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Abstract. The characterization of sheet metal behavior is of utmost importance for the accurate
virtualization of sheet metal forming processes. Newly proposed mechanical testing approaches
are overcoming the use of standard mechanical tests. Test configurations with more complex
geometries present richer mechanical fields and, therefore, provide a higher quantity of valuable
information about the material behavior in a more efficient manner. To extract that information,
full-field measurement techniques such as Digital Image Correlation are being used. Although
several test designs have already been proposed, the choice of the best one to calibrate a chosen
mechanical model is still an issue. This work aims at proposing Key Performance Indicators (KPIs)
that are able to rank mechanical tests by their potential to enhance the material behavior
characterization process. These metrics evaluate quantitatively the quality and the importance of
the data that each test can provide. The potential of three test designs to characterize accurately
sheet metal mechanical behavior is analyzed using the proposed KPIs. From a uniaxial tensile
loading test up to rupture, the numerical mechanical information is extracted, and the performance
of each test is evaluated and compared.

Introduction

Sheet metal forming processes play a major role in the development of mechanical parts for several
industries such as automotive and aircraft. The virtualization of these processes has gained wide
popularity in the transition to a more sustainable industry. Reduced costs, time, and material waste
associated with the experimental task can be achieved. However, an accurate digitalization of the
forming process is only possible when the numerical model can represent reality. For instance, the
material constitutive model chosen to define the material behavior has to be well calibrated, having
a huge repercussion on the obtained results. A classical model calibration procedure demands a
huge quantity of data from several standard mechanical tests. The time and costs associated with
this task led to the emergence of new ways of mechanical testing. The so-called heterogeneous
testing consists in test configurations that have the potential to provide a significant amount of data
with just a single test. Whether they present more complex boundary conditions or geometries,
heterogeneities in the mechanical fields are induced, leading to a more informative test.

Several innovative designs have already been proposed to overcome the standardized
mechanical testing. The design process of these tests has been led mainly by two approaches
searching for: (i) the heterogeneity of the mechanical fields that are induced on the specimen [1—
7] and (ii) the quality of the material model parameters that are indentified [8—11]. A more
comprehensive review of the mechanical tests commonly used for material characterization and
model calibration can be found in [14].

The use of heterogeneous mechanical tests is only achievable due to the emergence of full-field
measurement techniques, such as Digital Image Correlation [15]. As an optical technique, it has
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the ability to extract information about the strain fields at each material point. Therefore, a larger
quantity of information can be extracted from one heterogeneous test using full-fields techniques.
With this data, it is possible to calibrate material constitutive models more efficiently using inverse
methodologies such as the Finite Element Model Updating (FEMU) technique [16] and the Virtual
Fields Method (VFM) [17]. The quality of the identification depends on the quality of the
mechanical information that can be retrieved from the specimen. For instance, the heterogeneity
of the mechanical fields, the magnitude and distribution of the equivalent plastic strain and the
sensitivity of the induced fields to the parameters to be identified are aspects that have a huge
influence on the identification quality.

Several designs of tests have been proposed with the aim of trying to characterize material
behavior more accurately and cost-effectively. However, it is still unclear how to choose the best
test geometry to calibrate a chosen material model. The choice of the most suitable test is not
straightforward, so appropriate metrics should be established to evaluate and compare the
performance of each test in the model calibration and material identification procedures.

This work aims at filling this gap and establishing Key Performance Indicators (KPIs) that
analyze the potential of each test design to provide valuable data for the material characterization
and model calibration procedures. Three heterogeneous tests, deformed up to rupture under a
uniaxial load, were chosen to be analyzed. The investigation is in a first step purely numerical.
Based on the mechanical fields, the potential of each test was evaluated using the proposed KPIs.

Heterogeneous Tests Analysis

Key Performance Indicators. The aim of this work consists in evaluating and comparing the
potential of each test to provide relevant information for the material identification and model
calibration procedures. For that, some scalar metrics are here proposed. The first metric consists
in a mechanical indicator proposed by Souto et. al. [12] that can be defined as

Std(ez/e1) (e2/1)r std(2”) Ehax Av(E?)
It = wy ——— + wyp —— +w + wy— +w 1
T rl Wap r2 Wap r3 Wa3 r4 Was r5 Was ) ( )

where €, and €, are the principal major and minor strains in the sheet plane, respectively. The
equivalent plastic strain, €', and its maximum value, £, are also considered as evaluation criteria
for the test. This indicator evaluates different features: the strain state standard deviation, the strain
state range, the standard deviation, the maximum, and the average value of the equivalent plastic
strain. The importance of each term is adjusted and normalized using absolute values (w,;, with
i € [1,5]) and relative weights (w,;, with i € [1,5]). The chosen values for these parameters can
be seen in Table 1. A more detailed description of the indicator as well as the established values
for the normalization are described in [12], however, a higher indicator value means a more
informative and richer test in terms of strain heterogeneity.

Table 1. Absolute and relative weights for the adjustment and normalization of the indicator
terms.

W31 Wy2 Way3 Waq Wys Wrq Wro Wr3 Wrsg Wrs
1 4 0.25 1 1 0.3 0.03 0.17 04 0.1

In a similar way, the scalar indicator proposed by Barroqueiro et. al. [7] is used to evaluate the
stress states heterogeneity, in this case, considering only tension, compression, and shear. It can
be stated as

. 3
id = [13_4 S e=1(06 Z. X,)|. (2)
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The index s relates to the stress state, compression, shear, and tension, respectively. The term
Z , stands for the penalization of stress concentrations and unstressed material while the parameter
&% 1s responsible for identifying the stress state in each element e. In this case, the term X,
corresponds to the volume of each finite element. The ideal solution would present the same
amount of material in the three stress states (tension, compression, and shear) without stress
concentrations or unstressed material. The multiplicative behavior of the indicator leads to values
close to zero most the elements are subjected to tensile loading, being only a few subjected to shear
and compression. More information on the computation of the indicator can be found in [7].
Another metric, proposed by Oliveira et. al. [18], evaluates the sensitivity of the test to
anisotropy. It was derived from Mohr’s circle equations, and it was introduced for a plane stress
state. Based on the principal angle's formulation, it considers the maximum principal stress in
absolute value, and the range of tensile orientations typically used to calibrate the material's
anisotropic behavior. Represented by y and denominated by rotation angle, it refers to the principal
direction associated with the maximum principal stress in absolute value and, it ranges from 0°
and 90°, being given by
_ {45 if oy = 0yyand oy, # 0 3
Y= l4s51-q) + qlB| otherwise )

where {3 is the principal angle and g is an integer that ranges between —1 and 1, that can be
defined as

_ Oxx—Oyy |oil-lo,| 4
1 |0'xx_0'yy|||°'1|_|°'2|| ( )

where 0, and o, are the principal major and minor stresses, respectively. Since a rotation angle
value is related to each material point, an average metric needs to be defined to characterize the
sensitivity to anisotropy of each test. Therefore, it is proposed to use the standard deviation
measure of the rotation angle to evaluate each test.

Specimen designs. In this work, three specimen designs proposed in the literature were chosen
to be analyzed. To improve the quality of the information that can be extracted from a single
mechanical test, their geometries were designed from different approaches. The first design was
proposed by Rossi et. al. [19] and is usually referenced as Notched. Jones et. al. [2] developed the
second specimen geometry, referred as D, via an iterative geometry design process aided by
engineering intuition. The last specimen was obtained from a topology-based design methodology
[20], designed with the goal of presenting the most heterogeneous displacement field. This will be
referred to as TopOpt. The selected geometries are depicted in Fig. 1 along with their dimensions.
The three specimen geometries were considered to be machined at 45° with respect to the rolling
direction (along the x-direction) in order to enhance the heterogeneity of the mechanical fields.

Material behavior. The material considered in this work is a dual-phase steel (DP600) [21] with
a thickness of 0.8 mm. The elastic behavior is considered isotropic, being modeled by Hooke’s
law. The plastic behavior is anisotropic and is defined by the Y1d2000-2d anisotropy yield criterion
[22]. The isotropic hardening is characterized by the Swift Law. The material parameters that
describe the proposed behavior are in Table 2.
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Fig. 1. Specimen designs selected to be analysed in this work: (a) Notched, (b) D
and (c) TopOpt.

Table 2. Elastic and constitutive model parameters for the Swift’s law and the YIld2000-2d yield
function of the DP600 [21].

E[GPa] v K[MPa] €0 n

210 0.3 979.46 0.00535 0.194

a, a, as ay as ag a; ag a
1.011 0.964 1.191 0.995 1.010 1.018 0.977 0.935 6

Numerical simulation. Finite element simulations were carried out using Abaqus/Standard to
submit each test configuration to a uniaxial tensile loading. Four-node shell elements were used
with reduced integration and hourglass control. An element size of 0.5 mm was used for each
specimen. The numerical simulations were performed with automatic time stepping and a
maximum increment size of 0.02. The material behavior was described with the aid of a UMMDP
(User Material Model Driver for Plasticity). Regarding the boundary conditions of the test, the
bottom edge of the specimen was constrained in all degrees of freedom while the displacement at
the top edge was constrained in x- and z- directions. A displacement was applied in y- direction.
Each mechanical test is performed up to rupture, being the stopping condition established through
the Forming Limit Curve (FLC), which is represented in the major and minor strains diagrams of
each test. Therefore, the values of the applied displacement that led to rupture were 2.45 mm, 6.38
mm, and 12.45 mm, for the Notched, D and TopOpt, respectively.

Results and Discussion

In this section, the numerical information extracted is used to evaluate the potential of each test.
Fig. 2 exhibits the principal stress and strain diagrams and the distribution of the equivalent plastic
strain in the specimen just before rupture. Each line stands for the information of one test
configuration. The principal strains and stresses diagrams provide huge information on the
heterogeneity of the strain and stress fields induced on the specimens as well as the stress and
strain state ranges. The equivalent plastic strain distribution on the specimen allows us to
understand the areas where a higher magnitude of the variable is achieved. The material points in
the elastic regime are represented in grey since these do not provide much information for the
characterization of the plastic behavior. By contrast, the color associated with each material point
in the plastic regime corresponds to the magnitude of its equivalent plastic strain. All the diagrams
present the same scale between tests for easier comparison.
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Fig. 2. Principal strains and stresses diagrams and equivalent plastic strain distribution for each
test design at the moment just before rupture. Both the initial surface and the one associated with
the maximum yield stress are plotted in the principal stress diagrams.

It can be noted that the Notched specimen is the one that presents the smallest stress state range,
being limited to uniaxial tension. Similarly, the strain states are mainly located between uniaxial
tension and plane strain tension. Regarding the equivalent plastic strain, the higher values of this
variable are located in the center part of the specimen. The other material points in the plastic
regime are under low values of plastic strain.

In contrast, both D and TopOpt specimens present strain states ranging from plane strain
compression and plane strain tension. Although both specimens present material points from
uniaxial compression to plane strain compression, the distribution is much denser in the TopOpt
specimen. Regarding the principal stresses diagram, there are material points between equibiaxial
compression and equibiaxial tension in both specimens, D and TopOpt. However, the latter is the
one that presents the largest stress state range. When compared to the Notched specimen, both the
D and TopOpt specimens present higher values of plastic strains as well as a larger part of the
material points in the plastic regime. In the case of the D specimen, the distribution is more spread,
being mainly placed along the curve part of the specimen. The TopOpt specimen presents all the
material points in the plastic regime at the moment just before rupture, being the one that achieves
higher values of plastic strain. However, these are concentrated in small areas and near the
specimen boundaries. This makes the extraction of the information difficult using full-field
measurement techniques. It is worth noting that there are material points with plastic strains that
are located inside the initial yield surface. This is due to the non-monotonic behavior of some
material points. During the test, they enter the plastic regime, but as of a certain point, their strain
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paths change direction, leading to a decrease in the induced stresses. Since the equivalent plastic
strain consists in a cumulative value, at the moment of rupture, these points are located inside the
yield surface but present plastic strains.

With the aim of analyzing quantitatively the information given by the diagrams presented in
Fig. 2, the mechanical indicator proposed by [12] has been computed. In Fig. 3, the values of the
mechanical indicator for each test configuration are presented as well as its terms individually. All
the terms, except for the ones involving the standard deviation computation, were normalized
taking into account the size and the number of elements for a fair comparison of the designs.

Std(e/e1) (€2/€1)R Std(eP) épmax é?ens\on Eghear
0.008
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Fig. 3. Values of the mechanical indicator proposed by Souto et. al. [12] and its terms computed
individually for all the test designs.

It can be noted that the TopOpt specimen presents the highest overall value of the indicator,
followed by the D and the Notched specimens. The higher the indicator value, the more
informative the test design is. Regarding the equivalent plastic strain, as has already been referred
to previously, the TopOpt presents the highest values and the largest distribution of this variable.
It is also the one that presents the most material points in the plastic regime under the strain states
evaluated with this indicator. The D specimen also presents an interesting diversity of strain states
and equivalent plastic strain distribution. Concerning the strain states range, both specimens
present similar performance. Fig. 4 depicts the elements distribution of the D and TopOpt
specimens over the strain state range that is limited between -15 and 1. The TopOpt specimen
presents a more even distribution of the elements over the presented range although two peaks
located around uniaxial tension and between plane strain and uniaxial compression can be noted.
In the D specimen, the majority of the material points are between uniaxial tension and shear.
Therefore, the standard deviation is higher in the TopOpt specimen than in the D one. However,
the second term that evaluates the difference between the maximum and minimum values of the
principal strains’ ratio is equal for both specimens since these values correspond to the imposed
limits. The final value is different due to the normalization of the term concerning the size and
number of the elements of each specimen. In previous works [12,23], it was proposed a ranking of
the indicator value for well-known standard tests and for new geometries that have been proposed
since then. Despite the modification of the strain state range for the computation of the indicator
in this work, an updated ranking can be seen in Fig. 5. Also, in the work developed by Thoby et.
al [24], it was made a comparison of several specimen designs and this mechanical indicator was
used to compare them. Although some terms have been adapted, a similar ranking was obtained.
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Fig. 5. Ranking for the tests evaluated in [8] and for the Notched, D and TopOpt test designs.

The other mechanical indicator proposed to evaluate the performance of the specimens is the
one proposed by [7]. Fig.6 provides the value of the indicator as well as the terms corresponding
to each stress state analyzed. Overall, the TopOpt specimen is the one that presents the highest
heterogeneity of stress states (tension, compression, and shear). It can be noted that the stress states
under which all the specimens present more material points is tension, followed by shear. In
compression, there is a significant difference between the TopOpt and the others. The TopOpt
specimen was designed considering this indicator, so it is expected that this design presents the
highest value.

The rotation angle provides information on the sensitivity of the test to anisotropy. Fig. 7
represents the distribution of the material points over the range of rotation angle values (0° to 90°)
for each test configuration. The more dispersed the distribution, the higher the sensitivity to the
anisotropic behavior it presents. Therefore, to evaluate quantitatively the information given by the
diagrams, it is represented the standard deviation value of the rotation angle of each test design in
Table 3. Since the material orientation is 45° in relation to the loading direction, it is expected that
most of the material points present rotation angle values in the same order as the material
orientation, being the mean value of the rotation angle around 45° for all the test designs. Although
the distribution is well dispersed between 0° and 90°, the Notched specimen is the test with the
lowest standard deviation value, presenting the majority of the points in the elastic regime with
rotation angle values around 45°. However, there is a significant spread of material points in the
plastic regime with rotation angle values between -15° and 75°. In contrast, the D specimen
presents most of the material points in the plastic regime between rotation angle values of 30° and
60°. The rotation angle standard deviation of the D specimen is considerably higher than the
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Notched one, pointing out the difference between both distributions. The TopOpt specimen
presents the best range of rotation angle values, presenting material points in the plastic regime
between 0° and 90°, covering the whole range. Although this leads to a lower density of points
over the range, it presents the highest standard deviation value of all the tests, allowing us to notice
a good sensitivity to anisotropy.

Tension Compression Shear Ip

0.25 0.25 1 0.16 0.010 -
0.14 A

0.20 - 0.20 A 0.008 -
0.12 A

0.15 - 0.15 0.10 1 0.006
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0.10 A 0.10 A 0.06 4 0.004 A
0.04 A

0.05 A 0.05 A 0.002 A
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Fig. 6. Values of the performance indicator proposed by Barroqueiro et. al [7] and its terms for

all test designs.
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Fig. 7. Rotation angle values for each test configuration: (a) Notched, (b) D and (c) TopOpt.

Table 3. Mean and standard deviation values of the rotation angle distribution for each test

design.
Notched D TopOpt
Av(y) [] 45.33 44.92 45.70
Std(y) 10.16 17.38 19.70

Summary

This work aimed at proposing a set of KPIs to evaluate the performance of several test designs in
providing the most informative quantity of data for the material behavior characterization and
model calibration procedures.

Three specimen designs were subjected numerically to a uniaxial loading test up to rupture.
Based on the obtained mechanical fields, the potential of each test design was analyzed and
compared with the others. Firstly, the information given by the principal strains and stresses
diagrams was quantified by the computation of the mechanical indicator proposed by Souto et. al.
[12]. The obtained values allow us to conclude that the TopOpt specimen presented the larger
strain state range and most interesting equivalent plastic strain distribution, followed closely by
the D specimen. The stress states heterogeneity present in the specimen was also evaluated by the
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mechanical indicator proposed by Barroqueiro et. al. [7]. Due to the tensile conditions of the test,
all the specimens presented the majority of their material points under tension, being the TopOpt
specimen the one with higher heterogeneity of stress states and, therefore, with the higher indicator
value. Based on the rotation angle values distribution, it can be concluded that the TopOpt and the
D specimens are the ones that present the higher sensitivity to anisotropy due to the higher standard
deviation values. Regarding the TopOpt specimen, due to its complex geometry, it may suffer from
buckling when tested. However, this situation may lead to a better performance as long as this
behavior can be captured by the full-field measurement technique.

This work already consists in a step closer to a more straightforward approach to choose the
most informative heterogeneous mechanical test. At this stage, these KPIs evaluate each test based
on the diversity of mechanical phenomena and strain and stress states that are covered. However,
there is still a need for metrics that take into account the inverse identification quality, for example,
the sensitivity of each test to the model parameters and, also, the full-field measurement technique.
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