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1. Introduction

High-strength aluminum alloys such as AA7075 are widely used
in the mobility sector to meet the need for improved energy effi-
ciency through lightweight design. Here, major advantages are

their high strength-to-weight ratio, excellent
structural performance, and good corrosion
resistance. However, their limited formabil-
ity and high springback at room tempera-
ture restrict further applications. As a
result, several temperature-assisted forming
processes have been developed, either soft-
ening the material for cold forming through
an appropriate pretreatment[1,2] or using ele-
vated forming temperatures.[3–8] Quite
recently, a hot forming–quenching (HFQ)
integrated process has been developed by
Jiang et al. for forming high-strength Al
alloys.[4] The basic principle is to finalize
the forming process before any aging-
induced strengthening. Clearly, such an
approach can be exploited to reduce the
springback and increase formability.

Increasing passenger safety standards in
the automotive sector requires improved
performance crash structures. In the case
of components made of steel, adapted
processing procedures have been devel-
oped throughout the last decades. High-
performance crash components can be

achieved with graded properties, combining high strength areas
with areas of high energy absorption in the same part. The tai-
lored tempering process is one of the manufacturing strategies to
obtain these functionally optimized properties. The tailored prop-
erties are achieved by controlling the cooling conditions during
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Herein, functionally graded AA7075 components manufactured via hot stamping
are investigated by focusing on the effect of different process variables on
localized microstructure evolution. To realize gradation through stamping, an
active tool is designed and applied. The design of experiments allows to assess
the impact of transfer time from the furnace to the tool, quenching time in the
tool, and final quenching media. Related characteristics of mechanical properties
throughout the hat-shaped profile are assessed via hardness and tensile tests. As
expected, the sections of the samples formed in the cooled part of the tool are
characterized by higher mechanical strength following subsequent aging, while
sections formed in the heated part exhibit higher ductility. Moreover, the
microstructural analysis reveals that fine precipitates with minimum interparticle
distances only form in the cooled section of the samples. Increasing the tool
temperature at the heated side to 350 °C results in the formation of coarse
precipitates in the grain interior and along the grain boundaries. A sharp gradient
in terms of microstructural and mechanical properties is found between these
conditions. After reducing the transfer time, an increased volume fraction of fine
precipitates leads to further improvements in hardness and mechanical
strengths.
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the forming and quenching process.[9–15] Tang et al. designed
segmented dies with active heating via heating cartridges and
active water cooling to nearly room temperature.[12] They
found that the final properties of the formed 22MnB5 steel part
can be controlled by tailored tempering, in which hardness
changes between heated and cooled zones are observed.
Similarly, George et al. produced a laboratory-scale B-pillar
Usibor 1500P boron steel employing heated and cooled tooling,
which can control the cooling rate locally to obtain crash-
optimized tailored properties in the same part.[13]

A similar process was employed for aluminum alloys.
Sajadifar et al. performed a hot stamping–quenching process
for AA6082 and AA7075 at varying cooling rates through differ-
ent tool temperatures to investigate the changes in the final
microstructures.[6,16] They observed that the change in the tool
temperature influences the quenching rate. A higher quenching
rate promotes the formation of fine precipitates during aging
treatment by creating a well-defined supersaturated solid
solution (SSSS) state before. Fan et al. examined the hot
forming–quenching process for 6A02 aluminum alloy in terms
of microstructural and mechanical properties.[3] They found that
the optimum tool temperature is 250 °C to obtain optimized
strength and formability simultaneously. Scharifi et al. presented
similar findings using various tool temperatures between 100
and 350 °C for the hot stamping process of AA6082 and
AA7075 alloys. No significant changes were seen in the strength
of the alloys for tool temperatures up to 200 °C.[17] A further
increase to 350 °C decreased the yield and ultimate tensile
strength while increasing the elongation continuously with
increasing tool temperature. Therefore, it can be concluded that
specific local material properties in the high strength solution
heat treated (SHT) aluminum alloys can be adjusted by hot form-
ing with a controlled cooling rate during tool quenching.[6,18]

In the literature available so far, only a very limited number of
studies provide details on local modification of properties of
AA7xxx series aluminum alloys.[19,20] To tackle this research
gap, the present study was conducted. The comprehensive study
detailed in the remainder of the article concentrates on obtaining
graded properties throughout the formed hat-shaped profile by
controlling the cooling conditions during the hot stamping
process. Thermomechanically processed AA7075 alloy sheets
following different forming–quenching times are examined to
understand the effect of various parameters on the final
strengthening behavior. Moreover, the effect of different transfer
times, which play a key role in the resulting properties, was also
investigated. The microstructure evolution and strengthening
mechanism were analyzed by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and X-ray dif-
fraction (XRD) analysis. The mechanical properties of the profile
are investigated via Vickers microhardness and uniaxial tensile
test. Results obtained are used to highlight future challenges
toward the development of high-strength aluminum alloys with
graded properties that can be used in the automotive industry.

2. Experimental Section

2.1. Material

The material used in the present study is AA7075 alloy in T6
condition supplied from AMAG rolling GmbH. The sheets
had a thickness of 1.5mm. The chemical composition reported
by the manufacturer is given in Table 1. The sheets were cut to
blanks of 260� 200� 1.5mm3. In order to decrease adhesion
effects at the high forming temperatures, the blanks were coated
with Mechano-Lube 6VP813 lubricant applied by a spray gun

Figure 1. a) Experimental setup for the hot stamping process, and b) details of the active tool parts.

Table 1. Chemical composition of AA7075 alloy.

Chemical composition [wt%]

Si Fe Cu Mn Mg Cr Zn Ti Tiþ Zr Al

Max. 0.40 Max. 0.50 1.2–2.0 Max. 0.30 2.1–2.9 0.18–0.28 5.1–6.1 0–0.20 Max. 0.25 Balance
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before hot stamping. The tool material used was Uddeholm
Unimax tool steel hardened to 57 HRC.

2.2. Hot Stamping

Hot stamping experiments were conducted by using a specifi-
cally designed tool depicted in Figure 1a to control the tooling
temperature as well as the resulting properties of the hat-shaped
profile. Graded properties were to be set via differential cooling
conditions in the same tool during the hot stamping process. As
shown in Figure 1b, one side of the tool is actively heated by elec-
trical heating components to a set temperature in a closed loop
control. In all tests, a homogeneous temperature distribution was
achieved. The other side of the tool is cooled by water flow
through channels. Heat transfer at the parting plane of the seg-
mented tool is limited by a 2mm air gap in the tools (Figure 1b).
The drawing depth was set to 40mm for hot stamping. A con-
stant distancing of 1.7mm was maintained between the upper
and lower tools. K-type thermocouples (TCs) were inserted into
both heated and cooled tools to measure the temperature evolu-
tion during the process.

The schematic representation of the hot stamping process is
shown in Figure 2. The blank was SHT at 480 °C for 15min and
then transferred to the forming tool with different transfer times.
It was placed on spring-suspended pins at a distance of 10mm
from the tool surface to reduce heat transfer before forming.
During the combined forming and quenching stage, the hat-
shaped profile was formed, and a heat transfer between the blank
and the tool occurred. After a specific quenching time in the tool,
the part was extracted and cooled down before applying aging at
120 °C for 20 h. A Nabertherm NA 15/65 furnace was used for
the SHT and the aging process. The temperatures of the heated
tools, the SHT, and aging conditions were defined based on the
study by Sajadifar et al.[16] The temperature of the cooled tool
section was kept constant at around room temperature, while
the heated tool section was kept at 350 °C for all experiments.
Different process parameters, i.e., transfer times (25 and 10 s),
quenching times in the tool (8 and 30 s), and cooling media
(air and water), Table 2, were applied to assess their influence
on the characteristics of the transition area and the resulting local
properties.

2.3. Characterization

2.3.1. Mechanical Characterization

The geometrical analysis of hat-shaped profiles is done using
GOM Atos V and GOM Inspect. The angle is measured between
the top and wall surface. Then, they were cut into three parts,
the top and two wall parts, with a band saw type SSF/420

(August Mössner KG, Schwäbisch Gmünd-Mutlangen,
Germany). For hardness measurements, samples were cut from
the top, flange, and wall surfaces of the hat-shaped profile via a
cutting machine (Struers, Discotom 5) at different locations indi-
cated with blue diamond (Figure 3a). The samples were embed-
ded in epoxy resin and then ground with SiC emery papers
(mesh sizes of 220-500-800-1000-2500-4000) and cleaned with
deionized (DI) water and ethanol, respectively. A DuraScan 20
(Emco-test Prüfmaschinen Gmbh) employing 1000 g load and
dwell time of 30 s was used to measure the Vickers hardness.

Uniaxial tensile tests were performed at a strain rate
of 0.001 s�1 using a Zwick Roell 100 kN machine (ZwickRoell
GmbH & Co. KG, Ulm, Germany) with a video extensometer
(videoXtens). Subsize flat tensile test samples, Figure 3b, were
cut from the top surface of the hat-shaped profile, and three
samples from the heated and cold sections were used for statisti-
cal analysis.

Moreover, in situ tensile tests were performed for samples
formed in the tool having a temperature of 300 ºC. Those
samples had similar graded properties as compared to
the 30W-10 sample in terms of microstructure and hardness.
For in situ tensile testing, samples with a cross section of
6mm� 1.3mm and a gauge length of 35mm were used. The
samples were taken from the middle section of the hat-shaped
profile (Figure 3a). The surface was ground down to 5 μm grit
size and polished utilizing a colloidal silica suspension.
Subsequently, the sample was sandblasted to create a stochasti-
cally distributed pattern on the surface. Tests were conducted
using an electromechanical MTS criterion Model 43 operated
in displacement control with a constant crosshead speed of
0.01mm s�1. The global strain was calculated based on displace-
ment data. A Nikon D3200 digital camera equipped with a Nikon
AF-5 Mirco Nikkor 105mm objective lens was used to take the
images for digital image correlation (DIC). Mechanical tests were
stopped every 0.35mm, i.e., every 1% strain. Afterward, local
strain calculations were made using the software VIC 2D
(Vers. 6) by Correlated Solutions.

Figure 2. Schematic representation of the hot stamping process. See text for details.

Table 2. Process parameters including quenching time and cooling media
on the final microstructural and mechanical properties of the functionally
graded parts. All conditions were subjected to an aging treatment after
forming.

Sample notation Quenching time [s] Cooling media Transfer time [s]

8A 8 Air 25

8W Water

30A 30 Air

30W Water

30W-10 30 Water 10
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2.3.2. Microstructure Analysis

Microstructure characterization was performed using SEM
(CamScan MV 2300) equipped with a tungsten filament at an
accelerating voltage of 30 kV. Back-scattered electron (BSE) mode
was employed for analyzing the second-phase particles. In order
to perform electron backscatter diffraction (EBSD) analysis, cut
samples were initially cut from the top surface of the hat-shaped
profile (Figure 3a), and then ground and vibro-polished for 24 h
in a colloidal silica solution (OPS). Fracture surface analysis was
performed by a SEM (JSM6610LV, JEOL Inc.) operated at 20 kV
in secondary electron (SE) mode. For phase analysis, samples
were characterized using XRD employing an Empyrean
four-circle diffractometer (Panalytical) with Cu Kα radiation.
The primary beam path was equipped with a poly capillary sys-
tem and a double cross slit, which created a beam size of 5 mm in
width and 1mm in height. On the secondary beam path, a par-
allel collimator in front of a Ge monochromator was installed.

A scanning range (2θ) of 15º–140º with a step size of 0.01°
and an exposure time of 3.5 s per step was used.

The crystal structure and morphology of the samples and pre-
cipitates were analyzed by using a TEM (JEM-2100, JEOL Inc.),
operating at 200 kV. Samples were disc-punched from thin foils,
mechanically thinned to 10 μm, and Ar ion-etched until perfora-
tion (PIPS Mod. 691, Gatan Inc.). Micrographs were recorded by
a slow-scan CCD camera (Orius SC1000, Gatan Inc.).

3. Results and Discussion

3.1. General Consideration

High-strength aluminum alloys show limited formability
and, thus, pronounced springback after forming; however, a ther-
momechanical process is expected to reduce springback.[5,21]

Figure 4 shows two formed geometries after the cold and hot
forming–die quenching process. The target angle being 93°, the

Figure 3. a) Location of tensile test samples, microstructure, hardness, and DIC measurement areas across the hat-shaped profile and b) subsize flat
tensile test geometry used for tensile testing (dimensions in mm).

Figure 4. Hat-shaped profile of a) the formed T6-7075 alloy at room temperature and b) the hot-formed and die-quenched SHT AA7075 alloy.
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T6-condition hat-shaped profile exhibits low-dimensional accu-
racy, Figure 4a, while the hot-formed and die-quenched SHT pro-
file, Figure 4b, reveals almost no springback. Therefore, it can be
concluded that the thermomechanical process, in which function-
ally graded properties are thought to be achievable by controlling
the local cooling conditions during forming, enhances the dimen-
sional accuracy of components formed out of an AA7075 alloy. In
how far this really is the case will be shown and discussed in the
remainder of the present article.

3.2. Impact of Quenching Conditions

3.2.1. Mechanical Characterization

Figure 5a displays the hardness distributions at the top surface of
four different hat-shaped profiles, with quenching times of 8 and
30 s in the tool followed by cooling in water and air, respectively
(see Table 2). Here, the transfer time from the furnace (SHT) to
the tool was kept constant at 25 s. All samples are characterized
by an obvious gradient in the hardness distribution, changing
from a softer area within the profile area being formed in the
heated tool section to a harder area in the cooled section.
Therefore, graded properties are successfully obtained, with

an increase of hardness within a local transition section of about
40mm in width.

A short quenching time and air cooling (8A) promote the least
pronounced gradient. However, the water-cooled sample (8W)
shows a significant increase in the overall hardness. A similar
hardness distribution can be obtained with a longer quenching
time and air cooling (30A). Again, water cooling increases the
overall hardness with the steepest gradient up to 150HV1 in
the cooled section. The difference in hardness between sections
increases from 15HV1 (8A) up to a maximum of 35HV1 (30W).

The medium hardness of the 8W condition shows that a
quenching time of 8 s in the tool being used in the present study
is not sufficient to cool down the blank sufficiently to eventually
avoid unwanted precipitation before aging (leading to the evolu-
tion of relatively coarse precipitates). However, the pressure hold-
ing time in practical production cannot reach 30 s; hence, the
optimization of forming tools, forming strategies, and forming
processes should be considered in order to obtain superior
mechanical properties even with a holding time of 8 s.
However, this is beyond the scope of the present work and it will
be addressed in a follow-up study.

Figure 5b reveals the influence of the tool contact areas on the
hardness distribution. The middle of the transition area is

Figure 5. Hardness distribution throughout the hat-shaped profile from the heated to the cooled section a) for different conditions: 8A, 8W, 30A, and 30W
samples, b) for the different sections of the 30W sample; c) temperature change at the specific section in the tool during the forming–quenching process,
and d) cross section of the heated section showing the actual positions of TCs.
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marked by the dashed line on both the hat-shaped profile and the
hardness graph. The top surface is characterized by a sudden
increase of hardness at the end of the heated section, whereas
the wall and flange surfaces exhibit a more gradual increase with
a sharp transition to a stable hardness level in the cooled section.
The wall area reaches the highest hardness of about 160HV1.

The changes in the hardness distribution are most likely due
to different contact conditions during forming and quenching,
eventually influencing the heat transfer as a result. The top sur-
face is in contact with the punch from the direct start of forming,
with forces in the forming zone pulling the top area against the
punch. This leads to higher contact pressure and increased heat
transfer.[22] The result is a sudden increase in hardness from the
heated section to the transition section. However, the wall and
flange surfaces were only subjected to reduced contact loads.
On the one hand, due to the constant distancing of 1.7 mm
between both sections, the contact area and contact pressure
were limited on the flange surface. On the other hand, the wall
section did not touch any tool surface until the end of the form-
ing process, eventually limiting the influence of contact-related
effects until the quenching stage. However, during the quench-
ing stage, the wall area was under high contact loads as the dis-
tance of the tool surface could reach values of less than 1.5mm.

Taking this into account, at least partially reduced contact
loads in the flange and wall surfaces reduced the heat transfer
between tool and blank. This would lead to inhomogeneous tool
temperatures during forming and quenching. Therefore, the
temperature profile, Figure 5c, was measured using K-type
TCs integrated into the die in the characteristic areas
(Figure 5d). The temperature changes in both sections started
after forming and remained until quenching. As expected, the
temperature suddenly dropped in the heated sections and
increased in the cooled sections due to the forming process
and the high contact pressure and heat transfer between the
blank and top surface of the punch, respectively. The reduced
contact loads in the flange and wall resulted in comparatively
slower quenching rates and smaller changes in tool temperature
(Figure 5c). Besides, the temperature measurement for the top
surface was taken at the corner of the punch and, thus, not exactly
at the position where the hardness profile was determined
(Figure 5b). Here, the corner of the punch is exposed to

higher contact pressure during the forming–quenching process.
Thus, the most pronounced temperature change at the cooled
and heated sections, respectively, was expected at this specific
position only.

It should be also noted that deformation was induced in
the side walls; thus, a high density of dislocations supported
the evolution of the finest precipitates (heterogeneous
nucleation/precipitation) upon aging in these regions. It is well
known that dislocations provide for additional nucleation sites
for precipitation.[23,24] This was not the case in the heated tool,
as coarse precipitates already formed before aging.

The mechanical properties obtained by tensile testing after hot
forming and die quenching with various parameters are given in
Figure 6. The samples formed in the cooled section of the die
exhibit similar ultimate tensile (UTS) and yield strength (YS) val-
ues as compared to the as-received T6 condition, i.e., 588 and
531MPa, respectively.[25] Samples from the heated section show
a 65% reduction in yield strength and a 75% improvement in
ductility. However, the significant influence of the parameters
on the hardness is less significant for the elongation (EL) values.
The reason could be the formation of larger precipitates within
the heated section of the tool during the hot forming–die quench-
ing process. Sajadifar et al. also found similar results for AA7075
alloys, in which the microstructure after forming is not supersat-
urated like that formed on the cooled section.[16]

The macroscopic and the local deformation behavior of the
30W-10 sample were characterized using the DIC technique
(Figure 7). The sample shown was taken from the middle section
of the hat-shaped profile, Figure 3a, in order to study the local-
ized deformation patterns within the graded part. In situ tensile
experiments revealed that plastic deformation is localized in that
region of the graded part that was formed on the heated side of
the forming tool. Already in the very early stages of deformation
strain localization can be seen; however, strain induced harden-
ing leads to the transfer of plastic deformation to the adjacent
sample areas. No traces of local embrittlement are seen in the
sample. The maximum strain obtained via DIC was about
16%. The spot of highest deformation is affected not only by
the microstructure gradient but also by the sample geometry con-
sidered. Thus, the decrease of local strains to the right is not an
effect of local microstructure but an increase of sample cross

Figure 6. Mechanical properties of samples subjected to different processes. All conditions were subjected to an aging treatment after forming.
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section and minor notch effects, respectively. Evidently, lower
yield strength and higher ductility of the material formed
on the heated section of the tool compared to that formed on
the cooled section can result in localization of deformation
during the loading of the graded part. As elaborated in the
following section, the formation of the second-phase particles
with various sizes and morphologies is responsible for such
an observation.

The fracture surfaces of the hot-formed and die-quenched
AA7075 alloys after a quasistatic tensile test were analyzed via
SEM to understand the effect of different tool temperatures,
i.e., 350 and 25 °C. All surfaces have similar characteristics;
therefore, only representative images of the sample quenched
for 30 s in the tool and subsequently water cooled are given in
Figure 8. Both fracture surfaces of samples formed in the heated
and cooled section of the tool show dimples and microvoids, con-
firming the presence of a ductile fracture mechanism. It can be
seen that the deformation within the heated section (350 °C)
leads to a slightly increased size of the dimples and microvoids
(Figure 8a). It is known that higher deformation temperatures
enhanced the diffusion rate as the responsible mechanism for
the coalescence of microvoids.[18] Therefore, smaller dimples
and microvoids were observed in samples deformed on the
cooled section in the present study (Figure 8b).

3.2.2. Microstructure Analysis

For the visual assessment of second-phase particles formed dur-
ing the thermomechanical treatments employed in the present
study, BSE micrographs of the samples quenched in the tool
for 8 and 30 s are shown in Figure 9. As observed, the formation
of the coarse precipitates took place in the microstructures of all
samples examined. According to the previous studies on the EN
AW 7075 alloy,[26,27] coarse precipitates formed are presumably η
phase with a stoichiometry close to MgZn2. White MgZn2 pre-
cipitates are shown with yellow arrows, encircling individual bulk
grains in Figure 9. The formation of coarse precipitates leads to
large interparticle spacing.[28,29] As a result of large interparticle
spacing, dislocation motions can occur with less resistance dur-
ing further deformation/loading of the material, eventually
degrading the strength and hardness of components. Low
strengths and hardness values obtained for all samples
(even for the sample formed for 8 s on the cooled side of the tool
following water cooling) already indicate that the interparticle
spacing should be relatively large.

It is also worth noting that higher volume fractions of coarse
precipitates can be seen through the microstructure of the
samples formed on the heated and transition sections of the tool
compared to those formed within the cooled section. The low

Figure 7. a) Engineering stress–strain curve of the 30W-10 sample and corresponding local strain distribution at selected global strains of b) 2%, c) 3%,
d) 4%, and e) 5%.

Figure 8. SEM micrographs of fracture surfaces taken from a) the heated and b) the cooled sections of the 30W sample.
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cooling rate from solution heat treatment temperature within the
heated and transition sections results in the formation of coarse
precipitates along the grain boundaries and within the grain inte-
rior. The formation of precipitates before the aging treatment
reduces the supersaturation degree of the SHT sample.
Hence, during the subsequent aging treatment, the solute atoms
further segregate toward coarse precipitates to assist the growth
of second-phase particles formed.[26,30]

Other important parameters to be considered are quenching
time and cooling media. The characterization of the mechanical
properties revealed that samples formed in the tool for 30 s fol-
lowed by water quenching, resulting in the highest difference in
mechanical properties between the cooled and heated sections.
This can be attributed to both a higher cooling rate in water after
forming and a higher contact time in the sample formed in the
tool for 30 s. However, the aforementioned microstructural rea-
sons can hardly be assessed on the basis of BSE images. The size
of nanoscale precipitates can hardly be compared in the BSE
micrographs shown. Due to the resolution limitation of the
SEM employed, only coarse η precipitates can be distinguished.
The sizes of η 0 precipitates and Guinier–Preston (GP) zones as

strengthening precipitates are supposed to be less than 10 nm.
Therefore, SEM studies can only be used to characterize coarse
precipitates formed through the microstructure. In the following
section, TEM studies are carried out to characterize η 0 precipi-
tates and GP zones in depth.

3.3. Impact of Transfer Time

3.3.1. Mechanical Characterization

In the hot forming–die quenching integrated process, different
tool temperatures allow for tailoring the mechanical properties
and the microstructure of AA7075 alloy. This can be easily
correlated with the hardness profile, uniaxial tensile test, and
microstructural analysis of AA7075 in the previous sections.
On the other hand, the authors assumed that an even improved
hardness and tensile strength in the cooled die can be obtained
by a reduced transfer time, i.e., the time period between taking
the blank out of the furnace and the start of the forming process.
It is well known that the transfer time affects the properties and
the characteristic of the transition section such that the

Figure 9. BSE micrographs of the a–c) 8A and d–f ) 8W, g–i) 30A, and j–l) 30W samples.
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temperature of the blank is expected to decrease during transfer
time, which finally leads to a change in the quenching rate.[25] As
considerable temperature losses during the transfer of the blank
can influence the material properties, a comparative study was
conducted using transfer times of 25 and 10 s.

Figure 10a shows the comparison of hardness results before
and after reducing the transfer time. Although a slight change
was detected in the heated section, the most significant influence
on the hardness is observed within the cooled section after 10 s
with an increase of hardness to about 165HV1. It can be said that
the transfer time influences not only the hardness but also the
characteristic of the transition section. Here, it could be revealed
that the hardness gradient in the transition section is consider-
ably higher after 10 s than after 25 s of transfer. Pronounced
changes in hardness are seen just after the end of the transition
section and the remaining region of the cooled section. This fact
is thought to be related to inhomogeneous contact conditions
between the blank and the tool.

Figure 10b reveals the effect of the transfer time on the
mechanical properties of the AA7075 alloy. The influence on
the yield strength of the alloy is more pronounced when the
transfer time decreases from 25 to 10 s on both heated and cooled
sections. As the temperature loss is expected to lessen in the case
of 10 s transfer time, a more pronounced temperature gradient
was maintained at the cooled section resulting in higher strength
values. Obviously, the elongation decreases when the transfer is
decreased to 10 s.

3.3.2. Microstructure Analysis

BSE micrographs of the sample with a transfer time of 10 s and
then quenched in the tool for 30 s followed by water cooling
(30W-10) are shown in Figure 11. As can be seen, coarse precip-
itates were formed in the grain interior and along the grain
boundaries of the heated section. BSE micrographs taken from
the transition and cooled sections reveal that a lower transfer
time hampered the formation of precipitates. Although a few
coarse precipitates are formed along the grain boundaries in
the cooled section of the sample, the volume fraction of coarse
η particles is considerably lower than in the sample with a trans-
fer time of 25 s (Figure 9). The reduced transfer time maintained
a higher temperature difference between blank and tool before
forming, resulting in a higher cooling rate and eventually a
higher degree of supersaturation prior to aging. Hence, a higher
volume fraction of fine precipitates (presumably η' phase) can be
formed during subsequent aging treatment. Fine and dispersed
precipitates lead to a short interparticle spacing signifying
dislocation–precipitate interactions.[29,31,32] By taking changes
in the mechanical properties and microstructural evolution into
account, it is worth noting that with a decrease in the transfer
time, the hardness and UTS values are close to the T6 condition
(Figure 10b). Higher hardness, yield strength, and UTS of the
sample with a transfer time of 10 s compared to that with a trans-
fer time of 25 s can be ascribed to the higher volume fraction of
fine and dispersed second-phase particles formed.

Figure 10. a) Hardness distribution and b) mechanical properties of 30W samples with 10 and 25 s transfer times.

Figure 11. Backscattered SEM micrographs of the 30W-10 sample: a) heated section; b) transition section; and c) cooled section.
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The type and morphology of the precipitates formed in the
hot-formed and die-quenched AA7075 samples were analyzed
by TEM. Figure 12a shows the microstructure of the sample
formed in the cooled section of the tool with a small amount
of coarse equilibrium η phases precipitate, and homogeneously
distributed η 0 phase nanoprecipitates formed within the grains
(Figure 12b). These metastable η 0 exhibiting a rounded platelet
structure are thought to be the strengthening precipitates for
AA7075 alloy.[4,30] In addition, GP zones and needle-shaped pre-
cipitates, respectively, were observed in the microstructure of the
cooled section (Figure 12c). Such extremely fine η 0 precipitates
and GP zones were reported to form within the grain of AA7075
alloy after SHT and the subsequent aging process.[27]

On the other hand, the microstructure of the heated section
contains unevenly distributed coarse η precipitates both in the
grain interior and at the grain boundaries (Figure 12d–f ). As a
lower cooling rate prevails in the heated section of the tool, the
formation of a coarser plate-like η phase, having around
200 nm in length, was observed. Zhang et al. reported that the
precipitation of η phase nucleates at grain boundaries and their
amount increases with decreasing cooling rate, which is also in

agreement with the microstructural analysis of the samples.[33]

TEM studies and mechanical behavior of the graded AA7075 alloy
revealed that changes in the mechanical properties throughout the
graded part are related to the types and morphologies of the
second-phase particles formed. The formation of fine η 0 precipi-
tates and GP zones resulted in effective precipitate–dislocation
interactions, eventually leading to the improvement of material
strength at a loss of ductility. However, the formation of coarse
η precipitates increases the interparticle spacing, eventually weak-
ening the effect of precipitate–dislocation interactions and, hence,
reducing the strength. Figure 12g,h depicts a detailed characteri-
zation of the GP zones. It can be concluded from the selected area
electron diffraction (SAED) images that the GP zones are charac-
terized by coherency with the Al matrix, elongated clusters
seen are near-coherent (Figure 12g). It is well known that in
Al–Zn–Mg–Cu alloys the GP zones, η 0 and η precipitates are coher-
ent, semicoherent, and incoherent with the Al matrix, respec-
tively.[34,35] Besides, the η MgZn2 precipitates are epitaxially
intergrown in the Al matrix, elongated alongside the {111}Al plane.

XRD analysis was performed to provide an additional
assessment of the second-phase particles formed during the

Figure 12. TEMmicrographs of the 30W-10 samples formed a–c) at the cooled and d–f ) heated sections of the tool. Detailed examination of GP zone of
the dotted region in (c): g) experimental SAED indexed for Al (red) and η-MgZn2 (green); insets are stereograms for both phases in corresponding
orientation; h) irregular elongated near-coherent Zn–Mg clusters in the Al matrix; a fast Fourier transform (FFT) is shown in the inset.
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forming/quenching sequence. Figure 13 shows the XRD pattern
for the 30A sample formed on the heated side of the tool and the
30W-10 sample with a transfer time of 10 s formed on the cooled
side of the tool. The reason for choosing these two samples is to
be expected the most pronounced differences between them. It is
well documented that due to the overlapping peaks, the η' and η
phases in the AA7075 alloy can hardly be distinguished from
each other.[36,37] XRD confirmed that second-phase particles
were formed during forming and the heat treatment employed
in the present study. It is also worth noting that the intensity of
the peaks corresponding to η' and η phases are higher for the
sample formed on the heated side of the tool compared to that
formed on the cooled section. This can be ascribed to the forma-
tion of a higher fraction of coarse η precipitates in this sample
(Figure 12d–f ). It is well known that when the fractions of η' pre-
cipitates and GP zones are higher than that of the η phase in a
sample, peaks corresponding to the second-phase particles are
weaker.[36]

3.4. Process–Property Relationships

The results shown in the present study revealed the ability to suc-
cessfully manufacture thermomechanically processed AA7075
alloy sheets with graded properties using an active tool design.
The question of how quenching and cooling rate during and after
the forming process influence the precipitation kinetics and, ulti-
mately, the property distribution of the formed hat-shaped profile
was answered. Different forming–quenching times and cooling
media were examined to understand the effect of various param-
eters on the final strengthening behavior, as well as on the
achievement of a functional gradation in the AA7075 alloy.

The thermomechanical process was shown to enhance
the dimensional accuracy of components formed out of a func-
tionally graded AA7075 alloy. This was also found in the study
of Maeno et al., in which an aluminum alloy part was success-
fully produced with high-dimensional accuracy by hot stamp-
ing.[38] For partial heating, the tool temperature was selected as
350 ºC, while room temperature was chosen within the cooled
section of the tool. It was previously shown for AA7075 alloys
that 350 ºC is an adequate temperature to achieve a critical cool-
ing rate for obtaining reduced strength and improved ductility
in the formed part.[16] The present study also revealed that this
temperature is sufficient to establish graded properties
throughout the hat-shaped profile. Moreover, different hard-
ness distributions and, thus, a characteristic gradient behavior
were observed after applying various process parameters dur-
ing the hot forming–die quenching process. The water cooling
after forming increased the overall hardness, finally promoting
the steepest gradient in the cooled section. At the same time,
no significant difference in the hardness of the heated section
of hat-shaped profiles formed by various parameters was
found.

The highest difference in local mechanical properties between
the cooled and heated section of the hat-shaped profile is
achieved by forming–quenching in the tool for 30 s followed
by water cooling. The reason is thought to be a higher cooling
rate in water after forming as well as a higher contact time in

Figure 13. XRD patterns for the heated section of the 30A, and the cooled
section of the 30W-10 sample.

Figure 14. Schematic representation of thermomechanical process route used in the present study.
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the tool during quenching. In addition, an increased contact time
resulted in the extraction of more heat until the temperature of
the part and the tool reached equilibrium.

A reduced transfer time affected not only the hardness but also
the characteristics of the transition section in the hat-shaped pro-
file. As a result of a less pronounced temperature loss, higher
strength and lower elongation at break were attained due to a
higher volume fraction of fine and dispersed second-phase par-
ticles formed in the cooled section (Figure 14). TEM investigation
revealed that finely distributed precipitates (η' and GP zones)
were formed at the highest cooling rates. In contrast, zones of
low hardness exhibited significantly coarser η precipitates, even-
tually hindering precipitate–dislocation interactions, resulting in
a decrease in mechanical property.

4. Conclusion

In the present study, thermomechanically processed AA7075
alloys with functionally graded properties were successfully
manufactured by controlling cooling conditions, i.e., by using
dies heated at 350 °C and cooled at 25 °C. This study presents
comprehensive results regarding the effect of various process
parameters on the strengthening behavior of high-strength alu-
minum alloys: 1) The hat-shaped profiles exhibit two regions
after forming. The high ductility region allows for high energy
absorption, while the high strength of the part can be ensured
by the properties within the cooled section. Excellent structural
integrity in terms of localized features can be revealed by local
strain analysis employing DIC. 2) The hardness increase of sam-
ples formed within 30 s in the tool and followed by water cooling
was more pronounced within the cooled section, so that the hard-
ness level between the heated and cooled sections reached
around 35HV1 difference, leading to the formation of the most
pronounced gradient in terms of mechanical properties. 3) As
hot forming–quenching within the dies having different temper-
atures enables obtaining various cooling rates, the morphology,
distribution, and size of the precipitates showed different char-
acteristics in the cooled and heated sections of the hat-shaped
profile. 4) The quenching rates inside different sections of the
workpiece vary due to different contact conditions and therefore,
hardness values also differ. 5) Microstructural studies based on
BSE, TEM, and XRD confirmed that a high fraction of strength-
ening precipitates, i.e., η' precipitates and GP zones, were intro-
duced in the section formed on the cooled side of the tool.
However, a high fraction of coarse η was introduced in the sec-
tion formed on the heated side of the tool. The results revealed
that the gradation of AA7075 alloy through the formation of dif-
ferent types and morphologies of second-phase precipitates
employing various forming strategies is feasible.
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