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Abstract
Third-generation Al–Li alloys are high-performance materials that are very attractive for aircraft and aerospace applications 
due to their relatively low density, high specific strength, and stiffness. To study the effect of heat treatments on the electro-
chemical behavior of two high-performance aluminum-lithium alloys, in this work the electrochemical noise technique was 
used to evaluate the corrosion behavior of AA2099 and AA2055 alloys under three conditions of different heat treatments, 
an annealing treatment (T0), a second treatment in solid solution, followed by rapid cooling (quenching) and subsequent 
artificial aging (T6), and a third treatment in solid solution, tempering, cold deformation, and maturation artificial (T8). 
The time series obtained from the electrochemical noise tests were visually analyzed, as well as the statistical parameters 
such as localization index (LI), bias, and kurtosis. Analysis in the frequency domain was also performed by means of power 
spectral density (PSD) signals. In general, it was observed that the distribution of precipitates on the surface of the alloys 
considerably affects the corrosion performance, as well as the concentration of Cl-1 ions in the test electrolytes.

Keywords  Aluminum-lithium alloy · T1 phase · Electrochemical noise · Precipitation · Corrosion

Introduction

Third-generation aluminum-lithium alloys have generated 
interest in the aviation and aerospace industry due to their 
excellent mechanical properties, low density, and corrosion 
resistance [1–4]. It is known that in Al–Li alloys, for every 
1% by weight of Li added, the density of the alloy is reduced 
by 3%, while the Young’s modulus increased by 6% [5]. 
In this series of Al–Li alloys, the Cu/Li ratio is increased 

compared to previous generations. Other minor alloying ele-
ments such as Ag and Zn are added, and the Li content is 
less than 2% by weight. This is the main characteristic that 
gives the alloy better properties than its predecessor genera-
tions [6–8].

These alloys have great potential to replace the tradi-
tionally used aluminum alloys of the 2xxx and 7xxx series. 
They find application in different aircraft structures, such 
as fuselage skins, wings, doors, windows, etc. [9, 10]. Cur-
rently, research has been carried out on the electrochemical 
behavior of Al–Li alloys. It has been shown that it is strongly 
influenced by the type of hardening precipitates and their 
distribution [11–13]. Hardening precipitates [14–18] and 
intermetallic particles [14, 19, 20], which are deliberately 
generated to improve the mechanical properties of alloy, play 
an important role in pitting corrosion [21–23]. According to 
Prasad et al. [22], the addition of Cu and Mg to Al–Li binary 
alloys allows a more varied precipitation. The addition of Cu 
favors the precipitation of the �(Al2Cu) and T1(Al2CuLi) 
phases, while the addition of Mg increases the precipitations 
of the S(Al2CuMg) phase. The AA2099 and AA2055 alloys 
are third-generation Al–Li alloys that are used in the upper 
and lower wing structures (spars), as well as in fuselage 
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structures. They also have applications in aerospace struc-
tures (Falcon 9 from the Space X company, and Ares I from 
NASA) [6, 24, 25].

The AA2055 alloy has a higher density (2.71 g/cm3) than 
the AA2099 (2.63 g/cm3) due to the different Cu/Li ratios 
of both alloys (1.5 for AA2099 and 3.2 for AA2055) [26, 
27]. Compared to the AA2099 alloy, the AA2055 contains 
a higher Cu content and a lower amount of Li; this causes a 
higher volume fraction of the T1 phase to develop [26, 28]. 
Another characteristic of AA2055 is the Ag content of up 
to 0.7% by weight; this element promotes the formation of 
the Al2Cu phase [29, 30]. The addition of Zn (0.3–0.7%) 
helps to reduce the potential difference between the grain 
boundaries and the adjacent matrix, as well as to improve 
the corrosion resistance of the alloy [31].

The precipitates and intermetallic particles developed in 
Al–Li alloys play an important role in the electrochemical 
behavior of the alloy. This heterogeneous microstructure also 
determines the mechanical properties, in such a way that it 
is important to optimize, by means of thermomechanical 
treatment, the development and distribution of hardening 
precipitates [22, 32]

In previous studies, the AA2099-T83 alloy immersed in a 
3.5% NaCl solution has been analyzed, where two types of 
localized corrosion occur, one is due to the distribution of 
constituent particles of the alloy and the second is directly 
related with the distribution of grains [33, 34]. It has been 
recognized that the T1(Al2CuLi) phase is the predominant 
phase and is considered the main hardening precipitate, and 
these are produced during artificial aging at temperatures 
between 120 and 200 °C. The development of different 
precipitates with different electrochemical potentials with 
respect to the matrix depends on the applied thermome-
chanical treatment. In this way susceptibility to localized 
corrosion develops.

Jiang et al. [35] studied the effect of different precipi-
tates on the corrosion behavior of an Al–Cu–Li alloy, not-
ing that the corrosion mode changed from intergranular to 
intragranular as the aging time increased at 160 °C. Peltier 
et al. [21] examined the way in which corrosion develops 
in an AA2099-T8 alloy during the early stages of exposure 
in a NaCl solution. They observed that the first stages of 
the attack started with the corrosion of the S phase par-
ticles (Al2CuMg), causing dealloying and the formation 
of cracks around said particles. Lei et al. [36] studied the 
effect of Li addition and the resulting microstructure on the 

pitting corrosion behavior of three 2xxx series aluminum 
alloys. They found that with the increase in Li content, the 
resistance to pitting corrosion was improved and the passive 
range was extended. The presence of shallower pits was also 
observed for samples with higher Li content.

Through an adequate knowledge about the thermome-
chanical treatments applied to Al–Li alloys and their rela-
tionship with the morphology of the microstructure and the 
precipitates developed, it will be possible to optimize the 
mechanical properties and the resistance to corrosion of 
the obtained alloys [37]. In the present work, the corrosion 
behavior of two third-generation Al–Li alloys AA2099 and 
AA2055 was evaluated. These alloys were initially subjected 
to different heat treatments. The electrochemical behavior 
and mechanical resistance of the alloys under study were 
investigated as a function of the heat treatment to which 
they were subjected.

Experimental methodology

Materials

The third-generation Al–Li alloys under study AA2099 and 
AA2055 were obtained in the form of bars; their nominal 
chemical composition is shown in Table 1 [38, 39]. These 
alloys were obtained commercially in T8 heat-treated con-
dition. This consists of a solution treatment (heating to a 
temperature of approximately 520 °C), followed by rapid 
cooling (quenching) to retain the Cu in supersaturated solid 
solution. Subsequently, it undergoes a cold working process, 
and finally an artificial aging process.

These materials were machined to obtain them in the 
form of slices 8 cm in diameter and 2 cm thick, for which a 
silicon carbide disc was used.

Heat treatments

To subject the samples to heat treatments, a Thermolyne, 
Thermoscientific furnace, was used. A set of samples was 
subjected to annealing heat treatment. This treatment con-
sisted of bringing the samples up to a temperature of 450 °C. 
This temperature was maintained for 2 h, to later be allowed 
to cool in the furnace. Samples subjected to this treatment 
will be referred to as AA2055-T0 and AA2099-T0. The 
stages for this treatment are represented in Fig. 1 [40].

Table 1   Chemical composition 
of the investigated aluminum 
alloys (w%) [38, 39]

Li Cu Mg Ag Zr Mn Zn

AA2055 1.15 3.7 0.4 0.4 0.11 0.3 0.5
AA2099 1.8 2.7 0.3 — 0.09 0.3 0.7
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A second group of samples was subjected to a solution 
treatment at a temperature of 520 °C for 2 h, followed 
by rapid cooling in water (quenching), then the sample 
was kept at room temperature (28 °C) for 48 h. An aging 
process was carried out in two stages, the first of which 
consisted of raising the temperature of the sample to 
150 °C for 24 h, and the second of raising the temperature 
to 180 °C for 12 h. Finally, the sample was slowly cooled 
in the furnace. Samples subjected to this treatment will be 
referred to as AA2055-T6 and AA2099-T6. The stages of 
this treatment are represented in Fig. 2 [40, 41].

In this way, samples of both alloys were obtained in 
the three heat treatment conditions, T8 (commercially 
obtained), T0 (annealed), and T6 (solution treatment and 
artificial aging).

Microstructural analysis

A set of samples of the alloys, in the three treatment condi-
tions, were prepared metallographically. For this, a succes-
sive polishing process was carried out using 600, 800, 1200, 
2400, and 4000 grade silicon carbide sandpapers. Subse-
quently, 1-μm and 1/4-μm diamond paste were successively 
used to obtain a mirror finish on the samples. The Keller 
solution (95 mL H2O, 1.0 mL HF, 2.5 mL HNO3, 1.5 mL 
HCl) was used as the etchant for an immersion time of 10 s 
[42, 43].

A Zeiss metallurgical microscope, Discovery V12 model, 
was used to analyze the microstructure of the alloys.

The scanning electron microscopy (SEM) technique 
was also used to observe the microstructure of the samples, 
obtaining images by backscattered electrons and performing 
an elemental analysis of the different phases observed by 
energy dispersive X-ray spectrometry (EDS). A Zeiss Field 
Emission Scanning Electron Microscopy equipment, model 
Gemini Sigma 300 VP, was used.

Microhardness tests

Vickers microhardness tests were performed on the differ-
ent heat-treated samples. For this, a Wilson Hardness model 
402MVD microhardness equipment was used, applying a 
load of 100 g for a time of 10 s. The final microhardness 
value, for each sample, was obtained by averaging a total of 
10 measurements [44].

Electrochemical noise tests

A second set of heat-treated samples was prepared to be 
subjected to electrochemical noise tests and evaluate the 

Fig. 1   Stages of the annealing heat treatment

Fig. 2   Stages of solid solution 
heat treatment and subsequent 
artificial aging
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corrosion performance of each of the alloys. For these tests, 
the samples were successively roughened to 600 grade 
sandpaper, rinsed and dried with alcohol and compressed 
air, then left to rest for 24 h in a desiccator to ensure the 
formation of the passive layer. A potentisotat/galvanostat/
ZRA Gill ACM Instruments equipment was used. These 
tests were based on the ASTM-G199 standard [45].

An electrochemical cell with a three-electrode system was 
also used, two nominally identical working electrodes made 
up of the aluminum alloy samples and a saturated calomel 
reference electrode (SCE).

Simultaneous measurement of electrochemical noise in 
current and potential was performed. Current electrochemi-
cal noise measurements were made between the two working 
electrodes, while potential electrochemical noise measure-
ments were made between one of the working electrodes 
and the reference electrode. Electrochemical noise tests were 
performed in 3.5% by weight NaCl, 1% by volume HCl, and 
1% by volume H2SO4 solutions. Table 2 shows the molarity 
and pH data of the solutions before carrying out the test.

For the preparation of these solutions, commercial rea-
gents were used, with the characteristics shown in Table 3.

The exposure area of the samples was 1 cm2. Noise tests 
were performed at a rate of 1 data per second and a total of 
2048 data per test were recorded. The time series obtained 
from the electrochemical noise tests were visually analyzed. 
In order to obtain stationary recordings, the direct current 
DC tendency of the signals was then removed using a MAT-
LAB software using the polynomial approach. Statistical 
characteristics including the location index (LI), skew, and 
kurtosis were obtained after the DC trend was taken into 
account. These parameters may help identify the kind of 
corrosion that take place.

An analysis in the frequency domain was also carried out by 
means of spectral power density plots, which offer information 
about the corrosion mechanism present through parameters 
such as the zero-limit frequency �0 and the slope �.

Results and discussion

Microstructural analysis

Figure 3a–c present the images of the microstructures of the 
AA2099 alloy, in the three heat treatment conditions, obtained 
by SEM with their corresponding elemental microanalysis. In 
T0 condition, a surface of clearly defined grains is observed, 
with equiaxed morphology, whose diameters are homogene-
ously distributed. This grain distribution is the result of the 
recrystallization process during the annealing heat treatment. 
In the T6 heat-treatment condition, defined grains are simi-
larly observed, whose morphology is less uniform than in the 
previous case. Precipitation is observed at the grain bounda-
ries, product of the aging of supersaturated solid solution. 
Most of the precipitated particles occur at grain boundaries. 
It is known that the hardening phases preferentially precipitate 
in crystallographic defects, with dislocations and grain bound-
aries [46, 47]. Larger intermetallic particles are also observed, 
whose diameters range between 5 and 10 � m and with sig-
nificant Cu and Fe contents. In the T8 heat-treatment condi-
tion, deformed grains are observed, a product of cold working, 
as well as precipitated particles at the grain boundaries and 
inside the grains (in light tones). As was already indicated, 
cold deformation causes dislocations to occur inside grains 
which act as a preferred place for the nucleation of hardening 
precipitates, causing them to form outside grain borders, or in 
the matrix. The composition of the matrix is high in Al con-
tent, around 95% by weight, and Cu, around 2.6% by weight. 
The contents of Mg and Zn in the matrix are around 0.9 and 
0.6% by weight, while the rest of the elements such as Si and 
Mn appear in amounts less than 0.5% by weight.

Figure 4a−c present the images of the microstructures 
of the AA2055 alloy, in the three heat-treatment condi-
tions, obtained by SEM with their corresponding ele-
mental microanalysis. In T0 condition, a high number of 
elongated precipitates is observed, whose Cu content is 
relatively high (around 22% by weight). These particles 
extend along the grain boundaries. The presence of precip-
itation free zones is also observed in the regions adjacent 
to the grain boundaries. This microstructure is the result 
of the higher Cu and Ag contents in this alloy, compared to 
AA2099. The Ag element, as already established, encour-
ages the emergence of secondary phases in the alloy. Dur-
ing the recrystallization phase, areas without precipitation 
emerge. A surface with less precipitated particles is seen 
in the T6 heat-treatment condition, which may be related 
to the solid-solution treatment. Near the grain boundaries, 
the majority of the precipitates formed. Additionally, fis-
sures were shown to form, which was most likely caused 
by temperature differences between the alloy’s inside 
and exterior that emerged during the alloy’s quenching 
process. In the T8 heat-treatment condition, a uniform 

Table 2   Molarity and pH data of each of the solutions

Solution Concentration Molarity pH

NaCl 3.5% weight 0.0599 mol/lt 7
HCl 1% volume 0.326 mol/lt 0.487
H2SO4 1% volume 0.186 mol/lt 0.723

Table 3   Characteristics of the reagents used

Reagent Mark Purity Density

NaCl Chemika 99.8% 2.17 g/mL
HCl Wohler 37.25% 1.19 g/mL
H2SO4 Wohler 96.5% 1.83 g/mL
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distribution of deformed grains is observed in the extru-
sion direction. Some precipitated phases (in light tones) 
are also observed, similarly oriented in the direction of 

cold working. Additionally, a regular distribution of dark 
dots is seen; these could be holes made when precipitated 
particles were removed during mechanical polishing.

Fig. 3   SEM-EDS surface micrographs of AA2099 alloy under a T0, b T6, and c T8 heat-treatment conditions
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The matrix of the AA2055 alloy contains, in general, 
more than 93% by weight of Al and about 4% by weight of 
Cu. The Mg content is also important, around 1%. The rest 
of the alloying elements, such as Si, Ag, Mn, and Zn, appear 
in quantities of less than 0.5%.

Microhardness results

Figure 5 shows the results of the microhardness tests of the 
alloys. As expected for this heat treatments, it is seen that 
the alloys in T0 condition have the lowest microhardness 

Fig. 4   SEM-EDS surface micrographs of AA2055 alloy under a T0, b T6, and c T8 heat treatment conditions
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values for both alloys (HV 62.3 for AA2099 and HV 77.8 
for AA2055). This is because annealing causes dislocations 
to move, which removes internal stresses in the material and 
lowers its hardness while increasing its ductility [48, 49].

The production of hardening precipitates during solid 
solution treatment, quenching, and artificial aging results 
in an increase in microhardness for alloys in the T6 condi-
tion (HV 164.28 for AA2099 and HV 174.78 for AA2055). 
These precipitates make the alloy harder by preventing dislo-
cations from moving. The T8 condition yielded the greatest 
microhardness values (HV 177.32 for AA2099 and 199.44 
for AA2055), which may be attributed to the use of cold 
working in this condition to create dislocations inside the 
grains. As dislocations are preferred precipitate nucleation 
sites, hardening precipitates are produced both within and 
outside of the grains during this heat-treatment condition. 
This can be observed in the SEM images than for alloys 
in T8 condition, in which there is a greater amount of pre-
cipitates distributed throughout the surface of the alloy; 
they can even be observed inside the grains. The AA2055 
alloy presented higher microhardness values, with respect 
to AA2099, regardless of the heat treatment performed. 
This can be attributed to the content of the Ag element 
in AA2055, which, as mentioned by Zhou et al. [29], as 
well as Bai et al. [30], promotes the formation of omega 
phases (Al2Cu) in Al–Cu–Mg alloys. Furthermore, it has 
been widely reported that Ag additions promote a higher 
volume fraction and uniform nucleation of T1 precipitates 
in Al–Cu–Li alloys, particularly when combined with Mg. 
It has also been reported that both Ag and Mg decrease the 
fault-stacking energy of the alloy, which causes dislocation 
mobility to be reduced [50–53].

Electrochemical noise (EN)

Figure 6 shows the time series, in potential and current, 
obtained from the electrochemical noise tests, for both alloys 
in the three heat-treatment conditions, T0, T6, and T8, in 
the presence of 3.5% NaCl. It is observed (Fig. 6a) that the 
AA2055 alloys in the three heat-treatment conditions present 
a tendency toward active potentials throughout the test. The 
AA2055-T6 alloy presents transients of approximately 7 mV 
amplitude; this from beginning of the test until approxi-
mately 700 s; after this time the amplitude of the transients 
decreases noticeably. This will be related to the presence of 
initial pitting and re-passivation of the surface over time.

The AA2099 alloy in T6 and T8 conditions does not 
present visible potential transients; only in the case of the 
AA2099-T0 alloy it presents transients of approximately 
constant amplitude, during the entire test and almost zero 
DC trend. Such a behavior, and due to the shape of the fluc-
tuations, seems to correspond to uniform corrosion activity. 
In the current time series (Fig. 6b), there is some corre-
spondence with the potential time series since the AA2055-
T6 and AA2099-T0 alloys present fluctuations in current, 
while the AA2099 alloys in T6 and T8 conditions do not 
present visible transients. It can be said that in the pres-
ence of NaCl, the alloys with the highest corrosive activity 
are AA2055-T0, AA2055-T6, and 2099-T0. In the case of 
AA2055-T0, this result may be related to the high number 
of precipitates present in the microstructure. As for the 
AA2055T6 alloy, it can be related to the precipitates at the 
grain boundaries and the developed cracks.

Samaniego-Gámez et al. [54] points out that impuri-
ties present on the surface of an AA2055 alloy affect the 

Fig. 5   Microhardness test 
results graph
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homogeneity of the passive layer of the alloy, decreasing 
the resistance to localized corrosion. During the annealing 
heat treatment, the solute elements precipitate in the form 
of second phases, mainly Al2Cu, Al2CuLi, and intermetallic 
particles. It has been widely documented that this precipita-
tion occurs mainly at grain boundaries [52, 53]. Similarly, it 
can be deduced that the high number of second phase parti-
cles observed in these alloys, as well as the cracks developed 
in AA2055-T6, may be developing a deficient passive film 
that is easily attacked and destroyed locally by aggressive 
ions with Cl−.

As background, it can be mentioned that Ju et al. [55] 
investigated the development of pitting corrosion in an 
AA2024 alloy when immersed in 0.35wt.% NaCl and 
3.5wt.% NaCl solutions. They observed that the concen-
tration of Cl− ions increases pitting formation and hydro-
gen evolution in Al, that is, the higher the concentration of 
Cl− ions, the more serious the destruction of the passivation 
film on the surface. Much lower corrosion potentials were 
found for the alloy immersed in 3.5wt.% NaCl than for the 
alloy in 0.35wt.% NaCl.

Figure 7 shows the time series obtained for both alloys 
in the three heat-treatment conditions, in the presence of 
1 wt.% HCl. It is observed (Fig. 7a) that the AA2099-T6 alloy 
starts from noble potentials and presents a clear trend toward 
active potentials. Furthermore, this alloy exhibits potential 
transients at the beginning of the test that get smaller with 
time. This phenomenon could be related to the repassivation 
of the surface of the material. The rest of the alloys present 
behaviors that consist of an almost null DC tendency, that 
is, they do not exhibit appreciable behaviors toward active 
potentials or noble potentials. The AA2055-T0 alloy presents 
the most active potential values, while the AA2099-T0 and 

AA2055-T6 alloys present the noblest potentials and very 
similar behaviors. In the same way, the alloys AA2099-T8 
and AA2055-T8 present a very similar behavior. In the cur-
rent time series (Fig. 7b), no notable transients are observed, 
so a trend toward an increase in system current demand 
can only be mentioned for the AA2099-T8 and AA2055-
T0 alloys. Although it seems that, according to this visual 
analysis, the alloys with the greatest susceptibility to cor-
rosion are AA2099-T6 and AA2055-T0, it should be noted 
that these time series present, in general, nobler potentials 
than those corresponding to the NaCl solution at 3.5wt.%, 
so there is less aggressiveness in the HCl solution. This can 
be attributed to a lower release of Cl− ions, or to the lower 
concentration of these ions, in this solution. The HCl solution 
is present in a lower concentration than the NaCl solution. It 
is a possible cause of the lower release of Cl− ions. On the 
other hand, the NaCl solution contains Na+ and Cl− ions that 
dissociate with relative ease from polar water molecules. This 
suggests better ion release in aqueous solution. On the other 
hand, the susceptibility to corrosion shown by the AA2099-
T6 alloy coincides with what was observed by Ma et al. [56] 
when analyzing potentiodynamic polarization curves of 
AA2099 alloy samples immersed in 3.5 wt.% NaCl. They 
observed that the alloy in T6 condition experienced a shift 
in potential toward a more negative direction than in other 
treatment conditions such as T3 and solution treatment.

Figure 8 shows the current and potential time series 
of both alloys in the three heat-treatment conditions in 
the presence of H2SO4. It is observed that in the poten-
tial noise signal (Fig. 8a), all the alloys present a similar 
behavior presenting a clear DC trend toward active poten-
tials. Only in the case of the AA2099-T0 alloy, modest 
amplitude fluctuations first occur at the beginning of the 

Fig. 6   Time series a in potential and b in current, for alloys AA2055 and AA2099 in the three heat-treatment conditions, in the presence of 
3.5 wt.% NaCl
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test and then disappear in the smooth curves of these sig-
nals. Similar smooth curves are shown in the current noise 
signals (Fig. 8b), with no transients and similar DC trends 
for most alloys, except for AA2099-T0, which has a trend 
toward higher current demand. This behavior could be 
attributed to a permanent passive state of the alloys in the 
presence of 1 wt.% H2SO4. It is likely that the absence of 
Cl− ions and the low acid concentration are the causes, as 
mentioned by Gaona et al. [57, 58] when studying local-
ized corrosion in Ni-based superalloys at room tempera-
ture using electrochemical noise in 10% wt.% H2SO4 and 
CH3COOH solutions.

Analysis by means of statistical parameters

The results of the noise tests were also analyzed by means 
of the determination of statistical parameters that provide 
information about the electrochemical processes that occur 
in the alloys during the test. To carry out this analysis, it 
was necessary to eliminate the DC trend of the noise sig-
nals and thus obtain stationary records that improve the 
reliability of the analysis of statistical parameters [59–61].

One of the statistical parameters used is the standard 
deviation � that allows evaluating the dispersion of a data 
set with respect to the mean value. Its application can be 

Fig. 7   Time series a in potential and b in current, for alloys AA2055 and AA2099 in the three heat-treatment conditions, in the presence of 
1 wt.% HCl

Fig. 8   Time series a in potential and b in current, for alloys AA2055 and AA2099 in the three heat-treatment conditions, in the presence of 
1wt.% H2SO4
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very useful to quantify the amplitude of the fluctuations. 
It is defined as the square root of the variance (Eq. 1) [62].

Being x�2 the variance calculated by means of Eq. (2):

The use of the standard deviations of the potential, �v , 
and current intensity, �i for the interpretation of the noise 
records can be done through their relationship, called 
resistance to noise Rn, which is calculated by the rela-
tionship between the standard deviations of the records of 
potential and current intensity (Eq. 3) [63].

By comparing the average current value to the size of 
the variations, the localization index (LI) makes it easier to 
distinguish between localized and uniform corrosion pro-
cess. Given that the current flows between the two work-
ing electrodes in either direction, the localization index 
is calculated using the root mean square of the current 
(Eq. 4) [64, 65].

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 Table 4.

As an alternative to the previous parameters, the skew-
ness ( x3

�
 ) is used to measure the symmetry of the signal and 

the kurtosis ( x4
�
 ) to detect changes in the distribution of its 

values. These values are calculated using Eqs. (5) (skew-
ness) and (6) (kurtosis) [65–67]:
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∑N

n= 1

�

xn − x
�4

(N − 1)�4

The above values are moments of the series. In this way 
x2
�
 is the second moment of the temporal register, that is, 

the variance; x3
�
 the third (the skewness); and x4

�
 , the fourth 

(the kurtosis).
The determination of these statistical parameters gener-

ates a standard error in the results. This standard error is 
given by Eq. (7) [67, 68]:

where N is the number of data studied in the electrochemical 
noise technique.

In the present study SE = 0.108.
The type of corrosion determined by kurtosis and skew-

ness is given by Table 5 [69–71].
Table 6 summarizes the values of the statistical param-

eters that were obtained from the electrochemical noise tests, 
for the three alloys, in the three heat-treatment conditions, 
and in the presence of the three electrolytes. It can be noted 
that in the presence of 3.5 wt.% NaCl, the statistical param-
eters indicate the same types of corrosion for four of the 
alloys: AA2099-T0, AA2099-T6, AA2055-T6, and AA2055-
T8. For these four alloys, LI indicates mixed corrosion, kur-
tosis indicates pitting corrosion, and skew indicates uniform 
corrosion. According to what was observed in the visual 
analysis, it could be a tendency toward uniform corrosion 
due to the large number of transients of low amplitude and 
high frequency (Fig. 6), except in the case of the AA2099-T6 
alloy, whose signal, both in current as in potential, they are 
devoid of transients and could be in a passive state during 
the test. The AA2099-T8 alloy similarly presents signs in 
the form of a smooth curve, so the result of parameters that 
indicate uniform corrosion is reasonable. The AA2055-T0 
alloy indicates localized corrosion for LI, pitting for kurto-
sis, and uniform corrosion for skew. Pitting corrosion could 
be assumed for this alloy if the transients observed in the 
visual analysis of Fig. 6 are considered, especially in the 
current noise signal. Consequently, it is assumed that in the 
presence of NaCl, the AA2055-T0 alloy presents greater sus-
ceptibility to corrosion, while the alloys that present greater 
resistance to corrosion are the AA2099-T8 and AA2099-T6 

(7)SE =

√

24

N

Table 4   Type of corrosion 
process depending on the 
localization index (LI)

Corrosion type LI

Localized 1.0–0.1
Mixed 0.1–0.01
Uniform 0.01–0.001

Table 5   Type of corrosion as a function of skew 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 a 114 1.5 a 3.2 6.4 a 15.6
Intergranular (SCC 2)  − 2 a − 6 5 a 45 3 a 6 10 a 60
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alloys, apparently, they remain in a passive state. The rest 
of the alloys may be presenting uniform corrosion, accord-
ing to what is indicated by the statistical parameters and 
the analysis of the noise signals. In the presence of HCl, 
the statistical parameters indicate greater susceptibility to 
corrosion for alloys AA2099-T6 and AA2055-T6 since kur-
tosis and LI indicate localized corrosion, while for alloys 
AA2099-T8 and AA2055-T8, there is less susceptibility to 
corrosion by indicating uniform corrosion for LI and skew; 
in addition, the noise signals for these alloys (Fig. 7) do not 
present significant transients. For the other two alloys, it 
could be mixed corrosion with some pitting, as indicated by 
the statistical parameters and the noise signals in potential 
and current (Fig. 7) that presented frequent low-amplitude 
fluctuations. In the presence of H2SO4, all the alloys could 
be presenting uniform corrosion, as indicated by the statisti-
cal parameters; even some of the alloys could have remained 
in a passive state during the test, according to the noise sig-
nals in Fig. 8.

In general, the apparently poor relationship between the 
results obtained by the statistical parameters can be attrib-
uted to the density of pits formed on the surface of the mate-
rial. In other words, if the pitting density is high, the skew 
parameter could be attributed to a uniform type of corrosion.

Power spectral density (frequency domain)

The study of the corrosion processes that occur at the metal-
electrolyte interface was also carried out through an analy-
sis in the frequency domain through power spectral density 
(PSD) signals. The results obtained in this analysis will be 
compared with the corresponding ones in the analysis of 
statistical parameters.

During the analysis of PSD signals, three important 
parameters are defined: the slope of the high-frequency lin-
ear zone � , the value of the power at the zero-frequency 
limit �0, and the cut-off frequency that separates the high-
frequency zones and low frequencies fc. These parameters 
have been related to the mechanisms and rates of corrosion 
present [72, 73].

The information obtained from electrochemical noise 
tests in the time domain can be transformed into noise sig-
nals as a function of frequency by applying the fast Fourier 
transform (FFT) to the data using Eqs. (8) and (9) [74].

(8)

Rxx =
1

N

N −m+ 1
∑

n= 0

x(n) ⋅ x(n + m) when values are from 0 < n < N

(9)�x(k) =
Υ ⋅ tm

N
⋅

N
∑

n=1

(

xn − xn
)

⋅ e
−2�kn2

N

The slope is used to find the corrosion mechanism. The 
value of the slope is based on the cutoff frequency, i.e., the 
point where the slope begins. The slope is defined by βx and 
is represented by Eq. (10):

The PSD signals are related to the total energy present in 
the system. So, the zero limit frequency provides information 
about the dissolution of the material [65, 75]. The dissolu-
tion of the material occurs only in the current PSD. Table 7, 
proposed by Mansfeld et al., determines the corrosion phe-
nomena that occur on the surface of AA 2024-T0 [72, 75].

Figure 9 shows the current PSD graphs for the two 
alloys under study, under the three heat treatment condi-
tions, in the presence of 3.5 wt. % NaCl solution, dBi as 
a function of frequency f(Hz). The value of the slope ( � ) 
in current is related to the corrosion mechanism. In this 
exposure environment, both alloys presented very similar 
values of the zero limit frequency (ψ0) regardless of the 
heat treatment condition, which indicates similar corrosion 
or dissolution kinetics of the material for both alloys. Very 
similar behaviors are also observed at high frequencies for 
the alloys in T0 condition, whereas in T6 and T8 condi-
tions, the AA2055 alloy presented higher dB values. A 
very low slope is also observed in T8 condition for both 
alloys. Based on what was observed in these PSD signals, 
it can be deduced that in conditions T0 and T6, there is 
greater electrochemical activity, since there are higher val-
ues of ψ0 and dB than in condition T8. In addition, it is 
observed that in T8 condition, the lowest values of the � 
slope are presented, indicating less electrochemical activ-
ity. This largely coincides with what was observed in the 
visual analysis of the time series and was related to the 
distribution of precipitates and intermetallic particles on 
the alloy surface at T0 and T6 conditions, as well as the 
high concentration of chloride ions in the alloy electrolyte.

Figure 10 shows the current PSD graphs for the two alloys 
under study, under the three heat-treatment conditions, in the 
presence of 1 wt. % HCl solution, dBi as a function of fre-
quency f(Hz). It is observed that in conditions T0 and T6, 
very similar and higher dB values are presented than the val-
ues that are presented with condition T8. For conditions T0 

(10)log�x = −�x log f

Table 7   � intervals to indicate the type of corrosion

Corrosion type dB (V) · decade−1 dB (A) · decade−1

Minimum Maximum Minimum Maximum

Uniform 0  − 7 0  − 7
Pitting  − 20  − 25  − 7  − 14
Passive  − 15  − 25  − 1 1
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and T6, both the zero limit frequency ψ0 and the dB value at 
the cutoff frequency are very similar in both alloys. It is also 
observed that in T0 condition and at high frequencies, the 
AA2055 alloy presents higher dB values than the AA2099. 
In T6 condition, both alloys present very similar conditions 
at low frequencies and at high frequencies. In T8 condition, 
the dB values are lower; in addition, the behavior of the 
signals for both alloys is very similar, both at low frequen-
cies and at high frequencies. It can be affirmed that, accord-
ing to the above, there is greater electrochemical activity in 
conditions T0 and T6, while in condition T8 the resistance 
to corrosion is greater. In particular, in T0 condition, the 
AA2055 alloy presents greater susceptibility to corrosion 
than the AA2099.

Figure 11 shows the current PSD graphs for the two 
alloys under study, under the three heat-treatment condi-
tions, in the presence of 1 wt. % H2SO4 solution, dBi as a 
function of frequency f(Hz). In this case it is observed that 
in condition T0, the PSD signals present very similar behav-
iors. Both the values of ψ0, the value of dB at the cutoff 
frequency, and the slope are quite similar in both signals. In 
T6 condition, the AA2099 alloy presents a higher value of 
ψ0, indicating greater dissolution of the material; however, 

at high frequencies the dB values in this alloy become lower 
than those corresponding to AA2055. In T8 condition, the 
AA2055 alloy does not present appreciable fluctuations; the 
PSD signal has the form of a soft cure, both at low frequen-
cies and at high frequencies, even the AA2099 alloy in the 
same T8 condition presents few fluctuations at low frequen-
cies, which is they intensify at high frequencies, that is, they 
present fewer fluctuations than in the rest of the signals. This 
could indicate that both alloys may be remaining in a passive 
state. It can be deduced that in the presence of H2SO4, both 
alloys present greater resistance to corrosion when they are 
fired in the T8 heat-treatment condition.

Table 8 summarizes the values of the PSD parameters 
obtained. It is observed that in the presence of NaCl, the 
current slope values indicate pitting corrosion for the alloys 
AA2099-T0, AA2099-T6, AA2055-T0, and AA2055-T6, 
while for the alloys AA299-T8 and AA2055-T8, it indi-
cated uniform corrosion, which coincides with what was 
observed in the analysis of statistical parameters (Table 4) 
and confirms the good resistance to corrosion of the alloys 
in T8 condition.

In the presence of HCl it is observed that all the values of 
the slopes indicate pitting corrosion for all the alloys. In the 

Fig. 9   Power spectral density (PSD) in current, for aluminum alloys in a T0, b T6, and c T8 heat-treatment condition, exposed in a 3.5 wt. % 
NaCl solution

Fig. 10   Power spectral density (PSD) in current, for aluminum alloys in a T0, b T6, and c T8 heat-treatment condition, exposed in a 1% wt HCl 
solution
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analysis of statistical parameters, a greater susceptibility to 
localized corrosion was deduced for the alloys AA2099-T6 
and AA2055-T6. Then such a statement can be sustained if 
it is considered that the rest of the alloys have a large amount 
of pitting to be considered generalized corrosion.

In the presence of H2SO4, all the values of the slopes 
indicate pitting corrosion, being able to deduce the same 
situation as in the previous case. The amount of pitting is so 
high that general corrosion can be considered.

The alloys that presented greater susceptibility to corrosion 
were AA2055-T0, AA2055-T6,and AA2099-T6, especially in 
the presence of solutions containing Cl− ions. The AA2055-T0 

alloy presented a high number of precipitates in its microstruc-
ture, while the AA2055-T6 presented a development of cracks 
at the grain boundaries; this can be observed in Fig. 5a, b. 
These factors influence the development of localized corrosion 
of alloys. In the case of the AA2099-T6 alloy, after solution 
treatment and artificial aging, precipitates developed at the 
grain boundaries that could be forming galvanic pairs with the 
surrounding matrix. Buchheit et al. [16, 76, 77] have exten-
sively documented that the T1(Al2CuLi) phase is the main 
cause of grain/subgrain boundary attack. It is possible to notice 
the development of precipitated phases in the SEM images 
(Fig. 4) that probably correspond to this T1 phase. As men-
tioned by Li et al. [13], at the beginning of the pitting process, 
this phase is anodic with respect to the matrix, to later become 
cathodic because of the preferential dissolution of Al and Li 
of the T1 phase. The preferential precipitation of the T1 phase 
in crystallographic defects such as grain/subgrain boundaries 
is one of the factors that significantly influence the develop-
ment of localized corrosion, as well as chloride-containing 
environments. Similarly, the dissolution of Cu-depleted zones 
that form adjacent to the grain and subgrain boundaries, due 
to the local precipitation of Cu-rich phases, can be associated 
with intergranular attack, as previously reported [78].

The AA2099-T0 alloy presented a microstructure with 
few precipitated particles. As these Cu-rich phases do 
not occur, differences between surface potentials do not 
develop, so that galvanic pairs in the microstructure are 
scarce. The AA2099-T8 alloy may be presenting a bet-
ter distribution of precipitates in the microstructure, since 
cold deformation causes dislocations to form inside the 
grains, in such a way that the precipitates develop through-
out the matrix instead of do it only at grain boundaries. 
Cold deformation also causes the widening of the Cu scar-
city zones to decrease, thus decreasing the susceptibility to 
localized corrosion. This phenomenon can also be related 
to the better corrosion performance of the AA2055-T8 
alloy, apart from the fact that cracks did not develop in 
this alloy as in the case of AA2055-T6.

Fig. 11   Power spectral density (PSD) in current, for aluminum alloys in a T0, b T6, and c T8 heat-treatment condition, exposed in a 1% wt 
H2SO4 solution

Table 8   Parameters obtained by PSD for at heat-treatment condition 
and exposed in a 3.5 wt. % NaCl, 1 wt

Solutions Materials Heat 
treat-
ment 
condition

�
0
(���) B 

(dB(V))
B (dB(A))

NaCl AA2099 T0  − 127.03  − 14.2  − 8.1
T6  − 132.9  − 11.7  − 9.9
T8  − 143.7  − 3.6  − 3.5

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

HCl AA2099 T0  − 110.9  − 9.3  − 12.7
T6  − 113.9  − 5.6  − 8.2
T8  − 112.5  − 7.8  − 9.2

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

H2SO4 AA2099 T0  − 121.0  − 9.7  − 9.2
T6  − 126.7  − 5.7  − 14.4
T8  − 125.9  − 8.0  − 19.4

AA2055 T0  − 126.14  − 9.8  − 9.6
T6  − 146.95  − 10.0  − 9.1
T8  − 114.9  − 8.4  − 15.0
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It is also notable that solutions containing Cl− ions are 
more aggressive, in this case NaCl and HCl solutions. 
The Cl− ion has the characteristic of strong penetration 
or adsorption and reduces the protection of the passive 
layer, subsequently this leads to the evolution of hydrogen 
during anodic dissolution [70]. It has also been reported 
that the corrosion potential of the T1 phase in a 3.5% NaCl 
solution is − 1096 mV (vs SCE) [79], which is 346 mV 
more negative than that corresponding to Al (− 750 mV 
(vs SCE)) [80]. As a consequence of the high electron-
egativity of the T1 phase, localized corrosion is promoted 
in regions containing relatively high-volume fractions of 
the T1 phase.

It has been suggested by some investigators that at T6 and 
T8 conditions, Al alloys might be susceptible to severe local-
ized corrosion in environments containing chloride ions. 
Buchheit et al. [16, 76, 77] found that pitting corrosion in an 
AF/C 458 alloy was related to constituent particles that pro-
mote attack at the grain/subgrain boundary. He also reported 
that the T1(Al2CuLi) phase was the main cause of the attack 
at the grain/subgrain boundary. On the other hand, Li et al. 
[13], when studying Al–Li alloys by electrochemical imped-
ance spectrometry, reported that in T6 condition there is a 
greater susceptibility to exfoliation corrosion compared to 
the alloy in T8 condition. Similarly, it has been suggested by 
several authors [81–83] that the distribution of the T1 phase 
inside the grains depends on their orientation with respect 
to the direction of cold working, since grains with different 
orientations have different amounts and types of slip sys-
tems and, therefore, they are subject to different degrees of 
deformation. Thus, a greater number of dislocations could 
be introduced in the grains that reach greater deformation. 
As already mentioned, dislocations and grain boundaries are 
preferential sites for nucleation of precipitates; therefore, 
there would be a non-uniform distribution of such hardening 
precipitates, which promotes preferential sites for localized 
corrosion. Although the susceptibility to corrosion of alloys 
in T6 and T8 conditions has been reported, corrosion studies 
of Al alloys in T0 condition are very scarce. In the present 
investigation, the high susceptibility to corrosion of alloys in 
T0 condition has been observed and has been related to the 
high number of particles precipitated during the treatment, 
which is definitely higher than in T6 and T8 conditions.

Conclusions

1.	 The alloys in the T0 heat-treatment condition presented 
the lowest Vickers microhardness, followed by the alloys 
in the T6 condition, and finally the alloys in the T8 con-
dition presented the highest microhardness values. This 
increase in microhardness is due to the better distribution 

and higher density of hardening phases T1 and S within 
the grain boundaries, promoted by cold deformation.

2.	 The AA2055-T0 alloy presented a high amount of sec-
ond-phase particles in its microstructure. The AA2055-
T6 alloy developed cracks along the grain boundaries, 
probably due to temperature gradients present during 
treatment. The AA2099-T0 alloy presented very few sec-
ond-phase particles. In T8 condition, the alloys develop 
hardening precipitates inside the grains and the broaden-
ing of the Cu shortage zones is decreased.

3.	 The alloys that presented a greater susceptibility to cor-
rosion were AA2055-T0, AA2055-T6, and AA2099-T6. 
This is attributed to the number of precipitated parti-
cles with different potentials from the matrix to the 
formation of cracks in AA2055-T6 and to precipitation 
at grain boundaries, as well as to the presence of Cu-
scarce zones. The alloys with the best corrosion perfor-
mance were AA2099-T0, AA2099-T8, and AA2055-T8, 
although the last two alloys also present better micro-
hardness measurements.

4.	 Superior corrosion kinetics were also observed in the 
presence of 3.5% NaCl and 1% HCl. This could be due 
to the presence of the Cl− ion, which has the character-
istic of strong penetration or adsorption and reduces the 
protection of the passive layer. Subsequently, this leads 
to the evolution of hydrogen during anodic dissolution.
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