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The aerospace industry is constantly looking for innovative materials that exhibit good mechanical 
and corrosion properties. The 2198-T851 (Al-Cu-Li) alloy was developed to replace the conventional 
Al-Cu-Mg in aircraft structures. Despite the usefulness of the 2198-T851 alloy, its performance may 
be affected when subjected to an aggressive medium containing chloride ions. The deposition of 
Nb2O5 coatings by using the reactive sputtering technique on the 2198-T851 alloy surface appears 
as a powerful tool to improve the corrosion resistance of this material. Recently, groundbreaking 
research findings have demonstrated the positive effect of Nb2O5 coatings on corrosion protection of 
alloy 2198-T851. However, the corrosion products originated from the 2198-T851 aluminium alloy 
are poorly understood. The use of Raman spectroscopy and XPS techniques may help to shed some 
light on the corrosion products of 2198-T851 alloy. Results demonstrated the corrosion products are 
mainly composed by CuCl2 x H2O, CuCl, Cu2Cl(OH)3, Al(OH)3, and AlO(OH).

Keywords: Al-Cu-Li alloy, Raman, XPS technique, Corrosion products, Aircraft industry.

1. Introduction
The aircraft industry is always demanding for 

innovative materials with higher mechanical performances 
as well as good corrosion properties1. The 3rd generation 
of Al-Cu-Li alloys appear as feasible replacements of 
traditional 2xxx series alloys and constitute a promising 
group of metallic materials having noteworthy prospective 
applications in this field1,2. The 2198-T851 (Al-Cu-Li) 
aluminium alloy is based on weight reduction, since it 
presents lower density, higher strength, and toughness 
than other aluminium alloys from this series3. However, 
as mentioned by Georgoulis and colleagues4, Al-Cu-Li 
alloys were found to be highly susceptible to localised 
corrosion. In fact, different behaviour in the corrosion 
attack mechanisms between Al-Cu-Li and conventional 
Al-Cu-Mg alloys were reported by Moreto et al.5.

As mentioned by Donatus et al.6 and Araujo et al.7,8, the 
predominant mode of corrosion on 2198-T851 aluminium 

alloy is intragranular, propagating through bands parallel to 
the {111} aluminium planes. In addition to these observations, 
Moreto et al.5 emphasize that aluminium alloys are more 
likely to undergo localised corrosion, as a result of defects 
on the passive protective film occurring near secondary 
phase particle. In fact, 2198-T851 aluminium alloy exhibits 
a complex microstructure due to the presence of Al3Li, 
T1(Al2CuLi), 𝜃’(Al2Cu) and S (Al2CuMg) precipitates. These 
precipitates are directly linked to the alloy composition and 
the thermomechanical processing9. Nonetheless, these phases 
can promote galvanic coupling with the aluminium matrix 
by making it very sensitive to localised corrosion processes. 
When 2198-T851 aluminium alloy is exposed to an aggressive 
anions like Cl−, the pitting corrosion process is enhanced, i.e., 
aggressive anions can be transported through a passive film 
on aluminium and reach the aluminium/oxide interface10.

Surface treatments have been widely used to improve 
the base material corrosive properties. Since they give rise 
to a physical protective barrier that interfaces with the, *e-mail: jeferson_moreto@yahoo.com.br

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1694-3583
https://orcid.org/0000-0001-7853-6321
https://orcid.org/0000-0001-5442-1765
https://orcid.org/0000-0002-7192-4740
https://orcid.org/0000-0002-0381-7839
https://orcid.org/0000-0002-2924-0177
https://orcid.org/0000-0003-2124-3450
https://orcid.org/0000-0002-8203-2625
https://orcid.org/0000-0001-9837-3216


Ferreira et al.2 Materials Research

possibly hostile, environment. Plasma surface treatment 
appears as a powerful tool in surface modification of metallic 
materials because of its superior efficiency, green chemical 
method as well as low cost11. Recently, groundbreaking 
research findings have demonstrated the positive effect of 
Nb2O5 coatings on the corrosion protection of 2xxx series 
aluminium alloys.

The first work that should be mentioned was carried out 
by Moreto et al.12 and focused on the surface modification of 
2524-T3 (Al-Cu-Mg) aluminium alloy substrates by using 
Nb2O5 coatings employing reactive sputtering technique. 
The Nb2O5 coating was able to delay the onset of corrosion 
process as demonstrated by SVET, pH micro-potentiometry 
and EIS techniques. In addition to the good corrosive 
properties, the Nb2O5 coating also improved the wear 
performance of 2524-T3 aluminium alloy. The corrosion 
behaviour of reactive sputtering deposition Nb2O5 based 
coating on the 2198-T851 aluminium alloy was verified 
by Freitas et al.13, which demonstrated the reactive plasma 
technique created a barrier layer, promoting a difference 
about 210 mV between the corrosion potential (Ecorr) and 
pitting potential (Epitting). The improvement of the corrosion 
properties was also verified by using electrochemical 
impedance spectroscopy, which demonstrated an increasing 
of impedance modulus more than one order. Furthermore, 
the coated material presented phase angle values closer 
to -90°, indicating a capacitive effect of the Nb2O5 coating. 
The effect of Nb2O5 thin film on the long-term immersion 
corrosion of the 2198-T851 aluminium alloy was proposed 
by Ferreira et al.14. Results demonstrated the 2198-T851 
aluminium alloy coated with Nb2O5 thin film immersed 
in sodium chloride solution (0.6 mol L-1) during 720 h 
exhibits the same behaviour as the base material for 3 h 
of immersion as showed by the EIS tests. These findings 
are in line with the work presented by Freitas  et  al.13, 
demonstrating the deposited thin film by using reactive 
sputtering technique was able to increase the corrosion 
resistance of the 2198-T851 aluminium alloy.

A significant amount of work has already been conducted 
on electrochemical and corrosion-fatigue behaviour of the 
2198-T851 aluminium alloy. However, most of them do not 
explain in detail the corrosion products that are formed when 
2198-T851 aluminium alloy is exposed to an aggressive 
medium containing chloride ions as well as their influence on 
the fatigue behaviour, mainly in the crack closure phenomenon. 
Corrosion and fatigue of aluminium alloys are major issues 
for the in-service life assessment of aircraft structures and for 
the management of aging air fleets. The understanding of the 
corrosion-fatigue phenomena, kinetics, and micromechanisms 
acting is essential for life prediction, as well as for the 
development of alloys with increased fatigue performance. 
For this reason, the development of corrosion studies that 
will allow a greater understanding of corrosion-fatigue 
processes is very important. Based on these findings, this 
research presents new discoveries regarding the corrosion 
products formed on the 2198-T851 and 2198-T851/Nb2O5 
specimens. The use of Raman spectroscopy combined to 
X-ray photoelectron spectroscopy (XPS) techniques may 
help to shed some light on the corrosion products formed on 
the coated and uncoated 2198-T851 aluminium alloy when 
exposed to sodium chloride solution.

2. Experimental

2.1. Material and methods
In the present work, the 2198-T851 (Solution Heat Treated, 

Cold Worked, and Artificially Aged) aluminium alloy was 
used as received condition. Prior to the functionalization 
of the specimens using reactive sputtering technique, all 
samples were cut into standardized sizes (1 cm x 1 cm) 
and mechanically polished by using silicon carbide (SiC) 
sandpaper at 800, 1200, 2400 and 4000#. The polishing process 
was finished using 3, 2 and 1µm diamond pastes. After, the 
specimens were washed in distilled water and then degreased 
in isopropyl alcohol for a period of 10 min and conditioned 
in a desiccator. The Nb2O5 thin films were deposited on the 
short transverse direction in all specimens of 2198-T851 
aluminium alloy by using the reactive sputtering technique 
at the Laboratory of Thin Films and Plasma Processes of 
the Federal University of Triângulo Mineiro, UFTM, Brazil. 
The other regions of the samples were delimited with bee wax 
for corrosion studies. The deposition process has optimized 
parameters and further details can be found in references12-14.

Samples of 2198-T851 aluminium alloy with and without 
Nb2O5 thin films were monitored in 0.6 mol L-1 NaCl solution 
during 24 h of immersion. After the immersion tests were 
performed, the morphology of the coated and uncoated 
2198-T851 aluminium alloy was accessed by using optical 
microscopy (Nova 156-T microscope) and scanning electron 
microscopy (FEG- SEM JEOL 7001 F equipped with an 
Oxford light elements EDX detector). This procedure was 
used to assess the morphological changes and to detect 
modifications on the surface composition.

The focused ion beam (FIB) technique was used in the 
present study to determine the depth of the pits formed on the 
coated and uncoated 2198-T851 aluminium alloy surfaces. 
The FIB system model used in our experiment is a dual beam 
from FEI (Dual Beam Nova Nanolab - Model Nova 200). 
This system combines an ion beam column with a scanning 
electron microscope (SEM) working at coincidence on the 
sample. This allows us to monitor ion beam processing with 
simultaneous SEM imaging. The FIB column is equipped 
with a Ga+ source and has a minimum spot size of 5 nm at 
30 kV whereas the SEM column has a thermal field emission 
gun which can achieve a 5 nm resolution over a wide energy 
range. The FIB technique for cross-section is well-known 
and very useful. Specifically, in the present work, the FIB 
technique was used to measure the depth of pits formed 
on the coated and uncoated 2198-T851 aluminium alloy. 
Initially, a layer of sacrificial platinum is deposited to protect 
the surface and facilitate visualization and measurements 
of the subsequent layers. Then, it was used an ion beam 
(30 kV, 3 nA) to pulverize the surface and then polish with 
the ion beam (30 kV, 1 nA) to optimize the contrast between 
the layers for thickness measurements.

Corrosion products formed on the surface of coated 
and uncoated 2198-T851 aluminium alloy during the 
immersion tests were evaluated by using Raman spectroscopy 
and XPS techniques. For this purpose, a LabRam HR 
Evolution Raman spectrometer was used. An Olympus 
XB41 optical microscope with software controlled 
XY table orientation was connected to the spectrometer. 
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The samples were excited with an Ar+ laser (532 nm) with 
a power of 12 mW (25% of the maximum available) and 
a 600-line/mm grating with a confocal hole of 250 μm. 
Raman spectra were acquired using the scan mode 
method at room temperature, taking 20 s per window and 
9 accumulations (the window travels 1/9 of its dimensions 
per accumulation until it covers the entire needed range 
of the spectrum). The analyses were performed by using 
LabSpec software (LabSpec 6 Spectroscopy Suite) from 
HORIBA Scientific. In addition, the analyses were made 
easier using HORIBA Scientific’s LabSpec software 
(LabSpec 6 Spectroscopy Suite), which allowed better 
visualization of the results in Raman Microscopy Mappings. 
For the uncoated specimens, it was used a higher power 
(100% - 50 mW). XPS measurements were performed 
using a SPECS Phoibos high resolution hemispherical 
analyser with multiple channeltron detection and Al Kα 
x-ray source. These spectra were fitted with the Doniach 
and Sunjic15 line shape characterized by a Lorentzian width 
Γ, which considers the finite core-hole lifetime, and by the 
asymmetry parameter α that describes low-energy electron 
hole pair excitations near the Fermi level. All peaks were 
convoluted to a Gaussian distribution (fixed width of 1.0 eV) 
that describes the instrumental broadening, phonon 
contributions, and sample in homogeneities. The inelastic 
background contribution was removed using the Shirley 
type background.

3. Results and Discussions
Figure 1 displays the optical micrographs images for 

the 2198-T851 aluminium alloy exposed for a period of 
3, 15 and 24 h of immersion in 0.6 mol L-1 NaCl solution. 
As can be seen, 2198-T851 aluminium alloy exhibits 

intense activity during the first 24 h of immersion, as 
well as pitting in the rolling direction. These findings 
clearly indicate that the spontaneously formed thin film 
of Al2O3 on the AA2198-T851 surface is not able to 
protect it from the advance of the corrosion process. 
As mentioned by Metikoš-Huković et al.16, corrosion pits 
are initiated at the oxide layer in sites weakened by chloride 
attack, normally chemical or physical heterogeneities at 
the surface, such as inclusions, second-phase particles, 
flaws, mechanical damage, or dislocations. According to 
the literature17, pitting corrosion follows three possible 
mechanisms: penetration, adsorption, and film-breaking. 
The contributions of submicrometric intermetallic particles 
present in the 2198-T851 aluminium alloy should be 
highlighted, since these phases promote galvanic coupling, 
leading to the preferential dissolution of the nearby matrix, 
with formation of preferential sites for pitting initiation. 
In 3 h of immersion, a severe localised corrosion (SLC) 
process can already be verified, which is typical for the 
studied material and is related to the presence of T1 phase7. 
Subsequently, a proposed corrosion mechanism will be 
presented for the 2198-T851 aluminium alloy exposed to 
a solution containing chloride ions.

Figure 2 shows a schematic assembly of the 2198-T851 
aluminium alloy containing Nb2O5 thin film after 3, 15 
and 24 h of immersion in 0.6 mol L-1 NaCl solution. 
Impressively, Nb2O5 coating deposited on the 2198-T851 
alloy surface by reactive sputtering technique acts as a 
protective barrier against localised corrosion process. Even 
after 24 h of immersion in 0.6 mol L-1 NaCl, the Nb2O5 thin 
film maintains its integrity practically intact.

The proposed corrosion mechanism for the 
2198-T851 aluminium alloy exposed to sodium chloride 
solution is quite complex and can be seen in Figure  3. 

Figure 1. (a) optical images after the corrosion immersion tests for the base material, (a, d) 3 h, (b, e) 15 h, and (c, f) 24 h of immersion 
in 0.6 mol L-1 NaCl solution.
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Figure 3. (a) Schematic drawing of the mechanism of pitting corrosion in 2198-T851 aluminium alloy exposed to an aggressive medium, 
(b) schematic illustration related to the galvanic coupling between the submicrometric intermetallic particles and 2198-T851 aluminium 
matrix, and (c) SEM image of the 2198-T851 aluminium alloy surface after 3 h of immersion tests in 0.6 mol L-1 NaCl solution as well 
as the representative EDX map.

Figure 2. Optical images after the corrosion immersion tests for the 2198-T851 aluminium alloy containing Nb2O5 thin film, 
(a, d) 3 h, (b, e) 15 h, and (c, f) 24 h of immersion in 0.6 mol L-1 NaCl solution.
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At first, it can be considered that pits are initiate due to local 
rupture of the Al2O3 thin film or the presence of defects, 
propagating in a self-sustaining manner18 (see Figure 3a). 
A representative assembly of the corrosion mechanism due 
to the submicrometric intermetallic particles present on the 
2198-T851 aluminium matrix as well as the existence of 
galvanic coupling is shown in Figure 3b. The pitting corrosion 
initiates at the interface of cathodic intermetallic particle, 
acting as a site for the cathodic reaction (oxygen reduction 
reaction). Moreto et al.4 demonstrated by using scanning 
vibrating electrode technique (SVET) and electrochemical 
impedance spectroscopy (EIS) tests the localised feature 
of the 2198-T851 aluminium alloy is directly linked to the 
existence of intermetallic particles that can present cathodic 
or anodic behaviour in relation to the aluminium matrix. This 
phenomenon introduces an alkaline environment around the 
intermetallic particle, promoting a localised dissolution of 
the protective thin film of alumina. Figure 3cexhibits the 
SEM image of the uncoated 2198-T851 aluminium alloy 
exposed to 0.6 mol L-1 NaCl solution during 3 h of immersion. 
According to Witharamage et al.19, the interaction between 
the metallic matrix and the sodium chloride electrolyte causes 
rapid oxidation of the 2198-T851 aluminium alloy, leading to 
the pit initiation. The cathodic nature of these intermetallic 
particles can be confirmed with the SEM image, which 
showed the dissolution of the 2198-T851 aluminium alloy 
around the mentioned particles. In addition, the formation 
of pits in the rolling direction of the 2198-T851 aluminium 
alloy can be verified, which combines in a severe localised 
corrosion process. The corroded areas coincide with the 
presence of Cu element as displayed in EDX map.

Figure 4 shows the formation of a dense film on the 
2198-T851 aluminium alloy surface, probably Al2O3, after 
24 h of immersion in 0.6 mol L-1 NaCl solution. Further 
information regarding the nature of the coating will be made 
with the aid of the XPS and Raman spectroscopy techniques 
and discussed below. The results also demonstrated dissolution 
of aluminium matrix, formation of trenching in the vicinity 

of an intermetallic particle that has been removed from the 
surface as well as the presence of corrosion products. Another 
corrosion mechanism may be related to the existence of T1 
nanometric particles as displayed in Figure 5a. As mentioned 
by Moreto et al.20 and confirmed by Araújo et al.21, when 
2198-T851 aluminium alloy is exposed to a corrosive 
environment, T1 precipitates are anodic with respect to 
the aluminium matrix, promoting their dissolution. As the 
corrosion process progresses, T1 becomes cathodic due to 
the selective dissolution of aluminium and lithium elements, 
increasing the Cu amount on the 2198-T851 aluminium alloy 
matrix as represented by Figure 5b.

Figure 4. (a) SEM image of the 2198-T851 aluminium alloy 
surface after 24 h of immersion tests in 0.6 mol L-1 NaCl solution 
and (b) magnified region of the sample.

Figure 5. (a) Schematic illustration of the localised corrosion mechanism associated to the presence of T1 nanometric particles as proposed 
by Moreto et al.20 and proved by Araújo et al.21, and (b) EDX maps, confirming the presence of Cu element on the 2198-T851 aluminium alloy matrix.
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Figure 6a shows a schematic drawing to elucidate the 
corrosion mechanism of coated 2198-T851 aluminium alloy 
exposed to 0.6 mol L-1 NaCl solution. Although the Nb2O5 
thin film has acted as a protective barrier against localised 
corrosion process, it was possible to verify a small uncovered 
region on the surface of the analysed sample after 24 h of 
immersion. In summary, when 2198-T851 aluminium alloy 
containing Nb2O5 thin film is exposed to 0.6 mol L-1 NaCl 
solution, the Cl- ions permeate through the coating defects, 
promoting the aluminium matrix dissolution. The defects 
presented in the Nb2O5 thin films were originated from 
the absence of heat treatment during and after the reactive 
sputtering deposition. Many studies have evidenced the 
effect of the grain and crystallite sizes on the corrosion of 
a wide range of materials22,23.

Figure 6. (a) schematic drawing to elucidate the corrosion mechanisms of coated 2198-T851 aluminium alloy exposed to an aggressive 
medium, and (b) SEM image, showing an uncoated region as well as the EDX spectra in the mentioned zone after 24 h of immersion 
in 0.6 mol L-1 NaCl solution.

The advancement of the corrosion process causes the 
Cl- ions to reach the aluminium alloy substrate, initiating 
the formation of a pitting as discussed in Figure  3. 
In this sense, the propagation of corrosion process under the 
thin film, leading to coating detachment. These observations 
are supported by the schematic drawing, which shows the 
absence of Nb2O5 in the delimited zones (see Figure 6bc).

As already mentioned before, the FIB technique was 
applied in the present work to determine the cross-sectional 
of the selected pit formed on the coated and uncoated 
2198-T851 aluminium alloy surfaces after 24 h of 
immersion in 0.6 mol L-1 NaCl. Figure  7a displays an 
overview of the 2198-T851 aluminium alloy matrix as well 
as the pit distribution. Figure 7b shows the magnification 
of the selected pit for the cross section performing. 
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As can be seen in Figure  7c a Pt block was deposited 
over the analysis region. The depth of the formed pit 
(see Figure 7d) on the 2198-T851 aluminium alloy surface 
is approximately 2.36 mm. EDX analysis carried out inside 
the pit showed the presence of Al, Cu, O and Si elements 
(see Figures 7 (e, f)). The presence of Si element may be 
related to the sanding process since it was accomplished 
with SiC sandpapers. The same procedure was applied 
for the 2198-T851 aluminium alloy containing Nb2O5 
thin films. As can be seen in Figure 8 (a), the coated alloy 
has some defects on its surface, which are inherent to 
the reactive sputtering technique as mentioned before. 

The region chosen for the cross-section is shown in Figure 8b, 
whilst the Pt block deposited on the region to be analysed 
can be verified in Figure  8c. Two cross-sections were 
performed, showing two different contrasts with depths 
of approximately 528.8 nm and 1.54 mm corresponding 
to Nb2O5 and base material (see Figure 8d), respectively. 
Considering the highest depth value for the coated material 
and comparing it with the base material, it was possible 
to confirm the Nb2O5 coating acts as a physical barrier. 
Figure 8e exhibits the SEM image obtained in the centre 
of the pit, and Figure 8f the EDX spectrum as well as the 
presence of Al, Cu, O and Nb elements.

Figure 7. (a) An overview of the 2198-T851 aluminium alloy matrix as well as the pit distribution, (b) selected pit for the cross-sectional 
analysis, (c) presence of Pt block deposited on the pit region over the cross-sectional analysis, (d) cross-section image, demonstrating 
the pit depth, (e) SEM image in the centre of the pit, and (f) EDX spectrum displaying the presence of Al, Cu, O, C and Si elements.
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Figure 8. (a) An overview of the 2198-T851 aluminium alloy containing Nb2O5 thin film as well as the pit distribution, (b) selected pit for the 
cross-sectional analysis, (c) presence of Pt block deposited on the pit region over the cross-sectional analysis, (d) cross-section image, demonstrating 
the pit depths, (e) SEM image in the centre of the pit, and (f) EDX spectrum displaying the presence of Al, Cu, O, Nb and C elements.

As already mentioned in this manuscript, the nature of 
the corrosion products formed on the 2198-T851 aluminium 
alloy surface is still unknown. Thus, the combination of 
spectroscopic techniques such as Raman and XPS may 
help to shed some light on the corrosion mechanism 
of 2198-T851 aluminium alloy. While XPS provides 
surface elemental and chemical state composition of the 
top 10 nm (or thereabouts) or the surface of a material, 

Raman spectroscopy provides molecular identification, 
including, in some cases, structural confirmation of a 
compound (corrosion products). Furthermore, the Raman 
technique allows the performance of specific analyses, 
which is extremely interesting for the present work. 
Finally, the two techniques are complementary and 
allowed the determination of corrosion products formed 
on the coated and uncoated 2198-T851 aluminium alloy.
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For this purpose, different regions of the base material 
were analysed by using Raman spectroscopy, in search to 
understand the nature of corrosion products formed due to 
its exposure to 0.6 mol L-1 NaCl solution. Several Raman 
spectroscopy analyses (at different points and samples) for 
the specimens exposed to 24 h of immersion in 0.6 mol L-1 
NaCl solution were performed. In fact, a small displacement 
of the bands can be verified for different samples. However, 
all values obtained were within the range expected and 

published in the literature. These findings show the reliability 
of the procedure adopted in the present work.

An overview of the 2198-T851 aluminium matrix after 
immersion testing is shown in Figure 9a. It is also possible 
to verify the regions chosen for the Raman spectroscopy 
analyses (Figure 9b). Figure 9c shows the intensity band in the 
range 250 - 300 cm-1. The surface of 2198-T851 aluminium 
alloy containing Nb2O5 thin film after immersion testing 
(24 h of exposure) in 0.6 mol L-1 NaCl solution as well as 
detail of this uncovered region can be seen in Figure 10. 

Figure 9. (a) An overview of the 2198-T851 aluminium alloy surface after 24 h of immersion in 0.6 mol L-1 NaCl solution, 
(b) selected points for Raman analysis, and (c) the intensity band in the range 250 to 300 cm-1.

Figure 10. An overview of the 2198-T851 aluminium alloy coated with Nb2O5 thin film after 24 h of immersion in 0.6 mol L-1 NaCl 
solution and the detail of a pit formed on the sample surface. The inset on the right side shows the magnified region for Raman analysis 
as well as the selected points. The inset on the left side displays the Raman spectrum for these different regions of analysis.
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Two regions of the spectrum were used to assemble the 
color intensity scale, proportional to the intensity of the 
band (Type: Height), where the red color shows the intensity 
band between 250 to 300 cm-1, and the blue color shows the 
intensity band in the range 1385 to 1410 cm-1.

Figure 11a presents the Raman spectra of the coated 
and uncoated 2198-T851 alloy after exposure to 0.6 mol 
L-1 NaCl solution. Spectra corresponding to the intervals 
used for the uncoated alloy analysis are displayed in 
Figures  11b  and  11c, respectively. This result suggests 
dissolution of the 2198-T851 matrix and precipitation of 
amorphous aluminium hydroxide, Al(OH)3, as revealed 
by the band centred at 234 cm-1. The Al(OH)3 precipitates 
at the top of the pit, forming amorphous domes and the 
hydrolysis reaction may be written as:

( ) ( )  + −→ +3
s aqAl Al 3e 	 (1)

( )( ) ( ) ( )( )   + ++ → +3
aq 2 l aq3 sAl 3H O Al OH 3H 	 (2)

The strongest bands recorded in the range 405 to 215 cm-1 
may be assigned to CuCl2xH2O

24. The band observed at 356 cm-1 
is assigned by CuCl compound, and the bands centred at 501 
and 586 cm-1 to the Cu2Cl(OH)3, respectively. Knowing the 
chemical composition of the 2198-T851 aluminium alloy as 
well as its corresponding Cu-rich particles, it is reasonable 
to infer the bands verified in the range 200 to 600 cm-1 
may be directly associated to Al(OH)3 and Cu2Cl(OH)3 
as well as their intermediate compounds. Two bands were 
identified in the range 600 to 1000 cm-1 and, as mentioned 
in Drewien et al. 25, absorption bands for both stretching and 
deformation vibrations of aluminium oxide are present in 
this range. As reported by White and Hem26, Raman spectra 
of the amorphous Al(OH)3 gel exhibits a broad band ranging 
from 1060 to 1174 cm-1, enabling numerous possibilities of 
association between oxygens of the carbonate ion as well as 
the aluminium in the gel. The band centered at 1085 cm-1 
is related to the aluminium hydroxy carbonate26 and the 
others (ranging from 1200 to 1440 cm-1) to the vibrational 
modes of free carbonates27. As described in the literature28, 

the carbonates presence is governed by several environmental 
conditions, such as: CO2 partial pressure, temperature, solution 
pH and atmospheric carbon. According to Zhang et al.29, the 
hydroxycarbonates and hydroxychlorides present a similar 
structural, consisting of layered structures with the layers 
held together by anions (CO32− and Cl-) and is possible to 
verify the evolution from one phase to another through the 
ion-exchange mechanism as proposed by Odnevall and 
Leygraf30 and more information can be found in reference. 
The analyses of intact areas showed a major band at 655 cm-1 
as well as another around 206 cm-1 which may be attributed 
to Nb2O5

12,29,30.
Figure 12a shows a XPS survey spectrum for the uncoated 

2198-T851 aluminium alloy revealing the presence of O, C, 
Al, Cu, and Cl. XPS results demonstrated the presence of 
CuCl2 (Cu3p3/2 935.8, 78.8 and 80.0 eV) as well as CuCl or 
Cu2(OH)3Cl (Cl2p / 200.7 eV; Cu2p3/2 / 934.7 eV) as shown 
in Figure 12b. The fitting results of Al 2p are demonstrated 
in Figure 12c. As can be seen, two possible contributions 
were identified (Al1 76.9 eV and Al2 76.0 eV) which 
may be attributed to the AlO(OH), Al(OH)3 and/or Al2O3 
compounds. Since XPS measurements were performed using 
a non-monochromatic AlKα source the energy resolution is 
limited to untangling compounds that are too close to each 
other. Thus, for Cl2p3/2 it is possible to observe only a single 
contribution around 200.7 eV which might be associated to 
CuCl and Cu2(OH)3Cl. A similar limitation occurs on Al2p. 
In this case, we have at least two compounds (Al1 and Al2) 
since a single component would not fit the peak. Interesting 
that according to literature the expected value for Al2p 
contribution of metallic aluminium and their alloys should 
appear around 73.0 eV. In this sense, the metallic contribution 
due to the passive film thickening and corrosion products 
cannot be observed. This limitation also happens for Cu2p 
signal that do not shows metallic contribution. These results 
corroborate with Bockris and Minevski31, which attribute 
to the oxides a structure consisting of a base layer of 
Al2O3, in contact with the aluminium matrix, and in certain 
cases may present a surface area consisting mainly of Al(OH)3. 

Figure 11. (a) Raman spectra of the coated and uncoated 2198-T851 alloy after exposure to 0.6 mol L-1 NaCl solution. (b, c) spectra 
corresponding to the intervals used for the uncoated alloy analysis.
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The Al2O3 thin film is extremely effective to corrosion 
resistance32 and present a thickness about 1 nm33, while 
the average depth of the photoelectrons for Al2p is in the 
order of 10 nanolayers as reported by Briggs and Seah34. 
Figure 12d displays Cl2p (2p3/2 and 2p1/2) core-level spectrum 
for the uncoated 2198-T851 aluminium alloy, demonstrating 
the presence of CuCl compound. Figure 12e exhibits the 
XPS survey spectrum for the 2198-T851 aluminium alloy 
containing Nb2O5 thin film, whilst Figures 12fg show the 
fitting procedure of O1s and Nb 3d levels, respectively. 
Regarding the O1s spectra, it is important to note that 
due to the presence of several compounds at the surface, 

it could not separate all possible contributions. In other 
words, it is reasonable to state that there are contributions 
of oxides as well as hydrocarbons and carbon oxides 
species at the surface for the sample as prepared. It was 
revealed the presence of a single niobium oxide phase 
(see Figure 12g), corresponding to Nb2O5 with binding 
energy for the Nb 3d5/2 of 208.9 eV and 3d3/2 of 211.6 eV, 
respectively31,32. Finally, the results obtained in the present 
work by using Raman spectroscopy associated to the 
XPS technique demonstrated to be a powerful tool for 
the assessment of the corrosion products of 2198-T851 
aluminium alloy.

Figure 12. (a) XPS survey spectrum of 2198-T851 aluminium alloy, (b) Cu 2p, (c) Al 2p and Cu 3p, (d) Cl 2p, (e) XPS survey spectrum 
of coated 2198-T851 aluminium alloy, (f) O 1s levels, and (g) Nb 3d levels. All spectra were obtained for samples submitted to 24 h of 
immersion in 0.6 mol L-1 NaCl.
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4. Conclusions
In the present work, the corrosion products formed 

on the 2198-T851 and 2198-T851/Nb2O5 aluminium 
alloy surfaces when exposed to sodium chloride solution 
were assessed by using Raman and XPS techniques. 
The immersion tests showed the Nb2O5 thin film deposited 
on the 2198-T851 aluminium alloy acts as a physical barrier 
layer against localised corrosion process. A severe localised 
corrosion process was verified for the base material, which 
presented a high pitting superficial density in the first hours 
of immersion as well as corrosion products. Remarkably, 
the 2198-T851 aluminium alloy containing Nb2O5 coating 
maintains its integrity during the first 15 h of immersion 
in 0.6 mol L-1 NaCl solution and the pit corrosion feature 
appears in 24 h of immersion. Raman spectroscopy revealed 
several corrosion products on the base material, such as 
CuCl2xH2O (405 to 215 cm-1), CuCl (356 cm-1), Cu2Cl(OH)3 
(501 to 586 cm-1) and Al(OH)3 (234 cm-1). XPS results 
for the uncoated material demonstrated the presence of 
CuCl2 (Cu 3p3/2 935.8, 78.8 and 80.0 eV) as well as CuCl 
or Cu2(OH)3Cl (Cl 2p / 200.7 eV; Cu 2p3/2 / 934.7 eV). 
Considering the fitting results of Al 2p, two possible 
contributions were identified (Al1 76.9 eV and Al2 76.0 eV) 
which may be attributed to the AlO(OH), Al(OH)3 and/or Al2O3 
compounds. The Cl2p (2p3/2 and 2p1/2) core-level spectrum 
exhibited the presence of CuCl compound. Considering the 
Raman analysis for the coated material, a major band at 
655 cm-1 as well as another around 206 cm-1 may be attributed 
to Nb2O5. Corroborating with the Raman results, a single 
niobium oxide phase, corresponding to Nb2O5 with binding 
energy for the Nb 3d5/2 of 208.9 eV and 3d3/2 of 211.6 eV 
was determined by using XPS.
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