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1. Introduction

Over the past decades, lightweight design became one of the
main subjects in the transportation sector.[1] To address this

challenge, different engineering materials
were studied and are used to meet global
trends toward intense CO2 reduction.[2–5]

Still, this scenario promotes an enormous
effort and numerous novel solutions to
produce light components with superior
mechanical properties. Aluminum and its
alloys were found to be an outstanding can-
didate for applications demanding light-
weight design and adequate performance
due to their excellent strength-to-weight
ratio.[4] To realize complex-formed thin-
walled structures, a multitude of forming
processes have to be applied to treat the
alloys and sheet materials in focus.[6,7]

The sheet forming strategies developed
for high-strength aluminum alloys require
high dynamic forces. Further, they include
several deformation steps and strain paths,
eventually leading to various detrimental
effects, such as springback, local thinning,
damage nucleation, damage propagation,

and so forth.[8,9] These effects are caused by the limited formabil-
ity and the corresponding elastic–plastic behavior of high-
strength aluminum alloys, particularly at room temperature.
To overcome these challenges, a novel thermomechanical form-
ing route, which was first proposed by Lin et al.,[10] offers path-
ways toward an superior formability, concomitantly reducing
springback in the final geometry. For this reason, this method
has gained significant interest of aluminum suppliers and, thus,
is the topic of numerous current scientific works.[11–15]

The aforementioned approach for the forming of aluminum
alloys combines solution heat treatment (SHT) and hot stamp-
ing including simultaneous cooling within the forming tools.
In general, hot forming of aluminum alloys at temperatures well
above room temperature increases the formability as is reported
in numerous studies, e.g., the study by Li et al.[16] The hot defor-
mation behavior of AA2024 in a wide range of temperatures
(350–493 �C) was investigated by Wang et al. using a Gleeble
3800.[17] The results obtained in that study reveal a pronounced
increase in total elongation with increasing deformation temper-
ature up to 450 �C. This behavior was rationalized by thermally
activated softening mechanisms. Therefore, this temperature
was assumed to be the optimum forming temperature. At higher
temperatures (e.g., 493 �C), the ductility of the investigated
material decreased dramatically. A similar trend was observed
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Herein, the effects of a very recently introduced novel thermomechanical process
route on the microstructural evolution and dynamic tensile deformation behavior
of two different precipitation hardenable aluminum alloys, i.e., AA6082 and
AA7075, are studied. The investigated materials are hot formed and quenched in
differently tempered tools to reveal the influence of cooling rate. Microstructure
analysis is conducted to study the influences of different cooling strategies on the
microstructure evolution and prevailing strengthening mechanisms in the
investigated conditions. Dynamic tensile tests at strain rates of 40, 200, and
400 s�1 coupled with digital image correlation are further conducted to study the
mechanical performance and the local deformation behavior. Experimental
results show a decrease in yield and tensile strength for the material quenched at
higher tool temperature. With increasing strain rate, strength and elongation
to failure of the investigated alloys increase for all conditions. The obtained
mechanical properties can be rationalized based on the prevailing microstructural
features. Both alloys show fine and well-distributed precipitates upon fast
quenching, whereas coarse precipitates prevail upon slow cooling.
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for AA2060. Upon increasing the temperatures to values
above the optimum, a steep decrease in elongation to failure
resulted.[18] Further studies focusing on the hot forming process
of complex-shaped components revealed high dimensional
accuracy and less pronounced material thinning. Furthermore,
similar mechanical properties as compared with the as-received
(AR) T6 condition for heat treatable aluminum alloys were
found.[19–21] At the same time, the integrated process has been
shown to be of highest interest for the forming of non-heat treat-
able aluminum alloys.[22,23]

The novel approach offers a wide range of cooling strategies
for tailoring various properties in case of heat treatable alumi-
num alloys. However, several challenges prevail in parallel: a
complete dissolution of alloying elements during solution
treatment, suppression of nucleation and growth of precipitates
especially at the grain boundaries, preservation of the supersat-
urated state as well as perpetuation of the high concentration
of vacancies by high cooling rates, are essential factors to be
adequately addressed to set the final mechanical properties.
The individually established metastable condition (by apt ther-
momechanical processing) promotes in case of precipitation-
hardenable aluminum alloys, such as AA2xxx, AA6xxx, or
AA7xxx series, the subsequent nucleation and growth of precip-
itations during an additional aging process at moderate temper-
atures.[24] The most important specific condition, the so-called
supersaturated solid solution, can robustly be established in
the combined forming process using apt forming tools. Foster
et al.[25] investigated the influence of different quenching and
cooling rates, respectively, on the final mechanical properties
of AA6082. They used artificially aged conditions for comparison
upon quenching/cooling directly in water, cooled flat tools and in
air. Similar mechanical properties including yield strength (YS),
ultimate tensile strength (UTS), and elongation to failure were
found after quenching in water and the tool, whereas the air-
cooled condition showed a significantly lower strength level.

In the novel thermomechanical process under consideration,
the cooling of the heated blank is limited and controlled by the
tool temperature. Forming with the help of heated tools prevents
the preheated material from being subjected to high cooling
rates as compared with cooled tools and, thus, leads to further
improved formability. Therefore, several scientific studies
already were conducted to establish a compromise between
the cooling rate caused by different tool temperatures and main-
tenance of good formability. In these studies, the microstructural
evolution and the mechanical behavior of the alloys under
consideration were linked.[26–31] Fan et al. and Yuan et al. inves-
tigated different forming processes using heated lower and
upper tools as well as a gradient tool, i.e., a heated lower and
a cooled upper forming tool. For this purpose, samples of heat
treatable AA2A12 and AA6151 were investigated using a hat-
shaped tool with a punch displacement of 40mm at tool temper-
atures ranging from 100 to 350 �C. The aging treatment for both
investigated materials was conducted at room temperature. To
determine the mechanical properties, tensile samples were taken
from the top side of the formed hat profile. As the temperature
distribution of the preheated sheet during the positioning and
forming is of a great importance in these experiments, the
transfer time was kept as short as possible (3 s) and the forming
time offset was set to 5 s. In their studies, the cooled upper and

heated lower forming tools configuration led to superior mech-
anical properties of the formed material at sufficiently good
formability.[29] Forming operations using a cooled upper tool
allow for a high cooling rate and, thus, inhibit nucleation and
growth of precipitations. As evidence, no coarse particles were
observed in related conditions.[28] Lower cooling rates imposed
by heated tools promote precipitation already during the cooling
step due to a sufficient level of diffusion.[32]

The novel forming process in focus, as detailed earlier, prom-
ises a considerable improvement of forming limits and signifi-
cantly reduced springback as compared with the state-of-the-art.
At the same time, its potential to improve the mechanical prop-
erties of structural parts and to reduce processing times has been
already revealed.[30,33] For this reason, this technology is highly
promising for serial production in the automotive sector and
forming of lightweight, complex-shaped aluminum compo-
nents.[34] Considering this scenario, the parts used in the trans-
portation industry, especially in crash relevant components, have
to withstand a multitude of loading conditions, e.g., related to
dynamic loading and energy absorption capability. Therefore,
the dynamic plastic deformation behavior of the designed struc-
tures is of key importance. The relevant performance can be
determined with the help of different techniques.[35–37]

Numerous studies already focused on the high strain rate (HSR)
deformation behavior of aluminum alloys at room tempera-
ture.[38–48] Yan et al. explored the strain rate sensitivity (SRS)
of AA5059 aluminum alloy in a wide range of strain rates from
0.001 to 5000 s�1.[38] A positive SRS was observed up to 3500 s�1,
whereas SRS was found to be decreasing slightly with further
increase in strain rate. Further investigations on the SRS of sev-
eral aluminum alloys, focusing on the 6000 and 7000 series in
the T6 condition, using Split-Hopkinson tension bar, were
conducted by Chen et al.[42] It was shown that plastic flow of
the 6000 series at room temperature is less sensitive to the strain
rate changes as compared with the 7000 series alloys.
Concerning the dynamic deformation response of 7000 series
alloys, an increase in YS and UTS as well as in total elongation
was observed with increasing strain rate.[49] The increase in these
values during dynamic loading is reported in other studies as
well.[50–53] Other recent studies present models to rationalize
and predict the evolution of microdefects based on the constitu-
tive behavior for an AA5059 aluminum alloy to analyze harden-
ing effects induced by thermally activated dislocation movement
as well as flow softening at very high strain rates.[54] The applied
model shows high accuracy in predicting the stress response and
evolution of voids for the investigated material. Of great interest,
at least from the metal forming point of view, is the dynamic
deformation behavior of formed parts after an integrated thermo-
mechanical treatment. However, data reporting on the perfor-
mance of differently processed aluminum alloys under impact
loading and HSR deformation, respectively, are rare in open
literature. Sasso et al. compared the high strain tensile defor-
mation of AA7075 in T6 and O conditions using the Split-
Hopkinson technique.[55] Both conditions are characterized by
an increase in yield and ultimate tensile strength with increasing
strain rate. As expected, the strength reported for T6 was
significantly higher than for the O condition. Furthermore,
AA7075-O showed higher ductility and an increase in elongation
at failure, respectively, at higher deformation rate, while the
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elongation at failure of the T6 condition remained on the same
level. In case of non-heat treatable aluminum alloys, e.g., the
5000 series, a decrease in flow stress with increasing strain rate
in the range of 10�4 to 10�1 s�1 was observed, which then rises
with increase of the strain rate up to 7.9� 102 s�1.[56] At very low
strain rates, the flow behavior of this material at room tempera-
ture is characterized by the occurrence of serrations in the stress–
strain curves.[56–59] This occurrence is accompanied by the
formation and propagation of shear bands on the sample surface,
which are caused by the dynamic interaction between disloca-
tions and mobile solute atoms.[60–62] At very high strain rates,
the stress–strain curve becomes smooth due to less-pronounced
interaction between solute atoms and dislocations.[56] This behav-
ior was further found for aluminum alloy AA5083 as well as for
Al–Mg alloys by Hopperstad et al. and Coë et al. focusing on
investigations at 100 s�1.[63,64] At this point, however, it has to
be noted that 6000 series and 7000 series alloys, at least in aged
conditions, are by far less sensitive to these effects.[65,66]

From analysis of current state-of-the-art, it becomes obvious
that there is still a lack of data reporting on the characteristics
of AA6082 and AA7075 alloys processed via the novel thermome-
chanical technique subjected to dynamic loading. As detailed
earlier, many research works already focused on the behavior
of thermomechanically processed high-strength aluminum
alloys in the quasistatic regime. However, the characteristics
of these alloys have to be explored in the HSR regime to under-
stand in depth the relationships between mechanical properties
and microstructural evolution of different conditions with
respect to the envisaged fields of application. Thus, the aim of

this study is to investigate the HSR tensile behavior and at
the same time, the local strain distribution evolution, of thermo-
mechanically processed high strength aluminum alloys at differ-
ent strain rates ranging from 40, 200, and 400 s�1.

2. Experimental Section

2.1. Materials

In this study, two different heat treatable aluminum alloys
were investigated: AA6082 (Al–Mg–Si), commonly used for
structural components in automotive applications, and AA7075
(Al–Zn–Mg (–Cu)), which is typically favored in aerospace appli-
cations due to its high strength. The AR material condition
(Table 1) of both alloys was T6 (solution heat treated, quenched,
and artificially aged) being characterized by YS and UTS of 306
and 345MPa for AA6082 and of 520 and 580MPa for AA7075,
respectively. Both materials were sectioned into blanks of
250� 180� 1.5 mm3.

2.2. Forming and Heat Treatment Experiments

The hot forming process used in this work is schematically shown
in Figure 1. Forming included three main steps: 1) solution
annealing, 2) hot forming and quenching, and 3) artificial aging.
All steps were in line with the procedure detailed for the novel
thermomechanical process recently introduced in the studies
by El Fakir et al. and Mohamed et al.[22,67] The integrated forming
process combines hot forming and quenching of the heated blank
within the forming tools after initial SHT. In this regard, initial
SHT is conducted to homogeneously dissolve the alloying ele-
ments within the Al matrix. The subsequent forming operation
allows for both realization of complex-shaped geometries enabled
by hot forming and realization of a supersaturated solid solution
(SSSS) state due to the high cooling rate imposed by forming.
Eventually, the cooling rate can be tailored by adequate tool tem-
perature. Subsequently, the hardenablematerial is artificially aged

Table 1. Chemical composition of the investigated alloys determined by
optical emission spectroscopy.

Chemical elements [wt%] Si Fe Cu Mn Mg Cr Zn Ti Others

1 AA6082—AR 0.9 0.42 0.10 0.44 0.8 0.02 0.19 0.04 0.03

2 AA7075—AR 0.08 0.12 1.6 0.04 2.7 0.19 5.9 0.05 0.03

Figure 1. Illustration of the thermomechanical process route used (left) including detailed views on the tempered forming tools (right). See main text
for details.
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to obtain full strength and enhance the mechanical properties.
The thermomechanical process parameters detailed in Table 2
focused on the influence of different cooling rates on the final
mechanical properties of both alloys. Accordingly, the sheet mate-
rials were first heated up to 540 �C in case of AA6082 and 480 �C
in case of AA7075 (as recommended in literature to avoid
overheating[30,33]) in a roller hearth furnace and soaked for 900 s
at the SHT temperature. After the transfer, taking around 6–8 s,
the heated blanks were formed and quenched either within cooled
(24 �C) or heated forming tools (200, 350 �C) for 30 s. Rapid cool-
ing aimed at suppressing the nucleation of precipitations and
establishing a metastable, supersaturated state. Heated tools were
used to decrease the cooling rate during the forming process and
eventually allow for the evolution of precipitates and their

respective growth already at this stage. All formed blanks were
aged immediately at 165 �C for 8 h in case of AA6082 and at
120 �C for 20 h in case of AA7075, respectively, to obtain a well
defined condition on further cooling to room temperature. The
aging parameters used in this work have been selected based
on own previous investigations[13,30] and aimed at obtaining sim-
ilar mechanical properties, with a primary focus on superior
strength, similar to commercial T6 condition. Obviously, maxi-
mum achievable strength in the conditions formed at a tool tem-
perature of 350 �C is lower due to loss of solutes imposed by less
efficient quenching. Still, aging parameters used lead to highest
strength being achievable in this condition. Furthermore, the con-
ditions obtained upon artificial aging treatment did not suffer any
further changes in precipitate characteristics during storage and
testing at ambient temperature and, thus, are referred to as
“stable conditions” in the remainder of the article (even if not
being in a thermodynamically stable condition). These states were
then the base conditions for further investigations.

2.3. Property Characterization and Test Setup

To characterize the prevailing microstructures of the formed
parts after thermomechanical processing and the deformation
properties under dynamic loading conditions, the testing proce-
dure, as schematically shown in Figure 2, was designed. Tests
were conducted for all conditions established (forming tool tem-
peratures of 24, 200, 350 �C) and results obtained compared with
the AR T6 condition. Detailed information on the individual is
provided in the following subsections.

Table 2. Main experimental parameters used in this work.

Investigated
material

SHT temperature
[�C]

SHT time
[s]

Tool temperature
[�C]

Aging

1 AA6082—AR – – – –

AA7075—AR – – – –

2 AA6082 540 900 24 165 �C—8 h

AA7075 480 900 24 120 �C—20 h

3 AA6082 540 900 200 165 �C—8 h

AA7075 480 900 200 120 �C—20 h

4 AA6082 540 900 350 165 �C—8 h

AA7075 480 900 350 120 �C—20 h

Figure 2. Schematic illustration of the experimental procedure upon thermomechanical treatment. a) Microstructural characterization using EBSD
technique and BSE imaging as well as fractography, b) HSR tensile testing including non-contact full field 3D strain measurement, and c) sample geom-
etry (thickness t¼ 1.5 mm).
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2.3.1. Tensile Tests

The samples for tensile testing were machined by electrical
discharge machining with a gauge length and width of 25 and
10mm, respectively, Figure 2c. Samples for all strain rates were
sectioned along the rolling direction of the formed parts in the
condition after the aging process. A servohydraulic high-
speed tensile testing machine (HTM8020, Zwick and Roell
GmbH & Co. KG) equipped with an 80 kN load cell (effective
piston stroke of 250mm and maximal piston speed of 20m s�1)
was used to determine the properties of the formed parts under
dynamic tensile loading. All tensile tests were conducted at room
temperature and at three different nominal strain rates, i.e., 40,
200, and 400 s�1. Three tensile tests for each condition were con-
ducted for both materials. During the tests, the kinetic energy of
the initially accelerated piston is transformed into deformation
work eventually causing the dynamic plastic deformation of
the fixed specimen inside the machine, Figure 2b. This effect
leads to an oscillation of the whole testing rig, which is most pro-
nounced at highest deformation speeds. As a result, the obtained
tensile curves, especially for the tests at higher strain rates, are
characterized by serrated flow and wavy propagation. It is impor-
tant to note that this behavior is not related to the intrinsic
mechanical behavior of the tested material. This kind of wavy
behavior has been already reported and discussed for tests at very
high strain rates for various alloys in literature.[43,68–70]

2.3.2. Digital Image Correlation

To characterize the local strain evolution in the investigated
samples, the digital image correlation (DIC) technique (the setup
for acquiring optical images being coupled with the tensile
testing machine) was used for tests at all strain rates. To guar-
antee for adequate contrast on the sample surface, a surface pat-
tern was applied using two different colors sprayed onto the

surface.[71,72] The local strain measurement was conducted based
on data recorded by two high-speed cameras (Photron Europe
limited fastcam-X2) in stereographic arrangement focusing on
the tensile specimen surface. The used high-speed cameras
are equipped with high-performance objective lenses Rodagon
80 (focal length of 80mm and image circle of 65mm).
The resolution for all experiments was set to 384� 264 pixels
and the frame rate at 100 Kfps. Data were evaluated using
commercial software for calculation of full-field 3D strain maps
(VIC-3D, Correlated Solutions).

2.3.3. Microscopy

A scanning electron microscope (SEM) equipped with an elec-
tron backscatter diffraction (EBSD) unit operating at a nominal
voltage of 20 kV was used to characterize the microstructure and
fracture surfaces of the samples in various conditions. Standard
grinding and polishing procedures were used for sample prepa-
ration. For EBSD measurements, the samples were prepared by
additional 24 h of vibropolishing in a colloidal silica solution
(OPS). The step size of EBSD measurements used for all condi-
tions was 1.5 μm. Grain sizes were determined by both the linear
intercept method and the EBSD OIM software.

3. Results and Discussion

3.1. Microstructure Investigation

3.1.1. EBSD

The effects of thermomechanical processing on the grain sizes
and general microstructure appearance of AA6082 and AA7075
alloys were analyzed by EBSD measurements. Figure 3 shows
the EBSD images (inverse pole figure [IPF] maps) of both alu-
minum alloys in different conditions. Grain sizes of AA6082

Figure 3. EBSD micrographs (IPF maps) for a) AR conditions and samples formed in the tool with temperatures of b) 24 �C, c) 200 �C, and d) 350 �C.
Color coding is plotted for RD according to the standard triangle shown on the upper right of (b); See text for details.
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and AA7075 alloys in the AR condition were determined to be
32 and 25 μm, respectively. Generally, the combination of solu-
tion heat treatment and hot forming at various tool tempera-
tures only leads to minor differences in the grain sizes
of both alloys although the microstructures of the samples
formed in the hot tools show the development of substructures.
The grain sizes of AA6082 and AA7075 alloys after thermome-
chanical processing in tools with various temperatures were
determined to be in the range of 27–29 and 22–25 μm, respec-
tively. Previous investigations on these alloys also revealed the
constancy of grain sizes during hot stamping.[34,73] Solute
elements are thought to be responsible for inhibiting recrystal-
lization and subsequent grain growth by reducing grain
boundary mobility.[74]

3.1.2. Backscattered Electron Contrast Analysis

The microstructures of both alloys formed and quenched/cooled
in the tools with different temperatures were further analyzed by
SEM utilizing backscattered electron (BSE) contrast, as shown in
Figure 4. From these micrographs, it can be deduced that the tool
temperature is a very influential parameter on the sizes and mor-
phologies of precipitates formed in the subsequent aging treat-
ment. Coarse precipitates are seen in case of the samples of both
alloys formed and cooled within the hot tools (350 �C), while very
fine and dispersed precipitates were formed in those conditions
quenched in the cold tools (24 �C). Such fine and dispersed pre-
cipitates are known to significantly enhance the strength of
metallic materials due to the interaction between these second-
phase particles and dislocations.[75,76] Improved strength of both

alloys formed and quenched in the cold tool can be ascribed
to the formation of fine and well dispersed precipitates throughout
the microstructure. In case of the AA7075 sample formed
and cooled in the hot tool, microstructure consists of fine precip-
itates in the grain interior and relatively coarse precipitates
along the grain boundaries, Figure 4d. Lower cooling rate after
solution treatment leads to the development of relatively large
precipitates along the grain boundaries, eventually causing a
depletion of the surrounding areas in precipitate forming ele-
ments.[77,78] Therefore, formed precipitates during subsequent
aging treatment are not adequate for strengthening of the mate-
rial. Further analysis of microstructure evolution on a lower scale
is currently under consideration and will be published in follow-up
studies, as these studies are clearly beyond the scope of this work.

3.2. Effect of Cooling Rate on HSR Tensile Deformation

The quasistatic tensile behavior of AA6082 and AA7075 has
already been reported in previous studies.[30] For brevity, data
are not shown here. Previous results revealed that higher form-
ing tool temperatures result in lower strength, however, higher
elongation at failure for both alloys. In Figure 5, the true stress–
true strain behavior of AA6082 upon processing at forming tool
temperatures of 24, 200, and 350 �C as well as in the AR condi-
tion (T6) is shown for the three strain rates of 40, 200, and
400 s�1. The evolution of plastic strain of the studied conditions
was determined using the DIC system coupled with data
obtained by the load cell of the test machine. The results reveal
no significant change in YS and UTS for the AR and hot formed
conditions for tool temperatures below 200 �C. Upon increase in

Figure 4. BSE micrographs of samples manufactured in tools with temperatures of a,b) 24 �C and c,d) 350 �C (The pictures on the left and right show
AA6082 and AA7075 alloys, respectively). See text for details.
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the tool temperature to 350 �C, UTS of the material decreases
significantly from 480 to 277MPa. Focusing on plastic deforma-
tion, the material hot formed at 350 �C tool temperature is
characterized by a pronounced increase in elongation at failure
to εtrue¼ 0.25. These observations can be rationalized based on
the cooling conditions, where nucleation of precipitates and
the segregation of alloying elements at grain boundaries are
promoted. Furthermore, by comparing the flow behavior of all
conditions, the curves of the 350 �C condition appear to be less
sensitive to the rate of deformation. This specific behavior
changes at higher strain level and a slight increase can be
observed, however, only for the highest strain rate (400 s�1).
Clearly, upon increasing the strain rate up to 400 s�1, an increase
in YS, UTS and elongation at failure is evident for all conditions.
It has to be noted that the mechanical properties of the materials
formed at 24 and 200 �C tool temperature are absolutely similar
to those of the AR material.

Figure 6a–d show the dynamic deformation responses of
AA7075 at different strain rates (40, 200, and 400 s�1) after
thermomechanical processing. The trends already detailed for
AA6082 can also be deduced for this material. Forming and cool-
ing at a very high tool temperature, e.g., 350 �C, results in a
severe decrease in YS and UTS as compared with conditions
formed at lower tool temperatures, Figure 6b,c. In contrast to

the dynamic behavior seen in case of AA6082, however, no
strong increase in elongation at failure is seen for AA7075 in
the 350 �C condition. Thus, this specific condition of AA7075
generally is less sensitive to strain rate changes as compared with
the companion AA6082 condition. However, considering all
thermomechanical processed conditions and the AR material
of the AA7075, a significant increase in YS, and only minor
effects on UTS as well as plastic elongation are seen when the
strain rate increases. Similar trends are seen for all conditions
considered (AA6082 and AA7075), except the hot stamped mate-
rials in the 350 �C condition.

In general, the strength of solid metals is related to their resis-
tance against plastic deformation. Hence, the main mechanisms
governing the strength of hardenable face-centered cubic (FCC)
aluminum alloys (also at high strain rates) can basically be
linked to dislocation–dislocation interaction as well as complex
dislocation–precipitate interaction. However, it is well established
that the contributions of single elementary mechanisms related to
macroscopic and microscopic deformation change at higher strain
rates as compared with the quasistatic regime. For FCC materials,
it is reported that higher strain rates during plastic deformation
lead to a pronounced increase in the dislocation density due to
the activated cross-slip mechanism.[79–82] Due to the higher dislo-
cation density mutual pinning significantly contributes to an

Figure 5. Dynamic tensile behavior of AA6082 in a) AR condition and upon forming at tool temperatures of b) 24 �C, c) 200 �C, and d) 350 �C for three
different strain rates (40, 200, and 400 s�1).
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increase in strength. In this regard, the mechanism being primar-
ily responsible for an increase of strength of the FCC material at
very high strain rates is thought to be based on their crystal struc-
ture and the intrinsic behavior and interaction of lattice defects.
The material response to strain rate and temperature at extremely
high deformation rate was investigated using atomistic simulation
to reveal the governing mechanism most efficiently contributing
to material strength.[83] It was reported in several studies that up to
a strain rate of ε̇¼ 108 s�1 work hardening and thermal activation
mainly contribute to material strength.[84,85] At extremely high lev-
els, however, this situation changed in the favor of phonon drag.
In case of the FCC material studied by Yaghoobi and Voyiadjis, it
was approved that work hardening due to pronounced dislocation
interaction is the governing mechanism over a wide range of
strain rates, whereas the contribution of thermal activation mech-
anisms were assumed to be insignificant.[83] In this regard, strain
rates considered in this work are obviously in a regime that is dom-
inated by dislocation interaction.

However, the most important feature providing for effective
strengthening of aluminum alloys is the presence of nanoscopic
second-phase particles, which act as obstacles for dislocation
motion.[86] The in-depth analysis of dislocation–defect interac-
tion is a very challenging task, becoming even more complex
at high strain rates.[87] Atomistic simulations conducted on

precipitation hardenable alloys have shown that the dislocation
mobility is highly sensitive to the type of precipitates and their
morphology. Large-scale discrete dislocation dynamic (DDD)
simulations focusing on the interaction between dislocations
and small (and strong) precipitates have revealed the presence
of serrated dislocations at high strain rates due to the pinning
effect related to the immovable precipitates.[87] This fact enables
different geometrical options to overcome misfit obstacles based
on several elementary mechanisms eventually leading to dis-
tinctly different behavior of moving dislocation. In this regard,
both the position and location of the dislocations play a relevant
role.[88] During these complex interaction processes, dislocation
loops can form in front of and behind the existing particles in the
matrix. Eventually, these phenomena lead to a very complex
microstructure evolution including interactions between loops
and straight dislocations in addition to dislocation–precipitation
interaction resulting in higher shear stresses.

It was further concluded that the related SRS depends strongly
on the number of obstacles.[89–93] Applied stress as well as the
particle nature and size are the key elements controlling the
thermally affected dislocation motion, i.e., affecting SRS at high
strain rates.[91]

It is expected that the unzipping phenomenon of a mobile
dislocation primarily is connected to passing of weak obstacles.

Figure 6. Dynamic tensile behavior of AA7075 in a) AR condition and upon forming at tool temperatures of b) 24 �C, c) 200 �C, and d) 350 �C for three
different strain rates (40, 200, and 400 s�1).
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By changing the particle geometry, number, distance, and applied
shear stress, dislocation shape and motion are expected to change
fundamentally. Under this condition, it was shown that the SRS is
more pronounced when the particles are weaker, i.e., less effec-
tive.[91,94] Due to the prevalent interaction mechanism, relatively
fine and randomly distributed obstacles were shown to lead to pro-
nounced SRS and higher flow stress.[95] All these aforementioned
factors are thought to be an explanation for the high SRS for both
materials in T6, 24 and 200 �C conditions, where fine distribution
of precipitates is a major characteristic. It should, however, be also
noted that very high values of strain rates were considered in the
aforementioned studies,[79–81,86,89,93–97] whereas the values of
strain rates in this work are not as high such that only qualitative
assertions can be made.

3.3. Effect of Cooling Rate on Local Deformation Behavior at
Different Strain Rates

The local deformation behavior of all thermomechanically proc-
essed conditions of AA6082 for all strain rates considered is
shown in Figure 7 by highlighting the progression of the loga-
rithmic strain distribution up to failure (evaluated for the tensile
direction). For the AR condition, a homogenous plastic strain dis-
tribution is seen before necking appears. After necking and
before final failure, respectively, strain localization is a character-
istic feature at all strain rates. With increasing the strain rate up
to 400 s�1, neck initiation appears at higher global strain, accord-
ing to the strain determined based on DIC data. Interestingly, the
absolute level of logarithmic strain within the failure region of
the AR material remains on the same level for all strain rates
(εLog¼ 0.43), Figure 7a–c. The logarithmic strain evolution for
the 24 and 200 �C tool temperature hot-formed materials are
shown in Figure 7d–i. Qualitatively almost the same behavior
is seen as in case of the AR material, i.e., a homogenous plastic
deformation distribution at the very early stages of deformation
before necking. As plastic deformation proceeds, however, neck-
ing appears for both conditions at a lower global strain level.
Referring to the stress–strain behavior of these conditions,
Figure 5, slightly higher deformation at failure is seen for the
AR material as well. Therefore, based on the observations made
by DIC and tensile tests, it can be deduced that hot forming at
24 and 200 �C tool temperatures affects both strain localization
and neck propagation of the material during plastic deformation.

Dynamic tensile tests after hot forming within the tempered
forming tools at 350 �C reveal a pronounced increase of ductility
of the material. At the same time, local strains along the gauge
length of this condition determined by DICmeasurements reveal
higher absolute values as compared with other conditions,
Figure 7j–l. In addition, the necking point appears at higher
global strains and a continuous increase in global elongation con-
comitant to a high degree of strain localization evolving up to
failure is seen. The logarithmic strain determined at the highest
strain rate of 400 s�1 shortly before failure is εLog¼ 0.55.

The local deformation behavior of AA7075 at high strain rates
(40, 200, and 400 s�1) along the gauge length of the tensile speci-
men for all conditions is shown in Figure 8. A homogenous plastic
deformation and a qualitatively similar behavior as for AA6082 can
be deduced for AA7075 along the gauge length of the sample. In

the early stages of deformation, a homogenous strain distribution
is seen up to the necking point. Upon increasing the plastic defor-
mation to higher levels, strain localization appears, which is more
pronounced for the AR material. This phenomenon can be clearly
seen by comparing the necking width (NW) in Figure 8c,f, where a
narrow necking band is resolved by DIC for the AR condition.
However, the obtained strain level (εLog¼ 0.35) for this alloy is
much lower as compared with AA6082 (εLog¼ 0.43) at the highest
strain rate. Hot-formed material (at forming tool temperature of
350 �C) shows higher logarithmic strains up to εLog¼ 0.40.
Considering all the thermomechanically treated samples, a higher
logarithmic strain (in terms of the local maximum strain related to
the neck) is obtained with increasing strain rate for both AA6082
and AA7075. One further phenomenon that should be considered
at very high strain rates for both materials is adiabatic heating.[57]

Its occurrence counteracts the work hardening during dynamic
plastic deformation and leads to softening of the material as well
as to strain localization, as shown for AA6082-T6 by Chen et al.
and Ashuach et al. based on investigations at 3400 and 5000 s�1,
respectively.[47,70] The strain rates considered in present work are
significantly lower as compared with those studies, where a
detailed investigation of adiabatic heating was conducted.[42,70]

In light of these considerations, the influence of adiabatic heating
for the investigated materials can be neglected as indirectly
revealed by work hardening, i.e., an increase in material strength
is seen at increasing strain rate.

From the DIC results presented, it can be deduced that a high
deformation rate leads to a delay in the appearance of strain local-
ization and eventually necking. This behavior is clearly shown in
Figure 8g–i, where necking, i.e., a strongly localized increase in
strain level, at a lower global true plastic strain level for the lower
strain rate as compared with the higher strain rate is seen.
Hence, at higher strain rate, the distribution of plastic strains
is more homogeneous as early necking is impeded and, thus,
the overall global strain value of the material at failure increases.
The significant increase in local and global strains seen for the
hot-formed material at a tool temperature of 350 �C can be
rationalized based on the material condition induced by the low
cooling rate during hot forming leading to the evolution of coarse
particles and their only moderate contribution to strengthening.
Further, interesting observations based on the tests conducted at
400 s�1 focusing on the logarithmic strain distribution are shown
in Figure 7f and 8i, where apparently two strain peaks at different
locations on the sample surface appear. Obviously, this behavior
is not limited to only one material and was observed for both
AA6082 and AA7075. However, in case of these two materials
such behavior was found for different material conditions in
this work, i.e., AA6082 formed at a tool temperature of 24 �C
(Figure 7f ) and AA7075 formed at a tool temperature of
200 �C (Figure 8i). The observed peaks can be regarded as neck
nucleation regions. However, only one of the two neck initiation
regions dominates thereafter and eventually leads to failure. This
behavior can be most clearly seen in case of AA7075 hot stamped
at a tool temperature of 200 �C in direct comparison with the ref-
erence condition shown, Figure 8i and 9b versus Figure 8c
and 9a. The observation of multiple neck initiation points for
the investigated material at high strain rates is thought to be
affected by minor fluctuations in terms of plastic flow stability
and, thus, slightly accelerated local deformation in distinct
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regions.[98–101] The phenomenon of initiation of multiple neck-
ing sites during dynamic loading using a hemisphere expansion
setup coupled with an ultra-high speed camera focusing on pure
copper and tantalum has been shown by Mercier et al.[98,102] For
both materials, multiple necking sites initiated alongside meri-
dians at high plastic deformation levels due to flow instability
at these high strain rates. Moreover, based on the developed the-
oretical model in that study, a SRS parameter was defined, even-
tually combining the effects of strain hardening, thermal

softening, and SRS. It was assumed that the onset of multiple
necking appears when this parameter reaches the saturation
level. In this regard, the saturation level strongly depends on
the material parameters, e.g., SRS. Multiple necking formation
and growth in pure aluminum at very high strain rates was also
observed in an investigation performed using a Split-Hopkinson
Pressure Bar setup by Besnard et al.[103] In that study, the 3D
strain distribution on the sample surface was experimentally
determined using high-speed cameras through a stereovision

Figure 7. Local deformation distribution determined by DIC for AA6082 samples at different levels of global strain in a–c) for the AR condition,
d–f ) the condition formed at tool temperature of 24 �C, g–i) the condition formed at tool temperature of 200 �C, and j–l) the condition formed at tool
temperature of 350 �C.
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setup. Based on results shown, it was discussed that the simul-
taneous growth of two necks in pure aluminum is caused by the
competition between neck initiation in multiple sites and the
growth of a few dominant necks. Mutual interaction of these
necks has been described by the Mott model.[104] In this regard,
complex deformation phenomena on the submicron scale lead to
significant effects on the macroscopic level being evaluated in
this study using the DIC technique. In-depth analysis of the rel-
evant elementary mechanisms on the micrometer and submi-
crometer scale, however, is clearly beyond the scope of this
study and, thus, will be subject of follow-up work.

3.4. Fractography

To further analyze the failure mechanisms of AA6082 and
AA7075 alloys after dynamic tensile tests, the fracture surfaces
were investigated. Typical dimple-like facets and microvoids
are evident on the fracture surfaces of all AA6082 alloy samples
after dynamic tensile testing (Figure 10). Existence of large and
deep dimples reveals that most pronounced ductile failure
occurred during high strain tensile tests as also reported in
previous studies for another aluminum alloy.[105] As discussed
earlier, considering the strain rate range of present work in

Figure 8. Local deformation distribution determined by DIC for AA7075 samples at different levels of global strain in a–c) for the AR condition, d–f ) the
condition formed at tool temperature of 24 �C, g–i) the condition formed at tool temperature of 200 �C, and j–l) the condition formed at tool temperature
of 350 �C.
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comparison with data available in literature, adiabatic heating is
thought to be not effective here. Upon direct comparison of frac-
ture surfaces, larger and deeper dimples can be seen in case of
the samples formed in the hot tools (Figure 10e,f ), eventually
confirming higher ductility of the respective conditions in the
examined strain rate regime.

Fracture surfaces of the AA7075 alloy deformed at high strain
rates are shown in Figure 11. Comparing the fracture morphol-
ogies of both alloys, the dimples are larger and deeper in case of
the AA6082 alloy in all conditions. These observations can be
rationalized in terms of the generally higher ductility of the
AA6082 alloy as compared with that of AA7075. Also for the
AA7075 alloy, dimples being seen for samples formed and cooled
in the hot tool are significantly larger in terms of size and depth
(Figure 11e,f ) as compared with the other AA7075 conditions
(Figure 11a–d). The effect of strain rate on the appearance of frac-
ture surface morphologies of the samples tested under dynamic
tensile loading conditions is not significant, however, fracture
surfaces of samples tested at higher strain rates seem to show a
higher fraction of ductile fracture facets in comparison with those
tested at lower rates. Same fracture morphologies were already
reported after HSR tensile testing of Al–4.8Cu–1.2Mg alloy.[105]

Theoretically, dimple and shear fractures are the two main fea-
tures, however, their appearance depends on the actual stress
state. Most important in this regard is the growth mechanism
of the voids in the HSR regime.[106] At dynamic tensile deforma-
tion, competition between strain hardening and thermal soften-
ing can affect the fracture morphology of materials.[105] Shallow
dimples form where strain hardening is dominant, while
large and deep dimples and shear bands are expected in case
of dominance of thermal softening. Very high values of strain
rates explored in the aforementioned studies[105,106] result in

noticeable thermal softening due to adiabatic heating. In the
present study, local increase in temperature is expected not to
be that pronounced to the significantly lower strain rates consid-
ered. However, still localized effects are thought to lead to the
formation of relatively larger and deeper dimples at higher strain
rates (cf. Figure 10 and 11).

4. Process–Microstructure–Property Relationships

To summarize present findings and to establish solid process–
microstructure–property relationships, the influence of the pro-
cess route on the microstructural development and the dynamic
tensile deformation behavior of the studied age-hardenable
aluminum alloys are discussed in an integrated fashion in this
section. Relevant relationships are shown and highlighted sche-
matically in Figure 12. The microstructural evolution of AA6082
and AA7075 alloys upon various thermomechanical processing
steps is schematically shown in the lower half of Figure 12.
First, the AR T6 condition is heated up to the SHT temperature
and soaked to dissolve existent precipitates. Then, hot forming
and quenching in tools with different temperatures and subse-
quent aging treatment result in the evolution of dislocations
and precipitates in the microstructure of both alloys. However,
forming and quenching conditions significantly affect the micro-
structure. As schematically illustrated, low cooling rates lead to
instantaneous precipitation and further promote the evolution of
grain boundary segregations within the following aging step.
Concomitantly, elevated temperatures allow for relaxation and
recovery and, thus, the dislocation density in this condition is
relatively low. On the contrary, higher cooling rates imposed
by cold tools allow to maintain the supersaturated state such that
only during the subsequent aging treatment the formation of

Figure 9. Local deformation maps for AA7075 deformed at 400 s�1 after hot stamping at a) 24 �C and b) 200 �C. True strains are plotted with respect to
the loading direction. The absolute true strain values are represented by the scale bar depicted on the left. See text for details.
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precipitates is promoted, eventually leading to finer and ran-
domly distributed precipitates.[78] At the same time, forming
in cold tools impedes relaxation and recovery such that upon
forming a medium dislocation density prevails.

During deformation, for large and coarse precipitates, two
different kinds of dislocation-precipitate interaction prevail.
Bowing, looping, and by pass, respectively, of moving disloca-
tions is the relevant mechanism in case of coarse precipitates.
On the contrary, in case of the small precipitates cutting is
the relevant mechanism. Furthermore, distances between pre-
cipitates are significantly different as the overall volume fraction
of precipitates is limited due to the limited availability of the ele-
ments incorporated in the precipitates, i.e., limited amounts of
the precipitate forming elements. Thus, interparticle distances
are much larger in case of the coarse precipitates eventually lead-
ing to lower flow stress.

Tensile samples being affected by all aforementioned fea-
tures taken from the top side of the hat profiles were used
for dynamic testing. Samples formed at tool temperatures up
to 200 �C almost show the same mechanical behavior as the

AR T6 condition. In consequence, it can be deduced that all
conditions up to that range are characterized by very similar
initial microstructure, i.e., by the presence of well-distributed
fine precipitates and only medium initial dislocation density.
Thus, the T6 condition can be somehow preserved in these
conditions. A higher forming tool temperature of 350 �C results
in pronounced differences in microstructure evolution and,
eventually, to a pronounced decrease in strength for both alloys
studied. As detailed earlier, this can be rationalized based on
low dislocation density and relatively large precipitates being
further characterized by large interparticle distances.

At low strain rates, only the overall strength level is affected as
can be deduced, e.g., from evaluation of the YS values. However,
at high strain rates more significant differences are seen. Most
importantly, SRS seems to be increased in case of the specimens
processed in the cold tools. As data obtained in the course of the
dynamic tensile tests, however, are characterized by machine-
induced serrated flow and wavy propagation (due to oscillation
of the test rig), evaluation of SRS is further accomplished based
on analysis of data obtained by DIC. As is revealed by the analysis

Figure 10. Fracture surfaces of AA6082 alloy in AR condition tested at a strain rate of a) 40 s�1, b) 400 s�1; fracture surfaces of sample formed in the
tempered tools at temperatures of c,d) 24 �C and e,f ) 350 �C. Samples were tested at a strain rate of c,e) 40 s�1 and d,f ) 400 s�1 (Pictures and insets show
low and high magnifications, respectively.)
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of strain field evolution, high strain rates lead to generally higher
local strain values and a somehowmore homogeneous strain pat-
tern. In some cases, even the initiation of two necking regions is
seen at the highest strain rate.

With increasing global plastic strain, i.e., shortly before failure,
highest localized strain is observed in all specimens. In the range
of strain rates considered, dynamic tensile deformation strongly
promotes activity of dislocations and, thus, an increase in dislo-
cation density. This intensifies dislocation–dislocation interaction
as well as dislocation–precipitate interaction.[89,92] It should be
noted that the impact of dislocation–precipitate interaction
on the overall mechanical response is different in parts formed
with various tool temperatures as the precipitate sizes and mor-
phologies can significantly affect the nature of interaction. In this
regard, it is well-known that interaction between dislocations and
fine and well-distributed precipitates causes a higher sensitivity
to the rate of deformation.[95] To experimentally substantiate
the mechanisms and relationships introduced in this section,
being assumed to be responsible for the differences seen in

the mechanical behavior under impact loading for the aluminum
alloys in focus, in-depth microstructure analysis has to be con-
ducted, e.g., by high-resolution transmission electron micros-
copy. Clearly, such analysis is beyond the scope of this work
and, hence, will be subject of follow-up studies.

5. Conclusions

The dynamic tensile deformation behavior of two thermome-
chanically processed high-strength aluminum alloys, AA6082
and AA7075, at strain rates of 40, 200, and 400 s�1 was analyzed
in this study. Forming of structures followed a novel processing
route allowing for tailoring of microstructure using tempered
tools. The following conclusion can be drawn based on the
results shown: 1) Microstructural analysis revealed that grain
sizes of both alloys remain relatively constant during thermome-
chanical processing. However, the formation of substructures
takes place in case of the components formed and cooled in

Figure 11. Fracture surfaces of AA7075 alloy in AR condition tested at a strain rate of a) 40 s�1, b) 400 s�1; fracture surfaces of sample formed in the
tempered tools at temperatures of c,d) 24 �C and e,f ) 350 �C. Samples were tested at a strain rate of c,e) 40 s�1, d,f ) 400 s�1 (Pictures and insets show
low and high magnifications, respectively.)

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2020, 22, 2000193 2000193 (14 of 17) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.aem-journal.com


the hot tool. Further SEM investigations via BSE contrast
revealed that the differing tool temperatures considerably affect
morphology and size of precipitates formed in the subsequent
aging treatment. Segregation of large precipitates alongside
the grain boundaries is found for the AA7075 alloy processed
in the hot tool; 2) Dynamic tensile tests revealed an increase
in yield strength, ultimate tensile strength, and plastic strain with
increasing strain rates. In up to 200 �C tempered forming tools
formed samples are characterized by almost the same mechani-
cal properties as the AR T6 condition. A higher forming tool
temperature of 350 �C leads to a significant decrease of strength
of the material in the range of strain rates considered; 3) DIC
analysis revealed a relatively homogenous local strain distribu-
tion along the gauge length up to necking for all thermomechani-
cally treated conditions. Relatively high logarithmic strains are
characteristic for the AR material. High deformation rates lead
to a delay of appearance of strain localization and necking,
respectively, eventually leading to higher global strain levels;
4) Fracture surfaces were characterized indicating the occurrence
of ductile failure for both alloys within the examined range
of strain rates. Fracture surfaces of the samples formed and
cooled in the tool with a temperature of 350 �C consist of larger
and deeper dimples compared with those processed in the
cold tools.
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