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In the present work, the microstructure, electrochemical behavior and localized corrosion of the 
AA2198-T851 Al-Cu-Li alloy were studied. The microstructure was correlated with corrosion results 
obtained by immersion, gel visualization and scanning electrochemical microscopy (SECM) tests. 
Immersion and gel visualization tests showed high kinetics of corrosion attack during the first hours 
of immersion. SECM analyzes by means of surface generation/tip collection (SG/TC) mode detected 
hydrogen evolution generated during spontaneous corrosion from severe localized corrosion (SLC) 
sites on the metal surface. SECM results revealed sites of intense hydrogen evolution after 2 h of 
immersion and increased amounts of corrosion products after 4 h of immersion. Hydrogen evolution 
sites detected by SECM were associated with severe localized corrosion (SLC).
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1. Introduction
Al-Cu-Li alloys are high-performance materials employed 

in aircraft industry due to their characteristics (low density, 
high mechanical resistance, high tenacity, high-temperature 
resistance, weldability and good response to natural aging). 
In order to maximize and ensure those properties, processing 
of alloy needs to select accurately the thermomechanical 
processing routes and optimize the chemical composition1-6. 
This is important because the final microstructure of the 
alloy directly influences its performance.

Generally, the microstructure of Al alloys is composed 
of micro-sized and nano-sized particles, which are formed in 
distinct stages of processing. Micro-sized particles are formed 
during casting. Precipitation and distribution of the nano-
sized particles occurs during thermomechanical processes7. 
These particles present different contributions to the alloy 
mechanical properties: only the nano-sized particles contribute 
actively by improving the alloy mechanical resistance. 
Among all the possible nanometric phases present in the 
microstructure of Al-Cu-Li alloys, the T1 (Al2CuLi) phase is 
the main hardening phase, which precipitates preferentially 
at dislocations and grain/subgrain boundaries. Consequently, 
a pre-deformation stage (stretching), before aging, can be 
added to the thermomechanical treatment in order to increase 
the dislocation density, introducing sites for nucleation of 
this phase8. Therefore, high level of deformation increases 
the number of dislocations leading to a high T1 phase density 
and improved mechanical resistance.

Despite the positive impact of T1 phase precipitation on 
the mechanical properties of the Al-Cu-Li alloys, corrosion 
studies have shown that the T1 phase adversely affects the 

corrosion resistance5,7,9-20. Two types of localized corrosion 
mechanisms have been associated with the Al-Cu-Li alloys. 
Micrometric particles affect the localized corrosion resulting 
in its partial dissolution and trenching10,21,22. The second one 
is the severe localized corrosion (SLC) associated with the 
T1 phase7,10-13,18.

The mechanism and morphology of the SLC have been 
reported7,10. Buchheit et al.10 described that grain boundary 
attack is related to the preferential dissolution of T1 phase 
precipitated at subgrain boundaries. Ma et al.7 showed that 
SLC is characterized by hydrogen evolution and a cathodically 
protected area surrounding the anodic sites.

The effects of deformation on the corrosion behavior of 
Al-Cu-Li alloys have also been reported11,12,18,23,24. According 
to Guérin et al.18 grain boundaries with a high degree of 
atomic disarrangement/ misorientation are more reactive. 
Consequently, they are more susceptible to corrosion. On the 
other hand, subgrain boundaries with low energy present high 
resistance to corrosion. Thus, a galvanic coupling between 
grains with different internal misorientations led to corrosion 
at their interface. In addition, the preferential corrosion of 
grains oriented with the (111) planes suggested that galvanic 
coupling between grains with different orientations led to the 
preferential corrosion of some grains. Ma et al.25 studied the 
influence of thermomechanical treatments on the localized 
corrosion of 2099 Al-Cu-Li alloy. The authors found that 
thermomechanical treatments influence susceptibility to 
SLC. The authors analyzed the samples in the T3, T6, and 
T8 temper conditions and found that the artificially aged alloy 
(T8) presented higher susceptibility to SLC than the other 
conditions analyzed. In another work, Ma et al.13 reported that 
localized corrosion tends to occur in grains with relatively *email: joao-neutron@hotmail.com
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large Schmid factor and related the corrosion mechanism to the 
selective dissolution of  T1 phase preferentially precipitated 
at grain/subgrain boundaries and dislocations within grain 
interiors. Donatus et al.11 showed that the corrosion propagation 
mechanism in the AA2198-T851 occurs at specific grains 
and can be likened to the case of a slip mechanism through 
specific slip systems. Zhang et al.26 showed that the corrosion 
bands are parallel to the direction of needle-shaped T1 phase 
precipitates which have {111} Al planes as the habit planes. 
Most recently, Zou et al.27 showed that the AA2198 alloy 
presented high corrosion resistance in different heat treatment 
conditions. These results are in agreement with those reported 
by Moreto et al.28 and Alexopoulos et al.29. In our previous 
publications12, the time-dependent susceptibility of the 
AA2198-T851 to SLC in NaCl solution was investigated 
by immersion and SVET tests. The results revealed that the 
propagation of SLC is crystallographic and associated with 
the slip bands in the individual grains of the alloy. The slip 
bands caused uneven precipitation of the active T1 particles. 
Oscillations in SVET current density values associated with 
the deposition and detachment of corrosion products were 
observed. The intensity of corrosion activities increased 
over time for open or partially covered pits.

In the present work, immersion, gel visualization 
tests, and scanning electrochemical microscopy (SECM) 
were employed to further add to the understanding of the 
local corrosion activities on the AA2198-T851 at different 
exposure times. SECM is a high-resolution scanning 
(well-established) technique to monitor in-situ corrosion 
processes through localized detection of electrochemically 
active species30-33. The SECM technique has been applied 
to study the local corrosion of aluminum alloys in different 
conditions34-43. However, the use of SECM in conjunction 
with microstructural analysis to investigate the local corrosion 
processes associated to hydrogen evolution generated during 
spontaneous corrosion of new generation Al-Cu-Li alloys 
(AA2198-T851, in particular) is rare in the literature. Thus, 
this study contributes to the furtherance of the knowledge 
of corrosion behaviour of Al-Cu-Li alloys.

2. Materials and Methods

2.1 Material
The chemical composition of the AA2198-T851 used 

in this work is shown in Table 1. The T851 temper relates 
to solution heat treatment, stress relief by stretching, and 
artificial aging.

2.2 Microstructural characterization
Samples of the AA2198-T851 alloy were prepared 

to microstructural characterization by conventional 
metallographic techniques for microstructural characterization, 
immersion test, electrochemical experiments, and agar-agar 
gel visualization tests. The samples were ground with SiC 

papers (#500, #800, #1200, #4000) and polished with 3 μm 
and 1 μm diamond suspensions. The etching solution was 
composed of 2 % HF and 25 % HNO3 in deionized water. 
The surface examination was performed by optical microscopy 
(OM) using a Leica DMLM model microscope. Scanning 
Electron Microscopy (SEM) using a JEOL JSM-6010LA 
microscope mode equipped with energy dispersive X-ray 
spectroscopy (EDS) detectors was employed to analyze the 
micrometric particles. Moreover, a JEM-2100 transmission 
electron microscope (TEM), operating at 200 kV, was used to 
characterize the nanometric phases. Discs of 3 mm diameter 
were removed from alloy to produce samples used to perform 
TEM analysis. The discs were prepared by electrolytic 
polishing using a solution composed of 20 % nitric acid 
in methanol at 25 V and -30 °C. TenuPol equipment was 
used for this purpose. Microhardness tests were carried out 
using a TUKON 1202 WILSOI hardness tester with a load 
of 300 g for 10 s. Thirty measurements were performed and 
the mean of the results was calculated.

2.3 Immersion test
The evolution of the corrosion sites was studied as a 

function of immersion time in 0.01 mol L-1 NaCl solution by 
surface observation using a Leica DMLM optical microscope 
coupled to a Leica EC3 camera and controlled by a LAS ES 
software. After immersion test, the surface of the corroded 
sample was observed by scanning electron microscopy (SEM) 
using a TM Model 3000 in two different operation modes: 
backscattered electrons (BSE) and secondary electrons (SE).

2.4 Agar-agar visualization
A gel visualization technique was employed to detect the 

main anodic and cathodic sites on the alloy by means of pH 
variation due to corrosion activity44. A solution composed 
of 3 g of agar-agar in 100 mL of 0.7 mol L-1 NaCl and 7 mL 
of universal pH indicator at 100 °C was used in the gel 
visualization assay, and then, a thin gel layer of about 1 mm 
to 2 mm in thickness was placed on the samples. Changes 
in the gel color and sample surfaces were monitored by 
observation as a function of time.

2.5 Scanning electrochemical microscopy 
(SECM): Instrumentation and measurement 
procedure

Scanning electrochemical microscopy (SECM) was 
performed using a Sensolytics GmbH Bochum microscope. 
The experiments were performed at open circuit potential 
using a three electrode-cell experimental setup, with 25 µm Pt 
disk ultra-micro-electrode (Tip) as a working electrode, Ag/
AgCl/KCl (sat) as reference electrode and a platinum wire as 
the counter electrode. The exposed surface area of the sample 
(AA2198-T851 alloy) was 5 mm. During the experiments 
the sample (alloy) was not polarized, thus it did not function 
as an electrode in the cell. The electrolyte used in the SECM 

Table 1 - Chemical composition (wt%) of the AA2198-T851 by Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES ).

Elements Al Cu Li Mg Ag Zr Fe Si Zn Mn Cu/Li
AA2198-T851 94.61 3.35 0.98 0.31 0.25 0.41 0.04 0.04 0.01 - 3.42
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tests was 0.01 mol L-1 NaCl solution at 22 ± 2 °C. Samples 
used in the SECM test were observed by SEM prior to and 
after corrosion products removing. The process employed 
to remove the corrosion products was immersion in 30% 
HNO3 solution during 10 s7. Measurements were carried 
out at selected heights above the surface of Al-Cu-Li alloy. 
The operating height was set after recording Z-approach 
curves in 0.005 mol L-1 NaCl solution at a scan rate of 5 μm 
s-1 using the redox competition SECM mode. In this SECM 
operating mode, tip and surface compete for the oxygen 
dissolved in solution. For this purpose, the tip potential was 
set at − 0.70 V vs. Ag/AgCl, and approximation curves were 
obtained by oxygen reduction in solution. Lower reductions 
current were obtained near the surface since the surface 
was consuming oxygen. Thus, a change in the profile of 
the limiting current was obtained when the tip has closed 
the surface. Tip-surface distance: 20 μm. More details 
about the redox competition SECM mode are provided in 
elsewhere45-47. SECM maps in constant height mode were 
obtained by scanning the Pt tip in the x-y plane and recording 
the tip current as a function of tip location. The experiments 
were performed using the surface generation/tip collection 
(SG-TC) mode. In SG/TC mode, H2 generation from the 
corrosion activities on the surface is sensed as an oxidation 
reaction at the tip (reaction 1).

Reaction at the Tip: 2H  2H 2e+ −→ + 	 (1)

Thus, H2 generation can be sensed in an oxidation 
reaction (1) at a Pt tip potential of 0 V versus Ag/AgCl. In the 
SG-TC mode, electroactive species on the surface can be 
oxidized or reduced at the microelectrode (tip), revealing 
electrochemically active sites on the surface30,31,48. In this 
mode, it is not necessary to introduce a redox mediator to 
detect electrochemical responses, and the selective detection of 
species on the surface involves the operation of the corroding 
cell in spontaneous conditions31,48. H2 generation from the 
surfaces of different metal alloys has been investigated by 
SG-TC SECM mode23,49-55.

3. Results and Discussion
Figure  1a shows the grain morphology of the 

AA2198-T851 surface. The grains are equiaxed suggesting that 
recrystallization takes place, during the T851 treatment due 
to alloy deformation above of the cold working temperature56. 
A higher magnification image, as presented in Figure 1b, 
further reveals the presence of slip bands in certain grains 
(grain A contains slip bands while grains B and C have 
no slip bands). The slip bands are related to the stretching 
stage in the T851 thermomechanical processing57 and can 
be revealed after the preferential dissolution of T1 phase-
rich bands during etching (Figure 1a and b). Microhardness 
measurements revealed that grains with slip bands are harder 
(209.1 ± 7.4) HV than grains without them (183.4 ± 4.64) 
HV. This difference was ascribed to additional sites for 
precipitation of T1 phase, such as slip bands. High amount 
of this phase is expected to precipitate in those grains, 
contributing to increase the hardness.

The nanometric T1 phase presents a thin needle 
morphology (Figure 2a) and its presence was confirmed by 
SAED pattern (Figure 2b), as reported in literature of similar 
Al-Cu-Li alloy58. It is formed during aging and precipitates 
at dislocations, subgrain/grain boundaries, and slip bands59. 
Besides, in a previous work60 DSC analyses showed that 
natural aging causes minor precipitation of T1 phase in Al-Li 
alloys when compared with artificial aging. In other words, 
the T851 condition leads to a great amount of T1 phase 
precipitated during the fabrication process. Al-Cu-Li alloys 
also contain micrometric-sized Fe-containing constituent 
particles (CPs) as indicated in (Figure  2c). Usually, the 
CPs are aligned in deformation direction and have irregular 
morphologies60. In this alloy, they are primarily composed of 
Al, Cu and Fe (Figure 2d). Those particles are formed during 
casting61 due to the low solubility of iron in aluminum62, and 
do not improve mechanical properties of alloy.

The alloy mechanical properties are highly affected by 
the T1 phase. Figure 3 shows the development of corrosion 
on the surface of the AA2198-T851 during 24 h. Two types of 
attacks, which present different features, can be seen on the 

Figure 1. Optical micrographs showing (a) grain morphologies in the AA2198-T851; and (b) high magnification of the square region 
revealing grains with (A) and without (B) and (C) slip bands.
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surface. As indicated by arrows, one is associated with SLC, 
while the other is related to CPs. This last attack is detailed 
in Figure 4 and shows that it occurs around the particle 
(trenching). This type of attack causes surface discontinuity, 
as shown in the blue circle in Figure 4c.

Figure  5 shows the propagation mode of SLC in 
the AA2198-T851. The attack was preferentially in the 

stretching direction. The observed SLC propagation mode 
can be associated with the temper condition of the alloy. 
They are present due to the development of inhomogeneous 
plastic strains in high stacking fault energy materials such 
as Al-alloys63. In addition, they are characterized by the 
presence of dislocation accumulation in bands separated 
by relatively dislocation free regions64. The stretching 

Figure 2. (a) Bright-field TEM micrographs of the AA2198 alloy showing T1 phase; (b) SAED pattern image near Al [101] zone axis; 
(c) SEM micrographs of the AA2198-T851 alloy surface showing constituent particles; and (d) EDS spectrum of the particle highlighted 
in Figure (c).

Figure 3. Optical micrographs of AA2198-T851 after several periods of immersion in 0.01 mol L-1 NaCl solution.
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in T851 temper condition, prior to the artificial aging, is 
known to produce a great amount of dislocations within 
the grains11,28. As reported by Yin et al.65, dislocations are 
crystallographic defects where the atoms have deviated from 
the equilibrium state. The strain energy related to the lattice 
distortion results in high energy for diffusion and aggregation 
of solute atoms, favoring the nucleation of precipitates in the 
region of dislocations lines. In addition, the density of the 
precipitates in this region is higher and their size is smaller 
and finely distributed compared to the regions of the low 
density of this type of precipitate.

During immersion tests, bubble formation was observed 
in regions surrounding SLC sites, Figure 6a. The evolution 
of hydrogen, which occurs from the first hours of the test, 
is associated with the anodic regions where the formation 

of metallic cations promotes the hydrolysis of water. As a 
product of this reaction, the release of H+ ions lead to a 
decrease in the local pH. This technique has been described 
as a complementary test for the identification of localized 
corrosion sites due to local changes in pH66,67. Diffusion of 
ions generated by the electrochemical reactions is restrained 
because the gel allows low mobility; thus, they are maintained 
near to the anodic/cathodic sites. Therefore, the gel on the 
anodic regions changes color, becoming orange/yellow in the 
case of the indicator used in this study, due to the decrease 
in pH values as a result of the hydrolysis promoted by Al3+ 
ions, whereas the cathodic regions become blue/green due 
to pH increase as a result of the oxygen reduction reaction. 
Hence, the anodic and cathodic areas in this alloy are related 
to the SLC and trenching sites, respectively, as shown in 

Figure 4. (a) SEM micrographs of the AA2198 –T851 after 24h of immersion in 0.01 mol L-1 NaCl solution; (b) and (c) higher magnification 
images of the square region in (a) showing trenching around a constituent particle obtained by backscattered electrons (BSE) and secondary 
electrons (SE), respectively.

Figure 5. (a) Severe localized corrosion morphology in AA2198-T851. (b) Higher magnification image of the dashed square showing 
preferential attack at the slip bands (red arrows).
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Figure 6b. Figure 6 also shows that pH largely decreases in 
the SLC region. As mentioned, acidification occurs mainly 
within pits and results in the evolution of hydrogen bubbles, 
Figure 6a. Due to low ionic mobility in agar-agar, the pH 
in the regions surrounding SLC sites decreases to very 
low values. SLC exhibits distinct characteristics12,57,68 from 
the localized attack that is associated with the microcells 
between the matrix and constituent particles, Figure 6c and d. 
Besides, both attacks show different depths of penetration. 
Recent works60,69 have shown by optical profilometry results 
that a higher penetration depth for the SLC from the order 
of 30μm is observed when compared to trenching associated 
with the constituent particles. Areas, where localized attack 
occurred, were darkened by the corrosion products formed. 
The preferential dissolution of Li and Al ions from the 
T1 phase promotes hydrolysis and results in acidification of 
the medium and propagation of corrosion. In the interior of 
the pits associated with SLC, dilution of the inner solution is 
hampered60 which favors local acidification, as evidenced by 
the evolution of hydrogen during immersion test (Figure 6a), 
and, consequently, passivation is prevented. In this way, the 
potential difference between the outer and the inner surface 
of the SLC results in cathodic protection of the surrounding 
area, as shown in Figure 6c. The main reactions involved in 
the SLC, inside (2) and (3) and outside (4) the pits of SLC 
are given below:

	 3Al Al  3e+ −→ + 	 (2)

	  
22H  2e H+ −+ → ↑ 	 (3)

	 ( )3
2 3Al  3H O Al OH  3H+ ++ → + 	 (4)

During the corrosion process, the oxidation of Al to Al3+ 
in the anodic regions (2) is promoted, which in turn promotes 
the hydrolysis of water (4) resulting in pH decrease, as well 
as favoring the evolution of the hydrogen gas (3). Therefore, 
bubbles of hydrogen are indicative of low pH and these 
have been associated with SLC sites. Thus, in these sites 
cathodic reactions occur inside anodic sites. This phenomenon 
was reported in some works70-72 with magnesium-based 
alloys, termed as negative difference effect (NDE). Also, 
Donatus et al.73 observed hydrogen evolution during anodic 
polarization when immersed in 3.5 wt. % NaCl solution.

Hydrogen evolution was also confirmed during SECM 
experiments. Through this technique, it was possible to 
map the sites of hydrogen gas evolution generated during 
the spontaneous corrosion of the alloy and to associate 
these sites to SLC regions, as can be observed in Figure 7. 
The SECM maps of the AA2198-T851 surface, where the 
upper and lower color scales are an indication of different 
current intensities for hydrogen evolution from the surface. 
After 40 min of immersion, it was possible to observe 
that the surface was electrochemically active. After 2 h of 
immersion, significant hydrogen evolution with maximum 
oxidation current in the range of 40 nA was observed, and 
after 4h of immersion, a new site with hydrogen evolution 
was found. At this time, the buildup of corrosion products 
on the first SLC site seen led to a decrease in the current 
previously measured. The hydrogen (H2) generated inside 
the pits was detected by the SECM tip polarized at 0 V 
that led to H2 oxidation on the tip (as shown in (1)). In a 
recent work from the our group68, it was shown that the 
polished surface of an Al-Cu-Li alloy developed pronounced 
SLC sites, and these sites were associated with hydrogen 

Figure 6. (a) Optical images of the AA2198-T851 after 4h immersion in 0.01 mol L-1 NaCl solution; (b) Agar-agar visualization test 
of the AA2198-T851 at different periods of exposure to agar-agar gel containing 0.7 mol L-1 NaCl, showing the development of severe 
localized corrosion and its effect on the local pH; (c) Severe localized corrosion (SLC) and cathodically protected region surrounding the 
pit/SLC; and (d) localized attack related to constituent particles in the AA2198-T851.
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evolution on the surface of the alloy. Figure 8b shows the 
alloy surface after the SECM test. It is possible to note that 
points 1 and 2 identified in the SECM maps were related to 
SLC (Figure 8a). From Figure 8c and d, it can be seen those 
corrosion products accumulated on the SLC site, but after 
their removal by desmutting (Figure 8e and f) the depth of 
attack was revealed. This observation supported the proposal 
that corrosion products accumulated on the anodic sites led 
to decreased current values measured during the test. Thus, 
the accumulation of corrosion products play an important 
role in the local electrochemical measurements and also 
observed in a recent work12.

Based on the microstructural features and the corrosion 
process, a corrosion mechanism was proposed for the 
formation of  H2 related to SLC sites in the AA2198-T851 and 
its detection by SECM, Figure 9.

Figure 9a shows the typical microstructure of the 2198-T851. 
Since plastic deformation is not uniform, some grains will 

be more stressed than others. Assuming that grain A was 
more deformed than B and C, it presents a higher density of 
the T1 phase than the others. When this surface is exposed 
to corrosive environments, grain A will be preferentially 
corroded. During the corrosion process, the T1 phase, 
initially anodic to the matrix, becomes cathodic due to the 
selective dissolution of Al and Li that results in a Cu-rich 
remnant, causing an inversion of polarity74. Subsequently, 
the matrix is corroded and Al+3 is generated inside the pit, 
at the corrosion front Figure 9b. The penetration of SLC 
increases with time7,60,69, and differential aeration between 
the outer surface and the interior of the pit is favored. This 
further promotes hydrolysis by Al+3 ions and H+ ions are 
produced inside the pits decreasing local pH. This leads to 
H2 gas generation (Figures 7a and b). The SECM tip detects 
the H2 gas generated, as shown the Figure 9c. O2 reduction 
occurs outside the SLC producing OH- and it combines with 
Al+3 ions resulting in the precipitation of corrosion product 

Figure 7. SECM hydrogen evolution (HE) maps for the AA2198-T851 immersed in 0.01 mol L-1 NaCl solution.

Figure 8. (a) SECM map of the surface of the AA2198-T851 after 4h of immersion in 0.01 mol L-1 NaCl solution; (b) Optical micrograph 
of the alloy surface after test; (c)-(f) SEM micrographs of sites 1 and 2 associated with SLC (c) and (e) prior to desmutting and (d) and 
(f) after desmutting.



Araujo et al.8 Materials Research

Al(OH)3 at the areas surrounding and at the pit/SLC “mouth” 
and the accumulation of corrosion products result in a decrease 
of corrosion currents being measured since H2 is trapped 
inside the pits/SLC (Figures  9d  and  e). Figure  9f shows 
the difference of the probe signal due to the formation of 
corrosion products, Figures 9c and d. Araujo et al.12 studied 
SLC evolution on the AA2198-T851 using scanning vibrating 
electrode technique (SVET). The authors verified that 
accumulation of corrosion products on SLC pits decreased 
the anodic current density values recorded over the pits, 
but the eventual detachment of these products resulted in 
increased current densities.

4. Conclusions
The AA2198-T851 studied presented high activity in 

low chloride concentrated media, showing susceptibility 
to corrosion. Immersion and gel visualization tests showed 
that the kinetics of the attack is fast since the first hours of 
immersion. SECM in the SG/TC mode detected pronounced 
hydrogen evolution sites on the AA2198-T851 surface 
after 2h of immersion. SLC was associated with the hydrogen 
evolution on the surface of the alloy monitored by SECM. This 
technique proved to be useful to detect reactive sites during 
spontaneous corrosion of the AA2198-T851.
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