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A B S T R A C T   

Metal sheet anisotropy is the directional dependence of mechanical properties. It is the key factor 
that must be considered when using numerical simulation to predict any manufacturing process 
that involves plastic deformation. The plastic strain ratio, also known as Lankford coefficients or 
R values, together with the forming limit curves (FLC), are industry standards for assessing the 
formability of sheet metals. Complete experimental data used in forming the simulation rarely 
exists. The current investigation focuses on obtaining material properties and verification data as 
inputs for cold-forming numerical simulation. Uniaxial tests are used to describe the stress–strain 
curves of the S600MC steel sheet in the rolling, diagonal and transverse direction. The 2D Digital 
Image Correlation (DIC) technique was used to capture surface strains more accurately than 
relying on the crosshead of the tensile machine. On the basis of the experimental tests results, an 
anisotropic model of material was constructed, which was later used as input data for a numerical 
model, which was later validated. An industry example is shown to emphasize how anisotropy 
affects the formability of metal sheet blanks. Therefore, a comparison between the physical part 
in the final shape and the results of the forming simulation has been achieved.   

1. Introduction 

Sheet metals demonstrate anisotropic plastic behavior due to crystallographic texture caused mainly by progressive rolling steps 
[1]. Cold bending of steel sheets is a widely used manufacturing process in the automotive industry due to its cost efficiency, and by 
avoiding line heating, the oxidative process of steel is thus avoided. The major application of sheet metal in the automotive industry 
includes doors, fenders, bumpers, roof panels, and seat frames [2–4]. The cold bending manufacturing process involves deformation of 
the sheet metal in the plastic range, followed by elastic unloading, deteriorating the properties of the material. One of the shortcomings 
of this process is the development of residual stress and strains that have the potential to reduce structural integrity and the useful life 
of the component. It is acknowledged that the plastic strain induced by cold bending reduces the material ductility, and the residual 
stresses lead to premature surface yielding, and both have the potential to reduce the fatigue life and have to be considered in the 
design limits. 

During sheet metal, the rolling operation elongates and aligns the microstructure grains of the metal in the rolling direction and 
packs the grains in the thickness direction, leading to significantly different strength properties within the material. Lankford et al. 
(1950) [5] proposed a measure of plastic anisotropy of rolled metal sheets, by introducing plastic strain ratios, also called R values or 
Lankford values by the research community. These scalar quantities have been widely used in industry to assess the formability of 
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recrystallized steel sheets by progressive rolling. Resistance to thinning can also be assessed on the basis of Lankford coefficients and is 
defined by the ratio of true strain in the width direction versus true strain in the thickness direction. 

Design and analysis of cold-bending processes using empirical approaches implies a high cost of material and dies in trial-and-error 
procedures. Therefore, the numerical simulation of this process became particularly attractive. Numerical simulation of cold-forming 
processes needs a quantitative description of the plastic anisotropy; von Misses criteria is enough to describe yielding isotropic ma
terials, but to consider anisotropy of the sheet metals, additional parameter has to be introduced. 

Today’s research is increasingly using Digital Image Correlation to examine full-field displacements and strain measurements of 
specimens subjected to different loads. A variety of applications are investigated using DIC. The evaluation of the mechanical shear 
response was investigated by Leitão [6], Pop [7] used DIC and FEM approaches to identify the mechanical state in the vicinity of a 
crack, Wang [8] used DIC system to measure the full-range strain distribution at the macroscopic level during a tensile test, a feature 
that is not available through conventional techniques, Falk [9] and [10] investigated the use of DIC and FEM for strain measurement on 
Printed Board Circuits. Barnefske [11] investigated an experimental comparison of fiber-bragg-grating (FBG) strain gauges, electrical 
strain gauges and the photogrammetric strain systems IView and ARAMIS in a tensile test. The sheet metal assessment using DIC was 
investigated by many researchers [12–14]. 

The first researcher who introduced the concept of quantification of the formability index, according to Banabic et al. [15], was 
Gensamer in 1946. He plotted the limit strains associated with each stress ratio on a rectangular diagram using the longitudinal and 
transverse principal strains as abscissa and ordinate, respectively. The curve thus obtained separates the area with acceptable strains 
(bellow the curve) from the area where defects, such as neck and fracture, occur. This concept was revised in the 1960s by Keeler [16] 
and published in a journal for a worldwide audience and was considered the first graphical representation of FLC. Goodwin in 1968 
[15] extended the curve defined by Keeler into the negative strain domain. 

FLC was widely accepted as the standard tool for studying the formability of sheet metals. Despite the fact that the FLC concept is 
simple to understand and apply, it has limitations. Plastic deformation depends on a large number of coupled effects that are difficult to 
predict even in a controlled environment such as testing facilities and makes the experimental determination of material failure 
nontrivial and time-consuming [17]. Furthermore, the scatter in the experimental data is so large that a statistical evaluation of the is 
of the measurement uncertainty needed [18]. These drawbacks motivated researchers to attempt to construct the limit curve of 
forming using theoretical and numerical methods. 

The precision of the anisotropic yield criteria is the key to the accuracy of numerical simulations, either for a manufacturing process 
or assessment of the component’s structural integrity. The objective of this paper is to characterize the evolution of plastic anisotropy 
for the S600MC steel sheet, used in the automotive industry, occupant safety. 

In the first step, uniaxial tests were used to obtain the stress–strain curves of the S600MC steel sheet in the rolling, diagonal, and 
transverse directions. The DIC technique was used to capture full-field surface strains. Therefore, the stress–strain curves determined 
previously were used to build and validate the numerical model of the tensile specimens that were physically tested. In the end, an 
example from industry is shown to emphasize how anisotropy affects the formability of metal sheet blanks. A comparison between 
physical parts in final shape and the results of the forming simulation was achieved. For this study, the material parameters used in the 
forming simulation were based on the experimental and numerical models of the initial tensile tests. 

2. Mathematical model 

The concept of yield criterion for isotropic materials was introduced even before the curved forming limit concept by Richard Edler 
von Mises in 1924 [19]. He described that yielding of a ductile isotropic material begins when the second deviatoric stress invariant J2 
reaches a critical value. 

Hill introduced a yielding criterion that accounts for anisotropy in 1948 [20], and it is simply an extension of the von Misses 

Nomenclature 

σ0,σ45,σ90, Uniaxial tensile yield stress rolling direction (RD), in the tensile directions of 0◦, 45◦ and 90◦ from rolling direction 
(RD) 

σij,i,j={1,2,3} stress tensor components 
σ Effective stress 
r0,r45,r90, Lankford coefficients 
σb, Yield stress under uniform biaxial tension 
εw Width strain 
εl Longitudinal direction strain 
εt Thickness strain 
R Normal anisotropy 
Δr Planar anisotropy 
S1, S2 Principal deviatoric stress 
σ1,σ2 Principal stresses 
K1, K2 Modified stress tensors  
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criterion. Hill48 has a quadratic form. Predicts the same yield stress in tension and compression. Therefore, it cannot accurately 
describe the state of anisotropy in a way that is accurate enough even under stress conditions. 

A modified version of Hill’s yield criterion [21] is reported to be free of the shortcomings mentioned above, but does not contain the 
shear stress. Hill has the form: 

(
σ1

σ0

)2

+

(
σ2

σ90

)2

+

[

p+ q − c −
pσ1 + qσ2

σb

](
σ1σ2

σ0σ90

)

= 1 (1)  

where p, q, c, are non-dimensional parameter and σ1,σ2 are the principal stresses. 
Hershey introduced a different class of yielding criteria based on crystal plasticity in 1954 [22], and was valued by Hosford in 1972, 

by developing its anisotropic criterion [23]. Hosford72 has the form: 

F|σ22 − σ33|
a
+G|σ33 − σ11|

a
+H|σ11 − σ22|

a
= σa (2)  

where F, G, H are constants that must be determined experimentally, and σij are the stresses. 
The essential difference between the approaches of Hosford and Hill consists of the different ways of determining exponent a. 

Hosford was related to the crystallographic structure of the material. The drawback of this criterion is that it misses shear stress, so it 
cannot predict planar anisotropy. 

Barlat developed an entire family of yield criteria, by progressive improving the Hosford approach. Together with Lian, he pro
posed in 1989 [24] a nonquadratic yield criterion, known as Barlat89, that included a shear stress member and was applicable for the 
three-dimensional plane stress case, assumed in sheet metal forming. 
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(5)  

where K1 and K2 were modified stress tensors, α, h, p and m are material constants and σ was effective stress. 
Among the advantages, Barlat89 has only four parameters that are relatively easy to identify, except parameter p, which can only 

be numerically evaluated by solving a non-linear equation. In addition, it cannot give an accurate prediction of the biaxial yield stress. 
Despite its disadvantages, it is still popular among numerical simulations of sheet metal forming processes. 

To overcome these disadvantages, in 1992, Barlat [25] proposed an extension of the previous criterion, increasing the number of 
parameters to six, allowing its usage to any stress [23]. In 2003 another yield stress function was described by Barlat et al. [26], known 
as Yld2000-2d, specifically for plane stress cases (2D). Compared to the Barlat-91yield stress function, the Yld2000-2d function has 
eight anisotropic coefficients that are related to experimental yield stresses (σ0, σ45, σ90) and anisotropies (r0, r45, r90, rb) obtained from 
samples prepared in different directions. 

Φ = Φ’ +Φ’’ = 2σa, (6)  

Φ’ = |S1 − S2|
a (7)  

Φ’’ = |S1 + 2S2|
a
+ |2S1 + S2|

a (8)  

S1 and S2 are the main deviatoric stresses; a is a parameter experimentally determined that characterizes the crystallographic structure 
of the material [23]. After linear transformation and writing the equations in Cauchy tensor terms, there are eight terms. Therefore, 
eight material characteristics are needed to express his function. 

Using a similar approach, Barlat proposed in 2005 [27], a 3D yield criterion, known in the research community as Yld2004-18p, 
and has the form: 
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In order to identify all coefficients, the uniaxial yield stress and anisotropy coefficients in seven directions in the sheet plane 
(0◦,15◦,30◦,45◦,60◦,75◦, and 90◦ with respect to the rolling direction) and four additional out-of-plane yield stresses were considered. 
This model is capable of accurate predictions for in-plane variation of the uniaxial yield stress and the coefficient of planar anisotropic 
but is not always suitable in practical applications due to the complexity of the formulation and the need of crystal plasticity models 
that are mandatory to evaluate some parameters. Yld2004-18p ss implemented in LS-Dyna, commercial finite element code [23]. 

Banabic and his research team have made substantial experimental and numerical advances in the field of sheet metal anisotropy. 
The first formulation for the Banabic-Balan-Cazacu (BBC) yield criteria family was proposed in 2000 [28], incorporated the advantages 
of the Barlat criteria mentioned above, and by adding weighted coefficients, the resulting criterion was more flexible. BBC-2000 has 
the following form: 
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σ =
[
a(bΓ + cΨ)

2k
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2k
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2k
] 1

2k (10)  

where a, b and k are material parameters, while Γ and Ψ second and third invariants of the transformed stress tensor. Banabic et al. 
[29], proposed an improvement of this model to account for an additional parameter, namely the biaxial anisotropy coefficient. BBC- 
2003 has the form: 
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where k ∈ N ≥ 1 and 0 ≤ a ≤ 1, M, N, P, Q, R, S, and T are material properties; Γ, Ψ, and Λ are functions that depend on the planar 
components of the stress tensor. 

Although the yield function has simple expressions and can accurately describe the yield surface, its coefficients have no physical 
meaning, the formulation of the yield criterion is not user-friendly, and the extension to 3D is not trivial. The BBC2003 yield criterion is 
reducible both to Hill 1948 and Barlat 1989 formulations. Furthermore, Barlat et al. [30] showed that BBC2003 and Barlat 2000 are 
the same, although the development procedures are different: the Banabic-Balan-Cazacu family emerged by adding coefficients to the 
classical Hershey formulation, while the Barlat family uses linear transformation. The linear transformation procedure is computa
tionally expensive, making the BBC family the preferred choice when numerical simulations of sheet metal forming are employed. A 
modified version of this criterion, BBC 2005 [29], is implemented in the AutoForm 4.1 commercial finite element program [23]. To 
improve the flexibility of the previous, the BBC 2008 model version [31] was proposed. This model uses changeable input values 
expressed as finite series that can expand or contract to retain as many terms as available from the experimental data. Because of this, 
BBC2008 maintains superior computational efficiency by avoiding the linear transformation of the stress tensor. 

The interest in the field is proven by the extensive research work available, but at the same time, the state-of-the-art in this field is 
also confusing since all the criteria listed above (and many other developments based on the principal classes) are still employed in the 
actual design and analysis phase. The flexibility of the criterion, the robustness of the identification procedure, experimental diffi
culties caused by the determination of the mechanical parameters involved in the identification procedure, and computational should 
be considered when choosing the yield criterion in the industrial application. 

Fig. 1. a) Test specimen orientation on sheet metal blank and b) Dimensions of the specimens according to the ISO 10113:2006 standard [32].  
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3. Materials and methods 

3.1. Material characterization 

The anisotropy characterization was developed and analyzed considering the directional dependencies of the properties of the 
plastic material obtained in the uniaxial tensile tests for 3.0 mm thick S600MC sheet metal. Tensile test specimens were laser cut at 
orientations θ = 0◦, 45◦, and 90◦ with respect to the rolling direction as shown in Fig. 1a. 

Four tensile specimens were tested for each orientation. The geometry of specimens with a 12.5 mm wide and 75 mm long gauge 
section follows ISO 10113:2006 standard. The specimen geometry specifications are depicted in Fig. 1b. 

Digital Image Correlation (DIC) is a noncontact optical deformation measuring technique used to capture full-field material strain. 
A series of time-lapse photographs were captured by Aramis 2D SRX GOM (2013b) DIC equipment developed by GOM. The images 
were captured while the test specimens (device under test-DUT) were loaded in tension. Before the image capturing process, the DUTs 
were sprayed with non-reflective dull white paint, and then, after curing, black paint droplets were applied. The spraying process aims 
to generate a stochastic pattern on the DUT, with the size of the speckles of 0.5–3 mm. To analyze the deformation of the specimen, the 
corresponding picture points in any picture were measured. A grid with a facet size of 19 × 19 pixels summarizes the picture point 
measurements. Each facet overlaps its neighbors by 21%. The points are identified in each consecutive image and their positions are 
assigned with subpixel accuracy. The accuracy can be reached up to 10–50 µm/m. The software can determine the displacements of the 
points, and their velocity and acceleration caused by the load. In addition, the surface software can control the deformation of the test 
object by creating a map of major or minor deformations [33]. 

An LBG TC100 universal testing machine was used to perform the uniaxial tensile test. The loading conditions (strain rate) have 
been chosen to meet the ISO 10113:2006 standard. Tests were performed at room temperature. 

Virtual extensometer locations were chosen during post processing of the test results, and they were placed in the gauge section of 
the specimen but outside the neck area, where strain localization is expected. 

To generate the stress–strain curves, the force signal from LBG TC100 was combined with the deflection measured by DIC. Then, 
based on the force displacement curves generated in this way, the engineering curves and the true stress strain curves were computed. 

To ensure measurement redundancy, three virtual extensometers were used for all tensile specimens, Fig. 2a and the output results 
shown in Fig. 2b. 

3.2. Lankford coefficients determination by DIC 

The crystal structure after cold rolling of the sheet metal leads to anisotropic behavior. The anisotropy of plastic behavior is 
computed using the Lankford coefficients [5] following ISO 10113-2006 [32]. Plastic strain ratios were manually determined based on 
tensile tests and DIC, performed previously. The plastic strain ratio, r, was determined first, which is the ratio of the true width strain to 
the true thickness strain of a test piece subjected to uniaxial tensile stress. Since it is much easier to measure the change in length than 
in thickness, based on the law of constancy of volume, the following relationship was used to compute the plastic strain ratio for all 
three orientations. 

r =
ln
(

b
b0

)

ln
( L0b0

Lb

) (15) 

Fig. 2. Virtual Extensometer: a) GOM graphical user interface and b) output examples.  
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The weighted average of the plastic strain ratio, R, shows the difference between the mechanical properties measured in-plane and 
through thickness, and this gives the measure of anisotropy. 

R =
r0 + r90 + 2r45

4
(16) 

For isotropic materials, the R value is equal to 1. A higher R value shows that through thickness strength is greater than in-plane 
strength, which leads to higher formability of the steel. 

The degree of planar anisotropy was computed next, based on the relationship: 

Δr =
r0 + r90 − 2r45

2
(17) 

Based on determined Lankford coefficients, the anisotropic state of material can be described by computing the constants that are 
part of Hill, Barlat, or Banabic anisotropic yield criteria families, and inputted in Finite Element Solvers. 

3.3. Finite element analysis 

Numerical investigations were divided into two parts. The stress–strain curves determined previously were used to build and 
validate numerical models of the tensile specimens that were physically tested. The results obtained initially from the material 
validation were used to build the forming limit curve and used in the forming simulation. 

3.3.1. Material model 
The mechanical properties of the S600 MC sheet metal were determined through tensile tests in three directions with respect to the 

rolling directions. The elastic behavior was considered in the numerical simulations by the value of Young’s modulus, E = 210 000 MPa 
and the Poisson’s ratio, ν = 0.3. The isotropic hardening behavior was modeled using a power-law type, using the Holomon expression 
[34]: 

σ = Cεn (18)  

where C is a material constant, and n is the strain-hardening exponent. 
The behavior of plastic material was numerically modelled by the von Misses yield criterion (Eq. (19)) and Hill’s 1948 (Eq. (20)) to 

take into account the anisotropy condition. 
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sijsij
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(19)  

F(σ22 − σ33)
2
+G(σ33 − σ11)

2
+H(σ11 − σ22)

2
+ 2Lσ2

23 + 2Mσ2
31 + 2Nσ2

12 = 1 (20)  

where F, G, H, L, M, N are constants that must be determined experimentally, and σij are the stresses. It predicts the same yield stress in 
tension and compression. 

The previously determined stress–strain curves were used to build numerical simulation models of the tensile specimens that were 
physically tested. The geometry of the test specimen was meshed with first-order hexahedral elements, with an average size of 1 mm; 
three elements per thickness were used to ensure the proper stress gradient. The model was constrained at one end, 0 degree of freedom 
(left side of the specimen) and subjected to enforced in-plane displacement, along the X axis, as depicted in Fig. 3. All the nodes from 
the right side of the specimen that are clamped in the vices of the tensile equipment, were connected via a rigid body element (RBE2). A 
20 mm displacement was imposed on the RB pilot node. By using the Altair Optistruct FEA structural analysis solver, a nonlinear 
elasto-plastic, quasi-static simulation was performed, with the aim to have validated the numerical models of the tensile tests per
formed previously. 

Fig. 3. FEA model of the tensile specimen.  
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3.3.2. Numerical analysis of the seatbelt bracket forming 
Progressive die stamping is a highly employed metalworking process in the automotive industry. Usually combined with an 

automatic feeding system, it is a highly productive manufacturing process suitable for the mass production of sheet metal parts having 
complex geometries. A feeding system unrolls a sheet metal from a coil and pushes it through a series of stations that progressive 
deform the raw material, in multi-stages, by bending, punching, coining, or other operations, until the finished part is obtained. Several 
centering holes in the metal strip driven by conical or round ‘pilots’ are part of the precision of the system that ensure the required 
length during the advance of the blank metal at the processing stages. The seatbelt bracket in the discussion can be seen in Fig. 4, from 
the raw material (left) to the final shape (right) right before the final cutoff operation, where the finished product is separated from the 
rest of the sheet metal webbing. 

The forming simulation aims to assess the feasibility of the progressive die forming of a safety component used in the automotive 
industry. The bracket mechanically connects the seatbelt assembly to the car chassis. The seatbelt bracket is subjected to static, 
vibrating, and dynamic nonlinear loads during its working life. According to the applicable occupant safety standards, this component 
should maintain its structural integrity during all crash scenarios and should not break under a load of less than 20kN. For these 
reasons, including a robust numerical simulation of the forming process, doubled by material characterization, is crucial for a robust 
design process. 

For the stamping simulation, Altair Inspire Form was employed to check the formability of a part early in the product design cycle. 
Potential defects such as splits or wrinkles can be identified and modified to improve the overall design. Part geometry, material 
parameters and manufacturing process parameters were considered inputs for this analysis. For the forming simulation Barlat yield 
criterion was used. The strength coefficient and strain hardening were obtained experimentally. 

The final shape, part after the stamping process, was imported into the Inspire Form preprocessor. The first step was to extract the 
middle surface of the solid sheet metal geometry. The resulting mid-surface was meshed with 0.5 mm shell elements (quads and shells). 

The material behavior for the stamping simulation was described by the elastic–plastic and anisotropy parameters (R-values) 
previously determined by physical tests. The forming limit curves for this S600MC steel were raised, shown in Fig. 5. 

Process parameters such as stamping direction and blank-holder constraints were specified to replicate physical manufacturing. 
The blank holder applies a predefined force to control material flow into the die cavity and was set at 10 kN. The blank holder is only a 
numerical constraint in this simulation, not shown. A friction coefficient of 0.1 was defined between the blank holder and the sheet 

Fig. 4. Progressive die forming of the seatbelt bracket: a) CAD model and b) actual progressive sheet metal.  

1

Fig. 5. Forming Limit Curve of S600 steel.  
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metal part. A clamping for 10kN holds the sheet. In Fig. 6 simulation model with constraints is shown. 

4. Results and discussion 

The engineering stress–strain curve was obtained from the conventional uniaxial tensile test. Engineering strain is defined by the 
uniaxial deformation relative to the initial gauge length L0. Engineering stress is defined by dividing the load by the initial cross-section 
area. In Fig. 7a are plotted the results obtained for engineering stress–strain curve along rolling (RD), diagonal (DD) and transversal 
direction (TD) respectively. 

It can be seen that, at the beginning, the deformation is very small and the specimen is elastic. In this area, there is a linear 
relationship between engineering stress and the engineering strain. The engineering stress increases linearly with increasing 

Fig. 6. Simulation model of the seatbelt bracket.  

4 8 16

St
re

ss
, M

Pa
 

Rolling Direction

Diagonal Direction

 [M
Pa

] 
Rolling Direction

Diagonal Direction

Fig. 7. a) Engineering stress–strain curves and b) true stress-true plastic strain curves for S600MC steel, in rolling, diagonal, and trans
verse directions. 

Table 1 
Principal properties at different orientations and Lankford coefficients for S600MC steel.  

Orientation, 
θ 

Specimens 
no. 

YS[MPa] YS[MPa] US[MPa] r R Δr C  

[MPa] 

n 

0◦- Rolling 
Direction 

1  647.75 621.35 747.50 1.17 1.138 0.12 861.6 0.0590 
2  605.61 
3  577.09 
4  655.05 

45◦- Diagonal 
Direction 

1  652.98 635.78 740.97 1.13 835.5 0.0498 
2  623.40 
3  657.45 
4  626.51 

90◦- Transverse 
Direction 

1  608.31 599.08 698.92 1.10 784.1 0.0483 
2  584.01 
3  607.52 
4  596.51  
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engineering strain in the elastic regime and ends when the specimen enters the plastic domain. After the specimen goes to the plastic 
domain, this region is known as yielding. The elastic part and the yielding take place in the early stage of the whole deformation of the 
specimens. After yielding, the engineering stress increases with increasing engineering strain. This part is known as strain hardening. 
After reaching the maximum engineering stress, plastic instability and flow localization will occur just after the maximum load and the 
so-called diffuse necking starts. The maximum engineering stress is known as the ultimate tensile stress, and the corresponding en
gineering strain is called the uniform elongation. After the onset of diffuse necking, the deformation is located in the necking zone. A 

Direction Direction Direction

Y
ie

ld
 S

tre
ss

 [M
Pa

] 
Fig. 8. The orientation dependency of Yield Stress.  

Fig. 9. Tests vs numerical analysis: a) RD, b) DD and c)TD.  

Fig. 10. FEA simulation vs physical test evaluated by Digital image correlation: a) change in length, and b) change in width of the test specimens.  
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sudden drop in engineering stress can be observed when the specimen breaks apart. At this stage, the data obtained from the 
extensometer are no longer valid, since the uniaxial deformation assumption does not stand [35]. 

Taking into account engineering stress–strain curve, the true stress-true plastic strain curve for S600 steel along RD, DD and TD, 
respectively, was plotted, Fig. 7b. 

In Table 1 are presented the principal properties at different orientations and the Lankford coefficients for the S600MC steel. Yield 
stress (YS) is calculated with the offset method by drawing a parallel line to the elastic part of the stress–strain curve that intersects the 
abscissa at 0.2%. Ultimate stress (US) is the maximum value of the ordinate from the true stress-plastic strain curve. The variation of 
the yield stress and the ultimate stress shown in Table 1 is below 5%. Lankford coefficients were obtained using equations (15), 16 and 
17. 

The orientation dependency of Yield Stress is presented in Fig. 8. 
The previously determined stress–strain curves were used to build numerical simulation models of the tensile specimens that were 

physically tested along rolling (RD), diagonal (DD) and transversal direction (TD) respectively. A capture from the experimental test 
and numerical simulation side by side comparison are presented in Fig. 9. 

A good correlation between the results obtained from FEA simulation versus the physical tests evaluated by DIC was observed for 
the change in length and width of the test specimens. The results are presented in Fig. 10. 

The principal strain on the surface of the sheet metal is plotted against the forming limit curve of the material, to identify 
deformation areas that occurred in the forming process, Fig. 11a. Color coding is used to indicate the potential for failure due to 
excessive deformation during the cold bending process, or the areas where the material is highly compressed, tends to wrinkle, or is not 
sufficiently deformed. The red color indicates a high potential for failure because the minor and major strain are higher than the FLC 
curves. The yellow color indicates some potential for failure during forming of the components. The green color indicates the safety 
zone of the components, without potential to exceed the strain limits. Blue color indicates that the parts are loaded in compression. 
Magenta color indicates another failure mechanism, which is wrinkling during the manufacturing process. Wrinkling is the excessive 
compressive deformation of the material beyond its limits. The turquoise color indicates that the material is not sufficiently deformed 
during forming. 

Fig. 11b shows a comparison between the physical part in the final shape and the forming simulation results. Simulation results 
show that the vast majority of the part is not loaded, and the metal is loose, depicted in turquoise. In the model, there is no potential for 
wrinkling, as the area covered in magenta is not present. As expected, in the radii regions green and yellow colors are present. The 
green color shows good formability of the bracket and the material is stretched almost to the material‘s limits as depicted by the yellow 
color. 

One can observe that the cracks that occur in the bending radii of the physical part match the red elements in the FEA model that are 
above the FLC of the material, suggesting that the numerical model correctly predicted the formability of the S600MC steel bracket. 

Fig. 11. a) Formability of S600 steel bracket and b) FEA versus physical part.  
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5. Conclusions 

In this study anisotropy investigation of S600MC steel was shown, using physical testing, digital image correlation, and finite 
element modeling. 

The rolling process causes anisotropy in sheet metals. Anisotropy in sheet metal is quantified by performing uniaxial tensile on test 
specimens milled in rolling, diagonal, and transverse directions. Using DIC method the stress–strain curve for the three different di
rection was measured. The variation of the yield stress and the ultimate stress obtained are below 5%. As expected there is an 
orientation dependency of the yield and ultimate stresses. After the uniaxial tensile tests were performed a numerical correlation was 
achieved in order to validate and verify the material model. The resulting material model with the Lankford parameters and an 
anisotropic yield criteria were used as inputs for the numerical simulation of the forming process, conducted with an explicit FEA 
solver. 

To predict the formability of the metal by numerical methods, material models must rely on extensive physical testing. This study 
shows an experimental method to obtain the parameters used in the forming process simulation. The failure criteria Barlat [24], 
embedded in the explicit solver Altair Inspired Form, give the same location of the neck and failure point and correlate with physical 
parts. 

Future work will focus on analyzing the influence of anisotropy and permanent plastic strain on vibrational fatigue and impact 
loads. 
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