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ABSTRACT

Forming Limit Diagrams (FLD) are used to design metal sheet processes and to choose
appropriate material according to their formability. Development of simple and robust
methods to determine the formability domain is then a major industrial issue. Marciniak-
Kuczynski (M-K) plastic instability criterion is a classical and common approach used to
predict numerical FLD. A convergence of the experimental conditions and theoretical M-K
hypotheses is investigated. This analysis leads in the proposition of a simple experimental
procedure based on classical instrumented biaxial testing machines to reproduce M-K in-
plane loading conditions. Experimental results are compared with numerical simulations
based on a finite element method implantation of M-K model. This versatile implementation
allows the coupling of the plastic instability criterion in ABAQUS with a large range of
material behaviors. Application of these experimental and numerical procedures on
commercial St14 mild steel leads to the relative differences between lower experimental
points and numerical forming limits predictions that do not exceed 4% and 10% in the case
of uniaxial and equibiaxial tension for initial prescribed defect ratio of 0.99 and 0.95, and
22% in the case of plane tension. These procedures constitute ways easily implementable in
the industry to obtain FLD at reduced costs that show good correlations between
experimental results and numerical M-K predictions.

Keywords: Forming limit diagram; Marciniak-Kuczynski; formability; finite element
method; biaxial tensile tests.

INTRODUCTION
In industrial practice, formability of metal sheets is limited by critical phenomena such as
diffuse necking and strain localization. To avoid scrapping of defective parts, it is important

to understand how the forming process is performed and to get numerical tools to predict
where the critical areas of necking and fracture are located. The forming process can then be
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analyzed and optimized before manufacturing tools, leading to time-saving, to the reduction
of the costs and to a global improvement of the quality of products.

The origin of analysis of the forming limits was given in the 1940’s. The first
presentation, which includes a diagram similar to the typical Forming Limit Diagrams (FLD),
was published by Gansamer in 1946 [1]. The concept of FLDs, as it is known today, was
developed after different experimental tests and analytical investigations [2-6]. Marciniak
and Kuczynski then developed a forming limit prediction model for strain localization,
referred to M-K in this study [7]. After deep experimental investigations on the relations
between strain localization and geometrical and structural heterogeneities, M-K model is
based on the supposed existence of initial geometrical imperfections in the sheet. Each sheet
is represented with two regions: region A with uniform thickness and region B with
geometrical imperfections. These imperfections may take the form of initial thickness
heterogeneities or equivalent structural imperfections. During the forming process, the strain
localization is supposed to occur in the imperfection zone. Some improvements have been
proposed to this model in the expansion domain by taking into account the effects of the
orientation of the band [8]. Strengths of this model are its ability to deal with a large class of
materials including time-dependent materials and the possibility to implement it in Finite
Element simulation software to simulate sheet metal forming processes [9-13]. This criterion
is formulated with several hypotheses such as in plane loading and plane stress state, while
the straining path of the safe zone may be chosen linear or not. On another hand, different
experimental procedures have been developed to determine FLD. Among the most popular
normalized methods, Nakazima and Marciniak tests are based on controlled stretching of a
metal flank maintained on a die by a blankholder and submitted to the action of a moving
punch [14-15]. Geometrical and mechanical observations of the specimen and of the loading
conditions show out of plane stress and strain states, non-linear strain paths and strain
gradients in the thickness of the sheet. Although these testing procedures are well
representative of the complex straining conditions met during deep-drawing processes, one
may observe the differences between the hypotheses used for the formulation of theoretical
strain localization criteria and the conditions really encountered during experimental
determination of FLD by classical tests based on punching of a sheet. Comparison of
theoretical and experimental FLD results is then a sensitive question. To overcome these
issues, a rapprochement between theoretical and experimental conditions is proposed in this
paper by considering experimental determination of FLD from biaxial testing facilities. The
aim of this paper is to bridge the differences between theoretical and experimental conditions
used to determine FLD, to procure a new set of experimental data for St14 mild steel and to
compare them with numerical predictions. After the presentation of the considered steel,
FEM based M-K model formulation is developed. In the end, an experimental procedure
including sheet heterogeneities obtained with modern experimental facilities based on multi-
axial testing and on digital image correlation is presented.

PRESENTATION AND MATERIAL MODELING OF ST14 MILD STEEL
The material presented in this paper is a commercial low carbon St14 mild steel, composed

of Iron, Carbon, Copper, Manganese, Phosphorous, Sulfur, Aluminum and Nitrogen. It is
selected by industrial partners for its good machinery, deep drawing and stamping properties.
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This mild steel is easy to weld using any type of welding methods. The chemical composition
is given in Table 1.

Table 1. Chemical composition (wt%) of St14 mild steel [16].

C Si  Mn P S Al N (ppm)
0.02  0.004 0.222 0.007 0.004 0.058 30

A classical approach is followed to model elastoplastic behavior of St14 mild-steel. Details
may be found in Lemaitre and Chaboche [17] and are briefly given in this section. A
multiplicative decomposition of the transformation gradient F using a reversible elastic part
and an irreversible plastic one leads to: F = F,.F,, where F, and F,, denote respectively the
elastic and plastic parts of the transformation gradient. Differentiation of this transformation
gradient leads then to the definition of the velocity gradient L: L = F. F~1. Deep-drawing of
metal sheets is generally characterized by small elastic deformations e observed before
plastic deformations. Transformation tensor F can then be approximated with: F, =
(1 +e).R, where R denotes the elastic rotation operator. Introducing this expression in the
definition of the velocity gradient, one may obtain: L = R.R™* + e’ + R.FP, (FP)~1,R7?,
where e’ is an objective measure of the elastic strain rate. In the following simulations,
Jaumann derivative will be used for convenience reasons as it is implemented in ABAQUS
FEM software. The total strain rate is the symmetric part of the velocity gradient. Its additive
decomposition into elastic and plastic parts leads to the following expression of the plastic
strain rate: DP = D —e’. For FLD determination, it is common to apply the load in the
principal directions of anisotropy, leading to a null elastic spin. A simplified formulation of
the material laws, close to the small strain formulation, may then be used. When these loading
conditions are not observed, equations may be written in a rotated frame leading to the same
simplified expressions of the material behavior. Following a phenomenological approach
based on thermodynamically irreversible processes detailed in Lemaitre and Chaboche [17],
elasto-viscoplastic relations are developed to represent phenomena observed during cold
forming of metal sheets, as for example the evolution of hardening or the sensibility to the
loading rate. In this work, the evolution of the time-dependent hardening is obtained by using
a classical power law:

R = Ry + kee™ (1)
where Ry, m, nand k are respectively the hardening constant, strain rate sensitivity exponent,
strain hardening exponent and strength constant [18]. Identification of material parameters
of this model for St14 mild steel has been carried out and the results are given in Table 2.

Table 2. Mechanical properties of St14 mild steel [18,19].

E \Y p O Om k n m
(GPa) (kg/m3) (MPa) (MPa) (MPa)
210 0.3 7860 145 500 660 0.19 0.012
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Further details about the finite transformation framework and plasticity modeling may be
found in [20]. Different procedures have been developed to study the formability of such
steel sheets. Some of them are purely experimental while others are based on analytical
models or are based on purely numerical approaches. In the next sections, two procedures
based on experimental and numerical approaches will be applied to the determination of FLD
for St14 mild steel.

MARCINIAK-KUCZYNSKI MODEL AND NUMERICAL SIMULATION

Plastic instabilities are largely influenced by imperfections that may be present in structures.
According to multi-zones models, localization is expected to produce in regions of the metal
sheet affected by such common defects. Nature of these defects may, for example, be related
to the composition of the alloy, to grain sizes and repartitions, to geometrical heterogeneities,
to residual stresses or more generally to material imperfections [21]. In M-K approach, an
equivalent geometrical defect is defined to reproduce the destabilizing effects of all present
imperfections regardless of their real nature. A band of reduced thickness is then defined in
M-K model partitioning a local space of the metal sheet into two regions as shown in Figure
1: region A is a region with nominal thickness t while the region B is affected by a thickness
reduction t® in a band of width w®.

33 F
F, t
N A ‘ B
| B |
4
/ t* t
wh
F, W

Figure 1. Definition of zones A and B in M-K model [22].

This user-defined defect is represented and introduced in the model by the initial thickness
ratio f,, defined by:

o= @

with t, and tZ are the initial thicknesses of the sheet and inside the band. Common values of
the initial thickness ratio f;, are comprised between 0.95 and 0.999 [23]. When f; tends to 1,
the sheet tends to a geometrical initially homogeneous domain, leading to higher formability
predictions. No localization can be predicted with this model for a homogeneous metal sheet.
This imperfect sheet is then loaded following different loading paths to investigate its
formability limits. In this paper, a constant and linear loading rate in forces space is chosen
to be consistent with experimental conditions. Noting F; and F, the major and minor forces

taken in the longitudinal (rolling) and tangential directions, the loading ratio « is defined by:
F

a=—= 3)

F
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The values of a are chosen between 0 and 1, respectively representing uniaxial tension and
equibiaxial tension. In contraction domain, formability limits are shown to be influenced by
the initial orientation of the imperfection band. For a given loading path, different
orientations of the band have then to be envisaged and simulated to detect the most critical
situation leading to the lower formability prediction. Current position of the band can be
expressed as a function of the initial orientation of the band and the strain state [8,24]:

tan(0) = exp(e; — €;)tan(6,) 4
Strain and stress states are computed and stored for each loading step. Observation of relative
evolutions of the mechanical fields inside and outside the imperfection band shows a superior
increase of the strain rate in the band. This phenomenon leads to a concentration of the strain
inside the band and then to the strain localization. Different localization indicators may then
be constructed to predict localization. In this paper, the out-of-plane strain rate ratio is used
as a strain localization measure. Localization is predicted when this ratio exceeds a user-
predefined value [18]:

B

Suk = 6373 ®)

€33

It can be shown that the value of this threshold may be taken in a range of, for example, 5 to
10 and that its choice should not influence strain localization predictions as strain rate evolves
exponentially in zone B near localization. Predictions are then not sensitive to this parameter,
but high values of the threshold may lead to numerical instabilities. Different methods may
be set up to implement the M-K model, from purely analytical developments to FEM
simulation. In this paper, this second choice has been favored and ABAQUS software has
been used for numerical applications. A 180 mm x 180 mm length and 1 mm thickness metal
plate modeled on ABAQUS and loaded using a loading ratio a defined in the force space.
The principle load is equal to 400MPa. A geometrical imperfection is introduced in this band
using M-K approach is characterized by its initial thickness ratio and orientation. Different
initial values of these parameters which are used for the simulations are represented in Table
3. One point in the corner of this plate is fixed by Encastre boundary condition and the
displacement of the bottom side is blocked in the transversal direction and the right side is
blocked in the longitudinal direction. Using these loading conditions, evolutions of strain and
strain rate tensors are then stored for two representative elements respectively taken in zones
A and B of a mesh with 21600 linear hexahedral mesh of type C3F8R elements mesh. The
FLDs typical configurations are obtained for particular principal strains ratios as illustrated
below in Figure 3 for o = 0 and an orientation band equal to 6 = 20°.
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Figure 2. Strain-Time curves for a = 0.4, 6 = 0° (a) and 6 = 20° (b).

+5.898e-01
+4.891e-01
- +3.883e-01
+2.875e-01
+1.868e-01

Figure 3. Max strain for a =0, 6 = 20°.

The simulation continues until reaching the strain localization criterion. Critical strains
values are stored at localization and reported in the FLD represented in Figure 4 for three
different orientations band 0°; 20° and 40°. Shapes of FEM based FLD and sensibility to the
initial orientation of the band are consistent with classical results based on analytical
developments. Formability predictions are for instance influenced by 6 in contraction
domain. Final numerical FLD is constructed by selecting the lower points for each loading
path.

Table 3. Numerical properties of the imperfection zone B.

wg (mm) tg (mm)  fo 0
10 090 090  0°-40°
10 095 095  0°-40°
10 099 099  0°-40°
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Figure 4. Numerical FLD obtained with a FEM based M-K model for different values of
orientation band 0.

EXPERIMENTAL PROCEDURE FOR DETERMINATION OF FLD USING
MULTI-AXIAL TENSILE TESTS

Experimental studies constitute a direct and efficient way to determine FLD. Several testing
procedures have been designed to study sheet metal forming. Among them, Nakazima [14]
and Marciniak tests are probably the most popular and are defined by international standards
such as ASTM E2218-02 and ISO 12004-2:2008 [25-27]. Following these tests, specimens
with different geometries are placed in a stamping press or a testing device equipped
respectively with hemispherical or cylindrical punches [28-30]. These tests require the
presence of specifically developed testing machines, of stamping presses or of special devices
developed to adapt existing tensile machines and the use of several geometries to reproduce
the different strain ratio from uniaxial tensile test to equibiaxial conditions. During the test,
out of plane loads are imposed to the specimen, generating strain gradients in the thickness
direction that are not taken into account in the formulation of classical strain localization
criteria. Other convenient experimental procedures in which the load is applied in the
longitudinal and tangential directions of the sheet during all the test may be used to get closer
experimental and theoretical loading conditions and strain and stress fields [31-32].
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Control

Control system

Figure 5. Schematic Zwick Biaxial tensile test machine [33-34].

Biaxial traction test is a simple way to investigate the materials behavior under loading and
requires only the presence of biaxial testing machine, specific cross specimens, and digital
image correlation chain to record the displacement field during the test [35]. A Zwick
universal testing machine is used at CAN company to perform the different tests, imposing
different stress or force ratios to reproduce the different loading paths of the FLD, as
represented in Figure 5. For applying the load on flat plates or cruciform specimen in two
different directions, this type of machine is required [36]. The type of load is applied in
compression or tension-type. The load must be applied continuously, symmetrically and the
center of the specimen must stay in the center of the testing machine during the test. This
machine has four arms to apply forces. These forces are applied by hydraulic actuators.
Typically, they used a servo and piston to control system. Schematic of the biaxial tensile
machine is shown in Figure 5. One cross specimen 180 mm x 180 mm, cut in a 1 mm thick
metal sheet by a Siemens 828D CNC machine, is used for every loading condition. The
geometry of them is not specific to the loading path. Some imperfections are preexisting in
the metal sheets due for example to crystallographic effects or to roughness after rolling
operations. These imperfections may be seen as factors favoring the initiation of strain
localization and then as factors equivalent to a preexisting defect. To explore the influence
of M-K initial imperfection hypothesis, imperfection bands are cut in some specimens to
reproduce the geometrical imperfection with a defect ratio f, of 0.95.

At the beginning of the test, a 10 N preloaded is applied to each side of the specimen.
Loads are then applied in both directions according to the force loading ratio «. This ratio is
made varying from 0 to 1 by increments of 0.1 to obtain the different points of the FLD. The
test is continued until strain localization or failure. An example of a load is given in Figure
6. Inthis case, a force is applied after the preload step up to 400 N in the longitudinal direction
of the sheet during 1.426 s corresponding to a loading ratio a of 0.
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400 ~
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Figure 6. Force-Time curve for experimental test.

Full-field measurement techniques are based on the comparison of the digital image of the
specimen before and after applying a load increment. Displacement and strain fields are then
estimated using and Digital Image Correlation techniques [37-38]. This technic can be
applied to FLD predictions [39-40]. In our study, 25 images of 6Mpx are recorded every
second by an Aramis 3D camera with a timer and are then analyzed using GOM DIC software
to determine the critical strains at localization. Experimental results of FLD obtained for St14
thin sheets and the influence of the introduction of an initial defect in the sheet will be
discussed in the last section.

COMPARISON OF EXPERIMENTAL AND NUMERICAL FLD PREDICTIONS
FOR ST14 MILD STEEL

When designing experimental procedure and numerical simulation, particular attention has
been paid on the reproduction of similar in-plane loading and boundary conditions. With such
close hypothesis, results of experimental and numerical approaches can now be compared on
the commercial nuance of St14 mild steel presented in previous sections.

Numerical FEM-based M-K results are reported in Figure 7 for two initial defect ratio
of 0.95 and 0.99. With a ratio of 0.95, the curve may be approximated by two lines by joining
the predicted limit points at localization. These lines are respectively a decreasing one in the
contraction domain and another one increasing in the expansion. The lower value is given by
the intersection of these lines for plane tension (PT). Noticeable values of major strain at
localization are respectively 0.44, 0.18 and 0.28 for uniaxial tension (UT), plane tension and
equibiaxial expansion (EE). Another curve is obtained for a ratio of 0.99. This curve is
situated above the previous one and values of the major strains of 0.66, 0.22 and 0.36 are
reported for UT, PT, and EE. On Figures 8 and 9, original experimental results are also
plotted for a comparison with a ratio defect of 0.99 and 0.95 respectively. For a ratio of 0.99,
localization is predicted above a major strain of 0.52 for uniaxial traction load. For the rest
of the domain, scatter in results is observable. An interesting line passing close to points with
major strains from 0.45 near uniaxial tension to 0.4 near equibiaxial expansion is observable.
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Figure 7. Numerical FLD results for fob=0.95 and fo=0.99.

This shape has for example been pointed out for fracture behavior of ductile materials in [41-
42]. Further developments could then be interesting to compare these points and results
obtained with fracture criteria. Experimental localization points located from either side of
this curve are observed. Within this set of results, scatter of experimental results for this set
of parameters only allows the observation of general trends. It is shown by comparing
numerical and experimental points for a ratio of 0.99 that experimental points are located
above numerical predictions for around 75% of the experimental points, see Figure 8. For the
rest of the 25% of the lower experimental strain localization predictions, they are located just
on the curve plotted from numerical M-K model. For UT case, relative error between
experimental point and numerical prediction do not exceed 3.6%. FLDg experimental point
appears to tend toward fracture mode and will not be considered. For equibiaxial expansion
case, the relative difference between numerical and experimental minor strain points is not
greater than 2%. It can be considered that numerical M-K predictions constitute then a lower
bound to experimental results.

0.7 ~
0.6 4
0.5 A

0.4 4

0.3 1

Major strain

0.2 4

01 - +  Experimental, f,=0.99
—&— Numerical, 6=0°f,=0.99
D T T T T T 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Minor strain

Figure 8. Experimental and numerical FLD results for f,b=0.99.
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For aratio of 0.95, the results are largely less dispersed (see Figure 9). Minimal values of the
major strain at localization of 0.46, 0.22 and 0.28 are observed respectively for UT, PT, and
EE loading ratios. These ratios are in good accordance with the previously discussed
numerical results. In fact, experimental points might be classed in two groups. A first group
could be constituted by points situated near two lines joining UT-PT and PT-EE experimental
predictions. Another one is grouping upper points located near a line joining UT and EE
predictions. Relative errors between experimental and numerical results are 10%, 22% and
8% respectively for UT, PT and EE. For a defect ratio of 0.95, a good correlation between
numerical and the first group of experimental results is still observable. Excluding one
experimental point, numerical predictions constitute a lower bound to experimental results.

0.7 7
0.6 4
0.5 4
0.4

0.3 4

Major strain

0.2 4

0.1 4 . Experimental, f;=0.95

—&— Numerical, 8=0°,f;=0.95

D T ) L) L] T 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Minor strain

Figure 9. Experimental and numerical FLD results for fo = 0.95.

CONCLUSIONS

Two complementary approaches have been developed to study strain localization occurring
in commercial St14 mild steel sheets during forming operations. These experimental and
numerical approaches are designed to study the formability of metal sheets by reproducing
the same planar loading and boundary conditions. The experimental procedure is based on
conventional biaxial tensile testing machine instrumented with DIC devices for displacement
field measurement. It allows the determination of FDL without requiring any development
of specific FLD mounting or the use of specific FLD testing machine. Strain localization is
studied on experimental specimens with initial defects introduced by a digital milling
machine. The second approach relies on a numerical FEM implantation of Marciniak-
Kuczynski model. In this procedure, strain localization is expected to appear in zone
presenting an initial thickness defect. The fully 3D finite transformation framework is
implemented in ABAQUS FEM software. This implementation is versatile and easily
adaptable to a large class of materials including elasto-plastic or visco-plastic behaviors. This
numerical procedure allows strain localization predictions using material parameters
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commonly available from datasheets without being sensitive to damage parameters
identification strategies.

Experimental and numerical procedures are then applied and compared on St14 mild
steel. A set of original experimental results is proposed in this paper. Both give close results
for sheets presenting initial defect ration of 0.95. Relative errors between experimental and
numerical results are 10%, 22% and 8% respectively for uniaxial tension (UT), plane tension
(PT) and equibiaxial expansion (EE). For an initial ratio of 0.99, relative errors between
experimental and numerical results are below 4% and 2% respectively for UT and EE, but
experimental results do not seem being significant for PT. Application of these experimental
and numerical procedures on commercial St14 mild steel leads then to limited relative
differences between lower experimental points and numerical forming limits predictions. The
numerical one is slightly more conservative and seems then suitable for estimating FLD with
a safety coefficient. For smaller initial defects, further developments should be carried out to
relate results with fracture criteria.
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