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Abstract 

The aircraft industry has been searching for new materials to be used in their 

aircrafts, which provide good mechanical and corrosive properties. The 7xxx series 

aluminium alloys are widely used in structural components. However, these alloys are 

susceptible to localised corrosion processes when exposed to an aggressive environment, 

which affect their lifetime and performance. Surface treatment appears as a powerful tool 

to improve the corrosion resistance of these alloys, since the coating may act as a 

protective physical barrier. This work aims to present an innovative and applied research 

for the development of the Nb2O5 thin films on the 7050-T7451 aluminium alloy surface 

by using the reactive sputtering technique. The open circuit potential, potentiodynamic 

polarization, electrochemical impedance spectroscopy as well as immersion tests were 

used to access the corrosion behaviour of the 7050-T7451 aluminium alloy in 0.6 mol L-

1 NaCl solution. The morphology of the coated and uncoated specimens was verified by 

using optical microscopy, AFM and SEM/EDX techniques. Results demonstrated a 

difference of about 315 mV between the pitting potential (Epitting) and corrosion potential 

(Ecorr) for the coated material, indicating the positive effect of Nb2O5 thin films on the 

corrosion resistance of the alloy. In addition, EIS results displayed the reactive sputtering 

technique was advantageous, since the impedance modulus increased significantly. 

mailto:jeferson_moreto@yahoo.com.br
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Finally, the EIS measurements corroborate with the AFM results, showing the Nb2O5 

coating at the beginning of the corrosion tests is about 300 nm in thickness. To the best 

of our acknowledgement, this is the first study concerning the improvement of the 

corrosion properties of 7050-T7451 aluminium alloy by using the methodology presented 

in this work.  

Keywords: 7xxx series aluminium alloys; Global electrochemical tests; Niobium 

pentoxide; Aircraft industry.  
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1. Introduction 

The aircraft industry has been constantly looking for the development of 

materials that display good mechanical and corrosion properties, as well as low 

manufacturing and maintenance costs [1, 2]. Aluminium is widely used in this sector due 

to its low density, easy malleability, and good resistance to global and localised corrosion 

processes in an aggressive medium. Relatively pure aluminium exhibits good corrosion 

resistance due to the formation of Al2O3 thin film that spontaneously forms on its surface. 

The addition of alloying elements, such as: copper (Cu), magnesium (Mg), iron (Fe), 

manganese (Mn) and zinc (Zn) increase the mechanical properties of aluminium, creating 

the different series of aluminium [3.4]. Considering the aeronautical and aerospace 

industry, the 2xxx and 7xxx series are the mostly used. 

The 2xxx series alloys have Cu and Mg as main alloying elements and are used 

as airframe material due to their good fatigue resistance and high damage tolerance. Such 

properties are conferred mainly by the presence of Cu in the alloy [5, 6]. Regarding the 

7xxx series alloys, the main elements are Cu, Mg and Zn. The addition of these elements 

into the alloy matrix improves its mechanical properties. The formation of different types 

of second-phase particles is related to the thermal aging processes [7, 8]. The 

intermetallics (IMs) on aluminium alloys may be classified as follows: primary particles 

that are responsible for increasing the mechanical properties of the material (also named 

as strength precipitates) as well as the second-phase particles, which can be incoherent or 

semi-coherent with the metallic matrix and are harmful to the global and localised 

corrosion processes. As reported by the literature [9, 10], the formation of primary 

particles on 7xxx series aluminium alloys follows four stages, namely: (i) solid 

supersaturated solution, (ii) Guinier-Preston zones (GP zones), (iii) η' and (iv) η phases 

(MgZn2) [9,10]. The determining factor for the successful formation of these particles is 

closely linked to the Zn/Mg ratio [11]. As already mentioned, primary particles are 

responsible for increasing the mechanical properties of the 7xxx series aluminium alloys 

[12]. On the other hand, the formed particles due to the precipitation process are related 

to a reduction in the corrosive properties of the 7xxx series. 

In general, different factors related to the microstructure of the 7xxx series 

alloys influence their mechanical and corrosive properties [12-14]. Song and 

collaborators [15] highlighted that the microstructure of the 7050-T7451 aluminium alloy 

is composed of different regions, namely: (i) recrystallized grains, (ii) non-recrystallized 

structure of sub-grains, (iii) different types of primary precipitates, (iv) η and η' phases as 
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well as (v) different second phase particles (Al2CuMg and Al7Cu2Fe) [11,16,17]. Second-

phase particles arise from precipitation processes in the 7xxx series alloys [18]. As 

mentioned by Song and colleagues [17], the main second-phase particles found in 7050-

T7451 aluminium alloy are MgZn2 and Al7Cu2Fe phases, respectively. The Al2CuMg 

phase displays a lower volumetric density when compared to the others and, for this 

reason, it is not possible to ensure its specific influence on corrosion processes of 7xxx 

series aluminium alloys [19]. 

As reported by Yu et al [20], grain boundaries are the regions most susceptible 

to the corrosion process on 7050-T7451 aluminium alloy, leading to the formation of 

pitting and, consequently, reducing the fatigue life of the material [21]. In fact, pits act as 

stress concentrators and directly affect the fatigue life of a mechanical component. 

Likewise, the presence of incoherent and coherent second-phase particles in regions close 

to grain boundaries accelerates the localised corrosion process [18]. Furthermore, Sun et 

al [21] pointed out that, for 7050-T7451 aluminium alloy, the potential difference 

between the aluminium matrix and the Al7Cu2Fe second-phase particle is approximately 

410.8 mV. Moreto et al [4] presented comparative studies related to global and localised 

corrosion processes 7050-T7451 and 7081-T73511 aluminium alloys in an aggressive 

medium containing chloride ion. For this purpose, open circuit potential, potentiodynamic 

polarization curves, electrochemical impedance spectroscopy, SVET (Scanning 

Vibrating Electrode Technique), and SKP (Scanning Kelvin Probe) techniques were used. 

Results demonstrated the 7050-T7451 and 7081-T73511 aluminium alloys present a very 

similar corrosive behaviour, which may be directly related to the galvanic coupling of the 

second-phase particles and the metallic matrix. With respect to the mechanical properties, 

the 7050-T7451 aluminium alloy exhibited higher values of tensile strength and yield 

strength (YS) when compared to 7081-T73511 alloy [24, 25]. These findings only 

confirm the good mechanical and corrosive properties of the 7050-T7451 aluminium 

alloy. 

It is known that the main exposure region of an aircraft is the saline 

environment, whether during flight or when stopped at airports that are located close to 

coastal regions. It is also verified that there is an increase in the corrosive processes of 

aircraft due to the presence of the seawater fog in these environments [4, 15, 20, 24, 26, 

27]. The use of coatings on the 7050-T7451 aluminium alloy surfaces appears as a 

powerful strategy, since these coatings act as a protective physical barrier, preventing the 

contact of aggressive ions with the base material and, therefore, increasing the corrosion 
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properties of aluminium alloys. Diamond-like Carbon (DLC) thin films have been widely 

used by the industrial sector due to their relatively high hardness, good resistance to 

abrasive processes, low coefficients of friction, and chemical inertness [28-31]. However, 

DLC films deposited by using the sputtering technique have different types of defects 

inherent to their manufacturers, such as flaws or pores, delamination, and film 

fragmentation. In this way, researchers have sought the development of materials that 

present significant improvements in these properties.  

Recent studies show the versatility of niobium pentoxide (Nb2O5) thin films and 

their applications in different sectors [32-37]. Among these properties, the following 

stand out: good chemical stability, good adhesion to surfaces and good resistance to 

corrosion in acidic and alkaline media [38,39]. Among the different types of niobium 

oxides, the Nb2O5 is the one that presents the best mechanical and corrosive properties 

[40, 41], and can be obtained by using the reactive sputtering technique [32-37] at room 

temperature. Despite all the advantages of Nb2O5 coatings, there are no studies in the 

literature that consider the influence of Nb2O5 thin films on the corrosive properties of 

7050-T7451 aluminium alloy. Here, we present an innovative and applied work to verify 

the influence of Nb2O5 thin films deposited by using the reactive sputtering technique on 

global and localised corrosion processes of 7050-T74511 aluminium alloy in a medium 

containing 0.6 mol L-1 NaCl solution. Finally, it is expected to collaborate with the 

development, modification, and application of new materials to be used on the 

aeronautical sector.  

 

2. Experimental 34999114301 

2.1. Material  

In the present study, the 7050-T7451 aluminium alloy was used with dimensions 

of 1.5 cm x 1.5 cm. The chemical composition (wt%) of the mentioned alloy is 2.25 Cu, 

0.04 Si, 0.05 Fe, 1.9 Mg, 0.01 Mn, 0.03 Ti, 0.1 Zr, 6.02 Zn, 0 .01 Cr, and Al as balance. 

Before the deposition of Nb2O5 coatings by using the reactive sputtering technique, the 

7050-T74511 aluminium alloy was sanded with silicon carbide (SiC) sandpaper in the 

sequence of 800, 1200, 2400, and 4000 mesh, respectively. After, the polishing process 

was performed with diamond paste in the sequence of 3, 2, and 1 m. Subsequently, the 

samples were washed in distilled water and placed in ultrasound with isopropyl alcohol 

for a period of 10 min. After the washing process, the specimens were dried using air jets 

and conditioned in a desiccator for further analysis. 
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2.2. Obtaining Nb2O5 coatings on the 7050-T7451 aluminium alloy surfaces by using 

reactive sputtering technique 

 

The Nb2O5 thin film deposition methodology has already been established by this 

research group and can be found in detail in the following references [32-37]. However, 

a basic description is presented in this work to situate the reader. Nb2O5-based coatings 

were deposited on the surface of the 7050-T7451 aluminium alloy by using reactive 

sputtering technique at room temperature without additional post deposition treatment. 

The deposition system is composed by a magnetron sputtering purchase from Kurt Lesker 

Co. for targets of 2.0 inches diameter. The vacuum is supported by rotative and 

turbomolecular pumps allowing pressure of 0.001 mTorr. Gases were admitted and 

controlled by needle valves from Edwards Co. The film depositions were conducted at 

5.0 mTorr using Argon (99.999% White Martins). To obtain Nb2O5 stoichiometry films, 

O2 (99.999% White Martins) at 0.5 mTorr was used. Furthermore, the DC voltage and 

current used was about 450 V and 145 mA, respectively. Finally, the thickness of the 

Nb2O5-based coatings produced in the present survey is around 250 to 300 nm.  

 

2.3. Morphological and structural characterization of the Nb2O5-based coatings 

 

Nb2O5-based coatings produced by using reactive sputtering technique have 

already been extensively characterized via X-ray diffraction (XRD) and the Rietveld 

method, Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy and X-ray 

photoelectron spectroscopy in previously published works [32-37]. In this sense, the 

structural characterization of the coating will not be presented in this study. However, the 

morphology of the 7050-T7451 and 7050-T7451/Nb2O5 was evaluated before and after 

the corrosion tests as ascribed in the next sections. For this purpose, scanning electron 

microscopy (SEM) micrographs were assessed through an analytical FEG- SEM JEOL 

7001 F equipped with an Oxford light elements EDX detector. Optical images were 

obtained after the corrosion tests using an Olympus BX60M optical microscope with a 

high-resolution digital camera (5.0 Megapixels). The AFM results were obtained in a 

Shimadzu SPM9700 microscopy using dynamic mode and cantilevers purchase from NT-

MDT Co.  
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2.4. Electrochemical assays 

 

 In the present work, three corrosion tests were carried out: open circuit potential 

(OCP), potentiodynamic polarization (PP), and electrochemical impedance spectroscopy 

(EIS). The corrosion potential (Ecorr) of the 7050-T7451 and 7050-T7451/Nb2O5 samples 

was monitored during 10,800 s (3h). After the potential stabilization, the last measured 

value was used to determine the potential window for carrying out the PP tests. The PP 

tests were performed with a potential window of ± 500 mV from Ecorr, using a sweep rate 

of 0.5 mVs-1. Through the PP tests it will be possible to characterize the anodic and 

cathodic domains as well as determine the value of the pitting potential (Epitting) for the 

coated and uncoated 7050-T7451 aluminium alloy.  

The EIS tests were performed to evaluate the properties of the Nb2O5-based 

coatings deposited on the 7050-T7451 aluminium alloy surfaces by using reactive 

sputtering technique. The EIS tests were performed at increased immersion times of the 

3, 10, 15, 24, 48 and 96 h, respectively. The EIS spectra were obtained in the frequency 

range from 100 kHz to 10 mHz with 8 points/decade. An electrical equivalent circuit 

(EEC) was proposed to adjust EIS data, using the Zview2 software. As is known, for 

aluminium alloys in chloride media the pitting potential (Epitting) and the corrosion 

potential (Ecorr) are nearly the same [4]. In this way, a small displacement of the potential 

values above Ecorr will lead to the beginning or the propagation of pitting, causing an 

increase in the electric current density values and, therefore, resulting in non-linearity and 

invalidating the EIS measurement. For this reason and following the recommendations of 

Mansfeld and Fernandes [40], the EIS tests were carried out at 20 mV negative to Ecorr 

using an applied a.c. signal of 10 mV (rms).  

All electrochemical tests were conducted in a naturally aerated solution (0.6 mol 

L-1 NaCl) at room temperature, using a μStat-i-400s Bipotentiostat/galvanostat and a 

classical three-electrode configuration: working electrode (WE) consisting of 7050-

T7451 and 7050-T7451/Nb2O5 specimens, platinum as a counter-electrode (CE), and 

saturated calomel electrode as reference (SCE) Hg/Hg2Cl2, KClsat. The working 

electrodes (coated and uncoated) presented an area of testing about 1 cm2.  
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2.5. Immersion tests 

 

Immersion tests were performed on uncoated and coated 7050-T7451 aluminium 

alloy during 96 h of immersion in 0.6 mol L-1 NaCl solution.  After the end of the tests, 

the specimens were properly washed by using distilled water during 10 min. The coating 

was produced on the top surface of the specimens. So, on the immersion tests, the other 

areas were isolated with beeswax. All morphological surfaces were accessed via optical 

microscopy (Nova 156-T optical microscope with a high-resolution digital camera (5.0 

Megapixels). SEM micrographs were also obtained through an analytical FEG- SEM 

JEOL 7001 F equipped with an Oxford light elements EDX detector.  

 

3. Results & Discussion 

Figure 1 (a) exhibits the 3D microstructural characteristics of the 7050-T7451 

aluminium alloy obtained via OM technique. A very intense lamination process may be 

observed as well as elongated grains in the short – longitudinal (SL) and longitudinal-

transverse (LT) planes, respectively. In addition, the presence of non-metallic inclusions 

distributed throughout the aluminum matrix (small black dots) can be verified. Figure 1 

(b) shows the micrograph obtained via SEM of the 7050-T7451 aluminium alloy in the 

top direction. The microstructure of the 7050-T7451 alloy is composed of a solid 

aluminum solution and submicrometric second-phase particles distributed along the metal 

matrix. The yellow dotted line in Figure 1 (b) shows a continuous arrangement of the 

second-phase particles as well as the magnification of a given region.  
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Figure 1. (a) 3D microstructural characteristics of the 7050-T7451 aluminium alloy 

obtained via OM technique and (b) low magnification SEM image of the 7050-T7451 

aluminium alloy in the top direction, showing distribution of second-phase particles. The 

image located at the top right displays details of an agglomerate of second-phase particles. 

Image obtained with combined BSD + SE modes.  

 

A schematic assembly obtained by using OM technique at different 

magnifications for the 7050-T7451 and 7050-T7451/Nb2O5 aluminium alloy after 96 h of 

immersion in a 0.6 mol L-1 NaCl solution may be seen in Figure 2. Results demonstrated 

a very intense corrosion process (see Figure 2 (a)), presenting regions of severe localised 

corrosion (Figure 2 (b)) for the base material. Figure 2 (c) clearly exhibits the formation 

of pitting on the 7050-T7451 aluminium alloy surface. These findings are probably 
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directly related to the preferential dissolution process of the 7050-T7451 metallic matrix 

and will be discussed in detail in the next sections with the aid of the SEM/EDX 

techniques. The localised corrosion process on 7050-T7451 aluminium alloy is due to the 

galvanic coupling of the second-phase particles with the aluminium matrix. Studies 

previously published by Moreto et al [4] displayed the cathodic behaviour of the Al7Cu2Fe 

second-phase particle. In other words, during the immersion tests, the Al7Cu2Fe particle 

presents a nobler potential when compared to the aluminium matrix, promoting a 

preferential dissolution process on its surrounding. As these particles are distributed along 

the entire length of the aluminum matrix, several regions of localised corrosion are 

formed. With respect to the coated material, the Nb2O5 thin film deposited on the 7050-

T7451 aluminium alloy surface by using reactive sputtering technique acts as a protective 

barrier, preventing the progress of the localised corrosion process (see Figures 2 (d-f)). 

Previous studies carried out by this research group have already shown the protective 

effect of Nb2O5 thin films on the corrosion protection of 2524-T3 [35] and 2198-T851 

[32, 33] aluminium alloys as well as Ti-6Al-4V alloy [ 34]. For the same time interval 

(96 h of immersion of 0.6 mol L-1 NaCl) the coated material presents a much more intact 

surface when compared to the base material. These initial results are totally motivating 

and manage to show in a very general way the protective effect of the Nb2O5 coating. 

Figure 3 exhibits the surface morphology of the 7050-T7451 aluminium alloy 

after the immersion tests. Here, 100 x magnification SEM image obtained by using back-

scattered electrons (BSD) mode of 7050-T7451 aluminium alloy is presented in Figure 

3 (a), which shows various attacked regions along the metal matrix. The presence of 

corrosion products may be seen in a magnified region as demonstrated in Figure 3 (b), 

whilst the EDX spectrum obtained from the highlighted region are represented in Figures 

3 (c, d), which primarily indicate the presence of Al and O elements, respectively. As is 

already well established for aluminium, this observation suggest dissolution of the 7050-

T7451 matrix and precipitation of aluminium hydroxide, Al(OH)3, forming amorphous 

domes on the top surface.  
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Figure 2. Images obtained by using OM technique at different magnifications for the 

7050-T7451 and 7050-T7451/Nb2O5 aluminium alloy after 96 h of immersion in a 0.6 

mol L-1 NaCl solution. (a) 10x, (b) 20x, and (c) 50x.     

 

Figure 3. SEM images (a, b) and EDX maps (c, d) for the 7050-T7451 aluminium alloy 

after 96 h of immersion in a 0.6 mol L-1 NaCl solution.    
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Figure 4 shows the morphology of corrosion damage that occurs upon coated 

7050-T7451 aluminium alloy following immersion in 0.6 mol L-1 NaCl solution for a 

period of 96 h. The results clearly show the positive influence of Nb2O5 coatings as a 

protective physical barrier against the corrosion process. While the base material showed 

a severe corrosion process over the entire surface, the coated-7050-T7451 aluminium 

alloy exhibited the formation of a single pit as shown in Figures 4 (a) and 4 (b), 

respectively. The EDX maps (see Figures 4 (c-e)) demonstrate the absence of Nb element 

on the highlighted region as well as the presence of Al and O, respectively. Probably, 

aggressive ions (Cl-) permeated through the coating defect, initiating a localised corrosion 

process. Moreto et al [35], pointed delamination-like events as well as propagation of 

corrosion process beneath the Nb2O5 thin film, promoting the coating detachment for the 

2524-T3 aluminium alloy. However, in the present work, no delamination process was 

verified. These observations indicate that 7050-T7451 aluminium alloy has a different 

corrosion mechanism when compared to the 2524-T3 alloy. 

 

Figure 4. SEM images (a, b) and EDX maps (c- f) for the 7050-T7451 aluminium alloy 

containing Nb2O5 thin film after 96 h of immersion in a 0.6 mol L-1 NaCl solution.    

 

The OCP values of the coated and uncoated 7050-T7451 aluminium alloy were 

monitored for 10,800 s (3 h) in 0.6 mol L-1 NaCl solution as presented in Figure 5 (a). It 

can be verified that both materials present a very similar behaviour. A preliminary 

analysis of the OCP curves based on the potential corrosion (Ecorr) would suggest that 

both materials have the same thermodynamic stability in solution containing chloride 

ions. Figure 5 (b) shows the PP curves for the uncoated and coated 7050-T7451 

aluminium alloy. The results demonstrated that no passive plateau may be observed in 



14 

 

the anodic domain of the 7050-T7451 aluminium alloy, as current sharply increases due 

to immediate growth of pits, indicating that pitting naturally occurs at the corrosion 

potential (Eocp ~ - 0.71 V SCE). The value of Ecorr is normally seen as an indicative of the 

nobility of the material, a higher Ecorr corresponding to a more corrosion resistant system. 

In this sense, a preliminary result would indicate that the 7050-T7451 aluminium alloy 

containing the Nb2O5 thin film is more prone to corrosion. However, it is very important 

to note that the pitting potential (Epitting) values were nearly the same for both conditions. 

Moreover, the large difference observed, for the coated specimens, between the Ecorr and 

the Epitting, i.e., about 315 mV, could be seen as margin of safety, guaranteeing that Epitting 

will not be attained. Freitas and collaborators [32] studied the corrosion behaviour of 

reactive sputtering deposition niobium oxide-based coating on the 2198-T851 aluminum 

alloy and verified a difference about 210 mV between the Epitting and Ecorr. Another 

interesting result that should be mentioned in this work was proposed by Moreto et al 

[35]. In the mentioned work, the authors focused on the surface modification of 2524-T3 

aluminium alloy by using reactive sputtering technique and verified a difference about 

400 mV between the Epitting and Ecorr. All these results only indicate the good properties 

of the Nb2O5 thin film in protecting aluminium alloys. 

In the present survey, EIS tests were carried out to evaluate the corrosion 

resistance, under stationary conditions, of the uncoated and coated 7050-T7451 

aluminium alloy. The Bode plots for the coated and uncoated samples immersed in 0.6 

mol L-1 NaCl solution during 3, 10, 15, 24, 48 and 96 h are presented in Figure 6 (a) and 

6 (b), respectively. A comparison between 3 and 96 h of immersion times for coated and 

uncoated materials is shown in Figure 6 (c). An overview of the spectra shows the 

presence of two-time constants: one at high frequencies that corresponds the presence of 

oxide film and another at low frequencies and which is related to localised corrosion 

processes. In fact, as expected, the coated 7050-T7451 alloy exhibited higher values of 

impedance moduli, indicating that the surface treatment improved the corrosion 

properties of the 7050-T7451 aluminium alloy in the chloride-containing medium (see 

Figure 6 (c)). Based on the EIS tests shown in Figure 6, an equivalent electrical circuit 

(EEC) (see Figure 7) has been used to explain the corrosion behaviour of the uncoated 

and coated 7050-T7451 aluminium alloy. 
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Figure 5. (a) OCP measurements and (b) PP curves for the 7050-T7451 aluminium alloy 

uncoated and coated with Nb2O5 thin film in aerated 0.6 mol L-1 NaCl aqueous solution 

at scan rate of 0.5 mV s−1. All measurements were performed in triplicate and showed 

good reproducibility. 
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Figure 6. EIS spectra (Bode plots) of (a) base material, (b) Nb2O5-coated 7050-T7451 

aluminium alloy exposed to 0.6 mol L-1 NaCl solution and (c) a comparison between 3 

and 96 h of immersion times for coated and uncoated materials.  
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Figure 7. (a) Corresponding EEC used to fit the EIS data for coated and uncoated 7050-

T7451 aluminium alloy in 0.6 mol L-1 NaCl medium, and (b) EEC used for fitting the 

experimental data. 

 

Several authors have proposed ladder equivalent circuits like the one shown in 

Figure 7 (a) to account for the behaviour of localised corrosion in aluminium alloys, 

especially those of series 2XXX and 7XXX [4, 32, 35, 41, 42]. Here, the EEC is 

composed by the contribution of the pitting process that occurs in an area fraction  as 

well as the remaining oxide film, which occupies an area fraction (1- ) The Rct–Cdl 

network represents the charge transfer reaction corresponding to the localised corrosion 

and the capacitance of the double-layer. As can be seen in the EEC representation, the 

Rct–Cdl loop is associated to the additional resistance of the electrolyte inside the pit/pore, 

R’ The Rox–Cox loop is related to the electrical resistance and the dielectric capacitance 

of the oxide layer, respectively. Finally, the solution resistance may be represented by 

R and is added to this parallel association.  

As is known, aluminium and its alloys spontaneously form a thin film of alumina 

(Al2O3) on their surface when exposed to the environment. In the case of insulating 

oxides, such as Al2O3, in the base material, or Nb2O5, in the coated one, the Rox parameter 

exhibits an extremely higher value. In this sense, there is a poor conduction of electrons 

inside the oxide film and the Rox term may be removed from the EEC presented in Figure 

7 (a). Thus, the EEC used for fitting the experimental data may be verified in Figure 7 

(b). The capacitors have been replaced by constant phase elements (CPE) to accounting 
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to the non-ideal behaviour of the system. The impedance of a CPE is given by equation 

1 [43].  

 𝒁𝑪𝑷𝑬 = 𝟏𝒀𝟎(𝒋𝝎)𝒏                                                                                                              (1) 

 

where the admittance Y0 and the exponent n are the characteristic parameters. It is 

important to mention, for n = 1 an ideal capacitor behaviour may be verified. The 

impedance spectra were fitted to this circuit, resulting in a very good correlation, with χ2 

values in the range of 10-4. The average values of the EIS parameters of 7050-T7451 and 

7050-T7451/Nb2O5 specimens may be verified in Figure 8. It is important to point out 

that only the values of 3, 15 and 96 h of immersion were presented. In fact, a very different 

behaviour was verified for these immersion times and the explanations will be given in 

the following paragraphs. 

In general, the R values of both materials remained very close. This observation 

indicates that the distance between the working and reference electrodes remained 

constant during the electrochemical tests (see Figure 8 (a))[4, 44]. As already discussed 

by Moreto et al [45] ,Y0 parameter do not represent real capacitances values and the 

conversion of CPE parameters to capacitance values is scarce. On the other hand, the 

models presented in the literature contemplate quite simple systems in which the 

existence of only one time constant is verified [46-48]. Here, at first, only a comparison 

between the behaviour of coated and uncoated alloy will be made, i.e., the CPE’s 

parameters will be considered as capacitances. Figure 8 (b) displays the CPE-ox 

behaviour for the coated and uncoated specimens, indicating an increase of the corroded 

area with the immersion time. The same behaviour was verified for the CPE-dl parameter 

(see Figure 8 (c)), except for the immersion time of 15 h. The decrease of CPE-dl values 

for the mentioned time may be attributed to the formation of a surface layer of corrosion 

products which ends up sealing some very active regions on the specimen surfaces. As 

can be seen in Figure 8 (d), Rct values display a tendency towards lower values as the 

immersion time increases. These observations are directly linked to the increase of pitted 

area, growth of pits as well as acidification of inner pitting. Considering the immersion 

time of 96 h for the base material, the increase of Rct values is due to the formation of 

corrosion products on the alloy surface, which partially blocks the pits. Finally, the 
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highest R’ values indicate the positive effect of the Nb2O5 thin films to improve the 

corrosion properties of the 7050-T7451 aluminium alloy.  

 

Figure 8. Average values of the EIS parameters of 7050-T7451 aluminium alloy. (a) R 

versus t, (b) CPE-ox versus t, (c) CPE-dl versus time, (d) Rct versus time, and (e) R’ 

versus t.  
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In the present work, the conversion of the CPE-ox to capacitance values was based 

on the Brug’s equation [46] (see Equations 2) and was already presented by the authors 

[32].  𝑪𝒐𝒙 = [𝒀𝟎,𝒐𝒙 × 𝑹𝛀(𝟏−𝒏)]𝟏𝒏                                                                                                         (2) 

Considering a parallel plate capacitor, the relationship between the thin film 

thickness and capacitance may be written as:  

 𝑪 = 𝒌𝜺𝟎𝑨 𝒅⁄                                                  (3) 

where o is the permittivity of free space (8.854 × 10−12 F/m), k is the relative permittivity 

of dielectric material, d is the separation between the plates and A is the area of plates. As 

reported by the literature [49], the relative permittivity of Al2O3 is about 9.0 for the dry 

oxide and 40 for a partially hydrated layer. In contrast, the dielectric constant values of 

the Nb2O5 oxide are about 30-90 [50]. In this sense, it can be verified that the Nb2O5 

coating displays a thickness of approximately 286 nm for a time of 3 h immersion. This 

value was determined by using the dielectric of material equal to 35. The behaviour of 

Cox as function of immersion time is presented in Figure 9 (a), which demonstrates the 

thickness of the Nb2O5 coating at the beginning of the corrosion tests is about 300 nm. 

Figure 9 (b) shows the AFM image illustrating the thickness step at interface between 

the substrate and Nb2O5 film and Figure 9 (c) the profilometer values in two regions 

indicated by traces 1 and 2 in (b). The results obtained by using AFM technique 

corroborate those obtained by EIS tests. In this sense, if the spontaneous alumina layer 

formed on the base material is approximately 2 nm thick, a value of approximately 286 

nm was expected for the coating. Given the small thickness of the alumina when 

compared to the Nb2O5 coating, the proposed circuit considered only one oxide layer.  

Figure 10 shows the surface morphology of the uncoated 7050-T7451 aluminium 

alloy after the EIS tests. As can be seen in Figures 10 (a-c), there was corrosive attack 

along the entire surface of the alloy (Figure 10 (a)), presence of cracks and a dissolution 

process around the second-phase particle (Figure 10 (b)) as well as the presence of mud-

crack pattern on the alloy surface (Figure 10 (c)). In addition, it was possible to verify 

the formation of a dense thin film on the aluminium surface. The presence of Al and O 

elements were identified by using EDX technique (see Figure 10 (d)), indicating the 

presence of Al2O3 film. Analyses were performed at points Z1 and Z2, respectively. As 

the spectra are very close, only the Z1 region was presented herein. A schematic drawing 
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showing in detail the second-phase particle on the 7050-T7451 aluminium matrix as well 

as the EDX spectra may be seen in Figure 11.  

 

 

Figure 9. (a) Effect of corrosive medium on the thickness of Nb2O5 thin films at different 

immersion times. (b) The AFM image illustrating the thickness step at interface between 

the substrate and Nb2O5 film and (c) the profilometer values in two regions indicated by 

traces 1 and 2 in (b).   

 

The results demonstrated the Al7Cu2Fe may serve as a local cathode in the 

evolution of localised corrosion process. Many researchers [51-55] demonstrated the 

iron-rich second-phase particles have Volta potential maxima relatively to the aluminium 

matrix. The effect of the Nb2O5 coatings after EIS tests on the protection of 7050-T7451 

aluminium alloy in a medium containing aggressive ions can be verified in Figure 12. 

There is a distinct difference between the surfaces of the base and coated materials. In 

other words, although the presence of pits on the functionalized surface may be verified, 



22 

 

its volumetric density and corrosive attacks are much less intense, demonstrating the 

protective effect of the Nb2O5 coating to improve the corrosion resistance of the 7050-

T7451 aluminium alloy.  So, in general, this work brings new insights into the effect of 

the Nb2O5 coatings obtained by using reactive sputtering technique on improving the 

corrosive properties of 7050-T7451 aluminium alloy widely used as aircraft materials. 

The use of global electrochemical techniques (OCP, PP, EIS) associated with 

morphological analyses allowed the assessment of the nature and evolution of the 

microgalvanic corrosion of uncoated and coated 7050-T7451 aluminium alloy.  

 

Figure 10. Surface morphology of the uncoated 7050-T7451 aluminium alloy after the 

EIS tests. (a) corrosive attack, (b) presence of second-phase particles and cracks, (c) mud-

crack pattern and discovered region, and (d) EDX spectrum.  
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Figure 11. Presence of the second-phase particle on the 7050-T7451 aluminium matrix as well as the EDX results (maps and spectra). 



24 

 

 

Figure 12. SEM images of the 7050-T7451 aluminium alloy containing Nb2O5 thin films after the EIS tests. The pink square (left side) represents 

the EDX concentration maps for the precipitate, which corresponds to the Al7Cu2Fe particle (52.10 Al, 7.37 Cu and 15.84 Fe atomic%). The square 

on the right side shows the EDX concentration maps for the pit.  
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4. Conclusions 

 

This work verified the influence of Nb2O5 thin films deposited by using the reactive 

sputtering technique on global and localised corrosion processes of 7050-T74511 

aluminium alloy in a medium containing an aggressive medium. The reactive sputtering 

technique was advantageous to produces Nb2O5 thin films on the 7050-T7451 aluminium 

alloy surface, presenting films with good adhesion and homogeneity. The produced 

Nb2O5 thin films acted as a protective barrier against corrosion process, improving the 

corrosion resistance of the 7050-T7451 aluminium alloy in an aggressive medium 

containing chloride ion. For uncoated aluminium alloy, the pitting potential (Epitting) and 

corrosion potential (Ecorr) are very close, leading the propagation of pitting on the 

corrosion potential. In contrast, in the present work it was created a safety margin between 

the Epitting and Ecorr potentials about 315 mV, i.e., the reactive plasma treatment guarantees 

that the Epitting will not be attained. With respect to the EIS tests, the surface treatment 

increased the impedance moduli. Considering the coated material, the EIS spectra for the 

96 h of immersion presented a better performance when compared to the base material (3 

h of immersion). Considering the innovative technology developed, it envisaged the 

minimization of maintenance costs arising from the corrosion processes of the metallic 

materials as well as the competitiveness increasing by the aeronautical sector. From an 

economic point of view, the technological applications of niobium are of great importance 

for the Triângulo Mineiro region (Minas Gerais state - Brazil), where one of the world's 

largest reserves is located. 
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