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Abstract: The aim of this work was to investigate the effect of hot deformation on the aging behavior
of precipitation-hardenable aluminum alloy AA7075 within a novel thermo-mechanical forming
process, in order to gain insight into its precipitation kinetics. For this purpose, the material was
formed at 420 ◦C after undergoing solution treatment to different strain levels ranging from 2% to
10% to obtain different dislocation densities. After undergoing hot deformation, aging at 120 ◦C
with different parameters was carried out to improve the material hardness. The resulting material
properties and microstructure evolution were characterized afterward using hardness measurements
and a transmission electron microscope (TEM). TEM investigations revealed the formation of very
fine particles for the material formed at 2%, as well as at 10%, of formed material, which act as
effective barriers to dislocation motion. It was found that the response of artificial aging on the
deformation degree in hot forming was less than expected due to the thermally activated mechanisms,
leading to a decrease in dislocation density. Therefore, a dramatic increase in material hardness with
the increase in hot deformation was not observed.

Keywords: thermo-mechanical processing; precipitation-dislocation hardening; recrystallization;
high strength aluminum alloys; hot deformation

1. Introduction

Despite their limited cold formability, precipitation-hardenable aluminum alloys rep-
resent a high potential for application to modern automotive and aerospace industries,
due to their excellent strength-to-weight ratios and their fatigue and cryogenic tough-
ness properties [1,2]. For this reason, different forming processes at room and elevated
temperatures have been proposed to overcome this limitation of high-strength aluminum
alloys [3–6]. One of the promising techniques that allows the realization of complex-shaped
structures was first proposed by Lin et al. [7]. This forming process combines hot forming
and quenching of the heated sheet material after solution heat treatment using cooled form-
ing tools. Accordingly, by using this technique, due to the high-temperature forming, a
better formability and extremely low springback were obtained compared to that formed at
room temperature [8–11]. In addition, the integrated cooling during the forming operation
enables high cooling rates and the creation of a supersaturated solid solution (SSSS) after
solutionizing, which is needed to generate precipitate nucleation during aging treatment
in the case of precipitation-hardenable aluminum alloys [12–15].

Wang et al., for example, investigated the influence of different forming temperatures,
ranging from 350 ◦C to 493 ◦C, on the forming behavior of AA2024 [16]. The results of their
study revealed an intense increase in total elongation of the material up to 450 ◦C due to the
thermally activated softening mechanisms. A similar trend was observed for AA7075 tested
at high temperatures ranging from 200 ◦C to 400 ◦C [17]. The investigated microstructure
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in this study showed a high fraction of low-angle grain boundaries at 200 ◦C compared to
those at 400 ◦C. From the microstructural analysis, it was concluded that dynamic recovery
is the dominant softening mechanism for AA7075 formed at 200 ◦C, whereas at the higher
deformation temperature of 400 ◦C, the occurrence of dynamic recrystallization causes the
intense softening of the material. The recrystallized microstructure was detected using
the electron backscatter diffraction (EBSD) technique, which confirmed this assumption.
Further scientific studies also reported the appearance of dynamic recrystallization at high
temperatures above 300 ◦C for the precipitation-hardenable AA7075 alloy [18,19].

This process of dynamic recrystallization and the associated grain growth during
hot forming affects not only the forming behavior, but also the microstructural evolu-
tion during the hot-forming of precipitation-hardenable aluminum alloys, which sets the
desired mechanical properties after the thermo-mechanical treatment [20–22]. For this
reason, knowledge of complex precipitation kinetics and precipitation–dislocation inter-
actions in high-strength aluminum alloys, such as AA7075, is necessary to obtain a better
understanding of the microstructure and mechanical properties after processing [23–25].
Plastic deformation during an integrated forming process has the ability to control the
size and distribution of precipitates [26]. The plastic deformation is accompanied by a
high dislocation density and crystal lattice defects inside the material, which can induce
changes in the precipitation sequence and canaffect the final material strength after the
aging treatment [27,28]. Jung et al. investigated the effect of plastic deformation at different
temperatures on the aging behavior of AA7075 [29]. The experimental results in this study
showed an increase in the mechanical properties of the material formed at elevated temper-
atures with the increase in the deformation level. The related microstructure of the formed
material represents a homogeneous distribution of fine precipitates after aging treatment,
leading to a high material strength.

Therefore, taking the above-described observations into account, microstructural
changes induced by the new thermo-mechanical process approach may be of great im-
portance as the precipitation morphology and their distribution can lead to fundamental
changes in the material properties. Moreover, different levels of pre-strains at elevated
temperatures, as shown in the literature, can lead to dissimilar mechanical properties and,
consequently, inhomogeneous hardness distributions of the formed part. Concerning the
described hot stamping process for high-strength aluminum alloys, where the forming
process is integrated immediately after solutionizing using forming tools with different
contours and radii, an inhomogeneous material strength can be obtained as a result of
hot deformation. However, only a few research works exist in this regard with a focus on
the influences of plastic deformation at elevated temperatures on the resulting material
hardness and local strength. For this reason, the aim of this work was to investigate the im-
pact of deformation degree at high temperatures on the microstructure and the mechanical
properties of precipitation-hardenable AA7075.

2. Materials and Methods
2.1. Materials and Testing Procedures

The experimental investigation in this study was carried out on precipitation-hardenable
aluminum alloy AA7075 (Al-Zn-Mg (-Cu)), which is used commonly in the aerospace
industry [23]. The chemical composition of the material is given in Table 1. The as-received
material condition, supplied by AMAG (Austria Metal AG), was T6 (solution-heat-treated,
quenched, and artificially aged) with a hardness level of 189 HV5 and an ultimate tensile
strength of 577 MPa at room temperature. Depending on the selected thermo-mechanical
process, the investigated materials were sectioned into blanks of 250 × 140 × 1.5 mm.

Specimens for hot deformation tensile tests were machined by electrical discharge
machining with a gauge length and width of 45 and 7.5 mm, respectively. All tensile
specimens were taken along the rolling direction. The cross-sectional speed during defor-
mation at elevated temperature was set to 10 mm/min. Strengthening effects were reflected
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after aging treatment using Vickers hardness measurements (EMCO DuraScan, Salzburg,
Austria) to visualize the material hardness distribution.

Table 1. Chemical composition of the investigated alloy AA7075 determined by optical emission
spectroscopy, according to AMAG (Austria Metal AG).

Chemical Elements (wt.%) Si Fe Cu Mn Mg Cr Zn Ti Others

AA7075—as received (AR) 0.08 0.12 1.6 0.04 2.7 0.19 5.9 0.05 0.03

In order to identify the related geometrical changes and the deformation zone, the
digital image correlation (DIC) technique was performed at elevated temperatures. For
this aim, a contrast surface pattern was created using two different colors sprayed to apply
a speckle pattern. For image acquisition, a CCD camera (Schneider Kreuznach—Xenoplan,
Bad Kreuznach, Germany 2.8/50-0511 with a resolution of 1280 × 1024 pixels) was focused
on the measured sample zone, recording at a rate of 6 Hz. The strain calculation was
performed using the obtained image by the ARAMIS v6.1 software (GOM—Gesellschaft
für Optische Messtechnik mbH, Braunschweig, Germany). For the strain calculation, a
facet size of 12 × 11 was selected for all measurements.

Microstructure investigations were conducted using a transmission electron micro-
scope JEOL JEM 2100 HRTEM, Tokyo, Japan operated at 200 kV. Discs of 3 mm were first
grinded to ~150 µm and then electro-polished with an electrolyte solution of 25% nitric
acid + 75% methanol. Imaging of the microstructural changes was carried out using a CCD
camera (Model 833 Orius SC200D, Gatan, Pleasanton, CA, USA). Moreover, the as-received
microstructure was investigated using a field emission scanning electron microscope (SEM,
Carl Zeiss Microscopy GmbH, Köln, Germany) by the backscattered electron (BSE) contrast
technique operating at a nominal voltage of 20 kV to visualize the precipitates’ morphology
before the thermo-mechanical process. For this aim, mechanical preparation by standard
grinding and polishing (colloidal silica solution for final polishing) was carried out for
microstructure examination.

2.2. Experimental Setup and Program

As this work focused on the above-mentioned novel forming process for the produc-
tion of complex-shaped thin-walled high-strength aluminum parts, due to a large number
of scientific and industrial studies indicating its feasibility and successful application in the
automotive industry, the chosen hot forming parameters were derived from the results of
those studies [8,28,30–32].

The main experimental setup in the present study consisted of a roller hearth furnace
for solutionizing the sheet material and a hydraulic press (MAE DE Erkrath, Germany,
400 Z 160) with a press capacity of 4000 kN equipped with hat-shaped forming tools. For
the artificial aging treatment, a chamber furnace (ThermConcept, Bremen, Germany, KM
710/13) was used to achieve a homogeneous temperature distribution (Figure 1a) [33,34].

Moreover, to emulate the selected thermo-mechanical process and to precisely in-
vestigate the influence of defined deformation degrees on the material hardness and
microstructural changes, a tensile testing machine (Hegewald- und Peschke Inspekt Table
Blue, Nossen, Germany) equipped with a moveable inductor and contact cooling devices
was used (Figure 1b). This setup allows controlled heating, straining to defined plastic
deformation levels, and the cooling of the fixed sample within the testing machine. The
heating rate was set to 20 ◦C/s at a frequency of 224 kHz. Immediately after completion of
the heating, solutionizing, and forming operations at the elevated temperature, cooling of
the fixed samples was carried out using cooling devices (Figure 1b). With these devices, a
cooling rate of 190 ◦C/s between 400 ◦C and 200 ◦C was achieved, measured with ther-
mocouples fixed on the tensile sample. Preliminary tests proved that this cooling rate was
sufficient to achieve mechanical properties comparable to those under the T6-condition.
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Figure 1. Selected experimental setups: (a) roller hearth furnace and press with forming tool, (b) 
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process, and (c,d) schematic illustration of process routes and corresponding process parameters. 
Adapted from [31]. In (c), the process parameters of the thermo-mechanical forming and subse-
quent aging are shown. After solution treatment, the sheet material is hot-formed and quenched 
within the forming tools. In (d), the selected parameters for the emulated forming process are il-
lustrated. The heated material is cooled to the forming temperature of 420 °C after solution treat-
ment and is then held for 10 s to obtain a homogenous temperature to emulate the heat losses dur-
ing the sheet transfer and tool closure. Immediately after completion of the controlled hot defor-
mation ranging from 2 to 10% at 420 °C, the specimen is quenched using cooling devices. 
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The forming, as well as the local deformation, behavior at 420 °C after solutionizing 
the investigated material AA7075 is shown in Figure 2. The ultimate tensile strength of 18 
MPa was obtained at a very low strain level (Figure 2a). After reaching the peak stress, 
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tained by the DIC-system is displayed in Figure 2b. The strain distribution was taken sim-
ultaneously during the tensile deformation at a forming temperature of 420 °C and a cross-
head speed of 10 mm/min. In this figure, an almost homogeneous local deformation ap-
peared at a very early stage of deformation (up to a true strain level of 0.10). With the 
further increase in plastic deformation, a high local deformation arose in the middle of the 
tensile specimen. This behavior was observed in the strain map received by DIC measure-
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Figure 1. Selected experimental setups: (a) roller hearth furnace and press with forming tool, (b)
tensile machine equipped with heating and cooling devices to emulate the thermo-mechanical
process, and (c,d) schematic illustration of process routes and corresponding process parameters.
Adapted from [31]. In (c), the process parameters of the thermo-mechanical forming and subsequent
aging are shown. After solution treatment, the sheet material is hot-formed and quenched within the
forming tools. In (d), the selected parameters for the emulated forming process are illustrated. The
heated material is cooled to the forming temperature of 420 ◦C after solution treatment and is then
held for 10 s to obtain a homogenous temperature to emulate the heat losses during the sheet transfer
and tool closure. Immediately after completion of the controlled hot deformation ranging from 2 to
10% at 420 ◦C, the specimen is quenched using cooling devices.

The first set of experiments in this study focused on the effect of hot deformation on
the material hardness under the as-quenched condition immediately after tool cooling.
For this aim, the investigated sheet material was heated to the recommended solution
heat treatment temperature of 480 ◦C and was soaked for 5 min. After completion of the
solutionizing, the heated blanks were formed and quenched within the cooled forming tools
to create the supersaturated solid solution at room temperature (Table 2). Immediately after
quenching, samples were taken from the formed part and tested using a Vickers hardness
measurement machine to obtain the material hardness distribution.

In the second group of experiments, the process parameters from the first group were
taken to emulate the forming process and to adjust the different defined deformation levels
after solution heat treatment. For this aim, the temperature of the tensile specimen after
solution heat treatment was reduced from 480 ◦C over 5 min to the forming temperature of
420 ◦C, and it was held for 10 s to obtain a homogenous temperature distribution. After
10 s, the investigated material was formed to 2, 8, and 10%, and it was quenched within
the cooling devices to create, similar to the first group of experiments, a supersaturated
solid solution (Table 2). Analogous to the first group, samples were tested immediately
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after cooling using the hardness measurement to clarify the effect of different deformations
of the material hardness under the as-quenched condition.

Table 2. Experimental parameters for the investigation of the forming process. TM: thermo-mechanical process. ETM:
emulated thermo-mechanical process.

Material
SHT

Temperature
(◦C)

SHT
Time

(s)

Forming
Temperature

(◦C)
Cooling Aging

AA7075 (TM) 480 300 ~420 Forming tool -
AA7075 (ETM) 480 300 420 Cooling device -
AA7075 (TM) 480 300 ~420 Forming tool 120 ◦C—(2, 20, 24) h

AA7075 (ETM) 480 300 420 Cooling device 120 ◦C—(2, 6, 12, 16, 20, 24) h

The third group of experiments (TM), Figure 1c, aimed to investigate the novel thermo-
mechanical forming process on the hardness distribution of the formed parts after different
aging parameters. For this purpose, the investigated material was first heated to the
in-literature recommended solution heat treatment temperature of 480 ◦C and was then
soaked for 5 min [35]. After the manual transfer in around 6–8 s, the heated material was
formed and quenched within the cooled tools, Table 2. The temperature of the tools was
set to 24 ◦C using an internal water cooling system. The aging treatment was then carried
out at a temperature of 120 ◦C from 2 to 24 h.

In the last group of experiments (ETM), the same process parameters as in the first
group were selected to emulate the thermo-mechanical process and to investigate the effect
of the defined deformation level on the material hardness, as well as on precipitation
kinetics (Figure 1d). For this aim, inductive heating was employed to heat the specimen to
480 ◦C. After the solution heat treatment for 5 min, the sample temperature was reduced
to the forming temperature of 420 ◦C and then held for 10 s to obtain a homogeneous
temperature distribution. Immediately after the completion of the deformation (2, 8, and
10%), the sample was quenched using the cooling devices. Before mechanical testing, the
samples were artificially aged at 120 ◦C for 2 to 24 h.

3. Results
3.1. Forming Behavior at Elevated Temperature

The forming, as well as the local deformation, behavior at 420 ◦C after solutionizing
the investigated material AA7075 is shown in Figure 2. The ultimate tensile strength of
18 MPa was obtained at a very low strain level (Figure 2a). After reaching the peak stress,
the tensile curve decreased steadily and an increased true strain to failure was observed
compared to those at room temperature reported in the literature for AA7075 [36]. In the
present case, a maximum true strain of 0.315 was achieved.
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The local deformation behavior along the tensile axis of the heated specimen obtained
by the DIC-system is displayed in Figure 2b. The strain distribution was taken simultane-
ously during the tensile deformation at a forming temperature of 420 ◦C and a cross-head
speed of 10 mm/min. In this figure, an almost homogeneous local deformation appeared
at a very early stage of deformation (up to a true strain level of 0.10). With the further
increase in plastic deformation, a high local deformation arose in the middle of the tensile
specimen. This behavior was observed in the strain map received by DIC measurements,
Figure 2b. The magnitude of the obtained local deformation from the strain map rose to a
very high value of εLog. = 0.7, which is an indicator for the high ductility of this material at
elevated temperatures also observed in the tensile curve in Figure 2a.

3.2. As-Received Microstructure and Mechanical Properties

The as-received microstructure of the investigated AA7075 alloy is given in Figure 3a
using the backscattered electron contrast. It shows a finely distributed particle morphology
within the studied grain structures. Such fine and dispersed precipitates are known to
significantly enhance the strength of the precipitation-hardenable aluminum alloys due to
their interaction with dislocations also reflected by the resulting stress–strain behavior of
the as-received condition in Figure 3b. In addition to these particles in the grain interior,
relatively coarse precipitates appeared along the grain boundaries [37]. The occurrence of
these relatively coarse precipitates could also be observed in the grain interiors. Coarse-
sized and irregularly distributed precipitates in the AA7075 alloy are usually referred to as
η-phases, which can remain after the hot rolling process [38]. In Figure 3b, the stress–strain
behavior of the hot formed material after artificial aging is given in comparison to the
as-received condition. From this figure, a slight increase in yield and ultimate tensile
strength for the hot formed material could be seen. Both curves indicate high material
strengths, which can be explained by the formation of the strengthening η′-phases, as
observed in Figure 3a for AA7075 [36].
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Figure 3. (a) Backscattered electron (BSE) micrographs of the investigated material under the T6 as-received condition
before thermo-mechanical processing. (b) Stress–strain behavior of the formed parts using the novel forming process
compared to the as-received condition.

3.3. Effect of Hot Deformation under As-Quench Condition

The mechanical properties of the investigated alloy immediately after the forming
operation and quenching is shown in Figure 4a,b. For the formed hat-profile, a homogenous
hardness distribution was observed along the measured zone (Figure 4a). The highest
obtained hardness level for the formed part under the as-quenched condition was 107 HV5.
In the zones with a high deformation degree (radii R1 and R2), no significant difference
or an increase in material hardness was observed. The resulting material hardness for the
emulated forming process revealed, for all deformation levels, almost the same material
hardness (Figure 4b). Interestingly, with increase in the deformation level, the hardness
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level of the material remained almost unchanged. Even after hot forming to a high strain
level of 10%, no remarkable rise in material hardness could be found.
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the novel forming process, and (b) the resulting material hardness after different deformation levels within the emulated
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3.4. Effect of Hot Deformation on the Strengthening Behavior after Artifical Aging

The property distribution of hot-formed parts under industrial process conditions
was investigated in the present study on examples of a hat profile (Figure 5a) after hot
forming and different aging processes, cf. Figure 1c. The lowest hardness distribution
was obtained for the material aged at 120 ◦C for 2 h (Figure 5a). With increasing aging
time up to 24 h, the hardness values increased. Under all conditions, fluctuations in the
hardness level appeared along the measured zone. This behavior was more pronounced
for the material aged at 20 and 24 h. Interestingly, in Figure 5a, the zones with significantly
higher deformation degrees (radii R1 and R2) showed, compared to the top side of the
hot-formed geometry, no noticeable rise in the hardness level. However, a significant
decrease in the obtained hardness in the center of the top-hat section was noticed for all
conditions, probably a result of the local cooling conditions.
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Figure 5. (a) Hardness profile of the hot-formed components after different artificial aging (AA) times. The sheet materials
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The hardness distribution after emulation of the thermo-mechanical process route at
different deformation degrees of 2, 8, and 10% and different artificial aging (AA) times
ranging from 2 to 24 h is shown in Figure 5b. For all forming conditions, a hardness level of
almost 160 HV5 was found after 2 h of artificial aging. With the increase in the aging time to
20 h, the material hardness values of the hot-formed material at 8 and 10% of deformation
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increased to a maximum level of 185 HV5. For the same aging temperature and time,
the 2%-hot-formed material showed a hardness value of 179 HV5 accordingly. A further
increase in the aging time to 24 h resulted in minor decreases in the material hardness of
the hot-formed material at 8 and 10%. Both conditions revealed almost identical hardness
evolutions after attaining the peak stress. In contrast, the hardness level of the hot-formed
material at 2% increased slightly after aging at 120 ◦C for 24 h. However, by comparing the
hardness evolution of all conditions, the deformation level seemed to have no noticeable
influence on the hardness level.

3.5. Effect of Hot Deformation on Microstructure

TEM investigations were conducted after artificial aging to investigate the influence
of the hot deformation on the resulting precipitation morphology, probably explaining
the effect on the material hardness, Figure 6. The microstructure of the at-2% hot-formed
material showed, after aging at 120 ◦C for 20 h, a homogeneous distribution of very fine
particles within the grain structure (Figure 6a,b). Under the same aging condition of
AA7075, these very fine precipitations have been referred elsewhere in the literature to the
η′-phase [36]. In addition, coarse precipitates were also observed in the center of the grains
(Figure 6a), which were also reported in literature [35,36] for the same aging treatment of
AA7075. In Figure 6b, few dislocations were presented in the investigated microstructure.
Interestingly, near to dislocations, there were zones with a high density of coarse particles
and other zones with a lower number of precipitates. However, dislocation–precipitation
interaction was not directly observed.
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for 20 h.
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Figure 6c,d display the microstructure after aging at 120 ◦C for 20 h of the material
hot-formed at 10%. Compared to the at 2% formed material, almost the same precipitation
distribution and sizes were observed. Very small particles and some coarse particles were
found in the grain structure (Figure 6c), as well as at grain boundaries. The diameter
of these particles sometimes exceeded 100 nm. These particles are referred to as the
stable η-phase [37,39]. Similar to at 2%, the at 10% hot-formed material also showed few
dislocations.

4. Discussion

The hot deformation behavior of the investigated material at 420 ◦C is shown in
Figure 2. At the elevated temperature, an increased elongation to failure was observed for
AA7075, indicating a better formability. The underlying reason may be attributed to the
thermally activated softening mechanisms [40]. During the hot deformation, the occurrence
of dynamic recovery and dynamic recrystallization leads to the formation of new grains
and the reduction in dislocations, as well as in other defects inside the material [41]. Hence,
these triggered phenomena cause significant changes in the deformed microstructure. The
formation of new grains takes place by the consumption of dislocations and the reduction in
the stored energy, leading to a decrease in the introduced deformation hardening associated
with dislocations [42]. In addition, the heating of precipitation-hardenable aluminum alloys
at temperatures slightly below the eutectic temperature dissolves precipitates, facilitating
the dislocation movement [43]. Furthermore, the high thermal energy promotes dislocation
gliding and dislocation climb [44].

The presented results of the hardness profile after hot forming and artificial aging
revealed an increased material hardness after increasing the aging time, for both hat
profiles and the ETM samples. This behavior is linked to the nucleation and growth of
metastable GP-zones and the metastable hexagonal η′-phases. In this way, a high number
of GP(II)-zones could exist in the microstructure at the beginning of the aging time, which
would lead to a weak lattice distortion compared to coarser particles. The resulting misfit
between the formed GP-zones and the aluminum matrix determines the geometry of
the GP-zones [39]. With the increase in aging time, the size of the particles increases
and a homogeneous structure is obtained after 20 h. Moreover, GP(II)-zones form into
η′-phases and their shape changes [45]. At the optimum dimension of these nanosized
particles, they constitute effective obstacles for dislocation movement, leading to a high
material strength. In contrast, at a very short aging time of 2 h for AA7075, the size of
the nucleated clusters and precipitates, as well as of the resulting interparticle spacing, is
smaller, compared to the microstructure aged after 20 h. However, if the number of the
nano-sized particles is higher for the 2 h aged condition, their size would be, on the other
hand, much smaller, causing a less pronounced distortion of the surrounding matrix. As
a result, resistance against dislocation motion decreases and relieves gliding processes
during plastic deformation [44,46,47].

The slight decrease in hardness after 20 h of artificial aging at 120 ◦C for the material
hot-formed at 8 and 10% can be linked to an increased number of η-precipitates (MgZn2),
as well as a growth of η′-phases. This phenomenon is triggered by the transformation
of GP-zones into stable phases and the promoted high diffusion rate of the solutes due
to the elevated aging temperature. Several imperfections in the crystal lattice structure,
e.g., high concentration of vacancies, as well as a high dislocation density, can activate
the formation of precipitates. Both can act as a nucleation source and sink, enhancing the
precipitation nucleation rate by an extensively high diffusion rate of solutes within the
grain interior [23,29,48,49]. However, by comparing all emulated conditions, the obtained
material hardness of the hot-formed microstructures after an artificial aging at 120 ◦C for
20 h indicated no dramatic or significant differences. This behavior may be a result of the
softening mechanisms, activated by the plastic deformation at the hot forming temperature,
leading to a decrease in dislocation density. Despite this, a slight decrease was obtained
when exceeding 20 h of aging for the samples hot-formed at 8 and 10%. The underlying
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mechanisms during hot forming and their influence on material hardness is addressed in
detail in the following section.

The detailed analysis of the localized plastic deformation distribution of the hat pro-
files points to an inhomogeneous hardness distribution along the measured zone. This
inhomogeneity was more pronounced at higher aging times. A clear decrease in hardness
could be seen in the side wall of the formed profile, Figure 5a, which was presumably due
to the cooling conditions of the sheet material during hot forming operation. Interestingly
enough, no noticeable rise in material hardness in the locally highly deformed zones, the
radii of the hat profile, was obtained. The detailed investigation of this phenomenon by
an emulation of the thermo-mechanical process on a tensile testing machine (Figure 1b)
revealed that, with the increase in the hot deformation level from 2% to 10% at 420 ◦C,
the SMT-specimens exhibited no significant increase in material hardness. A possible
explanation may be the activation of softening mechanisms during hot deformation. At
low forming temperatures, when no recrystallization occurs, plastic deformation can lead
to a dramatic increase in dislocation density [50]. At higher temperatures, in contrast,
plastic deformation promotes the activation of softening mechanisms, such as dynamic re-
crystallization, which ultimately reduce the dislocation density by consuming dislocations,
and grain boundary migration by the coarsening of subgrains [51–53]. Therefore, a lower
dislocation density than expected was obtained at 420 ◦C for the 10%-formed material,
which did not promote the nucleation of precipitates or accelerate the precipitation kinetics.
Nevertheless, the TEM micrographs revealed almost the same precipitation behavior for
the hot-formed material independently of the deformation level. As the range of the chosen
deformation level of 2–10% may not be sufficient, further microstructural investigations
are needed to better-understand the precipitation behavior after hot deformation, which
will be the focus of future studies.

Another interesting observation in this study was the change in the hardness distri-
bution pattern after artificial aging. Initially, as can be seen in Figure 4a, the condition
immediately after tool quenching revealed an almost homogeneous hardness distribution.
Then, the artificial aging of the as-quenched microstructure led to a general increase in the
hardness level, as well as to an inhomogeneous hardness distribution along the measured
distance (Figure 5a). The inhomogeneous hardness pattern is linked to the particular
cooling conditions within the hat-profile forming process, as the precipitation formation
and, consequently, the mechanical properties of the investigated alloy was strongly affected
by the cooling rate and the degree of supersaturation after quenching. Considering this
fact, during the forming and quenching operation, the nonuniform contact conditions
between the sheet and tool could lead to an inhomogeneous temperature distribution of
the pre-heated sheet material, resulting in different local cooling rates and the creation of a
microstructure with different solute atom concentrations. In this manner, zones with lower
cooling rates would contain few coarse quench-induced precipitates and lower solute atom
concentrations for nucleation and growth of strengthening particles during artificial aging.
Under the as-quenched condition, the strength difference between zones of different levels
of supersaturation was not very large, as the few already nucleated particles did not con-
tribute significantly to the material strength. However, during artificial aging, zones with
locally higher solute atom concentrations favored the extensive formation of strengthening
precipitates, whereas zones with lower levels of supersaturation did not develop the same
precipitation rate. This behavior may have led to the observed inhomogeneous material
hardness after artificial aging.

5. Conclusions

The influence of deformation degree at elevated temperatures on the precipitation
kinetics of AA7075 was investigated in this study with the following conclusions:

• The formation of a high-strength aluminum alloy at a high temperature of 420 ◦C led
to a higher formability compared to room-temperature forming due to the activated
softening mechanisms.
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• The response of artificial aging to the hot deformation represented only a low influence
on mechanical properties due to dynamic recrystallization and recovery, leading to a
decrease in dislocation density.

• Almost the same microstructure with the nucleation of fine precipitates, which act as
effective barriers to dislocation motion, as well as few coarse particles, were obtained
at hot deformations of 2% and 10%, confirming the low effect of the deformation
degree.

• Nonetheless, further microstructural investigations are needed to clarify the complex
precipitation–dislocation behavior during artificial aging.
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