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1. Introduction

The transformation of mechanical sheets into fin-
ished products is of considerable importance in many indus-
tries such as mechanical engineering, automotive or aero-
nautics. The premature tearing of sheet metal during shaping
is one of the major problems currently facing the mechanical
industry [1-3]. Scientists and industrialists are therefore al-
ways looking for the best conditions for which the ability to
deform can in turn go to a maximum in order to minimize
scrap.

Responsiveness to market demand requires a re-
duction in the development time of product manufacturing
lines. Very short deadlines and requirements in terms of
product quality now require manufacturing processes to be
well controlled and optimized [4-6]. Today, improvements
will mainly come from gains that will be made in the control
of manufacturing processes. This implies a realistic, reliable
and fast modeling of all the physical phenomena that char-
acterize forming operations such as the behavior of the ma-
terial, the wear of the tools, and the influence of the param-
eters of the operation [7-9]. Works have studied the feasibil-
ity of increasing the temperature as an approach to solve the
problem of ductility of Al 1050 and increasing the strength
of the material [10-13]. In addition, the amount of elonga-
tion and the level of the forming limit diagram were re-
duced, but increased at low speeds. Forming limit curves
have been used to assess the formability of materials [14,
15, 16].

Hydroforming and all processes for obtaining parts
by deformation of metallic materials are processes widely
used in mechanical manufacturing and which are constantly
advancing technologically to reach new markets [17, 18].

To determine the best forming process, the numer-
ical simulation of the forming processes constitutes a privi-
leged means of investigation [19]. By providing access to
quantities that are difficult to access through experience, it
improves the understanding of simulated phenomena. In ad-
dition, it makes it possible to analyze a process before it is
actually implemented. It makes it possible to estimate ac-
cording to different parameters if a part is or is not shaped
[20]. New ideas can thus be tested without mobilizing the
production tool.

But numerical simulation is based on mathematical
models and laws of behavior which must satisfy the general
principles of mechanics and which are physically accepta-
ble. These mathematical models must on the one hand take
into account the stresses that the materials undergo during
their deformation and take account of all the parameters in-
volved in a process and on the other hand, they must be sim-
ple in order to facilitate their identification and their imple-
mentation in computer codes [21]. Indeed, the numerical
simulation of a shaping process is a complex process during
which a large number of physical phenomena are involved.
Taking all these phenomena into account, even in a simple
way, requires too long a calculation time [22, 23].

To remedy, on the one hand, the long calculation
time that a numerical simulation or an optimization proce-
dure can take and, on the other hand, the inadequacy of the
mathematical models, tools based on artificial intelligence
are being developed. The aim of this work is to develop a
method for modeling and optimizing shaping processes cou-
pled with a finite element calculation code.

2. Theory of plasticity for anisotropic material
2.1. Anisotropic material

The quadratic anisotropic yield criterion Hill 48
[24] under plane stress state is used to describe the
anisotropic mechanical behavior. The yield function can be
written as:
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It assumes the x and y directions as the rolling
direction and the transversal to the rolling direction,
respectively. Here ox and ayy are the normal stresses along
the x-direction (rolling direction) and y-direction (transverse
direction); oy is the shear stress; F, G, H, and N are material
parameters, which can be expressed by Lankford's
coefficients:
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The used anisotropic plasticity potential of Hill48
is available in the finite element software ABAQUS and
defined by the specified material parameters: Rii, R22, Rs3
and Ri2 which are defined by:
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Under plane-stress condition, the effective stress in
terms of the principal axial and hoop stress is defined as:

& =[(G+H)of +(F+H)o} -2Ha, |, (4)

where o1 and oy are the principal axial and hoop stress, re-
spectively.

The plastic strain increments are given by
considering the normality condition, incompressibility
condition and the equivalent work definition of effective
strain increment dg :
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where dei, de; and degs are the plastic strain incremental
components along the principal axial, hoop and thickness
directions, respectively.

2.2. Criterion of plastic instability

The problem is based on response variables zi, z2,
..., Zp and an influencing factor x whose multiple regression
leads to a relation of the form:

X=28,+&2 +3,Z, +..+a,Z, +¢. (6)
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Here ay, a1, ay, ..
gisan error.

To validate the quality of the regression equation
between the influence factor and the response variables, we
use the multiple determination coefficient defined by Eqg.
(7), where SCR and SCT are the squared sums of deviations:

., ap are the coefficients of the regression,
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2.3. ldentification method

The variation of the principal stress components in
terms of the principal hoop stress can be derived as [25].
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Based on Egs. (6) and (8), the variation of the ef-
fective stress is deduced as:
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Thus, the plastic instability condition in terms of
sub-tangent Z for hydroforming process is obtained as

(Fig. 1):
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Fig. 1 Plastic instability with different temperature level
plastic anisotropy parameters

To obtain forming limit curves in terms of stresses
in hydroforming, it is necessary to firstly introduce the prin-
cipal critical strains & and &; along the axial and hoop di-
rection, respectively.

With the work-hardening law, Eq. (10), can be
written as:
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Let g= 4 and assuming the proportional load-
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ing, thus the equivalent strain can be described as:
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According to Egs. (12) and (13), the limit strains
based on the plasticity instability yield as:
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From Eq. (4) the limit stress o, and o ; when
the bursting failure is occurred, can be obtained as:
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3. Experimental set-up

The realization of the experimental tests consti-
tutes a very important stage in the procedure of identifica-
tion of the parameters of the laws of behaviour. This is a task
that is often difficult and costly in terms of raw materials
and experimental equipment.

We briefly describe our experimental approach and
the material means implemented in our test campaign as
well as the various raw experimental results such as the
measurement of pressure, temperature, the average speed of
deformation as well as the displacements of the height at the
pole of the sheet to be shaped and the effect of anisotropy
on the behaviour of the sheet is studied.

The device is made up of four sub-assemblies.
System for fixing the blanks and clamping the dies:
the blank holder is held tight on the clamping sys-
tem by means of several bolts, a ring is added to
the entire periphery of the blank holder so as to
eliminate the flow of the material (ensure a better
seal between the blank and the die) and thus
achieve an embedding, see Fig. 2, a, b and c.
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Hydraulic system: its role is to provide the power
needed to form the blanks (Fig. 2, d).

Heating and temperature control system, its role is
to convert electrical energy into heat energy and
control of the heating temperature of the sheets
(Fig. 2, e).

Electrical control circuit: ensures the electrical en-
ergy supply to the heating system and the hydraulic
installation.

A protective cover has been designed in tempered
glass, itis held by metal supports in order to protect
the experimenter against the jets of hot liquid under
pressure which may occur during a sudden bursting
of the specimens when the fluid pressure reached
its maximum value (Fig. 2, f).

In this test the expansion deformations are pre-
dominant. The test highlights the importance of the proper-
ties of the material for these deformations, and the low im-
portance of the geometric parameters (Fig. 3).

Notations used in the experimental test description:
eo — initial blank thickness; e — current thickness at the pole;
H — height at the pole; D — inner diameter of the die;
D’ — outside diameter of the die; rc- — die fillet diameter;
Fs — clamping force; P — Pressure applied to the sheet.

The specimens used are circular blanks with an ex-
ternal diameter of 330 mm and a thickness of 0.6 mm. The
active part provided for expansion depends on the auxiliary
matrix used. In the case of free expansion tests with a circu-
lar die, the active part has a diameter of 200 mm. In the case
of an elliptical matrix with the same outer diameter as the
previous one, comprising an elliptical recess (small diame-
ter = 102 mm and large diameter = 170 mm).

D)

Fig. 3 Principle and configuration of the bulge test
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Fig. 4 Cutting sheet metal into a circular shape

The preparation of specimens from a virgin sheet
requires precautions responding to the specificities of the
test and the geometric shape of the loading device. The prep-
aration steps are shown in Fig. 4.

After the laser cutting operations of the specimens,
it was scheduled to print the grids. The shape of the grid
chosen is the square 5x5 mm (Fig. 5), the tracing is done
using a dedicated printing device and carried out by a spe-
cialized company. The grids are drawn on the outer surface
of the specimens, so that a pair of sides coincides with the
rolling direction of the sheet. The bulge test of the sheet is
obtained by applying oil pressure exerted by a manual pump
and measured by a pressure sensor. Monitoring of the shape
of the blank during the test is obtained by a sensor.

The loading range considered is a function of the
nature of the material and the dimensional characteristics of
the specimens. The device makes it possible to reach pres-
sures leading to the appearance of localized strictures, this
instability is often followed by the appearance of cracks.

Furthermore, for a given pressure applied to the
specimen, it will be possible to recover the following meas-
urements at a given point:
the height at the pole (at each temperature and
at each angle of anisotropy),
the strain,
the blank thickness.

The type of stress is essentially conditioned by the
shape of the matrix and the anisotropy of the material. To
take these two parameters into account, we used two types
of matrix, one circular and the other elliptical presented in
Fig. 6.

The tests are carried out on an instrumented hy-
draulic inflation cell. It is equipped with two sensors: one
for pressure measurement and the other for displacement
measurement at the pole.

Fig. 6 Dies: a — circular die, b — elliptical
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4 Experimental Results and discussion
4.1. Hot forming circular bulge test result

The experimental study carried out provides us
with the following measures: the height at the pole as a func-
tion of the pressure at different temperatures.

The hydroforming tests were carried out in order to
evaluate the hot forming abilities of the material. These tests
were carried out at an average strain rate of about 5.10-4/s
and at four temperature levels were taken into consideration
(25°C, 100°C, 150°C and 200°C). Fig. 7 presents the pres-
sure/height curves at the pole at different temperature levels.
Fig. 8 shows that for the same hydraulic pressure an increase
in temperature causes a rise in the height at the pole, this
generates an evolution of the maximum joint height with a
drop in the maximum pressure because the material be-
comes more deformable and loses a can their mechanical
characteristic at elevated temperatures.

Thus, for a temperature variation of 150°C, the
maximum height at bursting undergoes an increase
evaluated at around 27% and a decrease in pressure of 21%
as shown in Fig. 8.

The height at the pole as a function of the pressure
at different average strain rates: Fig. 9 presents the pressure-
height curves at the pole relating to this series of tests. We
notice that the maximum height at the pole decreases and
the maximum pressure increases when the average strain
rate increases as shown in Fig. 10.

For an average strain rate variation from 2.5 E-
3/s to 5 E-4/s, the maximum bursting height undergoes a
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Fig. 7 Pressure as a function of height at the pole: circular
matrix (temperature effect)
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Fig. 10 Maximum pressure and height at the pole as a
function of the average strain rate

decrease of 16% and a pressure increase of 3.3%. Refer to
Fig. 10 for visual representation.

The measurement of the height at the pole is
carried out by a digital calliper. The zero level of the
measurement corresponds to the uncharged state of the
specimen. The height at the pole is recorded at the centre of
the active part for a given pressure. The measurement is
carried out at the same time as the specimen is loaded. The
tests representative of the variation of the pressure as a
function of the height at the pole for the two circular and
elliptical dies are made on circular specimens at different
temperatures which vary from 25°C to 150°C and at
different rolling directions (0°, 45°,90°) to study the effect
of anisotropy.

4.2. Effect of temperature on the formability of Aluminium
1050A

In this test, we need to study the effect of
temperature on the sheet formability i.e. on the fracture zone
and the height at the pole as well as on the pressure.

Through the different curves present in the four
Figs. 12, 13, 14 and 15 we can say that the increase in
temperature generates a decrease in the pressure applied to
the sheet with an increase in displacement at break. Thus, it
can be concluded that:

¢ the height at the pole increases from 80.33 mm at room
temperature (25°C) to 89.35 mm at 100°C;

* the fracture zone changes during the forming process
(Fig. 11), at ambient temperature, the rupture occurred at the
pole of the spherical cap, at a temperature of 150°C, the frac-
ture occurred at the plate-matrix contact edge;
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o the pressure required to form the sheet decreases as the
temperature increases.

T=100°C ; H=89,35mm T=150°C ; H=63,21mm

Fig. 11 Effect of temperature on the maximum displace—
ment at the pole for circular die
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4.3. Effect of temperature on the anisotropy of aluminum

1050A

T=100°C ; H=50.8mm

T=150°C ; H=53mm

Fig. 16 Effect of temperature on the
displacement at the pole: elliptical die
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Regarding the measurements obtained, Fig. 16
the change that follows the fracture zone during the

forming process. At ambient temperature, the rupture oc-



curred at the pole of the spherical cap. Beyond ambient tem-
perature, the rupture moved away from the pole to occur in
regions increasingly close to the recessed edge of the blank.

Fig. 17 shows the variation of pressure versus pole
height as a function of the variation of the orientation angle
of the elliptical matrix at different temperatures. The curves
are close for low pressure and move apart for breaking
pressure, showing that the material is anisotropic.

The orientation of the elliptical matrix according to
the three directions (0°, 45° and 90°) has a weak influence
on the variation of the pressure according to the height at the
pole. Table 1 summarizes the values of pressure and height
at the pole for different orientations of the elliptical cavity
matrix.

Oriented tensile tests were carried out to
demonstrate the anisotropy of AIl1050a (Fig. 19). The
specimens used for the oriented tensile tests are prismatic in
shape, with the dimensions defined in Fig. 18, and comply
with French standard NF A 03-151.

a=0.8 mm o : -
?o=llg.5 mm TLO——‘

0=10 mm
Lo=50 mm ! N J
Lc=75 mm ,E
Lt=135 mm i "o 3 ~

Fig. 18 Standard dimensions for tensile test specimens
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Fig. 19 Oriented tensile tests of Al1050a (T = 25°C)

10

Table 1
Characteristics of aluminum 1050A for an elliptical die
Loading Maximum Maximum pole
direction(®) pressure, MPa height, mm
0 1.8 38.07
45 1.7 39.1
90 1.6 34.88

5. Identification method

The objective is the identification of model of work
hardening of Swift coupled with a variable of damage and
the parameters of anisotropy of criterion of Hill48 giving a
good concordance between the experimental response and
the response obtained by EF.

* Circular die

The geometric model adopted is a thin circular
plate with a diameter of 320mm and thickness of 0.8mm. It
is meshed with eight-node hexahedral 3D solid elements
(C3D8R) and comprises a total of 6552 elements in two
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Fig. 20 Mesh size and boundary conditions of a bulge test
specimen, circular die

Fig. 21 Meshing and boundary conditions of a bulge test
specimen: elliptical die

parts. The central part was meshed using a fine mesh, while
the remaining part was meshed using a coarse mesh
(Fig. 20). The circular die has an inside diameter of 220 mm
and a fillet radius of 6mm. It is modeled by R3D4 shell ele-
ments, assumed to be rigid and undeformable. The Coulomb
coefficient of friction between all solids in contact is 0.1.

Boundary conditions consist of an imposed embed-
ding on the die and a linear pressure exerted on the blank,
depending on the material to be tested.

* Elliptical die

The bulge test is identical to the previous case, ex-
cept that the blank holder is elliptical, with a major axis of
170 mm and a minor axis of 102 mm (Fig. 21). The sheet
mesh has 11992 C3D8R elements. The same boundary con-
ditions used for the circular hold-down case are applied
here. The general approach to achieve this is illustrated in
Fig. 22.

The experimental data is in the form of a sample of
points where the measurements were carried out (example:
the height at the pole (h) for different values of pressure (p)).
Numerically, the distance between the experimental curve
and the simulated one was defined as the sum of the squares
of the differences of the ordinates of the points of the same
abscissa (the abscissas are imposed by the experimental
points). The relative difference between the two curves is
then defined by the relationship (17):
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The reverse identification procedure to determine
the parameters of the coupled Swift model and the Hill48
parameters was carried out according to the following steps:
Step 1. We begin by identifying the uncoupled Swift
model. One will determine the parameters of hardening K,
&o and n by considering D = 0.
Step 2. We identify the parameters of the HILL load
surface (F, G, H and N) representing the anisotropy of the
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sheet, from the Bulge test with an elliptical blank clamp (di-
rection 0°, 45° and 90° with respect to the rolling direction)
by setting the work hardening parameters (K, g0 and n) to the
values identified in step 1.

Hill 43 goadratic crierion

Paramsters mitak: F, G Hand N

Simulatiors Tezuliz

Exprrimeniak resulz Eliptical belge fost F (U

AT Pamaters Updan
Ellipticaks alge wess F (U Dirgcsize 0° s
A Direction 457
Diraction 0" P -
Tiaetioz 47 Diraction 0
Thiracsiom 90"

Fig. 22 ldentification method of the anisotropic parameters

The identified strain hardening parameters are
presented in Table 2. The height response at the pole as a
function of the pressure is compared with the experimental
response, for the case of a circular matrix, a good agreement
has been observed (Fig. 23). The maximum relative
difference is of the order of 2. 9%.

To identify the material parameters at each
temperature level, the calculations must be repeated in full
according to the three steps.

Table 2
Results of the identification of work hardening parameters
at different temperature levels of Aluminum 1050A

Temperature, | K, MPa €0 n Relative
°C error &, %
25 216.9 0.009 | 0.38 29
50 112.826 0.01 | 0.228 0.6
100 95.375 0.01 | 0.226 1.2
150 73.827 0.01 | 0.215 2.4

The mechanical fields (equivalent stress and equiv-
alent plastic strain) are illustrated in Fig. 24 for different
temperature levels under isothermal condition. We note for
a maximum displacement at the pole the maximum stress
applied decreases with an increase in temperature of about
104.8 MPa at 25°C and 59.1 MPa at 150°C.

To further adjust the model, we adopted the same
approach by going to step 2. This involves identifying the
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Lankford coefficients from the same type of test but in this
case with an elliptical matrix since the latter puts highlight
the importance of the anisotropy coefficients during blank
deformation by changing the loading path. The parameters
identified are presented in Table 3. For the case of an
elliptical matrix at 25°C, good agreement was observed
(Fig. 24). The maximum relative difference is around
3.46%.

Oriented tensile tests were used to identify the
anisotropy parameters (Fig. 25). Fig. 26 shows the variation
of the anisotropy parameters ro, rss and rgo With respect to
temperature. R values greater than 1.0 indicate good
formability and resistance to thinning. As can be seen in
Fig. 26, the values of ro and rss increase with temperature,
which indicates that the formability of aluminium sheet has
improved also at high temperature.

In this step it is a question of identifying the
parameters of the surface of load of HILL (F, G, H and N)
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Fig. 25 Oriented tensile tests
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Table 3
Results of the identification of Lankford coefficients at dif-
ferent temperature levels of Aluminum 1050A

Temperature ro ras rso Relative error
¢S ¢ (%)
25 1.45 0.5 2.1 3.41
50 1.501 0.719 | 1.878 3.46
100 1.898 1.088 | 0.733 2.98
150 2.249 1.333 | 0.653 3.2
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Fig. 26 Evolution of the Lankford coefficients of aluminium
1050A as a function of temperature

representing the anisotropy of the sheet are given according
to the relation (2), (Fig. 27). Table 4 summarizes the
identification results of the anisotropy parameters.

To study the influence of temperature on the
anisotropy parameters, we constructed the charging surfaces
for the different temperature levels. Fig. 28 shows the
distortion suffered by the load surface as the temperature
changes, this distortion corresponds to a rotation of a few
degrees around the normal to the plane of the main axes, the
rotation is accompanied by a decrease in the area of the
surface considered.
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Fig. 27 Height response diagrams at the pole as a function
of pressure at 25°C hydraulic expansion test with
elliptical hold-down of aluminium 1050A



Table 4
Levels of anisotropy parameters of Hill48at different
temperatures of Aluminum 1050a
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Temperature, °C F G H N
25 0.281 0.408 0.591 1.126
50 0.319 0.399 0.6 1.275
100 0.893 0.345 0.654 2.729
150 1.06 0.307 0.692 3.491

The iso values of the equivalent stress and of the
equivalent strain are given in Fig. 29 for a maximum
displacement at the pole. It is noted that the equivalent stress
in this zone decreases for an increase in temperature, at 25°C
the stress is of the order of 123.2 MPa and at 150°C is of the
order of 59.57 MPa. On the other hand, an increase in
temperature generates an increase in the deformation
equivalent to the pole, at 25°C the deformation is of the
order of 0.21% and at 100°C it is equal to 0.42%.

200

622

T=100°C

Fig. 28 Evolution of the Hill48 charging surface as a
function of the temperature of the aluminium
1050A

6. Validation of the study of the anisotropy of alumin-
ium 1050A

6.1. Diagram forming limit of the 1050A aluminum

The diagram forming limit for 1050A aluminum
were calculated using two types of hardening laws: Swift's
hardening law and the Hill48’s plasticity criterion.

The Fig. 30 shows the forming limit curves for
1050A at different temperatures. As shown in this figure,
the diagram forming limit increase with temperature,
showing that 1050A can be stretched to higher levels to
prevent failure from occurring.

6.2. Stamping test of the 1050A aluminum sheet

To validate the study of the plastic instability of
aluminum 1050A, the results of the critical stresses were
used to simulate an Erichsen-type stamping test. The
objective of this study is to predict the failure zone of the
sheet.

The Erichsen-type stamping test is a simple test
used to study the ductility of metals. The punch descends on
the sheet kept in contact until the blank cracks. The meas-
ured depth of drawing gives the Erichsen Index (El).
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Fig. 29 Isovalues of the equivalent von Mises stress and of
the equivalent plastic strain for aluminum 1050A for
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Fig. 30 Diagram forming limit as a function of the
temperature of aluminium 1050A

The mesh of the sheet has 3202 elements of the
C3D8R type (Fig. 31). The Coulomb coefficient of friction
between all the solids in contact is equal to 0.1. The
boundary conditions used are a normalized clamping force



of the blank clamp is equal to 10 kN and the degrees of
freedom at the reference point of the die are blocked.

Plank-holder

Fig. 31 Numerical modeling of an Erichsen-type stamping
test

Figs. 32 and 33 show the validation results of the
behaviour model parameter identification method. The
identification results are very close to the experimental
results.
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Fig. 32 Comparison  between the experimental and
numerical load/displacement results of the stamping
test

between the

Fig. 33 Comparison experimental and
numerical results of the stamping test: validation of
the prediction of the failure zone

7. Conclusions

We have carried out experimental tests on
hydroforming sheets with a circular and elliptical matrix, we
study the influence of the parameters on the height at the
pole (temperature, average speed of deformation,
anisotropy, materials, etc.) and we validate the experimental
results numerically using the law of work hardening SWIFT

and anisotropy Hill48 on ABAQUS for that it is necessary
to follow an identification strategy to obtain a good
concordance between the experimental and numerical
approach.

The identification strategy that we are discussing is
based on the choice of trials from which the behavior
patterns will be identified. The objective is the identification
of model of work hardening of Swift coupled with a variable
of damage and the parameters of anisotropy of criterion of
Hill48 giving a good concordance between the experimental
response and the response obtained by EF. Tensile tests
carried out on conventional standardized specimens at
different orientations with respect to the rolling direction of
the sheet, were used to characterize by a direct method, the
anisotropy and work hardening of Al 1050A.
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STUDY ON THE THERMAL SENSITIVITY OF
ANISOTROPIC THIN SHEETS: APPLICATION TO
HOT BULGE TESTS

Summary

This article presents a study on the thermal sensi-
tivity of anisotropic thin sheets, focusing specifically on
their behavior during hot bulge tests. Anisotropic materials
exhibit different mechanical properties in different direc-
tions, and understanding their response to thermal loading is
crucial for various engineering applications.

The experimental investigation involves subjecting
thin sheets of anisotropic materials to controlled thermal
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conditions and measuring their response. The hot bulge test,
a well-established method, is employed to analyze the be-
havior of the sheets under elevated temperatures. This test
involves applying a controlled internal pressure to a heated
circular and elliptical specimen, causing it to deform and
form a bulge.

Through this study, the thermal sensitivity of ani-
sotropic thin sheets is characterized by analyzing the bulge
height, bulge profile, and strain distribution. The influence
of various factors, such as temperature, material anisotropy,
and loading rate, is examined to understand their effects on
the sheet's response.

Experimental results reveal significant variations
in the thermal sensitivity of anisotropic thin sheets, depend-
ing on the material's orientation and temperature. The study
demonstrates that certain orientations exhibit greater sensi-
tivity to thermal loading, leading to distinct bulge profiles
and strain distributions.

Furthermore, numerical simulations are conducted
using finite element analysis to validate and complement the
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experimental findings. The simulation models incorporate
the anisotropic material properties and the thermal boundary
conditions, enabling a comprehensive understanding of the
thermal sensitivity behavior observed experimentally.

The outcomes of this study provide valuable in-
sights into the thermal behavior of anisotropic thin sheets,
particularly in the context of hot bulge tests. The findings
contribute to the knowledge base of material characteriza-
tion and can aid in the design and optimization of structures
and components subjected to thermal loading, where aniso-
tropic materials are involved.

Keywords: thermal sensitivity, anisotropic materials, thin
sheets, hot bulge tests, mechanical properties, finite element
analysis.
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