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1. Introduction

The international push toward reducing CO2 emissions, which is
increasingly enshrined in legal regulations, has led to a growing

demand for lightweighting across the auto-
motive industry, especially for electric
vehicles.[1–4] This requires the development
of sheet materials that have a higher
strength-to-weight ratio than the steels cur-
rently used, and that can be produced at
reasonable cost. Aluminum alloys, which
are already used extensively in the aero-
space sector, have been identified as a
replacement material because of their
excellent combination of properties[5,6]

and have already been used in production
vehicles for the luxury market.[7] The sheet
forming process requires a high dynamic
force and consists of several deformation
steps with elaborate strain paths leading
to effects such as springback (i.e., elastic
recovery resulting in deviation from the
desired shape after release of the work-
piece), local thinning, and the nucleation

and propagation of damage.[8–11] These effects occur even at
low strains during forming at room temperature (RT),[12] so these
alloys are considered to have low room-temperature formability.
In contrast, forming at elevated temperatures both increases
formability and decreases springback, allowing the design of
more complex-shaped part geometries, but often entails an unde-
sired reduction in mechanical strength.[13] For this reason, a vari-
ety of new approaches to sheet metal forming, and especially to the
hot forming of high-strength aluminum alloys, have been devel-
oped to simultaneously overcome formability limits, enabling the
forming of more complex-shaped components and to improve
final mechanical properties. The common element of all these
strategies is the application of thermally activated softening mech-
anisms during hot forming and of strengthening mechanisms
during aging, particularly of precipitation hardening (PH) in
heat-treatable aluminum alloys. The present article is devoted
mainly to a review of recent research and development on hot
sheet metal forming strategies for high-strength aluminum alloys
for use in the automotive industry. Section 2 presents the metal-
lurgical basis for understanding the relationship between process
parameters and mechanical and physical properties, namely,
information on alloy classifications and the fundamental micro-
structural phenomena governing the strengthening mechanisms.
Section 3 focuses on recently developed cold, warm, and hot form-
ing techniques, mainly considering the effect of process parame-
ters such as heating rate, solution heat treatment temperature and
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In the past decade, aluminum alloys have become important structural materials
in the automotive industry, thanks to their low density, high strength, high
fracture toughness, and good fatigue performance. However, an important
limitation of aluminum alloys is their poor formability at room temperature; as a
result, numerous studies have been conducted with the aim of developing
forming techniques to overcome this and facilitate the forming of more complex-
shaped components. Following an overview on the metallurgical background of
aluminum alloys, this article reviews recent developments in forming processes
for aluminum alloys. The focus is on process variants at room temperature and at
higher temperatures and on a new hot forming technique promising considerable
improvements in formability. This review summarizes the influence of different
process parameters on microstructures and mechanical properties. Particular
emphasis is given to process design and to the underlying microstructural
phenomena governing the strengthening mechanisms.
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cooling rate, on the material formability behavior, flow character-
istics, and final mechanical properties. The spotlight in Section 4
is on a new thermomechanical method, namely, solution heat
treatment forming and in-die quench (HFQ), which was first
proposed by Lin et al.,[14,15] and is a registered trademark of
Impression Technologies Limited. The final part of the article
presents summary and conclusions.

2. Aluminum and Aluminum Alloys

Commercially pure aluminum (99% Al or greater) has good ther-
mal and electrical conductivity, enabling its use as a functional
material in applications involving heat transfer between different
contact surfaces and/or conduction of electricity. Its low melting
temperaturemeans that less energy is required for thermally acti-
vated processes, such as casting or hot forming, than is the case
for steel processing. Its low strength properties (yield strength
[YS] of 20MPa and ultimate tensile strength [UTS] of
80MPa.[16]) preclude its use in structural applications. However,
it has long been known that aluminum can be transformed into a
technically relevant structural material by alloying with elements
such as copper, lithium, magnesium, silicon, or zinc.[16]

2.1. Classification of Aluminum Alloys

Depending on the chemical composition and the application
field, aluminum alloys are divided into cast and wrought alloys.

Cast alloys with high silicon content are used for castings of, for
example, transmission housings or pistons, while wrought alloys
are found in bulk and sheet metal forming. Wrought alloys
(Table 1) are further divided into non-heat-treatable and heat-
treatable materials. Non-heat-treatable alloys derive their
mechanical properties purely from the alloying elements and
the forming process, whereas heat-treatable (also known as
age-hardenable) alloys require specific heat treatment to develop
their maximum strength.[17] The highest mechanical strength of
a heat-treatable alloy is found in its peak-hardened state, com-
monly designated as the T6 condition (solution heat treated,
water quenched, and artificially aged to peak strength).

Transmission electron microscopy (TEM) images of pure alu-
minum and of selected aluminum alloys are shown in Figure 1.
In the pure aluminum (Figure 1a) and the non-heat-treatable
alloy, (Figure 1b, a high dislocation density and equiaxed sub-
grains are observed, whereas the heat-treatable aluminum alloys,
Figure 1c,d), show small precipitates homogeneously distributed
inside the grains.

2.2. Strengthening Mechanisms in Aluminum Alloys

The strength of polycrystalline metallic materials, including alu-
minum alloys, is directly related to their resistance to plastic
deformation; this, in turn, depends on the ability of the
microstructure to resist the motion of dislocations (slip).[18,19]

There are several different microstructural mechanisms by

Table 1. Classification of wrought alloys, with main properties, applications, and hardenability.

Wrought alloy
designation

Major
components

Main properties and applications Hardenability
properties

1xxx Al (>99%) Very high corrosion resistance. High thermal and electrical conductivity, poor mechanical properties. Nonhardenable

2xxx Al–Cu Requires heat treatment to obtain optimum properties. Used widely in aerospace industry. Structures
and parts for elevated-temperature use.

Age-hardenable

3xxx Al–Mn Good formability, moderate strength. Solution hardening

4xxx Al–Si Used in welding wire and as brazing alloys due to low melting point. Nonhardenable

5xxx Al–Mg Moderate-to-high strength, good welding characteristics, and good resistance to corrosion
in marine and aerospace environments.

Solution hardening

6xxx Al–Mg–Si Good formability and corrosion resistance, medium strength. Age hardenable

7xxx Al–Zn–Mg–(Cu) Very high strength, prone to fatigue. Age hardenable

8xxx Al–Li–Cu–Mg Improved elevated-temperature performance, medium strength. Age hardenable

Figure 1. TEM micrographs of pure aluminum and selected aluminum alloys: a) pure aluminum. Reproduced with permission.[202] Copyright 2011,
Elsevier. b) nonheat-treatable AA5754 showing dislocation walls. Reproduced with permission.[203] Copyright 2019, MDPI. c) heat-treatable AA7050
including second-phase particles. Reproduced with permission.[204] Copyright 2016, SciElo and d) heat-treatable AA8006.
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which slip is hindered and the shear stress required to initiate
and maintain plastic flow increases; these mechanisms can be
exploited to strengthen the material. In aluminum alloys, four
major mechanisms are known: solid-solution strengthening
(SSS), grain boundary (GB) strengthening, strengthening via
dislocation–dislocation interactions (strain or work hardening,
WH), and PH or PH. The mechanisms contribute to the overall
YS of the alloy σ according to

σ ¼ σ0 þ σSSS þ σGB þ σWH þ σPH (1)

where σ0 is the frictional stress of the aluminum lattice
(�35MPa for pure aluminum[20]), and σSSS, σGB, σWH , and
σPH are the strength contributions from SSS, GB strengthening,
strain hardening, and PH, respectively.

2.3. Solid-Solution Strengthening

According to dislocation theory, solid-solution hardening is attrib-
uted to an increase in the critical resolved shear stress resulting
from the presence of foreign atoms on interstitial or substitutional
positions in the crystal lattice. This increase in strength is caused by
the interaction of the stress fields around solute atoms with the
stress fields around dislocations. A solute atom can cause a com-
pressive strain field (if the solute atom is substitutional and larger
than thematrix atoms or if it is in an interstitial position) or a tensile
strain field (if the solute atom is substitutional and smaller than the
matrix atoms). The interaction of these strain fields with the com-
pressive and tensile strain fields around dislocations allows the dis-
locations to adopt a lower-energy configuration; energy input is
required to dislodge the dislocation from this configuration. A mis-
match in elastic modulus between the solute and matrix atoms can
reinforce or weaken this pinning effect. All aluminum alloys derive
their intrinsic strength through this mechanism. The strength
depends strongly on the chemical nature of the alloying elements
themselves, their concentration, and their configuration within the
crystal lattice (Figure 2). It has been shown that an almost linear
correlation exists between the mechanical strength and the amount
of magnesium (Mg), and that the same is the case for manganese

(Mn), for a large number of commercial aluminum alloys.[21] The
strength contribution from dissolved alloying elements can be
expressed as follows for the example of AA7075.[22]

σSSS ¼ MAZn C
2=3
Zn þMAMg C

2=3
Mg (2)

whereM is the Taylor factor, AZn and AMg are strength coefficients,
and CZn and CMg are the concentrations of Zn and Mg in solid
solution in the Al matrix. Note that these concentrations CZn

and CMg are not the same as the overall concentration of the cor-
responding element in the alloy unless all precipitate and disper-
soid phases are completely dissolved.

2.4. Grain Boundary Strengthening

The interfaces between neighboring grains act as very strong
obstacles to the motion of dislocations through the lattice due
to differences in grain orientation (Figure 3). Therefore, GB
strengthening constitutes another mechanism by which the
strength of aluminum alloys may be enhanced. Increasing the
total area of GBs in the material, i.e., reducing the grain size,
through grain refinement treatments[23] raises the critical shear
stress associated with the GB strengthening effect. The contribu-
tion to YS σGB from GBs is related to the average grain size d
according to the Hall–Petch relationship.[24]

σGB ¼ kyffiffiffi
d

p (3)

Here, ky is a strengthening coefficient.[24]

The effect of grain size distribution is investigated on AA8021
in another study[25] on the mechanical properties and deforma-
tion behavior using tensile tests and Erichsen cupping test,
which are then characterized using different electron micro-
scopic techniques. It is shown that with increasing the grain size,
the yield and ultimate tensile strength as well as the Erichsen
values decrease, which is related to the ratio of free surface to

Figure 2. Solid-solution hardening: Introducing foreign atoms onto inter-
stitial or substitutional positions in the crystal lattice hinders dislocation
motion by inducing opposing elastic lattice strains and other mutual reac-
tions. The degree of strengthening depends on the shear stress required to
move dislocations past these atoms.

Figure 3. GB strengthening and grain refinement, from coarse to fine
microstructure. GBs in polycrystalline microstructures impede dislocation
movement due to grain orientation differences. Decreasing the grain size
through thermomechanical treatment and microalloying[206] increases the
total area of boundaries, resulting in strengthening of the material. This
strengthening method is used in both heat-treatable and nonheat-treatable
aluminum alloys.[207]
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volume of the grains and the decrease of GB number existing in
the microstructure.

2.5. Work Hardening

Dislocation strengthening, also known as work or strain
hardening, is the consequence of irreversible deformation
usually occurring below the recrystallization temperature and
leading to the multiplication of dislocations and a consequent
dramatic increase in their density (Figure 4).[18] The dislocations
accumulate, and their stress fields interact with each other to an
increasing extent, during their sliding movement. The resulting
shear strength contribution from dislocation interactions, τ, can
be obtained from the shear modulus for aluminum G, the dislo-
cation density ρ⊥, and the magnitude of the Burgers vector b,
according to the following equation.

τ ¼ Gαb
ffiffiffiffiffi
ρ⊥

p
(4)

where α is a constant and α < 1 represents dislocations that can
be considered as penetrable obstacles.[26] In precipitate-free alu-
minum alloys, the evolution of the density of statically stored
dislocations ρs is described by the Kocks–Mecking–Estrin formu-
lation as follows.

∂ρs
∂εp

¼ M ðk1
ffiffiffiffiffi
ρs

p � k2ρsÞ (5)

Here, M is the Taylor factor, εp the plastic strain, k1 is related
to the rate of dislocation storage, and k2 to the rate of dynamic
recovery during plastic deformation.[27,28] The interactions
between intersecting dislocations create an increasing density
of immobile dislocations. This strengthening mechanism is very
effective in cold-forming processes such as extrusion, rolling, or
deep drawing. It is mostly used in nonheat-treatable aluminum
alloys to increase the strength in the final forming step,[29] but
also affects the final mechanical properties via thermally acti-
vated mechanisms such as dynamic recrystallization and
dynamic recovery as well as second-phase precipitation in
heat-treatable alloys, for example, Al–Zn–Mg 7xxx alloys, with
the dominant effects and their kinetics depending on the form-
ing temperature and deformation rate.[30]

Dislocations can be generated at GBs, elastically distorted
interfaces between lattice matrix and particles, and at free surfa-
ces. The accumulated total local stress in excess of the YS causes

the formation of dislocations by homogenous nucleation via
Frank–Read source.[18,31] This leads to the movement of disloca-
tions along their slip planes and their interaction with and hin-
dering of each other via pinning effects and cutting of dislocation
lines. Frank-Read sources, such as second phases within the
grain structure, can also act as barriers to dislocations impeding
their movement. With increasing applied stress, dislocations
increasingly attempt to glide along the slip plane, but only
unpinned dislocation segments are capable of movement and
the pinned segments remain stationary.[18,31] This phenomenon
with increasing stress, causes the dislocations to bend and form
loops around the secondary phases. If the dislocation loop
touches itself, a new dislocation is generated; this can move away
from the pinned dislocation, whereas the pinned dislocation
remains trapped around the second-phase particle. Hence, dur-
ing plastic deformation, the generation of new dislocations is
continuously repeated via the process described, leading to an
enormous increase in dislocation density.[18,31,32]

2.6. Precipitation or Age Hardening

The most effective and important strengthening mechanism in
heat-treatable wrought aluminum alloys is PH or. This is
induced via special heat treatments consisting of solution anneal-
ing, quenching, and subsequent aging. The presence of nano-
scopic second-phase precipitate particles within aluminum
grains causes distortion of the crystal lattice. The associated
stress fields interact with moving dislocations and impede their
motion. Depending on the size of the precipitates as well as the
distance between them, dislocations moving under external
stress may overcome them either by cutting (Kelly–Fine mecha-
nism) or bowing (Orowan mechanism), Figure 5.[18,33] The shear
stress required to overcome the obstacles gives rise to an increase
in strength whichever mechanism is in operation. The precipi-
tate size, number density, and distance between adjacent precip-
itates play a decisive role in which mechanism predominates.
Fine precipitates with coherent or partially coherent interfaces
with the matrix predominantly undergo cutting according to
the Kelly–Fine mechanism, while coarse, incoherent precipitates
are bypassed according to the Orowan bowing mechanism,
which leaves a dislocation loop around the particle.[34,35]

In the case of fine, coherent precipitates, the magnitude of the
shear stress Δτp, cutting required for the cutting of the precipitates
by dislocations depends on the precipitate radius r.[35,36]

Δτp,cutting � k

ffiffiffiffiffi
f r
b

r
(6)

Here, k is a material constant and f is the volume fraction of
the precipitates.

For larger precipitates, Orowan bowing predominates, and the
precipitate spacing LP determines the stress required for the
obstacle to be overcome.

Δτp,bowing �
Gb

LP � 2r
� Gb

ffiffiffi
f

p
2r

, r � LP (7)

where G is the shear modulus and b is the magnitude of the
Burgers vector.[36]

Figure 4. Dislocation strengthening (work hardening). Irreversible
(plastic) deformation of aluminum at temperatures below the recrystalli-
zation temperature increases the dislocation density[208] through
dislocation multiplication. Mutual interactions between dislocations cause
strengthening (strain hardening).[209]
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The maximum strength is obtained at an intermediate
precipitate radius rcrit, which represents the transition from the
Kelly–Fine to the Orowan mechanism. The extent of the result-
ing strengthening effect in precipitation-hardenable aluminum
alloys is thus associated directly with the precipitate size and dis-
tribution. The terminology T6 is used to designate the condition
in which an age-hardenable aluminum has attained its maxi-
mum hardness; this is achieved by a controlled heat treatment
known as artificial aging, usually at temperatures of around
100–200 °C. However, precipitation can also occur if age-
hardenable alloys are left at room temperature for sufficient time.
This process is called natural aging and results in a condition
designated T4. Table 2 gives the precipitation sequences in
age-hardenable aluminum alloys.

The PH process in hardenable aluminum alloys is governed
by the different precipitation sequences appearing during natural
aging at room temperature or artificial aging at moderate temper-
atures. The different precipitation sequences are responsible for
the changes in crystallographic structure of the particles
nucleated after fast cooling from solution heat treatment to give
a supersaturated condition. Taking the 7000 precipitation-
hardenable aluminum alloys as an example from Table 2, the
first precipitates appearing after the formation of very small
atomic clusters are GP zones, which can be detected only by
high-resolution transmission microscopy techniques.[37] These
zones usually nucleate during natural aging at room temperature

or in the early stages of artificial aging treatment at moderate
temperatures, as shown in Table 2. In the precipitation-
hardenable alloy AA7050, for example, two different types of
GP zones are reported.[38] It has been shown that the GP I zones
are fully coherent with the aluminummatrix and the GP II zones
are characterized by zinc-rich layers on the {111} aluminum
plane. These zones are the precursors of η 0 precipitates for
7000 series precipitation-hardenable aluminum alloys.[39]

The η 0 phase is the main precipitate phase contributing to the
strength of 7000-series alloys. However, the exact nucleation
and growth mechanisms of these nanoscopic particles are still
debated due to their extremely small size in the initial stages
of nucleation and growth. Different scenarios for the formation
of η 0 precipitates have been proposed in the literature. While in
other studies[40,41] the transformation of small GP I zones into η 0

phase is stated to be the dominant mechanism for the formation
of η 0 phase, in other studies,[42,43] GP II zones are reported to be
the main nucleation sites for the metastable η 0 precipitates.
The platelet-shaped η 0 phases are reported to have a hexagonal
crystal structure with lattice parameters of a= b= 0.496 nm
and c= 1.402 nm (�6� the unit cell dimension of Al).[39,43–45]

Hence, the crystallographic orientation relationships are
reported in other studies[39,43,46,47] to be as follows: [1010]η 0 //
[110]Al and (0001)η 0 // (111)Al; (0001)η 0 // (111)Al and [1010]η 0

// [110]Al; (0001)η 0 // (111)Al and [1010]η 0 // [110]Al; (0001)η 0 //
(111)Al and [1010]η 0 // [110]Al.

[39] In the next steps of the
sequence, the GP zones fully transform with sufficient time
and temperature into metastable η 0 phase and eventually these
are replaced by stable η precipitates, as shown in Table 2.

3. Forming Strategies to Overcome the Forming
Limit of Aluminum Alloys

Sheet metal forming processes for thin-walled aluminum alloys
require different thermomechanical forming concepts depend-
ing on the chemical composition, strengthening mechanisms,
application areas, and geometrical requirements. The formability
of thin-walled aluminum sheet depends on its ability to

Figure 5. PH. Nanoscale precipitates of second phases, which nucleate and grow during controlled heat treatments and give the most pronounced
strengthening of all microstructural mechanisms. Depending on the size and spacing of the precipitates, the moving dislocations overcome them either
by cutting (Kelly–Fine mechanism) or bowing (Orowan mechanism);[18] both mechanisms require additional stress which leads to the increased strength.

Table 2. Precipitation sequences and stages of decomposition after fast
cooling from solution heat treatment in heat-treatable (age-hardenable)
aluminum alloys. A variety of different precipitate phases formed
temperatures below solvus depending on the chemical composition of
the precipitation-hardenable aluminum alloy.

Alloy series Main alloying elements Precipitation sequence

2xxx Al, Cu–(Mg) GP ! θ 00! θ0 (CuAl2)

6xxx Al, Mg, Si GP ! β 00!β0 ! β(Mg2Si)

7xxx Al, Zn, Mg–(Cu) GP ! η0! η (MgZn2)

8xxx Al, Li δ0(Al3Li) ! δ (AlLi)
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accommodate the strains experienced during the forming pro-
cess. This ability depends in turn, on the one hand, on the intrin-
sic physical properties of the material, such as the strengthening
coming from microstructure and chemical composition and, on
the other hand, on the external parameters of the forming
process.[48,49] Hence, it is obvious that strain hardening and
strain rate hardening, in particular, play an important role in
influencing the forming behavior during plastic deformation.
These phenomena, and thus the forming behavior, depend on
the composition andmicrostructure, including the grain and pre-
cipitate geometry, of the alloys.[50] Important extrinsic parame-
ters influencing forming behavior include tribological
properties, forming temperature, gradients of temperature and
strain, as well as blank holding force. Incorrect choice of such
parameters can lead to crack initiation and precipitous
failure.[51–54] Given the complex interactions between the exter-
nal physical variables and the microstructure, control of forming
performance using an appropriate choice of thermomechanical
parameters is important in many industrial applications. In this
section, however, the focus will be on W-temper (WT) forming at
room temperature, warm forming (WF), and superplastic
forming (SPF).

3.1. Cold Forming of Aluminum

In pure aluminum or aluminum alloys with low strength and
high ductility, such as Al–Mg alloys, cold forming enables
high surface quality and dimensional accuracy to be attained.

However, the cold forming of heat-treatable, high-strength
aluminum alloys in the naturally aged (T4) or precipitation-
hardened (T6) state (Figure 6a) is usually limited by poor form-
ability.[55] The high internal residual stresses in these alloys give
rise to a large elastic recovery, known as springback, and a result-
ing deviation from the desired shape after the workpiece is
released from the die. The resulting low-dimensional accuracy
is the main reason why the application of high-strength alumi-
num alloys has been limited in the automotive industry.[56]

To overcome these drawbacks, the cold-forming step in heat-
treatable aluminum alloys can be carried out before aging
(Figure 6b).[57] For this, the sheet material is first solutionized,
that is, heat treated at a sufficiently high temperature to put the
alloying elements into solution and then quenched to create a
supersaturated condition. Since the hardening mechanisms
giving rise to a limited formability are initiated only during
the subsequent aging process, the deformation of the material
takes place in a state of elevated formability. This forming pro-
cess is referred to as WT forming.[57] Even in this case, the YS is
still high due to the SSS resulting from the alloying elements in
solution, so higher forming forces are required than those used
for WF, and thermal distortion may appear after subsequent
water quenching due to the resulting residual stresses. In addi-
tion to WT forming, other techniques used for forming alumi-
num alloys at room temperature, or even at very low forming
temperatures of around �180 °C, include the following: 1) sheet
hydroforming; 2) cold stamping using rigid dies; 3) incremental
sheet forming; and 4) cryogenic forming.

Figure 6. Schematic illustration of the cold forming process in aluminum alloys (a) after and (b) before an aging process.
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In the present work, however, only WT forming, which allows
the fabrication of complex aluminum parts for mass production
in the automotive industry, is discussed in detail. Readers are
invited to refer to the following studies for in-depth insights into
the other cold forming processes itemized above.[58–67]

Several experimental and theoretical studies have been carried
out to assess the potential of WT forming for the production of
industrial parts from precipitation-hardenable aluminum alloys.
In another study,[57] for example, WT forming was compared to
cold forming in the T6 condition in the precipitation-hardenable
aluminum alloy AA7075 by forming an automotive B-pillar using
an industrial tool. While WT forming allowed a crack-free
B-pillar to be produced, a completely broken B-pillar was
obtained in the T6 cold forming case, due to the appearance
of hardening and thinning effects and low formability at room
temperature. The Nakajima test, coupled with the digital image
correlation technique, is used to evaluate forming behavior and
to give insight into deformation and failure mechanisms occur-
ring during forming. This test uses specimens cut from an
originally circular test piece into different geometries to give a
range of strain states[68,69] (Figure 7a). The forming limit curves
(FLC) obtained by conducting Nakajima tests along different
strain paths show that the formability of the precipitation-
hardenable aluminum alloy AA7075 using WT forming is signif-
icantly higher than that using T6 cold forming (Figure 7b).[68,70]

It can be seen that cracks occur near the center region of the test
specimen in all geometries due to the use of lubricant between
the die and the specimen.

These results were used in a finite-element (FE) analysis
model to predict the thickness distribution during WT forming
of a complex-shaped floor tunnel; the results were compared with
those obtained using T6 cold forming (Figure 8).[68] Figure 8a

clearly shows that the model predicts the presence of damage
after T6 cold forming, while the experimental results after WT
forming (Figure 8b) indicate a damage-free part. Three different
yield functions, namely, the von Mises, Hill 1948, and Yld2000-
2 d functions, were used to predict the thickness distribution.
A comparison with experimental results obtained using the
ARAMIS 3D digital image correlation system (Figure 8c–f )
showed that the nonquadratic Yld2000-2d yield function gave
the best agreement with experiment for the thickness distribu-
tion, whereas for material wrinkling after forming, all the yield
functions gave numerical results of the same order of
magnitude.[68]

It can be concluded from the studies presented above that WT
forming is a viable alternative to T6 forming. However, this form-
ing process also has drawbacks. In particular, plastic deformation
of the supersaturated solid-solution state at room temperature
gives rise to surface phenomena known as shear bands, which
propagate on the specimen surface during plastic deformation
in the form of localized strain.[71,72] These occurrences, also
known as the Portevin–Le Chatelier (PLC) effect, reduce the
surface quality and lead to roughness on the surfaces of the final
products.[73–78] The nucleation and propagation of the bands is
followed by a plastic instability, which can be seen in the
stress–strain curves as serrated flow and a nonuniform stress
profile.[78,79] This behavior is associated with the interaction of
dislocations with solute atoms during plastic deformation.[75,80]

Shear banding can be eliminated by increasing the deformation
speed and strain rate during plastic deformation; however, this
results in a reduction in the total strain to failure and in pro-
nounced strain hardening that causes complex thinning effects.

Microstructural processes which can affect the forming
properties and plastic deformation of precipitation-hardenable
aluminum alloys include natural aging, whereby the material
strength of the initially as-quenched condition increases over
the space of a few hours at room temperature.[8,81,82] The
as-quenched material is supersaturated in precipitate-forming
alloying elements such as Mg and Si. These together form coclus-
ters which transform to structures known as GP zones or GP(I)
precipitates over periods of only a fewminutes after quenching to
room temperature.[83] These small precipitates contribute to the
material strength through their interactions with moving dislo-
cations during plastic deformation. The investigations of Banhart
et al. have provided detailed insights enabling the understanding
of natural aging phenomena in Al–Mg–Si alloys.[83] To find a
suitable process window for heat treatment after quenching,
the WT formability of an anticollision door beam was investi-
gated immediately after quenching and after quenching
followed by natural aging for periods ranging from 2 to 4 h[84]

(Figure 9a–g). Visible cracks appeared after WT forming with
a natural aging time of 4 h (Figure 9g). This was attributed to
the increase in strength associated with the formation and
growth of GP zones at room temperature.

As discussed above, WT forming enables the production and
forming of complex-shaped components in the automotive
industry. In addition to the formability of the material, the final
mechanical properties of the formed components are also of
great importance, as these are used in crash-relevant zones.
By adjusting the thermomechanical processing parameters, it
is possible to influence the microstructural processes in such

Figure 7. a) Nakajima tests on specimens of different geometries with
strain measurement using digital image correlation (AA7075, WT) and
b) FLC curves obtained for AA7075 in WT forming and T6 cold forming.
Reproduced with permission.[68] Copyright 2019, Springer Nature.
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a way that material strengths comparable to those in the T6 state
can be achieved.

In recent work, artificial aging was carried out on the
precipitation-hardenable aluminum alloy AA7075 to compare
the final mechanical properties after WT forming with those
obtained in the T6 state.[84] In this context, PA (peak aging) refers
to an artificial aging treatment carried out at 120 °C for 24 h,
which is similar to the conventional artificial aging treatment
used to give the T6 state. Paint baking (PB) corresponds to arti-
ficial aging at 180 °C for 20min and shortened artificial aging
(SAA) to artificial aging at 120 °C for 20 h. PA alone gives a
UTS of 578MPa. Combining the treatments gives a UTS of
542MPa for PA&PB (peak aging followed by PB) and
542MPa for SAA and PB (SAA followed by PB) (Figure 10a,b).
Three-point bending results show identical force–displacement
curves for PA&PB and SAA&PB; both of these are slightly lower
than the force–displacement curve for PA (Figure 10c,d). These
results can be explained in terms of the precipitates formed at
the chosen artificial aging temperatures. In PB, for example,

the main precipitates found comprisea high volume fraction
of the η0-phase[85] and a small volume fraction of GP(II)[38] zones,
conferring good mechanical properties. For PA&PB, the coarsen-
ing of the η0-phase precipitates, which results from the thermal
energy input during PB aging, leads to a slight decrease in
UTS and bending force compared to PA. However, overall, it
can be seen that the selected combinations of aging parameters
result in comparable mechanical properties to those in the
T6 state.

3.2. Warm and Hot Forming of Aluminum Alloys

At elevated temperatures, it is the interplay of strengthening and
softening phenomena which governs the deformation behavior
of aluminum alloys. The thermal energy supplied to the material
raises the diffusion rate and eases the movement of dislocations
by 1) lowering the energy required to overcome microstructural
barriers and 2) enabling the activation of further mechanisms by

Figure 8. Simulations of forming of parts. a) Predicted T6 cold forming and b) WT forming of a floor tunnel part; c) corresponding thickness distribution
obtained experimentally using ARAMIS 3D digital image correlation; corresponding thickness distribution predicted using (d) vonMises, e) Hill 1948, and
f ) Yld2000-2 d models. Reproduced with permission.[68] Copyright 2019, Springer Nature.
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Figure 9. a) Anticollision door beam design, (b) forming tools used, appearance of formed parts after c,d) 0 h, e) 2 h, and f,g) 4 h of natural aging,
showing appearance of cracking. Reproduced with permission.[84] Copyright 2022, Elsevier.

Figure 10. a–b) Tensile properties, c) force–displacement curves, and d) maximum and mean bending forces after WT forming and different aging
treatments. Reproduced with permission.[84] Copyright 2022, Elsevier.
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which dislocations may bypass obstacles, such as local or general
climb.[18,33] Thermally activated mechanisms, such as recovery,
recrystallization, and precipitate coarsening, lead to a permanent
rearrangement of existing defects in the crystal structure, and a
reduction in their density, accompanied by a reduction in the
effectiveness of work hardening and in the total strength.
Also, a greater degree of interaction between the solute atoms,
dislocations, and vacancies in aluminum alloys can be
assumed.[86]

Hot forming of aluminum alloys is the controlled deformation
of these alloys at temperatures above their recrystallization tem-
peratures. The extensive regeneration of the grain structure,
which is accompanied by a reduction in the dislocation density,
increases the possible elongation to failure and permits an
enhancement in formability. WF, that is, forming at tempera-
tures lower than the recrystallization temperature, prevents
dynamic recrystallization, but the higher dislocation mobility still
affects the flow stress and elongation to failure, albeit to a smaller
extent than in the case of hot forming. Both WF and hot forming
are used for heat-treatable and nonheat-treatable aluminum
alloys. However, using hot forming for heat-treatable wrought
aluminum alloys in their peak-hardened state degrades their
mechanical properties by causing growth and coarsening of
precipitates beyond their optimum size for strengthening,
necessitating further subsequent heat treatments to restore
the microstructure and give the desired properties.[87,88] In addi-
tion to dislocation movement, GB sliding may occur in WF and
particularly in hot forming;[89–91] this becomes an increasingly
important deformation mechanism in nanocrystalline or
ultrafine-grained structures and is used, for example, in quick
plastic or superplastic forming.[92–94]

Since conventional aluminum sheet forming strategies face
low formability as a limiting factor when the material strength
is high, new strategies have emerged to satisfy the demand
for improved properties.[95–99] These strategies were derived
from the original cold forming technology by exploitation of
the special strengthening behavior of heat-treatable wrought alu-
minum alloys and have evolved toward new approaches in warm
and hot sheet metal forming. The following section outlines this
evolution but concentrates on currently applied thermomechan-
ical approaches.

3.3. Hot Forming and Its Relationship to Microstructural
Evolution

Since the beneficial effects of high forming temperatures on
formability, in terms of reduced YS and ultimate tensile strength
as well as increased elongation, are obvious, hot forming has
been investigated in high-strength aluminum alloys as an alter-
native approach without the drawbacks of cold forming.[53,100,101]

Experimental investigations carried out on a variety of alloys
including AA2024,[102] AA6082,[103] and AA2060 reveal an
increase in strain to failure at high forming temperature
with respect to that at room temperature. Higher degrees of
deformation enabled more complex-shaped structural compo-
nents to be formed within one or only a few deformation
steps.[104]

For forming in the lower temperature range of 25–200 °C, the
higher end of which is referred to as WF, it has been shown by
experimental and numerical investigation of AA5754-O[105] that
the distribution of the tangential stress in the wall of a deformed
geometry is the main parameter controlling the springback
mechanism. Further numerical and experimental studies have
indicated that forming in the range 200–300 °C gives a significant
enhancement in formability and drawability of aluminum
alloys.[106–108] Similar findings have been established in investi-
gations on AA7075-T6 and AA6082-T6 formed at different
temperatures ranging from RT to 250 °C (Figure 11).[101,109,110]

These studies focused on the definition of a temperature range
for WF of aluminum alloy sheet based on obtaining an optimal
combination of strain hardening behavior and ductility. For this,
true stress–strain curves were obtained and Erichsen tests were
performed for AA7075-T6 (Figure 11).[110] The true stress–strain
curves are divided into four sections to describe the formability
mechanisms at the corresponding temperature: 1) elastic section,
2) uniform deformation section, 3) diffuse necking, and 4) local-
ized necking, as shown in Figure 11a. A closer look at this clas-
sification reveals that the extent of the region of uniform strain
(2) initially increases as the temperature increases up to 150 °C
and then decreases with increasing temperature to 250 °C. The
underlying reasons for this are still being debated by a great
number of authors in ongoing studies.[100,107,111,112] However,
in all investigations, a dramatic decrease in UTS and an increase

Figure 11. a) True stress–strain behavior of precipitation-hardenable aluminum alloy AA7075-T6 and b) Erichsen test results at different forming temper-
atures (main curve) as well as results for AA7075-W, AA7075-O, and precipitation-hardenable aluminum alloy AA6016-T4 (labeled points). Adapted with
permission.[110] Copyright 2016, Elsevier.
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in elongation to failure is reported with increasing forming tem-
perature in the range from RT to 250 °C.

The influence of forming temperature on strain rate sensitiv-
ity and Young’s modulus is investigated in another study[113] for
the precipitation-hardenable aluminum alloy AA6111 using the
orthogonal anisotropic material model developed by Hill et al.[114]

It is found that a temperature increase from 250 to 500 °C gave a
barely significant decrease in elastic modulus of E ¼ 60 GPa to
E ¼ 55 GPa in the blank material investigated. However, with
increasing temperature, a significant increase in strain rate sen-
sitivity was observed, leading to a higher YS at an increasing
deformation rate.

In order to analyze the underlying microstructural effects,
detailed TEM investigations on the warm-formed precipitation-
hardenable aluminum alloy AA7075-T6 have been conducted
(Figure 12). For 7075-T6, homogeneous matrix precipitates
(MPts) with an average size of ~ 5 nm and GB precipitates
(GBPs) were observed, responsible for the high strength and
low formability of AA7075-T6 at RT. At the elevated temperatures
of 200 and 250 °C, an increase in the mean size of MPts and
GBPs and in the width of the precipitate-free zone (PFZ) around
GBs was observed. The microstructural investigations were
expanded in the same study to high-resolution TEM and
selected-area diffraction pattern (SADP) analysis (Figure 12).
In these micrographs, small-platelet precipitates perpendicular
to the f111g Al planes are found. Based on the forming
temperatures, these precipitates were classified as GP zones
(transforming to η0), η0, and stable hexagonal η-phases.[38,85,110]

3.4. Hot Deformation and Hardening Behavior of Aluminum
Alloys at High Temperatures

As outlined above, microstructural processes such as dynamic
recovery, dynamic recrystallization, and PH affect the flow behav-
ior as well as the strain-hardening behavior of aluminum alloys
during WF. At forming temperatures above 300 or 350 °C, these

thermally activated processes and solid-state reactions are
accelerated due to the high thermal energy provided and the con-
sequent increased diffusion rates, leading to significant changes
in grain structure, precipitate species present, and precipitate
morphology as well as in the flow stress.[115–117] In addition to
this, depending on the heat treatment conditions applied to
precipitation-hardenable aluminum alloys, the influence of
dynamic precipitation on the flow stress may need to be taken
into consideration.[118,119]

The hot deformation behavior that takes place during hot or
WF processes, and the associated thermophysical mechanisms,
as well as the microstructural processes involved, are found to be
very complex. They can be influenced by the strain rate ε

:
,

forming temperature T, and the degree of plastic deformation
experienced by the material during thermomechanical process-
ing. In another study,[116] therefore, the effect of deformation
temperatures ranging from 200 to 400 °C and strain rates of
ε̇ ¼ 0.01 s�1, ε̇ ¼ 0.01 s�1 and ε̇ ¼ 0.1 s�1 on the hot deforma-
tion behavior of precipitation-hardenable aluminum alloy
AA7075 were investigated (Figure 13).[120]

To characterize the hot formability for hot stamping of the
material in different microstructural states, the hot deformation
behaviors of an AA7075 alloy supplied in the in peak-aged T6
condition (Figure 13a), and in the as-quenched condition (after
solution heat treatment) (Figure 13b), were compared. In both
conditions, a decrease in flow stress with increasing deformation
temperature and decreasing strain rate was observed; this is typ-
ical for aluminum alloys. These phenomena, also seen at the
same temperature and strain rate range elsewhere,[121–123] are
associated with increased lattice vibrations and dislocation mobil-
ity arising from thermal activation as well as to the time required
for the activation of the softening mechanisms. At higher defor-
mation temperatures, the increased thermal energy significantly
reduces the mechanical energy required for dislocations to move
through the material during plastic deformation and leads to
increased activation of cross-slip of screw dislocations. The effect

Figure 12. TEM micrographs from AA7075-T6 deformed at different temperatures.[110]. An increase in the size of matrix precipitates (MPts) and GBPs
was observed with increasing WF temperature. Adapted with permission.[110] Copyright 2016, Elsevier.
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of the strain rate on the flow behavior can be rationalized by
considering the time required for the activation of thermally
activated phenomena and the effect of thermal energy on the
probability of slip processes per unit time. Decreasing the strain
rate while maintaining the same deformation temperature gives
more time for thermally activated softening processes such as
recrystallization and dynamic recovery, increases, leading to
lower flow stress, as can be seen in (Figure 13a,b), for both
the peak-aged and as-quenched conditions.

Dynamic recrystallization in aluminum alloys is observed in
the vicinity of GBs as well as within the grain interiors. The
nucleation of recrystallized grains is believed to occur through
a GB bulging mechanism, which is characteristic of discontinu-
ous dynamic recrystallization.[124] The high-stacking-fault energy
of aluminum alloys favors a high rate of dynamic recovery
through dislocation climb and cross-slip. As a result of this
and of the low mobility of GBs, precipitation-hardenable
aluminum alloys are more susceptible to continuous dynamic
recrystallization than to discontinuous recrystallization.[125]

The presence of different types of precipitates, which may nucle-
ate and grow during hot deformation, hinders the migration of
GBs and explains the absence of discontinuous dynamic recrys-
tallization.[125] Experimental studies on single-crystal aluminum
during compression tests show that the formation of fine and
homogenously distributed precipitates prior to hot deformation
leads to a nearly complete suppression of recrystallization in
the precipitation-hardenable 7xxx series alloys.[126] In in the
previously mentioned studies, however, the microstructure of
the precipitation-hardenable aluminum alloy A7075 after defor-
mation at a temperature of 400 °C shows a high fraction of
dynamically recrystallized grains for both the T6 peak-aged
and the as-quenched conditions (Figure 14).

At higher forming temperatures ranging from 450 to 520 °C,
different types of dynamic recrystallization phenomena,
including continuous, discontinuous, and geometrical dynamic
recrystallization,[127,128] are believed to occur in the precipitation-
hardenable aluminum alloy AA7075.[129] However, continuous
dynamic recrystallization is reported to be the main softening
mechanism, while the occurrence of geometrical dynamic

recrystallization is reported only at deformation temperatures
below 520 °C.[129]

Returning to the hot deformation behavior of precipitation-
hardenable aluminum alloy AA7075 in different microstructural
states, in Figure 13b, the hot deformation behavior at 200 °C and
a strain rate of ε

: ¼ 0.01s�1 show a significant increase in the flow
stress during plastic deformation. This behavior is linked to the
formation of small precipitates, which is driven by a sufficiently
high thermal energy and defect density within the crystal struc-
ture, that is, stored strain energy. At the same time, a high degree
of elongation after failure is achieved, comparable to values
attained at the much higher temperature of 420 °C.[130,131] For
industrial applications, it is clear from the investigations pre-
sented above that the underlying microstructural condition of
precipitation-hardenable aluminum alloys significantly affects
the flow behavior. At a low forming temperature of 200 °C
and low strain rate of ε

:
= 0.001 s�1, an increased degree of hard-

ening during forming, due to dynamic precipitation, could lead
to inhomogeneous forming behavior as well as premature fail-
ure. At a higher forming temperature of 420 °C and strain rates
of ε

:
= 0.001 s�1, by contrast, the greater elongation to failure and

reduced degree of hardening avoid these problems, allowing the
design of more complex structures with higher degrees of
deformation.

To take account of microstructural effects in process design,
the hot deformation and strain hardening behavior of AA7075 in
the as-quenched state were investigated to determine the
formability behavior during hot compression at high strain rates
up to ε

:
= 10 s�1.[119,132,133] In [134] in addition, a thermally sta-

bilized condition is used to compare the hardening effects and
precipitation–dislocation interactions during hot compression to
those in the as-quenched condition. The thermally stabilized con-
dition, obtained by solution heat treatment, water quenching,
and artificially aging for 24 h at the intended deformation tem-
perature, was designed to prevent precipitate nucleation and
growth during hot compression. The hardening behavior during
hot forming is usually represented in terms of the strain hard-
ening rate, which is obtained from the derivative of fitted true
stress–strain curves.[132,133,135,136] These investigations allow

Figure 13. Hot deformation tensile behavior of precipitation-hardenable aluminum alloy AA7075 in a) T6 condition (solution heat treated, quenched, and
artificially peak aged) and (b) as-quenched condition (solution heat treated and quenched) at different forming temperatures ranging from 200 to 400 °C
and strain rates from ε

: ¼ 0.01s�1 to ε
: ¼ 0.1 s�1. Reproduced with permission.[116,120] Copyright 2022, MDPI.
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the characterization and determination of the influence of micro-
structure and precipitation processes during hot deformation on
the onset of dynamic recovery and recrystallization. A high dis-
location mobility in the initial stages of plastic deformation in the
as-quenched condition leads to the occurrence of dynamic recrys-
tallization at lower critical stresses. However, a higher strain
hardening rate is found in the stabilized microstructure with
increasing plastic deformation.

It can thus be concluded that the formation of nanoscopic
precipitates in the thermodynamically unstable supersaturated
solution affects not only the recrystallization process but also
dislocation–dislocation and dislocation–precipitate interactions
in precipitation-hardenable aluminum alloys. In addition, the
choice of deformation temperature and strain rate determines
the time of onset of deformation-induced hardening and soften-
ing mechanisms and leads to correspondingly high or low flow
stress values during plastic deformation. From these results, the
fundamental impact of the microstructural condition on the flow
behavior of precipitation-hardenable aluminum alloys at
different deformation temperatures and strain rates can be
understood.

3.5. Superplastic and Quick Plastic Forming

Another approach to extend the limits of aluminum alloys is SPF
(Figure 15). The main advantage of this technique is its capability
to shape complex geometries, thanks to the increase in formabil-
ity that it confers at elevated temperatures.[137,138] It is carried out
at the solution-heat-treatment temperature using an isothermal
forming operation at low strain rates, that is, of the order of

ε
: ¼ 10�3 to ε

: ¼ 10�4.[[23,139–141] Gas pressure, applied between
die and sheet surface, deforms the material, pushing it into a
heated die cavity (Figure 15c). In this way, very high elongations
to failure of up to 200% are obtained through microstructural
mechanisms such as cooperative GB sliding (Figure 15b).
With decreasing grain size and strain rate, these phenomena
become even more pronounced.

The SPF technique is usually applied in low- and medium-
strength aluminum alloys such as the 2xxx, 5xxx, and 6xxx series.
Using this technique in the high-strength, heat-treatable alumi-
num alloys of the 7xxx series require an optimal balance between
forming temperature and speed.[142–144] To overcome the
excessive thinning and necking that can occur in traditional
single-stage forming in the 7xxx series, as well as to improve
the forming behavior, a two-stage SPF process has been
developed.[145] The final mechanical properties are adjusted after
SPF through an aging treatment; however, this increases the total
duration of the process and increases the risk of thermal distor-
tion. Because of this, and because of the requirement for costly
heated forming tools, the low deformation rate, and long cycle
times, SPF is limited only to small series or prototype production.

Due to the demand of the automotive industry for high pro-
duction rates, General Motors developed a technique known as
Quick plastic forming, (Figure 15d), which combines SPF and
hot deep drawing at higher forming rates (of ε

: ¼10�3) than
SPF.[146–148] This technology allows the design of complex-
shaped components at even lower cost, simpler tools, higher
forming rates, and markedly higher production efficiency thanks
to short production cycle times.[147] In this technique, preheated
(450 to 510 °C) aluminum blanks are transferred into the

Figure 14. Optical micrographs of a) T6 peak-aged condition and b) as-quenched condition after deformation at 200 and 400 °C. Reproduced with
permission.[116] Copyright 2020, MDPI.
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hydraulic press and deformed using a heated top die. The final
geometry is obtained by applying an additional gas pressure
(Figure 15d). After the forming operation, the parts are cooled
using purpose-built cooling fixtures.

4. Hot Forming–Quenching of Aluminum Alloys

As the effectiveness of cold forming of heat-treatable wrought
aluminum alloys is limited by low formability and the high
degree of springback, and conventional hot forming processes
affect the microstructural phenomena as described above,

ongoing research has focused on the development of a thermo-
mechanical (hot) forming process approach that integrates the
process route required to give PH.[88,149–154] This process, first
proposed by Lin et al.[149] as HFQ, primarily consists of three
steps, shown schematically in Figure 16. The first step consists
of solution annealing (solution heat treatment), whereby the
material is heated at a sufficiently high temperature to dissolve
the alloying elements and form a single-phase solid solution. In
the second step, quenching and hot forming are combined
within one step using the forming tools as quenching media.
After the blank has been formed into the desired geometry, it
is held within the closed tool for sufficient time to ensure that

Figure 16. Schematic illustration of the HFQ forming process route.[14] In the first step, the sheet material is heated to its solution heat treatment
temperature and held for sufficient time to homogenize and dissolve the alloying elements into solid solution. The heated sheet is then formed
and quenched within the forming tools in a single step to create the SSSS state and reduce the distortion that would otherwise occur due to thermal
gradients. Finally, if the material is age hardenable, it is then aged to obtain the desired properties, usually peak strength.

Figure 15. Schematic comparison of microstructural evolution in a) plastic deformation and b) superplastic deformation. Illustration of the process steps
of c) SPF and d) quick plastic forming.
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the cooling rate is high enough to obtain the unstable microstruc-
tural condition known as a supersaturated solid solution (SSSS).
In the third step, only performed in age-hardenable alloys, an
age-hardening process is carried out to give optimal mechanical
properties. This approach can be applied to all precipitation-
hardenable alloys as well as to nonage-hardenable aluminum alloys
of the 5xxx-series[14,99,155–157] and even magnesium alloys.[156]

Since the first appearance of this technique, many studies
have compared its performance to that of conventional processes.
In another study,[158] for example, the formability of Al6061 in
artificially aged (T6) and naturally aged (T4) input conditions
and the dimensional accuracy of the final products are compared
for the HFQ forming process and conventional cold forming.
Hardness measurements in this study showed a slight
increase after HFQ forming with respect to the T6 condition.
Wang et al.[159] demonstrated, in a detailed study, the positive
effects of the HFQ forming process route on springback and
geometrical accuracy in AA5754. A remarkable decrease in
springback in the final geometry was attained with high blank
temperatures, high forming speeds, and smaller die gaps in this
material. Further studies have confirmed this behavior for
AA7075 and AA6082 alloys (Figure 17).[87,160]

The potential of the HFQ forming process is not limited to the
automotive industry,[161] but has also found interest in the aero-
space industry, where components of particularly complex shape
are required. In other studies,[102,104] the forming temperature
that would give optimum forming and mechanical behavior
was investigated for wing stiffener components made from

AA2060. For this purpose, a two-step variant of the process was
used to form the requisite complex geometry. In the first step,
the sheet was heated to a temperature of 470 °C, which is slightly
below the solution heat treatment temperature, and formed within
the cooled tools to the desired geometry. In the second step, the
formed blank was reheated to its solution heat treatment temper-
ature (520 °C, 1min), to dissolve the alloying elements. The
formed part was then quenched to room temperature to achieve
the SSSS condition in preparation for the subsequent aging treat-
ment at 180 °C. The final mechanical properties obtained using
the two-step process were almost the same as those of the as-
received (AA2060-T8) material (Figure 18) and required an even
shorter aging time to attain the peak hardness (Figure 18b).

Following the development of this two-step forming route for
complex-shaped components, finite-element (FE) modeling was
conducted to determine the thinning behavior of the same
geometry during the forming process.[156] Both numerical and
experimental results for AA5754 showed a decrease in the extent
of local thinning with increasing strain rate and decreasing form-
ing temperature (Figure 19). The combined effect of a higher
degree of higher strain hardening and lower heat transfer
between the hot blank and the cold tools led to a higher material
draw-in and a lower degree of local thinning.[156] Further numer-
ical and experimental investigations were conducted to investi-
gate the thickness distribution in complex-shaped components
of AA6082 after both the new hot forming process and cold
forming.[162] The FE model developed showed good agreement
with the experimental results obtained after hot forming

Figure 17. Illustration and comparison of the formed parts after using the HFQ process in a) AA6082 and c) AA7075 versus the b) conventional forming
process AA6082 and d) AA 7075 at room temperature. Reproduced with permission.[87] Copyright 2017, Wissenschaftliche Scripten. The hot-formed
geometries produced using the novel forming process indicate nearly no springback, in contrast to the cold-formed parts.

Figure 18. Comparison of the final mechanical properties of AA2060 produced using the HFQ forming process and those of the as-received material.
The a) tensile curves show almost the same behavior in the formed as in the as-received condition. b) Hardness measurements carried out after aging
AA2060 at 180 °C for different aging times show a decrease in time needed to attain peak aging condition using the new process. Reproduced with
permission.[104] Copyright 2016, EDP Sciences.
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(Figure 20). In addition, this study demonstrated the advantages
of the new process, in terms of better formability, over the tradi-
tional cold forming process for complex-shaped components
(Figure 20c,d).

4.1. Process Variants and Influence of Process Parameters

4.1.1. Effect of Heating Rates

The complete dissolution of the alloying elements and the gen-
eration of a homogeneous single phase is the key requirement
for a successful solution annealing treatment. This can be

achieved by heating the alloy above its solution heat treatment
temperature. The higher the supersaturation of the alloy in
the quenched state, the higher the potential for PH. From the
economic point of view, a high heating rate can save energy
and costs by reducing the required heating time and thus the
total process time. The effects of different heating rates
(0.2, 2, and 20 °C s�1) and soaking times on the tensile perfor-
mance of AA6082-T6 sheet material were investigated in another
study.[163] It was shown, by measuring the resulting mechanical
properties, that the treatment time required to achieve complete
dissolution decreased with increasing heating rate. Higher hard-
ness was observed after the entire HFQ process and artificial

Figure 19. Illustration of successfully formed a,b) complex-shaped component (wing stiffener) produced using the HFQ forming process in two steps.
Adapted with permission.[153] Copyright 2014, Elsevier. Reproduced with permission.[104] Copyright 2016, EDP Sciences. Comparison of calculated and
experimental stress–strain behavior c) of AA5754 at different forming temperatures. Numerically calculated thickness distribution in the complex-shaped
geometry investigated along the cross section of the formed component at different forming temperatures: e) 480 °C, f ) 350 °C, and g) 200 °C and at a
forming speed of 250mm s�1. Adapted with permission.[153] Copyright 2014, Elsevier.
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aging for a high heating rate (20 °C s�1) at a given soaking time
of, for example, 2 min than for a lower heating rate (0.2 °C s�1).
The explanation for this observation was that higher heating rates
(20 °C s�1) avoided the formation, during heating to the SHT
temperature, of β0 and β phases from the coarse, hard-to-dissolve
β 00 phase.

The influence of the heating rate on the microstructural
evolution of Al–Cu and Al–Cu–Zr–Ti–V alloys was investigated
using scanning electron microscopy (SEM), electron beam
microanalysis (ESMA), and TEM by Zhao et al.[113] The improve-
ment in hardness and, therefore, reduction in the required
solutionizing time achieved using high heating rates was found
to be related to an increased density of vacancies and other
defects such as vacancy clusters, as well as stronger interaction
between dislocations and vacancies in the matrix. In addition,
higher heating rates affected the nature, nucleation and
growth rates, and distribution of precipitates in the alloys
investigated.

4.1.2. Effect of Solution Heat Treatment Temperature

The solution heat treatment temperature is another factor affect-
ing the dissolution of precipitates. Temperatures lower than the
solvus temperature of the most stable precipitate phase will lead
to incomplete dissolution of the precipitates and will limit the
degree of age hardening that is subsequently possible. In con-
trast, excessively high solution heat treatment temperatures
may result in incipient eutectic melting, which causes a dramatic

degradation of mechanical properties, in particular a sharp
decrease in the elongation to failure, as well as requiring more
energy and time than necessary. Therefore, it is crucial to find the
optimum solution heat treatment temperature; this depends
primarily on the alloy composition as well as on the size and dis-
tribution of the second phases present in the microstructure
before solutionizing.[53,164–166]

The effects of solution heat treatment temperatures ranging
from 525 to 570 °C in AA6082 O were investigated in another
study.[163] Similarly to the heating rates, higher solution heat
treatment temperatures decreased the required soaking time.
At a high solution heat treatment temperature of 570 °C, the
required soaking time was 1min, whereas at a lower temperature
of 525 °C, a soaking time of 20min was required to achieve
approximately the same mechanical properties after artificial
aging (Figure 21). Increasing the solution heat treatment time
beyond 20min had no further significant effect on the mechani-
cal behavior.

The reason for this was that higher solution heat treatment
temperatures give a higher diffusivity for all atomic species.
In addition, a higher equilibrium concentration of vacancies,
which facilitate diffusion, is present in the lattice structure at
higher temperatures. As a result, a shorter time is required
for full dissolution of precipitates at higher temperatures.

The influence of solution heat treatment temperature on yield
and tensile strength and elongation in AA6082 and AA70775 was
analyzed in another study[167] (Figure 22). It was shown that
higher solution heat treatment temperatures gave better mechan-
ical properties than lower temperatures; this effect was

Figure 21. Influence of different solution heat temperatures on a) mechanical properties after artificial aging and b) soaking time of AA6082. Reproduced
with permission.[163] Copyright 2015, EDP Sciences.

Figure 20. Comparison of experimental and FE simulation results giving local thinning distribution in an AA6082 component after forming using the
HFQ process. Reproduced with permission.[162] Copyright 2015, Mohamed et al., published by EDP Sciences. Illustration of the formed geometry after
a) cold forming and after application of the b) HFQ process. Reproduced with permission.[162] Copyright 2015, EDP Sciences.
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pronounced for AA6082 at 500 °C. This confirmed earlier find-
ings, described above, that at lower solution heat treatment tem-
peratures, the precipitates cannot fully dissolve, and hence the
material does not attain its full potential for PH after quenching.
Increasing the solution heat treatment temperature above the sol-
vus temperature of the most stable precipitates enabled shorter
solution heat treatment temperatures times due to the effects
explained earlier.[167]

In order to investigate the influence of solution heat treatment
time on the strengthening mechanisms, experimental studies
have compared the mechanical behavior of 6A02 aluminum alloy
after soaking at different times (520 °C for 5, 25, and 50min),

cooling at a rate of 50 °C s�1, and aging at 160 °C for
10 h.[168,169] It was shown that increasing the solution heat treat-
ment time at a given cooling rate led to an increase in hardness
and in ultimate tensile strength. The reason for this is that once
the alloy reaches the solution heat treatment temperature, the
diffusion rate of the alloying elements increases. Longer soaking
times mean that enough thermal energy is supplied to give com-
plete dissolution of the second phase. This behavior is shown in
another study,[168] in which SEM observations reveal a higher vol-
ume fraction of coarse second-phase precipitates after a solution
heat treatment time of 5min (Figure 23a), than are present at
longer solution treatment times in Figure 23b,c. However, it

Figure 22. Influence of solution heat treatment temperature on mechanical properties in a) AA6082 and b) AA7075. Reproduced with permission.[167]

Copyright 2019, Elsevier.

Figure 23. SEM observations of the aged condition of 6A02 aluminum alloy after solution treatment for different times: a) 5 min, b) 25min, and
c) 50min. Reproduced (Adapted) with permission.[168] Copyright 2016, Elsevier.
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should be noted that the initial microstructure of the as-received
material already exhibits coarse second phases. This can be
explained by the relatively long treatment time needed to dissolve
the precipitates into the solid solution and to complete the solu-
tion treatment.

4.1.3. Influence of Cooling Strategy on Mechanical Properties
and Microstructure

To obtain the desired final mechanical properties, it is essential
to suppress, using sufficiently high cooling rates, the formation
of precipitates, especially at GBs, after the complete dissolution
of the alloying elements. This preserves the supersaturated state
and maintains a high concentration of vacancies. This supersat-
urated condition promotes the finely dispersed, homogenous
nucleation of precipitates during the subsequent aging process.
The required cooling rates are usually provided using cooled
forming tools during the combined forming and quenching step.
In other studies,[15,85] for example, the effect of different cooling
strategies (water quenching, quenching between flat cold steel
dies, and quenching in air) on the final mechanical and micro-
structural properties of AA6082 is compared after aging at 190 °C
for 9 h. The mechanical properties obtained (YS= 200MPa,
UTS= 290MPa, and strain to failure εf = 0.18%) after using the

cold die quenching technique are only slightly lower than those
obtained using the water quenching method (YS= 230MPa,
TS= 305MPa, and strain to failure εf = 0.17%). A further
study[150] focused on the investigation of the effects of different
die clearances (from 0 to 2.0mm) and loads (from 2 to 10 tons)
on the quenching rate in AA6082. The cooling rate increased
with increasing applied load and decreasing die clearance,
but only to a certain limit. Tensile tests revealed that the
tensile strength of the material also increased with increasing
cooling rate.

Figure 24a shows an example using different die
temperatures.[170] In order to maintain the forming temperature
sufficiently high to ensure formability of the blank, the heat loss
should be reduced to a minimum. For this reason, research has
focused on the influence of tool temperatures on the final prop-
erties of different aluminum alloys in the 2xxx and 6xxx series as
well as Al–Cu–Mg alloys.[168,170–172] The use of heated tools
(Figure 24b) prevented the rapid cooling of the sheet material
during the first contact and thereby improved the formability.
The studies in other studies[168,170–172] investigated the effect
of die temperature (from 50 to 350 °C) on cooling rate and main-
tenance of formability by comparing the mechanical and micro-
structural behavior. The temperature difference between the
blank and the heated dies is found to strongly influence the cool-
ing rate (Figure 24e). A higher cooling rate and an increasing

Figure 24. Schematic illustration of the different process variants and strategies with a) cold forming dies, b) heated forming dies, and c) upper cold and
lower heated dies. d) Comparison of the mechanical properties of resulting formed parts for different die temperatures and e) using heated upper and
lower dies versus upper cold and lower hot dies. f ) Temperature–time profile of the strategies investigated with different die temperatures. Adapted with
permission.[170] Copyright 2015, Elsevier.
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tensile strength were obtained with decreasing die temperature
(ranging from 350 to 50 °C), Figure 24d. From these
observations,[168,169,171] it can be concluded that at lower die tem-
peratures, the precipitation rate decreased due to the high cool-
ing rate and resulting low diffusion rate. Consequently, the
supersaturated state was preserved to a higher extent during
the forming and quenching step. On the other hand, at higher
die temperatures (e.g., 350 °C), the precipitation rate is higher
due to faster diffusion. This behavior leads to lower supersatu-
ration after forming and quenching and explains the decrease in
precipitation hardness, also observed in other studies.[85,168]

In order to preserve the required formability on the one hand
and to obtain sufficiently high cooling rates on the other, a heated
lower die and a cooled upper die have been used simultaneously
in other studies[170,171] (Figure 24c). The heated lower die avoids
premature cooling of the blank on first contact during the form-
ing process, while the cooled upper die shows rapid cooling after
the complete forming operation. Compared to the approach of
heating both dies, this configuration improves the mechanical
properties while maintaining an adequate formability (die tem-
peratures of 250, 350, and 450 °C (Figure 24e). SEM and TEM
investigations have demonstrated the underlying mechanisms
on the microstructural level (Figure 25a–d). For all cooling rates
and die configurations investigated, an almost homogeneous dis-
tribution of very fine metastable precipitations is observed.
The use of heated upper and lower dies caused an increase
in the number density of precipitates (Figure 25a 250 °C,
b) 350 °C) over and above the heated upper/cooled lower config-
uration, due to the lower cooling rates and higher diffusion rates.
When the die temperature was increased from 250 to 350 °C,

these precipitates increased in size and number (Figure 25b).
In contrast to this, forming the blank with lower hot and upper
cold dies inhibits the further growth of precipitates, and no
coarse precipitate particles are observed (Figure 25c) 250 °C
and d) 350 °C).[170]. Due to the higher degree of dislocation
and particle interaction and to the PH mechanisms, such micro-
structures with fine, evenly dispersed precipitates gave improved
mechanical strength.[173,174]

TEM observations illustrate the difference between the micro-
structures obtained by upper-cooled die quenching, as shown in
Figure 25e,f and air quenching, Figure 25g,h, after forming in a
heated lower die at 450 °C. Fine lath-shaped (50 nm� 100 nm)
and homogenously distributed metastable precipitates are shown
in Figure 25e,f, obtained with an upper-cooled die, whereas with
air cooling (Figure 25g,h), coarse needle-shaped precipitates of
750–1000 nm are observed. As a result of the lower cooling rate,
air quenching enables higher precipitation and nucleation rates
and an increase in size of the precipitates, explaining the result-
ing decrease in mechanical strength.

Considering the main hardening mechanisms for
precipitation-hardenable aluminum alloys explained in
Section 2 in the case of thermomechanical process design,
precipitate types and morphology play a fundamental role as they
contribute most effectively to the overall strength. In another
study,[175] the contribution of precipitate types and distributions
on the strengthening of precipitation-hardenable aluminum alloy
AA7075 is investigated after solution heat treatment and inte-
grated cooling using cooled forming tools. Isothermal aging
(at 120 °C for 24 h is compared with preaging (PA: 180 °C for
5min) with simulated baking (SB: 180 °C for 30min). TEM

Figure 25. SEM observations of precipitate distribution in the samples formed and quenched using upper and lower hot dies at a) 250 °C and b) 350 °C.
Upper cold die with lower hot die at c) 250 °C and d) 350 °C. TEM analysis and SAED patterns of microstructure of formed parts using upper cold and
lower hot dies at 450 °C quenched within the e) upper die and f ) and air. (g) and (h). Adapted with permission.[170] Copyright 2015, Elsevier.
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clearly reveals the presence of a different fraction of η0-phase,
mainly resulting from the aging processes, from that observed
in the T6 condition (BMþ T6) (Figure 26a–c). For both aging
strategies, the η0-phase and η-phase are observed within the grain
structure. In the PAþ SB microstructure, however, the volume
fraction of the η0-phase is lower and the number density as well as
the size of equilibrium η-phase precipitates is higher. Hence, by
comparing the overall contributions of the different strengthen-
ing mechanisms to YS, it becomes clear that the contribution of
precipitation strengthening is higher for the microstructure iso-
thermally aged at 120 °C for 24 h than for the PAþ SB condition,
mainly due to the presence of fine η0-phase precipitates and their
higher volume fraction in the former condition (Figure 26c). For
the PAþ SB condition, a larger contribution to SSS is associated
with the decreased fraction of η0-phase and the consequently
higher concentration of the alloying elements Mg and Zn in solid
solution.[175] In addition, the significantly higher contribution
from dislocation strengthening in the PAþ SB condition is
explained in this study by an increase in the strain energy of ini-
tially straight dislocations due to bending as they interact with
precipitates.[175] Since the elastic strain energy of a dislocation
is proportional to its length, an increase in the length of a moving
dislocation as it bows around coarse precipitates results in an
increase in its energy. Hence, the line tension T, which is the
increase in the energy of a dislocation per unit increase in the
length of its line, is given by[18]

T ¼ αGb2 (8)

where α is a constant, G is the shear modulus, and b is the
Burgers vector.

4.1.4. Influences on Aging Treatment in Hot Forming–Quenching

In precipitation-hardenable aluminum alloys, precipitation kinet-
ics are affected by the presence of crystal defects such as vacan-
cies, dislocations, and GBs.[82,176,177] All these defect types
interact on the atomic scale with precipitates, influencing their
kinetics of nucleation and of coarsening during aging. The gen-
eration of a high dislocation density during hot deformation can
therefore influence the final mechanical properties, since dislo-
cations act as fast diffusion paths for solutes, and additionally,
interactions between solute and dislocations result in a flux of
solute to the dislocations.[177] As a result, deformation gradients
along a component after hot stamping and aging can cause dis-
similar mechanical properties.

In another study,[178] therefore, to emulate an integrated hot
stamping process and to determine the influence of defined
degrees of deformation on the distribution of final material hard-
ness distribution, hot deformation ranging from 2% to 10% was
conducted at 420 °C within a tensile testingmachine equipped with
a moveable inductor and contact cooling devices after solution heat
treatment and prior to artificial aging. The results were then com-
pared to the distribution of the same properties, after artificial
aging, of a part formed under industrial conditions using the same
process parameters. An inhomogeneous hardness distribution was
reported, which was attributed to the cooling conditions of the
heated sheet material during the hot stamping operation. No sig-
nificant increase in hardness in the locally deformed zones, for
example in the radii, was found. These observations agreed with
the hardness distribution obtained using the emulated thermome-
chanical process, showing no significant increase in the hardness
after hot deformation at 2% or 10%. These phenomena are

Figure 26. TEM observations of the microstructure of precipitation-hardenable aluminum alloy AA7075: a) as-received base material in T6 condition,
b) material isothermally aged at 120 °C for 24 h, c) PAþ SB, and d) overall contributions of strengthening mechanisms after thermomechanical treat-
ment. Adapted with permission.[175] Copyright 2019, Elsevier.
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attributed to the activation of softening mechanisms, such as
dynamic recrystallization or recovery, during hot deformation.

In another study,[179] the microstructural evolution in AA7075
after hot deformation at different degrees of deformation is pre-
sented (Figure 27a,b). The material was soaked at 480 °C and
strained from 0% to 15%, followed by water quenching to room
temperature. The peak hardness was achieved after 24 h of aging
at 120 °C for the 0 % strain case, but after only 12 h for 15%
straining. In both conditions, homogeneously distributed precip-
itates were observed after ageing to the respective peak-aged con-
dition. From the TEM observations, it could be seen that the
precipitates present in the microstructure were the metastable
η’ phase. In addition, several elongated ellipsoidal particles were
present, which are associated with a higher Cu content (see
yellow arrows in Figure 27b,d). The precipitation sequence in
Al–Zn–Mg alloys and other heat-treatable aluminum alloys is
given in Table 2. In AA7075, GP zones are initially formed, fol-
lowed by metastable coherent η’, then semicoherent, and stable
incoherent η (MgZn2) precipitates.

4.1.5. Influences on Artificial Aging Treatment

The final mechanical properties of heat-treatable aluminum
alloys are obtained during the aging or PH process and
depend on the alloying elements and the preserved
supersaturation.[82,180–185] The general aging process and the
crystallographic nature of the precipitates has been studied in

a multitude of investigations in the literature.[186–191] A clear
increase in strength after artificial aging with respect to that
achieved using natural aging is observed as a result of the differ-
ent precipitation kinetics and nucleation processes occurring at
higher temperatures. Applying thermal as well as mechanical
energy accelerates these mechanisms. After nucleation of clus-
ters or highly coherent but metastable precipitates, a sequence
of progressively more stable precipitates is formed, until the final
thermodynamically stable phase is reached. This final stable
phase is usually associated with the overaged condition in which
the strength and hardness are lower than those of the peak-aged
condition.

As described above, the SSSS condition can be achieved using
a high cooling rate after solution heat treatment; in the hot
stamping process, this is obtained using cooled forming tools,
as reported in other studies.[159,192–194] The cooling rate over a
temperature range of 400 to 290 °C is measured in another
study[194] in the precipitation-hardenable aluminum alloys
AA6082 and AA7075 using the novel HFQ hot stamping process.
After solution heat treatment, the alloys are cooled with different
cooling media, namely 1) water, 2) a water-aquatenside mixture
(AQ-D) that allows a high cooling rate and lower thermal distor-
tion than water quenching alone, and 3) cooled forming tools
(Figure 28a,b). The highest cooling rate, of higher than
1000 °C s�1, is achieved in water. The waterþ aquatenside mix-
ture gives an intermediate rate and the cooled forming tools give
the lowest cooling rate of 493 °C s�1.

Figure 27. TEM micrographs of aged AA7075 in peak-hardened condition after 0% straining and 15% straining at 480 °C. Reproduced with permis-
sion.[179] Copyright 2018, MDPI.

Figure 28. Cooling rate obtained after solution heat treatment using different processes for precipitation-hardenable aluminum alloys: a) AA6082 and
b) AA7075.
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The mechanical properties of material formed and quenched
using cooled forming tools are compared in other studies[194,195]

to those quenched using the waterþ aquatensite mixture (AG-D)
after artificial aging with different parameters (Figure 29a,b) to
determine the abilities of these techniques to maintain an
SSSS state after quenching and to give high final material
strength values. From this figure it is clear that the YS and UTS
obtained using different cooling strategies are very similar and do
not vary greatly with aging time. The addition of another process
step, or subsequent thermal processing, is therefore not required
for the achievement of the desired mechanical properties.

Experimental results obtained in another study[158] show that
after subsequent aging, the integrated HFQ process gives a prod-
uct with almost the same mechanical properties as conventional
forming. The potential for accelerating the aging process in
precipitation-hardenable aluminum alloy AA6082 is demon-
strated in another study,[163] where the aim was to obtain
mechanical properties comparable to those in the T6 condition.
In the first step, the material was heated, over a period of 15min,
to the target aging temperature of 220 °C and held isothermally
for 5 min. In the second step, the material was heated to 180 °C
for 30min to simulate a paint-bake process, which usually takes
place in the automotive production line. The total processing
time of about 1 h presented in another study[163] reveals the
potential for reduction in processing time with respect to the
conventional aging process, while achieving almost the same
mechanical properties as a T6 temper. Hence, it can be con-
cluded from the investigations discussed here that the proposed
thermomechanical process[14,53,196,197] using cooled-forming
tools enables the attainment of high material strength after arti-
ficial aging comparable to that achievable in the T6 condition.

5. Summary and Conclusions

This review has presented several forming strategies which have
been developed with the aim of improving the formability of

high-strength, lightweight materials such as heat-treatable
wrought aluminum alloys. Based on the results existing in the
literature and presented in the review, the following conclusions
can be drawn.

Lightweighting is an important issue for environmental rea-
sons, particularly in the automotive sector. There is strong moti-
vation to replace steel components with high-strength aluminum
for reasons of energy efficiency, whilst maintaining a high level
of passenger safety. High-strength aluminum alloys are suited
to this application thanks to their low density and high
strength-to-weight ratio and have already found application in
electric vehicles leading to a higher range. Concerning the use
of high-strength aluminum alloys in electric car bodies, the
key element is the continuous reduction of vehicle weight, which
is directly linked to an increase in travel distance per battery
charge; this is in addition to any increase in range, thanks to
increases in battery charging capacities. High-strength alumi-
num alloys exhibit an aptitude for being processed within a
defined and robust forming route as well as suitability for appli-
cation as structural components. Thus, the use of this class of
alloys with durable and optimized forming processes is a solu-
tion for modern mass production in the automotive industry.

Aluminum alloys have four main strengthening mechanisms;
the highest strengths can be achieved in age-hardenable alloys
thanks to the formation of second-phase precipitates. The heat
treatment cycle of age-hardenable aluminum alloys comprises
solution heat treatment to dissolve the alloying elements, fast
cooling (quenching) to room temperature to obtain a SSSS,
and artificial aging at moderate temperature to obtain the precip-
itate phases that provide strengthening. Hence, the final mechan-
ical properties of age-hardenable aluminum alloys depend
strongly on composition and heat treatment parameters.

Age-hardenable aluminum alloys have low formability at room
temperature in their peak-aged conditions, suffering from
springback and poor dimensional accuracy. Therefore, strategies
have been developed to improve the formability of these alloys
while benefiting from the excellent final mechanical properties.

Figure 29. Influence of cooling strategy and aging parameters on mechanical properties of AA6082 and AA7075 after artificial aging.
Reproduced with permission.[195] Copyright 2019, Wissenschaftliche Skripten.
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Each of these has been developed to take advantage of the micro-
structural mechanisms underlying the strengthening behavior of
aluminum alloys.

WT forming enables the manufacture of complex structures
for the automotive industry by applying an integrated forming
step directly after rapid quenching to room temperature. The
desired mechanical properties can be subsequently achieved
after the forming step during artificial aging. However, a limita-
tion of this technique is the propagation of surface phenomena,
known as shear bands, during plastic deformation at low temper-
ature. These degrade the surface quality. WT forming is a tech-
nique for forming high-strength aluminum alloys to achieve
complex-shaped geometries such as car body structures. By form-
ing at high deformation rates, it is possible to suppress the appear-
ance of the PLC effect due to a lower degree of interaction between
dislocations and solute atoms within the grain structure at these
deformation rates. However, due to the high dislocation density
generated at room temperature in the formed zones during the
deformation step, inhomogeneities in material strength may be
generated after the aging treatment. These occur because of the
increased precipitate nucleation and growth induced by the high
density of dislocations in the deformed zones.

Alternative approaches to extend the limits of aluminum alloys
are superplastic and quick forming. The forming step for both
techniques take place at temperatures higher than the solution
heat treatment temperature. The main advantage of these tech-
niques is their capability to shape complex geometries, due to the
increase in formability that they confer at high temperatures.

The most promising of the new approaches to the forming of
high-strength aluminum alloys appears to be the HFQ method,
which integrates the heat treatment into the forming process.
This gives almost the same mechanical properties as in the
T6 condition with a high dimensional accuracy. The innovation
of this approach is the combination of the shaping step at high
temperature with the required quenching from the solution
annealing temperature before the final aging process. The dies
used in this process have two functions: (1) defining the final
shape and (2) cooling the material. The main advantage con-
ferred is a shorter process time and the energy-efficient integra-
tion of the hot forming process. Much research has been
conducted on the optimization of process parameters such as
heating rates, solution annealing temperatures, and soaking
times as well as tool heating and cooling strategies and aging
parameters, to minimize the total cycle time while obtaining
excellent mechanical properties in the final parts. These studies
demonstrate that the new hot forming–quenching process can
produce parts with properties that are almost the same as those
formed by conventional forming processes, with reduced produc-
tion times and cost savings. However, there is still potential for
increasing the efficiency in each process stage. In addition, the
effect of differential cooling, as proposed for high-strength
steel,[198,199] on precipitation-hardenable aluminum alloys using
this novel forming process should be considered.[200,201]
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