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Abstract
The poor formability of 7xxx series aluminium alloys represents the major limit to their actual use for automotive and aerospace
applications. In the present study, the forming temperature effect on the mechanical, corrosion and anodization behaviours of the
AA7075-T6 alloy is investigated. To this purpose, tensile tests at different temperatures, ranging from −100 to 300°C, were
carried out at different rolling directions. A 6.6% increase of the ultimate tensile strength and a 28.6% increase of the uniform
elongation were registered for the specimens deformed at the lowest temperature compared to highest ones. Further, the corrosion
resistance of specimens deformed at ultimate tensile strength before and after anodization was increased of 85% and 95%,
respectively, compared to the specimens deformed at 300°C. It was demonstrated that high deformation temperatures led to
the coalescence of particles and precipitates as well as the decrease of dislocation density, which, in turn, decreased the
mechanical and corrosion performances. On the contrary, the deformation temperature of −100°C was found to be the ideal
one able to shorten the manufacturing process chain and improve material formability and durability during its in-service life.
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1 Introduction

7xxx series aluminium alloys are characterized by a very at-
tractive combination of low density, high specific strength and
corrosion resistance. Actually, they are more and more used
for lightweight structural components in the automotive and
aerospace industries, in which weight savings for reduced fuel
consumption and exhaust emissions are mandatory [1].
However, their adoption for manufacturing sheet components
is greatly limited by their scarce formability [2], and rapid
degradation when exposed to the in-service environment that
deteriorates their mechanical properties [3]. To this aim, the
anodic oxidation process is usually applied to build a robust
oxide layer on these alloys surface, in order of improving their

corrosion and wear performances. The characteristics of the
anodized layer strictly depend upon the microstructure of the
metal matrix substrate, which, in turn, is conditioned by the
manufacturing chain.

With this in mind, the present paper aims at finding an
innovative forming approach able to increase the formability
of AA7075-T6 sheets and, at the same time, their corrosion
resistance even after anodization.

The sub-zero forming approach consists in carrying out the
forming process at temperatures below the room one.
Cryogenic forming was firstly introduced by [4] as an efficient
method to suppress the discontinuous deformation bands—
known also as Portevin-Le Chatelier (PLC) effect—
responsible to the ductility reduction in 5xxx series aluminium
alloys. Afterwards, it was demonstrated that the use of cryo-
genic forming allowed increasing the degree of deformation in
correspondence of the ultimate tensile strength (UTS), which
is known to be the actual limit for the component design [5].

In [6], different testing temperatures, namely from −100 to
300°C, were applied to AA6082-T6 tensile specimens.
Results showed a 18% increase of the strain at necking with
the respect to the value obtained at room temperature. On the
contrary, a 45% reduction of the strain at necking was noticed
compared to the one at room temperature tests. The same trend

* Stefania Bruschi
stefania.bruschi@unipd.it

1 Department of Industrial Engineering, University of Padova, Via
Venezia 1, 35131 Padova, Italy

2 Department of Industrial Engineering, University of Padova, Via
Marzolo 9, 35131 Padova, Italy

3 Department of Engineering and Management, University of Padova,
Stradella San Nicola 3, 36100 Vicenza, Italy

The International Journal of Advanced Manufacturing Technology
https://doi.org/10.1007/s00170-021-07333-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-07333-7&domain=pdf
mailto:stefania.bruschi@unipd.it


was found in [7], where an increment of strain at necking from
40 to 70% was obtained with sub-zero thermal fields applied
to 5xxx and 6xxx series aluminium alloys, even under differ-
ent stress states. The instability onset was investigated and
modelled in [8] in a wide range of temperatures and stress
triaxialities. Results showed that not only the formability
was improved at temperatures below zero, but also, within this
temperature regime, the coarsening of intermetallic particles
was prevented. This led to the preservation of the sheet initial
hardness, avoiding the softening favoured by the adoption of
high deformation temperatures.

Another advantage of cryogenic forming contrary to the
currently used forming approaches, namely cold and hot
stamping processes, lies in the reduction of the manufacturing
steps to obtain the final part. Cryogenic forming consists, in
fact, in just two steps, namely the cooling down of the work-
piece below room temperature immediately followed by
forming. On the other hand, the hot stamping process includes
the following steps: (i) heating the sheet received in T4 state
below 480°C, namely the solution treatment temperature, (ii)
forming and finally (iii) artificially ageing [9]. A high form-
ability is, indeed, successfully achieved thanks to the dissolu-
tion of precipitates and occurrence of recovery that take place
at high temperatures together with a certain degree of plastic
deformation. Nevertheless, this process chain provokes a de-
crease of the mechanical properties of the sheet, which im-
poses artificially ageing to be carried out at last. The cold
stamping process is even longer: the sheets are acquired in
the annealed condition state, then cold stamped and solution-
heat-treated and, finally, stored at low temperature.
Afterwards, sizing in the cold temperature regime is
mandatory to avoid natural ageing and correct the
springback [10] and possible geometrical distortions
[11]. Finally, artificial ageing is carried out to achieve
the necessary mechanical strength.

To further prove the reliability of the cryogenic forming
method, evidences about the effect of sub-zero temperature
forming on the corrosion resistance have to be given since
its effect on the in-service performances of the formed parts
is still unknown. In literature, solely studies relative to the
effect of bulk forming processes, like forging or rolling, on
the corrosion resistance, are available. Nevertheless, these
technologies account for a completely different kind of stress
as well as degree of deformation achieved during the process
compared to the sheet metal forming scenarios and, therefore,
are hardly comparable.

In [12], both room temperature and cryogenic forging op-
erations were carried out on AA6066-T6 aluminium alloy
workpieces. It was shown that the use of liquid nitrogen led
to the formation of finer precipitates within the matrix, which
improved the corrosion resistance after anodization, since a
reduced number of particles, detrimental for the corrosion re-
sistance, remained entrapped within the anodization film. In

[13], the corrosion resistance after anodization of a precipita-
tion hardenable AA7075 aluminium alloy subjected to rolling
at liquid nitrogen and room temperatures was studied:
cryogenic-rolled specimens showed enhanced corrosion resis-
tance, yielding the lowest corrosion current, thanks to a more
homogeneous distribution of small size precipitates in the bulk
material. A similar corrosion resistance improvement was
achieved in [14], in which the effect of cryogenic rolling and
annealing temperature on microstructure, mechanical proper-
ty, and corrosion behaviour of the AA6082 aluminium alloy
was investigated. The following results were achieved: (i) the
cryogenic-rolled material exhibited higher corrosion resis-
tance compared to the as-received one, thanks to the formation
of higher density of dislocations inside the grains and larger
density of grain boundaries that facilitated the formation of a
denser oxide surface film, and (ii) cryogenic-rolled specimens
followed by an annealing up to 350°C were characterized by
further increased corrosion potential and decreased corrosion
current, thanks to the precipitation of Mg2Si particles and the
removal of crystalline defects.

However, only a few studies have focused the attention on
the potential benefits arising from sub-temperature operations
in terms of mechanical and microstructural properties as well
as corrosion and anodization behaviour as a function of the
strain, temperature and rolling direction. Therefore, the aim of
this paper is to provide a comprehensive analysis in this sense.
First, mechanical tests ranging from −100 to 300°C were car-
ried out on specimens cut at varying rolling direction.
Afterwards, the specimens deformed at UTS were analysed
by means of microstructural characterization, texture, nano-
hardness and corrosion resistance. Finally, an anodization pro-
cess was carried out on those specimens deformed at UTS,
and their morphological characteristics, roughness, thickness,
quality and corrosion resistance were assessed. The obtained
results proved a relationship between the deformation temper-
ature and corrosion resistance properties.

2 Experimental

2.1 Material

The AA7075 aluminium alloy in the heat treated to
peak ageing condition (T6) was the material under in-
vestigation. Its chemical composition (in wt%) is the
following: 0.4% Si, 0.5% Fe, 1.7% Cu, 0.1% Mn,
2.0% Mg, 6.2% Zn and Al (bal) [15].

The specimens for the mechanical characterization and
subsequent analyses were cut from 500 mm (width) ×
500 mm (height) × 2 mm (thickness) rolled sheets, character-
ized by the mechanical properties given in Table 1.

Microstructural investigations using optical microscopy
(OM) were performed on the as-received sheets along the
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short transverse (ST) direction as per the ASTM-E3 (95) stan-
dard. To this aim, specimens were cut from the sheet, cold
mounted, polished and etchedwith the Keller’s solution for 20
s. The microstructure was recorded with a Leica DMRE™
OM at a magnification of ×200. Figure 1 shows the micro-
structure of the as-received alloy that reveals the presence of
elongated pancake-shaped grains, typical of the rolling
process, characterized by an average thickness, intended
as orthogonal to the rolling direction, ranging between
12 and 17 μm. A very high density of precipitates is
spread throughout the grains.

To identify the chemical composition of the intermetallic
particles (IMPs), energy dispersive X-ray analysis (EDX) was
carried out using the FEI™ QUANTA 450 Scanning Electron
Microscope (SEM). Figure 2 a shows twomain types of IMPs,
one brighter and the other darker compared to the matrix. The
former is characterized by very irregular shape and dimen-
sions, whereas the latter assumes a polygonal aspect. The
EDS spectra shown in Fig. 2b help in identifying the type of
the particles, namely the bright ones correspond to Al7Cu2Fe,
whereas the darker to Mg2Si, in accordance to [16].

To investigate the crystallographic texture and the misorien-
tation angle distribution, electron back-scattered diffraction
(EBSD) analyses were carried out on the ST plane with an
EDAX™ detector controlled by the Orientation Image

Microscopy (OIM™ v5.3) data acquisition software. Prior to
the data collection, the specimen was firstly mechanically
polished with abrasive papers, then with a diamond paste with
an average particle size of 6 μm, and, finally, with a colloidal
suspension of nanometric SiO2 particles. An area of about 400 ×
600 μm in the centre of the ST plane was analysed using a step
size of 1 μm. Clean-up processes consisting in Grain Dilatation
(GD) and Grain Confidence Index Standardization (GCIS) were
conducted during EBSD data post-processing.

For the misorientation angle distributions, grain boundary
angles greater than 15° were defined as high angle grain
boundaries (HAGBs), whereas angles from 2 to 15° were
defined as low angle grain boundaries (LAGBs) Finally, grain
boundaries with angles lower than 2° were excluded from the
misorientation angle distributions to avoid noise in the maps.

The inverse pole figure (IPF) map in Fig. 3a confirms the
microstructure of the AA7075-T6 alloy with elongated alu-
minium grains, whereas the pole figures (PFs) in Fig. 3b show
a crystallographic texture dominated by the typical rolling
texture, as indicated in [17]. According to the grain boundaries
(GBs) map (Fig. 4a) and the related misorientation angle dis-
tribution (Fig. 4b), the as-received alloy exhibits a relative low
fraction of LAGBs, while most of the grain boundaries present
a misorientation angle ranging from 15 to 65°.

2.2 Mechanical testing

To assess the flow behaviour of the AA7075-T6 sheets, a 50
kN MTSTM-322 hydraulic dynamometer equipped with an
MTS-651 environmental chamber with a temperature range
from 130 (±2) °C to 315 (±2) °C was used to perform tensile
tests on dog-bone specimens. The specimens were water-jet
cut with the geometry shown in Fig. 5b, according to the ISO
6892 standard [18] along three directions, namely 0°, 45° and
90° with respect to the rolling one. Six testing temperatures
were selected, namely −100°C, −50°C, 25°C, 100°C, 200°C
and 300°C. As lowest temperature, it was chosen −100°C,
being quickly and easily reachable with industrial cooling
systems supplying liquid nitrogen. However, since the work-
piece temperature may increase during the forming process
due to the applied deformations and to the friction phenome-
na, the −50 °C and 25 °C were selected to characterize the
material behaviour within the entire sub-zero forming process
temperature window. Finally, the tests were carried out also at
temperature from 100 to 300°C to investigate the behaviour of
the AA707-T6 in the temperature range of the most conven-
tional room and warm temperature forming operations.

The environmental chamber supplied liquid nitrogen
through an external dewar and was used to cool the working
volume till the target testing temperature. The chamber em-
beds also several electric heating elements to heat the working
volume for testing above the room temperature. As the entire
working volume is conditioned, the specimen, the tools and

Table 1 AA7075-T6 mechanical properties in the as-received
condition.

Y0.2 (MPa) UTS (MPa) Nano-hardness (GPa) Max elongation (%)

470 530 2.3 11

Fig. 1 OM image of the as-received AA7075-T6 microstructure along
the ST plane
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the environment are at the same temperature assuring a uni-
form distribution along the specimen gauge length. Figure 5 a
shows the overall mechanical testing equipment, while Fig 5 b
shows the inside of the environmental chamber after a test at
−100°C. The specimen is gripped inside the environmental
chamber between two grippers connected to the dynamometer
load cell and the hydraulic piston, respectively. The use of
liquid nitrogen allows reaching easily −100 °C, which was
therefore chosen as the minimum testing temperature. Each
tensile test was repeated 3 times for sake of repeatability with
a strain rate of 0.1 s−1. The latter value was chosen in compli-
ance of the strain rate values typical of sheet stamping pro-
cesses carried out on aluminium alloys [19].

2.3 Post mechanical testing characterization

Post mechanical testing characterization was performed on
specimens deformed till their UTS since this is the maximum
value used for designing sound sheet forming processes.

The microstructures of the UTS-deformed specimens were
acquired using the procedure detailed in Section 2.1. To evaluate
the amount of large IMPs particles, polished but un-etched spec-
imens were analysed through OM at a magnification of ×200,
then processing the images by the ImageJTM software.

Nano-hardness measurements was considered instead of
Vickers ones with the aim of detecting strengthening mecha-
nisms at nano-level, like density of dislocations and presence

Fig. 2 a SEM image of the as-
received AA7075-T6 alloy and b
EDS spectra of the red areas
highlighted in a
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of very fine precipitates, which cannot be appreciated
when adopting techniques at micro-level. The nano-
hardness measurements were carried out on the
iMicro™ nano-indenter with a weight of 50 mN using
a Berkovich tip. Twenty-five repetitions were performed
on random zones of each specimen.

The intermetallic particles inspection was performed using
the Field Gun Emission Electron Microscope (FEG-SEM)
FEI QUANTATM 250 equipped with EBSD. At least three
images, taken in different zones and acquired at ×50,000 and
×100,000 magnifications, were used to detect the particles
dimension. The calculation procedure is shown in Fig. 6.
First, the FEG-SEM images were uploaded (Fig. 6a), and a
certain colour threshold value was imposed in order to clearly
highlight the particles (Fig. 6b). Then, the number of particles
was automatically counted by the program on the basis of their

size. In particular, three classes of particle dimension were
computed on the basis of the diameter of the circumscribed
circle ( ): (i) < 40 nm, called A; (ii) 40 nm < < 140 nm, called
B; and (iii) > 140 nm, called C.

It is worth noting that, in order to avoid counting errors and
confuse particle with pixels, the particles “A” were excluded
from the calculation since they were too small to be clearly
detected. An example of the difference between A and B par-
ticle classes is given in Fig. 6c.

To study the effects of the deformation temperature on the
crystallographic texture and misorientation distribution,
EBSD analyses were conducted on the deformed specimens
by using analogous experimental procedure described in
Section 2.1 for the as-received alloy.

Moreover, from the EBSD data, local strain distribution
was also determined using the kernel average misorientation

Fig. 3 a IPF map of the as-
received AA7075-T6 alloy (RD,
ND and TD stand for rolling,
normal and transversal direction,
respectively) and b 001, 101 and
111 PFs

Fig. 4 aGBsmap: LAGBs with misorientation angle between 2 and 5° in red lines, LAGBs between 5 and 15° in green lines and HAGBs in black lines.
b Misorientation angle distribution
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(KAM) distribution. The KAM is commonly calculated for
each grain by averaging the misorientation between a given
point and its nearest neighbours; it is used to estimate the local
plastic strain, dislocation density, and, consequently, the strain
energy stored in a material [20, 21]. In addition, the KAM is
generally lower than 1° in recrystallized grains and higher in
deformed ones; however, points with orientation differences
larger than 5° from the centre of the kernel are excluded from
the KAM distributions.

The electrochemical behaviour of the UTS-deformed spec-
imens was evaluated using a standard three electrodes cell,
where the specimens represented the working electrode, a sat-
urated calomel electrode (SCE) the reference electrode and a
platinum electrode the counter electrode.

An AmelTM 2549 potentiostat was used for the elec-
trochemical tests. The potentiodynamic polarization
curves were obtained, after open circuit potential
(OPC) stabilization of 1 h, applying a potential from
−1.4 to 0 V at a scan rate of 0.5 mVs−1. The

potentiodynamic polarization curves were obtained in
standard 3.5% NaCl solution. Both the corrosion poten-
tial (Ecorr) and the corrosion current density (Icorr)
were extrapolated from the polarization curves, follow-
ing the ASTM G5-14 standard procedure [22]. At least
three tests for each condition were carried out to assure
reproducibility of the results.

2.4 Anodization and sealing

Before anodizing, conventionally called anodic alumini-
um oxide (AAO), the UTS-deformed specimens were
firstly polished until reaching a surface roughness of
0.1 μm and then ultrasonically cleaned. Subsequently,
the specimens were degreased by immersion in a solution
of NaOH (5 mass %) at 60°C for 30 s and then rinsed
with water for 1–2 min to activate the surface.
Afterwards, the pickling process was conducted,
consisting in the immersion of the specimens in an

Fig. 5 a Dynamometer equipped
with the environmental chamber
and b magnified view in the case
of a test carried out at −100°C

Fig. 6 Procedure for the calculation of the particle size: a original image acquired by FEG-SEM, b particles evidenced on the basis of their size, and c
magnified image of b to show the difference between A and B particle classes
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aqueous solution of HNO3 (30 vol. %) for 90 s at room
temperature and then rinsing with water for 1–2 min.
These procedures are in accordance with those reported
in [13].

Figure 7 reports the scheme of the anodization process, in
which the UTS-deformed material in the form of dog-bone
specimens was used as anode, whereas a piece of the same
material grade stands for the cathode.

The anodization process was conducted on with a TDK-
LambdaTM 300V/8A DC power supply at 0.05 A∙cm−2 for 30
min. The specimens were immerged in a 15 mass % sulphuric
acid solutionmaintained at 15°C thanks to a thermostatic bath.
After anodization, a sealing treatment was carried out in water
at 98°C for 20 min.

2.5 Characterization after anodization and sealing

After anodization, the specimens were firstly visually
inspected, and ×3.2 low magnification images were ac-
quired by using a ZeissTM Stemi C-2000 stereomicro-
scope. Then, their surface roughness was measured by
using a Sensofar PLu Neox™ optical profiler with a
×20 magnification Nikon™ confocal objective. The sur-
face roughness of three different rectangular zones of
2.9 mm length and 2.2 mm width across each specimen
was acquired.

To measure the thickness of the AAO layer, the specimens
were cut, cold mounted and polished. The section was then
inspected through SEM at ×5000 of magnification. SEM anal-
ysis was also exploited to investigate the presence of defects
across the coating. To this purpose, ×10,000 images were
acquired. In addition, EDS was used to identify the composi-
tion of particles entrapped within the anodization film.

Corrosion tests after anodization were also carried out by
using the same procedure described in Section 2.3.

The flow chart of the overall experimental methodology is
presented in Fig. 8.

3 Results and discussion

3.1 Mechanical behaviour

Figure 9 shows the AA7075-T6 engineering stress-strain
curves as a function of temperature and rolling direction. As
the temperature rises, the material flow stress decreases, as well
as the slope of the plastic strain. This shows how the strain-
hardening effect is greater as the applied temperature decreases,
while, as the temperature rises above 200°C, the curves appear to
be almost flat or with a negative slope in plastic regime. In the
latter cases, as shown in Fig. 9 e and f, not only the reached stress
values are lower, but also the necking phenomena take place at
lower stroke values, and therefore at lower strains. As regards the
influence of the rolling direction, the specimens cut at 90° show a
higher flow stress for temperatures lower than 100°C than the
ones cut along 0° and 45°. Up to 100°C, the material is still
deformed in cold condition, while higher forming temperatures
fall within the warm range. In this range, not only a flattening of
the flow-stress curves can be observed, but also a change of the
relative position between the curves obtained as a function of the
rolling direction.

The same trend can be seen in Fig. 10a where the UTS
values are compared at varying testing temperatures and
rolling direction. Furthermore, Fig. 10 b shows the UTS per-
centage variation taking as baseline condition the tests carried
out at 25°C. It is worth noticing a mean increase of 6.6% of the
UTS at −100°C and a mean decrease of 63.7% at 300°C. This
means that the expected forming load for a sub-zero temper-
ature forming process is close to the one of a conventional
room temperature operation. On the other hand, forming at
temperatures from 200 to 300°C implies a considerable
forming loads reduction. However, at the same time, the ap-
plication of a high temperature field can lower the component
final mechanical characteristics. The influence of the rolling
direction on the UTS percentage variation has proven to be
negligible under 100°C, with relative difference between the
specimens cut along three direction being under 1%. Only at
higher temperature, the specimens cut along the orthogonal
direction exhibit a greater drop in the UTS values, with a
decrease of 28.5% compared to a mean decrease of 23.4% in
the other cases at 200°C. The influence of the elevated testing
temperature, 300–400 °C, on the UTS values showed similar
trends to those found in [23] for AA7075-T6. It was seen that
the UTS values gradually dropped at increasing temperature,
as is in the present study. Actually, the intensity of both the
recovery and grain boundary migration processes is reduced
when the deformation occurs at sub-zero temperatures, as well
as the grain coarsening and precipitates dissolution. In [23] it
was asserted that the enhancement of the workpiece mechan-
ical properties was desirable also to limit the tool friction and
avoid the wrinkle onset, which represents a critical formability
limit in aluminium alloy hot stamping.Fig. 7 Scheme of the setup used to carry out the anodization process
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Fig. 8 Flow chart of the
experimental methodology

Fig. 9 AA7075-T6 engineering flow-stress at a −100°C, b −50°C, c 25°C, d 100°C, e 200°C, and f 300°C
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The above-mentioned increase of the strain-hardening, as
the temperature lessens, is connected with the strain at necking
εneck increase. Figure 11 a shows the necking strain values as a
function of temperature and rolling direction. Within the tested
temperature range and along all the tested directions, a temper-
ature decrease led to an increase of εneck. This means that de-
formation under uniaxial condition at sub-zero temperatures
postpones the starting of necking accompanied with the local-
ized sheet thickness reduction that represents a major disadvan-
tage of the sheet stamping processes. Taking as reference the
room temperature cases, the percentage variation of εneck is
shown by Fig. 11b. For all the tested directions, the maximum
mean increments are reached at −100 °C and are, respectively,
of 35.2%, 31.0% and 19.6%, while the mean increments drop
to 13% at −50°C. However, as the testing temperature rises over
the room one, the beginning of necking is reached for smaller
strain values for all the tested conditions. Fig. 11b and Fig. 9
show that, as the temperature rises from −100 to 300°C, most of
the plastic strain occurs in post-necking conditions, with higher
true strain at fracture, but coupled with a thickness decrease. On
the other hand, as the temperature lessens, most of the plastic
deformation takes place before the onset of localized necking,
therefore in uniform elongation conditions, which is fundamen-
tal to manufacture sound components having a constant thick-
ness distribution.

3.2 Microstructural and thermo-mechanical charac-
teristics after deformation

Since the effect of temperature on the alloy mechanical prop-
erties is the same regardless of the rolling direction (see
Section 3.1), the characterization analyses were carried out
just on the specimen at 0° direction.

Table 2 reports the average grain size of the samples de-
formed at UTS at varying testing temperature. The values are
normalized with respect of the one of the as-received material
and measured along the ST direction. It can be seen that, on
average, the grain size remained unaltered after deformation.
The unique exception is represented by the specimen de-
formed at 300°C, which shows a 20% reduction in grain size
as a consequence of the recrystallization phenomenon.

The IPF maps and the pole figures of the −100°C and
200°C UTS-deformed specimens are shown in Fig. 12. Such
temperatures are here reported as representative of the cold
and warm regimes, respectively. It can be observed that the
crystallographic textures and related intensities are substan-
tially equivalent; moreover, they appear similar to that of the
alloy in the as-received condition (see Fig. 3 for comparison).
This means that the crystallographic texture was not signifi-
cantly affected by the deformation temperature and conditions
adopted for the mechanical testing campaign.

Fig. 10. AA7075-T6: a UTS (mean std. dev. is contained within ± 6.2 MPa) and b UTS percentage variation (baseline 25 °C)

Fig. 11. AA7075-T6 a εneck (mean std. dev. is contained within ± 0.007) and b εneck percentage variation (baseline 25 °C)
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The GBs maps of the −100°C and 200°C UTS-deformed
specimens are shown in Fig. 13 a and b, respectively,
whereas the related misorientation distributions are com-
pared with the one of the as-received alloy in Fig. 13c. It
can be observed that the deformed specimens show a
higher density of LAGBs than the as-received alloy. In

fact, as reported in [24], the fraction of LAGBs can be
generally considered an indication of the localized plastic
deformation in a material. Actually, the −100°C UTS-
deformed specimen showed a higher fraction of LAGBs
with respect to the 200°C specimen indicating that the
tensile deformation at cryogenic temperature induced a
higher deformed state in the material [16]. These results
are in accordance with those of Fig. 11, since an increase
of εneck was obtained at decreasing testing temperature.

The KAMmaps and the corresponding KAM distributions
of the −100°C and 200°C UTS-deformed specimens are
displayed in Fig. 14 a and b, respectively, whereas the related
data are summarized in Fig. 14c. It can be clearly seen that a
larger fraction of green and yellow coloured regions, which
correspond to the misorientation of 2° and 3°, was detected in
the specimen deformed at low temperature. This can be attrib-
uted to a higher concentration of dislocations and, consequent-
ly, deformed aluminium grains.

Table 2 Normalized grain size of the UTS-deformed AA7075 speci-
mens at varying testing temperature

Testing temperature (°C) Normalized grain size

−100 1.0 ± 0.3

−50 1.0 ± 0.2

25 1.0 ± 0.2

100 1.0 ± 0.2

200 1.0 ± 0.3

300 0.8 ± 0.2

Fig. 12 a IPF map and b 001, 101 and 111 PFs of the −100°C UTS-deformed specimen. c IPF map and d 001, 101 and 111 PFs of the 200°C UTS-
deformed specimen
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Figure 15 graphs the amounts of IMPs per unit area for
different sizes along the ST plane. A drastic increase in the
number of larger particles with the respect of the as-received

sheet is visible for the specimens deformed at the higher tem-
peratures. On the contrary, the specimens deformed at
−100°C, −50°C and 25°C were characterized by a lower

Fig. 13 GBs map along the ST plane of the a −100°C and b 200°C UTS-deformed specimens. cMisorientation angle distributions of the −100°C and
200°C UTS-deformed specimens (the distribution of as-received alloy is also reported)

Fig. 14 KAM map along the ST plane of the a −100°C and b 200°C UTS-deformed specimens. c KAM distributions of the −100°C and 200°C UTS-
deformed specimens (the distribution of as-received alloy is also reported)
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number of large particles, even lower than the one of the as-
received material. The same trend applies also for the other
particle size.

The phenomenon of particles coalescence depended on the
temperature at which the deformation occurred. High temper-
atures gave the particles enough energy to increase their size.
On the contrary, low temperature in combination with applied
strain favoured the particle fragmentation.

A close-up view of the microstructure was feasible by
using the FEG-SEM and is reported in Fig. 16, whereas Fig.
17 shows the particle analysis results. By comparing Fig. 16 a,

b and c, it can be seen that a significantly higher amount of
precipitates was present in the specimen deformed at −100°C
compared to the one deformed at 200°C. Actually, on the
latter, several precipitates free zones (PFZ), distin-
guished by lack of precipitates, are visible as well as
relatively large IMPs (evidenced by white circles) ac-
cording to what previously reported.

Figure 16 d, e and f help in determining the type of particles
present in the alloy: the plate-like/needle-shaped particles and
spherical-shaped particles correspond to the Guiner-Preston
(GP) zones and η′ phase, respectively. The former are small
clusters of zinc-rich atomic semi-coherent layers, whereas the
η′ phases are MgZn2 (η′ and η) precipitates characterized by a
size ranging from 1 to 100 nm. In general, finer precipitates
are present inside the grains, whereas their size is higher at the
grain boundaries, due to preferential diffusion of the solute at
the grain boundaries compared to the material matrix [25].
Even GP zones and η have similar morphologies: the former
are thinner and often also longer than the latter. Finally, IMPs
are usually larger than 1 μm.

Precipitates are of great importance for mechanical proper-
ties: these coherent nanosized precipitates act as obstacles for
the dislocation movement due to tensile straining. The density
of η′ precipitates in the −100°C deformed specimen was
higher, and, consequently, the inter-distance between particles
was lower compared to the 200°C deformed specimen and to
the base alloy.

Results of nano-hardness measurements carried out on the
ST plane are reported in Fig. 18. Harder surfaces compared to
the as-received material were obtained solely in the case of

Fig. 15 IMPs of the UTS-deformed AA7075 specimens at varying test-
ing temperature

Fig. 16 FEG-SEM images of the as-delivered (a and d) and UTS-deformed AA7075 specimens at 200°C (b and e) and −100°C (c and f)
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deformation at −50°C and −100°C. Specifically, considering
the specimen deformed at 25°C, a 11% and 16% nano-
hardness increase was registered for the specimens tested at
−100°C and −50°C, respectively. On the contrary, a 35% de-
crease was found for the specimen tested at 300°C.

Deforming at low temperatures resulted in higher storage
energy, which might provide a higher driving force for grain
boundary migration as well as reduction of recovery.
Moreover, the decrease of deformation temperature impaired
the coalescences of the IMPs [23].

3.3 Strengthening mechanisms at varying testing
temperature

Results reported in Section 3.1 show that the mechanical prop-
erties of the AA7075-T6 alloy are strictly dependent upon the
testing temperature. A 6.6% and 28.6% increase of UTS and
εneck was registered for the specimens tested at the lowest
temperature with the respect to the ones tested at the highest
temperature. Regardless of the rolling direction, the uniform

elongation values showed an indirect relationship with the
mechanical testing temperature, delaying the necking starting.

It can be clearly seen from the experimental data of Fig. 9 and
Fig. 18 that specimens deformed at sub-zero temperatures are
characterized by improved mechanical strength and nano-
hardness compared to the specimens deformed at the other
temperatures.

According to [26], solid solution strengthening, grain re-
finement, dislocation strengthening and precipitation harden-
ing mainly contribute to the mechanical strength of the
AA7075-T6 alloy.

Solid solution strengthening is related to the amount of the
solute in the solid solution, which determines the formation of
substitutional or interstitial point defects, thus affecting the strain
field in the matrix [27]. Nevertheless, every sheet was in T6
condition; therefore, the solid solution strengthening cannot be
the reason of the different strength values obtained at varying
temperatures.

The grain refinement strengthening refers to the Hall-Petch
relationship, which foresees that the strength is directly related
to the average grain size through the Hall-Petch coefficient
[28]. Table 3 reveals that, excluding the material deformed
at the highest temperature, the average grain size was not
affected by the testing temperature. Therefore, the size of the
grains cannot be considered the reason for the strength im-
provement shown by the sub-zero deformed specimens.

Fig. 17 Precipitates of the UTS-deformed AA7075 specimens at varying testing temperature

Fig. 18 Normalized nano-hardness of the UTS-deformed AA7075 spec-
imens at varying testing temperature

Table 3 Electrochemical data obtained from potentiodynamic
polarization curves at varying testing temperature

Testing temperature (°C) Icorr (μA/cm
2) Ecorr (V)

−100 1 ± 0.5 −1.03 ± 0.1
−50 3 ± 0.8 −1.04 ± 0.1
25 2 ± 1 −1 ± 0.05
100 3± 0.7 −1.04 ± 0.1
200 4± 1 −1.06 ± 0.05
300 6.5± 1 −1.07± 0.1
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Dislocation strengthening is connected with the amount of
dislocations present within the material. As witnessed by the
sharp slope of the curve of the specimen deformed at the
lowest temperatures (see Fig. 9), dislocation density is remark-
ably increased in those specimens compared to the one of the
specimens deformed at higher temperatures. This can be at-
tributed to the suppression of dynamic recovery and restriction
of dislocation movements, like cross slip and glide. In [17], an
inverse relationship between dislocation density and tempera-
ture increase was proposed on the basis of high resolution
transmission electron microscopy images. In addition, KAM
distribution of Fig. 14 further proves the increase of disloca-
tions and energy stored in the material at lower temperatures,
as witnessed by the rise of 2° and 3° fraction angles.

Precipitation hardening refers to the presence of precipi-
tates, which can hamper dislocation motion by interfering
with their movement. In general, a higher number of small
precipitates boost the strength of the material [29]. On the
basis of Fig. 17, it can be said that precipitation strength is
the highest for the specimen deformed at −100°C compared to
the one of the specimen deformed at 200°C, thanks to the finer
and more homogeneously dispersed precipitates that strongly
oppose the dislocations movements.

On the basis of the present discussion, solely dislocations
and precipitation strengthening are the responsible of the
strength improvement of the AA7075-T6 alloy at sub-zero
temperatures.

Even if the IMPs do not play a direct role in affecting the
strength of the AA7075 alloy, they represent a crack initiation
trigger. In fact, they favour the formation of PFZ, which are
characterized by poor mechanical properties, as shown in Fig.
16b [6]. Figure 15 shows that the specimens deformed in the
temperature range between −100 and 100°C present a reduced
number of large IMP even compared to the as-received mate-
rial. Contrarily, a drastic increase is seen for the specimens
deformed at the highest temperatures.

Similar to σ0, also ε
neck is not reduced at increasing testing

temperature. This behaviour is characteristic of face centred
cubic (FCC)metals with high stacking fault energy (SFE). For
aluminium alloys, SFE lies between 160 and 200 mJ*m−2

[30], meaning that both dislocation movement and dynamic
recovery are facilitated [31]. By carrying out deformation at
very low temperatures, the dynamic recovery phenomena are
suppressed, inhibiting dislocation movements, effectively
delaying the formation of geometric instabilities at high strain.

3.4 Corrosion resistance after deformation

As stated in the Introduction, pitting corrosion is one of the
main problems that impair the structural integrity of mainly
aerospace components, after having been in service for a long
period in contact with the corrosive atmospheric environment.
Pitting usually takes place after the cracking of the passive

layer as a consequence of the interplay of the surface with
the ionic species present on the environment that can penetrate
through the film and locates in correspondence of atom va-
cancies [32]. Thus, the underlying metal starts corroding.
Pitting usually evolves in four stages: (i) rupture of the film,
(ii) fast growth of metastable pits, (iii) stable pit grow over a
longer period and (iv) repassivation [33].

In the present study, sodium chloride is used as electrolyte
since chlorides are abundant in the environment and represent
the main cause of pitting corrosion [34].

Figure 19 reports the potentiodynamic polarization curves
for the specimens tested at different temperatures, whereas
Table 3 summarizes the corrosion data derived from the fig-
ure. Both the Ecorr and Icorr can be used as indicators of a
material resistance to corrosion. In particular, the higher the
value of the former and the lower the value of the latter, the
better the metal resistance to corrosion. From Table 3, no
significant differences ofEcorr between the investigated spec-
imens were observed. However, a significant decrease in
Icorr, namely 85%, was observed for the specimen deformed
at −100°C compared to the one of the specimen deformed at
300°C. Overall, the specimens deformed at temperatures rang-
ing from −50 to 100°C show similar behaviour, whereas a
slight worsening is found for the specimen deformed at
200°C. These observations imply that deformation at 200°C
and 300°C induces a corrosion resistance reduction.

3.5 Factors affecting corrosion resistance as a function
of the mechanical testing temperature

Corrosion resistance of aluminium alloys is still an open sub-
ject in literature. From a viewpoint of metallurgy, corrosion is
usually associated with structural inhomogeneities due to pre-
cipitates, interfaces and other defects.

The role of constituent particles in the pitting corrosion of
AA7075-T6 in an aerated 0.5M NaCl solution was studied in
[34]. Two types of particles were identified, namely anodic
(type A) with respect to the matrix that tend to dissolve and
cathodic (type B) with respect to the matrix that tend to pro-
mote dissolution of the adjacent matrix. Analyses by SEM and
EDS were shown that type A particles were those containing
Al, Cu,Mg and Zn and type B particles were those with Al, Fe,
Cu, Mn and Zn.

Several studies were devoted to evaluate the effect of dif-
ferent particles on aluminium alloy corrosion resistance. In
[35], the corrosion damage occurrence was found in corre-
spondence of Al7Cu2Fe IMPs. In particular, “peripheral” type
of corrosion was encountered, which refers to the pitting at
particle-matrix interface. In fact, cathodic particles are known
to support appreciable oxygen reduction reaction (ORR) that
causes the dissolution of the matrix to maintain the net current
balance upon the alloy surface. Peripheral pitting is also re-
ferred to as “trenching” in many studies.

Int J Adv Manuf Technol



In [36], the intergranular corrosion of 7xxx series alumin-
ium alloys was attributed to the anodic dissolution of η pre-
cipitates at grain boundaries that represent a chimney of inter-
granular corrosion. However, not only the type of particles but
also the characteristics of particles population were highlight-
ed to be of primary importance in the localized corrosion of
Al-Zn-Mg-Cu alloys. In fact, too large IMPs were recognized
to have a primary role in determining the galvanic interactions
with the matrix [37, 38]. This raised concerns regarding ma-
terial failure associated with IMPs during service by localized
corrosion and stress corrosion cracking or environment-
assistant cracking.

In [39], the effect of equal-channel angular pressing
(ECAP) on the pitting corrosion resistance of AAO Al-Cu
alloy was investigated. The time required before initiating
pitting corrosion of the AAO Al-Cu alloy was longer with
ECAP than without, indicating that the ECAP process im-
proved the pitting corrosion resistance of the AAO Al-Cu
alloy. Second phase precipitates were present in the alloy ma-
trix, and the size of these precipitates was greatly decreased in
case of ECAP.

In [40], the behaviour of the Al7Cu2Fe precipitate in
AA7475-T7351 and AA7081-T73511 aluminium alloys was

evaluated in terms of microstructural characterization and po-
larization tests. A lower corrosion current density was found
for the latter alloy, due to the presence of Al7Cu2Fe more
elongated and finer particles compared to the ones of the other
alloy. The possible reason was ascribed to the manufacturing
process: the AA7081-T73511 was extruded whereas the
AA7475-T7351 hot rolled. The extrusion process caused
more severe stretching and, consequently, made increase the
particle fragmentation.

Besides precipitates and IMPs, also the density of disloca-
tions is known to be a preferential way to accelerate corrosion
[41]. In [42], a stress corrosion cracking (SCC) resistance
improvement was found for the AA7075 alloy thanks to the
retrogression and reageing (RR) treatment compared to the
T651 condition. The RRA consists in a double ageing treat-
ment, with a retrogression step in between. The improvement
in SCC for RRA-treated specimens was attributed to the re-
duction in dislocation density adjacent to grain boundaries and
in the bulk of the grains thanks to the applied thermal treat-
ment. In this study, it was found that pitting per se was not
sufficient to initiate cracking under a stress condition. The
additional stress contribute was given by dislocations that
acted as site for hydrogen concentration.

Fig. 19 Potentiodynamic
polarization curves obtained in
3.5% NaCl solution at room
temperature at varying testing
temperature
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In the present study, the same type of particles was present in
the alloy as witnessed by the presence of similar particles mor-
phology on FEG-SEM images of Fig. 16. Nevertheless, the size
of particles was greatly affected by the temperature at which the
mechanical testing took place. From Figs. 15 and 17, it can be
seen that the particle size increased monotonically with the test-
ing temperature. This means that the corrosion attacks may be
more severe in the case of the specimen deformed at 300°C, as
witnessed by its higher corrosion current density. On the con-
trary, the amount of dislocations is inversely proportional to the
testing temperature, as demonstrated by the increase of strain
hardening coefficient. This would have led to a corrosion resis-
tance decrease. However, on the basis of the findings of the
present study, the effect played by the particle size exceeded
the one played by dislocation accumulation.

3.6 Anodization film characterization

Aluminium and its alloys generally possess good corrosion
resistance under ambient conditions due to the spontaneous
formation of a protective surface oxide layer [43]. However,
this native oxide layer is very thin and provides limited cor-
rosion resistance to the metal. In this framework, the electro-
chemical anodization process is widely used as surface treat-
ment of aluminium alloys for industrial applications in order
to increase the thickness of the oxide layer and, thus, achieve a
higher corrosion resistance [44].

Figure 20 shows the AAO specimens at varying testing
temperature. The colour is clearly dependent upon the testing
temperature, having an intense gold-like appearance at
−100°C that converts into a grey colour for the specimen
tested at 300°C. Similarly, the colour of the specimen de-
formed at 200°C is a different nuance compared to the one
of the specimens deformed 100°C, 25°C and −50°C, which
instead are very similar.

It is worth noting that only the specimens deformed at 200°C
and 300°C appear studded by black spots visible at naked eye.
As different colouring is usually attributed to surface roughness

change [45], the surface roughness Sa of the investigated speci-
mens was measured and is reported in Fig. 21.

Except for the specimens deformed at −100°C, Sa settles at
approximately 0.5 μm. The roughest surfaces were, instead, ob-
tained in the case of specimens deformed at the coldest and hottest
temperature with an increment of 469% and 57% compared to the
material tested at 25°C, respectively. Rougher surfaces produce
different anodization colouring due to different light absorption
of the surface. However, the surface roughness trend does not
explain the black spots present at the highest testing temperature
as well as the grey colour obtained in the case of the 300°C
deformed specimen. For this reason, the specimen surfaces were
also analysed with the stereomicroscope, and the resulting images
are reported in Fig. 22. The images show that the surfaces are
sprinkled of particles, highlighted by arrows, aligned towards the
rolling direction. Nevertheless, the size and distribution of particles
depend on the testing temperature. It can be seen that the highest
number of particles characterized the specimen deformed at the
lowest temperature, whereas at the highest temperature, they be-
came less spread, but larger. Such particle distribution reflects the
one that were present in the substrate (see Fig. 15). The presence of
black spots can be associated to the formation of relatively large
cavities, which occurs in correspondence of coarse IMPs, charac-
terized by the preferential dissolution of these particles during
anodizing in the sulphuric bath.

Figure 23 summarizes the coating thicknesses calculated
on the basis of the SEM images of the cross-sections reported
in Fig. 24. In general, the coating appears very homogeneous
on the entire surface of each specimen, as witnessed by the
reduced standard deviation. Nevertheless, the coating thick-
ness does not show a dependence from the mechanical testing
temperature. Thickest coatings were achieved in the case of
the −100°C and 100°C deformed specimens, whereas the thin-
nest in the case of −50°C. Nevertheless, this may be attributed
to an intrinsic variability of the coating thickness, since the
overall variation is less than 9%.

On the contrary, a closer observation of the images reported
in Fig. 24 reveals the presence of defects whose size and

Fig. 20 Appearance of the AAO
film at varying testing
temperature
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dimension depend upon the testing temperature. At increasing
testing temperature, more defects characterized the AAO coat-
ing. In addition, in correspondence of the IMPs, irregularities
or flaws appeared in the coating (see the dotted red
lines that represent the interface between the substrate
and the AAO film). The best coating quality pertains to
the specimen deformed at −100°C, since an almost
defects-free layer was formed.

In [14], the sensitivity of the anodization coating upon the
matrix microstructure was studied, comparing specimens de-
formed at room temperature and with the abduction of liquid
nitrogen with the material in the as-received condition. It was
found that the anodization layer characterizing the
starting material was rich of defects due to the presence
of coarser IMPs. On the contrary, shearing produced by
rolling led to particle fragmentation and, therefore, im-
proved the AAO film quality.

Detailed investigation of the coating quality is reported in
Fig. 25, which shows ×10,000 magnified SEM images of the
cross-section of the specimens at varying testing temperature.
These images witness that the presence of IMPs played an

important role on the AAO film formation. In fact, to a particle
entrapped within the film corresponds the formation of a con-
cavity of the film interface when the particle is near the sub-
strate, or the formation of cracks that can extend up to the
surface when the particles are located far from the substrate.

The particles trapped within the AAO film were character-
ized by EDS analysis whose results are reported in Table 4,
whereas the EDS map is shown in Fig. 26. White particles
contain mainly Fe-Cu-Zn and are surrounded by voids, as
witnessed by the increase of C detection relative to concentra-
tion of impurities within flaws, whereas Mg-Si particles are
present in case of a concave AAO layer/interface.

These kinds of defects can be explained on the basis of the
IMPs characteristics, as IMPs are oxidized at different rates
compared to the surrounding aluminium matrix. The electro-
chemical nobility and anodization propensity of aluminium
alloys are highly dependent on their microstructure and, in
particular, on the particle nobility as discussed in
Section 3.5. During AAO, Al7Cu2Fe-type constituent parti-
cles remain stable, whereas peripheral dissolution occurs in
the closest vicinity of these particles leading to the formation

Fig. 21 Surface roughness at varying testing temperature

Fig. 22 Surface appearance of the AAO film at varying testing temperature: a) -100°C, b) -50°C, c) -25°C, d) 100°C, e) 200°C, f) 300°C

Fig. 23 Anodization coating thickness at varying testing temperature
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Fig. 24 SEM images of the cross-section of the AAO specimens at varying testing temperature

Fig. 25 Magnified SEM images of the defects present on the cross-section of the AAO specimens at varying testing temperature
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of flaws as visible in both Fig. 26 a and b. Along with nobility,
also the specific electrical resistivity of the particles is of pri-
mary importance: among the particles reported in Table 4,
silicon possesses the lowest one. This has influenced the film
formation as follows: when the anodization process starts, the
Mg-Si IMPs have different dissolution rates since magnesium
is characterized by a lower ionization energy compared to
silicon [46]. The magnesium atoms are incorporated within
the AAO film or are eventually expelled in the electrolyte
bath. Mg-Si particles gradually reduce up to form a single
silicon particle, which remains in situ as shown in Fig. 26b.
This leads to an intense corrosion current density that favours
the dissolution of the aluminium atoms and contributes to the
formation of the concave film.

3.7 Corrosion resistance after anodization

The polarization curves of the AA7075-T6 specimens
after anodization are shown in Fig. 27, whereas
Table 5 reports the electrochemical corrosion data.
Above Ecorr, the current density increases slowly and
oscillates until reaching the pitting potential after which
it rapidly increases.

As expected, the corrosion resistance after anodiza-
tion is improved compared to the value after just me-
chanical deformation (Fig. 19). The reduction percent-
age relative to the corrosion current density before and
after AAO settles to approximately 99%, regardless of
the testing temperature.

Table 5 shows that the mechanical testing temperature has
a great influence on the corrosion resistance of the AAO spec-
imens, especially in terms of Icorr. Actually, the specimen
deformed at −100°C presented the lowest Icorr, providing a
reduction of 95%, 82%, 80%, 73% and 20% compared to the
specimens deformed at 300°C, 200°C, 100°C, 25°C and
−50°C, respectively.

Specifically, an exponential relationship was found to cor-
relate Icorr and the mechanical testing temperature (R2=0.93)
and is shown in Fig. 28.

Table 4 EDS analysis of the IMPs trapped in the AAO film of different
specimens visible in Fig. 29

No. Al O Fe Cu Si Mg S C Zn

1 57.1 24.0 8.2 3.0 - 2.8 3.3 - 1.6

2 13.7 24.4 - - - - 1.6 60.3 -

3 44.5 45.5 - - 2.3 1.7 6.0 - -

4 78.2 8.4 2.0 2.0 1.3 2.7 1.0 - 4.4

Fig. 26 EDS maps associated with the SEM images of the specimens UTS-deformed at a −100°C and b 300°C
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3.8 Anodization improvement at varying testing
temperature

The corrosion resistance after anodization results strictly de-
pendent upon the mechanical testing temperature as demon-
strated in Fig. 27 and Table 5. As a matter of fact, different
surface roughness, AAO layer thickness and density of defects
within the AAO layer were noticed after mechanical deforma-
tion. In the following, the contribution of each of these factors
in affecting the corrosion resistance is discussed in detail.

It is generally recognized that high values of the average
surface roughness reduce the corrosion resistance since the

higher the roughness, the higher the contact area between
the surface and the corrosive environment. Nevertheless, it
may not be true when the differences between values are re-
strained [47]. In the present study, the specimen deformed at
−100°C was characterized by the roughest surface but the
highest corrosion resistance, suggesting no correlation be-
tween them. On the contrary, the surface roughness of the

Table 5 Electrochemical data obtained from potentiodynamic
polarization curves after anodization at varying testing temperature

Testing temperature (°C) Icorr (μA/cm
2) Ecorr (V)

−100 0.008 ± 0.001 −0.98 ± 0.05

−50 0.01± 0.02 −0.95 0.05
25 0.03± 0.02 −0.98 0.05
100 0.04± 0.01 −0.96 0.06
200 0.045± 0.02 −0.98 0.05
300 0.15± 0.07 −0.98 0.06

Fig. 27 Potentiodynamic
polarization curves of the
specimens after anodization at
varying testing temperature

Fig. 28 Correlation between Icorr and mechanical testing temperature

Int J Adv Manuf Technol



other specimens settled to comparable values, but their elec-
trochemical behaviour was completely different.

In general, the thicker the oxide coating layer, the higher
the corrosion resistance due to its higher stability [48].
Nevertheless, in the present study, a correlation was
not found between the thickness of AAO layer and the
corrosion performances. The reason is attributed to the
fact that the differences in the AAO thickness were
limited to a maximum of 9% (see Fig. 23).

The trigger of pitting corrosion is often connected to the
presence of surface defects, like flaws in the oxide or alloying
elements segregation, as well as the presence of aggressive
chloride anions in the environment. Actually, during polariza-
tion tests, chlorine ions are able to penetrate across voids and
gas pockets as preferential path. Therefore, defects on the
AAO layer represent an easy path for corrosion. In the present
study, the specimen deformed at −100°C was more corrosion
resistant than the others, which is attributed to the presence of
less and finer IMPs after deformation, which minimizes the
possible attacks from the corrosive environment. On the con-
trary, the specimen deformed at 300°C showed coalescence of
particles and scarce corrosion resistance.

In [13], polarization curves were recorded for AA6066
after cryogenic forging (CFT6) and compared to the bare alloy
(T6). The T6 specimen reported almost an increase of an order
of magnitude in the corrosion current density compared to the
one of the CFT6. The reason was attributed to the higher
number of coarse second phase and IMPs that characterized
the T6 alloy, which favoured the entrapment of air pockets

acting as corrosion paths to accelerate the chloride attacks.
The same conclusions were achieved in [14] in which cryo-
genic rolling of 7075-T73 alloy was compared to room tem-
perature rolling in terms of microstructure, mechanical prop-
erties and corrosion resistance. Cryogenic rolling was found to
sensibly improve the corrosion resistance even compared to
the as-delivered condition. Particles containing silicon were
claimed to be the dominant factor to control corrosion, since
they were only partially sealed, and cryo-rolling contributed to
sensibly decrease the number of those particles.

On the basis of what aforementioned, it can be said that the
size and density of IMPs play the predominant role in condi-
tioning the corrosion resistance of the AA7075-T6 after de-
formation and anodization.

3.9 Overall evaluation of the effect of the mechanical
testing temperature

Figure 29 displays the effect of the testing temperature on the
AA7075-T6 mechanical properties and corrosion resistance
arranged on the experimental findings of this study. In this
chart, each parameter is equally weighted and is located con-
sidering that the values on the outer layers guarantee improved
mechanical and corrosion characteristics. It is worth noting
that the other outcomes of the experimental characterization
were not considered since they indirectly affect the mechani-
cal behaviour and corrosion resistance of the alloy. The cor-
rosion current density pre- and post-AAO was rearranged as

Fig. 29 Radar plots for the
AA7075-T6 alloy characteristics
at varying testing temperature
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its relative so to its higher value corresponds an enhancement
of the corrosion resistance.

On the basis of these considerations, −100°C is the forming
temperature that allows achieving the best performances,
since its curves maximize all the considered variables. The
worst performances pertain to the case of 300°C testing tem-
perature, while the other temperatures lie in between.

In the case of aluminium and its alloys, warm temperature
settles in between the recrystallization temperature [9] and 0.3
times of the melting temperature [49]. To this regime both
200°C and 300°C belong. As a consequence of the sensible
decrease in the AA7075-T6 mechanical properties, especially
at 300°C (see Fig. 18), a post-forming heat treatment is surely
necessary, with a consequent increase of the manufacturing
chain steps and, therefore, time and costs. The other testing
temperatures belong to the cold regime, which can be further
subdivided in sub-zero and up-zero temperatures. In the case
of 25°C and 100°C, the uniform elongation is only slightly
increased compared to the one in the warm regime, therefore
not providing a useful improvement with the respect of the
alloy formability. Finally, the sub-zero temperature regime
refers to −50°C and −100°C: even if contained differences
are seen with the respect of the mechanical properties, a great
difference is seen in the case of the corrosion resistance. To
this reason, −100°C is the temperature suggested to car-
ry out manufacturing process in order to obtain, at the
same time, an improvement in both mechanical proper-
ties and corrosion resistance.

4 Conclusions

In the present work, the effect of sheet stamping temperatures
on the mechanical, corrosion and anodization behaviour of the
AA7075-T6 aluminium alloy was investigated. Uniaxial ten-
sile tests were performed at −100°, −50°C, 0°C, 25°C, 100°C,
200°C and 300 °C at varying rolling directions. The charac-
terization of the deformed material was assessed by means of
microstructural investigations and nano-hardness measure-
ments. Afterwards, the UTS-deformed specimens were sub-
jected to AAO process, typically applied to aerospace compo-
nents, and then their corrosion performances were evaluated.

The following conclusions can be drawn:

& An average increase of the UTS of about 6.6% was found
at the lowest testing temperature, with a maximum of
6.9% along the 45° direction, if compared with the room
temperatures tests.

& An average increase of εneck of 28.6% was registered at
−100°C if compared with the room temperature case.
Specifically, a maximum of 35.2% was obtained along
the rolling direction.

& An increase of the strain at necking εneck as the applied
temperature decreased was found regardless of the rolling
direction.

& No alteration of the grain size was highlighted for defor-
mations carried out under 200°C, with respect to the as-
delivered state.

& The texture was not significantly affected by the deforma-
tion temperatures since it did not vary from the one of the
as-received sheets.

& The −100°C UTS-deformed specimen showed a higher
fraction of LAGBs with respect to the 200°C, witnessing
a higher deformed state within the material. Similarly,
larger fraction of disorientated angles was found in the
specimen deformed at low temperature due to the higher
dislocation density.

& The highest temperature deformation contributed to in-
crease the number of large IMPs as well as intermetallic
particles, whereas the lowest one induced their
fragmentation.

& Harder surfaces were obtained at sub-zero temperatures,
with an increase of 11% compared to the starting material
along the ST plane. On the contrary, softer surfaces are
obtained when deforming within the warm regime with a
decrease of 35% with the respect of the starting material.

& The highest temperature deformation, namely 200°C and
300°C, induced a corrosion resistance reduction, by in-
creasing the Icorr. For example, an 85% decrease in
Icorr was registered from −100 to 300°C deformation
temperature.

& The surface roughness of the AAO layer as well as its
thickness were not correlated with the deformation testing
temperature. On the contrary, the density of defects ap-
peared to be matrix-dependent. In fact, these defects arise
from the different nobility of IMP particles whose distri-
bution was determined by the deformation temperature.

& The corrosion resistance improved approximately 99%
after anodization, regardless of the deformation tempera-
ture. Nevertheless, an exponential relationship was found
to correlate Icorr to the mechanical testing temperature,
being the specimen deformed at −100°C noticeably less
prone to be corroded compared to the one deformed at
300°C.

& Overall, −100°C appears as the deformation temperature
able to increase the formability, nano-hardness and corro-
sion resistance before and after anodization of the
AA7075 alloy.
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