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Abstract. The Forming Limit Curve (FLC) is a line that is consisted of the major and minor
strain pairs for different kinds of strain paths. It is widely adopted for the quantitative description
of the sheet metal formability. In this paper, a stand-alone servo-motor apparatus associated with
the high-accuracy measurement system was developed, based on which the FLC of AA5754-O
with the thickness of 3.0mm was investigated. Firstly, the material properties of metal sheet were
explored and the anisotropic coefficients in the constitutive law were calculated to describe the
yield behaviour. Secondly, in order to increase the strain level of cruciform specimens, various
simulations with different shapes of specimens were performed with ABAQUS/Explicit. Finally,
the biaxial tensile tests with the optimized shape of cruciform specimens were performed under
different loading ratio conditions. The experimental FLC of AA5754-O was obtained. The
fracture zone of each specimen was occurred in the central region without premature arm fracture,
which verified the feasibility of the cruciform specimen purposed.

1. Introduction

Sheet metal forming technology plays a very important role in the manufacturing industry and is
intensively used in the fields of automobile, aviation, acrospace, electronics and so on. Generally, the
forming limit could be separated into the forming limit stress and the forming limit strain, which could
be converted to each other based on the constitutive equation of the sheet metal. In 1946, Handin [1]
analyzed the instability evolution of the sheet metal under different strain paths conditions and the
concept of limit strain based on the principal strain was firstly proposed. The forming limit curve (FLC)
made up of major strain and minor strain is an effective instrument to estimate the capability to undergo
plastic deformation to a given shape without any defects [2]. In general, FLC could be obtained via the
following approaches.

Analytically, diffuse instability theory and localized instability theory are commonly applied to
predict the sheet metal forming limit [3]. The constitutive equations of the materials could be obtained
by the uniaxial tensile tests. The yield criterion and hardening law at different proportional loading paths
could be realized via biaxial tensile tests, based on which the yield functions and harden models could
be established. M-K model proposed by Marciniak and Kuczynski [4] was widely used due to its
effectiveness. Bolin Ma et al [5] analyzed the effect of through-thickness normal stress on sheet
formability based on M-K model. Baosheng Liu et al [6] made the predicted FLC of 5A90 aluminum
alloy by a modified M-K model, which showed a good accordance with the experimental results.
However, the process of theoretical prediction is considerable complex.
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Experimentally, the “in-plane stretching’ test and the “out-of-plane stretching” test are two
commonly used methods to obtain the FLC of sheet metal. A flat punch and a hemispherical punch were
utilized during the process, respectively. Different strain paths were generated by varying the width of
the metal sheet. However, owing to the existence of friction between sheet and punch, the deformation
behavior was affected in punch stretch tests. Apart from the standard methods, the biaxial tensile test
with the cruciform shape specimen was put forward by Institution [7] to determine the forming limit.
Zidane et al [8] determined the FLC characterization of metallic sheets by means of in-plane biaxial test.
The whole test was immune to any effect of friction and different strain paths could be realized by
controlling the loading or displacement of the actuators.

In this study, the stress-strain curves of AA5754-O were obtained through uniaxial tensile tests. Then,
a stand-alone servo-motor apparatus associated with the high-accuracy measurement system was
developed. The biaxial tensile tests were performed according to the international standard ISO16842-
201415 [9], and then the anisotropy parameters of Y1d2000-2d yield criterion were calculated, which
were used for the optimization simulations of cruciform specimen. Based on the biaxial tensile tests at
different loading ratios, the FLC of AA5754-0O was finally determined. Meanwhile, the reliability of the
cruciform specimen purposed was well verified.

2. Material properties

2.1. Experiments of uniaxial tests
In this study, AA5754-O with the thickness of 3.0mm was used for the formability characterization and
its chemical composition was given in table 1.

Table 1. Chemical composition of AA5754-0 (wt. %)
Element Al Mg Mn Fe Si Cu Ni Ti Zn
Wt. % Bal 3.0 024 026 003 002 <001 <0.01 <0.01

The specimens were manufactured along the rolling direction, the diagonal direction and the
transverse direction using ASTM ES standard specimen. Each direction was duplicated three times and
the average values were calculated aiming to improve the accuracy and minimize man-made error. The
true stress-strain curves obtained from the tests were plotted in figure 1.
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Figure 1. The true strain- true stress curves of AA5754-0.

The true stress-plastic strain data was fitted by Swift hardening law [10], as shown in Eq. (1).

o=K(s+s,)" (1)
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where o and gare the plastic stress and the plastic strain respectively, K is the strength constant value,
n is the strain hardening exponent, & is the yield strain. The mechanical properties of the AA5754-O
acquired from uniaxial tensile tests and corresponding fitting procedures were listed in table 2. The r-value
was estimated as r=¢,/¢,, where ¢, was the width strain and ¢ was the thickness strain obtained
based on the assumption of volume conservation [11]. Both the strain along the tension direction and
the width strain were measured by digital image correlation method.

Table 2. Mechanical properties of AA5754-0O from uniaxial tests.

Direction(®)  ocp2(MPa) E (MPa) n K (MPa) r-value
0 125.2 71935.3 0.297 467.73 0.688
45 119.2 66491.9 0.302 457.02 0.777
90 120.1 64673.7 0.285 446.54 0.608

2.2. Experiments of biaxial tests
The biaxial tensile testing system applied in the current study was a stand-alone servo-motor apparatus
associated with digital speckle correlation measurement (DSCM) system as shown in figure 2. The
servo-motor control has the advantages of lower noise and slighter vibration when compared with servo-
hydraulic control. Signal from PLC unit with preprogramed PID closed-loop controlling code was
conveyed to the actuators aiming to conduct accurate biaxial tensile test obeying given proportional
loading path. The displacement control error in this machine is lower than 0.02mm, which could make
it reliable to ensure the centre of the specimen maintains stationary during the test.

DSCM is a practical and effective optical technique for motion and deformation measurement [12].
It possesses the advantages of simple experimental set-up, high precision and high degree of automation
and reliability when compared with conventional strain gauge. DSCM has been widely used in many
fields. The basic principle of DSCM could be simply described by correlation matching between the
same subsets located in the images before and after deformation. The displacement field with sub-pixel
precision was calculated, and the strains were subsequently further obtained.
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Figure 2. Biaxial tensile apparatus. Figure 3. The geometry of cruciform
specimen.

According to the international standard proposed in 2014 [9], three cruciform specimens with the
geometry shown in figure 3 were performed under the equai-biaxial condition to eliminate the random
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error of the experiments. The material properties acquired from biaxial tests and the average values were
calculated and listed in table 3.

Table 3. Mechanical properties of AA5754-O from biaxial tests.

Groups ob(MPa) b
1 125.21 1.68
2 124.88 1.35
3 126.05 1.19
Average 125.07 1.41

2.3. Yld2000-2d yield criterion

The Y1d2000-2d is a non-quadratic anisotropic yield criterion, which could predict more precisely
plastic deformation of the aluminum alloy. Consequently, Y1d2000-2d yield function was adopted in
this study, and is expressed as the following expression:

p=9¢'+¢"=20, (2)
Where

m

ppien
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The components of X' and X" are acquired by performing linear transformation on Cauchy stress
tensor, as shown in Eq. (5)

X'=L'o ()
X":L"O_
Where
L' 7 [2/3 0 o0
L', [-1/73 0 0«
Ly =l 0 -1/3 0| a (6)
L', 0 2/3 0|a,
L', 0o 0 1
L", 2 2 8 -2 0e,
Lrg| |1 -4 -4 4 0)a,
L |=g| 4 -4 4 1 0|l (7)
L", 2 8 2 -2 0|a,
L", 0 0 0 0 9|«

The Cauchy stress tensor o are the eight anisotropy coefficients ai-as could be determined by eight
input data of sheet metal from uniaxial tension tests along three directions to the rolling direction and
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equal-biaxial tension tests. The value of non-quadratic exponent m is set to be 8. The parameters are
listed in table 4.

Table 4. Anisotropy parameters of Y1d2000-2d for AA5754-O.

al (0% 3 (07} 243 (24 o o
0.9278 1.0329 0.9479 1.0446 1.0091 0.9480 1.0201 1.1509

3. Specimen design

At present, the biaxial tensile test international standard ISO16842-201415 has been established, which
is utilized to investigate the yield behavior of the material. However, for this shape of cruciform
specimen, the strain level at the central region of specimen is relatively low and the forming limit state
could not be reached. Besides, the strength of the slitted arm is low, which could lead the premature arm
fracture. As a result, this shape of cruciform specimen was not suitable for the study of the forming limit
curve. To characterize the formability of metal, numerous researchers purposed that central thickness
reduction of the specimen could be helpful to increase the deformation during the test and decrease the
influence of shear stress [13, 14]. In 2017, Xiao et al [15] concluded that a circular groove thickness
reduction is a feasible method to reach larger deformation in the central area and weaken stress
concentration at the fillet between the arms. Nevertheless, the shape and position of fillet between
adjacent arms also have great influence on the experimental result. As Hu et al [16] pointed out that a
cruciform with a cut-in fillet not only shows higher strain uniformity in the central region, but also
enables to raise the strain level. In this study, aiming to further optimize the position of fillet, various
simulations with different shape of specimen were performed by using finite element code
ABAQUS/Explicit. The dimensions of the geometry shape are illustrated as figure 4. Point P denotes
the central position of fillet, which could be indirectly expressed by the distances from Point P to the
symmetrical axes in horizontal and vertical directions (marked as D in the figure). The finite element
model was established, as shown in figure 5. The material property was assigned from the experimental
results. The central zone was meshed with the size of 0.2mm in order to observe the deformation more
accurately, while four straight arms were meshed by 2mm mesh for the consideration of computational
efficiency. The anisotropic yield behaviour was described by Y1d2000-2d yield criterion and the
parameters were listed in table 4.
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Figure 4. Dimension of specimen(unit:mm). Figure 5. The finite element model of

cruciform specimen.

As ranging D from 23 to 31 (labelled as D,(i = 23,25,27,29,31) for convenience) with the
incremental step length of 2, various simulations were performed under the equi-biaxial tension state.
The strain in the central area of the specimen along with time were checked and plotted in figure 6. As
can be seen from the figure, the specimen with different D, could reach the same strain level, which
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was sufficient to characterize the forming limit of the AA5000 series aluminium alloys [17]. However,
to achieve the same deformation in the central zone, the greater D, is adopted, the longer time is
required. As a result, reducing D; could effectively shorten the test procedures. To avoid premature arm
fracture during the experiments, the evolution of Mises stress with time at the fillet between two
perpendicular arms were observed and shown in figure 7. As depicted in the figure, the curve of D ,,
presented obviously higher than the others, which indicated that more stress was concentrated in the
corner and could result in the premature fracture of arms. In conclusion, the specimen with D ,, seems

to be more effective.
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Figure 7. The Mises stress- time curves at the
fillet.

Figure 6. The principal strain-time curves at
central zone.

The shear stress distribution of specimen with D ,, was shown in figure 8. The shear stress was
mainly concentrated upon the corners between neighbour arms. As closing to the central zone of the
specimen, the shear stress was gradually decreased and became approximately zero. It is well confirmed
that the effect of the shear stress can be effectively eliminated by means of the thickness reduction of
specimen.
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Figure 8. The Shear stress distribution and stress distribution along D direction.
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4. Experiments and Results

The cruciform specimens with the discussed geometry were tested under the condition of different load
ratios in order to obtain the forming limit strain at different stress states. The load ratios were as follows
4:1,4:2,4:3 and 4:4. The tests were recorded by a CCD camera and the image sequences were calculated
by the DSCM software. The fracture zone of all employed specimens were occurred in the central region
without any premature arm fracture, as shown in figure 9.

Figure 9. The specimens and its fracture zones.

In order to determine the onset of necking during the test, two points are chosen as shown in figure
10. Point B is near the fracture zone and Point A is outside the zone. The difference of strain rates
between Point A and Point B throughout the test was expressed as follows [18]:

_dg' —ds’
dt

B 3

Where de' and d ¢ denote the strain rate of Point A and Point B, respectively. It could be confirmed

that O was close to 0 due to the similar deformation rate at the early stage. Nevertheless, when necking
phenomenon occurred on Point A, 0 would rapidly rise up. At this moment, the strain pair of Point A
was extracted as the forming limit strain.
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Figure 10. The central region of deformed Figure 11. The forming limit curve of
cruciform specimen. AAS5754-0.

The strain paths of each specimen, including uniaxial and biaxial tensile tests, were presented in
figure 11. The whole forming limit curve consisted of the principal forming limit strain pairs under
different loading conditions. Due to the anisotropy of the sheet metal, the strain path in the central zone
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of the specimen was not strictly in accordance with the balance biaxial strain state, despite of the applied
equal-biaxial loading condition.

5. Conclusion

In this paper, the formability of AA5754-O was analysed based on biaxial tensile tests. Mechanical
materials parameters were explored, and then the independent anisotropy parameters in Y1d2000-2d
yield criterion were calculated. The experimental FLC of the sheet metal was finally obtained by means
of the uniaxial tensile tests and the biaxial tensile tests with the optimized cruciform specimens.
Meanwhile, the feasibility of the purposed cruciform specimen was well verified.
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