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Abstract: Since their development, third-generation aluminum–lithium alloys have been used in 
aeronautical and other applications due to their good properties, replacing conventional Al-Cu and 
Al-Zn alloys and resulting in an increase in payload and fuel efficiency. The aim of this work was 
to investigate the influence of different heat treatments on the electrochemical corrosion behavior 
of the alloys AA2055 and AA2024 in the presence of three different electrolytes at room temperature, 
using an electrochemical noise (EN) technique in accordance with the ASTM-G199 standard. In the 
time domain, the polynomial method was employed to obtain the noise resistance (Rn), the locali-
zation index (IL), skewness, and kurtosis, and in the frequency domain, employing power spectral 
density analysis (PSD). The microstructure and mechanical properties of the alloys were character-
ized using scanning electron microscopy (SEM) and the Vickers microhardness test (HV). The re-
sults demonstrated better mechanical properties of the AA2055 alloy, which had a Vickers hardness 
of 77, 174, and 199 in the heat treatments T0, T6, and T8, respectively. An electrochemical noise 
resistance (Rn) of 2.72 × 105 Ω·cm2 was obtained in the AA2055 T8 alloy evaluated in a NaCl solu-
tion, while the lowest Rn resistance of 2.87 × 101 Ω·cm2 occurred in the AA2024 T8 alloy, which was 
evaluated in a HCl solution. The highest electrochemical noise resistance (Rn) was obtained in the 
AA2055 alloys, which had received the T6 and T8 heat treatments in the three solutions. 
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1. Introduction 
Much progress has been made within the aeronautical industry in the development 

of new structural materials and engines with specific properties that allow for the proper 
functioning of aircraft under operating conditions. The main objectives pursued in the 
development of new aeronautical materials are an increase in their mechanical properties, 
a reduction of weight, and the prolongation of the useful life of the components [1–6]. This 
translates into lower operating costs in aircraft, such as a longer service life, better fuel 
efficiency, higher payload, and flight range. Due to operating conditions, aircraft are sub-
jected to various atmospheric environments, which are sometimes very aggressive and 
cause the chemical degradation of fuselages and metallic structures and their various 
components [3–7]. Marine atmospheres are characterized by the presence of fine seawater 
particles (chlorides) that are deposited on exposed metal surfaces. 

Industrial atmospheres present pollutants, such as sulfur compounds (SO2), from the 
combustion of coal, oil, and other fuels. Sulfur dioxide is oxidized by some catalytic pro-
cesses that transform it into sulfuric acid, which is deposited in microscopic droplets on 
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exposed surfaces. There are also chemical plants that emit pollutants in the form of chlo-
rides; these are usually much more corrosive than acid sulfates. One such example is hy-
drochloric acid, which has a high reactivity with most metals [8]. 

Corrosion control within the aeronautical industry is an issue that is very important 
considering the aging of aircraft fleets, the unavailability of aircraft, or, in the worst case, 
catastrophic failures. Aluminum alloys have long been widely used in the aeronautical 
industry [7]. Composite materials have been gaining ground. Fiber-reinforced polymer 
matrix composites are the most widely used composites due to the great interest that pol-
ymers arouse in many applications owing to their low density, high corrosion resistance, 
and high versatility of mechanical properties [9]. 

Although composite materials have been gaining ground in this industry, aluminum 
alloys are still important for the construction of aircraft airframes, structures, and compo-
nents. This is mainly due to the low density of aluminum, its ease of alloying with other 
metallic materials, and its corrosion resistance, among other properties [9]. 

The 2xxx-series aluminum alloys, which use Cu as the main alloying element, are 
some of the main alloys used in the manufacture of aviation components. Cu has a maxi-
mum solubility of 5.65% in the matrix. This solubility decreases with temperature, allow-
ing these alloys to be heat-treated and achieve hardening by the precipitation of phases 
such as θ′(Al2Cu). Mg is often used in combination with Cu to form a S(Al2CuMg) phase 
[10,11]. 

Of the 2xxx-series alloys, the AA2024 alloy is one of the most widely used in aero-
nautics. The high mechanical resistance of this alloy is due to its thermal treatment in a 
solution, followed by tempering at room temperature and artificial aging [12]. 

The precipitation mechanism consists of a sequence of precipitates before the final 
equilibrium phase occurs. Coherent precipitates, known as Guinier–Preston–Bagaryatsky 
(GPB) zones, are initially formed from the supersaturated solid solution (SSS) matrix. As 
aging continues, the S’´ phase is entered, which is like the stable phase, S. Finally, S´ dis-
solves and the stable phase S precipitates. The 2xxx series alloys are susceptible to local-
ized corrosion due to the formation of galvanic cells between the intermetallic particles 
and the matrix [12–15]. 

On the other hand, third-generation Al-Li alloys have been the subject of research 
and have been increasingly used in the aerospace industry. As Li is the lightest metallic 
element (0.53 g/cm3), its addition to the Al-Cu-Li alloy decreases its density and improves 
the modulus elasticity. It has been observed that for every 1% of lithium added, a 3% de-
crease in density and a 6% increase in rigidity of the resulting alloy are achieved [1–4]. 

Third-generation Al-Li alloys combine improved mechanical properties, stiffness, 
corrosion resistance, fracture toughness, and density. This makes them comparable to tra-
ditional aluminum alloys such as the 2xxx- and 7xxx-series alloys. Third-generation Al-Li 
alloys contain a maximum of 1.8% of lithium [16–18]. 

AA2055 is an unconventional 2xxx series alloy containing Li, Zn, Mg, and Ag. It is 
considered one of the most promising candidates for applications in the aeronautics and 
aerospace industries. It also has applications in aerospace structures. It contains the ele-
ment Ag, which helps in the nucleation of hardening precipitates such as the Ω phase 
(Al2Cu) and the T1 phase (Al2CuLi) [19,20]. 

To optimize the precipitation process of the alloy, the controlled addition of elements 
such as Mg, Zr, Ag, and Zn, and the control of the heat treatment are important. In the 
precipitation process of Al-Li alloys, it is recognized that the T1(Al2CuLi) phase is the pre-
dominant phase. It is considered the main hardening precipitate, and it is produced dur-
ing artificial aging at temperatures between 120 °C and 200 °C [21,22]. 

Localized corrosion can occur due to a precipitated reactive phase within the matrix 
and in the grain boundary regions. The treatments applied to the Al-Li alloys create dif-
ferent electrochemical potentials concerning the matrix. The coupling of these two leads 
to a phenomenon known as galvanic coupling, generating a great susceptibility to inter-



Metals 2023, 13, 429 3 of 24 
 

 

granular corrosion. Other factors that influence the susceptibility to corrosion in these al-
loys are the conditions or means of exposure: some aircraft structures are exposed cycli-
cally to corrosive environments and high temperatures, whether in static or flight condi-
tions [23–27]. 

It is interesting to evaluate the corrosion performance of a traditionally used alloy 
and compare it with the new Al-Li AA2055 alloy to assess the advantages of each one. 
Such a study has not been reported in the literature. The evaluation of such corrosion 
studies based on heat treatment will allow for a better understanding of the precipitation 
processes that occur in these alloys and their influence on electrochemical behavior. The 
electrochemical noise technique used in this work has an advantage in that an external 
disturbance is not applied to polarize the sample; rather, the processes that occur in the 
system under study and are recorded during the tests are carried out in a controlled man-
ner during the corrosion process. This work aims to evaluate the electrochemical corrosion 
of the AA2024 (aluminum–copper) and AA2055 (aluminum–lithium) alloys subjected to 
different heat treatments. 

2. Materials and Methods 
The materials used in this study, the AA2024 and AA2055 alloys, were obtained in 

the form of an extruded, round bar with a diameter of 5 cm and a length of 20 cm. The 
AA2055 represents the third generation of aluminum–lithium alloys. The nominal chem-
ical compositions of both alloys are shown in Table 1 [28–30]. 

Table 1. The nominal chemical composition of aluminum alloys (w.%). 

Alloys 
Elements 

Cu Li Zn Ag Mg Mn Zr Fe Si Al 
2055 3.2–4.2 1.0–1.3 0.30–0.70 0.20–0.70 0.20–0.60 0.10–0.50 0.05–0.15 0.1 max 0.07 max Balance 
2024 3.8–4.9 - 0.25 max - 1.2–1.8 0.30–0.9 0.05 0.50 max 0.50 max Balance 

2.1. Heat Treatments 
The aluminum alloys were received in the following condition: an AA2024 alloy with 

T351 treatment consisting of a solution treated + cold worked + natural age. An AA2055 
alloy in T84 condition: this treatment consists of a solution treated + cold worked + artifi-
cial aged and ½ hard. 

The samples were cut into slices 5 cm in diameter by 5 mm thick. Six samples of each 
alloy were cut to carry out the heat treatments and the metallographic analysis, providing 
a total of 18 samples. The six samples of each alloy were polished with abrasive paper up 
to grade 600 and then washed with an ultrasonic cleaner and acetone for five minutes 
before being put through various heat treatments. A first group of six samples was kept 
in the state of heat treatment in which they had been purchased so that samples of 
AA2024-T351 and AA2055-T8 were obtained. Alloy sample AA2024-T351 was aged at 190 
°C for 12 h, so this sample is referred to as AA2024-T8. A second group of six samples of 
both alloys was subjected to an annealed heat treatment until they reached a T0 condition. 
A third group of six samples underwent solution treatment. They were later quenched in 
cold water and subjected to artificial aging until they reached a T6 condition. Figure 1 
summarizes the different stages of heat treatments carried out on both alloys. The de-
scribed heat treatments were carried out using a Thermolyne furnace (Thermo-scientific, 
Dubuque, IA, USA) [31,32]. 
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Figure 1. Summary of sequences of temperatures and times for both alloys under different heat 
treatment conditions. 

2.2. Metallographic Preparation of Samples 
The thermally treated samples were prepared metallographically. They were pol-

ished successively with silicon carbide grit papers of 600, 800, 1200, and 4000 grades. Sub-
sequently, diamond pastes of 3 microns and 1 micron were used successively to give the 
samples a mirror-polish finish [32]. Keller etching reagent (95 mL H2O, 1.0 mL HF, 2.5 mL 
HNO3, and 1.5 mL HCl) was used to reveal the microstructure of the alloys [33]. 

2.3. Optical Microscopy (OM) and Scanning Electron Microscopy (SEM) Characterization 
A microstructural analysis of the heat-treated alloys was performed using optical mi-

croscopy (OM) (Zeiss Discovery V12 model, Carl Zeiss Microscopy GmbH, Jena, Ger-
many) to identify the microstructure of the samples at a magnification of 500X, using field 
emission scanning electron microscopy equipment (FESEM Zeiss equipment, model Gem-
ini Sigma 300 VP, Jena, Germany) operating at 20 KV and a work distance of 12 mm. The 
chemical compositions of the AA2024 and AA2055 alloys were obtained using energy-
dispersive X-ray spectroscopy (EDS, JEOL-JSM-5610LV, JEOL Tokyo, Japan). The SEM 
micrographs by SEM were captured using a backscattered electron (BSE) detector. The 
grain size was determined by the ASTM E112 [34] standard, using the comparison method 
and taking images with a magnification of 200X. 

2.4. Vickers Microhardness Measurements 
Vickers microhardness tests, based on the ASTM E384 standard [35], were performed 

on the heat-treated samples in a microhardness tester (Wilson Tester 402 MVD, Wilson 
Lake Bluff, IL, USA). The tests used a load of 100 g, a loading duration of 15 s in all cases, 
and 15 readings per sample. The final microhardness value for each sample was obtained 
by averaging a total of 10 measurements. 

2.5. Electrochemical Techniques 
According to the ASTM G199-09 standard [36], electrochemical noise (EN) measure-

ments were carried out on samples with different heat treatments: T0, T6, and T8. Meas-
urements were recorded simultaneously using an Gill-AC potentiostat/galvanostat/ZRA 
(Zero Resistance Ammeter), (ACM Instruments Company, Manchester, UK). All the cor-
rosion tests were performed in triplicate. For each experiment, two nominally identical 
specimens were used as the working electrodes (WE1 and WE2), and a saturated calomel 
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electrode was used as the reference electrode (RE). The working electrodes were prepared 
to be subjected to electrochemical noise tests by polishing them with an abrasive paper 
with a grade of up to 600. They were subsequently ultrasonically washed with acetone for 
5 min. In total, 9 specimens of each alloy were machined for electrochemical testing. The 
electrochemical current noise (ECN) was measured with a galvanic coupling current be-
tween two identical working electrodes; simultaneously, the electrochemical potential 
noise (EPN) was measured by linking one of the working electrodes and a reference elec-
trode. The current and potential electrochemical noise were monitored concerning the 
time for each electrode–electrolyte combination. For each set of EN measurements, 2048 
data points were obtained with a scanning rate of 1 data/s. The corrosion measurements 
were performed by immersing the aluminum alloy samples, with an exposed surface area 
of 1.0 cm2, in 3.5 wt. % NaCl, 1 wt. % H2SO4, and 1 wt. % HCl solutions. Aluminum alloys 
in aircraft are exposed to different atmospheres, such as marine and industrial (acid rain). 
Exposure to sulfuric acid can simulate an acid rain environment, which is formed from 
the chemical reactions of the sulfur dioxide and nitrogen oxides found in the atmosphere 
with water and chemical contaminants, resulting in nitric and sulfuric acids. 

EN data were processed with a program made in MATLAB 2018a software (Math 
Works, Natick, MA, USA). The DC trend signal was removed from the original EN signal 
using the polynomial method, and statistical data (Rn, kurtosis, and skewness) were ob-
tained from the signal without DC kurtosis. Regarding the power spectral density (PSD) 
data, a Hann window was applied before being transformed to the fast Fourier transform 
(FFT) frequency domain. [6,37,38]. 

3. Results and discussion 
3.1. Vickers Microhardness Measurements 

The results of the microhardness tests are shown in Figure 2. The alloys from the T0 
heat treatment condition presented the lowest microhardness measurements (HV 62.3–
77.8) for both alloys. The alloys from the T6 heat treatment condition presented higher 
microhardness values (HV 123–174.8) compared to the T0 alloys. These were followed by 
the alloys from the T8 condition, which presented the highest microhardness measure-
ments (HV 142.0–199.4). 

 
Figure 2. Microhardness test results of AA2024 and AA2055 alloys under T0, T6, and T8 heat treat-
ment conditions. 
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This behavior is attributed to the fact that during the annealing process (T0 treat-
ment), the effects of cold working are eliminated; that is, the thermal energy applied al-
lows for the movement of dislocations, thus eliminating residual stresses. After recrystal-
lization, the microstructure of the new grains has a very low dislocation density. On the 
other hand, the hardening precipitates; which are developed during the solution process, 
followed by quenching and artificial aging (T6 treatment); block the movement of dislo-
cations, thus increasing the hardness of the alloys among other mechanical properties. 
Similarly, cold working (T8 treatment) prior to artificial aging further increases the hard-
ness of the alloys. Cold working is applied in this condition to develop dislocations inside 
the grains. Dislocations are preferential for precipitating nucleation sites; therefore, in this 
heat treatment condition, hardening precipitates are not only generated at the grain 
boundaries but also inside the grains [39,40]. 

The AA2055 alloy presented the highest microhardness values compared to AA2024 
regardless of the heat treatment performed. This is attributed to the fact that the Ag ele-
ment provides hardening solid solutions and increases the precipitation kinetics of the T1 
phase (Al2CuLi). It also helps to achieve a better distribution of said phase [41–45]. Zhou 
et al. [46] and Bai et al. [47] promoted the formation of Ω phases (Al2Cu) in Al-Cu-Mg 
alloys. Furthermore, it was widely reported that Ag and Mg decrease the fault-stacking 
energy of the alloy, which causes the dislocation mobility to be reduced [48–51] 

3.2. OM and SEM microstructural analysis 
Figure 3a–f show the microstructures, obtained by optical microscopy, of the AA2024 

and AA2055 alloys under the three heat treatments. 
For the AA2024 and AA2055 alloys from the T0 condition, an equiaxed grain mor-

phology was present: this is the product of recrystallization. Randomly distributed, inter-
metallic particles, which appear dark on the alloy surface, were also observed, as was a 
heterogeneous precipitation at the grain boundaries, which was driven by grain boundary 
surface energy. Adjacent zones presented, which are known as free of precipitation and 
were devoid of the alloying element. The precipitation-free zones constitute a preferential 
path for dislocation movement, resulting in a general weakening of the alloy [52,53]. 

Under condition T6, the heterogeneous precipitation disappeared at the grain bound-
aries. The homogeneous precipitation distributed over the metal surface was maintained, 
although in less quantity. These precipitates, which originated from the alloys’ artificial 
aging process after quenching, contribute to increasing the hardness in the alloy [54]. Ex-
cept for the presence of deformed grains brought on by cold working, the structure of the 
alloy under condition T8 was identical to that of the alloy under condition T6. 

The main phases that appeared in the AA2024 alloy were the 𝜃(Al2Cu) phase and the 
S(Al2CuMg) phase. Using an elemental microanalysis with EDS, the composition of these 
particles was obtained to determine the phase to which they corresponded [55]. 

For the AA2055 alloys, it was observed that for the alloy in treatment condition T0, 
recrystallized grains were found due to the annealing heat treatment; in the same way, 
free zones of precipitation were observed. Also, hardening precipitates were observed 
whose platelet-shaped morphology is typical of the AA2055 alloy [56,57]. The main hard-
ening phases were the T1(Al2CuLi) phase, the θ(Al2Cu) phase, and the δ’(Al3Li) phase [57]. 
There were no precipitates in the grain boundaries, and the amount of homogeneous pre-
cipitation, a consequence of artificial aging that is dispersed on the surface, appeared in a 
lesser quantity. Grain boundary cracks developed in this sample, probably due to thermal 
shock from rapid cooling. The commercial alloy AA2055-T8 presented a morphology of 
elongated grains due to cold working as well as hardening precipitates that were distrib-
uted over the entire surface of the sample. 

Table 2 shows the grain size obtained from the OM images of the AA2024 and 
AA2055 alloys with the heat treatments T0, T6, and T8. For the AA2024 aluminum, an 
increase in grain size from 7.5 µm to 17 µm was observed when the T8 heat treatment was 
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applied. In the AA2055 alloy, there was a decrease in grain size when the alloy was sub-
jected to heat treatments T6 and T8. The decrease in grain size is associated with harden-
ing mechanisms and an increase in mechanical properties such as hardness [58]. For alloys 
with a smaller grain size, the corrosion resistance improved. The capacity of high-grain 
boundary density surfaces to passivate more quickly or the physical breakdown of sec-
ond-phase intermetallic particles are often attributed to improved corrosion resistance 
[59,60]. 

Table 2. Grain size for aluminum alloys AA2024 and AA2055 with different heat treatments. 

Material Heat Treatment 
Condition Grain Size Number Grain Size 

(µm) 

AA2024 
T0 4 7.5 
T6 4 7.55 
T8 7 17 

AA2055 
T0 8 19 
T6 5 9 
T8 5 9 

 
Figure 3. OM microstructure of the AA2024 (a–c) and AA2055 (d–f) aluminum alloys under the 
three heat treatment conditions. 

Figure 4a–c show the SEM micrographs and the microanalyses performed on the 
AA2024-T0, AA2024-T6, and AA2024-T8 alloys, respectively. 

In this figure, it can be observed that the AA2024-T0 and AA2024-T8 alloys presented 
a higher number of precipitated particles compared to the AA2024-T6 alloy. 

Figure 4a shows the SEM image of the AA2024-T0 alloy surface. These micrographs 
present the matrix in a dark tone, and the randomly distributed intermetallic particles 
appear in a light tone. There are light-colored precipitates at the grain boundaries which 
may be the result of the slow cooling rate. EDS microanalysis showed the surface of the 
matrix to be rich in Al: 94.19% by weight. The amounts of Cu and Mg were in the range 
of 1 to 3% by weight. The content of the rest of the elements was less than 1%. When 
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analyzing the precipitated particles, some (orange box) were observed with a high Cu 
content (57.47% by weight), higher than the Al content (35.03% by weight), and with an 
Mg content of the order of 4 % in weight. These particles could correspond to the compo-
sition of the S(Al2CuMg) phase [9,61]. Other particles with high amounts of Al and Cu 
could correspond to the θ(Al2Cu) phase. Figure 4b shows the SEM micrographs of the 
AA2024-T6 alloy. A surface with a smaller number of precipitated particles was observed: 
they were distributed on the surface and are of a very varied morphology, from circular 
particles with diameters of up to 10µm to elongated particles and particles with lengths 
of more than 20µm. Additionally, the presence of the AlCuFeMg phase was observed, 
which is a metallic inclusion present in this type of alloy [61]. Defined grain boundaries 
were also observed. 

Microanalyses revealed an Al-rich surface matrix with lower levels of Cu and Mg. 
Similar to the previous alloy, the S phase was found in the precipitates in an abundance 
of Cu and Mg (orange box). Figure 4c, which represents the AA2024-T8 alloy, shows a 
similar distribution of precipitates. The matrix composition was quite similar to the earlier 
samples, and the occurrence of precipitated S and θ phases was once again confirmed. 

 
Figure 4. SEM-BSE micrographs of AA2024 alloy under (a) T0, (b) T6 and (c) T8 heat treatment 
conditions and EDS spectrum [T0 (a’, a’’), T6 (b’, b’’) and T8 (c’, c’’)]. 

Figure 5a–c show the SEM images and the microanalyses performed on the AA2055-
T0, AA2055-T6, and AA2055-T8 alloys respectively. 

In the AA2055-T0 alloy, a microstructure composed of a dark tone matrix with a high 
Al content, greater than 95%, was observed. Elongated dark zones were observed, and 
apparently voids arose when the precipitates were removed by mechanical polishing. The 
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precipitates with an elongated morphology, light in color, had a composition with a high 
content of Al and Cu, probably corresponding to the hardening phases T1(Al2CuLi) or 
θ’(Al2Cu), which are the typical hardening phases in these alloys [42–44]. In the AA2055-
T6 alloy, a lower number of precipitates was observed at the grain boundaries. Under this 
heat treatment condition, the alloy produced many cracks, especially at the grain bound-
aries. This was possibly due to residual stresses generated by temperature gradients dur-
ing the heat treatment, as previously mentioned. Figure 5c shows the surface of the com-
mercial AA2055-T8 alloy in which there are elongated grains oriented in the cold working 
direction. Small black dots can be seen, which could be holes generated when precipitated 
particles are removed during mechanical polishing. 

 
Figure 5. SEM-BSE micrographs of AA2055 alloy under (a) T0, (b) T6 and (c) T8 heat treatment 
conditions and EDS spectrum [T0 (a’, a’’), T6 (b’, b’’) and T8 (c’, c’’)]. 

3.3. Analysis of Electrochemical Noise (Time Domain) 
Figure 6 shows the electrochemical noise signals, both in potential (EPN) and in cur-

rent (ECN), obtained for AA2024 and AA2055 aluminum alloys in the presence of the 
three types of electrolytes and under heat treatment condition T0. These signals include 
the DC trend. 

In Figure 6a, which corresponds to the EPN signal, it can be observed that both alloys 
in the H2SO4 solution present nobler potentials than the rest of the signals. No notable 
transients were observed during the test, which may mean that both alloys remained in a 
passive state. 
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The AA2024-T0 alloy in the 3.5 wt. % NaCl solution presented intense fluctuations in 
potential of approximately 110 mV (−840 to −730 mV). These presented from the beginning 
of the test and continued up to 240 s. Later, they presented again at 1100 and 1250 s. Small, 
low-amplitude, high-frequency transients were also observed throughout the test. 

In Figure 6b, which corresponds to the ECN signal, notable transients can be ob-
served for the AA2024-T0 signal in the 3.5 wt. % NaCl solution that corresponds to the 
EPN signals for this alloy, which were discussed in the previous paragraph. 

The signal corresponding to AA2024-T0 in the presence of H2SO4 presented a wide 
variation in the current demand that started with an increase (0.01 to 0.028 mA/cm2) up to 
an appreciable decrease (0.028 to −0.018 mA/cm2). However, this signal did not present 
appreciable transients. 

The AA2055-T0 alloy in the presence of HCl presented transient currents of low am-
plitude and high frequency in addition to an almost constant trend towards a higher cur-
rent demand, a characteristic sign of uniform corrosion processes or a passive state. 

 
Figure 6. Electrochemical potential noise (a) and electrochemical current noise (b) noise-time series 
for AA2024 and 2055 alloys in T0 heat treatment condition, exposed in 3.5 wt. % NaCl, 1 wt. % HCl, 
and 1 wt. % H2SO4 solutions. 

The alloys subjected to heat treatment condition T0 and exposed to NaCl and HCl 
solutions showed a higher susceptibility to localized corrosion. This behavior can be re-
lated to the high amount of precipitated, intermetallic particles observed on the surface of 
the explosion which could be forming galvanic pairs with the matrix. This can also be 
attributed to the free precipitation adjacent to the grain boundaries observed on the sur-
face of the flash zones since it has been reported in the literature [62–65] that these deple-
tion zones are more susceptible to located corrosion. 

Figure 7 shows the EPN and ECN signals, obtained for both alloys, in the presence 
of the three electrolytes and under the T6 heat treatment condition. Likewise, the DC trend 
is included. 

In Figure 7a, corresponding to the EPN signal, it can be observed that both alloys in 
H2SO4 presented nobler potentials than the rest of the signals. No notable transients were 
observed during the test, which may indicate that both alloys remained in a passive state, 
although alloy 2055-T6 in H2SO4 showed a continuous trend towards active potentials. 

The AA2024-T6 alloy, which was exposed to a NaCl solution, presented the most 
active and transient potentials of low amplitude and high frequency, characteristic of uni-
form corrosion. 

The 2024-T6 and 2055-T6 alloys in the HCl solution and the 2055-T6 alloy in the NaCl 
solution showed similar behaviors, with no appreciable trend and very low-amplitude 
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transients. In Figure 8c, in which the scale was enlarged, the transients in the signal of the 
AA2024-T6 alloy can be observed more clearly. 

Figure 7b shows a large decrease in the current demand for the 20204T6 alloy signal 
in the HCl solution (−0.03 to −0.013 mA/cm2). Low-amplitude transients were also ob-
served in this signal from 750 s of the test. The rest of the signals showed similar behavior 
without an appreciable change in the current demand. 

In Figure 7d, the ECN signals are presented with the enlarged scale. A very similar 
behavior was observed for the signals of the AA2055-T6 alloy in the presence of the three 
solutions. 

The AA2024-T6 alloy in the presence of the NaCl solution showed the highest sus-
ceptibility to localized corrosion, although to a lesser degree than the same alloy from the 
T0 condition. This behavior may be associated with the lower number of precipitates ob-
served on the surface of the alloy compared to 2024-T0 as well as their more even distri-
bution, which reduces the incidence of localized corrosion. Similarly, solutions containing 
Cl− ions (HCl and NaCl solutions) developed a uniform or localized corrosion process in 
the metal. 

 
Figure 7. Electrochemical potential noise (a) and electrochemical current noise (b) noise-time series 
for AA2024 and 2055 alloys in T6 heat treatment condition, exposed in 3.5 wt. % NaCl, 1 wt. % HCl, 
and 1 wt. % H2SO4 solutions. (c) Windowing of electrochemical potential noise (EPN) from −690 to 
−750 mV (d); windowing of electrochemical current noise (ECN) from 0.010 to −0.020 mA. 

Figure 8 shows the EPN and ECN signals, obtained for both alloys in the presence of 
the three electrolytes and under the T8 heat treatment conditions. The DC trend is in-
cluded. 

In Figure 8a, corresponding to the EPN signal, it can again be observed that the 2024 
and 2055 alloys from the T8 condition, in the presence of H2SO4, presented more noble 
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potentials than the rest of the signals. In addition, the incidence 2055 presented, again, a 
trend towards possible assets as the test time elapsed. 

Large amplitude fluctuations were also observed, approximately 130 mV (−860 to 
−730 mV) in the potential for the 2024 detection in NaCl solution, which, as for the T0 and 
T6 conditions, presented the most active potentials. These fluctuations appeared at 100 s 
and were maintained for approximately 550 s; later transients of low amplitude and high 
frequency appeared during the rest of the test. This behavior can again be attributed to 
the number of precipitates observed on the surface and the presence of Cl−1 ions, as pitting 
corrosion of high-strength Al alloys such as AA2024 has been reported to be associated 
with the development of intermetallic particles, mainly in media containing chlorides [66]. 
Two of the most important intermetallic particles are θ´(Al2Cu) and S(Al2CuMg). The S 
phase is associated with whole nucleation [62]. The corrosion behavior of these particles 
was extensively investigated [66–70]. Buchheit et al. [67] and Zhu et al. [71] reported that 
this phase is an anodic site that favors whole nucleation. The rest of the signals showed 
similar behavior, consisting of a low tendency to potential variation and transients of very 
low amplitude. 

The ECN signals can be observed in Figure 8b. In this context, the 2024-T8 disturb-
ance exposed to NaCl presented a tendency towards a greater current demand as well as 
transients of 0.02 mA/cm2 amplitude and low frequency. The rest of the signals did not 
present appreciable current transients. Carrying out an extension of the scale, it can be 
observed that the alloys in the presence of H2SO4 did not present a variation in the current 
demand. 

 
Figure 8. Electrochemical potential noise (a) and electrochemical current noise (b) noise-time series 
for AA2024 and 2055 alloys in T8 heat treatment condition, exposed to 3.5 wt. % NaCl, 1 wt. % HCl, 
and 1 wt. % H2SO4 solutions. (c) Windowing of electrochemical current noise (ECN) from 0.004 to 
−0.016 mA. 

Analysis Utilizing Statistical Parameters 
The continuous change in potential and/or current values in the electrochemical noise 

time series is known as a DC trend or drift. The fact that there is a DC trend in the EN 
signals means that they are not stationary. This can lead to misinterpretation when apply-
ing analysis procedures. Frequently, it is recommended to eliminate the trend to obtain 
stationary records. Eliminating the trend improves the reliability of data analysis methods 
[72–77]. 

To properly interpret the most common statistical parameters, the analyzed signals 
must be stationary: that is, their mean and standard deviation do not vary over time. Sta-
tistical methods treat time records as a collection of individual potential or current data 
regardless of the order in which the values appear in the series. There is no correlation 
between the data of a series. A temporal record can be represented by its distribution of 
values and is expressed in terms of its cumulative probability density function. 
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The voltage and current values are recorded as time series xn, n = 1,…N, where x 
represents the potential (V) or current (i) signal and N is the total number of points in the 
time series [77–80]. 

One of the statistical parameters used was the standard deviation, which allows for 
the evaluation of the dispersion of a data set with respect to the mean value. Its application 
can be very useful to quantify the amplitude of the fluctuations. It is defined as the square 
root of the variance (Equation (1)) [80,81]. 𝜎 (standard deviation) =  𝑥  (1)

where 𝑥 , the variance, is calculated using Equation (2):  𝑥 (variance) =  ∑ (𝑥 − �̅�)𝑁 − 1  (2)

The use of the standard deviations of the potential, 𝜎 , and current intensity, 𝜎 , for the interpretation of the noise records can be achieved through their relationship, 
called noise resistance Rn, calculated by the relationship between the standard deviations 
of the records of potential and current intensity (Equation (3)) [82]. Rn (noise resistance) = 𝜎𝜎 ∗ 𝐴 (3)

The localization index (LI) is used to compare the value of the average current with 
the magnitude of the fluctuations, thus facilitating the discrimination between localized 
and uniform corrosion processes. To calculate the localization index, the root mean square 
of the current is used, considering that the current passes between the two working elec-
trodes regardless of their direction (Equation (4)) [81,83–85]. 

LI (localization index ) =  𝜎𝑖√�̅� = ∑ (𝑖 − 𝚤)̅∑ (𝑖 )  (4)

The localization index is bounded between the values 0 and 1. The LI value is used 
to classify the process that is taking place, according to the Table 3. 

Table 3. The type of corrosion process depends on the localization index (LI). 

Corrosion Type LI 
Localized 1.0–0.1 

Mixed  0.1−0.01 
Uniform 0.01−0.001 

As an alternative to the previous parameters, the skewness (𝑥 ) is used to measure 
the symmetry of the signal and the kurtosis (𝑥 ) to detect changes in the distribution of its 
values. These values are calculated using Equations (5) (skewness) and (6) (kurtosis) 
[86,87]. 𝑥 (skewness) = ∑ (𝑥 − �̅�)(𝑁 − 1)𝜎  (5)

𝑥 (kurtosis) = ∑ (𝑥 − �̅�)(𝑁 − 1)𝜎  (6)



Metals 2023, 13, 429 14 of 24 
 

 

The above values are moments of the series. In this way, 𝑥  is the second moment 
of the temporal register: that is, the variance; 𝑥  the third (the skewness); and 𝑥 , the 
fourth (the kurtosis). 

The determination of these statistical parameters generates a standard error in the 
results. This standard error is given by Equation (7) [87,88]: 

SE (standard error ) = 24𝑁  (7)

where N is the number of data studied in the electrochemical noise technique. 
In the present study, SE = 0.108. 
The types of corrosion, determined by kurtosis and skewness, are given in Table 4 

[89,90]. 

Table 4. Types of corrosion as a function of skewness and kurtosis values. 

Corrosion type 
Potential Current 

Skewness Kurtosis Skewness Kurtosis 
Uniform < ±1 <3 < ±1 <3 
Pitting <−2 >>3 > ±2 >>3 

Transgranular (SCC) 4 20 −4 20 
Intergranular (SCC 1) −6.6 18 to 114 1.5 to 3.2 6.4 to 15.6 
Intergranular (SCC 2) –2 to –6 5 to 45 3 to 6 10 to 60 

The EN parameters derived from the statistical analysis of the current and potential 
time series measurements are shown in Table 5, corresponding to the aluminum alloys 
with different heat treatments which were exposed to 3.5 wt. % NaCl, 1 wt. % HCl, and 1 
wt. % H2SO4 solutions. 

For the aluminum alloys exposed to a 3.5 wt. % NaCl solution, the noise resistance 
values (Rn) were, for the most part, of the order of 104. Only for the case of alloy AA20055 
under condition T8 was the order of Rn 105. When analyzing the values of the localization 
index (LI), it can be observed that alloy AA2024 under conditions T0 and T8 presented 
localized corrosion. This result coincides with what was observed in the time series of 
Figure 7a,b, where intense transients associated with localized corrosion were observed. 
The AA2055-T0 alloy presented localized corrosion, which could agree with what was 
observed in the trend toward a higher current demand (Figure 6d) and toward active po-
tentials (Figure 6a,c). These statements are further reinforced if the higher amount of sur-
face precipitation in the AA2024-T0, AA2024-T8, and AA2055-T0 alloys is observed in the 
optical microscopy images (Figure 3) and SEM (Figures 4a,c and 5a). Conditions AA2024-
T6, AA2055-T6, and AA2055-T8 showed mixed corrosion. Analyzing the skew values, it 
can be observed that uniform-type corrosion was indicated for all the alloys, while the 
kurtosis values indicated pitting corrosion in the same way for all the alloys. If the visual 
analysis of the time series in Figure 6 is considered, it could be stated that the alloys 
AA2024T6, AA2055T6, and AA2055T8 presented uniform corrosion. With the fact that the 
kurtosis value indicated pitting corrosion, it could be assumed that the amount was so 
high as to be considered uniform. In general, it can be stated that in NaCl solution, the 
AA2024-T0, AA2024-T8, and AA2055-T0 alloys showed localized corrosion, while the 
AA2024T6, AA2055T6, and AA2055T8 alloys showed uniform corrosion. 

For the aluminum alloys exposed to a 1 wt. % HCl solution, the statistical parameters 
of the aluminum alloys indicate that the Rn values were between the orders of magnitude 
of 101 to 103. The lowest Rn values were found in the AA2024 alloys under the T6 and T8 
conditions, while the highest Rn values were found in the AA2024- T0 and AA2055-T8 
alloys. The LI values indicated that localized corrosion occurred in the AA2024-T0, 
AA2024-T8, and AA2055-T6 alloys, while the mixed corrosion occurred in the AA2024-T6 
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and AA2055-T0 alloys. In the AA2055-T8 alloy, the LI value indicated the presence of uni-
form corrosion. 

The kurtosis values indicated the presence of pitting corrosion for most of the alloys; 
only the AA2055-T8 alloy presented uniform corrosion. The skew values indicated that 
pitting corrosion occurred for the AA2024-T0 and AA2024-T8 alloys, while the rest of the 
alloys presented uniform corrosion. The three statistical parameters confirm localized cor-
rosion for the AA2024-T0 and AA2024-T8 alloys. The same was confirmed for these alloys 
in the presence of 3.5% NaCl. As previously mentioned, these alloys presented a greater 
amount of surface precipitates. The AA2055-T6 alloy may show localized corrosion as 
confirmed by LI and kurtosis. This is reasonable considering that the ECN time series 
(Figure 7d) exhibited wide current fluctuations. In addition, the cracks present on the sur-
face of the alloy that facilitate the development of this type of corrosion should be men-
tioned. Bertocci et al. pointed out [90] that aged AA2055 is dominated by fine precipitates, 
T1, ϑ’ and S, which provide good tensile properties; however, they can form galvanic pairs 
with the matrix, causing the breakdown of the passive layer and the consequent dissolu-
tion of the material in the presence of solutions that contain Cl− ions. For the AA2055-T0 
alloy, mixed corrosion was confirmed for LI, pitting for kurtosis, and uniform corrosion 
for skew. If the trend towards an increase in current and active potentials is considered 
(Figure 8), in addition to the high surface precipitation (Figures 3 and 5a), it could be as-
sumed that localized corrosion occurred for this alloy. The AA2024-T6 and 2055-T8 alloys 
showed uniform corrosion. In general, the alloys with the greatest susceptibility to local-
ized corrosion processes in HCl solution, were AA2024-T0, AA2024-T8, AA2055-T6, and 
AA2055-T0. 

For the aluminum alloys exposed to 1 wt. % H2SO4 solutions, the results indicated 
that the Rn values were mostly around 104. The lowest Rn value was found in the AA2024-
T0 alloy, whose order of magnitude was 102. The localization index indicated the presence 
of mixed corrosion in most of the alloys; however, only the AA2055-T0 alloy presented 
uniform corrosion. The kurtosis values indicated pitting corrosion in most of the alloys 
except for the AA2024-T6 alloy, which indicated uniform corrosion. Bias values indicated 
uniform type corrosion in most alloys. Only the AA2024-T8 alloy showed pitting corro-
sion. In this case, it can be mentioned that the kurtosis presented a discrepancy when in-
dicating pitting corrosion for most of the alloys, while the values of LI and bias mostly 
indicated mixed corrosion and uniform corrosion, respectively. Furthermore, considering 
the visual analysis of the time series, stability was observed in most of the alloys as they 
did not present notable transients in potential or current. In the case of the AA2024-T8 
alloy, mixed corrosion was indicated for LI and pitting corrosion was indicated for kurto-
sis and skewness. However, regarding the ECN time series of Figure 9c, it was observed 
that there was a drop in the current demand. The same was true for the AA2055-T8 alloy. 
It can be assumed that these two alloys remained in a passive state. For the rest of the 
alloys, it can be stated that uniform corrosion processes occurred. 

 
Figure 9. Power spectral density (PSD), in current, for aluminum alloys under (a) T0, (b) T6, and (c) 
T8 heat treatment conditions, exposed to a 3.5 wt. % NaCl solution. 
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Table 5. Electrochemical noise parameters for aluminum alloys under heat treatment conditions 
and exposed to 3.5 wt. % NaCl, 1 wt. % HCl, and 1 wt. % H2SO4 solutions. 

Solutions Materials 
Heat 

Treatment 
Condition 

Rn  
(ohm·cm2) 

Icorr 

(mA/cm2) LI Corrosion 
Type 

Kurtosis 
(I) 

Corrosion  
Type 

Skew  
(I) 

Corrosion  
Type 

NaCl 

AA2024 
T0 5.04 × 10  5.16 × 10  0.199 localized 6.4 Pitting 0.2 Uniform 
T6 6.02 × 10  4.32 × 10  0.086 mix 3.6 Pitting 0.6 Uniform 
T8 4.83 × 10  5.38 × 10  0.206 localized 3.5 Pitting −0.3 Uniform 

AA2055 
T0 1.09 × 10  2.38 × 10  0.167 localized 3.1 Pitting 0.2 Uniform 
T6 5.59 × 10  4.64 × 10  0.065 mix 8.1 Pitting −0.8 Uniform 
T8 2.72 × 10  9.57 × 10  0.013 mix 8.1 Pitting 0.9 Uniform 

HCl 

AA2024 
T0 4.87 × 10  5.34 × 10  0.142 localized 4.9 Pitting 1 Pitting 
T6 6.18 × 10  4.2 × 10  0.026 mix 4 Pitting −0.6 Uniform 
T8 2.78 × 10  9.38 × 10  0.108 localized 7.5 Pitting 1.5 Pitting 

AA2055 
T0 5.47 × 10  4.74 × 10  0.027 mix 3.8 Pitting −0.3 Uniform 
T6 1.37 × 10  1.89 × 10  0.151 localized 7.3 Pitting 0.3 Uniform 
T8 4.16 × 10  6.26 × 10  0.006 uniform 2.8 Uniform −0.3 Uniform 

H2SO4 

AA2024 
T0 4.06 × 10  6.4 × 10  0.038 mix 3.9 Pitting −0.3 Uniform 
T6 2.31 × 10  1.12 × 10  0.015 mix 1.9 Uniform −0.1 Uniform 
T8 1.16 × 10  2.24 × 10  0.033 mix 38 Pitting 1.1 Pitting 

AA2055 
T0 1.43 × 10  1.82 × 10  0.006 uniform 3.6 Pitting 0.1 Uniform 
T6 5.81 × 10  4.47 × 10  0.017 mix 4.9 Pitting −0.3 Uniform 
T8 2.27 × 10  1.14 × 10  0.087 mix 11 Pitting 0.07 Uniform 

3.4. Power Spectral Density (Frequency Domain) 
Through analysis in the frequency domain, utilizing power spectral density (PSD) 

signals, it is also possible to obtain information about the electrochemical processes pre-
sent at the metal–electrolyte interface. It is considered important to carry out this analysis 
to try to corroborate the results obtained through the analysis of the statistical parameters. 

Normally, the characteristics of spectral power density signals allow for the defini-
tion of three parameters: the slope of the high-frequency linear zone, β, the value of the 
power at the limit of zero frequency, ψ0, and the cutoff frequency that separates the areas 
of high and low frequencies, fc. These parameters have been related to the mechanisms 
and rates of corrosion present [90]. 

Electrochemical noise data can be expressed as a function of frequency using fast 
Fourier transform (FFT). This can be achieved using Equations (8) and (9) [91]. 

𝑹𝒙𝒙 = 𝟏𝑵 𝒙(𝒏) ∙ 𝒙(𝒏 + 𝒎)𝑵 𝒎 𝟏
𝒏 𝟎       𝒘𝒉𝒆𝒏 𝒗𝒂𝒍𝒖𝒆𝒔 𝒂𝒓𝒆 𝒇𝒓𝒐𝒎 𝟎 < 𝒏 < 𝑵 (8)

𝝍𝒙(𝒌) = 𝚼 ∙ 𝒕𝒎𝑵 ∙ (𝒙𝒏 − 𝒙𝒏) ∙ 𝒆 𝟐𝝅𝒌𝒏𝟐𝑵𝑵
𝒏 𝟏  (9)

where Rxx represents a correlation signal, N represents the total data, and n represents a 
series of data. The product of m gives the delay time in which Rxx is defined by the time 
interval existing between each point of xn, x(n + m). The power spectral density is repre-
sented by ψx (k) and is expressed in frequency units, γ is a constant with a value of 2 if  k= 
1…(N/2)—1 and γ = 1 if k = N/2, k is the quantization of the frequency values, and tm is the 
time. 

The slope value (−𝛽 )  is used to find the corrosion mechanism. This slope is based 
on the cutoff frequency, i.e., the point where the slope starts. The slope is defined by 𝛽  
and is represented by Equation (10). 
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log 𝜓 = −𝛽 log 𝑓 (10)

where ψx is the amplitude of the power spectral density spectra, −βx is the slope, and f is 
the frequency. The use of -βx to interpret electrochemical noise signals is based on the fact 
that the voltage and current signals vary depending on the process taking place [92]. The 
PSD is related to the total energy present in the system. Hence, the zero-limit frequency 
(Ψ0) provides information about the dissolution of the material [92,93]. The dissolution of 
the material occurs only in the current PSD. Table 6, proposed by Mansfeld et. al., deter-
mines the type of corrosion that occur on the surface of the alloys [94–96]. 

Table 6. 𝛽 intervals to indicate the type of corrosion. 

Corrosion Type 
βV (dB (V)/Decade) βI (dB (A)/Decade) 

Minimum Maximum Minimum Maximum 
Uniform 0  −7 0  −7 
Pitting −20 −25 −7 −14 
Passive −15 −25 −1 1 

Figure 9 shows the current PSD graphs for the two studied alloys under the three 
heat treatment conditions, in the presence of 3.5 wt. % NaCl solution, using dBi as a func-
tion of frequency f(Hz). The value of the slope (β) in the current is related to the corrosion 
mechanism. In this exposure medium, the AA2024 alloy presented fewer negative values 
(higher values) of the power density at the zero-limit frequency (ψ0) for the three heat 
treatment conditions, indicating higher kinetics of corrosion or dissolution of the material. 
In the case of the AA2024-T8 and AA2024-T0 alloys, they presented the steepest slopes 
(more negative slopes). In the case of the heat treatment condition T8, the difference be-
tween the d(B) values between both alloys was very pronounced, while for the heat treat-
ment condition T6 the behavior of both alloys was very similar. Again, the AA2024-T0 
and AA2024-T8 alloys showed higher corrosion kinetics, which coincides with those val-
ues observed for the statistical parameters and visual analysis. 

Figure 10 shows the PSD diagrams for both alloys under the three heat treatment 
conditions and exposed to a 1% HCl solution. Higher values of ψ0 were observed for the 
AA2024-T6 and 2024-T8 alloys, indicating higher corrosion kinetics. 

In the T0 heat treatment condition, the AA2024 alloy presented lower dB values than 
the AA2055 but a steeper slope. In this condition, both alloys showed strong dB fluctua-
tions. 

 
Figure 10. Power spectral density (PSD) in current, for aluminum alloys under (a) T0, (b) T6, and (c) 
8 heat treatment conditions, exposed to a 3.5 wt. % HCl solution. 

Figure 11 shows the PSD diagrams for both alloys under the three heat treatment 
conditions and exposed to a 1 wt. % H2SO4 solution. 
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This figure shows a higher value of ψ0 for the AA2024 alloys under conditions T0 and 
T6, indicating higher kinetics of corrosion or dissolution of the material. For heat treat-
ment T8, it was observed that the alloys did not present appreciable fluctuations. This 
coincides with the time series observed in Figure 8c, in which there was a drop in the 
current demand to subsequently remain without trend and without transients, indicating 
that both alloys remained in a passive state in the presence of the 1 wt. % H2SO4 solution. 

 
Figure 11. Power spectral density (PSD) in current, for aluminum alloys under (a) T0, (b) T6, and (c) 
T8 heat treatment conditions, exposed to a 3.5 wt. % H2SO4 solution. 

Table 7 summarizes the values of the PSD parameters obtained. It was observed that 
in the presence of NaCl solution, the current slope values indicate pitting corrosion pro-
cesses for aluminum alloys in the three heat treatment conditions except for AA2055-T8, 
whose slope value is related to uniform corrosion processes. For the T6 condition, both 
alloys presented similar behavior. The alloys with the highest corrosion kinetics were 
AA2024-T0 and AA2024-T8, while the alloy with the lowest corrosion kinetics was 
AA2055-T8. In the case of the AA2024-T0 and AA2024-T8 alloys, the results observed in 
this analysis coincide perfectly with those commented on in the visual analysis of the time 
series (Figure 5). Similarly, the IL and kurtosis values indicated localized corrosion pro-
cesses (Table 5). 

In the presence of HCl solution, the slope values indicated that pitting occurred in 
both alloys subjected to the three heat treatment conditions. Although the most negative 
slopes correspond to the alloys AA2024-T0 and AA2024-T8, it can be summarized that in 
the presence of 1 wt. % HCl solution, the AA2024T0 and AA2024T8 alloys presented 
higher corrosion kinetics. 

In the presence of H2SO4, the values of the slopes correspond to pitting corrosion. 
However, it can be observed that the alloys AA2024-T8 and AA2055-T8 presented the 
most negative slopes, although, as previously mentioned, these alloys did not present 
fluctuations in the graphs of PSD. It is therefore assumed that they remained in a passive 
state during the test. 

The alloys that presented less-negative slopes are AA2055-T0 and AA2055-T6. How-
ever, based on the value of the slope for these alloys and the visual analysis of Figure 8a,c, 
it can be stated that the main processes could be either mixed or uniform corrosion for 
these alloys. 

Equal slope values were observed for the alloys AA2024-T0 and AA2024-T6, corre-
sponding to a greater susceptibility to corrosion. 
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Table 7. Parameters obtained by PSD for heat treatment condition and exposed to 3.5 wt. % NaCl, 
1 wt. % HCl, and 1 wt. % H2SO4 solutions. 

Solutions Materials Heat Treatment 
Condition 𝚿𝟎(𝒅𝑩𝒊) 

βV  
(dB(V)/Decade) 

βI 
(dB(A)/Decade) 

Corrosion 
Type 

NaCl 

AA2024 
T0 −116.2 −21.5 −13.8 Pitting 
T6 −125.7 −11.7 −9.1 Pitting 
T8 −118.7 −17.6 −13.2 Pitting 

AA2055 
T0 −130.5 −10.2 −8.2 Pitting 
T6 −146.7 −12.0 −8.0 Pitting 
T8 −141.4 −11.7 −3.5 Uniform 

HCl 

AA2024 
T0 −130.2 −12.7 −14.6 Pitting 
T6 −104.8 −11.9 −12.8 Pitting 
T8 −90.9 −12.0 −14.1 Pitting 

AA2055 
T0 −112.5 −9.7 −12.0 Pitting 
T6 −115.1 −11.3 −12.6 Pitting 
T8 −118.7 −11.8 −12.9 Pitting 

H2SO4 

AA2024 
T0 −108.9 −12.3 −12.2 Pitting 
T6 −121.4 −11.5 −12.2 Pitting 
T8 −119.1 −13.8 −25.5 Pitting 

AA2055 
T0 −126.14 −9.8 −9.6 Pitting 
T6 −146.95 −10.0 −9.1 Pitting 
T8 −114.9 −8.4 −15.0 Pitting 

It is notorious that the AA2024 alloy in general showed greater susceptibility to cor-
rosive processes compared to the AA2055 alloy. This can be related to the high Cu content 
in the AA2024 alloy as it is documented that Cu, in addition to other elements, precipitates 
as larger intermetallic particles which reach high surface densities and have electrochem-
ical potentials. Therefore, regardless of the matrix, localized corrosion processes are de-
veloped [64,92–97]. 

According to the current observations in the values of the statistical parameters and 
the PSD analysis, it can be affirmed that the alloys AA2024-T6 and AA2055-T8 presented 
a better corrosion performance, which can be attributed to the lesser number of particles. 
Precipitates were observed in the microstructure of these alloys. For AA2024-T6, few in-
termetallic particles and precipitates were observed compared to AA2024-T0 and T8. The 
more homogeneous surface inhibited the development of the electrochemical activity [98]. 

Similarly, few precipitates were observed in the microstructure of AA2055-T8. The 
cold deformation may have caused a better distribution of the precipitates towards the 
interior of the grains. In addition, the content of Ag and Zn decreased the potential differ-
ence between the second phases and the matrix. 

4. Conclusions 
In this research work, a study was carried out on the corrosion performance of the 

AA2024 and AA2055 alloys, which were subjected to three different thermal treatments 
in the presence of three different electrolytes. 
• Results indicated that the high Cu content in the AA2024 alloy was reflected in the 

composition of the precipitates on its surface. This composition, obtained by EDS, 
showed a higher content of Cu than Al. The high content of Cu reduces corrosion 
resistance; 

• Solution heat treatment, followed by rapid quenching and subsequent artificial ag-
ing, caused many cracks in the AA2055 alloy. These cracks developed at the grain 
boundaries, probably because of rapid cooling. However, this alloy did not present 
a great susceptibility to corrosion, as in the case of AA2024; 
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• A higher susceptibility to corrosion was observed for the AA2024-T0 and AA2024-T8 
alloys, which could have been due to the higher number of particles precipitated on 
the surface of these alloys; 

• Vickers microhardness values of 77, 174, and 199 were obtained in the AA2055 alloy 
with the heat treatments T0, T6, and T8 respectively. These are higher values than 
those obtained in the AA2024 alloy in the same heat treatments; 

• Higher corrosion kinetics were also observed in the presence of 3.5 wt. % NaCl and 
1 wt. % HCl solutions. This may be explained by the presence of the Cl− ion, which 
has the characteristics of strong penetration or adsorption and subsequently reduces 
the protection of the passive layer, leading to the evolution of hydrogen during an-
odic dissolution; 

• The highest electrochemical noise resistance occurred in the AA2055 alloy under the 
T8 conditions evaluated in NaCl and HCl. In the case of H2SO4, T6 was shown to be 
the best treatment, reaching Rn values of 2.72 × 105 ohm·cm2 in NaCl, 4.16 × 103 
ohm·cm2 in HCl, and 5.81 × 104 ohm·cm2 in H2SO4; 

• The alloys that showed a better balance between corrosion performance and micro-
hardness were the AA2024-T6 and AA2055-T8 alloys; 

• The statistical analysis of the electrochemical noise signals in the time domain (LI, 
kurtosis, skewness) presented different types of corrosion in the alloys AA2024 and 
AA2055. Pitting corrosion was predominant, which is due to the precipitates present 
in both materials as a consequence of the heat treatments applied; 

• The analysis by power spectral density (frequency domain) resulted in a type of pit-
ting corrosion for the alloys AA2024 and AA2055 in the three evaluation solutions; 

• The AA2055-T6 alloy also presented high microhardness values, however, a micro-
structure with cracks propagated over the grain boundaries was revealed. This be-
havior was likely present due to the temperature gradient generated during temper-
ing, giving rise to corrosion processes in the alloy; 

• The T6 and T8 heat treatments improved the corrosion resistance of the AA2055 alu-
minum alloy in NaCl, HCl and H2SO4 solutions compared to conventional AA2024 
alloys. 
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