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ABSTRACT
The effect of different surface treatments on the corrosion resistance of the AA2098 Al–Cu–Li alloy has
been investigated. Surface characterization was performed using 3D optical profilometry, energy
dispersive X-ray spectroscopy and scanning electron microscopy. The corrosion resistance of the
2098 alloy after the surface treatments was investigated in 0.1 mol L−1 NaCl solution by
electrochemical techniques and microscopy. Corrosion results showed that the untreated and the
chemically etched surfaces were more active than the mechanically abraded and mechanically
polished surfaces owing to differences in the nature of the native oxides formed after the surface
treatments. Corrosion rate and mode were also affected by how close the exposed surface was to
the mid-thickness region of the AA2098-T351 plate relative to the actual top surface (before
polishing). This is associated with the variation in the volume fraction and distribution of the T1
phase as the mid-thickness region of the AA2098-T351 plate is approached.
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Introduction

The Al–Cu–Li alloys have been reported as potential sub-
stitutes for conventional Al-alloys from the 2xxx series in
the aircraft industry owing to their excellent mechanical
and fatigue resistance and lower density compared to
the conventional alloys, which allow reduction in the air-
craft weight and, consequently, a decrease in fuel con-
sumption [1–3].

The 2098 is a 3rd generation Al–Cu–Li alloy. For this
alloy, the phase responsible for its strengthening is the T1
(Al2CuLi) phase [4–7]. The T1 phase is a metastable
strengthening phase characterized by a hexagonal platelet
structure [8–11]. According to a previous work [12],
four variants of this phase was identified in the 2098
alloy in the [110] zone axis diffraction pattern (two var-
iants producing superlattice spots at 1/3 and 2/3 of
〈220〉 and the other two variants appearing as continuous
streaks along 〈111〉). Also, at the [112] zone axis, some
superlattice spots and continuous streaks in 〈111〉 direc-
tion, were observed. Despite its contribution to the excel-
lent mechanical properties of the Al–Cu–Li alloys, this
phase has been reported as harmful to corrosion resist-
ance [13–15].

The corrosion degradation of the Al–Cu–Li alloys starts
with the selective dissolution of the Li present in the T1
phase [16]. As previously reported [17], since Li is highly
reactive, its presence in the T1 phase makes this phase anodic
in relation to the Al-alloy matrix. Thus, the T1 phase is easily
dissolved, when in contact with aggressive media, and, con-
sequently, the remaining phase becomes Cu-enriched and
cathodic relative to the matrix. The T1 phase precipitates
mainly at dislocations, thus thermomechanical processes
that affect dislocation density and distribution also influence

the corrosion behaviour of T1 phase-containing alloys [18].
According to Milagre et al. [19], the 2098-T351 intragranular
corrosion susceptibility is related to the high density of T1
precipitates inside its grains. However, Lei et al. [20]
observed preferential corrosion at the grain boundaries of
the 2098-T851 alloy, and intergranular corrosion propa-
gation. Moreover, depending on the aggressiveness of the
environment, exfoliation can also be observed in this kind
of alloys [21].

It is important to highlight the fact that the nature of the
exposed surface of the alloy (dependent on the treatment
before exposure to the corrosive environment) significantly
influences the corrosion mode and rates in wrought Al alloys
including the Al–Cu–Li alloys. This is partly owing to the
presence of a near-surface deformed layer (NSDL) developed
during the manufacturing of the alloys. The NSDL has differ-
ent microstructural and chemical features in relation to the
bulk. These differences influence the corrosion behaviour
of the Al-alloys. Etching and polishing remove this layer,
but they produce new surfaces with different corrosion
characteristics. In previous works [22,23], the electrochemi-
cal activity of the polished AA2098-T351 surface was com-
pared with that of the original surface of the same alloy
with NSDL and the results showed great differences between
the two types of surfaces [22]. However, works involving the
comparison between surface polishing (to different depths
from the top surface), grinding and etching (pickling) of
the AA2098-T351 alloy have not been reported in the past.
All these surface finishing processes are industrially relevant
and the results from the investigation of the corrosion behav-
iour of the surfaces produced by these finishing processes
will further the understanding of corrosion mechanisms
and mitigation methods for Al–Cu–Li alloys.
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Thus, this work has focused on investigating the
effect of different surface finishing processes on the cor-
rosion behaviour of the AA2098-T351 Al–Cu–Li alloy.
Corrosion assessment after polishing to different depths,
grinding, and pickling in comparison to the original
surface without prior treatment has been carried. The
alloy surface was characterized after each surface treat-
ment and compared with the original rolled surface
using scanning electron microscopy (SEM), energy dis-
persive X-ray spectroscopy (EDX) and 3D profilometry.
The electrochemical behaviour was monitored in
0.1 mol L−1 of NaCl and the electrochemical activity
related to each condition was analyzed in an oxidizing
media by local electrochemical impedance spectroscopy
(LEIS).

Experimental

Material

The 2098-T351 used in this study was received in a plate
shape with a thickness of 3 mm. The alloy composition
obtained by inductively coupled plasma optical emission
spectrometry (ICP-OES) is as follow: Cu 3.4 wt-%, Li 1.0
wt-%, Mg 0.3 wt-%, Ag 0.3 wt-%, Zr 0.4 wt-%, Fe 0.04 wt-
%, Si 0.05 wt-%, Zn 0.02 wt-% and, Mn 0.003 wt-%.

Surface finishing

The effect of five different surface finishing processes was
analyzed in this work, Figure 1. The untreated sample pre-
sents a near surface deformed layer (NSDL) at the surface
owing to the fabrication process. Alkaline attack step was
carried out in a solution composed of 10% NaOH at 40°C
for 30 s, and then rinsed for 3 min in deionized water fol-
lowed by neutralization in a chromate-free commercial
acidic solution, TURCO SMUTT-GO, at room temperature
for 15 s, before a final rinse in deionized water for 3 min.
Ground samples were metallographically prepared by mech-
anical grinding with SiC papers (#500, #800, #1200, #2500,
#4000). After grinding, the samples were polished with dia-
mond suspensions of 3 and 1 µm.

Surface examination

The microstructure of the 2098-T351 Al–Cu–Li was exam-
ined by optical microscopy after etching in a solution com-
posed of 3% HF, 25% HNO3 in 100 mL of deionized water.

Figure 1. Surface finishing after the pretreatments of the 2098-T351 Al–Cu–Li
alloy investigated in this study.

Figure 2. (a) 3D profilometry images of the different surface finish. (b) Height profiles related to the regions with the yellow dashed lines in (a).
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SEM images were acquired using a Hitachi TM 3000 micro-
scope equipped with an EDX detector. The electron micro-
scope was operated using an incident beam of 15 kV. An
ZYGO’s ZeGage™ 3D optical profilometer was also used.

Immersion test

Samples of the 2098-T351 Al–Cu–Li alloy were exposed to
0.1 mol L−1 of NaCl for 48 h at 22 ± 2°C and the develop-
ment of corrosion was monitored by optical microscopy.
The exposed area was 0.09 cm2.

Electrochemical characterization

Potentiodynamic polarization tests were performed using an
Autolab PGSTAT potentiostat controlled by NOVA 2.1 soft-
ware. All measurements were performed at 22 ± 2°C in natu-
rally aerated 0.1 mol L−1 NaCl solution using a three-
electrode set-up. An Ag/AgCl/KCl(sat) electrode was used

as the reference electrode, a platinum wire as the counter
electrode, and the Al alloy as the working electrode. The
area of the working electrode exposed to the test solution
was 0.09 cm2. Polarization curves were obtained at a scan
rate of 1 mV/s, from OCP to 1 V.

Results and discussion

Surface finishing characterization

Figure 2, shows a 3D profilometer analysis corresponding to
each surface finishing studied in this work. As observed by
the height profiles (Figure 2(b)) the original and the pickled
samples exhibited higher roughness profiles compared to the
ground and polished samples.

Although the roughness profiles of the surfaces of the
original and pickled samples were similar, both surfaces
showed different morphologies, as can be seen from the

Figure 3. SEM images of the surface of the 2098-T351 alloy with different surface finish: (a) original; (b) pickled; (c) ground; and (d) polished surfaces.

Figure 4. EDX maps of the surface of the 2098-T351 alloy with different surface finish.
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SEM images in Figure 3. For the original samples, the deepest
penetrations are associated with defects produced by the
manufacturing process of the alloy (Figure 3(a)), whereas
those of the pickled samples are owing to the chemical attack
of the alloy in NaOH (Figure 3(b)). The peaks and valleys in
the ground samples are associated with the scratches (Figure
3(c)) owing to abrasion with the SiC paper, whereas the
depressions in the polished sample are related to the
detached particles removed during polishing (Figure 3(d)).

The original Al-alloy presents a near-surface deformed
layer (NSDL) which is enriched in Mg and Mg oxides. This
layer is removed when the alloy is chemically attacked,
ground or polished, as can be observed from the EDX
maps, Figure 4.

Besides the higher signals of Mg observed by EDX maps
for the original surface, Figure 5 showed higher Cu signals
content in the matrix of the original and pickled samples
compared with the ground and polished surfaces. The
ground and polished surfaces showed a more homogeneous
chemical composition.

Despite the removal of the Mg bands by pickling, grinding
and polishing, cross-sectional images of the samples showed
differences in grain sizes near the treated surfaces, Figure 6.

Coarsened grains were observed near to the top surface layer,
and this layer thickness is reduced depending on surface
finishing. Tens of micrometres were removed by pickling,
whereas hundreds of micrometres by grinding and polishing.
However, coarsened grains were still observed in the cross-
section of the polished sample. For this reason, to evaluate
the effect of this layer on the corrosion behaviour of the
polished samples, the two different thicknesses of the top
surface of the polished samples were analyzed.

Corrosion behaviour

Figure 7 shows the evolution of the different surfaces of the
AA2098-T351 alloy in the NaCl solution used in this study.
The figure shows that all the surfaces are active in the immer-
sion solution from the first minutes of immersion. Corrosion
propagation on the original samples are related to the Mg
enriched bands. The attack extended to the rest of the surface
after the consumption of the magnesium-rich bands. The
great volume of corrosion products even in the first hours
of immersion shows how active this surface is. After 8 h of
immersion, the corrosion product had spread all over the
exposed area and its volume increased with time until the
test was stopped. Corrosion propagation on the pickled
sample was associated with the pre-attacked grains, as
shown in Figure 3. Small pits were observed for the ground
samples, while the polished samples showed severe localized
corrosion (SLC).

Electrochemical activity

Anodic polarization curves of the AA2098-T351 alloy with
the different surface finish were obtained after 30 min of
immersion in 0.1 mol L−1 of NaCl solution, Figure 8(a).
The polarization curves show that the original condition pre-
sented the highest anodic activities compared with the other
conditions tested and no pseudo-passive behaviour was

Figure 5. Average weight per centage of the composition of the matrix of the
2098-T351 Al–Cu–Li alloy after different surface finishing – obtained by EDX.

Figure 6. Optical microscopy of the cross-section of the 2098-T351 alloy with different surface finish. (a) original; (b) pickled; (c) ground; (d) polished surface.
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observed for this condition. This was followed by the pickled
sample which also showed no passivation but a slight
pseudo-passive behaviour, Figure 8(b). The current density
values of the ground and polished samples were
significantly lower compared with the original and pickled
samples. The polished sample presented the lowest current
density values but the values were close to those of the
ground sample and the breakdown potential for both

samples was similar, Figure 8(b). Also, unlike the original
and pickled samples, the ground and polished samples pre-
sented distinct pseudo-passive ranges with similar break-
down potentials.

The corrosion features observed from the optical micro-
graphs of the samples after polarization tests are in agree-
ment with the polarization results, Figure 8(c). The
corroded area of the original sample was the largest. For

Figure 7. Evolution of the differently treated surfaces of the 2098-T351 alloy in 0.1 mol L−1 NaCl.
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the pickled sample, the attack was favoured in the grains,
similarly to the effect of the surface treatment as observed
in Figure 3. Pit density was higher for the ground sample
compared to the polished one explaining the higher current
densities for the ground surface.

The results of the local electrochemical behaviour of each
surface condition analyzed by local electrochemical impe-
dance spectroscopy (LEIS) measurements are shown in
Figure 9. The LEIS results are in agreement with the pre-
viously shown results. All the surfaces were active from the
first minutes of immersion. The original sample surface pre-
sented the highest admittance values for the entire duration
of the test. For the Ground and Polished conditions, the
regions of higher admittance were related to the SLC sites
and variations in these values with time were related to depo-
sition of corrosion products over the surfaces. The Polished
and Ground samples showed similar admittance values, cor-
roborating the results of the polarization curves.

Surface examination and EDX analysis of the attacked
regions during LEIS tests are shown in, Figure 10. Cu and
Ag redeposition were observed near the corroded sites,
mainly on the polished surfaces. Fe was associated with the
micrometric particles for all analyzed surface finishing. Mg
oxide was associated with the deformation bands for the
original condition.

Figure 11 shows the 3D profilometry analysis of the sur-
faces exposed to 0.005 mol L−1 NaCl solution during the
LEIS test. The pits formed by exposure to the LEIS test sol-
ution showed smaller diameters, Figure 11(a), but deep pen-
etration. This result explains the higher admittance values
observed in Figure 9. The pickled samples were associated
with high admittances (with values only lower than that of

the original samples) and this result also explains the high
pit depths for this condition, Figure 11(b). For the Ground
and Polished samples, the ‘mouth of the pits’ were compara-
tively large, Figure 11(a), but shallow, Figure 11(b). This can
be associated with the lower kinetics of the reactions for these
two surface conditions as was shown in Figure 8. The
improved corrosion resistance of the Polished surface is
related to the enhancement of natural oxide film formation
over this surface. Despite the presence of SLC sites, areas
with preserved oxide film were still present over this surface
reducing the global current density measured. On the other
hand, the presence of Mg and Cu on the surfaces of the orig-
inal and pickled samples, respectively, were responsible for
the higher corrosion kinetics for these conditions.

Effect of near-surface grain coarsening

In order to evaluate the effect of the layer with coarsened
grains at the near-surface (as observed in Figure 6) on the
corrosion behaviour of the Polished samples, the corrosion
test was also performed by comparing two different levels
of polishing depths (labelled as Polished and Mid-thickness).
The Polished sample (Figure 6(d)) represents the condition
where the coarsened-grain layer is still observed after polish-
ing while the Mid-thickness sample was prepared in order to
remove this layer and it represents the surface of the middle
portion of the plate. Figure 12 showed the evolution of the
corrosion features on the Mid-thickness samples immersed
in 0.1 mol L−1 NaCl. According to the results, higher cor-
rosion activities were observed for this condition, when com-
pared with the Polished sample presented in Figure 7. These
higher activities were associated with the great volume of

Figure 8. (a) Anodic polarization curves for the 2098-T31 Al–Cu–Li alloy with different surface finish after 30 min of immersion in 0.1 mol L−1 NaCl solution. (b)
Differences between the open circuit potentials (OCP) and the breakdown potentials beyond pseudo-passivity (Ebreak). (c) Optical microscopy of the tested
surfaces.
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Figure 9. Local admittance of the 2098-T351 alloy with different surface finishing during immersion test in 0.005 mol L−1 NaCl solution (acquisition frequency:
5 Hz).

Figure 10. EDX maps of the surface of the 2098-T351 alloy with different surface finishing after immersion in NaCl for 24 h.

CORROSION ENGINEERING, SCIENCE AND TECHNOLOGY 7



corrosion products observed in the vicinity of the SLC
regions.

Additionally, different propagation features were
observed according to the alloy thickness, Figure 13. While
intergranular attacks were observed on the surface of the
Polished sample, the preferential corrosion propagation
observed on the top surface of the Middle Plate sample
was intragranular.

The electrochemical results are in agreement with the
evolution of corrosion features on the surface of the samples,
Figure 14. The anodic curves for the Mid-thickness sample
were shifted more to the right (with higher anodic current

densities) compared to the Polished sample as revealed in
Figure 14a. Additionally, the optical images of the exposed
surface after the test showed higher pit density for the
Mid-thickness samples – Figure 14(b). The admittance
values obtained were also lower for the Mid-thickness
sample according to the LEIS maps in Figure 14(c).

Xu et al. [24] reported microstructural and crystallo-
graphic inhomogeneity in thick-sectioned Al–Li–Cu–Mg
plates. According to the authors, strong crystallographic
texture orientation at the mid-thickness and an increment
in the volume fraction of intragranular T1 phase precipi-
tates at the plate centre were observed. This explains the

Figure 11. (a) 3D profilometry images of the different surface finishing after immersion in 0.005 mol L−1 NaCl for 24 h. (b) Height profiles related to the yellow
dashed lines in (a).

Figure 12. Evolution of the 2098-T351 top polished surface with 1.5 mm thickness exposed to 0.1 mol L−1 NaCl for periods until 24 h.
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higher activity observed on the surface of the Mid-thick-
ness sample when compared to the Polished sample. The
higher pit density observed for the Mid-thickness sample
and the predominance of intragranular attack observed in
this condition is in accordance with the findings of Xu
et al. These microstructural heterogeneities are a result
of the variation of deformation strain and temperature.
Lower cooling rate at the mid-thickness position has
been reported to form a large amount of quench-induced
T1 phases in a thick-section plate and the distribution of
precipitates also varies according to the variation of defor-
mation strain [25–27].

Conclusions

The results of this study on the effect of surface treatments on
the 2098-T351 Al–Cu–Li alloy led to the following
conclusions:

1. The original samples showed the highest electrochemical
activity, which was related to the presence of Mg bands –
a characteristic of the near-surface-deformed layer.

2. Pickled samples presented high electrochemical activity
resulting from preferential attacks inside the grains and
Cu redeposition owing to etching-related Cu dissolution.

3. Ground and Polished surfaces showed the lowest electro-
chemical activities owing to improved oxide film
formation.

4. Polished surfaces resulted in the lowest current densities
compared to the Ground ones owing to slight improve-

Figure 13. High magnification images of severe localized corrosion regions on
the surface of polished 2098-T351 samples showing different corrosion fea-
tures. (a) Polished 3.2 thk sample. (b) Polished 1.5 thk sample.

Figure 14. (a) Anodic polarization curves obtained for the Polished 2098-T351 and Mid-thickness samples in 0.1 mol L−1 of NaCl solution. (b) Optical images of the
polarized surfaces. (c) Local admittance maps obtained after 1 h of immersion in 0.005 mol L−1 NaCl solution with an acquisition frequency of 5 Hz.
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ment in the characteristics of the oxide film formed on the
Polished surface.

5. Severe localized corrosion was not observed for the
Ground surface under free corrosion potential
conditions.

6. Corrosion activities were strongly linked with the depth
level of the exposed polished surface relative to the unpol-
ished original surface. The closer the tested surface is to
the mid-thickness line of the plate the higher the cor-
rosion rate owing to increasing volume fraction of T1
phase with depth. The mode of corrosion was also differ-
ent with intragranular attack becoming predominant as
the mid-thickness region is approached.
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