm/s. A high speed camera is used to record the
deformation of the central zone of specimen. The acquisition rate is respectively 50f/s, 250f/s and
18000f/s for the three test velocities 0.02mm/s, 1mm/s, 250mm/s. The acquisitions of the load
sensor signals and the video images from the camera are synchronized. About 100 specimen images,
before initial crack in the central zone, are used for DIC treatment for each specimen. Details on DIC
parameters are given in [10]. Considering the image resolution and the dimensions of the filmed zone,
a resolution of 0.037mm/pixel is obtained. For a velocity of 250mm/s, Fig. 7, 8 and 9 show
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respectively the displacement vectors in the same central zone, the onset of cracks and the equivalent
strain field just before the initial crack happens. In the central zone (—1mm < x,y < 1mm), the
strain field is rather homogeneous and the equivalent strain level reaches up to 30%. The
deformation localisation occurs near the points (x = 0,y = £3mm). The evolution of equivalent
strain, major and minor principal strains at the central point of the specimen are shown in Fig. 10 for
the three velocities. To get robust values of principal strains near the central point (x =y = Omm) of

the specimen, the principal strains are averaged as follows:
f0=— 3>l i) (11)
pPxqiT =
where p and  are the numbers of points to be averaged in each direction and t is the time. Here,
the average strains are calculated for p =q = 3, corresponding to a square area defined by

—0.6mm < x,y < 0.6mm.
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Fig. 9 Equivalent strain field in the central zone at 250mm/s (t=15.5ms)

Maximum value of 50% of the equivalent plastic strain is reached for the tensile test velocity
of 0.02mm/s (Fig. 10a) and this value is about 40% for the velocities of Imm/s and 250mm/s (Fig.

14



10b and Fig. 10c). Due to a little desynchronization between the two directions and material
anisotropy, major principal strain curves does not exactly coincide with the minor principal strain
curves. The major and minor principal strains are close to 20% for the two first tested velocities, with
a maximum variation of 5% between the major and minor strain just before rupture. Due to a higher

desynchronization, this variation is about 10% for the last tested configuration at 250mm/s.
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Fig. 10 Evolution of equivalent and principal strains at central point

The evolution of strain rate at the central point is presented in Fig. 11. For the loading
velocity of 0.02mm/s, from time t = 50s up to the end, the strain rate varies from about 0.0025s~1
to 0.02s~1. The strain rate increases quickly after t = 120s due to the strain localisation in the

central zone. For the loading velocity of 1mm/s, the strain rate increases from 0.1s~! to 0.7s~1 for
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atime 0.6s < t < 2s. The loading velocity of 250mm /s leads to an increase of the strain rate from

about 20s~1 up to 170s~1, for a time corresponding to ¢t = 7ms up to the end of the test.

0.025

(a) 0.02mm/s

0.02 r

0.015 ¢

0.01

Strain rate (/s)

0.005

0O 20 40 60 80 100 120 140

Time (s)

0.8

0.7 1 (b) 1mm/s
0.6 |

05
04 r
03 r
0.2 r
0.1

Strain rate (/s)

2.5

Time (s)

16



180

160
140 +

(c) 250mm/s

120 +
100 +
80
60
40 r
20

Strain rate (/s)

0O 2 4 6 8

10 12 14 16 18

Time (ms)

Fig. 11 Evolution of strain path and rate at central point

The experimental force curves have been measured along the two arms of specimens, as shown in

Fig. 12. For the loading velocity of 0.02mm/s, the forces along the two arms are well synchronized

(at the beginning of test) whereas at 1mm/s a slight desynchronization (approximately 0.1s) of the

two axes of the biaxial tensile testing machine can be observed. For the dynamic tests at 250mm/s

(Fig. 12(c)), despite a desynchronization which can be evaluated to 0.4ms, the measured force

curves don’t present oscillations at the beginning of the test, showing the effectiveness of the

damping layer.
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Fig. 12 Experimental forces

3.3 Identification of strain-rate dependent hardening parameters from biaxial tensile tests
Calibration of strain-rate dependent hardening laws under dynamic biaxial loadings is
proposed from an inverse procedure based on the FE simulation of the biaxial tensile test.
Experimental data consists in the three equi-biaxial tensile tests at 0.02, 1 and 250mm/s presented
above. Tensile force measurements along the two axes of the cross specimen are applied as boundary
conditions in FE simulations. Experimental principal strains calculated at the central point of the
specimen surface (Fig. 10) are compared with the simulated ones through an error function Q :

0-2 0 E B[S (an(t)-a()f /e 02

Pz 2p\ =\ =

where q is the total number of time points and p is the number of tests at different velocities, &
and £;"™ are the simulated major and minor principal strains at the central zone of FE model, &

and ¢, are the experimental principal strains in the same zone of the specimen (Fig. 10(a), (b), (c)).

The error function Q is evaluated through an optimization loop built in the software platform
ModFrontier. The Simplex algorithm has been chosen to optimize the material parameters. In order
to make sure that the global minimum is found, different sets of initial values have been tested.
Identified material parameters correspond to the parameter set which minimizes the error function Q.

As explained in [10], FE simulations with solid elements (C3D4) are very time-consuming.
So to keep simulation times compatible with the inverse procedure which requires many simulations,
a FE model with 2D linear shell element mesh (S4R) is proposed. The shell model has been divided

into three zones with different thicknesses obtained from successive simulations in order to obtain
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close evolutions of the major and minor principal strain curves at the centre of the specimen for the
two models.

For the isotropic elasticity, a Young's modulus of E =200GPa and a Poisson's ratio of
v = 0.3 are considered. Plastic behaviour of DP600 steel sheets is modelled assuming the associated

normal flow rule and Hill 48 anisotropic yield criterion defined by :

V/(O-ij ): \/F(O'zz _0'33)2 + G(O'ss - 0'11)2 +H (0'11 - 0'22)2 + 2('-0'232 + MO—SIZ + NO'122) (13)
where F, G, H, L, M and N are the material parameters. These parameters, given in Table 3,
have been determined from the three anisotropic coefficients (r, = 0.89; ry5 = 0.85; 199 = 1.12)

proposed by Ozturk et al. [36]. The parameters of the yield function are supposed to be independent

to the strain rate and strain level.

Tab. 3 Parameters of Hill 48 yield function

F G H L M N
0.4204 0.5291 0.4709 1.5 1.5 1.2819

The general strain rate dependent hardening laws on the basis of Ludwick and Voce
formulations, already calibrated from uniaxial tensile tests in section 2.3, are now identified from
experimental biaxial tensile tests. The identified parameters are presented in Table 4 and Table 5 for
respectively the Ludwick and Voce formulations. Contrary to the results observed from uniaxial
tensile test calibration, the influence of strain rate on the strain hardening term is more important

than the one on the initial yield stress (m, <m,) for the two identified models.

Tab. 4 Identified material parameters of rate-dependent Ludwick law from biaxial tests

& =0,e™ +KE"E™

o, (MPa) K (MPa) n m, m,
339.2 839.7 0.3864 0.0052 0.0158
0.02mm/s Imm/s 250mm/s
Average error 6
Error (%) d(s)  d(s)  d(a) 6(e)  d(a) () (%)
7. 8.4 13.4 7.7 9.2 6.4 8.7
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Table 5 Identified material parameters of rate-dependent VVoce law from biaxial tests

;mz

F=0,c™ + (1—exp(—n§p ))g

o, (MPa) K (MPa) n m, m,
437.9 446.2 8.24 0.0032 0.0245
0.02mm/s Imm/s 250mm/s
Average error o
Error (%) J(s) 5(e,) 5(e)  d(e) 5(&) 5(e,) (%)
8. 9.8 104 8.9 11.2 9.5 9.6

The simulated and experimental principal strains at the central point of the surface specimen
have been compared as shown in Fig. 13. Although the simulated principal strains are lower than the
experimental ones at the beginning of tests, the observed trends are in good agreement for principal

strains above 4% whatever the hardening formulation.
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Fig. 13 Comparison of experimental and simulated strain curves
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The equivalent stress versus equivalent plastic strain curves identified on the basis of Ludwick’s and
Voce’s models from the equi-biaxial tensile tests are compared in Fig. 14. For low strains, due to the
difference observed on the values of the two initial yield stresses identified, significant differences
can be raised between the two formulations. For larger strains (more than 5%), the two formulations
give approximately the same description of the strain-rate dependent hardening behaviour of DP600,
even if some discrepancies appear for equivalent plastic strain close to 30%. Comparison between
Fig. 3 and Fig. 14, shows clearly the interest of the biaxial tensile test which permits a better strain
and strain-rate hardening identification for large strains whatever the hardening formulation. If
maximum values of the equivalent stress at 30% of equivalent plastic strain are compared for the
Voce’s formulation, one can notice that the strain rate sensitivity identified by mean of classical



uniaxial tensile characterizations or by biaxial tensile tests are closed. Nevertheless, the strain rate
sensitivity predicted from biaxial tests is slightly higher. Voce’s formulation at 30% of equivalent
plastic strain, based on uniaxial characterizations, gives ., = 750MPa and 7,4, = 850MPa for
respectively a strain rate of 1073s71 and 101s~1. Based on biaxial characterizations, for the same
strain rate range, the maximum equivalent stress varies between oy, = 775MPa and opq, =
875MPa.
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s 700
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Fig. 14 Strain rate dependent hardening laws identified by biaxial tensile tests

4. Conclusion

In this study, the strain rate dependent behaviour of DP600 steel sheets is investigated in an
intermediate strain rate range. From classical uniaxial tensile test, it is shown that both initial yield
stress and strain hardening are rate-dependent. Based on these experimental observations, two strain-
rate dependent hardening formulations have been selected: a power-law model described by the well-
known Ludwick’s law and a saturation model, based on the classical Voce’s formulation. The
calibration of these two models from uniaxial tensile tests shows a higher strain-rate dependency of
the initial yield stress than the strain hardening. Moreover, the best fit of experimental true stress-
strains curves is obtained for the Voce’s type law. Nevertheless, results show that the uniaxial tensile
test doesn’t allow selecting with certainty the formulation of work hardening the most adapted for

large strains.

22



Dynamic experiments presented in this study validate the capabilities of the servo-hydraulic
device used in this study to investigate the rate-dependent behaviour of metallic sheets under biaxial
loadings for an intermediate strain rate range. Concerning the geometry of the specimen, it is shown
that the cross specimen shape, already validated under quasi-static conditions, can also be used when
dynamic biaxial tensile tests are performed. The two work hardening formulations identified in this
study give similar results in terms of error function with a strain rate index more important on the
strain hardening term than on the initial yield stress.

From these biaxial dynamic experiments, benefits of the proposed methodology are clearly
shown by comparing the two identified hardening laws, the “saturation” model and the “power-law”
model, which present very different evolutions when identified on uniaxial tensile tests and predict
very similar hardening behaviour when calibrated on equi-biaxial tensile tests up to 30% of
equivalent plastic strain. Finally, with such biaxial loadings, the work hardening behaviour can be

identified for strain paths corresponding to those encountered in forming processes.
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