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Abstract: Cryogenic rolling is one of the essential severe plastic deformation processes to manufacture
high-strength aluminum sheets with excellent formability limits. The present work characterizes the
formability of AA6061 for cryogenic rolling before and after artificial aging. Nakajima method based
on ISO standard is used to measure formability. Samples are aged in the range of 100 ◦C to 150 ◦C.
Artificial aging at 150 ◦C is found to be the optimum temperature for achieving a good combination of
strength and formability. Over the course of artificial aging, strength improved up to 40%, where the
original value of 250 MPa for cryo-rolled condition increased to 350 MPa after 50 h of aging at 150 ◦C,
and the formability of the cryo-rolled sample improved especially for multi-axial forming condition.
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1. Introduction

Aluminum alloys are increasingly used due to their light mass, high strength, good
reflectivity of heat and light, high corrosion resistance, etc., making them the second most
used metal in the world. Aluminum and its alloys are used in electrical power plants,
electronic applications, skyscrapers and buildings, aircraft, trains, ships, and personal
vehicle components. Using aluminum and its alloys, especially in transportation, can
reduce pollution and energy consumption [1,2]. Therefore, improvements in mechanical
properties could help their applications. The 6000 series aluminum contains magnesium
and silicon as alloying elements and is heat-treatable. A relatively high strength between
aluminum alloys and good formability and corrosion resistance extend their application.

Achieving ultrafine-grained (UFG) material is the most prominent key to obtaining
better mechanical properties. This requires a severe plastic deformation (SPD) process, such
as equal channel angular pressing (ECAP), accumulative roll bonding (ARB), high-pressure
torsion (HPT), or cryogenic rolling (CR) [3–7]. Aluminum shows better formability at
cryogenic temperatures [8,9], i.e., typically at liquid nitrogen temperature of −196 ◦C, as
more homogeneous plastic deformation of grains occurs [10–12]. Since metals are often
used as sheet materials, CR has recently received considerable attention because it can
produce continuous industrial products [13–19].

Rolling aluminum in cryogenic temperature suppresses dynamic recovery by reducing
dislocation mobility and accumulates dislocation density [13,17,18,20,21]. UFG structures
with high dislocation density in sub-grains can be obtained by deformation with large
strains below the recrystallization temperature. Moreover, this can increase strain hardening
and suppression of strain localization [12,19,22,23].

Post-CR heat treatment results in the precipitation of second phases that are rich
in alloying elements. Semi-coherent and coherent precipitates such as β′′ and unsta-
ble Guinier—Preston (GP) zones are obstacles to dislocation movement so that they can
strengthen the material. Therefore, only proper heat treatment can obtain the main strength-
ening phase in 6xxx series Al alloys, β′′ [3,14,24]. Moreover, during post-heat treatment, the
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work-hardening effect introduced during cryo-rolling is partially reduced by annihilation
and rearrangement of dislocations (recovery). This improves the ductility and reduces the
strength of the alloy [24,25].

Consequently, appropriate heat treatment schedules can obtain a suitable combination
of strength and ductility. Considering that a large amount of metals is used in sheet
form, the formability of sheet metals is of particular interest [15,26,27]. Researchers have
addressed several alloys of aluminum in this sense [8,28,29]. Still, there is no report in the
literature yet on the forming limit diagram (FLD) of AA6061 subjected to CR and post-heat
treatment of age hardening. FLD is one of the best methods to show the formability of
sheet metals in different loading conditions. Therefore, in this study, various post-CR heat
treatments of AA6061 have been tested, and their corresponding FLDs have been measured
to evaluate which heat treatment is more appropriate.

2. Materials and Methods
2.1. Material

AA6061 plates with 10 mm thickness are used as starting point for the present research.
The chemical composition of the material is shown in Table 1. The chemical composition is
determined with spectroscopy.

Table 1. Chemical composition of the used AA6061 (wt%).

Element Mg Si Cu Cr Fe Mn Ti Al

wt% 0.93 0.52 0.19 0.10 0.29 0.10 0.02 Balance

2.2. CR Procedure

Plates with 200 mm width are annealed at 525 ◦C for 2 h to obtain a homogenous
solid solution. Then, the samples are quenched in cold water to achieve a supersaturated
solid solution. After solid solution treatment (SST), the samples are kept in liquid nitrogen
(LN2) for 15 min, and their thickness is reduced from 10 mm to 1 mm in 15 rolling passes.
Thickness reduction per pass is about 5%. The samples are kept in LN2 for 5 min after the
fourth, eighth, and fourteenth pass. The diameter of the rolls is about 600 mm, and their
speed is about 10 rpm. A schematic representation of the process is shown in Figure 1.
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Figure 1. A schematic representation of solid solution treatment and cryogenic rolling.

2.3. Heat Treatment

After the CR procedure, the samples are subjected to an artificial aging treatment.
For precipitation of the intermetallic β′′ strengthening phase, artificial aging temperatures
are chosen up to 150 ◦C because, at higher temperatures, the β′′ phase can be converted
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to more stable phases of β′ and β, which results in strength reduction. Consequently, in
the present work, 100, 125, and 150 ◦C are chosen as the aging temperatures that should
precipitate the beneficial GP zones and β′′ phase [14,16]. Since it is highly challenging to
characterize the exact type of precipitate structure in the severely deformed microstructure,
both structures are denoted as strengthening precipitates in the following.

The samples are aged for 25 and 50 h at each temperature. Table 2 summarizes the
applied heat treatment schedules.

Table 2. Sample preparation method.

Name Aging Temperature Aging Time/Hours

CR - -
100A 100 ◦C 25
100B 100 ◦C 50
125A 125 ◦C 25
125B 125 ◦C 50
150A 150 ◦C 25
150B 150 ◦C 50

2.4. Tensile Test

The tensile specimens are prepared by water-jet cutting based on the ASTM-E8 stan-
dard. The samples are cut parallel, 45◦, and perpendicular to the rolling direction for each
aging condition, as shown in Figure 2. Each test is conducted three times to validate the
repeatability of the test result. The uniaxial tensile tests are performed at room temperature
with the STM 20 Santam universal testing machine under ISO 7500 and a crosshead speed
of 0.03 mm/s. Therefore, the initial strain rates are 0.003/s.
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2.5. FLD Test

To evaluate forming limit diagrams (FLDs) according to the Nakajima test, ISO 12004
recommends a die with a semi-hemispherical punch, as shown in Figure 3. The radius of
the hardened steel punch is 99 mm with a polished surface and a die diameter of 105 mm.
A serrated blank holder is used to prevent the draw-in of the material.
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Figure 3. Illustration of the cross-section of the used tool (dimensions are in mm). The image is from
ISO 12004.

Figure 4 shows the blanks for the FLD test. Five geometries are prepared to evaluate
different strain regimes from uniaxial to biaxial tension. As recommended by ISO 12004 2,
the water jet cutting process is used to prepare the samples to avoid cracks, work hardening,
or microstructure changes. Therefore, the fracture does not initiate from the edge of the test
pieces. For each geometry, the forming limit test is performed three times. In each test piece,
circles with a diameter of 2.3 mm and squares with an edge of 2.5 mm are electrochemically
etched to evaluate strains after deformation.
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70, 90, 120, and 185 mm.

A hydraulic press with a speed of about one mm/s is used to form the samples until
a crack appears. Nylon and oil are applied between the punch and the test piece as a
lubricant to achieve cracks near the dome’s apex, as depicted in Figure 5.
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Figure 5. Deformed test pieces of forming limit diagram test. Cracks appear near the apex of
the dome.

For each sample, circles are measured by a digital microscope with 60× magnification
after a crack appears. Data are recorded after measurements. From the calculated strains,
FLDs are constructed.

3. Results

The goal of the suggested method is to achieve a good balance of strength and forma-
bility. Since rolling can affect the properties of the material in different directions, the
stress-strain curves for the samples in the rolling direction, diagonal, and transverse to the
rolling direction at room temperature are presented in Figure 6.
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Figure 6. Stress-strain curve of samples (a) parallel to, (b) 45◦ to, and (c) perpendicular to the
rolling direction.

For illustration, strain-hardening exponent n, (from σ = Cεn) at plastic deformation
is shown in Table 3. The strain-hardening is calculated according to ISO 10275 and is
consistent with Yuan et al.’s [8,9] results. High strain-hardening results in less strain
localization and uniform thickness distribution.

Table 3. Strain-hardening exponent n of plastic deformation for cryogenic rolled AA6061 in different
heat treatment conditions.

Direction CR 100A 100B 125A 125B 150A 150B

rolling 0.147 0.136 0.119 0.118 0.103 0.096 0.126
diagonal 0.209 0.130 0.132 0.130 0.136 0.112 0.135
transverse 0.388 0.131 0.127 0.127 0.115 0.111 0.131

Figure 7 summarizes the FLD for different aging treatments. Considering a slight
difference in composition and process, the FLD of the CR sample is consistent with the study
from Chandra Sekhar et al. [30]. The stress-strain curves show that the material has the
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least strength and toughness in the CR condition. However, superior strength is achieved
after aging treatment for 50 h at 150 ◦C. According to the FLDs, the best formability is
observed at higher temperatures of age hardening. An increase in age hardening time also
results in higher elongation to fracture.
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4. Discussion

The strength of cryogenic rolled material is affected by precipitation and dislocation
density. Since these factors depend on time and temperature, heat treatment is essential.
There is a difference in elastic modulus between CR and other samples. During cryogenic
deformation, an extremely high dislocation density is introduced into the material, accord-
ing to the balance between the generation of new mobile dislocations and annihilation
by dynamic recovery as determined by the material’s behavior at cryogenic temperatures.
The very high dislocation density is not stable, however, at the higher temperature, where
the tensile tests are performed. During the test, dynamic recovery and annihilation of
dislocations will occur already at low stresses and dominate the plastic response of the
material. This process overlays with the elastic response of the material and, consequently,
changes the slope of the stress-strain curve at the beginning of the test. Apparently, this
effect is also a strong function of the testing direction, as shown in Figure 6.

The strength of the CR samples is higher than that in the solid solution treated condi-
tion because of finer grain sizes after CR. Also, following the Taylor equation written below,
the very high dislocation density after cryogenic rolling results in higher strength [31].

σy = αMGb
√

ρ (1)

where α is the strengthening coefficient, M is the Taylor factor, G is the shear modulus,
b is the length of the burgers vector, and ρ is the density of dislocations. Suppression of
dynamic aging and dynamic recovery during cryogenic rolling results in precipitate-free
and ultra-fine grains with high dislocation density [17]. However, the matrix of the cryo-
rolled samples corresponds to a supersaturated solid solution, where the precipitation
of secondary phases depends on time and temperature. It is assumed that precipitation
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does not occur at the cryogenic temperature due to the very low mobility of atoms under
these conditions.

At test temperatures, static recovery of dislocations in heat-treated samples can reduce
the strength. At the same time, some strengthening precipitates can form and increase the
strength. Consequently, the difference in strength between CR and 100A should not be too
much. The reason for lower strength in 125B and 150A can be attributed to the difference
in hardening phases, but this would require further investigations of the microstructure,
which are extremely difficult in highly deformed materials conditions, and therefore not
performed here.

The age hardening treatment at 100 ◦C for 25 h does not significantly affect the CR
samples, but aging for 50 h (100B) slightly increases strength and formability due to
precipitation hardening and recovery [17].

For the 125A sample, there is a relatively good increase in formability and strength
due to the recovery and formation of strengthening precipitates. However, as aging time
increased (125B), the strength of the sample decreased again, while formability increased.
Authors suggest that this behavior can be attributed to the annihilation of GP zones and re-
duction of the precipitate density, as well as decreasing dislocation density during recovery.

During aging at 150 ◦C, the β′′ phase is assumed to be the primary strengthening
precipitate. The 150A and 150B samples show good formability due to recovery and
dislocation density reduction. After 25 h, a small amount of precipitation occurs and,
therefore, a slight increase in strength is observed. For the 150B samples, the strength
reaches its maximum due to more precipitation. These findings are consistent with Huang
et al.’s [14] results. In their work, a DSC analysis is carried out at a heating rate of 10 ◦C/min
for evaluating the precipitation sequences. In the current study, precipitation occurs already
at lower temperatures due to the isothermal aging condition.

Solid solution treatment is carried out at 525 ◦C. There is no phase diagram for the exact
chemical composition of the tested material available, but, according to thermodynamic
simulation with Calphad databases [32,33], which gives a rough approximation, more
than 70% of the nominal Mg and Si remain dissolved in the solid solution treatment.
Consequently, the amount of Mg and Si in the matrix, which is available for precipitation
hardening, is calculated to be more than 0.76 and 0.32 weight-%, respectively. Although
not explicitly characterized in the present study, the work of Huang et al. [14] suggests
that the main hardening precipitates in 100 ◦C and 125 ◦C aged samples are GP zones
plus β′′. Simultaneously, the primary hardening precipitate of 150 ◦C aged samples is
expected to be predominantly β′′. Precipitation is controlled by diffusion, which means
that it occurs faster at higher temperatures. Furthermore, the highest rate of forming GP
zones in cryo-rolled samples should be reached at about 125 ◦C, and the highest rate of
forming β′′ phase should be reached at about 150 ◦C, but it needs less time to reach its peak
point. According to the FLD, a superior balance of strength and formability is achieved
at 50 h of aging at 150 ◦C, resulting from a higher amount of hardening precipitates and
lower dislocation density.

5. Conclusions

The present paper provides forming limits at room temperature for cryogenic rolled
AA6061 after artificial aging at temperatures from 100 to 150 ◦C. The main conclusions of
this work can be summarized as follows:

• The density of dislocations decreases during artificial aging due to static recovery.
The second phase can also precipitate more easily due to enhanced diffusion. The
formability of the material is improved by increasing the aging temperature or aging
time. The strain-hardening coefficient shows that the reason for better formability can
be the recovery, i.e., the reduction and rearrangement of dislocations.

• Aging at 150 ◦C for 50 h provides the best formability for different loading conditions,
especially for tension-tension loading. The minor strain range is increased from 0.05
to 0.1, providing higher flexibility for multi-axial forming processes.
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• The strength of the material is improved by 40%. The original value of 250 MPa for
the cryogenic rolled sample increases to 350 MPa after 50 h of aging at 150 ◦C.
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