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This investigation examined the efficacy of Nb₂O₅-based coatings, deposited by using the reactive sputtering 
technique, on the corrosion and corrosion-fatigue behaviour of 2198-T8 aluminium alloy used as aircraft 
material. Global corrosion behaviour was accessed by Open Circuit Potential (OCP), Potentiodynamic 
Polarization curves (PPc) and Electrochemical Impedance Spectroscopy (EIS) techniques in 0.6 mol L⁻1 NaCl 
solution. Fatigue crack growth (FCG) tests were conducted under controlled loading conditions in both air 
and saline environments. Comprehensive structural and morphological characterisations were performed 
using advanced microscopy and spectroscopy techniques, including Atomic Force Microscopy (AFM), 
Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDX), Raman spectroscopy, 
Fourier Transform Infrared Spectroscopy (FTIR), and Electron Backscatter Diffraction (EBSD). The results 
unequivocally demonstrated the protective nature of the coating, significantly enhancing the alloy’s 
durability as evidenced by corrosion and fatigue-corrosion tests. These findings underscore the substantial 
potential of Nb₂O₅ coatings in extending the service life of 2198-T8 aluminium alloy when subjected to 
aggressive environments, thereby providing invaluable data for aerospace engineering applications.
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Introduction
Aluminium alloys have established and maintained their status 
as a crucial material in the aerospace and automotive industry 
due to their outstanding properties, which include good resist-
ance to global and localised corrosion processes, attributed to 
the spontaneous formation of Al₂O₃ thin films on the metal-
lic surface when exposed to the environment, an exceptional 
strength-to-density ratio in comparison to other metals such 
as steel, as well as lower production costs [1, 2]. Various alloy-
ing elements are incorporated into the metallic matrix, seeking 
to control specific physicochemical properties of aluminium 
alloys. As is known, Copper (Cu: 2–10 wt%) increases strength 
and hardness, though it diminishes elongation, Magnesium 
(Mg: ~ 0.5 wt%) enhances ductility in aluminium-copper alloys, 
while Lithium (Li: 1–3 wt%) primarily increases the elastic mod-
ulus and reduces the density [3]. Elements additions lead to the 
formation of nanometric and submicrometric particles, often 
referred to as intermetallic particles (IMs), which can precipitate 
within the bulk material. These particles may exhibit different 
electrochemical potentials compared to the matrix, promoting 
galvanic coupling [4]. Furthermore, the synergistic effects of 
corrosion and other detrimental processes, such as fatigue, can 
further adversely affect the operational lifespan of the material 
in industrial applications.

As previously reported in the literature [4–8], nanomet-
ric particles with chemical composition Al₂CuLi, commonly 
referred to as the T1 phase, are primarily responsible for the 
strengthening of Al-Cu-Li alloys but are also related to the 
detrimental effects on the material by exposure to aggressive 
environments, promoting a severe localised corrosion (SLC) 
process. Initially, T1 phases preferentially precipitate along dis-
location lines and, upon exposure to aggressive environments, 
act anodically relative to the surrounding aluminium matrix [8]. 
In the early corrosion stages, aluminium and lithium selectively 
dissolve from the T1 particles. As corrosion progresses, these 
particles become copper-enriched, shifting their electrochemical 
potential to a more noble state. Consequently, galvanic coupling 
between the nobler T1 phase and the aluminium matrix inten-
sifies, promoting preferential dissolution of the surrounding 
matrix [9]. Over extended periods, this phenomenon can evolve 
into a SLC process [6]. Furthermore, as elucidated in reference 
[4], iron-rich submicrometric particles behave cathodically rela-
tive to the matrix, establishing additional galvanic coupling. This 
cathodic activity accelerates the preferential dissolution of the 
surrounding bulk material, emphasising the intricate interplay 
between microstructural characteristics and the electrochemical 
response of 2xxx series aluminium alloys [10–12].

Aeronautical applications demand a specific combination 
of properties, including high ultimate tensile strength, supe-
rior fatigue and corrosion-fatigue performance, and overall 

corrosion resistance [1]. However, aluminium and its alloys 
remain vulnerable to both global and localised corrosion when 
exposed to aggressive environments, such as sodium chloride 
solutions, primarily due to their limited repassivation capa-
bilities. Pitting corrosion, one of the most critical degradation 
mechanisms affecting these materials, arises from the break-
down of the naturally formed oxide films on their surfaces. 
This breakdown establishes electrochemically active sites that 
promote the preferential dissolution of the metallic substrate 
– as previously described – highlighting the crucial role of sur-
face film integrity in preserving mechanical performance [11, 
13–15]. Furthermore, to mitigate such effects, additional corro-
sion resistance can be imparted by applying protective coatings 
of various types through various deposition techniques [16–19].

Our research group has been focused on developing 
Nb2O5-based coatings, deposited by the reactive sputter-
ing technique, on various materials such as stainless steels, 
aluminium, and titanium alloys, aiming to enhance their 
mechanical, corrosion, and biological properties [17, 20–22]. 
The Nb2O5-based coatings deposited on the surfaces of Ti-
6Al-4 V, 2524-T3, 2198-T851, 7050-T7451 aluminium alloys, 
and 316L SS effectively protect these materials from local-
ised corrosion processes. It is widely recognised that pits in 
the metal matrix serve as stress concentrators, significantly 
increasing the fatigue crack growth rates (FCGs), resulting 
in the early onset of short cracks that reduce the number of 
cycles until material failure. Nevertheless, Nb2O5-based coat-
ings offer the promise of enhancing both corrosion resistance 
and mechanical properties, thereby alleviating these detri-
mental effects [23–25]. However, the effects of Nb2O5 coat-
ings on the corrosion and corrosion-fatigue behaviour of the 
2198-T8 aluminium alloy remain unexplored.

In this paper, we introduce an innovative methodology 
to evaluate the impact of Nb2O5 coatings, deposited via the 
reactive sputtering technique, on the corrosion and corrosion-
fatigue behaviour of the 2198-T8 aluminium alloy, a material 
commonly used in aircraft construction. This investigation is 
divided into two distinct sections. The first section provides a 
comprehensive analysis of the effect that Nb2O5 coatings have 
on the global and localised corrosion processes of the 2198-T8 
aluminium alloy. The second section examines the influence of 
Nb2O5 coatings on the FCG behaviour of the 2198-T8 alumin-
ium alloy when exposed to a 0.6 mol L⁻1 NaCl solution. To the 
best of our knowledge, this pioneering study is the first to delve 
into the advantageous effects of Nb2O5 coatings on enhancing 
the anticorrosive and fatigue-corrosion properties of the 2198-
T8 aluminium alloy. Through a meticulous exploration of Nb2O5 
coatings, we promoted insights that addressed the immediate 
challenges faced in material degradation and paved the way for 
future innovations in protective coating technologies.
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Results & discussion
Morphology and structure

Figure 1(a)  displays a three-dimensional (3D) schematic rep-
resentation of the 2198-T8 aluminium alloy microstructure, 
which was revealed by using Keller’s reagent for a duration of 
12 s. In the S-T direction, elongated grains are observed, indicat-
ing the rolling process of the aluminium alloy analysed in this 
study. The dark spots visible in all micrographs correspond to 
the micrometric-sized IM particles and inclusions dispersed on 
the alloy surface. As previously described, the microstructure 
of the 2198-T8 aluminium alloy is composed of micrometre 
and nanometre-sized IM particles that play a crucial role in the 
global and localised corrosion properties. These IMs are formed 
during the solidification process and exhibit a heterogeneous 

distribution within the aluminium matrix. The micrometric-
sized IM particles are more pronounced, occupying a substantial 
volume in relation to the aluminium matrix. In contrast, while 
the nanometre-sized particles are less numerous, they exhibit 
a significantly higher surface area-to-volume ratio, thereby 
increasing their impact on the mechanical properties of the 
2198-T8 aluminium alloy. Furthermore, the shape and mor-
phology of these particles may impact not only the mechanical 
strength but also the global and localised corrosion processes 
of the 2198-T8 aluminium alloy when exposed to a solution 
containing aggressive ions. Fig. 1(b) displays a micrograph of 
the surface of the 2198-T8 aluminium alloy obtained by SEM 
technique, revealing the presence of dispersed IM particles. As 
reported by Moreto and colleagues [4], the IM particles indi-
cated by the yellow arrows [see Fig. 1(b)] are enriched in iron 

Figure 1:   (a) Schematic representation of the 3D microstructure of the 2198-T8 aluminium alloy obtained via optical microscopy following a 15 s attack 
with Keller’s reagent; (b) SEM micrograph of the surface of the 2198-T8 aluminium alloy, illustrating the presence of dispersed micrometre-sized 
IM particles within the aluminium matrix. The presented micrograph was obtained in the BSE mode; (d) 2D morphology projection of the 2198-T8 
aluminium alloy containing Nb2O5 thin films; (c) 3D morphology projection; (e) graphical representation illustrating the thickness profiles of the Nb2O5 
coatings.
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(Fe) and copper (Cu), functioning as cathodes in relation to the 
aluminium matrix. The identification of the highlighted particles 
as Al7Cu2Fe was corroborated by EDX; however, the associated 
spectra are not included in this study.

The beneficial properties of the Nb2O5-based coating have 
been demonstrated in several studies conducted by our research 
group. The coatings produced have been extensively character-
ised both morphologically and structurally and more informa-
tion can be found in the following references [17, 18, 20–25]. 
Nevertheless, we have opted to present select morphological and 
structural characterisation results that will facilitate a more com-
prehensive discussion of the corrosion and corrosion-fatigue 
findings. The Nb₂O₅ coating deposited on the surface of the 
2198-T8 aluminium alloy was evaluated using AFM technique, 
as shown in Fig. 1(c–e). The 2D and 3D projection presented 

in Fig. 1(c, d) highlights two distinct regions of the 2198-T8 
aluminium alloy, coated and uncoated areas. By analysing the 
height profile, a thickness of approximately 100 nm was deter-
mined. These corresponding values are depicted in Fig. 1(e). The 
AFM analysis demonstrates the effective adhesion of the Nb₂O₅ 
coating, which may provide a continuous barrier against aggres-
sive media, thereby enhancing the alloy’s durability and resist-
ance to corrosion and corrosion-fatigue, as will be discussed in 
the subsequent sections of the manuscript.

Considering the FTIR spectrum presented in Fig. 2(a), two 
distinct regions are displayed: an inset illustrating the com-
plete spectral range analysed and a section of particular inter-
est, detailed between 2000 and 400 cm⁻1. The spectral range 
from 1000 to 400 cm⁻1 features a broad band resulting from the 
overlap of contributions from bands centred at approximately 

Figure 2:   (a) FTIR-IRRAS spectrum obtained at 70° p-polarized for Nb2O5 nanostructured film. The dashed lines are a guide for the eyes; (b) 
Representative Raman spectrum for Nb2O5 thin film deposited over multilayer graphene paper by reactive sputtering; (c) Optical image of Nb2O5 thin 
film surface using the micro-Raman system and illustrating the mapped film region; (d) maps of 665 cm-1; (e) maps of 830 cm-1; (f ) map of the ratios 
between intensities of 665 cm-1/830 cm-1.
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940 and 840 cm⁻1, which are attributed to the Nb = O stretch-
ing in Nb₂O₅ as well as Nb–O stretching. Additionally, bands 
centred at approximately 605 and 510 cm⁻1 correspond to the 
Nb–O-Nb stretching modes in-plane and out-of-plane, respec-
tively [26, 27]. A low-intensity shoulder observed between 
1150 and 1000 cm⁻1 is associated with the Nb = O stretching 
of Nb2O5 and its isomer [24]. The bands at 1621 and 1422 cm⁻1 
are linked to the presence of water adsorbed on the film sur-
face (hydroxyl groups), and carbon dioxide (CO₂), respectively. 
The pronounced and intense band observed between 3750 and 
2500 cm⁻1 is attributed to the OH stretching vibrations of H₂O 
molecules that are also absorbed on the surface of the film.

A representative spectrum of the 100 nm thick- Nb2O5 
sample is exhibited in Fig. 2(b), resulting in 3 bands centered 
at 240, 665, and 830 cm−1, respectively. In addition, a low inten-
sity peak at 1040 cm−1 may be also verified. Niobium pentoxide 
synthesised at temperatures below 300 °C exhibits a significant 
presence of an amorphous phase interspersed with regions of 
crystallinity [24, 26, 27]. This structural configuration results 
in broad spectral bands. The amorphous structure comprises 
distorted NbO6 octahedra, NbO7 pentahedra, and NbO8 hexa-
hedra as its fundamental structural units [24]. Due to the pres-
ence of these various polyhedral, a strong and broad Raman 
band centred around ~ 650 cm⁻1 is attributed to the symmetric 
stretching mode of the niobium polyhedral, which shifts to a 
higher frequency as the degree of crystallinity increases [26]. 
Additionally, the band centred at ~ 240 cm⁻1 is assigned to the 
Nb–O-Nb deformational mode [24]. For synthesised niobium 
pentoxide at temperatures between 300 and 500 °C, the most 
stable phase is the TT-phase [24, 27]. Its Raman spectrum fea-
tures bands corresponding to the Nb–O terminal stretch at 
911 cm⁻1, as well as the Nb–O stretch arising from the totally 
symmetric mode of niobium oxide polyhedral at 660 cm⁻1 [28]. 
Additionally, the infrared and Raman spectra of inorganic and 
coordination compounds [29] reveal a Nb–O-Nb deforma-
tional mode at 215 cm⁻1. Furthermore, Nb2O5 displays a band 
at approximately 830 cm⁻1, which is attributed to the NbO4. 
The weak band around 1040 cm⁻1 is characteristic of the sym-
metric stretching modes of the Nb = O terminal bond [27]. This 
band may be associated with edge-sharing octahedra, which are 
notably distorted due to variations in niobium-oxygen bond-
ing [26]. Considering the spectrum presented in Fig. 2(b), it 
can be inferred that the Nb2O5 thin film examined in this study 
comprises both amorphous and crystalline phases. Through 
Raman mapping, we investigated the uniformity of the film 
from a chemical structural perspective. Figure 2(c) displays the 
image acquired using the optical microscope integrated with 
the Raman spectrometer, utilising a 100 × objective lens. This 
specific area of the image underwent Raman mapping, with the 
resulting maps of the bands centered at 665 and 830 cm⁻1, as 
well as the intensity ratio of the 665/830 bands, illustrated in 

Figs. 2(d–f). The intensities of both bands demonstrate good 
uniformity, indicating the consistency of the chemical structure 
of the film deposited via reactive sputtering. Figure 2(f) presents 
a map of the intensity ratio of the 665/830 bands, revealing that 
the ratio remains uniform at approximately 2.15 across most 
of the area, except for two small regions in the upper part of 
the map. Notably, these regions exhibit some irregularities [as 
shown in Fig. 2(b)], likely attributed to the multilayer graphene 
substrate used in the study. This variation in the intensity ratio 
is probably due to defects associated with the substrate.

Corrosion behaviour

As emphasised in the literature and summarised in this study, 
aluminium alloys exhibit substantial corrosion resistance, pri-
marily due to the natural formation of a passive oxide layer on 
their surface when exposed to oxygen [13–15]. However, when 
aluminium and its alloys are exposed to an aggressive environ-
ment, such as chloride containing solutions, this oxide layer 
proves insufficient to protect against both uniform and local-
ised corrosion processes [30]. In this sense, the Nb2O5 protec-
tive coatings emerge as promising alternatives for enhancing 
resistance to both global and localised corrosion of the 2198-T8 
aluminium alloy used as aircraft material.

Figure 3(a)  displays the OCP curves, obtained over a dura-
tion of 7200 s, for the 2198-T8 aluminium alloy, both with and 
without the Nb₂O₅ coating, exposed to 0.6 mol L⁻1 NaCl solu-
tion. The assessment of potential behaviour over immersion 
time is of paramount importance, as stable potential values 
indicate good resistance to corrosion process, while fluctuations 
may suggest ongoing corrosive reactions. Results indicate that 
the uncoated material exposed to 0.6 mol L−1 NaCl solution 
displays an Eocp value of approximately -0.72 V/SCE. The 2198-
T8 aluminium alloy containing the Nb2O5 coating demonstrates 
initial stability only after 3700 s, suggesting significant competi-
tion between the anodic and cathodic zones on the surface. The 
stability of the 2198-T8/Nb₂O₅ sample was maintained until the 
conclusion of the experiment, which lasted for 7200 s, 40 mV/
SCE towards less negative values compared to the bare material.

The characteristic PPc obtained for the 2198-T8 and 2198-
T8/Nb2O5 specimens are presented in Fig. 3 (b, c), respec-
tively. Figures 3(d–g) present a schematic representation of 
images acquired through optical microscopy of the 2198-T8 
alloy, both with and without coatings, following the PP tests, 
showing regions of pit agglomerates [Fig. 3(d)], SLC process 
appearance (Fig. 3(e) as well as regions of delamination in the 
coated material [Figs. 3(f, g)]. A general analysis of the PPc 
reveals that the Ecorr of the 2198-T8/Nb₂O₅ alloy is shifted to 
a less negative value compared to the base material, indicat-
ing improved thermodynamic stability against corrosion pro-
cesses. As reported in reference [20], the Ecorr value is typically 
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viewed as an indication of the nobility of the material, with a 
less negative Ecorr corresponding to a more corrosion-resistant 
system. As demonstrated in the analysis of the 2198-T8 alu-
minium alloy, where the absence of a passive plateau in the 
anodic domain is observed, it is noted that the growth of pits 
intensifies with an increase in electrical current. Thus, one 
can infer that pitting corrosion manifests naturally at Ecorr. 
EIS, Kelvin Probe technique (SKP), and scanning vibrating 
electrode technique (SVET) have been employed in [4] to 
investigate the behaviour relating to global and localised cor-
rosion of 2524-T3, 2198-T851, 7050-T7451, and 7081-T7351 
aluminium alloys when exposed to 0.6 mol L⁻1 NaCl solution, 
finding that Ecorr and the pitting potential (Epitting) possess 
very similar values.

Figure 3(c) represented as j (A cm⁻2) versus E/SCE (V), 
illustrates that Ecorr and the Epitting are quite close for the 2198-
T8 aluminium alloy, indicating that a slight fluctuation in 
potential values leads to an increase in current density. Con-
sidering the 2198-T8/Nb₂O₅ alloy, it is noted that there exists 
a difference of 97 mV/SCE between Ecorr and Epitting, which can 
be viewed as a safety margin. In other words, Epitting cannot 
be determined at Ecorr. Finally, when comparing the uncoated 
and coated 2198-T8 aluminium alloys, the former exhibits 
an icorr value that is an order of magnitude higher, 0.37 μA 
versus 0.017 μA.

The EIS results for the 2198-T8 aluminium alloy, both 
with and without Nb₂O₅ thin films, at various immersion 
times (3, 6, 12, 24, 72, and 168 h) when exposed to a 0.6 mol 
L⁻1 NaCl solution are illustrated by the Bode and Nyquist 
diagrams, as presented in Fig.  4, respectively. These dia-
grams were obtained sequentially for the same sample and 

thus represent the evolution of the electrode response as a 
function of the immersion time in the 0.6 mol L⁻1 NaCl solu-
tion. All tests were conducted in triplicate and exhibited good 
reproducibility. Furthermore, to ensure the consistency of the 
impedance data and its compliance with validation criteria, 
Kramers–Kronig (KK) transforms were employed.

A general analysis of the EIS results indicates the presence 
of an oxide film on the metallic matrix, which is responsible 
for a time constant at high frequencies. Additionally, a second 
time constant is evident at low frequencies, possibly due to pit-
ting corrosion. The results further indicate that, even with pro-
longed exposure time, the coated material demonstrates a higher 
impedance modulus (|Z|), highlighting the positive influence of 
the Nb₂O₅ thin film on enhancing the corrosion properties of 
the 2198-T8 aluminium alloy. Moreover, in the transition region 
from high to intermediate frequencies, the |Z| for the coated 
sample displayed higher values compared to the base material, 
which persists in the low-frequency range. Regarding the phase 
angle (-ϕ), although the peak shifts to a lower value for the 
coated material compared to the uncoated one, the peak region 
extends over the intermediate frequency range, suggesting a pro-
longed retention of the capacitive characteristics of the 2198-T8/
Nb₂O₅ electrode when exposed to a solution containing chloride 
ions. In the supplementary material (SM), as illustrated on Fig-
ure SM1, by the Bode spectrum [Figure SM1(a)] and Nyquist 
diagrams [Figure SM1(b) and SM1(c)], the 2198-T8 aluminium 
alloy coated with a Nb₂O₅ thin film, when exposed to 0.6 mol 
L⁻1 NaCl solution for 168 h, demonstrated significantly superior 
performance compared to the uncoated material immersed in 
the same solution for just 3 h. These findings consistently cor-
roborate the protective capability of the Nb₂O₅ coating, which 

Figure 3:   Electrochemical response of 2198-T8 aluminium alloy and its Nb₂O₅-coated counterpart on a 0.6 mol L⁻¹ NaCl solution, and the associated 
corrosion morphologies. (a) OCP variation with time for 2198-T8 and 2198-T8/Nb2O5; (b) PPc obtained for both 2198-T8 and 2198-T8/Nb2O5 systems; 
(c) j (A cm⁻²) versus E/SCE (V) representation for the Epitting determination; (d) regions of pit agglomerates; (e) SLC process appearance; (f ) regions of 
delamination in the coated material.
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was deposited on the surface of the 2198-T8 alloy using the reac-
tive sputtering technique.

In a present work, an equivalent electrical circuit (EEC) was 
proposed to understand the corrosion mechanisms associated 
to the 2198-T8 and 2198-T8/Nb2O5 samples when exposed to 
0.6 mol L−1 NaCl solution. The EEC displayed in Fig. 5(a) is 
composed by RΩ, ohmic resistance of the electrolyte, a loop 
Rox-CPEox, respectively the resistance and phase element con-
stant of the oxide layer, and a contribution of the pitting/trench-
ing processes taking place at the particles as a Rct-CPEdl network 
that represents the charge transfer reaction corresponding to 
localised corrosion and the capacitance of the double layer, 
added to the additional resistance of the electrolyte inside the 

pit/trench, R’Ω. It is very important to emphasize that the meas-
ured values Rox, CPEox, R’Ω, Rct, and CPEdl depend on the pitted 
area fraction θ. In this sense, the mentioned parameters may be 
written as R*ox/(1-θ), (1-θ)CPE*ox, R*’Ω/θ, R*ct/θ and θCPE*dl, 
where R*ox, CPE*ox, R*’Ω, R*ct and CPE*dl are the intrinsic values 
of each parameter. As is known, Rox/(1-θ) tends to be extremely 
high, not allowing for any conduction of electrons across the 
oxide film. So, this circuit element was removed from the EEC 
presented in Fig. 5(a), generating the EEC used for fitting the 
experimental data [see Fig. 5(b)]. The Bode plots [Figs. 5(c, d)] 
and the Nyquist diagrams [Fig. 5(e)] illustrate the data fitting for 
the 2198-T8 and 2198-T8/Nb2O5 specimens in the first moment 
of tests, specifically after 3 h of immersion. As can be seen, the 

Figure 4:   Bode plots of EIS spectra of (a) uncoated; (b) coated 2198-T8 aluminium alloy exposed to 0.6 mol L−1 NaCl solution; Nyquist diagrams of EIS 
spectra of (c) uncoated and (d) coated 2198-T8 aluminium alloy exposed to 0.6 mol L−1 NaCl solution.
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impedance spectra were fitted to this circuit, resulting in a very 
good correlation, with χ2 values in the range of 10−4—10−3. Here, 
the phase constant elements will be treated as capacitance. So, 
the phase constant elements (CPEox and CPEdl) will be treated 
as capacitance (represented as Cox and Cdl). The authors contend 
that, more significant than determining the actual capacitance 
values, is gaining an understanding of the corrosion mecha-
nisms associated with the varying immersion times. Figures 5(f-
k) provide the typical values of the fitting results parameters for 
2198-T8 and 2198-T8/Nb2O5 samples. As previously reported 
in reference [4], these findings were anticipated, given that the 
distance between the working and reference electrodes (WE and 
RE) was kept constant throughout the EIS tests. Furthermore, 
considering that the maximum immersion time examined was 
168 h, no significant evaporation of the solution occurred [see 
Fig. 5(f)]. As previously explained, the parameter R’Ω describes 
the solution resistance within the pit. The general trend of 
decreasing R’Ω for the 2198-T8 aluminium alloy when compared 
to the coated material can be attributed to an increase in the 
pitted surface area [Fig. 5(g)]. Regarding the values obtained 
for the charge transfer resistance, Rct, and considering that 
Rct = Rct

* (Ageom/Apit), it can be inferred that higher Rct values 
are directly associated with a smaller pit area [see Fig. 5(h)], 
thereby demonstrating the potential effectiveness of the Nb2O5 
coating produced by reactive sputtering technique produced 

in the present work. The values of CPEₒₓ, across all immersion 
times, consistently remain higher for the base material. Con-
sidering the oxide capacitance, Cox, may be written as Cox = (k 
ε₀ S)/d, where ε₀ is the permittivity of the vacuum (8.85 × 10–12 
F/m), k is the dielectric constant of the oxide film, S the sample 
surface area and d the thickness, the highest Cox values ​​for the 
2198-T8 aluminium alloy are directly associated with its lower 
resistance to the corrosion process when compared to 2198-
T8/Nb2O5 thin film in aggressive medium containing Cl− ions. 
Considering the 2198-T8 aluminium alloy, the Cdl values ​​tend 
to increase significantly during the first 12 h of immersion in 
0.6 mol L−1 NaCl solution. These finds may be attributed to the 
growth of pits, an increase in the pitted surface area, or, to the 
heightened acidification of the internal pit environment. After 
24 h of immersion an opposite effect is observed, allowing us 
to assume the action of corrosion products in sealing electro-
active regions in the base material. The nox and ndl values are 
between 0.86–0.90 and 0.76–0.93 for the 2198-T8 aluminium 
alloy. Considering the coated specimen, the nox and ndl values 
are 0.74–0.90 and 0.53 – 0.98, respectively. Here, n is an empiri-
cal characteristic parameter derived from the fitting process, 
which is linked directly to the non-uniformity of the current 
distribution on the material surface. The relationship between 
the parameter n and the impedance of a constant phase element 

Figure 5:   (a) Schematic representation of the corrosion and the proposed EEC; (b) EEC used for fitting the experimental data; (c–e) Bode plots and 
Nyquist diagrams of EIS spectra and fitting of coated and uncoated 2198-T8  alloy; (f–k) Average values of the EIS parameters.
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is given by, ZCPE = 1/Y0(jw)n, where Y0 is the admittance (F cm−2 
sn−1) and w angular frequency (rad s−1).

Figure 6(a–d) and (e–j) present a schematic representation 
derived from SEM/EDX analysis of the surfaces of the 2198-
T8 and 2198-T8/Nb2O5 aluminium alloys following EIS tests. 

Figure 6(a) offers a comprehensive depiction of the surface of 
the 2198-T8 aluminium alloy, underscoring the presence of 
aluminium oxide particles dispersed throughout the metallic 
matrix. This oxide is substantiated by the EDX mapping illus-
trated in Fig. 6(b). Furthermore, Figs. 6(c) and (d) exemplify the 

Figure 6:   Surface morphology 
of the (a–d) uncoated and (e–h) 
coated 2198-T8 aluminium alloy 
following EIS tests. (a) an overview 
of the aluminium matrix, illustrat-
ing the dispersion of oxides 
throughout the metallic matrix; (b) 
EDX map displaying the presence 
of the elements O, Al, Cu, Fe, Cl, 
and Na; (c) a detailed view of a 
specific region, highlighting the 
galvanic coupling process between 
a micrometric IM particle and the 
aluminium matrix; (d) evidence of 
a preferential dissolution process. 
(e) an overview of the aluminium 
matrix, revealing the absence of 
the coating at specific points; (f ) 
and (g) EDX maps displaying the 
presence of the O, Al, Cu, Fe, and 
Nb elements; (h) an enlargement 
of a specific region from the image 
presented in Figure 6(e), and (i, j) 
elemental chemical composition 
graphs (% in weight) obtained 
from Figure 6(h), highlighting the 
presence of Cu on the 2198-T8 
aluminium alloy surface.
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galvanic coupling process occurring between micrometric IMs 
and the aluminium matrix, thereby emphasising the relevance 
of effective coating techniques as mitigation strategies to safe-
guard the alloy against corrosive attacks. Conversely, Figs. 6(e-j) 
present the morphology of the 2198-T8 aluminium alloy con-
taining Nb2O5 coating after EIS testing. Figure 6(e) highlights 
phenomena reminiscent of delamination processes on the 2198-
T8/Nb2O5. These observations are consistent with the EDX maps 
presented in Figs. 6(f) and (g), respectively. Figure 6(h) offers a 
magnification of a specific region of the image shown in Fig. 6(e) 
(indicated by the red box), confirming an increased concentra-
tion of copper on the 2198-T8 alloy surface. The corresponding 
spectra are presented in Figs. 6(i, j) provide further evidence 
of this alteration in elemental composition. Probably, the cop-
per segregation on the 2198-T8 surface is directly linked to the 
phenomenon of localised corrosion due to the nanometric inter-
metallic phase Al2CuLi.

Corrosion‑fatigue performance

The fatigue crack growth (da/dN) as function of stress inten-
sity factor (ΔK), represented as da/dN versus ΔK curves, for 
the 2198-T8 aluminium alloy tested in air, as well as for the 
2198-T8 and 2198-T8/Nb₂O₅ samples exposed to 0.6 mol L⁻1 
NaCl solution, are presented in Fig. 7(a). As can be seen, a 
linear correlation between da/dN and ΔK, 9 < ΔK < 20 MPa 
√
m  was noted. However, the da/dN versus ΔK curves deviate 

from linearity for 1E-5 < FCG < 1E-3 mm/cycle. Overall, it can 
be observed that the aggressive medium shifted the FCG rates 
to higher values when compared to the base material for ΔK 
values ​​up to 14 MPa m1/2. Subsequently, the FCGRs of both, 
the coated and uncoated specimens, tested in a 0.6 mol L⁻1 
NaCl solution exhibited a reduction in comparison to those 
of the 2198-T8 aluminium alloy tested in air, suggesting a 
modification in the synergistic corrosion-fatigue mechanism. 
It is well established that various mathematical models can be 
employed to describe a material’s behaviour in the context of 
corrosion-fatigue, offering valuable insights into the under-
lying mechanisms. In other words, by incorporating several 
factors such as the effects of environmental conditions, stress 
intensity factor as well as material properties, one can predict 
the propagation of fatigue cracks under corrosive conditions. 
As cited in [31] and proposed by [32], the rate of fatigue crack 
growth (FCG) in an aggressive environment, denoted as (da/
dN)CF, comprises three components: (i) the rate of FCG in an 
inert environment, (da/dN)in, which reflects the contribution 
of the pure fatigue process, (ii) a cycle-dependent component, 
(da/dN)cl, that demands the synergistic interaction of fatigue 
and environmental attack, and (iii) (da/dN)cr, which arises 
from the reaction between the environment and the fresh 
crack surfaces produced by fatigue. In addition, considering 

highly reactive alloy-environment systems, this contribution 
also depends on the rate of transport of the aggressive envi-
ronment to the crack tip. Equation 1 summarizes the three 
contributions described above to the synergistic fatigue-cor-
rosion process.

The corrosion and corrosion-fatigue synergism on the 
base metal and nugget zone of the 2524-T3 aluminium alloy 
joined by FSW has been discussed in [31]. As mentioned by 
the authors [31], for the sake of simplicity and due to the lack 
of detailed materials information, such as results related to 
fatigue crack growth in vacuum, the Paris and Erdogan model 
(see Eq. 2) may be employed for the subsequent discussion. In 
this regard, the same methodology utilised by the mentioned 
authors herein will be adopted to simplify the discussions and 
enhance the understanding of the synergistic corrosion-
fatigue processes. For a particular material and a defined set 
of testing conditions, the behaviour of crack growth can be 
characterised by the correlation between the cyclic crack 
growth rate, da/dN, and the stress intensity range, ∆K. At 
intermediate values of ∆K, there is often a linear trend on the 
log–log plot, as represented by Eq. 2. Here, C 

[

(mm/cycle)
(MPa

√
m)

m

]

 and 

m (dimensionless) are constants of the studied material.

Figure  7(a–c) also exhibit the FCG curves of 2198-
T8 and 2198-T8/Nb2O5 tested in air and 0.6 mol L−1 NaCl 
solution conditions with their respective linear regressions 
from the data extracted exclusively from the Paris and 
Erdogan (region II). Moreover, Fig. 7(d) provides a direct 
comparison of the obtained linear regressions. The table 
in Fig. 7 summarises the parameters obtained from the fit-
ted regions using Paris-Erdogan’s law. The regression was 
obtained from 9 to 20 MPa

√
m , allowing the parameters 

m = 2.97  a n d  C = 1.15× 10−7
(

mm/cycle
)

/
(

MPa
√
m
)m 

for the 2198-T8 sample tested in air, m = 1.93 and 
C = 1.76× 10−6

(

mm/cycle
)

/
(

MPa
√
m
)m for the 2198-T8 

sample tested in 0.6 mol L−1 NaCl solution, and m = 2.17 and 
C = 9.32× 10−7

(

mm/cycle
)

/
(

MPa
√
m
)m for the 2198-T8/

Nb2O5 exposed to 0.6 mol L−1 NaCl solution. Considering the 
Paris Edorgan’s law parameters displayed in the table, it can 
be inferred the detrimental impact of the aggressive environ-
ment on the FCG curves for the coated and uncoated 2198-T8 
aluminium alloy subjected to testing in a 0.6 mol L⁻1 NaCl 
solution, when compared to the air condition. However, when 
comparing the materials tested in a 0.6 mol L⁻1 NaCl solution, 
a positive influence of the Nb₂O₅ thin film can be observed. In 

(1)
(

da

dN

)

CF

=
(

da

dN

)

inert

+
(

da

dN

)

cl

+
(

da

dN

)

cr

(2)
da

dN
= C�Km
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other words, for the same DK interval, C parameter is lower 
for the coated sample (9.32 × 10−7 (mm/cycle)/(MPa 

√
m)m 

versus C = 1.76 × 10−6 (mm/cycle)/(MPa 
√
m)m), suggesting the 

positive impact of the produced coating by the reactive sput-
tering technique on the 2198-T8 aluminium alloy surfaces.

In the current study, in addition to the fittings derived from 
the Paris-Erdogan law, we employed the exponential model pro-
posed in [33] to elucidate the influence of the corrosive environ-
ment on the FCG curves. This model was specifically designed to 
capture a certain degree of non-linearity, characterised by slight 
changes in the slope of Region II da/dN-ΔK plots, observed in 
metals like titanium and aluminium alloys [33]. And indeed, 
looking at the results presented, the model appears as a poten-
tial tool. For a single FCG curve, this Arrhenius-type relation-
ship, referred to as the ab model, may be expressed as Eq. 3. 
It is important to emphasize that the a and b are fitting coef-
ficients. This model can be readily generalised for a range of 
stress ratios by expressing b in terms of log (R), as illustrated in 
Eq. 4. Here, β0 as well as β1 parameters may be determined by 
a simple regression. The table of Fig. 7 also presents the param-
eters obtained from the application of the exponential law, and 
Fig. 7(e–g) illustrate the experimental FCG curves, along with 
the corresponding exponential fittings for Region II. These data 
are specifically for the 2198-T8 and 2198-T8/Nb2O5 aluminium 
alloy, analysed in both air and a 0.6 mol L−1 NaCl solution.

A comprehensive analysis indicates that the exponen-
tial model employed in this study successfully captures 
the entirety of Region II for the 2198-T8 aluminium alloy, 
both with and without the Nb2O5 coatings, when tested in a 
medium containing 0.6 mol L−1 NaCl solution [see Figs. 7(b) 
and (c)]. This finding underscores the model’s effectiveness 
in accurately representing the FCG behaviour of the alumin-
ium alloy when exposed to an aggressive medium. Consider-
ing the 2198-T8 aluminium alloy tested in air [Fig. 7(e)], a 
discrepancy can be verified between the experimental data 
and the proposed model for 9 < ΔK < 11 MPa

√
m. Fig. 7(h) 

displays a comparative analysis of all the fittings obtained 
for the 2198-T8 aluminium alloy, both with and without the 
protective coating, tested in air and in a 0.6 mol L−1 NaCl 
solution. Moreover, a comparison of the latter two conditions 
reveals the beneficial effect of the Nb2O5 coating in reduc-
ing the FCGRs, highlighting its potential for enhancing the 
material’s resistance to fatigue under corrosive environment. 
However, when considering ΔK = 14 MPa

√
m , it is observed 

that the base material exhibits a slightly higher FCGR value, 

(3)
da

dN
= Aexp

(

β

�K

)

= eαe

(

β
�K

)

(4)β = β0 + β1log(R)

Figure 7:   A summary of the parameters derived from the fitted regions employing both Paris-Erdogan’s and Exponential laws. (a–c) FCG curves linear 
regressions from the data extracted exclusively from Paris regime (region II) of 2198-T8 and 2198-T8/Nb2O5 in air and 0.6 mol L-1 NaCl; and (d) a 
comparison between the fittings; (e–h) FCG curves exponential fittings from the data extracted exclusively of the region II on the 2198-T8 and 2198-
T8/Nb2O5 in air and 0.6 mol L-1 NaCl complemented by (h) a comparison between the fittings.
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3.06 × 10–4 mm/cycle, compared to the uncoated and coated 
specimens tested in an aggressive medium, 3.04 × 10–4 mm/
cycle and 2.95 × 10–4 mm/cycle. When the value of ΔK = 20 
MPa

√
m is reached, the base material exhibits a crack growth 

rate of approximately 7.98 × 10–4 mm/cycle, in comparison to 
the base material tested in an aggressive medium, which shows 
a rate of 5.52 × 10–4 mm/cycle, and the coated material, which 
has a rate of 5.80 × 10–4 mm/cycle. This observation suggests 
that the inherent material properties of the base alloy may ren-
der it more susceptible to FCG under heightened stress inten-
sity conditions, despite the external corrosive environment.

Research conducted in [9] on the 2524-T3 and 2198-T851 
aluminium alloys in a seawater fog environment revealed that, 
for the same value of ΔK, the 2198-T851 aluminium alloy 
exhibits higher FCGRs when compared to the 2524-T3 alloy. 
In addition, as mentioned by the authors, this phenomenon is 
directly attributed to the presence of IM particles, which, due 
to their distinct properties, may act as either cathodic or anodic 
with respect to the aluminium matrix. As reported in [7], the 
corrosion mechanism of Al-Cu-Li alloys exposed to sodium 
chloride solution are complex and influenced by both micro-
metric and nanometric IM particles. Indeed, the context of 
third-generation aluminium alloys, such as 2198-T8, the main 
precipitates include δ (Al₃Li), T1 (Al₂CuLi), θ’ (Al₂Cu), and S 
(Al₂CuMg). Among these particles, the T1 phase is particu-
larly notable for its contribution to enhancing the mechanical 
strength of Al-Cu-Li alloys, as it forms on the {111} aluminium 
planes [34]. In reference [9], the authors mentioned that when 
Al-Cu-Li alloy is exposed to a solution containing chloride ions, 
such as that used in this study, the T1 particles exhibit anodic 
behaviour when compared to the aluminium matrix, resulting 
in their dissolution. However, over time, as the lithium (Li) ele-
ment preferentially corrodes, the copper (Cu) concentration on 
the surface of the aluminium matrix increases. The increased 
copper concentration shifts the electrochemical potential of the 
T1 particles to more positive values, rendering them cathodic 
relative to the aluminium matrix and driving a galvanic coupling 
effect that accelerates the localised corrosion process [35, 36]. 
On the SM, Figure SM2 presents schematic representations of 
the corrosion mechanism involved: Figure SM2(a) presents a 
schematic illustration of the galvanic coupling process related to 
the micrometric IM particles and the aluminium matrix, whilst 
Figure SM2(b) shows the corrosion mechanism associated with 
the nanometric IM intermetallic T1.

In this context, when the 2198-T8 aluminium alloy is 
exposed to an aggressive chloride environment (0.6 mol L⁻1 
NaCl solution), galvanic coupling processes occur, which are 
linked to the presence of both micro and nanometric IMs within 
the aluminium matrix. The pits that arise from this process act 
as stress concentrators and therefore affect the FCG curves, as 
can be seen by a comparison of Fig. 7(a) and (b). The presence of 

chloride ions accelerates the nucleation and formation of regions 
with a high density of pits, which exacerbates the fatigue pro-
cess by creating localised areas of elevated stress concentration. 
Conversely, regarding the 2198-T8 aluminium alloy containing 
Nb₂O₅ thin films, it is evident that the FCGs are consistently 
lower than those of the uncoated material for ΔK < 14 MPa 

√
m.

Based on these results, it can be inferred that two mecha-
nisms influence the FCG results: (i) For ΔK < 14 MPa 

√
m , the 

Nb₂O₅ thin film functions as a protective barrier, reducing the 
density of pits formed on the 2198-T8 aluminium alloy surface 
and thereby decreasing the crack growth rate values in 0.6 mol 
L−1 NaCl solution. On the other hand, as already demonstrated 
by this research group [20, 21], the coating produced by reactive 
sputtering technique on the surface of the 2198-T3 and 7050-
T7451 aluminium alloys is not devoid of defects, which can 
facilitate the initiation of localised corrosion processes beneath 
the coating. Probably, the coating has a protective action in this 
range of ΔK. (ii) For 14 < ΔK < 20 MPa 

√
m , the coated and 

uncoated 2198-T8 aluminium alloy exhibit a very similar behav-
iour in 0.6 mol L−1 NaCl solution, with FCGRs lower than the 
observed for the uncoated material in Laboratory air, and which 
can be explained, initially, by the action of corrosion products 
that are deposited at the crack interface, causing a wedge effect 
that favours crack closure. As reported by the literature [37], 
during the crack growth process, which entails loading and 
unloading cycles, the crack surfaces meet one another. Elber 
[38, 39] proposed that the growth of fatigue cracks is not gov-
erned by the nominal stress intensity factor range, DK, but by 
the effective stress intensity factor range instead, ΔK eff. The ΔK 

eff may be expressed by Eq. 5, and Kop denotes the crack opening 
stress intensity factor. A relationship between ΔKeff and ΔK is 
established to quantify the effects of crack closure and can be 
expressed by Eq. 6. Here, U represents the quantitative param-
eter for the effects of crack closure and opening, respectively. 
The validation of the relationship proposed by Elber [38, 39] 
applies to the stress ratio range of -0.1 < R < 0.7, with ΔK varying 
between 13 and 40 MPa 

√
m, and was demonstrated by using 

2024-T3 aluminium alloy. In this sense, the fatigue crack growth 
(da/dN) may be written as a function of ΔK eff and U, as dis-
played in Eq. 7.

As a supplementary material, Figure SM3 present optical 
images of the crack profiles, facilitating a comparative analysis of 
crack growth in both air and sodium chloride solution. Figures 

(5)�Keff=Kmax − Kop

(6)U =
�kef f

�k
=

kmax−kop

kmax−kmin

(7)
da

dN
= f

(

�Kef f

)

= f (�K ,U)
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SM3(a-c) depict the crack path of the 2198-T8 aluminium alloy 
exposed to air, highlighting three characteristic regions: lower 
ΔK, intermediate ΔK, and higher ΔK values. In contrast, Fig-
ures SM3(d-f) illustrate the 2198-T8 alloy subjected to a 0.6 mol 
L⁻1 NaCl solution. Finally, Figure SM3(g-i) present the crack 
path of the coated 2198-T8 alloy also exposed to the 0.6 mol L⁻1 
NaCl solution. The morphological results compellingly dem-
onstrate that the 2198-T8 aluminium alloy, when exposed to 
an aggressive environment, exhibits a highly corroded surface 
in comparison to the coated material. The analysis reveals an 
extensive amount of corrosion products, accompanied by the 
formation of pits, which indicate an accelerated corrosion pro-
cess. This remarkable difference in surface integrity underscores 
the deleterious impact of adverse environmental conditions on 
the uncoated alloy, highlighting the effectiveness of the Nb2O5 
coating in protecting against corrosion and mitigating corro-
sion processes. Figure 8 presents a schematic representation of 
the fracture surface features of the 2198-T8 aluminium alloy, as 
analysed using scanning electron microscopy (SEM) after air 
exposure. In Fig. 8(a), micrographs of the notch region are dis-
played, while Fig. 8(b-d) and (e–g) illustrate the intermediate 
and high values of ΔK, respectively. In Fig. 8(d), larger striation 
bands, typically associated with ductile fracture mechanisms, 
are observable. Conversely, the zoomed-in regions presented in 
Fig. 8(e–g) reveal smaller striation bands. Additionally, back-
scattered electron (BSE) micrographs of these smaller striation 
bands are illustrated in Fig. 8(h, i). The average measured width 
of these marks is approximately 0.41 μm, which within a margin 
of error, is in accordance with the literature [40–42].

The protective effect of the Nb2O5 thin film is further cor-
roborated by SEM images of the fracture surface presented by 
comparison of Fig. 9. As illustrated in Fig. 9(a), which pertains 
to the fracture surface of Region II (characterised by interme-
diate ΔK values), the 2198-T8 aluminium alloy when exposed 
to a 0.6 mol L⁻1 NaCl solution shows the presence of pits. As 
reported by the literature [30, 43, 44], pitting is a highly local-
ised form of corrosion induced by aggressive chloride ions and 
represents the predominant mode of corrosive attack observed 
in aluminium alloys. In addition, the presence of inclusions, 
IM particles, second-phase particles, and mechanical damage 
can serve as preferential sites for pitting nucleation. The corre-
sponding EDX maps for the elements aluminium (Al), oxygen 
(O), and copper (Cu) can be found in Fig. 9(b-d), respectively. 
Figure 9(e) presents the micrograph of the 2198-T8/Nb2O5 fol-
lowing fracture. Generally, it can be observed that an anhydrous 
oxide film has formed, along with areas exhibiting characteris-
tics of mudcracking, which is commonly observed in aluminium 
alloys. In this case, the extensive presence of corrosion prod-
ucts hindered the identification of regions containing pits. Fig-
ure 9(f–j) display the EDX maps for the sample 2198-T8/Nb2O5, 
showcasing the presence of Al, O, Cu, Nb and Cl, respectively.

Figure 10(a–f) show the EBSD inverse pole figure (IPF) 
maps for the 2198-T8 aluminium alloy under different testing 
conditions. The IPF maps provide insights into the crystallo-
graphic orientations along the crack path, revealing distinct 
differences in deformation and grain boundary characteristics 
between the tested conditions. In air, as shown in Fig. 10(a) 
and (d), the crack path predominantly follows transgranular 
propagation with minimal evidence of localised deforma-
tion, consistent with a relatively uniform stress distribution 
and ductile fracture mechanisms. In contrast, the IPF maps in 
Fig. 10(b) and (e) illustrate the crack path for the alloy exposed 
to a 0.6 mol L⁻1 NaCl solution, where a notable increase in 
grain boundary interaction is observed, suggesting an influ-
ence of environmental corrosion on the crack propagation 
mechanism. The maps reveal a combination of transgranular 
and intergranular propagation, driven by localised corrosion 
at grain boundaries, resulting in a more tortuous crack path 
indicative of the synergistic effects of mechanical stress and cor-
rosive attack. Figure 10(c) and (f) present the IPF maps for the 
2198-T8/Nb₂O₅-coated alloy exposed to the same NaCl solu-
tion, showing a reduced degree of grain boundary interaction 
and a more uniform transgranular propagation compared to the 
uncoated alloy. This behaviour highlights the protective efficacy 
of the Nb₂O₅ coating in mitigating corrosion-assisted crack-
ing by effectively limiting the ingress of the corrosive solution, 
thereby reducing localised stress concentration and preserving 
the integrity of the grain boundaries. This remarkable differ-
ence in surface integrity underscores the deleterious impact of 
adverse environmental conditions on the uncoated alloy, high-
lighting the effectiveness of the Nb₂O₅ coating in protecting 
against corrosion and mitigating corrosion processes.

Conclusions
In conclusion, this study provided compelling evidence of the 
significant enhancement in corrosion as well as corrosion-
fatigue resistance afforded to 2198-T8 aluminium alloy through 
the utilisation of reactive sputtering technique to produce Nb2O5 
coatings. The observed reduction in fatigue crack growth rates is 
substantial under aggressive chloride environments, and, cou-
pled with the improved electrochemical stability demonstrated 
by uniform corrosion tests, confirm therefore the protective 
efficacy of the Nb₂O₅ coatings. The mechanism of corrosion 
protection appears multifaceted, involving both the provision 
of a physical barrier against corrosive ingress and the modifica-
tion of the alloy’s surface electrochemical behaviour. While the 
coating itself exhibited minor imperfections, its overall impact 
on mitigating both, uniform and localised corrosion, along-
side fatigue-induced crack growth, is demonstrably positive. 
These findings offer valuable insights for the development of 
advanced protective strategies for aluminium alloys intended for 
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Figure 8:   Micrographs of the fracture surfaces. (a) notch region; (b–d) intermediate values of ΔK; (e–g) high values of ΔK; (h, i) BSE images showing the 
spacing between the slip bands. These micrographs are of the 2198-T8 alloy tested in air.
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Figure 9:   Micrographs and EDX spectrum of the fracture surface. (a) uncoated 2198-T8 aluminium alloy exposed to 0.6 mol L-1 NaCl solution, (b–d) 
respective EDX maps; (e) coated 2198-T8 aluminium alloy surface exposed to 0.6 mol L-1 NaCl solution; (f–j) respective EDX maps.

Figure 10:   Inverse Pole Figure (IPF) maps illustrating the crack path in 2198-T8 aluminium alloy under different testing conditions. (a) notch-to-mid 
crack region and (d) mid-to-final crack region tested in air; (b) notch-to-mid crack region and (e) mid-to-final crack region exposed to a 0.6 mol L⁻¹ NaCl 
solution; (c) notch-to-mid crack region and (f ) mid-to-final crack region for 2198-T8/Nb₂O₅ aluminium alloy exposed to a 0.6 mol L⁻¹ NaCl solution.
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high-performance applications, particularly within the demand-
ing operational conditions encountered in the aerospace sector.

Experimental
Material

The 2198-T8 aluminium alloy was used in this study as-
received condition, with its chemical composition (wt%) being 
referenced from [45]. As previously stated, the objective of 
this research was to investigate the impact of Nb2O5 coatings 
on the corrosion as well as the corrosion-fatigue resistance 
of this material. In this context, the mentioned studies were 
conducted on both the base material samples and those coated 
with Nb2O5 thin films.

Samples preparation

Prior to the deposition process, the samples, approximately 
2 mm thick, were subjected to grinding using silicon carbide 
(SiC) abrasive papers in a sequential range of 800, 1200, 2400, 
and 4000 mesh. Following this, the samples were polished with 
chromium oxide (Cr₂O₃) and diamond pastes of varying par-
ticle sizes (3, 1, and 0.25 µm). Subsequently, the samples were 
rinsed with distilled water and isopropyl alcohol for a duration 
of 10 min before being stored in suitable locations.

Deposition process

Nb2O5-based coatings were deposited on the surfaces of the 
2198-T8 aluminium alloy by using the reactive sputtering tech-
nique installed at Thin Film and Plasma Process Laboratory, 
Institute of Technological and Exact Sciences (ICTE), Univer-
sity of Triângulo Mineiro (UFTM), Minas Gerais, Brazil. The 
deposition system consists of a magnetron sputtering apparatus 
sourced from Kurt Lesker Co. designed for 2.0-inch diameter 
targets. Vacuum support is maintained by a combination of 
rotary and turbomolecular pumps, ensuring a base pressure of 
0.001 mTorr. Film depositions were performed at a pressure of 
5.0 mTorr, utilizing Argon (99.999% purity, White Martins) in 
conjunction with a Niobium target (99.9% purity) provided by 
CBMM-Brazil. To achieve the formation of Nb2O5 coatings, O2 
(99.999% purity, White Martins) was introduced at a pressure 
of 0.5 mTorr. The applied DC voltage and current during the 
process were 450 V and 145 mA, respectively. It is very impor-
tant to emphasise that the Nb2O5 coatings were deposited at 
300 °C. Figure SM4 on the supplementary material presents a 
schematic representation of the device employed for the depo-
sition of Nb₂O₅ thin films on the surface of the 2198-T8 alloy. 
Additional information regarding the produced thin films can 
be found in the references provided [20–25].

Morphological and structural characterisations

The optical microscopy analyses were conducted by using the 
ZEISS Optical Microscope Axio Scope.A1 in the Materials 
Engineering Department (SMM) at the School of Engineering 
of São Carlos (EESC) at the University of São Paulo (USP), 
São Carlos, Brazil. The morphology and thickness profiles of 
the Nb₂O₅ coating were also evaluated using Atomic Force 
Microscopy (AFM) with a Shimadzu SPM9700 microscope, 
employing dynamic mode and cantilevers procured from NT-
MDT Co. AFM measurements were performed at the Insti-
tute of Technological and Exact Sciences (ICTE), University 
of Triângulo Mineiro (UFTM), Minas Gerais, Brazil.

The morphology of the 2198-T8 aluminium alloy speci-
mens, both before and after undergoing corrosion and fatigue-
corrosion tests, was evaluated using SEM/EDX. For this 
analysis, a field emission gun scanning electron microscope 
(FEG-SEM) model JEOL 7001, equipped with an Oxford light 
elements EDX detector, was employed. These analyses were 
conducted in the Chemistry Department at the University of 
Uberlândia (UFU), Minas Gerais, Brazil.

The FTIR spectrum was obtained by using an Agilent 
Care 600 equipment and specular reflection accessory pur-
chase from Pike Co. installed at the Institute of Technological 
and Exact Sciences (ICTE), Federal University of Triângulo 
Mineiro (UFTM), Minas Gerais, Brazil. The wavenumber 
range from 4000 to 400 cm−1 was used, collecting 64 scans 
with resolution of 4 cm−1.

Raman measurements were performed in a Renishaw 
inVia™ Qontor TM confocal Raman microscope equipped 
with a Peltier cooled to -70 ºC for ultra-low noise charge-
coupled device (CCD) Centrus 2957T3 detector and an Nd: 
YAG laser operating at 32 mW of 532 nm laser excitation, and 
a diffraction grating with 1800 l/mm. The spectral resolution 
of the spectroscopic system is 0.3 cm−1. The laser beam was 
focused with a 100 × Leica objective lens (N Plan EPI) with 
a numerical aperture of 0.85. To map the sample surface, an 
area of 49.0 × 46.0 m was scanned with a 1.0 m step, resulting 
in 2254 collected spectra. An integration time of 2 scans of 
0.4 s each was used for all measurements to reduce the ran-
dom background noise induced by the detector, without sig-
nificantly increasing the acquisition time. The incident laser 
intensity was 3.2 mW (10% of the maximum laser power). 
Between different Raman sessions, the spectrograph was cali-
brated using the Raman line at 520.5 cm−1 of an internal Si 
wafer to reduce possible fluctuations of the Raman system. To 
avoid the contribution of the substrate in the measurements, 
self-supported multilayer graphene substrates were used for 
this study, resulting in spectra with well-defined bands.

The EBSD analysis was used in the present survey for 
crystallographic observations near the main crack for the 
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uncoated and coated 2198-T8 aluminium alloy. It is important 
to emphasize that this procedure was adopted for the 2198-
T8 aluminium alloy specimens removed on the LT direction. 
EBSD analyses were conducted using a 4th-generation MIRA 
scanning electron microscope from TESCAN to characterise 
aluminium samples at the Department of Material Engineer-
ing of the Federal University of São Carlos, UFSCar, São Car-
los, São Paulo, Brazil. To ensure stability during preparation 
and analysis, the samples were embedded in resin and subse-
quently subjected to progressive grinding with abrasive papers 
of increasing grit sizes (120, 220, 320, 400, 600, 1200, and 1500) 
to achieve a smooth and flat surface. Following grinding, the 
samples were polished using a Vibratory Polisher (Buehler) 
with colloidal silica as the abrasive agent to remove residual 
marks and microimperfections, creating an optimal surface 
for EBSD analysis. To further enhance the EBSD signal quality, 
an additional electrolytic polishing step was performed using 
Polimat 2 (Buehler) equipment with an electrolyte solution of 
perchloric acid (20% v/v) and ethyl alcohol (80% v/v). This 
final polishing step ensured a superior surface finish, maximis-
ing the resolution and accuracy of the EBSD data.

Corrosion studies

Global corrosion tests were conducted to investigate the influ-
ence of the Nb2O5 coating on the electrochemical behaviour of 
the 2198-T8 aluminium alloy. The OCP was monitored over a 
period of 3 h to assess the thermodynamic stability of the mate-
rial both with and without Nb2O5 coatings in 0.6 mol L−1 NaCl 
solution. Additionally, the OCP measurements facilitated the 
determination of the potential window that was used in the PP 
tests. The PP tests enabled the characterization of the anodic and 
cathodic domains, as well as the determination of the icorr, Ecorr, 
and Epitting. EIS measurements were obtained over a frequency 
range of 100 kHz to 10 mHz, employing a sinusoidal perturba-
tion of 10 mV (rms) and various immersion times, specifically: 
3, 6, 12, 24, 72 and 168 h of immersion in 0.6 mol L−1 NaCl solu-
tion. Typically, EIS spectra were obtained at the EOCP. However, 
as demonstrated by Moreto et al. [4, 9], when 2xxx series alu-
minium alloys are exposed to sodium chloride solution, Epitting 
and Ecorr are often nearly the same. Consequently, even a slight 
increase in potential above Ecorr can induce or accelerate pitting, 
leading to a significant increase in anodic current density. This 
results in non-linearity and compromises the validity of the EIS 
measurements. For this reason, in the present work the EIS tests 
were conducted at -20 mV versus Ecorr [4]. All the electrochemi-
cal tests were conducted using a conventional three-electrode 
electrochemical cell, which included a working electrode (2198-
T8 and 2198-T8/Nb2O5), a platinum counter electrode (Pt), and 
a saturated calomel reference electrode (Hg/Hg2Cl2, KClsat) at 
room temperature. A μStat-i 400 potentiostat/galvanostat was 

employed at Materials Engineering Department (SMM) at São 
Carlos School of Engineering (EESC), University of São Paulo 
(USP), São Paulo, Brazil. The electrochemical tests were comple-
mented by an extensive characterization utilising optical micros-
copy and SEM/EDX both before and after the tests.

Corrosion‑fatigue tests

As mentioned by the ASTM-E647 [46], the FCG expressed as a 
function of crack-tip stress-intensity factor range, da/dN versus 
∆K, characterizes a material’s resistance to stable crack extension 
under cyclic loading. Here, FCG tests were conducted on middle-
tension specimens (M(T)) with and without Nb2O5 coatings on 
the crack growth region. For this purpose, a 100 kN closed-loop 
servo-hydraulic testing machine was employed to obtain the FCG 
curves. Prior to the FCG tests, a precise precracking of 1 mm 
was introduced at the centre of both coated and uncoated M(T) 
specimens. The introduction of the precracking is crucial as it 
ensures a sharpened fatigue crack of adequate size, straightness, 
and symmetry in the M(T) specimen. The FCG tests were con-
ducted under controlled loading conditions, using a sinusoidal 
waveform at frequencies of 10 Hz (in air) and 1 Hz (in 0.6 mol L−1 
NaCl solution), with a load ratio (R) of 0.1. Crack length monitor-
ing was performed using the compliance method with an MTS 
632.30 C-20 clip gauge. An experimental setup constructed to 
perform corrosion-fatigue tests may be seen in Figure SM5 of 
the supplementary material. The illustration provides detailed 
information regarding the 100 kN closed-loop servo-hydraulic 
machine, the solution storage system, the acrylic cell, and their 
respective inputs and outputs for the circulation of the 0.6 mol L⁻1 
NaCl solution, as well as the dimensions of the M(T) specimens in 
accordance with ASTM E-647 [46]. Corrosion-fatigue tests were 
performed at the SMM-EESC-USP, São Carlos, Brazil.
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