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Abstract. Energy efficiency and sustainability are getting more and more relevant in society and 
industry. Especially energy-intensive sectors offer a high potential for power savings. Thus, 
different lightweight strategies are applied in the automotive sector. In this context, high strength 
profile components are used as crash structures. As an example, these profiles are deployed to 
protect the battery of electrically powered vehicles. Therefore, high strength aluminum alloys of 
the 7xxx series are suitable for compensating the high battery weight partly. Compared to steel, 
this material is characterized by a high strength-to-weight ratio as well as an increased thermal 
conductivity. However, one challenge in forming high strength aluminum alloys is the limited 
formability at room temperature. For this purpose, heat treatment based process routes for tube 
hydroforming are investigated within this research work. By the combination of W-temper forming 
and hydroforming complex part geometries can be generated. A subsequent artificial ageing 
process realizes the required high strength of the profiles. Using AA7020 tubes, the properties of 
a demonstrator geometry are compared to the initial state T6 of the semi-finished parts. For this 
purpose, the wall thickness distribution and the grain structure are evaluated. Thereby, the 
influence of forming and heat treatment on the geometrical and microstructural properties is to be 
analyzed. For the evaluation of the achievable hardening of the aluminum alloy, the mechanical 
properties are investigated by tensile tests. This investigations provide an assessment of the process 
route under industry-related conditions. 
Introduction 
The reduction of energy consumption and CO2 emissions is one of the most important aims in 
society. Therefore, the EU plans to reduce the emission of greenhouse gases up to 55% in 2030 
compared to 2005 [1]. A high potential for reductions offers the transporting sector, which is 
responsible for 26% of total emissions within the EU [2]. Besides digitization of the traffic and the 
expansion of public transport [3], the electrification of vehicles can contribute to reduce CO2 
emissions. However, electrically powered vehicles have a high weight due to the battery, which 
moreover has to be protected against mechanical loads and crash impacts. On the other hand, a 
reduction of car weight leads to further savings in energy consumption. 100 kg additional weight 
leads to a reduction of range of 3.5% and an increase of the required engine power of 6% [4]. 
Nevertheless, a high percentage of aluminum is already used for the battery enclosure in current 
vehicles [5]. The application of tailored profiles made out of high-strength aluminum alloys of the 
7xxx series offers a high potential for further weight reductions, which is particularly due to the 
high specific strength. One challenge is to reach both, a sufficient formability as well as the 
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maximum strength. Current approaches for forming high strength aluminum alloys are W-temper 
forming and quench forming [6]. For sheets, investigations regarding the solution heat treatment 
for W-temper forming [7] and the influence on the artificial ageing [8] were already carried out. 
To transfer these results on the forming of high strength profiles a heat treatment-based 
hydroforming process is investigated within this work. Thus, the formability is enhanced to 
generate complex components. In a subsequent artificial ageing treatment, the mechanical 
properties are adjusted. In preliminary work, the forming behavior of tubular semi-finished parts 
was analyzed for different process routes [9]. Consequently, the properties of a more complex 
demonstrator geometry are evaluated for the heat treatment-based hydroforming process within 
this research work. In this context, the wall thickness distribution is compared between the initial 
semi-finished tube and the demonstrator geometry with the aid of an optical measurement system. 
Afterwards, the microstructure and the average grain size is evaluated for both states. To 
investigate the influence of the analyzed process route on the mechanical properties, tensile tests 
are performed on the different demonstrator components by using a thermo-mechanical simulator 
of type Gleeble 3500. Thereby, different heat treatment parameters are applied to the artificial 
ageing. Consequently, it can be evaluated if an industry-related process chain for the production 
of complex profile components can achieve the initial condition T6 of the extruded tubes. 
Methodology  
Experimental setup of the hydroforming tests. As part of the investigations, W-temper forming 
was used to manufacture the demonstrator components. For this purpose, the tubes were first 
solution-annealed and then quenched in a water bath. The set W-temper condition significantly 
increases the cold formability of the material. The tubes were then formed in a conventional 
hydroforming process without axial material feeding with a water-oil emulsion as the forming 
medium. A tubular ton geometry with a homogenously widened middle area of 95 mm length is 
used as demonstrator. In comparison to conventional tube bulge tests there is no free forming area. 
The tube is formed against a defined tool geometry. Thereby tensile specimens with homogeneous 
strain distributions can be cut out. The experimental setup can be seen in Fig. 1 a), the demonstrator 
geometry is depicted in Fig. 2 a). 

 

The tubes are heated to solution annealing temperature in a convection oven at 475 °C for 
60 min. Afterwards the hot tubes can be quenched in the adjacent water bath. The experimental 
set-up can be used for different pressure build-up rates and maximum internal pressures. However, 
a pressure build-up rate of 5 MPa/s was used for the ton geometry. The maximum internal pressure 
was 34 MPa, as the tubes burst at an internal pressure of approximately 35 MPa. The test 
parameters that are based on common ageing temperatures and durations for AA7020 are 
summarized in Fig. 1 (b). Afterwards, the tubes are naturally aged for 24 h and then artificially 

 

 a) b) 
Fig. 1. a) Setup and b) parameters of the heat treatment-based hydroforming process 
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aged in a two-stage ageing treatment with temperatures between 100 °C and 160 °C. The ageing 
times vary between 8 h and 24 h. The parameters of the ageing treatment are summarized in 
Table 1. 

 
Table 1. Parameters for the artificial ageing process 

Heat Treatment 
Stage 1 Stage 2 

Temperature Time Temperature Time 
CDC 185 °C 0.3 h - 

Artificial ageing 1 100 °C 8 h 160 °C 16 h 
Artificial ageing 2 100 °C 8 h 160 °C 24 h 
Artificial ageing 3 100 °C 12 h 160 °C 16 h 
Artificial ageing 4 100 °C 12 h 160 °C 24 h 
Artificial ageing 5 125 °C 12 h 180 °C 4 h 
Artificial ageing 6 125 °C 12 h 180 °C 6 h 
Artificial ageing 7 125 °C 24 h 180 °C 6 h 

 
Specimen preparation and experimental setup of the tensile test. The investigated demonstrator 

geometry is a barrel-shaped tube expanded by hydroforming, see Fig. 2 a). Due to the expansion 
on a length of 200 mm, a strain of 9% was reached. For the characterization of the mechanical 
properties, tensile specimens were cut out of the demonstrator by laser. Subsequently, the cutting 
edges were machined by milling. The corresponding tensile specimens are shown in Fig. 2 b). 
These are adapted A50 specimens, which have additional drillings in the clamping area to ensure a 
central positioning. Due to the preparation out of a tube, the specimens have a curvature. To avoid 
undesired influences of the clamping on the stress state, the clamping jaws have a curvature as 
well. These are deployed in the thermo-mechanical simulator Gleeble 3500, a testing machine that 
can also perform heat treatments and tests at elevated temperatures. The strains are measured by 
an optical strain measurement system of the Carl Zeiss GOM Metrology GmbH.  
 

 
Fig. 2. a) Demonstrator geometry and b) specimen preparation out of the tubes  

Results and discussion 
Evaluation of the wall thickness distribution. At first, the wall thickness distribution of the initial 
state and the demonstrator geometry is analyzed by the optical measurement system ATOS from 
Carl Zeiss GOM Metrology GmbH. Thus, the influence of the hydroforming process on the 
properties of the tube component is investigated. Even in the as-delivered condition of the extruded 
tube, a wall thickness gradient in tangential direction was found. In the middle of the tubes and at 
the ends, the wall thickness varies continuous between 4.93 mm and 5.18 mm.. Consequently, the 
extrusion process causes a variation in the wall thickness of 0.25 mm. In axial direction, no 
gradient in wall thickness could be observed in the analyzed sections Due to the homogeneous 
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expansion during the hydroforming process, failure is most likely at the thinnest point. For the 
analysis, a demonstrator of artificial ageing 7 according to Table 1 was used. For the optical 
measurement, the tube was cut in axial direction. Therefore, only one half is shown in Fig. 3 a). 
Hence, the curves in Fig. 3 b) do not match the lines for the minimum and maximum values. 
 

 
Fig. 3. a) Wall thickness distribution over the tube and b) wall thickness gradient in 

circumferential direction 
For the evaluation of profile properties, the demonstrator geometry is split into three sections. 

Position 1 is located at the almost undeformed tube clampings. The maximum expanded section is 
represented by position 3 while position 2 describes the transition area. In this context, only the 
extrema in wall thickness are depicted in Fig. 3 b). As expected the smallest wall thickness can be 
found at position 3. The value is 4.59 mm whereas at position 1 the wall thickness is 4.90 mm. 
The wall thickness gradient in circumferential direction is shown in Fig. 3 b). There is a difference 
in the wall thickness of 0.21 mm at position 1 and 0.30 mm at position 3. Consequently, the 
thickness gradient increases during hydroforming. This has to be considered for the process design. 

Influence of the heat treatment-based process route on the microstructure. The evaluation of the 
microstructure is performed for the initial state and the demonstrator geometry at position 1 and 3 
in the middle of the wall, see Fig. 4. Probably due to the shear stresses during the extrusion, the 
micrographs in Fig. 4 a) and b) show a grain orientation in axial direction. The grain size and 
orientation increases due to the hydroforming process compared to the initial state T6 before 
annealing. One reason for this could be recrystallization during the extrusion process, which can 
lead to a small grain size in conjunction with high strain rates, as already shown for AA7075 [11]. 

 
Fig. 4. Microstructure of a) the initial state T6 before annealing and b) the demonstrator 

geometry at position 3 as well as c) the average grain size for both conditions 
The average grain size for both states in different directions was determined by linear intercept 

method according to ASTM E 112; see Fig. 4 c). In the initial state the grain size is between 
4.31 µm and 9.39 µm whereas the grain elongation is highest in the tangential direction. 
Significant higher grain sizes can be found in the demonstrator geometry with values between 
25.70 µm and 118.61 µm, which might be caused by high solution annealing temperatures and 
durations. Due to low average heating rates in the convection oven of 0.14 K/s as well as the high 
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wall thickness, dislocations are removed. Since dislocations are recrystallization nuclei, a coarse 
grain structure is generated [10]. Furthermore, Fujda et al. investigated an additional influence of 
the solution annealing temperature on the grain size for AA2024 [12]. For the demonstrator 
geometry, the grain structure is also analyzed for the different axial and radial positions. The 
average grain size is shown in Fig. 5. In preliminary investigations, different sections over the 
cross-section with varying mechanical properties could be found for the initial tubes [13].  

 

 
Fig. 5. Average grain size for different positions in axial and radial direction 

In general, the highest grain size was found in axial direction due to the extrusion process. There 
are only small differences for the different positions in axial direction. In circumferential direction, 
the grain size grows with increasing pre-deformation at the outer diameter and in the center of the 
wall. One reason could be the expansion during the hydroforming process in circumferential 
direction. At inner diameter, no clear trend is visible. This section is characterized by a fine grain 
structure, which was also found in the initial state and can be caused by recrystallization [13]. In 
summary, there is a coarse-grained microstructure in the demonstrator profiles that shows similar 
gradients in the local grain size like the initial state. Thus, the reproduction of the initial mechanical 
properties despite the coarse microstructure has to be investigated. 

Evaluation of the mechanical properties for different heat treatment parameters. First, common 
two-stage hot ageing processes are investigated for the AA7020 alloys, as well as cathodic dip 
coating CDC, which is mainly used in the automotive industry. The CDC generates the lowest 
strength values and the highest strains. In this case, probably no entire hardening was reached due 
to the short ageing duration. For the artificial ageing 3 and 4 with an ageing duration of 12 hours 
in the first stage, the highest hardening could be achieved. However, the ultimate tensile strength 
of 410 MPa in the initial state could not be reproduced by a value of 346 MPa. The uniform 
elongation is slightly lower than for the T6 state. Specimens with an ageing duration of eight hours 
at the first stage show lower strength values than for twelve hours. An increase in the ageing time 
in second stage tends to a further decrease in strength. The corresponding mechanical properties 
are shown in Fig. 6.  
 

0
20
40
60
80

100
120
µm
160

1 2 3

Av
er

ag
e 

gr
ai

n
si

ze
D

A
G

S

Outer diameter

1 2 3

Wall center

1 2 3

Inner diameter

Position Position Position

R
ad

ia
l

Circumferential

Axial Radial Circumferential

Outer diameter
Wall center

Inner diameter

R
ad

ia
l

Axial

Position
1 2 3



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 221-228  https://doi.org/10.21741/9781644902417-28 

 

 
226 

 
Fig. 6. Mechanical properties of the hydroformed profiles with the recommended heat treatment 

parameters for AA7020 
For longer ageing durations in the first stage, an equilibrium state seems to be reached. The 

higher strength in heat treatment 3 and 4 is possibly due to a higher proportion of Guinier-Preston 
zones (GP zones) as a result of the longer ageing time in stage one. These act as nuclei for the 
formation of η'-precipitates which are crucial for maximum hardening [14]. Due to a lack of GP 
zones, a duration of eight hours in the first stage may induce an increased nucleation at 
dislocations. Therefore, the transformation of η’-precipitation into the stable and less solid η phase 
is accelerated. Thus, an enlargement of stage two might lead to overageing [15]. This effect was 
also observed by Krishnanunni et al. for AA7010 [16]. Based on the accelerated nucleation in the 
presence of dislocations, a reduction of the heat treatment time, especially in stage two, could be 
useful [14]. Hence, the ageing duration is reduced while the temperature is slightly increased, see 
Fig. 7. In general, the strengths achieved are lower than in the previous settings. It has already been 
shown for the alloy AA7020, that preforming has a positive effect on the strength, but that this 
effect is reversed if the ageing temperature is too high [15]. Dechamps et al. observed that in 
undeformed microstructures a higher proportion of homogeneously distributed η'-precipitates was 
present after an artificial ageing of one hour at 160 °C, while in predeformed microstructures η-
precipitates were present at the dislocations [17]. The presence of dislocations hinders the 
nucleation of η'-precipitates and leads to coarse precipitate structures with lower strength. In 
addition, this is enforced by the annihilation of vacancies by the dislocations, which favor the 
nucleation of GP zones during cold aging [17]. Since an extension of stage two again reduces the 
strength in heat treatments 5 and 6, stage one is extended in parameter set 7. This results in higher 
strength values comparable to the tests in Fig. 6. Due to the longer heat treatment time at 125 °C, 
the influence of the pre-deformation is likely to be lower. In order to check whether a higher 
dislocation density leads to less hardening during artificial ageing, hardness measurements are 
carried out at the three previously defined positions, see Fig. 7 b). As expected, the Brinell 
hardness for the demonstrator component is lower than in the initial condition. At position 1, the 
highest hardness of 98.84 HB is obtained, while in the deformed areas it is slightly lower at about 
95 HB. This tends to indicate that pre-deformation has led to a reduction in hardening in the tests 
performed, although the influence is quite slight for parameter combination 7. In general, an 
extension of stage 1 seems to have a positive effect on artificial ageing. On the other hand, high 
temperatures lead to lower hardening, as well as high ageing durations in stage 2 and the 
deformation preceded by the hydroforming process. Thus, the mechanical properties of the initial 
condition could not be achieved. An improvement of the properties might be reached by hot 
working to reduce the dislocation density as well as a further reduction of the ageing and solution 
annealing temperature. 

 

0
50

100
150
200
250
300
350
400
450

Y
ie

ld
st

re
ng

th
Y

S/
 

U
lti

m
at

e 
te

ns
ile

st
re

ng
th

U
TS

YS UTS

MPa

0

3

6

9

12

15

18

U
ni

fo
rm

 e
lo

ng
at

io
n

U
E/

El
on

ga
tio

n 
at

 fr
ac

tu
re

FE

UE FE

%
CDC
1 (8 h + 16 h)

4 (12 h + 24 h)

2 (8 h + 24 h)
3 (12 h + 16 h)

T1 = 100 °C
T2 = 160 °C

n = 3

YS T6
UTS T6

UE T6

FE T6



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 221-228  https://doi.org/10.21741/9781644902417-28 

 

 
227 

 
Fig. 7. a) Mechanical properties of the hydroformed profiles at higher ageing temperatures and 

b) hardness distribution in axial direction for heat treatment 7 
Summary and outlook 
Tube profiles made out of 7xxx aluminum alloys have a high specific strength. A challenge in 
forming technology is the low formability at room temperature in conjunction with the required 
high strengths. One approach is the combination of W-temper forming and hydroforming with a 
subsequent artificial ageing process. The achievable component properties were compared for a 
demonstrator geometry with the initial condition T6 of tubular semi-finished parts. In this context, 
a gradient in wall thickness was observed in circumferential tube direction for both states. The 
variation in wall thickness was increased by hydroforming so that the probability of failure is 
highest on the side with the smallest wall thickness. When investigating the microstructure, a fine-
grained structure was observed in the initial state, while the grain size in the demonstrator 
component was up to 17 times higher. One possible reason for this could be the solution annealing, 
which results in grain growth. To determine the reachable mechanical properties, tensile specimens 
were extracted from the demonstrator components for different artificial ageing parameters. In 
accordance with common heat treatment processes for AA7020, the artificial aging was carried 
out in two stages. It was shown that an extension of stage one has a positive effect on the strength, 
while a longer second stage results in softening due to the higher temperature. This could be caused 
by the development of coarser precipitates and the increased formation of η-phases. A similar 
effect is expected with the increase of the artificial ageing temperature. Pre-deformation in the 
hydroforming process also causes an acceleration of the precipitation transformation and the 
growth of coarse precipitates, which tended to be confirmed with the aid of hardness 
measurements. Thus, the mechanical properties of the initial state could not be regained. 

Further research needs to be carried out to increase the strength of the demonstrator 
components. Therefore, different heating rates during the solution annealing as well as different 
heat treatment temperatures have to be investigated. In addition, lower temperatures need to be 
considered for artificial ageing. An increase in strength could also be achieved by hot forming. In 
a further step, the achievable properties of a more complex component are to be analyzed. 
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