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Abstract: As a promising material in the aircraft industry, 2A97 Al−Cu−Li alloy exhibits high corrosion susceptibility 
that may limit its application. In the present work, to illustrate the influences of precipitate and grain-stored energy on 
localized corrosion evolution in 2A97 Al−Cu−Li alloy, cold working and artificial aging were carried out to produce 
2A97 Al−Cu−Li alloys under different thermomechanical conditions. Quasi-in-situ analysis, traditional immersion test 
and electrochemical measurement were then conducted to examine the corrosion behavior of 2A97 alloys. It is revealed 
that precipitate significantly affects Cu enrichment at corrosion fronts, which determines corrosion susceptibility of 
alloys, whereas grain-stored energy distribution is closely associated with localized corrosion propagation. It is also 
indicated that quasi-in-situ analysis exhibits a consistent corrosion evolution with traditional immersion tests, which is 
regarded as a proper method to explore localized corrosion mechanisms by providing local microstructural information 
with enhanced time and spatial resolutions. 
Key words: Al−Cu−Li alloy; corrosion behavior; quasi-in situ analysis; grain-stored energy; thermomechanical 
treatment 
                                                                                                             

 
 
1 Introduction 
 

Lithium (Li) is considered as a promising 
alloying element in aluminium (Al) to meet the 
demanding requirements in the aircraft industry [1]. 
The incorporation of Li into Al could bring the 
alloy several improvements, including a reduction 
in density, an increase in the elastic modulus    
and an enhancement in fatigue crack growth 
resistance [1−5]. The above-mentioned advantages 
encourage the development of Al−Cu−Li alloys, 
which have been widely used as structural 
components like fuselage wing stringers and floor 
beams in modern commercial aircraft [6−8]. 

However, the addition of Li dramatically 

reduces the corrosion resistance of Al alloys, which 
can lead to their premature failure and thus 
compromise the safe operation of Al−Cu−Li-based 
components in aircraft [9]. Since Li possesses an 
electrode potential of about −3.04 V (vs SHE), 
those Li-containing phases generally display higher 
electrochemical activities relative to Al, which  
thus promotes the galvanic interaction with the 
surrounding Al matrix and finally results in 
localized corrosion development in Al−Cu−Li alloy. 
Particularly, T1(Al2CuLi) phase, as one of the main 
strengthening precipitates in the new generation 
Al−Cu−Li alloy, exerts a crucial impact on its 
corrosion behavior [10−13]. Initially, due to its  
high Li content, T1 phase displays a more anodic   
nature relative to Al matrix. Subsequently, selective  
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dissolution of Li and possibly Al from T1 phase 
results in the formation of a Cu-rich remnant and 
simultaneously leads to the local alkalization, which 
may promote trenching in its periphery by 
de-stabilizing the passive film. Afterwards, the 
Cu-rich remnant could act as an effective cathode to 
promote the anodic dissolution of the peripheral 
matrix [14−16]. Hence, the correlation between T1 
phase and corrosion morphology is expected, 
especially in an artificially-aged Al−Cu−Li alloy 
with a high volume fraction of T1 phase [17]. 

Previous work [18] on a naturally-aged 
Al−Cu−Li alloy revealed that intergranular 
corrosion (IGC) tends to occur at grain boundaries 
free of precipitates with the peripheral boundaries 
decorated by T1 phase precipitates remaining  
intact. This indicates that, in addition to chemical 
factors, structural factors (like grain boundary 
misorientation and grain-stored energy) may also 
influence IGC development in Al−Cu−Li alloys. 

Based on grain boundary misorientation, grain 
boundaries could be divided into two distinctive 
types, including high-angle grain boundaries 
(HAGBs, with misorientation higher than 15°)  
and low-angle grain boundaries (LAGBs, with 
misorientation higher than 1.5° but lower than 15°), 
which are believed to affect IGC development    
in several aluminum alloys [11,19−23]. Generally, 
due to the high interfacial energy of HAGBs, 
precipitation preferentially occurs [24], accounting 
for their higher IGC susceptibility relative to 
LAGBs [22,25,26], However, in Al−Cu−Li alloys, a 
different scenario has been reported previously. The 
work of LIU et al [21] reveals that the precipitation 
of Sʹ (Al2CuMg) phase tends to occur at LAGBs 
whereas T1 phase is mainly present at HAGBs, thus 
resulting in their different IGC susceptibility. 
Similarly, in our previous work, it was noticed that 
precipitates at LAGBs were finer and more closely 
packed compared to those at HAGBs, which may 
lead to the higher IGC susceptibility of LAGBs 
than HAGBs [24]. 

In addition to grain boundary misorientation, 
previous work on 2A97-T3 alloy indicated that 
attacked grain boundaries (AGBs) tend to locate 
surrounding grains of higher stored energies and 
vice versa, indicating the crucial role of stored 
energy during localized corrosion evolution in 
Al−Cu−Li alloys [19]. The influence of stored 
energy on localized corrosion development has 

been repeatedly reported in Al−Cu−Li and other 
aluminium alloys, which could be correlated with 
both intergranular and intragranular corrosion 
[18,24,27,28]. This suggests that grain structure, 
especially grain stored energy, exerts a profound 
influence on the corrosion behavior of Al−Cu−Li 
alloys. 

Since most Al−Cu−Li alloys are supplied in T8 
conditions involving both cold working and 
artificial aging, their corrosion behaviors are 
influenced by both structural factors and chemical 
conditions [24,29,30]. However, their individual 
role during the localized corrosion development 
remains indecisive. Herein, both cold working and 
artificial aging were carried out to a representative 
3rd generation 2A97 Al−Cu−Li alloy to produce the 
alloys in T3 (cold-worked), T4 (solution heat 
treated), T6 (artificially-aged) and T8 (cold-worked 
and artificially-aged) conditions. By comparing 
their electrochemical responses and corrosion 
evolutions via quasi-in-situ examination, the effects 
of local plastic deformation characterized by 
grain-stored energy and local precipitation on 
localized corrosion were discussed to advance the 
understanding of the localized corrosion mechanism 
of Al−Cu−Li alloys. 
 
2 Experimental 
 

For producing alloys under different thermo- 
mechanical conditions, 2A97 Al−Cu−Li alloy  
(3.48% Cu, 1.35% Li, 0.02% Si, 0.29% Mg, 0.28% 
Mn, 0.18% Fe and balance Al, in mass fraction) in 
form of plates with the thickness of ~3 mm was 
initially subjected to solution heat treatment (SHT) 
at 540 °C for 5 h. To achieve T3 condition, the cold 
working (~3%) and the subsequent natural aging 
process were applied. T4 condition was achieved 
with the application of the natural aging process 
directly after SHT. By contrast, the alloy in T6 
condition went through artificial aging at 185 °C for 
5 h followed by SHT and that in T8 condition 
required extra cold working (~3%) before artificial 
aging after SHT. 

Specimens obtained from those plates were 
firstly subjected to mechanical polishing to 1 µm 
diamond paste, which were then rinsed by ethanol 
and deionized water, respectively. For micro- 
structural characterization, electropolishing in the 
mixture of 30 vol.% perchloric acid and 70 vol.% 
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ethanol at the temperature of ~10 °C was carried 
out on mechanically polished alloy surfaces     
for the subsequent scanning electron microscopy 
(SEM) examination. To assess their mechanical 
performances, a microhardness tester with a load  
of 500 g was employed to measure the micro- 
hardness. 

For the corrosion behavior, electrochemical 
measurement, immersion test and quasi-in-situ 
analysis were all carried out on 2A97 alloys of 
different thermomechanical treatments. For electro- 
chemical measurements, a de-aerated 3.5 wt.% 
NaCl solution was used as the testing solution, 
which was achieved by inputting high-purity 
nitrogen at the ambient temperature. Open circuit 
potential (OCP) was recorded during the immersion 
by a traditional three-electrode configuration [31]. 
Anodic polarization was then conducted at a 
scanning speed of 0.5 mV/s after 30 min immersion 
to achieve a stable OCP. In addition to traditional 
electrochemical measurements, scanning Kelvin 
probe force microscopy (SKPFM) was also utilized 
to measure Volta potentials of those alloys in 
different thermomechanical conditions. Each 
experiment was repeated at least three times to 
ensure the accuracy. 

The immersion test was conducted in a  
3.5 wt.% NaCl solution for 5 h. Afterwards, the 
specimens were immediately removed from the 
solution, rinsed by deionized water and finally dried 
in a cool air stream. Gentle polishing with 1 µm 
diamond paste was applied to remove the corrosion 
product on the alloy surface, which was then 
cleaned by a glow discharge optical emission 
spectrometry (GDOS) to prepare a proper surface 
condition for the measurements using SEM and 
electron backscatter diffraction (EBSD). 

For quasi-in-situ analysis, electron-transparent 
foils of 2A97 alloys were employed, which were 
prepared by twin-jet electropolishing using a 
mixture of 700 mL methanol and 300 mL nitric acid 
at the temperature of about −30 °C. To avoid 
potential contaminations like Cu deposition, the 
solution was refreshed after the electropolishing  
to ensure its low concentration of Cu ions. SEM 
observation was conducted before and after 
immersing the foils in a dilute NaCl solution 
(0.01 mol/L) for certain periods to determine the 
corrosion morphological evolution. Afterwards, 
microstructural features of representative localized 

corrosion fronts were examined by transmission 
electron microscopy (TEM) and transmission 
Kikuchi diffraction (TKD) analysis. 
 
3 Results 
 
3.1 Microstructure 

Figure 1 exhibits representative SEM micro- 
structures of electropolished specimens. The 
distribution of precipitates in alloys in different 
thermomechanical conditions can be clearly 
illustrated. A typical area on the surface of 2A97-T3 
alloy is shown in Fig. 1(a), which displays   
several submicron-sized bright features, namely 
precipitates, at the grain boundary rather than 
within the grain interior [19], indicating that 
precipitation in T3 alloy tends to occur at grain 
boundary rather than within the matrix. Similarly, in 
T4 alloy (Fig. 1(b)), precipitates are almost absent 
within the grain interior with only a few fine 
precipitates detected at the grain boundary [18]. 

In contrast to T3 and T4 alloys, T6 and T8 
alloys exhibit much higher population densities of 
precipitates due to the application of artificial aging. 
Figure 1(c) exhibits a typical grain boundary on the 
surface of T6 alloy with a magnified view inset, 
which reveals the presence of needle-shaped 
precipitates within the grain interior and along the 
grain boundary network. These needle-shaped 
precipitates are T1 phase and θʹ phase (Al2Cu) on 
habit planes of {111}Al and {001}Al as documented 
previously [24,32]. The distribution of precipitates 
in T8 alloy (Fig. 1(d)) remains similar to that     
of T6 alloy, which exhibits a high population 
density of needle-shaped precipitates within grain 
interior (inset in Fig. 1(d)) as well as at grain 
boundaries [24]. TEM characterization of 2A97 
alloys in different thermomechanical conditions has 
been systematically carried out with representative 
results reported previously [16,19,24,28,32],   
thus providing more detailed microstructural 
information on these alloys. 

Following the microstructural characterization, 
microhardness measurements were carried out on 
2A97 alloys at different annealing temperatures to 
compare their mechanical strength (Fig. 2). The T4 
alloy has the lowest microhardness of ~HV 112. 
The additional cold working before natural    
aging dramatically increases the microhardness  
of T3 alloy to ~HV 140. Artificial aging results in a  
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Fig. 1 SEM images of 2A97 alloys in different thermomechanical conditions, revealing distribution of precipitates:   
(a) T3 alloy; (b) T4 alloy; (c) T6 alloy; (d) T8 alloy 
 

 
Fig. 2 Microhardness of 2A97 alloys in different thermo- 
mechanical conditions 
 
higher microhardness value of HV ~155 for T6 
alloy. The extra cold working before artificial aging 
further promotes the increase in microhardness to 
HV ~169 for T8 alloy. Hence, the microhardness 
follows a decreasing sequence: T8>T6>T3>T4. 
Interestingly, the difference in microhardness 
between T6 and T8 alloys is less significant than 
that between T4 and T3 alloys, indicating that cold 

working and artificial aging unequally affect the 
mechanical performances of Al−Cu−Li alloys. 
 
3.2 Electrochemical properties 

Electrochemical measurements were carried 
out on 2A97 Al−Cu−Li alloys in various thermo- 
mechanical conditions (Figs. 3 and 4). Figure 3 
shows the variations of the Volta potentials across 
the alloys. The T8 alloy shows the highest Volta 
potential of ~143 mV and the T4 alloy shows the 
lowest value of ~80 mV, while those for the T3 
(~97 mV) and T6 (~112 mV) alloys are in-between. 
As the variation of the Volta potential reflects the 
micro-galvanic coupling across the alloy, it could  
be considered as an indicator of its corrosion 
susceptibility, suggesting that the corrosion 
susceptibility follows the decreasing sequence: 
T8>T6>T3>T4. 

Figure 4(a) shows the evolution of the open 
circuit potentials (OCPs) over the immersion 
periods for all examined alloys. The potential−time 
curves follow a similar tendency, which initially 
moves towards a negative position, then gradually 
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Fig. 3 SKPFM analysis results of alloys in different thermomechanical conditions: (a) T3 alloy; (b) T4 alloy; (c) T6 
alloy; (d) T8 alloy (The values inset indicate the variations of Volta potentials, namely the differences between the 
maximum values and the minimum values of the examined areas) 
 

 
Fig. 4 Electrochemical measurement results of 2A97 alloys in different thermomechanical conditions: (a) Open circuit 
potential; (b) Potentiodynamic polarization curves 
 
increases, and finally reaches a stable value. 
Considering the similar distribution and chemical 
compositions of intermetallic particles in 2A97 
alloys of all thermomechanical treatments, the  
OCP is regarded as an indicator of the corrosion 

susceptibility of the examined alloy [22]. The OCP 
value is obtained by averaging all the data collected 
during the last 10 min, which follows a decreasing 
sequence: T4>T3>T6>T8 (listed in Table 1),   
thus indicating a reversed sequence of corrosion 
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Table 1 Open circuit potentials of 2A97 alloys 

Sample T3 T4 T6 T8 

OCP (vs SCE)/V −0.96±0.02 −0.93±0.01 −1.01±0.01 −1.10±0.01 
 
susceptibility: T8>T6>T3>T4. 

Potentiodynamic polarization curves of 2A97 
alloys are shown in Fig. 4(b), again displaying 
similar shapes. After an almost linear increase in 
current density, a relatively stable current density 
corresponding to the passive stage is observed. 
When the external voltage increases to the pitting 
potential, a sudden increase in current density 
occurs, corresponding to the de-passivation. The 
alloy is then subjected to extensive anodic 
dissolution promoted by the external voltage. The 
current densities of alloys are comparable at     
the same over-potentials whereas the corrosion 
potentials of alloys are dramatically different, 
which thus indicates a decreasing sequence of 
corrosion susceptibility based on corrosion 
potentials: T8>T6>T3>T4. Therefore, both OCP 
and PDP results (Fig. 4) indicate that the corrosion 
susceptibility of 2A97 alloys follows the sequence: 
T8>T6>T3>T4, which is consistent with that of the 
Volta potential variation (Fig. 3). 
 
3.3 Traditional immersion test results 

Following the electrochemical measurements, 
the immersion test in a 3.5 wt.% NaCl solution was 
conducted. Typical localized corrosion sites after 
5 h immersion were examined by SEM and EBSD 
to correlate the grain-stored energy with the 
corrosion propagation path. A typical localized 
corrosion site in T3 alloy is shown in Fig. 5(a1) with 
the framed area magnified in Fig. 5(a2). Narrow and 
dark bands, supposed to be AGBs, are observed, 
indicating the occurrence of IGC in T3 alloy. 
Interestingly, the widths of the AGBs are uneven, 
which indicates that IGC may propagate into the 
grain interior as reported previously [19,27]. 
Furthermore, the area of Fig. 5(a1) is examined by 
EBSD analysis with the reconstructed maps shown 
in Figs. 5(a3) and (a4). Figure 5(a3) displays the 
grain orientation distribution in Euler’s color, 
confirming that the narrow and dark bands are 
AGBs. The corresponding distribution of grain- 
stored energy in greyscale is shown in Fig. 5(a4).  
By comparing Figs. 5(a1) and (a4), it is revealed  
that localized corrosion tends to occur in the 

non-recrystallized region of high stored energy  
and vice versa, successfully correlating IGC 
susceptibility with stored energy distribution. 

Similarly, in T4 alloy, the SEM micrograph of 
a typical localized corrosion site is shown in 
Fig. 5(b1) with the framed area magnified in 
Fig. 5(b2). Similar to T3 alloy, narrow and dark 
bands are present in T4 alloy (Fig. 5(b2)), which are 
confirmed to be AGBs by comparing with the 
orientation distribution map in Euler’s color 
(Fig. 5(b3)). The distribution of the stored energy in 
greyscale is shown in Fig. 5(b4). To correlate the 
stored energy distribution with the IGC propagation 
path, Figs. 5(b1) and (b4) are compared, indicating 
the preferential dissolution of grain boundaries 
surrounding grain with higher stored energy relative 
to those around grain with lower stored energy. In 
other words, when a grain exhibits a higher stored 
energy, the grain boundary in its periphery 
possesses a higher IGC susceptibility and vice versa, 
correlating IGC susceptibility with stored energy 
distribution. 

A typical localized corrosion site in T6 alloy is 
marked by a white arrow in Fig. 5(c1) with its 
detailed corrosion morphology shown in Fig. 5(c2), 
which clearly shows corroded bands at the      
site [28,32]. Figure 5(c3) displays the grain 
orientation distribution of the region in Euler’s 
color with the frame corresponding to Fig. 5(c1), 
indicating that the localized corrosion of T6 alloy 
(marked by a white arrow in Fig. 5(c3)) is confined 
to grain interior. The corresponding stored energy 
map is then determined and displayed as a 
greyscale map in Fig. 5(c4) with the localized 
corrosion site marked by a white arrow. By 
comparing Figs. 5(c1) and (c4), localized corrosion 
tends to dissolve the interior of the grain with a 
higher level of stored energy, leaving that of a lower 
level of stored energy unattached. Therefore, in the 
T6 alloy, selective dissolution of grain interior 
preferentially occurs in grains with higher stored 
energy, correlating stored energy distribution with 
the corrosion susceptibility of individual grains in 
T6 alloy. 

A representative localized corrosion site in T8 

(a-4) 
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Fig. 5 EBSD analysis results of localized corrosion to correlate corrosion morphology with grain-stored        
energy: (a1−a4) T3 alloy; (b1−b4) T4 alloy; (c1−c4) T6 alloy; (d1−d4) T8 alloy; (a1−d1) Typical localized corrosion site; 
(a2−d2) Magnified images of framed areas in (a1−d1), respectively; (a3−d3) Grain orientation distribution in Euler’s color; 
(a4−d4) Grain-stored energy distribution in greyscale 
 
alloy is shown in Fig. 5(d1) with a typical corrosion 
front area shown in Fig. 5(d2), revealing the 
selective attack of both grain boundary and grain 
interior during the immersion test. The 
corresponding distributions of grain orientation in 
Euler’s color and grain-stored energy in greyscale 
are shown in Figs. 5(d3) and (d4), respectively. 
Comparing Fig. 5(d1) with Figs. 5(d3) and (d4), it is 
revealed that localized corrosion tends to develop 
across individual grains in non-recrystallized 
regions with higher stored energies rather than 
recrystallized regions of relatively low stored 
energies. Hence, for T8 alloy, localized corrosion 
tends to occur in the area of relatively high stored 
energy. 

3.4 Quasi-in-situ analysis results 
Unlike the traditional immersion test using 

bulk specimens and a standard 3.5 wt.% NaCl 
solution, electron-transparent foils prepared by 
twin-jet electropolishing were applied during the 
quasi-in-situ analysis. Considering the low 
thickness of the electron transparent foil, a diluted 
NaCl solution (0.01 mol/L) was used as the testing 
solution [24]. Before the immersion, the 
morphology of the as-received foil was recorded by 
SEM and after the immersion, and the same 
location was re-examined by SEM. Afterwards, the 
localized corrosion sites were then subjected to 
TEM and TKD analysis if necessary (Figs. 6−9). 

Figures 6(a1−a3) exhibit the general view of a 
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Fig. 6 Quasi-in-situ analysis results of T3 alloy: (a1−a3) SEM images of foil before and after immersion in 0.01 mol/L 
NaCl solution for 30 and 60 s with insects of magnified framed area inset; (b) TEM image of typical localized corrosion 
after 60 s immersion; (c) TKD image of framed Area 1 in (b); (d) TEM image of framed Area 2 in (b); (e) HAADF 
image of (d) along with Cu EDX map inset 
 

 
Fig. 7 Quasi-in-situ analysis results of T4 alloy: (a1−a3) SEM images of foil before and after immersion in 0.01 mol/L 
NaCl solution for 30 and 60 s with magnified framed area insets; (b) TEM image of typical localized corrosion area; 
(c1, c2) Typical EDX spectra from Points 1 and 2 in (b) with insets of quantified elemental results, respectively 
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Fig. 8 Quasi-in-situ analysis results of T6 alloy: (a1−a3) SEM images of foil before and after immersion in 0.01 mol/L 
NaCl solution for 30 and 60 s with insets of magnified framed areas; (b) SEM image of typical localized corrosion site 
after 60 s immersion; (c) Corresponding Kikuchi pattern from marked point in (b); (d) Bright field TEM image of 
typical localized corrosion site; (e) Cu and O EDX maps of (d) 
 
T3 alloy foil before and after immersion in a diluted 
NaCl solution for 30 and 60 s. The framed areas in 
Figs. 6(a2) and (a3) are magnified, which displays 
the formation of a dark band during the 
quasi-in-situ analysis. The dark band is then 
examined by TEM (Fig. 6(b)) with framed Area 1 
subjected to TKD analysis (Fig. 6(c)). In contrast to 
the relatively low spatial resolution of EBSD 
(Fig. 5), TKD analysis confirms that the dark band 
is an AGB. The non-uniform attack of neighboring 
grains next to the AGB is also evident with Grain A 

being preferentially dissolved, which is expected to 
possess a higher level of stored energy relative to 
Grain B (Fig. 6(b)). The framed Area 2 of Fig. 6(b) 
is shown in Fig. 6(d), displaying an attacked 
particle. A magnified high-angle annular dark  
field (HAADF) micrograph of the particle is shown 
in Fig. 6(e), which displays a spongy morphology 
typical for de-alloying. Furthermore, several nano- 
sized bright features (marked by red arrows in 
Fig. 6(e)) could also be detected. EDX mapping 
analysis is then conducted on the area shown in  
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Fig. 9 Quasi-in-situ analysis results of T8 alloy: (a1−a3) SEM images of foil before and after immersion in 0.01 mol/L 
NaCl solution for 30 and 60 s with magnified framed areas inset; (b) High-resolution SEM image of corrosion site after 
30 s immersion; (c, d) Grain orientation distribution and grain-stored energy distribution of framed area in (b), 
respectively; (e) TEM image of marked area in (a2); (f, g) TEM image of framed area in (e) and its Cu EDX map, 
respectively 
 
Fig. 6(e) with the EDX map inset of Cu. All   
nano-sized bright features are rich in Cu, indicating 
the formation of Cu-rich nano-sized particles, 
presumably the mixture of metallic Cu and Cu 
oxides [12,13,33]. 

Figure 7 exhibits the corrosion morphological 
evolution of T4 alloy during the quasi-in-situ 
analysis. Interestingly, after immersion for 30 s, no 
distinctive corrosion features could be noticed. 
Only when the immersion period was extended to 
60 s, morphological modification induced by 
corrosion could be noticed (Figs. 7(a1−a3)). The 
attacked area was then subjected to TEM 
examination (Fig. 7(b)), revealing the presence of 
several nano-sized particles (marked by red arrows) 
at the corrosion front. EDX point analysis was then 
conducted on the nano-sized particles with the 

surrounding matrix as a comparison. Typical EDX 
spectra from Points 1 and 2 in Fig. 7(b) are shown 
in Figs. 7(c1, c2) with the quantified results inset. A 
much higher Cu/Al molar ratio is revealed in these 
nano-sized particles (Point 2) compared to the alloy 
matrix (Point 1), indicating their Cu-rich nature. 
Hence, Cu enrichment is observed at the corrosion 
front as nano-sized particles in T4 alloy. 

The quasi-in-situ analysis was then carried out 
on T6 alloy (Fig. 8). Figures 8(a1−a3) exhibit SEM 
micrographs of the foil before and after immersion 
for 30 and 60 s with the magnified framed area 
inset. Selective dissolution of grain interior tends to 
occur in the alloy and the attacked area extends 
with the prolongation of immersion period. 
Figure 8(b) shows a typical corrosion front in T6 
alloy, which exhibits well-defined step-like pit 
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walls. The Kikuchi pattern is then obtained from the 
marked location in Fig. 8(b) using TKD (Fig. 8(c)), 
revealing that the pit wall tends to be on {001}Al 
plane, which thus indicates crystallographic 
dissolution of the alloy matrix [31]. Figure 8(d) 
displays a bright field TEM image of a typical 
localized corrosion site, which is then subjected to 
EDX mapping analysis. The corresponding EDX 
maps of O and Cu are shown in Figs. 8(e, f), 
revealing that Cu enrichment exists accompanied 
by O-rich corrosion product, which may be ascribed 
to the embedding of Cu-rich particles within 
corrosion product [33−35]. 

Finally, the localized corrosion evolution of T8 
alloy was examined by quasi-in-situ analysis 
(Fig. 9). Comparing SEM images of the foil before 
and after 30 s immersion (Figs. 9(a1) and (a2)), a 
micro-sized pit is observed next to a dark and 
narrow band, which is then examined by the 
combination of high-resolution SEM and TKD 
(Figs. 9(b, d)). The step-like walls surrounding the 
pit are clearly revealed (Fig. 9(b)), indicating the 
occurrence of crystallographic dissolution. The 
orientation distribution in Euler’s color confirms 
that the dark and narrow band (Fig. 9(b)) is an AGB 
(Fig. 9(c)). As shown in the stored energy map 
based on TKD analysis (Fig. 9(d)), it is indicated 
that selective dissolution of grain interior tends to 
initiate at AGB and then propagates into grain 
interior of higher stored energy. It is worth 
mentioning that the IGC development in the 
electron transparent foil of T8 alloy seems to be 
inhibited, which is mainly ascribed to the boundary 
attack during the twin-jet electropolishing (Fig. 9(a1)). 
Hence, a reduced number of grain boundaries are 
available for the immersion in a dilute NaCl 
solution, resulting in the preferential dissolution of 
the grain interior next to the existing AGBs during 
the quasi-in-situ analysis. Furthermore, the 
micro-sized pit is examined by TEM, again 
displaying the step-like crevice walls (Fig. 9(e)) 
with the framed area magnified in Fig. 9(f). As 
shown in Fig. 9(f), nano-sized spherical particles, 
which appears as bright features (marked by red 
arrows), are present on the crevice walls. EDX 
mapping is then conducted on the area in Fig. 9(f), 
which confirms that those nano-sized particles are 
Cu-enriched (Fig. 9(g)). Afterwards, the foil is 
further immersed in the diluted NaCl for another 
30 s with the general view shown in Fig. 9(a3). 

After the immersion for 60 s, localized corrosion 
extends rapidly in the alloy, thus resulting in 
extensive dissolution of the foil with obvious 
crystallographic features. 
 
4 Discussion 
 
4.1 Comparison between traditional immersion 

test and quasi-in-situ test 
Compared with the immersion test results 

(Fig. 5) [19,24,32,36,37], the quasi-in-situ analysis 
results generally exhibit comparable corrosion 
morphological evolution (Figs. 6−9) with only 
2A97-T4 alloy showing a slight inconsistency 
(Fig. 7). For 2A97-T4 alloy, localized corrosion 
initially develops as IGC and then propagates to the 
grain interior with higher stored energy during the 
immersion test [18] even T4 alloy shows mainly 
general corrosion with only a few localized 
corrosion sites detected. By contrast, during the 
quasi-in-situ analysis, only uniform corrosion is 
observed (Fig. 7). Hence, the difference in 
corrosion morphological evolution in T4 alloy may 
be related to the examined volumes. 

The specimens of quasi-in-situ analysis could 
be easily examined by TEM and TKD for a more 
detailed microstructural characterization (Figs. 6−9) 
to broaden the understanding of the corrosion 
process, thus showing obvious advantages over the 
traditional immersion test (Fig. 5). Considering the 
comparable corrosion evolution between quasi-in- 
situ test and traditional immersion test as well     
as the convenience for detailed microstructural 
characterization, it is thus indicated that quasi- 
in-situ analysis could be a powerful tool to study 
the localized corrosion mechanism in aluminium 
alloys. 
 
4.2 Influence of precipitates on localized 

corrosion behavior 
The examination of the corrosion fronts 

produced during the quasi-in-situ test shows that Cu 
enrichment, mainly in the form of nano-sized 
particles, is present in all examined corrosion fronts 
(Figs. 6−9). When exposed to the aggressive 
external electrolyte, selective dissolution of Li  
from Li- and Cu-containing precipitates leads to the 
formation of Cu-rich remnants, which may also 
promote the formation of nano-sized Cu-rich 
particles in the periphery via the re-distribution and 
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re-deposition of Cu species [12,13,33,35]. 
Generally, the corrosion of aluminium is considered 
to be catholically limited [15,16,38,39]. Hence, 
nano-sized Cu-rich particles with a more positive 
electrode potential and a higher cathodic current 
density relative to the alloy matrix [10,11,14,40] 
could act as effective cathodes to promote the 
anodic dissolution of Al, which dramatically affects 
the localized corrosion susceptibility. As mentioned 
above, since the evolution of Cu enrichment is 
associated with precipitates in the alloy, its 
corrosion susceptibility is sensitive to the thermo- 
mechanical treatment that determines the 
distribution and population density of the 
precipitates (Fig. 1). As a result, the corrosion 
sensitivity of Al−Cu−Li alloys in different thermo- 
mechanical conditions is closely associated with 
precipitation. 
 
4.3 Influence of stored energy on localized 

corrosion behavior 
For stored energy, it is reported that after 

different levels of deformation, pure Al exhibits 
limited changes in electrochemical responses [41] 
whereas the electrochemical modification related  
to precipitation and Cu enrichment could be   
much more significant (ranging from 80 to  
400 mV [42]). Moreover, it is also revealed that the 
influence of plastic deformation on corrosion 
susceptibility is much more pronounced in 
precipitation-hardening Al alloy [18,19,23,27] 
relative to that in pure Al, which is almost 
negligible [43−45]. It is thus indicated that stored 
energy may not directly affect the electrochemical 
response, which fails to affect corrosion sensitivity 
individually, especially for the alloy with only a low 
level of plastic deformation. Hence, it is reasonable 
to deduce that stored energy mainly affects 
corrosion behavior in precipitation-hardening Al 
alloy by indirectly affecting precipitation, since a 
high stored energy reflects a high dislocation 
density that promotes precipitation and vice   
versa [24]. Therefore, precipitation may play a 
more critical role in the corrosion susceptibility of 
the Al−Cu−Li alloy relative to the stored energy. 

Instead, it is believed that grain-stored energy 
plays a more crucial role during localized corrosion 
propagation (Fig. 5) [18,19,23]. Obviously, the 
distribution of precipitates is inconsistent with the 
corrosion morphology of 2A97 alloys (Figs. 1 and 

5−9). For example, even with a high population 
density of precipitates at grain boundaries in 
2A97-T6 alloy (Fig. 1), grain boundaries remain 
almost intact during both immersion test and 
quasi-in-situ test with only selective dissolution 
occurring at grain interiors (Figs. 5 and 8). By 
contrast, it is clear that localized corrosion tends to 
occur in the regions with higher levels of stored 
energies with those of lower stored energies 
remaining intact [28] (Fig. 5). Unlike corrosion 
sensitivity, localized corrosion propagation is 
mainly associated with the local variations of 
micro-electrochemical properties across the alloy 
(Fig. 3). As reported previously [24,30,36], grain- 
stored energy mainly reflects local deformation and 
also affects the subsequent precipitation. The 
above-mentioned two factors synergistically 
determine the micro-electrochemical property, 
which consequently affects the propagation path of 
localized corrosion. Hence, grain-stored energy 
mainly affects the localized corrosion propagation 
in 2A97 alloys. 
 
5 Conclusions 
 

(1) Precipitates significantly affect the 
corrosion susceptibility of Al−Cu−Li alloy whereas 
stored energy mainly affects the propagation of 
localized corrosion. 

(2) Cu enrichment was noticed at corrosion 
fronts as nano-sized particles, which may act as an 
effective cathode to stimulate the anodic dissolution 
of Al. Hence, the correlation between precipitation 
and corrosion sensitivity of Al−Cu−Li alloy is 
established since Cu enrichment at the corrosion 
front is dramatically affected by precipitates. 

(3) Localized corrosion tends to occur within 
the area of higher stored energy, whereas the area of 
lower stored energy remains intact. As a result, the 
corrosion propagation path is closely associated 
with the stored energy distribution. 

(4) Generally, quasi-in-situ analysis exhibits a 
consistent corrosion morphological evolution with 
traditional immersion test. Moreover, quasi-in-situ 
analysis could provide local microstructural 
information at corrosion fronts with both enhanced 
time and spatial resolutions compared to the 
traditional immersion test. Hence, it is believed  
that quasi-in-situ analysis is beneficial to the 
determination of localized corrosion mechanism. 
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准原位分析 2A97 Al−Cu−Li 合金在不同热机械条件下的腐蚀行为 
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华中科技大学 化学与化工学院 材料化学与服役失效湖北省重点实验室，武汉 430074 

 
摘  要：2A97 Al−Cu−Li 合金在航空工业领域具有十足的发展前景，但其表现出的高腐蚀敏感性限制其更广泛的

应用。本文作者采用冷加工和时效工艺，在不同热机械条件下制备 2A97 Al−Cu−Li 合金，以阐明析出相和晶格储

存能对其局部腐蚀演变的影响。结合准原位分析、传统浸泡试验和电化学测量，研究 2A97 合金的腐蚀行为。结

果表明：析出相显著影响腐蚀尖端的铜富集现象，从而显著影响铝合金的腐蚀敏感性；而晶格储存能的分布则与

局部腐蚀扩展密切相关。准原位分析不仅表现出与传统浸泡测试相当的腐蚀规律，还可提供具有更高时间和空间

分辨率的组织结构演化信息，因而被视作一种探索局部腐蚀微观机制的有效方法。 

关键词：Al−Cu−Li 合金；腐蚀行为；准原位分析；晶格储存能；热机械处理 
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