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A B S T R A C T

7B04 aluminum alloy is widely used for strength critical aerospace structural applications. In this paper, the
plastic anisotropy of this alloy at 200 °C was investigated based on Hill’48 and Yld2000-2D yield criteria.
Thermal tensile test at setting temperature was carried out by a designed electrical heating system and the strain
field was measured by the digital image correlation system simultaneously. Parameters of Hill’48 yield criterion
with Voce hardening were determined directly based on the thermal tensile test. The parameters of Yld2000-2D
criterion were obtained by the inverse identification method with Pottier test at elevated temperature which can
generate heterogeneous strain fields. Deep drawing test was carried out at 200 °C and the earing heights were
measured. The accuracy of the determined yield criteria parameters was validated by numerical and experi-
mental deep drawing test results.

Introduction

7B04 aluminum alloy is a high-strength alloy which is widely used
in the aerospace industry because of high intensity, corrosion resistance
and good toughness [1,2]. Due to heat treatment and rolling process,
there is anisotropic behavior with a certain degree for 7B04 aluminum
alloy sheet. This property has a significant influence on the quality of
the sheet metal forming. Now, finite element method (FEM) is widely
used in the prediction of the sheet metal forming. An accurate aniso-
tropic yield criterion can lead to a good prediction of the metal sheet
plastic behavior, e.g. [3,4]. In order to obtain the optimized forming
process, accurate constitutive model is required. And the accurate de-
scription of plastic anisotropy is a key point.

Many anisotropic yield criteria were developed to characterize the
plastic anisotropy of metals. Under plane stress condition, Hill’48 [5]
yield criterion includes four parameters which can be obtained by
conventional uniaxial tensile tests. With the development of anisotropic
yield criteria, they tend to become more advanced involving more
parameters, such as Yld2000-2D [6] and Bron & Besson [7]. Although
advanced yield criteria can more accurately describe the material
plastic anisotropy, they require more multi-axial stress states experi-
mental data to identify parameters. However, a kind of conventional
test only provided one stress state experimental data. Thus, the

parameters identification process is heavy in workload and complex in
calculation. And for this reason, the usage of the advanced yield criteria
is usually limited. In addition, traditional standard tests which limit the
identification of the yield criteria parameters to homogeneous strain
state may lead to an incomplete characterization of plastic anisotropy in
the complex forming of metal sheets [8].

In view of the shortcomings of the traditional standard test in de-
termining the advanced yield criteria parameters, many complex geo-
metries specimens were designed for non-standard tests. These specially
designed specimens usually with varying cross-section or including
holes. Compared with conventional test specimen, non-standard spe-
cimen can show more obvious heterogeneous strain state in tests. From
heterogeneous strain fields, more information can be obtained.
Therefore, yield criteria parameters obtained by heterogeneous strain
fields can more accurately predict the plastic behavior of metals under
complex strain paths [9]. In addition, if the specimen of non-standard
test was well designed, constitutive parameters can be identified si-
multaneously from a single test [10]. Thus, non-standard test reduced
the number of tests as well as avoiding the limitation of the plastic
anisotropy characterization by the homogeneous deformation. Since
the DIC (Digital Image Correlation) technology has been developed,
heterogeneous strain fields in non-standard specimens can be easily
obtained. This has led to the development of new tests and methods for
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identification of the constitutive equation parameters. However, due to
the heterogeneous strain field obtained by the non-standard test has no
directly analytical relationship with the constitutive equation para-
meters, parameters cannot be directly obtained from these non-stan-
dard tests. Therefore, an inverse identification method is required.

Many researchers have summarized the identification methods for
the material constitutive models [11–13]. As summarized by those
papers, kinds of identification methods based on full-field measure-
ments have been developed to obtain the constitutive equation para-
meters, namely the finite element model updating method (FEMU), the
constitutive equation gap method (CEGM), the virtual fields method
(VFM), the equilibrium gap method (EGM) and the reciprocity gap
method (RGM). FEMU method is a very widespread approach for
parameters identification, e.g. [14–16]. It determined the constitutive
equation parameters by updating the parameter set in the finite element
model to achieve the best match with the experimental results. In this
paper, the FEMU method was chosen.

Recently, some works have focused on parameter identification of
yield criteria from the non-standard tests. Souto et al. [17] presented a
new optimization method for designing heterogeneous tests. Based on
the Nelder-Mead algorithm, the geometry of the specimen can be au-
tomatically optimized in the ABAQUS for the purpose of maximizing
the strain state of the specimen. Zhang et al. [18] designed a biaxial
tensile specimen with notches which can simultaneously obtain dif-
ferent strain paths. Based on the inverse identification method, the
parameters of the Bron and Besson yield criterion were identified with
only one test. Zhu et al. [19] used the plane strain test to replace the
equi-biaxial tensile test. Combined with the Simplified method, the
parameters of Yld2000-2D yield function for 5xxx aluminum alloy and
AlMgSi alloy sheets were accurately identified. Teaca et al. [20] iden-
tified the Makkouk and Morreale (FMM) yield criterion parameters by
non-standard biaxial tensile tests. Two types of cruciform specimens
with holes can generate heterogeneous strain fields. Based on mini-
mizing the gap between experimental and simulated strain fields,
parameters were accurately obtained. In order to guarantee strain
heterogeneity and exhibit strain paths from uniaxial to equi-biaxial
tension, Prates et al. [21] designed a non-standard cruciform specimen.
Parameters of Hill’48 yield criterion with Swift hardening law were
identified by methodology of simulation-experiment combination.
Pottier et al. [22] used three shapes of tensile specimens to investigate
the effects of heterogeneous strain fields on the result of inverse iden-
tification. The first specimen was a standard tensile specimen, the
second one with a hole and the third one was a shear-like tensile spe-
cimen. Combined with DIC technology and FEMU method, the study
found that the ability of predicting the real deformation process was
improved when the strain heterogeneity increased. Kim et al. [10] de-
signed several types of uniaxial tensile specimens which provided het-
erogeneous strain fields. And the VFM method was adopted to de-
termine the parameters of Hill’48 model with Swift hardening. Rossi M
at al. [23] designed a notched specimen to produce a rather hetero-
geneous strain field. Based on the VFM method and the notched spe-
cimen, the authors identified the parameters of Yld2000-2D. Denys
et al. [24] designed a double perforated specimen which can generate
complex displacement fields. With a multi-DIC setup, displacement
fields on multiple surfaces of the specimen were measured. Based on the
obtained displacement fields, the Hill’48 parameters were identified by
the FEUM method. Pottier et al. [25] designed a specimen with the
heterogeneous strain fields which can exhibit tensile, shear and ex-
pansion strain states. Based on the FEMU method and designed spe-
cimen, Hill’48 yield criterion was determined and validated by the deep
drawing test. The result showed that identification based on hetero-
geneous tests presented better precision.

In this paper, an electric heating system was designed for the
thermal uniaxial tensile test, and a heated Pottier test with FEMU
method was used for the anisotropy yield criterion identification. In
order to demonstrate the utility of the electric heating system and the

heated Pottier test with FEMU method, the plastic anisotropy identifi-
cation tests of 7B04 aluminum alloy were carried out at 200 °C. The
Hill’48 determined by the uniaxial tensile tests with electrical heating
system and Yld2000-2D yield criteria determined by the Pottier test
were adopted for the material anisotropy behaviour characterization.
Finally, the earing heights of deep drawing test were measured, and the
validation of the identification methods and heating methods was dis-
cussed.

Material model

Hill’48 yield criterion

Hill’48 yield criterion is widely used to describe the anisotropy of
aluminum alloy sheet. With plane stress condition ( = = =σ σ σ 013 23 33 ),
it can be written as:
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where σij are the Cauchy stress tensor components, σ̄ is the equivalent
stress. F, G, H and N are yield criterion parameters. Those parameters
can be calculated from three plastic strain ratio (r-value) r0, r45 and r90.
The r-value is defined by:
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Yld2000-2D yield criterion

Yld2000-2D yield criterion with eight anisotropy coefficients was
proposed by Barlat et al. [6]. It can more accurately describe the ani-
sotropic behaviour of aluminum alloy sheets. The function is given by:
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where ′Xi and ′′X j are the principle values of the matrices ′X and ′′X . σ is
Cauchy stress and the ′L and ′′L are expressed as:
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In the above equations, α1-α8 are eight anisotropy coefficients. In
this work m= 8, since 7B04 aluminum alloy is an FCC material.
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Voce hardening rule

Hardening behavior was described using the Voce hardening rule:

= + − −σ A K¯ (1 e )εn· p
eq

(12)

where σ̄ is the equivalent stress, ε eq
p is the equivalent plastic strain. A, K,

n are fitting parameters.

Experiments

Uniaxial tensile test

The material used in this paper was 7B04 aluminum alloy with
nominal thickness of 2.0 mm. The tensile specimens were cut at 0° (RD),
45° and 90° (TD) from the rolling direction of the sheet using laser-cut.
Fig. 1 illustrates the geometry of the specimen. In order to investigate
plastic anisotropy property, the tensile test was conducted under dis-
placement control in a mechanical universal testing machine at a tensile
speed of 2.1 mm/min, corresponding to a strain rate of 0.001 s−1

. Spe-
cimen temperature during the test was controlled at 200 °C by an
electrical heating system (Fig. 2). Through electrical resistance heating
method, specimen was heated when low-voltage high-current direct
current (DC) flowed through. At the same time, temperature was
monitored by a thermocouple wire welded in the center of the spe-
cimen. The thermocouple wire transmitted the signal to PLC controller,
and the value of DC can be regulated under the feedback adjustment. It
ensured that the temperature of specimen was stable at the target value,
and the temperature fluctuation under the PLC controller was below
3 °C. Electrical heating system can avoid the limitation of DIC tech-
nology in the traditional heating furnace, and its heating was more
efficient. In the DC-assisted uniaxial tensile test, the thermal effect
generated by DC has a much higher impact on plastic behaviour of
sheet metal than the athermal effect [26–29]. In this work, the DC
density is below 8 A/mm2, thus only thermal effect was considered with
specimens heated to 200 °C.

In the electric heating process, the fixture of tensile test machine can

affect the temperature distribution of the test specimen. The tempera-
ture distribution along the longitudinal direction of the specimen was
obtained by 7 thermocouples. Through multi-point temperature mea-
surement results (Fig. 3), it was found that the temperature in the
central area of the specimen was the highest, while the temperature was
lower near the fixture. Temperature difference in the effective tem-
perature control area was presented in Fig. 3. It was shown that the
temperature variation was less than 8 °C at 200 °C. Although there are
some temperature differences in the effective temperature control area,
its influence for the uniaxial tensile test was acceptable [30]. The center
area with high temperature (200 °C) was easier to deform, this causes
the necking to occur at the specimen center. And the force recorded by
the tensile test machine reflects the mechanical properties of the high
temperature specimen area. In order to obtain accurate mechanical
properties of the specimen at 200 °C, a strain measurement area (Fig. 4)
within the effective temperature control area was selected to obtain the
strain field with DIC system. Two high resolution CCD cameras
(1624× 1236 pixels) were used to capture the pictures and the photo-
frequency was set to 4 images/s. In this work, to determine the strain
and displacement fields distribution, the subset size of 10 pixels and the
step size of 10 pixels were set in the DIC system.

The true stress-strain curves measured along three different direc-
tions were plotted in Fig. 5. From this picture, anisotropy can be ob-
served. The hardening behavior of 7B04 aluminum alloy was fitted by
Voce hardening, and the fitted formulas were shown in Fig. 5. Table 1
presented the basic mechanical properties of 7B04 aluminum alloy. It

Fig. 1. Geometry and dimensions of tensile test specimen (in mm).

Fig. 2. Schematic diagram and picture of the electrical heating system.

Fig. 3. Multi-point temperature measurement results along the centerline of
specimen.
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was well known that when the necking occurred, the stress field became
a heterogeneous field. If not corrected, the stress-strain curve after
necking had no guiding significance for material application. Therefore,
only data before necking was adopted in this work.

Plastic strain ratio (r-value) is an important index for anisotropy
characterization, and it varied with the plastic deformation. Fig. 6
showed the evolution of r-value in the ε̄ range [0.02, 0.15] along three
directions. For 7B04 aluminum alloy, the r-value curve of 45° direction
was clearly higher than the other two directions, and curves of the RD
and TD were similar. The r-values gradually decreased with the in-
creasing deformation. In order to obtain the Hill’48 anisotropy para-
meters, an average value of r-value was used in this study, which was
listed in Table 2. And the parameters of Hill’48 yield criterion were
listed in Table 3.

Fig. 4. Selected strain measurement area within the effective temperature
control area.

Fig. 5. True stress-strain curves of 7B04 aluminum alloy.

Table 1
Basic mechanical properties of 7B04 aluminum alloy.

Material E (MPa) µ σ0(MPa) σ45(MPa) σ90(MPa)

7B04 60471.07 0.325 138.06 130.4 127.4

Fig. 6. Evolution of r-value in the ε̄ range [0.02, 0.15] along three directions.

Table 2
r-value calculated different plastic strain ranges.

ε̄ r0 r45 r90

0.02–0.1 0.685 0.864 0.676
0.1–0.15 0.633 0.739 0.648
0.02–0.15 (selected) 0.671 0.816 0.667

Table 3
Calculated Hill’48 parameters.

F G H N

0.602 0.598 0.402 1.579

Fig. 7. Specimen picture and device schematic diagram of the Pottier test.

Fig. 8. Heating results of Pottier specimen.
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Pottier specimen test

The Pottier test was in order to offer information for the constitutive
parameter inverse identification, and the adopted specimen was de-
signed by Pottier [25]. Specimens were manufactured by laser-cut from
7B04 aluminum alloy sheet. As illustrated in Fig. 7, diameter and
thickness of the Pottier specimen was 130mm and 2.0mm, respec-
tively. This specimen was designed to increase the strain heterogeneous
as well as exhibiting tension, shear and expansion behaviors. Multi-

angle tension and shear zones along the rolling direction can fully show
the anisotropy of the test material. A hemispherical hollow punch
(diameter Ø15mm) was used to apply the prescribed displacement at
the specimen center. The punch was connected with the mechanical
universal testing machine by an upper template, the die and blank
holder were mounted on a support plate. Specimen was fixed between
die and blank holder by bolts to prevent the sliding between the spe-
cimen and the die or the blank holder, as shown in Fig. 7. Furthermore,
the displacement speed of the punch was set to 1.667mm/min

Fig. 9. Displacement and strain fields of Pottier specimen (punch stroke 4mm). (a) ux displacement field (b) uy displacement field (c) Strain field.

Fig. 10. Displacement and strain fields of Pottier specimen (punch stroke 8.33mm). (a) ux displacement field (b) uy displacement field (c) Strain field.
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according to the strain rate of tensile test.
During the deformation, displacement field on the specimen surface

was measured with the DIC. With two cameras, DIC can accurate
measure the out-of-plane displacement. Prior the testing, specimens
were painted with random speckle pattern over undercoat of white
paint. Then the deformation of speckle pattern was captured using the
digital camera with an acquisition rate of 4 image/s. Finally, based on
those digital images, displacement fields were calculated by post pro-
cessing with DIC software. For the convenience of taking photos from
horizontal direction, an optical flat mirror was placed at 45-degrees
below the die.

In this work, in order to carry out the Pottier test at 200 °C, a heating
rod was installed in the hollow of the punch, and sixteen heating rods

were installed in the hollows along the circumference of the die and the
blank holder. The temperature of heating rods was controlled by two
PID-controllers, respectively. And the heating result of the Pottier
specimen was presented at Fig. 8. After 30min of heating, the tem-
peratures of each part of the specimen were stably maintained at
200 °C. Then the punch started to push down.

When the stroke was 4mm, the experimental measurement of dis-
placement (ux, uy) fields was presented in Fig. 9(a) and (b). In the early
stages of deformation, the displacement fields were nearly symme-
trically distributed because of the geometrical symmetry of Pottier
specimen. As can be seen from Fig. 9(c), the expansion zone was the
main deformation area. When the stroke was 8.33mm, the strain con-
centration appeared on the upper right side of the specimen in
Fig. 10(c), tension and shear zones were necked. With the punch
pushing down, the main deformation zones moved from the expansion
zone to the shear and tension zones.

Considering this phenomenon, the upper right side of the specimen
was selected as the inverse identification displacement reference area.
For the accuracy of parameters inverse identification, nine reference
points were selected, as shown in Fig. 11. The displacements curves of
reference points showed that points within the expansion area have a
phenomenon of inverse displacement, which was caused by the
movement of the main deformation zone, as shown in Fig. 12. In ad-
dition, for the Pottier specimen, it was difficult to reproduce the
necking phenomenon with only one corner in the finite element simu-
lation. Therefore, in order to enhance the inverse identification result
accuracy, the displacement data before the stroke of 6.25mm were
used. Analysis of the specimen strain field under this punch stroke
showed that strain concentration began to occur in the tensile and shear
zones, as can be seen in Fig. 13(a). And the strain states (Fig. 13(b))
showed that the Pottier specimen generated very heterogeneous strain

Fig. 11. Reference points used for inverse identification.

Fig. 12. Displacement curves of reference points (A, D, G) within the expansion
zone.

Fig. 13. Strain field and states of Pottier specimen when the stroke was 6.25mm (a) Strain field (b) Strain states.

Fig. 14. Analysis section and visualization of 3 paths and FE model of Pottier
test.
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fields, which included biaxial tensile strain state, plane strain state,
uniaxial tensile strain state and shear strain state.

Finite element modeling of Pottier test

The Pottier test was accurately modeled according to the experi-
ment conditions by using ABAQUS/Standard FE code. The FE-Pottier
model consisted in three parts: a rigid hemispherical punch, a rigid die
and a deformable specimen, as shown in Fig. 14. Due to symmetry, only
one quarter of the model was modeled for the purpose of time saving.
To describe the material elastic property, a Young’s modulus of
60471.07MPa and a Poisson’s ratio of 0.325 were considered. The
Yld2000-2D yield function with Voce hardening rule was implemented
with a user subroutine UMAT. Specimen was meshed by the 4-node
shell (S4) elements. In order to improve the accuracy of simulations,
mesh refinement was performed in the main deformed areas of the
specimen. A final element size of 0.2mm in the main deformed areas
was adopted. Prescribed displacement was imposed according to the
test displacement at the punch with a speed of 1.667mm/min. The non-
deformed area of specimen and the die were remained immobile.

In order to determine the friction coefficient between the punch and
specimen, the influence of friction on simulated punch force and dis-
placement field were studied. The friction coefficient µ was set to 0,
0.25 and 0.5 in three FE-Pottier models, respectively, and the dis-
placement result of FE-Pottier model (µ= 0) was used as the reference
value RD. The displacement value obtained by the other friction coef-
ficient models minus the reference value RD was set as the displacement
difference value. In addition, three different paths (Length=35mm)
were selected to be the comparison paths, as shown in Fig. 14. The
evolution of displacement difference value along three comparison
paths were presented in Fig. 15(a). It was observed that the maximum
displacement difference value (Dpath) was only 0.014mm. Furthermore,
the simulated punch force curves obtained under different friction
coefficients were the same, as shown in Fig. 15(b). Therefore, con-
sidering that the friction coefficient has little effect on the accuracy of
the simulated result, the friction coefficient was set to 0.25 in the in-
verse identification process in agreement with the former results [25].

Fig. 15. Simulated results with different friction coefficients along different paths (a) Displacement difference value (b) Punch force curves.

Fig. 16. Flowchart of inverse identification process for constitutive equation
parameters.

Fig. 17. Reference points in FE-Pottier model used for displacement output.

Table 4
Identified parameters of Yld2000-2D yield criterion.

Parameters α1 α2 α3 α4 α5 α6 α7 α8

Initial values 1 1 1 1 1 1 1 1
Identified values 0.955 0.991 0.923 1.092 1.091 0.902 0.901 0.984
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Inverse identification

Principle and flowchart

The experimental data used for the constitutive equation parameters
inverse identification included the displacement and punch force ob-
tained by the Pottier test. Constitutive equation parameters were set in
the FE-Pottier model, and a cost-function was used to calculate the gap
between the experiment and simulation. Through updating the con-
stitutive parameter sets in the FE-Pottier model, the FEMU method
minimized the gap between the simulation and experimental results. As
well known, the displacement field and forming force were sensitive to

the material yield function and hardening rule. Furthermore, the FEMU
method based on the experimental data of displacements and force
(FEMU-U-F) was better suited to problems involving stress and strain
concentration [11]. Therefore, the FEMU-U-F method was adopted to
obtain the constitutive equation parameters. The identification process
was realized by the software mode-FRONTIER coupled with ABAQUS
and MATLAB, and the process flowchart was shown in Fig. 16.

Cost-function

For the convenience of calculating the gap between the experi-
mental and numerical results, nine reference points in FE-Pottier model

Fig. 18. (a) Simulation displacement field obtained by identified parameters (b) Experimental measured displacement field.

Fig. 19. Gaps between the simulation and experimental displacements of reference points. (a) Path 1 (b) Path 2 (c) Path 3.

Z. Wang, et al. Results in Physics 15 (2019) 102655
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corresponding to the positions in experiment were set, as shown in
Fig. 17.

Displacement of the simulation reference points were compared to
the experimental counterparts as well as the punch force, and the gap
can be quantified with a weighted cost-function. Based on the selected
FEMU-U-F method, the cost-function was consisted of force and dis-
placement data as follows:
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(13)

where p represented a set of parameters, uexp and unum were DIC-mea-
sured and FEM-calculated displacements, respectively. ux, uy, uzwere
the displacements along the x, y, z axis, respectively. F was the punch
force. Ni was the number of reference points and Nj was the number of
considered time steps. In this paper, Nj equaled to 45 (every 5 s as a
time step, and the effective test time was 225 s). In order to balance the
weight between the displacement and force, a weight coefficient of 9
was used in the cost-function.

Optimization algorithm

Various optimization algorithms were proposed to solve non-linear
objective optimization problems. In this paper, the SIMPLEX algorithm
was preferred in the identification process. The SIMPLEX optimization
algorithm implemented in mode-FRONTIER was used for finding the
minimum of an objective function in a multi-parameters problem. It
was initialized with N+1 sets of constitutive equation parameters
combinations (N was the number of input constitutive equation para-
meters). Firstly, it constructed a polyhedron with N+1 vertices and
compared the values of the objective function at N+1 vertices. Then, it
moved the polyhedron towards the optimal point by iteratively repla-
cing the worst vertex with a sequence of geometric transformations
[31]. The N+1 sets of initial constitutive equation parameters were
randomly selected within the variation ranges of the parameters.

The initial values of parameters were set to 1, and the value ranges
were between 0.5 and 1.5. After 500 steps of the updating process and
evaluation, 8 parameters of the constitutive model were simultaneously
identified. The result was shown in Table 4. The displacement fields
obtained by simulation with the identified parameters and experi-
mental measurement were shown in Fig. 18. The gaps between the si-
mulation and experimental displacements of reference points were
presented in Fig. 19. The gaps between the simulation and experimental
punch force were shown in Fig. 20. Although it existed some gaps, the
FEMU-U-F method led to an available fit between the experimental and
simulation results. These gaps were caused by constitutive model
parameters approximation, measuring error and FE modeling.

Validation: deep drawing test

A deep drawing test at 200 °C was carried out for the purpose of
checking the accuracy of the constitutive equation parameters. The
deep drawing device was shown in Fig. 21(a). Heating method was the
same as the Pottier test. Displacement speed of the punch was set to
2.667mm/min according to the strain rate of tensile test. The circular
specimen with a diameter of 80 mm and a thickness of 2mm was cut
from 7B04 aluminum alloy sheet by using laser-cut. During the test, the
stable blank holder force (6 kN) was realized by two nitrogen springs.
The upper profile of the deep drawn cup (Fig. 21(b)) was measured by a
height gauge, and the earing height exhibited the material anisotropy.

As shown in Fig. 22, the FE model was used to simulate the deep
drawing test. The punch, die and blank holder were modeled by the
discrete rigid bodies, while the specimen was modeled by the deform-
able shell. The friction coefficient between the punch and specimen was
set to 0.25 in agreement with the FE-Pottier model. Prescribed dis-
placement was imposed according to the test displacement at the
punch, and the die remains fixed. In addition, a 6 kN force was directly
applied on the black-holder. The constitutive parameter sets obtained
by conventional uniaxial tensile and inverse identification method were

Fig. 20. Comparison of punch force between the simulation and experimental
results.

Fig. 21. (a) Deep drawing test device (b) Deep drawing test specimen.

Fig. 22. FE model of deep drawing test.
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implemented into the FE-deep drawing model, respectively. The ob-
tained simulation results were shown in Fig. 23. Then, the simulation
earing profile was compared to the experimental one.

Fig. 24 showed the earing heights and punch force measured by
experiment and predicted by the simulations based on the Yld2000-2D
and Hill’48. As can be seen, the predicted earing heights and punch
force were agreed with the experimental results. Compared with Hill’48
yield criterion, the earing heights prediction of the Yld2000-2D yield
criterion was more consistent with the experimental tests at 50°, 130°,
230° from the rolling direction. The Yld2000-2D identified by the in-
verse identification method accurately predicted the highest point of
upper profile of the deep drawn cup. While the earing heights predicted
by Hill’48 was closer to the experimental results for the lower profiles.

By comparing the results of the simulation and experiment, it can be
concluded that the conventional uniaxial tensile test with electric
heating system and the inverse identification method with Potter test
both accurately obtained the material property.

Conclusions

In this paper, the plastic anisotropy behavior of 7B04 aluminum
alloy at 200 °C was investigated by conventional uniaxial tensile tests
with electrical heating system and Pottier test with heating rods.
Several conclusions were obtained.

(1) With the designed electrical heating system, the precise heating and
temperature controlling of the tensile specimens were realized.
Through the temperature field measurement, effective temperature
area was determined. Based on the strain measured by the DIC
system within the effective temperature area, the Hill’48 yield cri-
terion and Voce hardening of the 7B04 aluminum alloy were ac-
curately obtained.

(2) With the heating rods and DIC system, the strain field and dis-
placement field of the Pottier test at 200 °C were obtained. The
strain field analysis showed that the Pottier specimen produced a
very heterogeneous strain field during deformation. Based on the
analyses of the Pottier test, an inverse identification process with
the FEMU-U-F method and SIMPLEX algorithm was conducted to
determine the constitutive equation parameters (Yld2000-2D with
Voce hardening) of 7B04 aluminum alloy. A good match between
the experiment and the simulation was obtained.

(3) A deep drawing test was conducted to verify the accuracy of the
identified yield function parameters. It was shown that the de-
termined yield function parameter sets can accurately predict the
earing height and punch force, whether it was obtained by the
conventional method or the inverse identification method. The
uniaxial tensile test with electrical heating system and DIC system
was suitable for determining the thermal-mechanical properties of
the metal sheet. Furthermore, a single Potter test with FEMU-U-F
method can accurately identify a advanced yield criterion
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Fig. 23. Simulation equivalent plastic strain field by (a) Hill’48 (b) Yld2000-2D.

Fig. 24. Simulation earing heights and punch force in comparison with the experimental results (a) Earing heights (b) Punch force.
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