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Abstract: The thorough-thickness inhomogeneity of precipitate distribution and pitting corrosion behavior of 95 mm-thick 2297 
Al−Li alloy rolled plate was investigated using scanning electron microscopy, transmission electron microscopy and electrochemistry 
method. Precipitate distribution and pit size were statistically analyzed to obtain quantitative information and corresponding 
correlation. The population density and the size fraction of precipitate on different sections in the thick plate are ranked from high to 
low in the following order: quarter-section (QS) > surface section (SS) > mid-section (MS). After 300 min potentiostatic polarization, 
the number and the total volume of pits are ranked from high to low as QS>SS>MS, indicating a higher pitting susceptibility of the 
plate in QS with more precipitates. The through-thickness inhomogeneity of pitting corrosion in 2297 Al−Li alloy thick plate is 
mainly ascribed to inhomogeneous precipitate distribution. 
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1 Introduction 
 

The growing need for lightweight and high strength 
materials has triggered great interest of scientists on 
Al−Li alloys in modern aviation industry [1−4]. By 
addition of 1 wt.% Li, the density of the resultant    
alloy is lowered by 3% and the stiffness is increased by 
5%−6% [5−7]. These improvements provide an 
opportunity for mass saving and thereby lead to the 
reduction in CO2 emission. However, mechanical 
anisotropy and low toughness hamper the applications of 
the first- and the second-generation Al−Li alloys [8]. The 
anisotropies in microstructure and mechanical properties 
of aluminum alloys are closely related to the interactions 
among crystallographic texture, grain shape, cold 
deformation and aging precipitates [9−11]. The third 
generation Al−Li alloys, which have overcome the main 
drawbacks of previous generations Al−Li alloys, are 
currently being used in aircraft such as floor beams, 
fuselage and wing stringer. 

Like conventional aluminum alloys, Al−Li alloys 
are susceptible to localized corrosion, such as pitting, 
intergranular corrosion and exfoliation corrosion [12−15]. 

Pitting can act as precursor of other types of corrosion, 
such as intergranular corrosion and stress corrosion 
cracking. Since it is difficult to detect and predict, pitting 
is one of the most dangerous forms of localized corrosion 
in passive metals [14]. For aluminum alloys including 
Al−Li alloys, their corrosion behavior is influenced by 
microstructure factors such as precipitates, grain size and 
grain orientation [13,14,16−20]. For instance, ZHANG  
et al [13] revealed that in comparison with the grain 
boundaries decorated by TB phase (Al7Cu4Li), those 
decorated by T1 phase (Al2CuLi) were more susceptible 
to corrosion, due to the high Li content in T1 phase [13]. 
In our previous work, the pitting initiation rate and the 
pitting propagation rate of Al−Li alloy increased 
significantly with increasing population density and area 
fraction of AlCuMnFe phase [21]. 

Plastic strain introduced to aluminum alloys during 
deformation processes, such as rolling, forging and 
extrusion, has significant influence on the alloy 
microstructure [22−26]. For example, localized plastic 
deformation led to the formation of dense precipitate 
bands and precipitate-free bands during subsequent  
aging [1]. Furthermore, the surface layer of thin rolled 
sheet underwent the enhanced deformation, generating  
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a surface layer with different microstructures from the  
bulk [27−29]. During subsequent heat treatment, the 
enhanced deformation on the outmost surface of AA3005 
rolled sheet promoted the precipitation of aging 
precipitates, resulting in an increased number of fine 
precipitates in comparison with the bulk alloy [27,28]. 
Whereas, these microstructural changes were not 
observed for AA5754 alloy, due to its lower Mn and Fe 
contents. Thick rolled plate exhibits strain variation in a 
wider thickness range than thin rolled sheet does. FENG 
et al [24] investigated the microstructure of AA7050- 
T7451 thick plate, and pointed out that recrystallization 
degree differs across thickness direction, resulting in an 
evident corrosion inhomogeneity. KNIGHT et al [30] 
revealed that the composition of 7079 alloy thick plate 
differs between 1/6 to 1/2 thickness positions. However, 
the through-thickness inhomogeneity in the precipitate 
distribution of Al−Li alloy thick plate and corresponding 
corrosion behavior have barely been reported. 

The aim of this study is to investigate the through- 
thickness inhomogeneities of precipitate distribution and 
pitting corrosion behavior of Al−Li alloy thick plate. The 
size and the number of precipitates on different sections 
of the thick plate were statistically analyzed. The pitting 
characteristics were studied by electrochemical tests and 
three-dimensional (3D) measurements. 
 
2 Experimental 
 

The as-received 2297 Al−Li alloy rolled plate with a 
thickness of 95 mm in T87 condition was used in this 
work. The composition (in mass fraction) of the plate is: 
1.53% Li, 2.97% Cu, 0.29% Mn, 0.03% Mg, 0.11% Zr, 
0.028% Fe, 0.024% Si, 0.012% Ti and remainder of Al. 

Directions of the rolled plate are labeled as 
longitudinal direction (L), long transverse direction (T) 
and short transverse direction (S). The 8 mm-diameter 
cylinders were cut from surface-section (SS), quarter- 
section (QS) and mid-section (MS) of the thick plate, as 
shown in Fig. 1, and named as SS sample, QS sample 
and MS sample, respectively. To minimize corrosion, 
samples were manually ground on stationary SiC 
grinding paper of 5000 grit in ethyl alcohol. Abraded 
samples were then ultrasonically cleaned in ethyl 
alcohol. 

The microstructure of the thick plate was studied by 
scanning electron microscope (SEM; Apollo 300, 
Britain) and transmission electron microscope (TEM; 
JEOL 2100, Japan). Transparent foils for TEM 
observation were obtained via twin-jet electro-polishing 
at 20 V using nitric acid and methanol solution (volume 
ratio 3:7) at about −30 °C. Chemical compositions of 
constituent particles were assessed by energy dispersive 
X-ray spectroscope (EDS; INCA PentaFETx3, Britain). 

 

 
Fig. 1 Schematic diagram of sampling position 
 

The test solution used in electrochemical tests and 
pitting corrosion measurements was borate-buffered 
solution at pH 7.4, which contains 0.18 mol/L H3BO3, 
0.005 mol/L Na2B4O7 and 0.001 mol/L NaCl. The 
corrosion product was ultrasonically cleaned in a 
solution containing 50 vol.% H3PO4 + 20 g/L CrO3 and 
in deionized water. 

The electrochemical tests were carried out on a 
Parstat VMC−4 electrochemical workstation using a 
three-electrode configuration. A platinum sheet was used 
as the counter electrode, and a saturated calomel 
electrode (SCE) with Luggin capillary served as the 
reference electrode. All the potentials in this work 
referred to the SCE. The open circuit potential (OCP) of 
the thick plate was recorded for 30 min. Electrochemical 
impedance spectroscopy (EIS) tests were performed at 
the OCP in the frequency range from 100 kHz to 10 mHz 
using a 10 mV AC stimulus signal. In order to reach a 
steady state, the EIS tests were carried out after 3 h 
immersion. Potentiodynamic polarization measurements 
were commenced at −200 mV relative to the OCP and 
scanned upwards at a scan rate of 1 mV/s until the anodic 
current density reached 0.1 mA/cm2. 

To estimate the pitting corrosion behavior of 2297 
Al−Li alloy thick plate, samples were potentiostatically 
polarized at −150 mV (vs SCE) for 300 min. The 
working surface was analyzed under 3D video 
microscope (RH−2000, Japan). The number, volume and 
mouth area of pits on different sections in the thick plate 
were statistically analyzed. All tests and measurements 
were performed at least triplicate for data reproducibility. 
 
3 Results 
 
3.1 Microstructure of plate 

The SEM images of the alloy are illustrated in   
Fig. 2. The EDS results shown in Fig. 2(d) indicate that 
the precipitates are rich in Al, Cu, Mn and Fe. Hence, 
these precipitates are hence identified as AlCuMnFe 
phase. For each section, 30 low-magnification (500×) 
SEM images and 15 high-magnification (5000×) SEM 
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images were used to statistically analyze the size and the 
density of AlCuMnFe phase using ImageJ software. The 
size distribution histograms of AlCuMnFe phase in the 
thick plate are shown in Fig. 3, and corresponding 
statistical data are listed in Table 1. For AlCuMnFe phase, 
the population density and the area fraction are ranked 
from high to low in the following order: QS>SS>MS, 
exhibiting through- thickness inhomogeneity. 

The TEM images of the thick plate viewed in <110> 
zone axis are shown in Fig. 4, revealing the distribution 
of needle-like T1 precipitates with 10−295 nm in length. 
Due to the needle-like morphology, the length of T1 
phase was statistically analyzed using ImageJ software. 
To eliminate or decrease variation of the statistical 
analysis caused by TEM foil thickness, 15 TEM images 
were used to perform the statistical analysis for each 
section. The length distribution histograms of T1 phase 
on the three sections in the thick plate are presented in 
Fig. 5, and the corresponding statistical data are 
presented in Table 2. For the three sections, the 
population density of T1 phase is ranked from high to 

low in the following order: QS>SS>MS. Similar to the 
area fraction of AlCuMnFe phase, the size fraction of T1 
phase is defined by the length of T1 phase per unit area. 
The size fraction of T1 phase from high to low is in the 
following sequence: QS>SS>MS. 

The through-thickness variation in precipitate 
distribution is mainly attributed to the inhomogeneous 
strain and cooling rate [24,31,32]. The equivalent strain 
and cooling rate decrease from surface to center of thick 
rolled plate [31,32]. Dislocation caused by strain usually 
acts as nucleation site, promoting precipitation of aging 
precipitates. Hence, the population density of precipitate 
on MS is smaller than that on SS. On the other hand, 
cooling rate can also affect the precipitate distribution. 
The increase in cooling rate shortens isothermal duration, 
resulting in the reduction of precipitate propagation 
duration [32−34]. The amount of fine precipitates hence 
decreases with increasing cooling rate. Thus, SS of the 
thick plate contains higher ratio of small precipitates 
(AlCuMnFe phase <1.5 μm, T1 phase <60 nm) in 
comparison with QS and MS. 

 

 
Fig. 2 SEM images of 2297 Al−Li alloy thick plate at three positions: (a) SS; (b) QS; (c) MS; (d) EDS results 
 

 
Fig. 3 Size distribution histograms of AlCuMnFe phase in 2297 Al−Li alloy thick plate at three positions: (a) SS; (b) QS; (c) MS 
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Table 1 Statistical data of AlCuMnFe phase in 2297 Al−Li 
alloy thick plate 

Sample Population density/mm−2 Area fraction/% 

SS 1418.15 0.22 

QS 1678.17 0.38 

MS 883.63 0.15 
 
Table 2 Statistical data of T1 phase in 2297 Al−Li alloy thick 
plate 

Sample Population density/μm−2 Size fraction/μm−1 

SS 177.77 11.98 

QS 213.55 18.43 

MS 133.63 10.27 

 

  
Fig. 4 TEM images of 2297 Al−Li alloy thick plate at three 
positions: (a) SS; (b) QS; (c) MS 

 

 
Fig. 5 Distribution histograms of T1 phase in 2297 Al−Li alloy 
thick plate at three positions: (a) SS; (b) QS; (c) MS 
 
3.2 OCP tests 

The OCP curves of the thick plate are shown in  
Fig. 6. For the three sections of the thick plate, the OCP 
increases first, and then reaches a relative steady state. 
For the three sections, the OCP is ranked from high to 
low as MS>SS>QS. This signifies that SS sample is 
more active than MS sample, but less active than QS 
sample. 
 
3.3 EIS measurement 

Nyquist plots of 2297 Al−Li alloy thick plate are 
presented in Fig. 7. All the Nyquist plots exhibit similar 
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depressed features. The Nyquist plots are characterized 
by two capacitive arcs and one inductive arc. In metal 
corrosion, the inductive arc is often attributed to the 
weakening process of oxide film and corrosion [35−37]. 
Thus, the presence of inductive arc indicates that all the 
samples undergo corrosion during 3 h immersion. 
 

 
Fig. 6 OCP curves of 2297 Al−Li alloy thick plate at three 
positions 
 

 
Fig. 7 Nyquist plots of 2297 Al−Li alloy thick plate at three 
positions 
 

The equivalent electric circuit used to fit the EIS 
spectra is shown in Fig. 8, where Rs, Rf and Rct are the 
solution resistance, the resistance of passive film and the 
charge transfer resistance, respectively; Qf and Qdl are 
the constant phase elements associated with the origin 
surface capacitance and interfacial capacitance of the 
new interface originated from corrosion, respectively; RL 
and L are pseudo resistance and inductance, respectively. 
The fitted values of Rf, Rct and RL are shown in Fig. 9. It 
is noticeable that Rct is significantly larger than Rf and RL, 
suggesting that the charge transfer process is the slowest 
step, i.e. the controlling step. For the three sections of the 
thick plate, the order of active dissolution resistance of 
the thick plate ranked by Rct from high to low is 
MS>SS>QS. Thus, the EIS tests indicate that the 
corrosion resistance of the thick plate descends in the 
order: MS>SS>QS. 

 

 
Fig. 8 Equivalent electric circuit used to fit EIS tests data 
 

 

Fig. 9 Fitted values of Rf, Rct and RL 

 
3.4 Potentiodynamic polarization curves 

The potentiodynamic polarization curves of 2297 
Al−Li alloy thick plate at three positions are shown in 
Fig. 10. The current plateau in polarization curves 
reveals the presence of protective air-formed oxide film. 
After the current plateau, the current density increases 
significantly with increasing potential, exhibiting an 
obvious pitting potential (φpit). The noticeable current 
rise is generally related to the breakdown of the oxide 
film. The φcorr and φpit derived from Fig. 10 are listed in 
Table 3. The φcorr and φpit of the thick plate are ranked in 
the following order: MS>SS>QS, indicating that in 
comparison with SS sample and MS sample, QS sample 
is more active and has higher pitting susceptibility. QS 
 

 
Fig. 10 Potentiodynamic polarization curves of 2297 Al−Li 
alloy thick plate at three positions 
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sample exhibits a smaller difference between φpit and 
φcorr than SS and MS samples, suggesting a lower 
stability of oxide film. Potentiodynamic polarization tests 
reveal that the rank of the pitting susceptibility of the 
thick plate from high to low is QS>SS>MS. 
 
Table 3 φcorr and φpit of 2297 Al−Li alloy thick plate derived 
from potentiodynamic polarization curves 

Sample φcorr (vs SCE)/mV φpit (vs SCE)/mV 

SS −865.01±12.71 −45.87±6.66 

QS −881.82±11.34 −105.09±3.59 

MS −858.13±17.06 −32.46±9.82 

 
3.5 Pitting corrosion tests 

Current densities of different samples recorded 
during potentiostatic polarization at −150 mV are shown 
in Fig. 11. Initially, the current density curves of the 
three samples show a current plateau, suggesting that 
air-formed oxide film can provide certain protection. 
After the current density plateau, noticeable current 
density rise is detected for QS and SS samples, while MS 
sample exhibits a relatively slow current rise. The current 
density rise indicates that stable pits initiate during 
long-term potentiostatic polarization at potential below 
the φpit. In the medium containing aggressive anions such 
as chloride, the oxide film on aluminum alloys becomes 
unstable and degrades locally, resulting in oxide film 
breakdown. After onset of pitting, the current densities of 
the three samples are ranked from high to low as 
QS>SS>MS, implying the order of the dissolution rate of 
the thick plate from high to low is QS>SS>MS. 
 

 
Fig. 11 Current densities of different samples recorded during 
potentiostatic polarization at −150 mV 
 

3D morphologies of pits are presented in Fig. 12. It 
can be clearly seen that all the samples exhibit pitting 
corrosion. Though the electrolyte in the pit cavity is 
highly corrosive ascribed to local acidification [38], 
intergranular corrosion is not detected. The influence of 
ultrasonic cleaning on 3D measurements of pit cavities  

is therefore believed to be negligible. The volume 
distribution histograms of pits are shown in Fig. 13, and 
detail statistical data are listed in Table 4. QS sample 
exhibits a larger pit volume distribution in comparison 
with SS and MS samples. The order of pit number from 
high to low is QS>SS>MS, which is consistent with the 
order of precipitate population density, indicating that pit 
initiates more easily in the plate with more precipitates. 
The total pit volume and the total pit mouth area are from 
high to low in the following sequence: QS>SS>MS, 
consistent with the order of size fraction of precipitates. 
Thus, the statistical analysis demonstrates that the pitting 
corrosion resistance of the thick plate descends in the 
following order: MS>SS>QS. 
 
4 Discussion 
 

The present results demonstrate that there is 
pronounced through-thickness inhomogeneity in 
precipitate distribution and pitting corrosion of 2297 
Al−Li alloy thick plate. Localized corrosion associated 
with precipitates has been widely reported [17,39−41]. 
The electrochemical inhomogeneity in the alloy matrix 
resulted from precipitates has significant influence on the 
localized corrosion behavior of aluminum alloys [16,17]. 

Electrochemical tests reflect the overall electro- 
chemical response of the entire electrode. OCP and φcorr 
are influenced by the kinetics of corrosion reactions. 
Therefore, precipitate distribution has noticeable impact 
on OCP and φcorr. T1 phase is anodic active in 
comparison with the alloy matrix [1,42]. With increasing 
population density of T1 phase, 2297 Al−Li alloy tends 
to be more active, exhibiting more negative OCP and 
φcorr. AlCuMnFe phase, cathodic phase with respect to 
the matrix, induces active dissolution of surrounding  
matrix [21,43]. The presence of AlCuMnFe phase hence 
results in a more negative electrode potential. As shown 
in Tables 1 and 2, the population density of precipitates 
on the three sections of the plate from high to low is 
ranked in the following order: QS>SS>MS. Therefore, 
the OCP and φcorr descend in the order: MS>SS>QS. 
Besides, as shown in Fig. 10, the current density at the 
same applied over-potential rises with increasing 
population density and area fraction of precipitates, 
confirming that the electrode containing more 
precipitates is more active. 

Precipitate distribution also shows noticeable effects 
on φpit. According to Ref. [4], precipitates with minimum 
dimensions above a critical size can result in a defeat of 
the oxide film, as the oxide film cannot cover the entire 
metal surface. Consequently, pits initiate more easily at 
the defect. The critical size was reported to be around 
2.5 nm for 6xxx Al alloys [20] and 3−8 nm for 2xxx   
Al alloys [4]. In this study, the thickness of T1 phase is  
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Fig. 12 Morphologies of stable pits on SS (a, b), QS (c, d) and MS (e, f) samples 
 

 
Fig. 13 Volume distribution histograms of pits on SS (a), QS (b) and MS (c) samples 
 
Table 4 Statistical data of pits generated on thick plate at three 
positions 

Sample Npits Vt/μm3 St/mm2 

SS 524 4.91×107 3.55 

QS 1174 10.85×107 9.42 

MS 186 1.70×107 1.74 

Npits is the number of pits; Vt is the total pit volume; St is the total mouth 

area of pits 

 
generally smaller than 2 nm, and hence it is less than the 
critical size required to induce pitting [4,20]. Thus, it is 

deduced that T1 phase shows negligible effect on φpit. 
For the three sections of the thick plate, the population 
density of AlCuMnFe phase is ranked from high to low 
as follows: QS>SS>MS. With increasing population 
density of AlCuMnFe phase, the number of active site 
increases. The alloy with more precipitates is hence more 
susceptible to pitting corrosion, exhibiting a more 
negative φpit. Thus, the φpit is the most positive for MS of 
the plate, intermediate for SS of the plate, and most 
negative for QS of the plate. 

The type, the population density and the size of 
precipitates show significant effects on pitting corrosion 
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of aluminum alloys. In neutrally aerated solution 
containing chloride, the dominant cathodic reaction is 
oxygen reduction, which readily takes place on cathodic 
precipitates. As a result, hydroxyl ions, as the reaction 
product, cause localized alkalization near the cathodic 
precipitates. For instance, the local pH around Al3Fe in 
AA6061 alloy is measured to be 9.5, which is much 
higher than the bulk pH 6.3 [44]. It is widely accepted 
that aluminum oxide dissolves in solution with pH higher 
than 9 [38,44]. Thus, the localized alkalization around 
cathodic precipitates induces breakdown of oxide film 
and active dissolution of surrounding matrix, resulting in 
pit initiation and propagation. T1 phase shows negligible 
effect on pit initiation, while it can promote pit 
propagation. The corrosion mechanism associated with 
T1 phase containing active element Li and noble element 
Cu is similar to the preferential dissolution phenomenon 
related to S phase in AA2024 alloy [45]. At the beginning, 
T1 phase acts as anodic in micro-galvanic, resulting in 
their anodic dissolution and corrosion. The active 
element Li is preferentially dissolved, and meanwhile 
noble element Cu is enriched. Consequently, the Cu-rich 
remnant becomes cathodic to its periphery, leading to the 
dissolution of the surrounding matrix. Therefore, with 
increasing population density and size fraction of 
precipitate, the active dissolution resistance of the thick 
plate decreases, exhibiting a lower Rct (Fig. 9) and higher 
polarization current density (Fig. 11). The dissolution of 
alloy matrix around larger precipitates results in larger 
cavity and severer electrolyte. Due to the autocatalytic 
nature of pits, the stable pit caused by larger precipitate 
tends to maintain continuous propagation for a longer 
duration. For the three sections of the thick plate, the 
peak current density descends in the following order: 
QS>SS>MS. Therefore, the larger population density 
and higher size fraction of precipitates result in more and 
larger pits on the plate. 
 
5 Conclusions 
 

(1) Two precipitate phases are identified in the 2297 
Al−Li alloy thick plate: AlCuMnFe phase and T1 phase. 
For the three sections, the two precipitate phases both 
exhibit inhomogeneous distribution. The population 
densities and the size fractions of the two precipitate 
phases are ranked from high to low in the following 
order: QS>SS>MS. 

(2) OCP, φcorr, φpit, Rct and RL of the plate are ranked 
from high to low as QS<SS<MS, indicating the pitting 
susceptibility of the thick plate descends in the following 
order: QS>SS>MS. After 300 min polarization at   
−150 mV, the pit number, the total pit volume and the 
total pit mouth area of pits are ranked from high to low 
in the following order: QS>SS>MS, indicating the order 

of pit propagation rate of the plate from high to low is in 
the sequence: QS>SS>MS. 

(3) The pitting susceptibility and propagation rate of 
the plate closely are related to the precipitate distribution. 
For the three sampling positions, the plate in MS 
contains the sparsest precipitates of smallest area/size 
fractions, exhibiting the best pitting corrosion resistance. 
The through-thickness inhomogeneity of pitting 
corrosion in 2297 Al−Li alloy thick plate is mainly 
ascribed to inhomogeneous precipitate distribution. 
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铝锂合金厚板中析出相分布及其 
点蚀行为的厚向不均匀性 
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北京航空航天大学 材料科学与工程学院，北京 100191 

 
摘  要：采用扫描电镜、透射电镜和电化学测试技术研究厚度为 95 mm 2297 铝锂合金轧制厚板析出相分布及点

蚀行为的厚向不均匀性。通过对析出相的分布及蚀坑尺寸进行统计分析获得定量信息及相应的关系。轧制厚板不

同厚度层中的析出相分布密度和尺寸分数由大到小的顺序为 1/4 厚度层(QS)>表面层(SS)>1/2 厚度层(MS)。经  
300 min 恒电位极化后，轧制厚板不同厚度层试样的点蚀数量和蚀坑总体积由大到小的顺序为 QS>SS>MS，表明

厚板含有析出相较多的 1/4 厚度层具有更高的点蚀敏感性。2297 铝锂合金轧制厚板的点蚀行为厚向不均匀性与析

出相分布紧密相关。 
关键词：铝锂合金；点蚀；析出相；电化学行为 
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