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Abstract

Aluminum–lithium (Al–Li) alloys are widely used in aerospace applications because of
their high strength-to-weight ratio and reduced density. However, their corrosion behavior
can be significantly affected by thermomechanical processing and exposure to chloride-
containing environments. In the present study, the corrosion behavior of AA8090-T3 Al–Li
alloy was investigated in 3.5 wt.% NaCl solution under simulated marine conditions. The
specimens were extracted from a plate and subsequently subjected to annealing and rolling
treatments using a specially designed wedge-shaped geometry to generate a continuous
strain gradient, enabling the evaluation of deformation-dependent corrosion behavior
across different deformation zones. The corrosion behavior was evaluated using poten-
tiodynamic polarization, immersion testing, and surface characterization techniques. The
results revealed significant variations in corrosion behavior with thermomechanical condi-
tion and deformation zone. The T3 temper-rolled specimen exhibited superior corrosion
resistance compared to the annealed and rolled conditions. The lowest corrosion rate of
0.003 mpy was observed for the highly deformed T3 temper-rolled condition, whereas
annealed specimens showed higher corrosion susceptibility associated with localized corro-
sion attack and precipitate-related galvanic activity. Surface characterization confirmed the
formation of aluminum hydroxide- and copper oxide-based corrosion products. The study
demonstrates the effectiveness of the wedge-shaped rolling methodology for evaluating
zone-dependent corrosion behavior in thermomechanically processed AA8090 alloy.
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1. Introduction
AA8090 is a second-generation Al–Li alloy widely used in aerospace structural ap-

plications because of its high specific strength, reduced density, and improved stiffness
compared to conventional aluminum alloys [1,2]. The addition of lithium to aluminum
alloys reduces the density by nearly 3% and increases the elastic modulus by approximately
6% for every 1 wt.% Li addition [1,3]. Owing to these advantages, Al–Li alloys have been
extensively used in aircraft fuselage and wing structures. The superior mechanical proper-
ties of Al–Li alloys are mainly associated with their low density, high elastic modulus, and
precipitation strengthening behavior [1,4].

The mechanical properties of AA8090 alloy are strongly influenced by precipitation
behavior and thermomechanical processing conditions. Aging treatment promotes the
formation of metastable δ′ (Al3Li) precipitates, while alloying elements such as Cu, Mg,
and Zr contribute to the formation of strengthening phases including T1 (Al2CuLi), S′

(Al2CuMg), and β′ (Al3Zr) [4,5]. Among these precipitates, δ′ and T1 are considered the
primary strengthening phases in Al–Li alloys [1,4]. Previous studies have reported that
thermomechanical processing methods such as rolling, cold deformation, and friction
stir processing can significantly influence precipitate distribution, grain structure, and
dislocation density, thereby affecting both the mechanical and corrosion behavior of Al–Li
alloys [6–8].

Despite their excellent mechanical properties, Al–Li alloys remain susceptible to local-
ized corrosion in chloride-containing environments. Aircraft structures operating in humid
coastal regions and marine atmospheres are frequently exposed to chloride ions, which
can damage the protective oxide film and initiate localized corrosion [9,10]. The corrosion
behavior of Al–Li alloys is strongly affected by precipitate distribution, grain boundary
chemistry, thermomechanical history, and microstructural heterogeneity [9–12]. Previous
investigations have shown that precipitate-rich regions and grain boundary phases can
promote galvanic interactions, leading to pitting and intergranular corrosion in Al–Li alloys
exposed to chloride environments [8,10–12]. In particular, Cu-rich precipitates such as T1
and S′ phases can significantly influence localized corrosion behavior because of their elec-
trochemical potential difference relative to the Al matrix [8,11,12]. Recent studies have also
reported that corrosion behavior in Al–Li alloys is closely associated with heat treatment,
precipitate evolution, and deformation-induced microstructural variations [7–10].

Although several studies have investigated the corrosion behavior of Al–Li alloys
under chloride-containing environments, the influence of rolling-induced strain gradients
and post-annealing deformation on the zone-dependent corrosion behavior of AA8090
alloy remains insufficiently understood. In the present study, the corrosion behavior of
rolled and annealed + rolled AA8090-T3 alloy was investigated using a wedge-shaped
specimen geometry adapted from earlier thermomechanical processing studies to generate
a continuous strain gradient during rolling [13]. This approach enabled the evaluation of
deformation-dependent corrosion behavior across multiple deformation zones using a sin-
gle specimen. Potentiodynamic polarization, immersion testing, SEM, XRD, EDS, and FTIR
analyses were employed to investigate the corrosion behavior and surface characteristics of
the alloy under simulated marine conditions.

Unlike previous studies that primarily focused on uniform deformation or conven-
tional heat treatment conditions, the present work employs a wedge-shaped rolling method-
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ology to investigate zone-dependent corrosion behavior across a continuous strain gradient
within a single AA8090 specimen.

2. Materials and Methods
Commercially available AA8090-T3 Al–Li alloy sheet with a thickness of 2.5 mm was

procured from Mallinath Metal (Mumbai, India) and used as the starting material. The
chemical composition of the alloy is presented in Table 1.

Table 1. Chemical composition of AA8090-T3 alloy (wt.%).

Alloy Cr Fe Si Mg Mn Cu Zn Ti Li Zr Al

8090 0.03 0.2 0.15 0.75 0.05 1.12 0.02 0.01 2.3 0.045 Bal

2.1. Rolling Procedure

To investigate the influence of deformation-induced strain hardening on corrosion
behavior, rolling was carried out using a wedge-shaped specimen geometry, as shown
in Figure 1. The specimen thickness varied continuously from 2 mm at the leading edge
to 8 mm at the trailing edge. Rolling was performed with a roll gap of 2 mm, initiated
from the trailing edge and progressing towards the leading edge to generate different
levels of deformation along the rolling direction. Figure 2 shows the specimens before and
after rolling.

Figure 1. Schematic illustration of the wedge-shaped AA8090 Al–Li alloy specimen.

Figure 2. (a) Wedge-shaped machined specimen before rolling and (b) annealed and rolled specimen
after rolling.
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Macrocracks were observed at the leading edge (zones 4–6) of the as-received AA8090-
T3 specimen because of the large reduction ratio during rolling. Owing to this cracking
tendency, the as-received specimen could only be subjected to a single-pass rolling process.
Therefore, to improve the ductility and facilitate further deformation during rolling, another
wedge-shaped specimen was subjected to an annealing treatment at 450 ◦C for 1 h prior
to rolling. The annealed specimens exhibited smooth deformation during rolling without
visible crack formation. These annealed specimens were subsequently subjected to 1, 2,
and 3 rolling passes to investigate the effect of rolling passes on the properties of annealed
+ rolled specimens. The rolled specimens were further sectioned into seven regions with
progressively increasing deformation levels, designated as zones 0–6. The nomenclature
used for the various specimens is listed in Table 2. Microhardness testing was performed
using a Vickers microhardness tester at HV0.5 (4.903 N load) with a dwell time of 15 s.

Table 2. Nomenclature used for rolled specimens.

Symbol Description

T3 T3 Temper

A Annealed specimen

1P–3P 1 to 3 rolling passes after annealing

Z0–Z6 Zones 0 to 6 (refer Figure 1)

2.2. Immersion Test

Immersion testing was carried out on the T3 temper and annealed specimens in
accordance with ASTM G31 standard. Square specimens of 30 mm × 30 mm were immersed
in approximately 350 mL of 3.5 wt.% NaCl solution at room temperature for 107 days
(2568 h). The immersion duration was selected based on preliminary observations of
measurable surface degradation and corrosion product formation on the exposed specimens.
Prior to immersion testing, the specimen surfaces were mechanically prepared using SiC
emery papers and cleaned before exposure to the NaCl solution.

After immersion, the corrosion rate was calculated from the weight-loss measurements
using the following Equation (1):

CR =
K × W

A × T × D
(1)

where CR is the corrosion rate, W is the weight loss, A is the exposed surface area, T is the
immersion time, D is the density of the material, and K is a constant.

Surface characterization of the specimens before and after corrosion testing was carried
out using scanning electron microscopy (SEM, TESCAN MIRA 3, Brno, Czech Republic),
energy-dispersive spectroscopy (EDS, Plano, TX, USA), X-ray diffraction (XRD, Bruker D2,
Karlsruhe, Germany), and Fourier-transform infrared spectroscopy (FTIR, PerkinElmer
Frontier, Shelton, CT, USA) analyses. Prior to weight-loss measurements, the specimens
were cleaned using a standard nitric acid pickling procedure in accordance with ASTM
G1-03 standard.

2.3. Potentiodynamic Polarization (PDP) Test

Zones 1, 3, and 6 were selected for electrochemical corrosion testing. These zones
were selected to represent low, intermediate, and high deformation regions along the strain
gradient of the rolled specimen. Owing to limited specimen availability and electrochemical
testing capacity, representative zones were selected instead of testing all deformation zones.
The rolled T3 temper specimen subjected to single-pass rolling and the annealed + rolled
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specimens subjected to 1, 2, and 3 rolling passes were evaluated for their corrosion behavior.
Potentiodynamic polarization (PDP) testing was carried out under aerated conditions at
room temperature using a Gamry Reference 1010E electrochemical workstation in accor-
dance with ASTM G102 standard. The experimental setup consisted of a three-electrode
flat cell configuration with the specimen as the working electrode, a graphite plate as the
counter electrode, and a saturated calomel electrode (SCE) as the reference electrode.

Prior to testing, the specimens were mechanically polished up to 1200 grit SiC paper
followed by alumina polishing to obtain a mirror-finished surface. An exposed area of
2.85 cm2 of the specimen was subjected to 3.5 wt.% NaCl solution, while the remaining
area was insulated. Prior to polarization testing, the open circuit potential (OCP) of the
specimens was monitored for approximately 10,000 s until a relatively stable potential
response was achieved. PDP testing was subsequently carried out at a scan rate of 1 mV/s
over a potential range from −250 mV to +1200 mV with respect to the OCP.

The corrosion rate was determined from the Tafel extrapolation method using the
corrosion current density obtained from the polarization curves.

3. Results and Discussion
3.1. SEM Characterization

SEM micrographs of the T3 temper and annealed AA8090 specimens prior to rolling are
shown in Figure 3a,b, respectively. The T3 temper specimen exhibits a relatively uniform
surface appearance with less distinct grain boundary contrast, whereas the annealed
specimen shows clearly visible grain boundaries and increased microstructural contrast
after heat treatment. The observed microstructural variations indicate the influence of
annealing treatment on the surface characteristics and precipitate distribution of the alloy.

 
Figure 3. SEM micrographs showing the surface morphology of (a) T3 temper and (b) annealed
AA8090 specimens prior to rolling.

3.2. XRD Characterization

The X-ray diffraction (XRD) patterns recorded from the T3 temper and annealed
specimens are shown in Figure 4. The diffraction peaks corresponding to δ′ (Al3Li), S′

(Al2CuMg), T1 (Al2CuLi), and β′ (Al3Zr) phases were identified in both conditions [14–18].
These precipitates are known to contribute to the strengthening behavior and corrosion
characteristics of Al–Li alloys. The diffraction peak observed near 2θ ≈ 45◦ exhibited
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relatively higher intensity in the T3 temper specimen compared to the annealed specimen,
indicating variations in phase distribution and precipitation behavior after annealing.

Figure 4. XRD pattern of annealed and T3 temper AA8090 specimen.

3.3. Rolling and Microhardness Behavior

The microhardness values plotted as a function of equivalent strain are shown in
Figure 5. The AA8090 T3 temper specimen subjected to single-pass rolling exhibited a
progressive increase in microhardness from zone 0 to zone 4, whereas the microhardness
values showed only marginal variation in zones 5 and 6. The annealed specimens subjected
to 1, 2, and 3 rolling passes also exhibited two distinct deformation regions. An increase
in microhardness was observed from zones 0 to 3 because of deformation-induced strain
hardening, while the microhardness values in zones 4–6 approached saturation with a
reduced rate of hardening. The observed behavior indicates the influence of rolling-induced
deformation on the hardness response of the alloy.

Figure 5. Variation in microhardness with equivalent strain for T3-tempered rolled and annealed +
rolled specimens.

3.4. Immersion Test

SEM micrographs of the corroded specimens after immersion testing are shown in
Figure 6a–c. The T3 temper specimen exhibited localized corrosion features along the
grain boundary regions with corrosion products deposited on the surface. In contrast, the
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annealed specimen showed two distinct surface morphologies. Corrosion attack associated
with oxide film formation was predominantly observed near the edge regions, whereas
flaky corrosion products were observed in the central regions of the specimen surface.
Figure 6c presents a higher magnification view of the flaky corrosion products observed on
the annealed specimen surface.

 

Figure 6. SEM micrographs of corroded AA8090 specimens after 107 days (2568 h) of immersion
testing in 3.5 wt.% NaCl solution: (a) localized corrosion features observed on the T3 temper specimen
with oxide film deposits near the exposed surface edges, (b) corrosion features observed on the
annealed specimen surface, and (c) higher magnification view of flaky corrosion products observed
in the central region of the annealed specimen surface.
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After SEM examination, the corrosion products formed on the specimen surfaces
were removed using 70% HNO3 for 3 min in accordance with ASTM G1-03 standard. The
corrosion rate values obtained from the weight-loss measurements are presented in Table 3.

Table 3. Corrosion rate values obtained from immersion testing.

Specimen Area (cm2) Initial Weight
(W1) (g)

Final Weight
(W2) (g)

Weight Loss
(W1–W2) (g)

Rate of Corrosion
(MPY)

Annealed—1 9.36 2.72 2.701 0.02 1.13

Annealed—2 9.10 2.90 2.837 0.06 3.83

As-received—1 9.20 2.67 2.659 0.01 0.86

As-received—2 9.30 2.70 2.690 0.01 0.85

FTIR spectra were recorded in the range of 4000–400 cm−1 at ambient temperature with
a resolution of 4 cm−1, as shown in Figure 7. The broad absorption region above 3500 cm−1,
centered around 3465 cm−1, is associated with O–H stretching vibrations from hydroxyl-
containing corrosion products and adsorbed moisture. The band near 1644 cm−1 can be
attributed to physically adsorbed molecular water associated with hydrated aluminum
corrosion products [19,20]. The absorption features in the lower wavenumber region are
associated with metal–oxygen vibrations. The band near 535 cm−1 may be assigned to
Cu–O vibrations related to cupric oxide (CuO), while aluminum hydroxide-related phases
such as gibbsite/bayerite and oxyhydroxide products may contribute to the bands in the
lower wavenumber region [20,21].

Figure 7. FTIR spectra of corrosion products formed on T3 temper and annealed AA8090 specimens
after immersion testing.

The T3 temper specimen showed comparatively weaker Al–OH-related absorption
bands than the annealed specimen, suggesting lower hydroxide-type corrosion product for-
mation on the analyzed surface. SEM observations also showed that the annealed specimen
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contained more uniformly distributed surface corrosion features. Therefore, the combined
SEM-EDS and FTIR results suggest that annealing influenced the corrosion product for-
mation, with Al–OH-containing products and CuO-related oxides being detected on the
corroded surfaces.

3.5. Potentiodynamic Polarization (PDP)

The PDP curves obtained after exposing the specimen to 3.5% NaCl solution are shown
in Figure 8. Variations in corrosion potential (Ecorr) and corrosion rate were observed
for the different rolling conditions and deformation zones. In general, the Ecorr values
exhibited a tendency to shift towards the noble direction with decreasing deformation level.
The corrosion behavior of Al–Li alloys is strongly influenced by deformation, precipitate
distribution, and thermomechanical treatment [10,22–24].

Figure 8. Potentiodynamic polarization curves of AA8090 specimens exposed to 3.5 wt.% NaCl
solution: (a) T3 temper-rolled specimens and (b) annealed and rolled.

The precipitation behavior of secondary phases such as T1 (Al2CuLi), S′ (Al2CuMg),
and δ′ (Al3Li) significantly affects the corrosion response of Al–Li alloys [22,23,25–27].
The grain boundaries decorated with T1 precipitates are generally more susceptible to
localized corrosion because of their electrochemical activity relative to the aluminum
matrix [25,26]. In addition, the formation of precipitation-free zones (PFZs) adjacent to
grain boundaries can promote localized galvanic interactions between the matrix and
precipitate-rich regions [26].

Among the investigated conditions, the lowest corrosion rate was observed for the
1PT3Z6 specimen (0.003 mpy), whereas the highest corrosion rate was recorded for the
1PT3Z3 specimen (7.47 mpy). The comparatively lower corrosion rate observed for 1PT3Z6
may be associated with deformation-induced microstructural modifications and compar-
atively lower galvanic activity. The second lowest corrosion rate was obtained for the
1PAZ3 specimen (0.01 mpy). These specimens exhibited relatively stable anodic behavior
compared with the other conditions. In contrast, most of the remaining specimens showed
active anodic dissolution with comparatively larger anodic Tafel slopes (βa), indicating the
destabilization of the natural oxide film in chloride-containing solution [25].

The cathodic Tafel slopes for 1PT3Z1 and 1PAZ1 were relatively low, indicating
an activation-controlled cathodic reaction, whereas the remaining specimens exhibited
comparatively higher cathodic slopes, suggesting diffusion-controlled oxygen reduction
behavior [11]. Considerable variations in corrosion rate were observed in the single-pass
rolled conditions for both the T3 temper and annealed specimens. However, the corrosion
rates for several annealed + rolled conditions remained within the range of 2.3–5.8 mpy.
The comparatively smaller variation in corrosion behavior observed for the annealed and
rolled specimens after multiple rolling passes may be associated with the significant defor-
mation introduced during the initial rolling pass, after which additional rolling produced
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relatively smaller changes in the electrochemical response. The electrochemical parameters
obtained from the polarization curves include the corrosion current density (Icorr) and po-
larization resistance (Rp). The detailed electrochemical parameters are presented in Table 4.
The polarization curves were analyzed using Tafel extrapolation in the near-corrosion-
potential region (approximately within ±20 mV of Ecorr). The differences observed between
βa and βc values may be associated with non-ideal polarization behavior and mixed
activation/diffusion-controlled corrosion processes in the chloride-containing solution.

Table 4. Electrochemical parameters obtained from potentiodynamic polarization tests in 3.5 wt.%
NaCl solution.

Sample
Name Zone Ecorr (V) Icorr

(µA/cm2) Rp(kΩ·cm2) Corrosion
Rate (mpy)

βa
(mV/dec)

βc
(mV/dec)

1PT3

Z1 −0.821 65.48 52.89 0.31 66.6 223.3

Z3 −0.671 65,480 0.60 7.47 14.5 557.7

Z6 −0.402 3.233 2497.20 0.003 402.9 191.8

1PA

Z1 −0.856 63.33 51.67 0.51 160 146.5

Z3 −0.185 57.19 3857.28 0.01 450.3 290.1

Z6 −0.742 2750 2.59 3.72 30.8 828.1

2PA

Z1 −0.739 3288 1.29 5.25 21.2 701.3

Z3 −0.748 2331 2.64 4.53 27.6 983.8

Z6 −0.741 2815 2.50 3.84 23.5 570.9

3PA

Z1 −0.737 1570 2.05 3.53 23 730.8

Z3 −0.740 2961 2.96 5.84 29.7 918.3

Z6 −0.741 1250 4.70 2.37 34.1 1224.1

Hydrogen evolution is generally the dominant cathodic reaction in acidic environ-
ments, whereas oxygen reduction becomes predominant under neutral and alkaline condi-
tions [11]. The anodic dissolution of aluminum is balanced by the corresponding cathodic
reactions. The electrochemical reactions involved in the corrosion process are expressed as
follows [28]:

2Al → 2Al3+ + 6e− (2)

1
2

O2 + H2O + 2e− → 2OH− (3)

2H2O + 2e− → H2 + 2OH− (4)

Al3+ + 3OH− → Al(OH)3 (5)

Al(OH)3 + OH− → Al(OH)−4 (6)

Although aluminate species are soluble in aqueous environments, hydrated aluminum
hydroxide-containing surface products may form because of local precipitation during
corrosion exposure.

The corrosion potentials of the rolled T3 temper specimens shifted towards com-
paratively noble values for certain deformation zones. The variations in electrochemical
response among the specimens may be associated with localized chloride adsorption and
simultaneous anodic and cathodic reactions occurring on the alloy surface [11]. The spec-
imens 1PAZ3 and 1PT3Z6 exhibited comparatively more positive corrosion potentials
of 0.06607 V/SCE and −0.1595 V/SCE, respectively. The PDP curves generally did not
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exhibit a well-defined passive region, indicating continuous metal dissolution in 3.5 wt.%
NaCl solution.

Although the alloy exhibited acceptable corrosion resistance overall, the corrosion
behavior was influenced by deformation and thermomechanical treatment. The variation in
corrosion response between different deformation zones may be associated with localized
microstructural variations induced during rolling. In several specimens, the intermediate
deformation regions exhibited comparatively lower corrosion resistance than the lower
deformation regions.

SEM micrographs of the specimens after electrochemical testing are shown in
Figure 9a,b. The T3 temper-rolled specimen exhibited localized corrosion features along
grain boundary regions after polarization testing. In contrast, the annealed specimen
showed comparatively more uniform surface attack with evidence of precipitate-related
surface degradation. The variation in electrochemical potential between the grain interior
and grain boundary regions can promote localized galvanic interactions and corrosion
attack [26]. The precipitation of secondary phases at grain boundaries may also produce
precipitation-free zones (PFZs), leading to galvanic coupling between the matrix and adja-
cent regions [26]. The T1 and S′ phases are generally considered electrochemically active
relative to the aluminum matrix [25,26].

 

Figure 9. SEM micrographs of corroded AA8090 specimens after potentiodynamic polarization
testing: (a) T3 temper-rolled specimen and (b) annealed specimen.

In the annealed specimen, the larger number of precipitates formed within the grain
interior may reduce the potential difference between grain boundaries and the matrix,
resulting in relatively more uniform corrosion behavior. However, localized pitting fea-
tures were also observed at certain locations because of compositional heterogeneity. The
increase in precipitate size after annealing can reduce the homogeneity of the natural oxide
film, thereby increasing the number of preferential sites for chloride adsorption and pit
initiation [28]. Adsorbed chloride ions further hinder the repair of the protective oxide
layer and accelerate localized dissolution.

The SEM-EDS analysis of the T3 temper-rolled and annealed + rolled specimens
after PDP testing is shown in Figure 10a,b. The darker contrast regions predominantly
correspond to aluminum-rich areas, whereas the brighter regions indicate copper-rich
corrosion products and precipitate-containing regions.
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Figure 10. SEM-EDS analysis of (a) T3 temper and (b) annealed AA8090 specimens after PDP testing.

4. Conclusions
The effect of mechanical processing on the corrosion behavior of lightweight AA8090

Al–Li alloy was investigated using microhardness measurements, potentiodynamic po-
larization (PDP), immersion testing, SEM-EDS, XRD, and FTIR analyses. The annealed
specimens exhibited two stages of deformation behavior, where the microhardness ini-
tially increased because of strain hardening and later approached a saturation region with
increasing deformation.

The T3 temper-rolled specimens generally exhibited comparatively lower corrosion
rates than several annealed and rolled conditions. The corrosion behavior of the alloy
was influenced by thermomechanical treatment, deformation condition, and precipitate
distribution within the matrix and along grain boundary regions. XRD analysis identified
the presence of δ′ (Al3Li), S′ (Al2CuMg), T1 (Al2CuLi), and β′ (Al3Zr) phases in the
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investigated specimens. These phases are known to influence both the strengthening
behavior and corrosion characteristics of Al–Li alloys.

FTIR analysis indicated the presence of Al–OH-related compounds, oxyhydroxide-
related products, adsorbed molecular water, and CuO-related oxides among the corrosion
products formed on the specimen surfaces. The FTIR and SEM-EDS results suggest the
formation of aluminum hydroxide-containing surface films during corrosion exposure.

The T3 temper-rolled specimens exhibited localized corrosion features along grain
boundary regions after corrosion testing. The observed corrosion behavior may be as-
sociated with the presence of Cu-rich intermetallic phases such as S′ (Al2CuMg) and T1
(Al2CuLi), which can promote localized galvanic interactions and preferential dissolution
of the surrounding matrix.

The present study was limited by the number of electrochemical test repetitions and
the absence of detailed zone-wise microstructural characterization such as EBSD analysis.
Future work will focus on detailed deformation-zone microstructural analysis, repeat
electrochemical testing, and quantitative corrosion-product characterization for improved
understanding of corrosion mechanisms in rolled AA8090 alloy.
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