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Abstract: The 2195 Al-Li alloy was processed by under-aging (UA), peak-aging (PA), double-aging (DA) and 
retrogression re-aging (RRA) treatments, and the microstructure, intergranular corrosion (IGC), exfoliation corrosion 
(EXCO) and stress corrosion cracking (SCC) behaviors were observed and discussed. The results show that the 
sequence of IGC and EXCO resistance is: RRA > UA > DA > PA. The low corrosion resistance of PA and UA is mainly 
caused by the continuous precipitation of T1 phases at grain boundaries to form continuous corrosion channels, while 
the interruption of corrosion channels caused by coarse and discontinuous T1 phases and wider precipitate free zone is 
the reason for the best corrosion resistance of RRA. The RRA alloy exhibits the best SCC resistance, and the order of 
SCC resistance is: RRA > DA > UA > PA. The discontinuous precipitation of intergranular T1 phases promotes the 
propagation of corrosion cracks across grain boundaries, thereby improving the SCC resistance. 
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1 Introduction 
 

2195 Al−Li alloy is a third-generation alloy 
that finds widespread use in the aerospace industry, 
such as cryogenic fuel tanks of launch vehicles, 
wall plates, long trusses, and floor beams of large 
aircraft, owing to its superior mechanical  
properties [1−4]. However, when exposed to moist 
air or saline environments, the grain boundary 
precipitates of alloy are prone to forming corrosion 
microcells with the surrounding matrix, rendering it 
susceptible to intergranular corrosion (IGC) and 
exfoliation corrosion (EXCO) [5]. The situation is 
further compounded by the possibility of stress 
corrosion cracking (SCC) if the alloy is subjected to 
tensile and compressive stresses during its 

operation. Therefore, there is an urgent need to 
enhance the corrosion resistance of 2195 Al−Li 
alloy to ensure its safe and effective application in 
the aerospace industry. Relevant studies [6−8] have 
shown that the corrosion behavior of aluminum 
alloy is mainly controlled by the micro-chemical 
composition at the grain boundary, and has little 
relationship with the size and morphology of 
precipitates in the matrix. It is generally believed 
that the distribution of precipitates at grain 
boundaries and the width of the precipitation free 
zone (PFZ) play a critical role in corrosion 
susceptibility, while the uniform precipitates cannot 
be ignored [9−11]. 

At present, the research according to the 
influence of aging treatment on the corrosion 
performance of 2195 Al−Li alloy mainly focuses on 
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single-stage aging and artificial aging after pre- 
deformation, but few studies on multi-stage aging 
and retrogression re-aging (RRA). HOLROYD   
et al [12] analyzed the mechanisms under aging 
(UA), peak aging (PA) and over aging (OA) on the 
corrosion susceptibility of Al−Li alloys, and the 
results showed that the corrosion susceptibility of 
IGC gradually increases as copper content of alloy 
and aging time increase, while the EXCO resistance 
of PA is inferior to that of UA and OA. According 
to SCC, different Al−Li alloys exhibit different 
corrosion susceptibilities, e.g., crack initiation and 
propagation susceptibility of AA 8090 decrease 
with the extension of aging time, while AA 2090 
displays the same results for SCC resistance as for 
EXCO. LIN et al [13] used T8 duplex aging 
treatment to obtain densely distributed T1 phases 
inside grains and discontinuously distributed second 
phases at the grain boundaries, which greatly 
reduced the difference of corrosion potential 
between matrix and grain boundaries, resulting in 
declining IGC susceptibility. ROMIOS et al [14] 
inferred that compared to the T861 state, the 
strength of 2099 Al−Li alloy during multistep aging 
slightly decreased, while the anisotropy is reduced. 
RRA treatment was originally proposed to improve 
the stress corrosion resistance of 7075 aluminum 
alloy, which combines the advantages of T6 and 
T73 to improve the strength of the alloy while also 
improving the resistance of alloy to EXCO and 
SCC, and has been widely used in Al−Zn−Mg and 
Al−Zn−Mg−Cu alloys [15−19]. However, for Al−Li 
alloys, the optimum temperature and time that can 
be regulated during the retrogression treatment are 
relatively small, limiting the application of the 
process to large-size profiles, therefore, few 
researchers have paid attention to RRA treatment of 
Al−Li alloys. GHOSH et al [20,21] studied the 
microstructure evolution of main precipitates in 
8090 and 1441 Al−Li−Cu−Mg−Zr alloys during 
RRA, it demonstrated that the strength obtained by 
RRA treatment was similar to that of the 
conventional PA treatment, but it contributed to the 
growth of δ, S′ and T1 phases, meanwhile the 
reduction of dislocation density and the generation 
of more dislocation loops and helices 
simultaneously. WARD et al [22] found that the 
ultimate and yield strength decreased with 
increasing retrogression time and temperature, and 

the variation in elongation was vague. 
Until now, few investigations on the couple 

effects of single-stage and multi-stage aging on the 
behavior of IGC, EXCO and SCC of Al−Li alloys 
have been discussed, particularly in the corrosion 
mechanism of large-size extruded profiles of 2195 
Al−Li alloy. The aim of this work is to investigate 
the influence of different artificial aging treatments 
on the size, distribution and elemental composition 
of precipitates of grain interior and grain boundary 
of 2195 Al−Li alloy, and illustrate the influence 
mechanism of various microstructures on the 
corrosion resistance. Finally, an optimized aging 
scheme was proposed to balance mechanical 
properties and corrosion resistance of extruded 
2195 Al−Li alloy profiles. 
 
2 Experimental 
 
2.1 Material and heat treatments 

The experimental material Al−3.98Cu−0.99Li− 
0.32Mg−0.32Ag−0.12Zr−0.08Fe−0.04Si (wt.%) was 
hot extruded and provided by the Southwest 
Aluminum (Group) Corporation Ltd., China. The 
profile was extruded under the working conditions 
that the billet temperature is 420 °C, the die 
temperature is 410 °C, and the extrusion speed is 
0.2 mm/s. The samples were uniformly prepared 
with a solid solution at 520 °C for 1 h with rapid 
water cooling to produce supersaturated solid 
solutions. Subsequently, block samples of various 
sizes and standard tensile samples were cut from 
the profiles. Following that, the solid solution 
samples were subjected to various artificial aging 
processes, including under aging (UA), peak aging 
(PA), double aging (DA), and retrogression re-aging 
(RRA), as shown in Table 1. The dimensions of  
the profiles, the sampling locations of the block 
samples and the dimensions of the slow strain rate 
tensile samples are shown in Fig. 1. 
 
Table 1 Aging treatments for 2195 Al−Li alloy 

Schedule Description 

UA 170 °C, 6 h 

PA 170 °C, 36 h 

DA (120 °C, 8 h) + (170 °C, 18 h) 

RRA (170 °C, 18 h) + (220 °C, 40 min) + 
(170 °C, 36 h) 
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Fig. 1 Sampling locations and dimensions of tensile 
samples (Unit: mm) 
 
2.2 Microstructure observation 

The microstructure and IGC depth of the 
samples were observed by optical microscopy  
(OM). The transmission electron microscopy (TEM, 
FEI Tecnai G2 F20) was used to observe the types 
and morphologies of the precipitates forming at the 
boundary and inside of grain of the alloy under 
different aging regimes. The samples for TEM 
testing were manually ground to a thickness of 
80 μm, punched into 3 mm-diameter discs, and then 
twin-jet electropolished in 30% HNO3 + 70% 
CH3OH solution at −25 °C, and the voltage was 
controlled at 15 V. The microstructure and tensile 
fracture morphology were observed using a 
scanning electron microscope (SEM, JSM−7800F), 
and the chemical composition of precipitates was 
examined using an energy dispersive spectrometer 
(EDS, Xmax−80). 
 
2.3 Intergranular corrosion tests 

The addition to the implementation IGC tests 
was in accordance with GB/T 7998−2005 standard. 
The corrosion samples were intended to be 5 mm × 
10 mm × 10 mm, and after pretreatment with 10% 
NaOH solution and 30% HNO3 solution, samples 
were put into the corrosive solution (each liter of 
solution contains 57 g NaCl + 10 mL H2O2) for 6 h, 
and the temperature of the solution was controlled 

at (35±2) °C. The corroded samples were then 
washed and dried with water and cut off by 5 mm 
along the vertical extrusion direction. Finally, the 
corrosion samples were prepared according to the 
metallographic sample preparation method, and the 
intergranular corrosion depth was observed under 
the OM. 
 
2.4 Exfoliation corrosion tests 

The EXCO tests were carried out according to 
GB/T 22639−2008. The corrosion samples were cut 
along the extrusion direction to a size of 10 mm × 
10 mm × 30 mm, the non-denuded surface was 
sealed with denture base resin, only exposing the 
denuded surface. Then, after polishing the samples 
until the surface was bright and free of scratches, 
the EXCO tests were carried out. The corrosive 
solution adopts the mixed solution of 4 mol/L  
NaCl + 0.5 mol/L KNO3 + 0.1 mol/L HNO3, and 
the temperature was controlled at (25±2) °C. After 
being immersed in the corrosive solution for 96 h, 
the samples were removed, washed, and dried with 
distilled water. The corrosion morphologies of the 
samples’ surfaces and cross-sections were then 
observed using OM. 
 
2.5 Stress corrosion cracking tests 

According to GB/T 15970.7−2000, the slow 
strain rate tensile test was used to conduct the SCC 
tests. The dimensions of the transversely collected 
samples utilized for the SCC tests are presented in 
Fig. 1, and the dimensions are performed with 
reference to GB/T 228. The tensile tests were 
conducted at (35±1) °C with a strain rate of 
1×10−6 s−1 in air and 3.5% NaCl corrosive solution, 
respectively. SEM observations of the 2195 alloy 
fracture morphologies following the fracture were 
obtained. 
 
3 Results 
 
3.1 Microstructure after solid solution 

The microstructure of the extruded 2195 Al−Li 
alloy after solid solution treatment is shown in 
Fig. 2. It can be seen from the OM in Fig. 2(a) that 
the grains are flattened and elongated along the 
extrusion direction in the shape of slender fibers. 
And simultaneously, fine equiaxed new grains can 
be observed between some large grains, indicating 
that partial dynamic recrystallization occurred 
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during the extrusion process. As can be seen in 
Fig. 2(b), after solid solution treatment, the vast 
majority of the second phase particles re-dissolved 
back into the matrix, leaving only a small number 
of larger insoluble second phase particles. The 
chemical composition analysis of part of the second 
phase particles using EDS reveals that the 
intermittently distributed irregular bulk phase in the 
matrix is Al−Cu−Fe phase and the fine spherical 
phase with dispersed distribution is Al−Cu−Zr 
phase. 

 
3.2 Microstructure under different artificial 

aging treatments 
The STEM micrographs and corresponding 

selected area diffraction patterns (SADPs) taken 
along 〈011〉Al zone axis of 2195 Al−Li alloy at 

different aging treatments are shown in Fig. 3. As 
can be seen in Figs. 3(a−d), spherical, discoidal and 
needle-like second phases of different morphologies 
and sizes all precipitated from the supersaturated 
solid solution during aging, with the smaller 
spherical precipitated phase being the δ'/βʹ 
(Al3Li,Zr) phase and the needle-like second phase 
being the T1 (Al2CuLi) phase. Comparing the 
SADPs of Figs. 3(e−h) with the standard diffraction 
patterns [23], it is possible to determine the type of 
precipitates at different aging stages. 

From Figs. 3(a,b), it can be seen that the 
number and size of precipitates in the alloy are 
larger in the PA state compared with the UA state. 
In the UA state, needle-like T1 phases with larger 
spacing and lengths of 80−120 nm are precipitated 
in the matrix. Meanwhile, spherical δ' (Al3Li) phases 

 

 
Fig. 2 OM (a) and SEM (b) morphology of extruded 2195 Al−Li alloy after solid solution treatment 
 

 
Fig. 3 STEM micrographs (a−d) and corresponding selected area diffraction patterns (SADPs) (e−h) taken along 〈011〉Al 
zone axis of 2195 Al−Li alloy in different aging states: (a, e) UA; (b, f) PA; (c, g) DA; (d, h) RRA 
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with diameters of 5−10 nm are uniformly 
distributed in the matrix, and δ'/β' composite phase 
particles with diameters of 20−30 nm are also 
observed. Analysis of the corresponding SADPs 
shows that the diffraction streaks in the 〈002〉Al 
direction are relatively bright, indicating that a large 
amount of θ' phase is also precipitated in the matrix 
during UA. According to the SADP, it can be seen 
that the diffraction spot intensity of the T1 phase 
increases significantly, while the diffraction spot 
corresponding to the δ' phase becomes weaker  
and the diffraction spot of the θ' phase almost 
disappears, which further confirms that the 
extension of the aging time will cause the reduction 
of the δ' and θ' phases and correspondingly promote 
the precipitation and growth of the T1 phase [24]. It 
can be seen from Fig. 3(c) that the density of 
precipitated phases in the matrix is higher and more 
uniformly distributed after DA treatment compared 
to other aging processes. The largest number of 
spherical δ'/β' phases and rod-shaped θ' phases with 
sizes ranging from 30 to 50 nm are precipitated in 
the matrix, and the size of the precipitated T1 phase 
is relatively small compared to that of the PA. The 
analysis of Fig. 3(d) shows that the T1 phases with 
relatively large length and width are mainly 

precipitated in the matrix after RRA, the spherical 
δ'/β' phase basically disappears, and the 
corresponding diffraction spots also prove that the 
main precipitated phase in the alloy is the T1 phase 
(Fig. 3(h)). 

The STEM micrographs of grain boundary 
phases in samples treated with different aging 
processes are shown in Fig. 4. It can be seen that 
the precipitated phases at the grain boundaries are 
continuously distributed in both UA (Figs. 4(a, b)) 
and PA states (Figs. 4(c, d)), and the size of the 
precipitated phases in the PA state is significantly 
larger than that in UA state, but the width of the 
PFZ is basically unchanged, which is around 
100 nm. In the DA state (Figs. 4(e, f)), the overall 
distribution of the precipitated phases at the grain 
boundaries is continuous, but in some areas, they 
appear as discontinuous particles of different sizes, 
and the width of the PFZ band decreases to 92 nm. 
In the RRA state (Figs. 4(g, h)), the size of the 
precipitates at the grain boundaries increased 
significantly and distributed intermittently, reaching 
a PFZ width of 125 nm. 

EDS surface scanning was used to analyze the 
chemical composition of precipitates in the RRA 
state in order to further identify the different types  

 

 
Fig. 4 STEM micrographs (a−h) of grain boundary phases in samples treated by different aging processes and 
corresponding element distributions (i−m): (a, b) UA; (c, d) PA; (e, f) DA; (g, h) RRA; (i−m) Element distribution of 
zone in (g) 
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of grain boundary precipitates, and the results are 
depicted in Figs. 4(i−m). The intermittently 
scattered precipitates near the grain boundary are 
largely enriched in Cu elements, as seen in Fig. 4(j), 
with a little amount of Zr elements also appear. 
These substances can facilitate the nucleation and 
precipitation of T1 phase [25,26]. In addition, more 
Zr elements are diffusely distributed in the   
crystal, forming the β' phase and acting as the 
heterogeneous nucleation core of the δ' phase [27]. 

The Li element is too light, and its associated 
energy is too low for EDS analysis, making it 
impossible to detect the type of grain boundary 
precipitates. Therefore, a high-resolution examination 
using the HRTEM technique was carried out to 
identify the massive and granular grain boundary 
precipitates shown in Figs. 4(g) and (h). The results 
of this examination are displayed in Fig. 5. The 
SADP of the precipitates was obtained through the 
corresponding Fast Fourier Transform (FFT) of 
Fig. 5(a). By comparing it with the standard SADP, 
it was determined that the intermittently distributed 
massive and granular precipitates at the grain 
boundaries are T1 phases, which is consistent with 
the results of HUANG et al [28]. 

 
3.3 IGC behavior 

The IGC morphologies of the 2195 Al−Li 
alloy in different aging states are depicted in Fig. 6, 
highlighting substantial differences in corrosion 
morphology following immersion in the IGC 
solution in different aging states. Figure 6(a) 
exhibits an obvious non-uniform distribution of 
corrosion pits with a depth of 47.2 µm on the 
surface of alloy, indicating that corrosion primarily 
occurs in localized regions and relies mainly on 
pitting corrosion while the alloy is in the UA state. 

The corrosion profile of the alloy after PA treatment 
demonstrates that the corrosion pits spread into the 
grain, and their diameter significantly increases 
compared to the UA state, with a corrosion depth of 
62.1 µm, but with no significant IGC characteristics. 
After DA treatment, the corrosion surface of the 
alloy is irregular, and the corrosion pits are 
continuously distributed, with a depth of 48.3 µm, 
indicating that DA can reduce the corrosion 
susceptibility of the alloy to some extent compared 
with PA. After RRA treatment, the corrosion pits 
are discontinuous at the corrosion interface, and the 
intergranular corrosion phenomenon and corrosion 
degree of the alloy are lower than those in other 
aging states, with a maximum corrosion depth of 
46.5 µm, close to that of UA. Moreover, some 
coarse second-phase particles at the bottom of the 
corrosion pits may be the primary cause of pitting 
corrosion. This result indicates that the 2195 Al−Li 
alloy after RRA treatment has a high resistance to 
IGC. 

 
3.4 EXCO behavior 

Figure 7 depicts the exfoliation corrosion 
morphologies of the 2195 Al−Li alloy in different 
aging states after 96 h immersion in EXCO solution. 
The surface of the alloy with different aging 
treatments displays different degrees of 
delamination and peeling, and some corrosion 
products are detached. Further analysis reveals that 
the surface of the alloy after UA treatment 
experiences a large-scale explosion and powdering. 
After PA treatment, the phenomenon of explosion 
and powdering on the alloy surface is very severe, 
with a large area of delamination and peeling. 
Moreover, some inner layers have peeled off, with 
more corrosion products, and larger and deeper pits  

 

 
Fig. 5 HRTEM image (a) and corresponding FFT patterns (b, c) of grain boundary phase in alloy at RRA state 
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Fig. 6 Intergranular corrosion morphologies of 2195 Al−Li alloy after 24 h immersion: (a) UA; (b) PA; (c) DA;      
(d) RRA 
 

 
Fig. 7 Exfoliation corrosion morphologies of 2195 Al−Li alloy after 96 h immersion: (a) UA; (b) PA; (c) DA; (d) RRA 
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that corrode deep into the interior. The surface 
morphology of the alloy after DA treatment is 
similar to that of PA, with more severe surface 
peeling, thick reddish corrosion products, and 
serious delamination and peeling. The corrosion 
behavior of the surface in different regions of the 
alloy varies significantly under RRA. Some areas 
show no obvious peeling and delamination, 
indicating good resistance to peeling corrosion, but 
there are still a few areas with severe explosion and 
powdering and more pronounced corrosion pits of 
lower number and depth. By comparing the four 
corrosion morphologies, it can be observed that the 
corrosion trace becomes apparent after 96 h of 
corrosion, and the alloy exhibits good exfoliation 
corrosion resistance in UA and RRA states. 
 
3.5 SCC behavior 
3.5.1 Stress−strain curve 

Figure 8 presents the stress−strain curves 
obtained from the slow strain rate test of the 2195 
Al−Li alloy under different aging treatments in both 
air and 3.5% NaCl corrosive solution. The curves of 
the alloy in PA, DA, and RRA states as well as in 
air and 3.5% NaCl corrosive solution exhibit a 
similar trend. Initially, the stress increases rapidly 
with increasing strain, reaches a maximum value, 
and then gradually decreases until fracture occurs. 
However, the stress−strain curve of the UA state 
exhibits a distinct behavior, with a significantly 
lower rate of stress increase as strain increases, and 
rapid fracture after reaching a stable value. 

In this test, the stress corrosion cracking 
sensitivity factor (ISSRT) was used to quantitatively 
analyze the stress corrosion resistance of the alloy 
in different aging states, and the formula for the 
ISSRT is as follows:  

C C
SSRT

A A

(1 )1
(1 )

σI
σ

δ
δ

+
= −

+
                     (1) 

 
where σC corresponds to tensile strength in 3.5% 
NaCl corrosive solution whereas σA corresponds to 
tensile strength in the air; δC and δA represent    
the elongation in 3.5% NaCl solution and air, 
respectively. The smaller the value, the smaller the 
difference between the alloy in the corrosion 
solution and the air, and the lower the sensitivity to 
the corrosion solution. 

Table 2 indicates that the PA state exhibits the 
lowest elongation in both air and 3.5% NaCl solution, 

 

 

Fig. 8 Slow strain rate tensile curves of 2195 Al−Li alloy 
in different states: (a) In air; (b) In 3.5% NaCl solution 
 
Table 2 Mechanical properties and ISSRT of 2195 Al−Li 
alloy in different aging states in air and 3.5% NaCl 
solution 

Aging 
treatment 

Corrosive 
solution 

Tensile 
strength/ 

MPa 

Elongation/ 
% 

ISSRT/ 
% 

UA 
Air 500 28.6 

3.82 
3.5 wt.% NaCl 492 25.7 

PA 
Air 572 12.5 

6.00 
3.5 wt.% NaCl 543 11.4 

DA 
Air 556 14.4 

3.38 
3.5 wt.% NaCl 541 13.7 

RRA 
Air 563 14.0 

2.47 
3.5 wt.% NaCl 551 13.6 

 
but the highest tensile strength, reaching 572 MPa 
in air. In contrast, the UA state exhibits lower 
tensile strength but the highest elongation of 28.6%. 
The RRA state displays higher tensile strength 
compared to the DA state, in both air and 
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3.5% NaCl corrosive solution, but the elongation 
decreases, with a 0.4% reduction in the elongation 
of the samples in the corrosive solution. The ISSRT 
calculations show that the PA state has the largest 
value of 6.00%, followed by the UA and DA states, 
whereas the RRA state has the smallest value of 
only 2.47%. These results demonstrate that the 
RRA treatment can significantly enhance the SCC 
resistance of alloy. 
3.5.2 Stress corrosion fracture analysis 

Figure 9 illustrates the fracture morphologies 
of the samples subjected to different aging regimes 
after SSRT experiments. The fracture morphologies 
in air and 3.5% NaCl corrosive solution are shown 
in Figs. 9(a1−d1) and (a2−d2), respectively. As seen 
from the figure, each fracture surface exhibits a 
number of dimples and transgranular fracture zones, 
as well as layered characteristics along the grain 
boundary. 

Figure 9(a1) illustrates that the surface of the 
fracture is dotted with numerous fine equiaxed 
dimples and holes, along with significant tearing 
edges, showing typical characteristics of ductile 
transgranular fracture [29]. In contrast, when the 
alloy fractures in the 3.5% NaCl corrosive solution, 
the number of dimples present at the fracture site is 
lesser, and their size becomes larger. Moreover, the 
number of tearing edges significantly reduces, 
resulting in relatively decreased elongation. Similar 
characteristics are evident in the PA state, whether 

in the 3.5% NaCl corrosive solution or in air. 
Specifically, the tensile fracture appears bright and 
smooth, with almost no dimples observable at the 
fracture. Additionally, the propagation of the crack 
and the delamination of the grain boundary are 
noticeable, revealing the features of quasi-cleavage 
fracture, which is a typical intergranular fracture. 
The pits at the grain boundary have been entirely 
corroded, indicating that the stress corrosion 
sensitivity of this sample is the worst. On the 
fracture surface of DA state samples fractured in air, 
a large number of cross-distributed tearing edges of 
significantly smaller size than the UA state exist, 
and a small number of fine dimples exist around the 
tearing edges, displaying the characteristics of 
transgranular ductile fracture. Additionally, some 
areas of grain boundary delamination are visible, 
which belong to dimple intergranular mixed 
fracture. When the alloy fails in the 3.5% NaCl 
corrosion solution, clear grain morphology and 
obvious propagation cracks can be observed, and 
the number of fine and deep dimples is also 
significantly reduced, which is related to the 
decrease of elongation. The fracture surfaces of the 
RRA state fractured in both air and 3.5% NaCl 
corrosive solution exhibit very few tearing edges 
and fine dimples. Instead, they display more grain 
boundary delamination, indicating that intergranular 
fracture is the main fracture mode after RRA 
treatment. 

 

 
Fig. 9 Fracture surface morphologies of 2195 Al−Li alloy after SSRT test in air (a1−d1) and 3.5% NaCl corrosion 
solution (a2−d2): (a1, a2) UA; (b1, b2) PA; (c1, c2) DA; (d1, d2) RRA 
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4 Discussion 
 
4.1 Microstructure evolution during aging 

Current research shows that the aging 
precipitation sequence of Al−Cu−Li alloy is:   
SSS → GP zone + δ′ → θʹʹ + θʹ + δ′→ δ′ + T1 → T1, 
when Cu/Li=2−5. In the natural aging state, the 
main precipitation strengthening phases are the GP 
zone and δ' phase, while during artificial aging, the 
δ′ phase gradually transforms into δ′, T1, and θ′ 
phases [30,31]. When the aging temperature 
increased to 155 °C, the θ" and δ' phases 
precipitated at low temperature gradually dissolved, 
and the T1 phase became the main precipitated 
phase [32]. 

In this experiment, the type and morphology of 
precipitates in the 2195 Al−Li alloy differ 
significantly in different aging states. Specifically, 
in the UA state, δ′ and θ′ precipitates form early due 
to high coherency and low interfacial energy. In 
contrast, the T1 phase, which is semi-coherent with 
the matrix and has higher interfacial energy, tends 
to nucleate at sites of dislocations, grain boundaries, 
subgrain boundaries, stacking faults, and vacancy 
clusters, leading to late-stage precipitation. Upon 
reaching the PA state, a large number of T1 phases 
with larger sizes precipitate within the grains. This 
may be due to the release of Cu atoms via diffusion 
dissolution from numerous semi-coherent transition 
θ′ phases. 

The microstructure of 2195 Al−Li alloy treated 
by two-stage aging is significantly different from 
that of single-stage aging, which is due to the 
formation of high density diffusely distributed GP 
zone in the alloy during the low-temperature aging 
stage at 120 °C for 8 h. Subsequently, the high- 
temperature aging treatment at 170 °C for 18 h 
serves two purposes: promoting the transformation 
of the GP zone to the transition phase and driving 
the phase transformation to the stable T1 phase due 
to interfacial energy. Additionally, some of the 
second phase that has already precipitated at the 
grain boundary may grow rapidly. 

After RRA treatment, the sample is 
characterized by the intracrystalline diffusely 
precipitated T1 phases as well as intermittently 
distributed T1 phases at grain boundaries, which 
may be attributed to three different aging steps. 

Firstly, the alloy undergoes pre-aging at the PA 
temperature after solution quenching, resulting in a 
high density of fine dispersion strengthening phases 
within the grain and a continuous second phases 
precipitated at the grain boundary. Then, short-term 
retrogression treatment at a higher temperature 
(220 °C, 40 min) causes unstable precipitates 
smaller than the critical size in the grain to dissolve 
back into the matrix. While stable T1 phases with 
larger sizes continue to grow, and Cu-rich and T1 
phases start to aggregate and grow at the grain 
boundary, losing continuity with each other and 
showing discontinuous distribution. Finally, during 
T6 treatment, fine and high-density dispersion 
strengthening phases are precipitated within the 
grain again. The precipitated phases at the grain 
boundary undergo further coarsening and become 
discontinuous, and the bandwidth of PFZ increases. 
 
4.2 Relationship between aging regime and 

corrosion performance 
The above studies on IGC and EXCO show 

that 2195 Al−Li alloy is sensitive to corrosion,  
and it has the same resistance to IGC and EXCO 
(RRA > UA > DA > PA). Based on the results of 
corrosion tests and corresponding microstructural 
characteristics of the above experimental samples, 
the effect of different aging treatments on the 
corrosion resistance of 2195 Al−Li alloy is 
discussed. It is generally believed that EXCO is a 
special form of IGC, therefore, the mechanism of 
aging on IGC and EXCO will be discussed together. 

The relationship among the corrosion potential 
of the PFZ, T1 and θ' phases can be expressed as  
θ' > PFZ > T1 [33−35]. Therefore, it can be assumed 
that T1 phase dissolves as the anode and the 
aluminum matrix (equivalent to PFZ) is protected 
as the cathode during the corrosion process. When 
the alloy is in the UA state, the grain contains 
mainly small T1 and θ' precipitates, hindering the 
continuity of corrosion channels. As a result, the 
corrosion susceptibility of the alloy is relatively low 
at the beginning of aging. As the aging time is 
extended to the PA state, mass larger T1 phases are 
formed in the grain, and the precipitates at the grain 
boundary are continuously precipitated and 
coarsened, promoting the formation of PFZ. 
Meanwhile, it causes a potential difference among 
the matrix, precipitates, and PFZ, which in turn 
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promotes the formation of corrosion cracks and 
worsens the occurrence of IGC. In the DA state, 
small-sized δ', θʹ and T1 phases are uniformly 
distributed in the matrix, reducing the enrichment 
of each element and the potential difference 
between the matrix and precipitates. Additionally, 
the intermittent distribution of partly precipitates at 
the grain boundary can hinder the expansion of 
corrosion cracks, contributing to the alloy's 
corrosion resistance. However, it is also noted that 
the narrower width of the PFZ band leads to a 
narrower path for anodic dissolution, increasing the 
rate of corrosion. 

The precipitates in the RRA state are still 
dominated by the T1 phase, but the precipitates have 
grown and coarsened significantly. When the grain 
boundary precipitates grow, the spacing between 
them becomes wider and discontinuous, which 
interrupts the corrosion channel at the grain 
boundary and improves the intergranular corrosion 
resistance of the alloy. After RRA treatment, the 
sample obtained a wider PFZ than the other three 
aging states, with a value of 125 nm, balancing the 
potential between grain and grain boundary and 
weakening the tendency of anodic dissolution. This 
reduces the corrosion susceptibility of the alloy, 
making it more resistant to IGC and EXCO. In 
conclusion, the coarsening and discontinuous 
distribution of grain boundary precipitates as well 
as the broadening of PFZ are conducive to reducing 
the corrosion sensitivity of the alloy. 
 
4.3 Stress corrosion behavior and mechanism 

Anodic dissolution and hydrogen-induced 
cracking hypothesis are currently the two theories 
most commonly used to describe the stress 
corrosion cracking mechanism of Al−Li alloy. It is 
shown that the stress corrosion susceptibility of the 
alloy is mainly affected by the size of the matrix 

precipitation phase, the size and distribution of the 
grain boundary precipitation phase, the width of the 
PFZ, the solute concentration gradient, and so    
on [36,37]. Based on the obtained experimental 
results, a schematic diagram of the stress corrosion 
mechanism of the 2195 Al−Li alloy under different 
aging regimes was established as shown in Fig. 10. 
The passive film on the alloy surface contains both 
matrix and precipitated phase, and when it is placed 
in the corrosive solution, it is subjected to both 
tensile stress and local electrochemical reaction, 
and pitting is prone to occur around the T1, θ' phase 
and grain boundaries, causing dissolution of the 
passive film and the formation of initial 
microcracks. The chloride ions in the corrosive 
solution continue to attack the defect, and the 
exposed matrix and precipitated phases 
continuously undergo electrochemical reactions, 
producing continuous pitting pits distributed along 
the grain boundary. Eventually, his leads to the 
formation of crack growth channels and crack 
expansion along the grain boundary until fracture 
failure occurs [38]. 

The precipitated phase in the grain is relatively 
few in the UA state, and the intergranular bonding 
is tight, resulting in a relatively large deformation 
required to produce cracking, and the slip can cross 
the grain boundary from one grain to another. 
Under the action of tensile stress, the stress 
concentration at the crack tip causes local plastic 
deformation and accelerates the dissolution of the 
phase at the grain boundary, which results in crack 
initiation and propagation. In the PA state, the 
precipitates at the grain boundary are coarser and 
continuous, dislocations are not easy to slip across 
the grain boundary, and plastic deformation is 
limited within the PFZ, so cracks mainly extend 
along the grain boundary. Meanwhile, the rise in 
corrosion driving force is caused by the increase in  

 

 

Fig. 10 Schematic diagram of stress corrosion mechanism of 2195 Al−Li alloy in different aging states 
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the potential difference between the precipitated 
phase and PFZ, which in turn contributes to a 
severe degree of stress corrosion fracture. The 
corrosion fracture due to anodic dissolution usually 
shows the characteristics of intergranular fracture, 
while the stress corrosion fracture in the PA state 
has a smooth surface without obvious dimples, and 
the corrosion cracks extend along the grain 
boundaries, showing the typical intergranular 
fracture characteristics, therefore, it can be 
indicated that the main mechanism of fracture in PA 
state is anodic dissolution. 

When the alloy is treated with DA and RRA, 
the isolated distribution of the precipitated phases at 
the grain boundary can reduce the stacking of 
dislocations at the grain boundary [39], allowing 
corrosion cracks to extend across the grain 
boundary, thus contributing to higher fracture 
elongation. In addition, the discontinuously 
distributed grain boundary precipitates can reduce 
the number of electrode pairs while also absorbing 
some hydrogen atoms so that they cannot form 
hydrogen atom bubbles, thus improving the stress 
corrosion resistance of the alloy. Compared with the 
DA state, the RRA state has wider PFZ, so it has 
better resistance to stress corrosion. The fracture 
morphology also shows that, in addition to the 
corrosion cracks that extend continuously at the 
grain boundaries on the fracture surface, there are 
also a small number of tiny dimples around the 
tearing edges. This illustrates that the intergranular- 
transgranular mixed fracture mainly occurs, 
indicating a mixed hydrogen embrittlement-anodic 
dissolution mechanism for the failure. RRA 
precipitates mainly consist of larger T1 phases, 
while DA precipitates mainly consist of smaller and 
denser T1 and θ' phases. However, the RRA state 
shows better resistance to stress corrosion, 
suggesting that dissolution of precipitated phase at 
the grain boundary may be the main cause of stress 
corrosion cracking of the alloy. 
 
5 Conclusions 
 

(1) The precipitates inside the grain mainly 
consist of δ'/β', θ' and T1 phases under early aging 
condition, while in the PA state, a large amount of 
T1 phases precipitate within the grains and at the 
grain boundaries. In the DA state, a quantity of 

small-sized θ' and T1 phases precipitate inside the 
grain, and part of the precipitates intermittently 
distributed along the grain boundary. After RRA 
treatment, T1 phases with a larger size, wider 
spacing and discontinuous distribution are 
precipitated at the grain boundary, and the width of 
PFZ also increases to 125 nm. 

(2) The results of IGC and EXCO tests reveal 
that the corrosion resistance of 2195 Al−Li alloy is 
RRA > UA > DA > PA. The continuous precipitates 
at the grain boundary are primarily responsible for 
the low corrosion resistance of PA and UA states. 
The RRA state shows the best IGC and EXCO 
resistance owing to the discontinuous distribution 
of coarse T1 phases at the grain boundary and the 
widest PFZ band, thereby interrupting the grain 
boundary corrosion channels. 

(3) The SCC resistance of 2195 Al−Li alloy is 
as follows: RRA > DA > UA > PA. The PA state 
exhibits the inferior SCC resistance (ISSRT is 6.00%), 
mainly due to the continuously distributed coarse 
precipitates at the grain boundary, causing incipient 
corrosion cracks to propagate along the grain 
boundary. The RRA-treated sample displays the 
best SCC resistance (ISSRT is 2.47%), resulting from 
a large amount of T1 phases precipitated inside 
grain and at the grain boundary, which maintains 
the equilibrium of the corrosion potential between 
the grain and the grain boundary, and allows the 
corrosion crack to propagate across the grain 
boundary under tensile stress. 
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摘  要：对 2195 铝锂合金分别进行欠时效(UA)、峰时效(PA)、双级时效(DA)和回归再时效(RRA)处理，观察并讨

论其显微组织、晶间腐蚀(IGC)、剥落腐蚀(EXCO)和应力腐蚀开裂(SCC)行为。结果表明，合金经不同时效处理后，

其 IGC 和 EXCO 耐蚀性顺序为：RRA>UA>DA>PA。PA 和 UA 态的低耐蚀性主要是 T1 相在晶界处连续析出形成

连续的腐蚀通道引起的，而粗大不连续析出的 T1 相以及较宽的无析出带导致的腐蚀通道中断是 RRA 态具有最佳

耐蚀性的原因。RRA 态合金表现出最好的抗应力腐蚀性能，抗应力腐蚀顺序为：RRA>DA>UA>PA。晶间 T1 相

的不连续析出促进了腐蚀裂纹穿过晶界进行扩展，从而提高了 2195 铝锂合金的抗应力腐蚀性能。 

关键词：时效；显微组织演变；腐蚀行为；腐蚀机理 
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