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Abstract: In this work, for the first time thin, sheets of AA8006 aluminum alloy, that are commonly
used for food packaging, were mechanically characterized through an unconventional free-forming
technique that was performed at room temperature. This technique constitutes an economically
effective solution to determine the constitutive equation of a metal sheet subjected to two-axes stresses.
This state of stress reproduces the behavior of the material during the forming process better than the
more traditional tensile test, which involves uniaxial stress. Specifically, the material constants were
determined by using a simplified analytical model applied to the results of the experimental tests
of the free forming process carried out at room temperature and constant pressure. Therefore, the
obtained material constant values were used to simulate the same free-forming tests using FEM. In
conclusion, the numerical results were in agreement with the experimental ones, thus confirming the
goodness of the developed numerical model.

Keywords: free forming test; cold forming; ultra thin sheets; AA8006 aluminum alloy; finite
element method

1. Introduction

Metal sheets are traditionally formed by cold forming processes which involve a
punch, a die, and a blank holder [1–4]. Cold forming manufactures different industrial
products for the automotive industry (for example body parts), the household appliance
industry (such as sinks, hoods, and freezers), or the food industry (for example cans, pots,
and containers) [5–8]. Sheet metal forming allows obtaining by a metal sheet the final
shape of the product by plastic deformation without involving machining processes. The
sheet material can be steel, bronze, copper, brass, or aluminum alloys. Aluminum alloys
are widely manufactured through cold forming because of their high deformability, good
specific resistance, corrosion resistance, and weldability [9–12].

The use of aluminum alloys has shifted the interest of the industry towards hot metal
sheet forming processes. This is because metal heating allows increasing their ductility
to manufacture more complex shapes through a single forming step. This result was also
achieved by using pressurized gas to replace the punch during the hot forming process. This
approach is used in superplastic forming (SPF) that is carried out through blow forming
or stretching processes that require the use of pressurized gas to replace the traditional
punch [13–15]. The forming times are very long (tens of minutes) compared with those
involved in the forming processes with a punch; thus the SPF processes used in industrial
fields have a low production rate. However, faster blow forming processes have been
investigated; they involve a lower process temperature and a higher value of the forming
pressure [13–15].

In the aerospace, electronics, medical, and food packaging fields, the growing request
for very thin parts has led to the development of reliable predictive numerical models
to study manufacturing processes [3,16]. These models require knowing the mechanical
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behavior of the material under the load due to the manufacturing process. In fact, during
forming, the deformation mechanisms of thin sheets are different from those with which the
bulk properties of the material are obtained. Often, as the thickness of the sheet decreases,
the formability of the material decreases. Chang et al. [17] described the effect of small
thicknesses on the formability of carbon steel sheets. At the same size of the crystalline
grain, thin sheets have a smaller number of grains along the thickness direction. This aspect
leads to a lower ability to harden the material as the considered thickness decreases.

The mechanical behavior of the sheets is generally investigated by carrying out tensile
tests. To characterize thin sheets, the results of the tensile tests depend on the cutting
process adopted for manufacturing the specimens, because even small defects can generate
non-negligible intensification of stress. For this reason, tensile tests on thin sheets require
specific equipment to produce the specimens, such as ultraviolet laser cutting or double
blade shears [18,19]. Trost et al. [18] used an industrial UV/CO2 laser drilling machine
for cutting very thin metallic foils to obtain dog bone specimens for tensile testing. The
laser system allowed realizing a fine and repetitive pattern on the cutting edges, however,
a localized heat affected zone (therefore a change in the structure of the material) was
always present. Moreover, the tensile test submits the material to a uniaxial tension which
differs from the tensions induced in the material during forming that are along multiple
axes. An interesting alternative is a free-forming test that submits the material to biaxial
tensions; therefore, the mechanical behavior of the material connected with the two tests
is different. Therefore, the tension distribution obtained by the free forming test being
nearer to those involved in the typical sheet forming processes of industrial interest, it
is possible to state that mechanical parameters due to a free forming process are more
representative of the material mechanical behavior [20]. Currently, there are no works of the
literature that investigate the cold-free forming of thin metal sheets that are carried out with
the blow forming technique. This technique to form very ductile and thin sheets allows
them to be formed avoiding friction between sheet and punch [21,22]. This work presents
the blow forming process applied for the first time to thin sheets of AA8006 aluminum
alloy to mechanically characterize them. It represents a simple and economical solution
to mechanically characterize thin sheets; thus, overcoming the problems connected with
tensile tests.

2. Materials

This work uses thin sheets of 105 µm thickness in EN AW 8006 aluminum alloy.
Table 1 shows the chemical composition of this alloy in wt%. Following the UNI EN 546-2
standard, the material has a tensile strength between 90 MPa and 150 MPa with a minimum
elongation at a break of 15%.

Table 1. Chemical composition in wt% of EN AW 8006 aluminum alloy.

Elements Percentage

Si 0.4
Fe 1.2–2.0
Cu 0.3
Mn 0.3–1.0
Mg 0.1
Zn 0.1
Al Rest

3. Theory: Analytical Modelling of the Free Forming Process

The analytical modelling of the free forming process was first described in [23], where
it was applied to the hot forming of superplastic sheets. The first experimental validations
of hot forming for high-temperature superplastic materials were presented in [24]. Some
authors have subsequently taken up the model by modifying some basic hypotheses
(i.e., the non-constant thickness) [25,26]. A mathematical model was proposed in [27];
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it uses the finite difference method and considers a non-uniform thinning of the sheet
during the free-forming process of superplastic materials. In [13], there is a review of the
mathematical modelling of the free-forming process for superplastic materials. The finite
element model was used to determine the constants of different superplastic materials [28],
such as the Ti6Al4V alloy [29], the AZ31 magnesium-based alloy [30], and the AA5083 [31]
and AA2017 [15] aluminum alloys.

Figure 1 shows the scheme of the process used to cold form a thin circular sheet using
pressurized gas. The sheet is positioned on a circular die characterized by a radius a and
a fillet radius r. In Figure 1, R is the current value of the metal sheet bend radius and h
represents the maximum depth reached and measurable at the apex of the formed dome.
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Figure 1. Scheme of the free forming process (in this work “a” was equal to 30 mm and “r” was equal
to 2 mm).

To determine the radius of curvature, R, as a function of the geometric parameters of
the die and the height at the apex of the dome, the Pythagorean theorem is applied to the
triangle constituted by the edges (R + r), [(R − (h − r)] and (a + r):

(R + r)2 = (a + r)2 + [R − (h − r)]2 (1)

From Equation (1) it can be obtained:

R =
(a + r)2 − r2 + (h − r)2

2h
(2)

The developed analytical model is based on the following assumptions:

(1) the material is isotropic;
(2) the elastic deformation is negligible;
(3) the stress along the thickness can be considered zero (the state of stress is biaxial in

the whole sheet);
(4) the material is characterized, in the plastic region, by a power law such as:

σ = Kεn (3)

with K the strength coefficient and n the hardening index that should be determined for the
material, σ and ε are, respectively, the stress and the equivalent strain;

(5) the free-forming process is carried out at room temperature;
(6) the formed sheet assumes the shape of the part of a sphere with a curvature radius R.
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For the symmetry of the problem, at the pole of the dome, the meridian strain is equal
to the circumferential strain. Similarly, for the stress state, an equibiaxial stress state is
present at the pole of the dome.

To simplify the formulation, the stress state in the thin sheet subject to free forming is
approximated to an equibiaxial plane stress state where σr = σθ and σh = 0 (the subscripts
r, θ, and h represent, respectively, the meridian, circumferential, and thickness directions).
From the constancy of the volume it is possible to have:

εh = −2εr (4)

From the Levy–Mises flow law it was obtained that:

ε = −εh = ln
( s0

s

)
(5)

where s0 and s are initial and current thickness of the sheet, respectively.
From the membrane theory, the equation of the static balance among the forces allows

determining the equivalent von Mises stress, using the expression:

σ =
pR
2s

(6)

where p is the applied forming pressure, R is the radius of curvature of the sheet obtained
from Equation (2), and s is the current thickness of the sheet.

By carrying out forming tests at different values of the forming pressure and measuring
the dome height and thickness at the apex, it is possible to determine pairs of values σ − ε,
using the Equations (5) and (6). From the pairs of recorded values, it is possible to trace,
through Equation (3), the constants of the material K and n.

4. Experimental Activity

The experimental free-forming activity was carried out on circular discs with a radius
of 40 mm and a thickness of 105 µm. The free-forming test was performed using the
experimental equipment described in [32] and shown in Figure 2.
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Figure 2. Free-forming equipment: (a) Constituent elements: die (1), voltage generator (2), stabilizer
(3), solenoid valve (4); (b) closed die.

The equipment consists of a die divided into two parts. The lower part of the die
is characterized by a cavity in which, through the opening of a special solenoid valve,
pressurized air enters pushed by a compressor. The upper die, by tightening with four hex
head screws, acts as a blank holder, keeping the edges of the sheet constrained to the lower
die during the forming process. The screws were fixed using torque wrench with a torque
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of about 40 Nm. In order to avoid possible misalignment between the die and the blank
holder, it has been used a metal gasket between die and specimen. The gasket was made
with the same formed material (EA AW 8006 H0), but with a different thickness (200 µm
instead 105 µm). In fact, preliminary tests showed that forming the specimens without the
metallic gasket could allow the displacement of the specimens between blank holder and
die, invalidating the test. The air pressure coming from the compressor is regulated by
using a proportional valve connected to a voltage generator. Cold free forming tests were
performed at forming pressures of 0.30, 0.35, 0.40, 0.45, and 0.50 MPa. Higher pressure
values showed the failure of the specimens, while lower pressures were not investigated
because they showed low plastic deformations. Forming tests were realized using a
pressure ramp of about 0.1 MPa for minute. In fact, preliminary tests allowed the failure
of the specimens if the variation of pressure during forming from room pressure to the
target pressure was fast. Once the target values have been reached, the specimens were
maintained at that pressure for about 5 min. In another work of the authors [33], the effect
of the holding time on the height of the formed domes were investigated. It has been
observed that holding time influenced the height of domes but in a negligible way. An
example of formed domes is reported in Figure 3.
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of 0.50 MPa (right).

At the end of the forming process, the reached height and the thickness at the apex
of the domes are measured. The height of the dome is measured by using an optical pro-
filometer called Conoscan 3000 (produced by Optimet, North Andover, MA, USA), which
performs high-precision non-contact measurements giving a three-dimensional scanning
of the dome surface (Figure 4) with an accuracy of fewer than 3.0 µm and a repeatability
of 0.4 µm. The wavelength of the laser was equal to 685 nm. Conoscopic holography,
with respect to other non-contact measurements techniques as triangulations, allowed
an optimal acquisition on domes profiles. This was due to the co-linear characteristics
of laser beam and sensor, which allowed to measure the points cloud perpendicularly to
the surface to be measured. Moreover, the aluminum sheets showed a good reflectance
for this laser wavelength. Knowing the range of dome heights, a 75 mm focal lens with
a minimum working range of about 18 mm has been adopted. The measurements were
made by scanning a square area with the dimensions of 80 mm × 80 mm. The acquisition
of points was in a square grid, while the dimension of the grid were about 50 µm. The
acquired point clouds were subsequently subjected to filtering. In the case of 2D analyses,
the use of filters allowed the acquired signals to be subdivided into waviness profiles and
roughness profiles. Since the aim in this work consisted in measuring the dome heights, the
analyses focused on waviness profiles, while roughness profiles were discarded. Because
the analyses were carried out not on 2D profiles but on 3D surfaces, the filtering of signals
was made according to ISO 25178 using a low pass S-filter with a cut-off wavelength of
about 0.08 mm. In this way, it was possible to measure areal waviness parameters (as Sa, Sq,
Sz, St, Sv, Ssk, etc.). Once the signals were filtered, they were levelled, in order to avoid in-
correct alignments of the specimens during measurements. At this point, the height domes
were represented essentially by the Sz parameter, which was simply the maximum height
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from the highest point to the deepest valley. In order to avoid measurements errors, the
boundary part of the point clouds, near the edges of the formed specimens, was manually
removed during post-analysis.
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Figure 4. Scanning of a dome formed with a pressure of 0.50 MPa: (a) 2D profile; (b) 3D profile.

The measurement of the thickness at the apex of the dome was carried out through the
Hall effect thickness gauge Magna-Mike 8600 produced by Olympus Scientific Solutions
Americas (MA, USA). The sheet to measure is placed between the magnetic probe and
a target consisting of a steel sphere with a diameter of 3.175 mm. Specifically, the probe
was fixed on a specific tool while the target was positioned into the cavity of the dome.
Subsequently, the dome was manually bright into proximity to the probe: the magnetic
field of the probe positioned the target in an optimal way, so as to make the measurement
accurately. The instrument allows measuring thicknesses between 1 µm and 6.1 mm with
a resolution lower than 5 µm. In Figure 5a,b, it is possible to observe respectively the
measurements for a dome thickness formed with a pressure of 0.35 MPa and for a dome
thickness formed with a pressure of 0.50 MPa.
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(Dimensions in mm).

Table 2 shows the obtained experimental results. As expected, the height of the dome
grew as the forming pressure increased, while the dome thickness at the apex decreased.

The average dome height varied from 8.15 mm with a forming pressure of
0.30 MPa to 14.15 mm with a pressure of 0.5 MPa. The increase of dome eight appeared
approximative linear until the maximum values of reached pressure. This could be due
to a low level of hardening of the investigated material. Observing the measure domes
thicknesses, the trend appeared linear, so the increase of domes heights could be due to a
major extension of thinning on the formed domes. Moreover, dome height measurements
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showed an excellent repeatability, with a coefficient of variation (cv) always lower than
1.5%, while the dispersion observed from dome thickness measurements was acceptable
and always lower than 6%. The experimental activity has shown that this technology allows
plastically deforming very thin thickness aluminum sheets at room temperature in a stable
way. The material behavior examined with this technological process can be described by
interpolating the acquired experimental results. In fact, putting the data experimentally
obtained on forming pressure, height, and thickness at the apex of the dome, which is
reported in Table 2, into Equations (2), (5) and (6) the values of R, strain, and stress are
obtained. Representing the values of Equations (5) and (6) on a double logarithmic scale,
it is easy to obtain the value of n and K, 0.172 and 157.4 MPa (lnK = 5.0587) respectively
(Figure 6). The relationship between ln (stress)–ln (strain) is linear with R2 equal to 0.9991.

Table 2. Experimental results in terms of height and thickness achieved by the sheet under the action
of a constant forming gas pressure.

Pressure
[Mpa]

Average
Dome
Height
[mm]

Dev. St.
Dome
Height
[mm]

cv
Dome
Height

Average
Dome

Thickness
[mm]

Dev. St.
Dome

Thickness
[mm]

cv
Dome

Thickness

0.30 8.15 0.096 1.18% 0.098 0.003 3.06%
0.35 9.31 0.098 1.05% 0.094 0.004 4.26%
0.40 10.61 0.158 1.49% 0.089 0.003 3.37%
0.45 12.46 0.159 1.28% 0.084 0.005 5.95%
0.50 14.51 0.174 1.20% 0.082 0.004 4.88%
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5. Numerical–Experimental Comparison: Results and Discussions

Introducing the values of n and K obtained through Equations (5) and (6) in a Finite
Element Model, it is possible to perform a numerical simulation of the free-forming test.

The free-forming process was numerically simulated through an implicit non-linear
finite element code in MSC.Marc environment. The process was schematized as an axisym-
metric problem and involves the stretching of a metal sheet subject to the action of a gas
under pressure. In particular, as shown in Figure 1, the pressurized gas stretches the sheet
metal positioned on a die with an internal diameter of 60 mm and an inlet radius of 2 mm
and is constrained to the die edge by a blank holder which avoids its sliding inside the die.



Metals 2023, 13, 1081 8 of 11

The 2D section of the sheet was discretized through a row of 320 isoparametric and
axial symmetric elements with four nodes characterized by bilinear interpolation. The
mechanical behavior of the material was simulated through the use of an elastic–plastic
model. The von Mises yield criterion and the isotropic hardening law were adopted. The
constitutive equation of the material in the plastic field is expressed by the power law
of Equation (3). In Equation (3) σ and ε represent the stress and the equivalent strain,
respectively, while K and n are the strength coefficient and the hardening index of the
material under study, respectively.

To validate the analytical model of free forming previously described, the K and n
constants were introduced in the developed numerical model; then, the numerical model
was used to carry out the simulations of the free forming test at different values of the
forming pressure.

The die was considered rigid. The problem was characterized by three boundary
conditions (Figure 7):

(1) To simulate the presence of the blank holder, the movement of the nodes placed on
the edge of the sheet in direct contact with the die was blocked.

(2) The nodes on the outer edge of the sheet, as well as the nodes placed on the symme-
try axis, were constrained so as not to move along the direction orthogonal to the
symmetry axis.

(3) The gas pressure was applied uniformly to the external edges of the elements.

The forming pressure increases linearly towards the planned pressure value (0.30, 0.35,
0.40, 0.45 and 0.50 Mpa).

Simulation results are shown in Table 3, while a 3D image of the formed dome with a
pressure of 0.50 Mpa is reported in Figure 8.

Table 3. Numerical results in terms of height and thickness reached by the sheet under the action of a
constant forming gas pressure.

Pressure
[MPa] Numerical Dome Height [mm] Numerical Dome Thickness [mm]

0.30 8.02 0.094
0.35 9.30 0.091
0.40 10.74 0.086
0.45 12.47 0.080
0.50 14.99 0.071

Metals 2023, 13, x FOR PEER REVIEW 8 of 11 
 

 

2 mm and is constrained to the die edge by a blank holder which avoids its sliding inside 

the die. 

The 2D section of the sheet was discretized through a row of 320 isoparametric and 

axial symmetric elements with four nodes characterized by bilinear interpolation. The me-

chanical behavior of the material was simulated through the use of an elastic–plastic 

model. The von Mises yield criterion and the isotropic hardening law were adopted. The 

constitutive equation of the material in the plastic field is expressed by the power law of 

Equation (3). In Equation (3) �̅� and 𝜀 ̅ represent the stress and the equivalent strain, re-

spectively, while K and n are the strength coefficient and the hardening index of the ma-

terial under study, respectively.  

To validate the analytical model of free forming previously described, the K and n 

constants were introduced in the developed numerical model; then, the numerical model 

was used to carry out the simulations of the free forming test at different values of the 

forming pressure. 

The die was considered rigid. The problem was characterized by three boundary con-

ditions (Figure 7):  

(1) To simulate the presence of the blank holder, the movement of the nodes placed on 

the edge of the sheet in direct contact with the die was blocked.  

(2) The nodes on the outer edge of the sheet, as well as the nodes placed on the symmetry 

axis, were constrained so as not to move along the direction orthogonal to the sym-

metry axis.  

(3) The gas pressure was applied uniformly to the external edges of the elements. 

The forming pressure increases linearly towards the planned pressure value (0.30, 

0.35, 0.40, 0.45 and 0.50 Mpa).  

Simulation results are shown in Table 3, while a 3D image of the formed dome with 

a pressure of 0.50 Mpa is reported in Figure 8. 

 

Figure 7. Boundary condition for numerical part: fixed displacements (blue arrows); axis-symmetric 

condition; imposed pressure on the external edges (red arrows). 
Figure 7. Boundary condition for numerical part: fixed displacements (blue arrows); axis-symmetric
condition; imposed pressure on the external edges (red arrows).



Metals 2023, 13, 1081 9 of 11
Metals 2023, 13, x FOR PEER REVIEW 9 of 11 
 

 

 

Figure 8. Numeric displacement values along the x axis (vertical direction) obtained with a pressure 

of 0.50 MPa. 

Table 3. Numerical results in terms of height and thickness reached by the sheet under the action of 

a constant forming gas pressure. 

Pressure  

[MPa] 

Numerical Dome Height 

[mm]  

Numerical Dome Thickness 

[mm] 

0.30 8.02 0.094 

0.35 9.30 0.091 

0.40 10.74 0.086 

0.45 12.47 0.080 

0.50 14.99 0.071 

The comparison between numerical and experimental results was carried out in 

terms of height and thickness reached at the pole of the dome. Table 4 shows the compar-

ison in terms of the percentage difference between the numerical and the experimental 

results divided by the experimental results. This percentage difference in terms of height 

at the apex of the dome increases with the pressure remaining under 4%.  

Table 4. Numerical–experimental comparison in terms of height and thicknesses reached by the 

sheet under the action of a constant forming gas pressure. 

Pressure  

[MPa] 
Error Dome Height [%]  Error Dome Thickness [%] 

0.30 −1.60 −4.08 

0.35 −0.11 −3.19 

0.40 1.23 −3.37 

0.45 0.08 −4.76 

0.50 3.31 −13.41 

The thickness numerical values measured at the apex of the dome are smaller than 

the experimental values, the maximum difference is lower than 5%. However, this per-

centage difference exceeds 13% for forming at a pressure of 0.50 MPa. This may be be-

cause, being the specimens close to the breaking pressure, the assumptions of the analyt-

ical model differ slightly from the experimental ones. In conclusion, this analysis showed 

Figure 8. Numeric displacement values along the x axis (vertical direction) obtained with a pressure
of 0.50 MPa.

The comparison between numerical and experimental results was carried out in terms
of height and thickness reached at the pole of the dome. Table 4 shows the comparison
in terms of the percentage difference between the numerical and the experimental results
divided by the experimental results. This percentage difference in terms of height at the
apex of the dome increases with the pressure remaining under 4%.

Table 4. Numerical–experimental comparison in terms of height and thicknesses reached by the sheet
under the action of a constant forming gas pressure.

Pressure
[MPa] Error Dome Height [%] Error Dome Thickness [%]

0.30 −1.60 −4.08
0.35 −0.11 −3.19
0.40 1.23 −3.37
0.45 0.08 −4.76
0.50 3.31 −13.41

The thickness numerical values measured at the apex of the dome are smaller than the
experimental values, the maximum difference is lower than 5%. However, this percentage
difference exceeds 13% for forming at a pressure of 0.50 MPa. This may be because, being
the specimens close to the breaking pressure, the assumptions of the analytical model
differ slightly from the experimental ones. In conclusion, this analysis showed that the
numerical results are very accurate for pressures between 0.30 and 0.45 MPa. Therefore, in
the hypothesis of material characterized by the power law of Equation (3), it is possible to
consider the analytical model previously presented to be adequate for characterization of
the behavior of the AA8086 aluminum alloy.

6. Conclusions

In this work AA8006 aluminum alloy thin sheets, generally used in the food packaging
sector, were mechanically characterized using the unconventional free forming technique
performed at room temperature. Based on the experimental and numerical analyses, the
following conclusions can be drawn:

(1) The unconventional blow forming process allows the investigated material to be
plastically deformed at room temperature. A maximal pressure value was defined as
0.50 MPa, while pressure values lower than 0.30 MPa were discarded because they
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showed negligible plastic deformations. The average dome height increases from
about 8.15 mm at 0.30 MPa to 14.51 mm at 0.50 MPa, while average dome thickness
decreases from 0.098 mm at 0.30 MPa to 0.082 mm at 0.50 MPa;

(2) The use of a simplified analytical model made it possible to derive the material
constants based on a power law. These constants were implemented in a FE model and
the comparison between numerical and experimental results confirmed the goodness
of the proposed approach with an error in dome height and thickness lower than 5%
(except for forming at 0.50 MPa);

(3) The developed approach can constitute an economically effective solution to deter-
mine the material constants of a metal sheet under biaxial stresses. In fact, this state
of stress reproduces the behavior of the material during the forming process better
than the more traditional tensile test, which involves uniaxial stress. Moreover, with
the developed approach, the characterization results are not influenced by the cutting
technology adopted for specimens manufacturing, which represents a critical aspect
in case of manufacturing of very thin metallic specimens.
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