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Abstract: The amount of complex profile components in car bodies increases due to the emerg-
ing electromobility. High-strength aluminum alloys are ideally suited as material for automotive
applications due to their extraordinary lightweight construction potential. The presented study
focuses on the transfer of established thermo-mechanical manufacturing processes for sheet metal
components to hydroforming of tube material. Demonstrator components are produced from EN
AW-7020 using W-temper-forming and hot forming and compared numerically and experimentally.
The results show that the determined material properties are sufficiently accurate to numerically
represent the temperature-supported processes with excellent precision. The formed components
can be used to demonstrate the potential of hydroforming for high-strength aluminum tubes using
W-temper-forming and hot forming.

Keywords: hydroforming; aluminum; finite element method (FEM); heat treatment; metal forming

1. Introduction

In order to reduce vehicle weight and thus the CO2 emissions and energy consumption
of electric vehicles, the use of lightweight materials, such as press-hardening steels or
highstrength aluminum alloys of the 7xxx series, is indicated. Further vehicle weight can
be saved by using tubes and hollow profiles instead of sheet metal semi-finished parts
because their structural rigidity and crash resistance make them excellently suitable for car
body structures [1]. Hydroforming is an established process for producing hollow profile
components with complex cross-sectional geometries [2]. In this process, tubes or hollow
profiles are sealed on both ends in a closed tool by hydraulic cylinders, forming medium is
filled into the component via the sealing punches and increasing internal pressure forms the
component into the cavity. Conventionally, hydroforming is a cold forming process but to
increase the formability of low ductility materials it can be applied at elevated temperatures
by using heated tools [3,4] and/or preheating strategies for the tubes and profiles [5,6]. In
this case, the water-oil emulsion conventionally used as forming medium is replaced by
gas in order to prevent liquid forming media from evaporating.

In principle, hydroforming of aluminum is state of the art [7], but high-strength alu-
minum alloys have been rarely considered in scientific investigations only [8,9]. Contrarily,
forming of sheet material from these alloys has been extensively studied [10]. The most im-
portant process routes include forming under quenching conditions (hot forming) [11] and
W-temper forming [12]. Thus, the objective of this study is to demonstrate the applicability
of W-temper forming and hot forming for the hydroforming of tubes by investigating both
the numerical design of a hydroforming process for a developed demonstrator component
as well as the manufacturing of the component.

Eng. Proc. 2022, 26, 13. https://doi.org/10.3390/engproc2022026013 https://www.mdpi.com/journal/engproc

https://doi.org/10.3390/engproc2022026013
https://doi.org/10.3390/engproc2022026013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0001-6737-9199
https://doi.org/10.3390/engproc2022026013
https://www.mdpi.com/journal/engproc
https://www.mdpi.com/article/10.3390/engproc2022026013?type=check_update&version=1


Eng. Proc. 2022, 26, 13 2 of 9

2. Materials and Methods
2.1. Specimen Preparation and Experimental Setup for Tensile Tests

First, the material properties of EN AW-7020 tubes in W-temper condition and for hot
forming under quenching conditions were characterized by tensile tests. In this context,
tensile specimens were laser cut from the tube material. By inserting a steel sheet, the
melting of the inner wall of the tubes by scattered laser beams was avoided. Sections with
high surface roughness and thermal influence were removed by milling the edges of the
specimens. The resulting geometry was an adapted A50 specimen [13], with additional
holes in the clamping area. Due to the tube profile geometry, the tensile specimens have
a curvature. Consequently, curved clamping jaws were used to avoid any influence on
the strain and stress state during material testing. In earlier tests, the comparability of
mechanical properties of such curved and conventional flat tensile specimens had already
been proved [14]. Tensile tests were performed by integrating the specimens with the
curved clamping jaws into the thermo-mechanical simulator Gleeble 3500, which provides
tests at elevated temperatures by conductive heating of the specimens. Since the tests are
temperature controlled, the deformation heat is compensated. Strains occurring during
the tests were measured by the optical measurement system Aramis (GOM GmbH). The
experimental setup and the specimen geometry are shown in Figure 1.
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Figure 1. (a) Geometry of the tensile specimens. (b) Experimental setup of the thermo-mechanical
simulator Gleeble 3500.

2.2. Material Properties in W-Temper and Hot Forming Condition

For the transformation of the T6 state into W-temper condition, the tensile specimens
were solution annealed at 460 ◦C for 10 min and quenched in water followed by natural
aging for 45 min. It was intended to examine three different strain rates: 0.01 s−1, 0.1 s−1,
and 1.0 s−1. However, as the tests were not strain rate controlled, acceleration effects in the
experiment led to deviations from the planned strain rates. Due to this, the strain rates were
averaged to 0.01 s−1, 0.08 s−1 and 0.90 s−1 to establish a strain rate dependent material
model. The corresponding mechanical properties and the extrapolated flow curves are
shown in Figure 2. In the context of earlier investigations, significantly lower strength and
increased elongations were detected for the W-temper condition compared to the initial T6
state [14]. The tensile strength decreases slightly with increasing strain rates in W-temper
condition, while yield strength and elongation at break tend to be constant or slightly
increasing. Thus, the material shows a negative strain rate sensitivity in the range of strain
rates investigated, which could be explained by the PLC effect [14]. Higher strain rates
consequently lead to lower strength.
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Figure 2. Mechanical properties and flow curves of AA7020 in W-temper condition for different
strain rates.

To characterize the hot forming route, the tensile specimens were first solution an-
nealed and quenched according to the W-Temper route and then isothermally tested at
temperatures between 200 ◦C and 450 ◦C. The temperature of 450 ◦C corresponds to the
forming start temperature after the tube transfer from the furnace to the forming die and
closing of the tool. Three strain rates between 0.01 s−1 and 1.00 s−1 were investigated for
each temperature. To avoid an uneven temperature distribution due to the conductive heat
input, the mechanical properties were only evaluated over a width of 3 mm and not over
the full testing length of 50 mm. Therefore, the strains are not shown as they cannot be
compared with the cold tensile tests performed to characterize the material behavior in
W-temper forming. The temperature-dependent strength and yield curves are shown for a
strain rate of 0.01 s−1 in Figure 3.
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Figure 3. Mechanical properties and flow curves of AA7020 in hot forming condition for different
temperatures.

As expected, the strength decreases continuously with increasing temperature. The
tensile strength decreases from 165 MPa at 200 ◦C to 34 MPa at 450 ◦C. Based on the flow
curves, a weaker strain hardening can be observed with increasing temperature. This might
be caused due to growing dynamic recovery and recrystallization. A positive strain rate
sensitivity was determined for all tested temperatures. This is most evident at 450 ◦C,
where the tensile strength increases from 34 MPa to 66 MPa within the analyzed strain rates.
In summary, a significant reduction in flow resistance can be achieved by hot forming. The
parameters for the approximation of the flow curves in Figures 2 and 3 are summarized in
Table 1.
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Table 1. Parameters of the flow curve approximation according to Hockett–Sherby.

Equation for the Flow Curve Approximation: kf = b − (b − a) · e −cϕd

Flow Curve a in MPa b in MPa c d

W-temper 0.01 s−1 113.66 298.49 11.8749 0.9858
W-temper 0.08 s−1 114.90 290.31 12.6919 1.0171
W-temper 0.90 s−1 116.85 280.71 11.4966 0.9896

Hot forming 200 ◦C 117.50 258.926 3.0588 0.7329
Hot forming 250 ◦C 103.04 213.59 1.6019 0.6342
Hot forming 300 ◦C 82.17 1471.82 0.5279 0.6987
Hot forming 350 ◦C 59.73 5624.20 0.0509 0.6153
Hot forming 400 ◦C 43.81 8538.09 0.0638 0.6778
Hot forming 450 ◦C 28.35 79866.21 0.0003 0.3474

Demonstrator geometry: For the forming process, tubes made of EN AW-7020 T6 with a
length of 300 mm, an outer diameter of 60 mm and a wall thickness of 5 mm were used.
The relevant demonstrator geometry features a square cross section geometry in the middle
with four different corner radii (R8, R14, R19 and R24), as shown in Figure 4. This represents
forming conditions of different criticality.
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Figure 4. Developed demonstrator component with square geometry with different radii from R8 to
R24. Length (l) = 300 mm, initial outer diameter = 60 mm, wall thickness (s) = 5.0 mm.

Numerical setup: The hydroforming process in W-temper condition of the EN AW7020
material was performed at room temperature. LS-DYNA was used for the numerical
investigations. Accordingly, the numerical model consists of a single, isothermal stage only.
The forming tool was represented by a mesh of rigid shell elements. The edge length varied
between 2.5 mm in the longitudinal direction and 0.5 mm in the circumferential direction.
This resulted in a detailed representation of the radius areas with angle inclination below
3◦ between neighboring elements. The specimen itself was represented by cuboid volume
elements with an edge length of approximately 1.5 mm to 1.8 mm in the thickness direction,
1.2 mm to 1.5 mm in the circumferential direction and 5 mm in the longitudinal direction.
The total number of elements of the part was 16,128 distributed on an overall length of
210 mm, where 45 mm were cut away from each end of the physical reference (component
sections without expansion). As the sealing of the tube was realized by conical cylinders,
no longitudinal movement or even material feeding was possible. The boundary conditions
on the front and end face of the specimen were defined accordingly. A contact was defined
between the outer side of the tube towards the surrounding cavity. Friction was estimated
on Coulomb’s law with a friction coefficient of 0.35, which is a typical value for tempered
conditions [15]. During the process, the media pressure was ramped up linearly to a peak
value of 320 MPa. Pressure increase velocity was varied between 5, 25 and 45 MPa/s,
resulting in build-up times of 64 s, 12.8 s and 7.1 s, respectively. After a short rest, pressure
was released in order to observe the final, unloaded shape.

Hydroforming under quenching conditions (hot forming) was based on the previous
simulation and shared most of the boundary conditions and assumptions. In contrast to the
isothermal strategy, the model consisted of an initial heating stage, a transfer operation and
forming stage afterwards. Heating was modelled by a boundary condition with constant
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increase. Thus, the part was uniformly heated up to 500 ◦C, resulting in a longitudinal
growth of 2.3 mm and a diameter increase of 0.7 mm. This correlates with the thermal
expansion coefficient of 23.3 µm/(m × K) and the temperature difference of +475 K. Tem-
perature drop by free convection and radiation to the environment during the handling
operation was below 10 K due to the fast transfer and the comparably high wall thickness.
In the forming stage, the contact definition between specimen and surrounding cavity
consisted of a gap- and pressure-controlled heat transfer algorithm [16].

Experimental setup of the hydroforming trials: Within the investigations W-temper form-
ing (process route I) and hot forming (process route II) were examined:

W-temper forming (process route I): In the W-temper forming process, the tube and
hollow profile components were heated up to solution annealing temperature and then
quenched in a water bath. This sets the W-temper condition, which increases the cold-
forming capacity for a short time. The subsequent forming process was a conventional
hydroforming process at room temperature with a water-oil emulsion being used as form-
ing medium.

Hot forming (process route II): This method is similar to hot tube gas forming of press
hardening steels in terms of the experimental procedure in which tubes are first heattreated
in a furnace and then formed and quenched in a cold tool [15]. By combining forming and
quenching in one process step, the high component temperature and thus the improved
forming properties at the very beginning of the process can first be used for forming the
geometry. The coincident quenching then set the material condition that is required for a
subsequent ageing treatment to T6 state. Due to the high component temperatures at the
beginning of the forming process, nitrogen was used as forming medium.

The set-up for the forming experiments, which is shown in Figure 5a, was similar for
both process routes and differed only in the additional quenching station for W-temper
forming. For both process routes, the tubes were first heated and kept at a solution
annealing temperature of approximately 475–500 ◦C in a convection oven. Due to the
high wall thickness of the pipes, a total oven time of 60 min was necessary. For W-temper
forming, the tubes were then quenched in a water bath to set the W-temper state and
formed in the forming tool with a liquid forming medium. For hot forming, the tubes were
moved directly from the furnace into the cold tool. The forming process started 5–8 s after
removal from the furnace.
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In order to set different maximum strain rates in the forming process and thus to
investigate the influence of the strain rate sensitivity of the material on the hydroforming
process, different pressure build-up rates were tested for W-temper forming. For hot
forming, the maximum achievable pressure build-up rate was used to enable the fastest
possible contact of the component with the tool surface and thus rapid quenching. The
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tested pressure build-up rates as well as the achieved internal pressures in the component
are summarized in Figure 5b together with the other process parameters considered in this
study. Five different internal component pressures were set for W-temper forming in order
to be able to compare intermediate stages of the forming process with the simulation.

3. Results

During the tests, both W-temper forming and hot forming were successfully applied
on hydroforming. With W-temper forming, a maximum internal pressure of 320 MPa were
achieved. The internal pressures were limited by the maximum axial sealing forces. For
hot forming, a maximum internal pressure of 117.5 MPa were achieved, which almost
corresponds to the achievable system limit of 120 MPa. The maximum achieved pres-
sure build-up rate was 99 MPa/s. A further variation of the pressure build-up rate was
not investigated.

After completing the forming process, 3D coordinate measurement was carried out.
The comparison between the experiment and simulation result considering the overall
shape of the component and the resulting local wall thickness is shown in Figure 6. Due
to the very similar results in both process routes, only one representative component was
analyzed, which was produced with W-Temper forming. Figure 6a shows the cross section
in the square area of the component. Starting from a wall thickness of 5 mm, obviously
significant thinning occurred over the entire cross-section. The flat flank areas contact
the tool first, which is why thinning is comparatively low and homogeneous in these
areas. Precisely, it varies between 4.65 mm to 4.7 mm. Maximum thinning occurred in
the transition area between flank and radius. Corresponding to the largest strains in the
area R8, the thinning in the transition area to the flank between R8 and R14 is also the
highest with approximately 28% to 3.59 mm. In comparison, Figure 6b shows the predicted
thinning from the simulation. It shows that in the radii areas the predicted wall thickness
deviates only slightly in the tenth of a millimeter range from the real wall thickness, which
indicates a very good prediction accuracy.
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Figure 6. (a) Central cross-section of the formed component with locally measured wall thickness in
mm. (b) Cross-section of the simulated component geometry in the square area with locally predicted
wall thickness in mm. (c) Comparison of forming accuracy between process route I and II.

The geometric evaluation of the radii areas shows that there are no significant differ-
ences in the shape of the radii due to the different process routes. The delta is approximately
0.1 mm in all four radii areas, as Figure 6c shows. The measured values are the average
values over all trials (nI = 10, nII = 4). However, the deviation is so small that for both
process routes it is possible to speak of a successful and complete forming of the desired
component geometry. The investigations show that the determined material characteristics
represent the material behavior in the numerical simulation of the forming processes very
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well. The comparison of the experimental values with the simulation results clearly shows
the high prediction accuracy for both W-temper forming and hot forming. Deviations of
the predicted wall thicknesses from the measured experimental results can be explained by
the fact that the wall thickness of the tubes used did not correspond to the nominal value
of 5.0 mm, but the average value was approximately 5.1 mm. In addition, the continuously
changing friction conditions due to aluminum adhesion in the tool needs to be mentioned,
which also leads to deviations in the forming accuracy. The assumed friction value of
0.35 has already been used in other published investigations [15] but does not reflect the
changing friction conditions during the process.

The investigated strain rates of 0.01 s−1 to approximately 1 s−1 represent the local strain
rates occurring during the process very well, as can also be seen in Figure 7. Corresponding
to the investigated pressure build-up rates of 5, 25, 45 and 99 MPa/s, respectively, strain
rates up to approximately 0.12 s−1 during W-temper forming and 0.2 s−1 during hot
forming occur locally in the component area with the largest deformation (radius R8). In
reference to the mentioned results of the geometrical analysis of the parts, an influence on
the formability or the achieved geometric accuracies was not determined so that the strain
rate dependence has no significant influence on the process, at least in the considered strain
rate range. Depending on the component geometry, however, significantly higher strain
rates can occur in hydroforming processes, so the strain rate dependency must be taken
into account and the determination of the material characteristics must be carried out at
corresponding strain rates.
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4. Discussion

The comparison between W-temper forming and hot forming regarding component
shape and geometric accuracies does not show any significant differences so that no
preferred variant can be derived for the production of the component on the basis of
the geometric evaluation. From a process-technical point of view, however, there are
significant differences: Quenching in a water bath during W-temper forming is impractical
for series application, because it requires an additional cooling section in the production
line. Especially in case of thick-walled tubes, it is important that active cooling takes
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place both from the outside and inside the tube in order to ensure homogeneous cooling.
Otherwise, a considerable variation of the material properties over the wall thickness is
possible. The additional cooling station leads to higher process costs and larger space
requirements in production. On the other hand, by W-temper forming it is possible to use
lubricants to improve the friction conditions between the tool and the component. This
can be an advantage, especially when using aluminum alloys, as otherwise tool wear is
relatively high due to aluminum adhesion on the tool surfaces and the forming process
deteriorates. Aluminum adhesion on the tool surfaces due to forming were also observed
in the experiment. Aluminum is adhered to both on the sealing plunges and the inlet areas.
In a series production with more components, this issue needs to be addressed.

Hot forming would save the quenching process with water and thus shorten the
process chain. However, the tool design is more demanding, as the active parts would have
to be actively cooled for series production. Due to the high insert temperatures between
470 ◦C and 500 ◦C, the aluminum also tends to adhere even more to the tool surfaces, which
results in increased tool wear compared to W-temper forming. The use of lubricants or
release agents is only possible to a limited extent due to the high component temperatures
during insertion.

However, there is a significant difference considering the process parameters used
in each case. The tests show that hot forming with one third of the internal pressure
achieves similarly good forming results. From an economic and ecological point of view,
it is therefore necessary to compare the respective media used: the water-oil emulsion
used for Wtemper forming is more cost-effective than the nitrogen used for hot forming.
Nevertheless, the high internal pressures that can be achieved with W-temper forming
require appropriate press technology. The lower internal pressures for hot forming allow
using presses with lower clamping force. Only an additional high-pressure intensifier
unit is required to build up the internal pressure. The selection of the best process for
hydroforming of precipitation-hardenable aluminum alloys from a cost and sustainability
point of view is therefore very product-specific.

5. Conclusions

The investigations have shown that both W-temper forming and hot forming (forming
under quenching conditions) can be applied with hydroforming to produce complex profile
geometries. It became clear that the material properties determined for EN AW7020 were
very suitable for creating simulation models for the numerical representation of the two
process routes. The comparison of simulation and experimental results showed that the
prediction accuracy is very good and that the simulation models are appropriate for the de-
sign of the forming processes. In the experimental implementation it became clear that both
process variants approaches are equally suitable for producing the developed demonstrator
component. However, regarding an evaluation of the usability for industrial implementa-
tion, the aspects of process complexity and sustainability should not be disregarded. In hot
forming, for example, high tool wear and high nitrogen consumption are disadvantageous.
On the other hand, W-temper forming requires very high forming pressures (up to 320
MPa) and clamping forces, which require appropriate plant equipment.

Further investigations should look at the ageing behavior of formed specimens. Due
to the high wall thickness and the resulting different cooling states over the wall thickness,
a gradation of the material properties can follow after the ageing treatment.
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