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Abstract: The intergranular corrosion behavior of 2050 Al-Li alloy subjected to non-isothermal aging (NIA) treatment
with varying pre-deformation amounts was investigated. Results indicate that the resistance to intergranular corrosion
improves with increasing pre-deformation amouts. However, when the pre-deformation amount reaches 20%, the
corrosion resistance deteriorates. Microstructural analyses via transmission electron microscopy (TEM) and electron
backscatter diffraction (EBSD) reveal that as pre-deformation amount increases, the fraction of high-angle grain
boundaries (HAGBs) decreases, while the proportion of low-angle grain boundaries (LAGBs) increases. This change
provides additional nucleation sites for precipitates, leading to a reduction in 7; phase size and an increase in 77 phase
density. The finer 7T phases contribute to a lower localized potential difference within the grains, slowering corrosion
propagation. Furthermore, during corrosion, preferential dissolution of Li results in Cu enrichment along grain

boundaries, which further reduces the intergranular corrosion resistance.
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1 Introduction

Owing to its light weight, high specific
strength and other advantages, Al-Cu—Li alloy has
been widely used in aerospace structural parts, such
as fuselage and wing chord [1-6]. However, the
high reactivity of Li makes Al-Cu—Li alloys highly
susceptible to corrosion in specific environments,
significantly shortening their service life. Common
forms of corrosion include spot corrosion [7],
intergranular corrosion [8], exfoliation corrosion [9]
and stress corrosion [10]. Among them, intergranular
corrosion is a phenomenon of local destruction
of alloy materials caused by the action of
microbatteries, which involves the corrosion of
metal materials along the grain boundary in a

specific corrosive medium. This corrosion is
extremely destructive to the material. The
mechanism of intergranular corrosion mainly
includes the theory of depletion, the theory of
second phase precipitation [11], the theory of grain
boundary adsorption and the theory of stress. The
main strengthening phase 7 (Al:Culi) of Al-Li
alloy tends to precipitate and coarsen at defects
such as grain boundaries and dislocations during
aging [12]. The high chemical activity of Li
element causes the preferential dissolution of this
phase as an anode in the corrosion cell, resulting
in intergranular corrosion [13]. Moreover, grain
boundary is more likely to absorb impurities or act
as the nucleation site of coarse and insoluble second.
phase particles due to its high energy. These
features can disrupt the integrity of the passive film,
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making such regions preferential sites for localized
corrosion [14]

Extensive research has been conducted on
the intergranular corrosion of Al-Li alloys. WANG
et al [8] studied the effect of grain structure on the
intergranular corrosion properties of Al-Cu—Li
alloys. It is found that T6-aged 2A97 Al-Cu—Li
alloy is prone to grain boundary corrosion and
subgrain boundary corrosion, and the local
corrosion occurs and extends along the
sub-boundary. LIN et al [15] studied the effect of
aging treatment on the intergranular corrosion

properties of Al—Cu—Li alloys. Their results
demonstrated that T8 two-stage aging can
effectively reduce the intergranular corrosion

sensitivity of Al—Cu—Li alloy. A high density of
finely distributed 7' precipitates within the grains,
along with a discontinuous distribution of grain
boundary precipitates, reduced the corrosion
potential difference between the matrix and the
grain boundaries, thereby improving intergranular
corrosion resistance. LIU et al [16] studied the
effect of pre-strain coupled cryogenic aging on the
corrosion behavior of 2A97 Al-Li alloy. It was
found that pre-strain inhibits the precipitation of
T\ phase and ¢' phase at the grain boundary and
prevents the formation/expansion of precipitation-
free zone. This process reduces the potential
difference between the grain boundaries and the
matrix, enhancing the alloy’s corrosion resistance.
However, most studies have focused on the roles of
HAGBs, LAGBs, and precipitate distributions on
the corrosion behavior. The fundamental cause of
corrosion, namely the electrochemical potential
differences resulting from variations in chemical
composition across different microstructural regions,
has less been thoroughly investigated.

Therefore, the research of corrosion behavior
of 2050 Al-Li alloy should not be limited to grain
boundary composition and structure. Furthermore,
non-isothermal aging (NIA) treatment applied to
2050 Al-Li alloy with varying pre-deformation
levels leads to the precipitation of 71 phases with
different sizes. The wvariations in the chemical
composition of these 7} phases induce micro-scale
potential differences within the matrix, ultimately
influencing corrosion resistance. This study
provides a detailed characterization and discussion
of this phenomenon.

2 Experimental

2.1 Materials and heat treatment

The material used in the experiment is 2050
Al-Li alloy sheet with 27 mm in thickness after
pre-deformation treatment provided by a domestic
company. The experimental plates were first
annealed at 525 °C for 4 h and then rolled to 5 mm
in multiple passes on a two-high hot mill. After
annealing at 525 °C for 1 h, the hot-rolled plate was
air-cooled to room temperature and cold-rolled to
2mm in thickness by multiple passes. The thin
plate was cut into 15 mm x 15 mm square samples
by wire cutting machine, and the solid solution
treatment was carried out at 525 °C for 1 h, and the
samples were immediately water-quenched after
solid solution treatment. After quenching, the
samples were pre-deformed by cold rolling with
different deformation amounts, which were 0, 4%,
8%, 12%, 16% and 20%, respectively. Non-
isothermal aging (NIA) was performed on the
sample after rolling pre-deformation treatment, and
the NIA system is shown in Fig. 1. The sample was
first heated from 130 to 220 °C at a rate of 30 °C/h,
then cooled to 130 °C at the same rate, and sampled
at 150 °C. The NIA process has been optimized in
previous studies [17].

2.2 Intergranular corrosion test

The intergranular corrosion test was conducted
according to GB/T 7998—2005 standard [8,15,18].
Before the intergranular corrosion test, the
specimen was polished with sandpaper first and
then mechanically polished until there were no
visible scratches on the surface. The intergranular
corrosion solution was a mixture of 57 g/L NaCl +
10 mol/L H20, (1.1 g/mL). The experiment was
carried out in a constant temperature water bath at
(3542) °C, and the impregnation time was 6 h.

2.3 Microstructure characterization

The intergranular corrosion sample was cut
in the middle along the end perpendicular to
the rolling direction, and the morphology of
intergranular corrosion was observed by DMILM
inverted optical microscope (OM). The sample was
first mounted with epoxy resin, then polished with
sandpaper, and finally mechanically polished until
there were no obvious scratches on the surface.
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Fig. 1 Schematic diagram of heat treatment process for 2050 Al-Li alloy

The electron backscatter diffraction (EBSD) of
FEI Sirion 200 field emission scanning electron
microscope (SEM) was used to observe the grain
morphology and the corrosion path of the
intergranular corrosion samples. The EBSD sample
of the non-corroded sample was observed on the
transverse direction—normal direction (TD—ND)
surface, and the sample was first polished with
sandpaper and mechanically polished until there
was no obvious scratch on the surface, and then
electrolytically polished. The electrolytic polishing
liquid was a mixed solution of 10% perchloric acid
and 90% ethanol, the experimental temperature was
—20 °C, the voltage was 10V, and the polishing
time was 60—90s. In order to avoid affecting the
observation of corrosion path of corrosion samples,
the intergranular corrosion EBSD samples with
different pre-deformation amounts was firstly
mechanically polished, and then thinned by Gatan
691 ion thinning instrument with electron beam
energy of 5keV and thinning angle of 8°. EBSD
data were analyzed by TSL OIM software.
High-angle grain boundaries (HAGB, 15°-180°)
were marked by black lines, and low angle grain
boundaries (LAGB, 3°—15°) were marked by white
lines.

The precipitation behavior was observed by
FEI Tecnai G?> F20 S-Twin field emission
transmission electron microscope (TEM) equipped

with a high-angle annular dark field (HAADF)
detector. The operating voltage was 200 kV. The
TEM specimen was polished to 50—70 um, then
mechanically polished, and finally the d3 mm disc
was rinsed for electrolytic double spraying. The
electrolysis double spray solution was a mixed
solution of 30% HNO; and 70% CH3;OH, and the
temperature was about —25 °C.

3 Results

3.1 Intergranular corrosion

Figure 2 presents OM images illustrating the
intergranular corrosion behavior of the 2050 Al-Li
alloy with various pre-deformation amounts after
by NIA. The maximum intergranular corrosion
depth reached 132 pym without pre-strain. The
increase of pre-deformation (at low strain
conditions) could effectively decrease the
intergranular corrosion depth. When the pre-
deformation increased to 16%, the intergranular
corrosion depth reached a minimum of 20 pm.
However, when the amount of pre-deformation
further increased to 20%, the intergranular
corrosion depth increased to 81 pm.

3.2 EBSD results
Figure 3 shows the EBSD diagrams of
TD—ND surface of 2050 Al—Li alloy with different
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Fig. 2 OM images of intergranular corrosion of 2050 Al-Li alloy with different pre-deformation amounts after NIA
treatment: (a) 0; (b) 4%; (c) 8%:; (d) 12%; (e) 16%; (f) 20%
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Fig. 3 EBSD diagrams of TD—ND surface of 2050 Al-Li alloy with different pre-deformation amounts: (a) 0; (b) 4%;
(c) 8%; (d) 12%j; (e) 16%; () 20%




3642

pre-deformation amounts. The grain was elongated
along the TD direction, and the grain size gradually
decreased along the ND direction with the
increase of pre-deformation amount. In addition,
with the increase of pre-deformation amounts, the
proportion of HAGB gradually decreased, while the

Total  Partition

Min Max fraction fraction
o0 0.585086 0.629  0.629
[ 0.585086 1.17017  0.365 0.365
[C11.17017 175526  0.002  0.002
[ 1.75526  2.34035  0.001  0.001
B 234035 292543 0.002  0.002

Guo-fu XU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3638—3649

proportion of LAGB gradually increased. When the
amount of pre-deformation gradually increased to
16%, the proportions of HAGB and LAGB were
48.9% and 20.2%, respectively.

Figure 4 shows the grain orientation spread
(GOS) diagrams of TD—ND surface of 2050 Al-Li

Total
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Min Max fraction fraction

Il 0.201715 0.883592 0.374  0.374
[ 0.883592 1.56547  0.563  0.563
[ 11.56547 224735 0.012  0.012
[ 2.24735  2.92922  0.001  0.001
B 2.92922 3.6111 0.050  0.050
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[ 2.14405 2.85874  0.059  0.059
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o
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I 02307 1.03226 0.045  0.045
[ 1.03226 1.83383 0430  0.430
[] 1.83383 263539 0490  0.490
[ 263539 3.43695 0.006  0.006
423851 0.028  0.028

B 3.43695

Total Partition

Min Max fraction fraction
Il 0.0740187 141574 0.176  0.176
[ 141574 275746 0.670  0.670
[ 275746 4.09917 0.114  0.114
[ 4.09917 544089  0.000  0.000
B 544089 678261  0.040  0.040

Total Partition

Min Max fraction fraction

Il ° 1.20281  0.040 0.040
[ 120281 2.40562 0.576 0.576
[[] 240562 3.60843 0.276 0.276
[ 3.60843 4.81125  0.067 0.067
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Fig. 4 GOS diagrams of TD—ND surface of 2050 Al-Li alloy with different pre-deformation amounts: (a) 0; (b) 4%;

(c) 8%: (d) 12%; (e) 16%; (£) 20%
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alloy with different pre-deformation amounts. GOS
quantifies the deviation in orientation between each
pixel within a grain and the average orientation of
that grain. Each grain is colored based on the mean
misorientation value across all constituent pixels,
thereby reflecting the local strain level through
the degree of lattice rotation. As shown in Fig. 4,
the transition in grain color from blue to red
corresponds to an increase in grain strain. Without
pre-deformation, the GOS value was mainly in the
range of 0-3, indicating a small intracrystalline
distortion. With the application of the pre-
deformation, the GOS value increased significantly.
The GOS value reached the maximum of 6.7 when
the pre-deformation increased to 16%. As the
pre-deformation amount further increased to 20%,
although the maximum GOS value was only 6.01,
the distortion distribution within the grain was more
uniform, resulting in the highest average GOS value
under all conditions.

The EBSD diagrams of NIA 2050 Al-Li
with different pre-deformation amounts after

pr—— — e o A

intergranular corrosion test are shown in Fig. 5.
In the absence of pre-deformation (0%), the inter-
granular corrosion was mainly along the grain
boundary, though serious corrosion also occurred in
some grains. When the amounts of pre-deformation
were 8% and 20%, intergranular corrosion occurred
mainly along grain boundaries, as shown in
Fig. 5(b). Notably, when the amount of pre-
deformation was 12%, intergranular corrosion
mainly occurred within the grain, as shown in
Fig. 5(c).

3.3 TEM analysis results

Figure 6 shows dark-field TEM images of
2050 Al-Li alloy with different pre-deformation
amounts after NIA treatment in (112) direction.
When the pre-deformation amount was 0, the
precipitates size was large and the number density
was small. Selected-area electron diffraction
(SAED) patterns confirmed that the 77 phase was
the predominant precipitate. When pre-deformation
was performed before aging, the size of precipitates

111!
001 101

Fig. 5 EBSD diagrams of intergranular corrosion of 2050 Al-Li alloy with different pre-deformation amounts after NIA
treatment: (a) 0; (b) 8%; (c) 12%; (d) 20%
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Fig. 6 TEM images of 2050 Al-Li alloy with different pre-deformation amounts after NIA treatment in {112} direction:

(a) 0; (b) 4%; (c) 8% (d) 12%: (e) 16%; (f) 20%

decrcased and the number density increased
obviously, as shown in Fig. 6(b). The size of
precipitates continued to be refined and the number
density continued to increase with further increase
of pre-deformation amounts. At 16% pre-
deformation, the precipitate size reached a
minimum while the number density attained its
maximum. However, with the further increase of
the pre-deformation amount to 20%, the size of the
precipitates increased and the number density
decreased.

Figure 7 shows the typical bright-field TEM
images of grain boundaries of 2050 Al-Li alloy
with different pre-deformation amounts after NIA
treatment. Without pre-deformation, the grain
boundary precipitates (GBPs) were small and
continuously distributed, as shown in Fig. 7(a).
With the introduction of pre-deformation treatment,
GBPs were obviously coarsened and distributed
discontinuously, as shown in Figs. 7(c, d). At 16%
pre-deformation, the GBPs displayed a semi-
continuous distribution, with both continuous and
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o

Fig. 7 TEM images of grain boundaries of 2050 Al-Li alloy with d
treatment: (a) 0; (b) 4%; (c) 8%:; (d) 12%; (e) 16%; () 20%

discontinuous segments. When the pre-deformation
amount was further increased to 20%, the GBPs
again had a discontinuous distribution, as illustrated
in Fig. 7(f).

Figure 8 illustrates the coarsening process
of the 7 phase and presents energy-dispersive
spectroscopy (EDS) analysis of the phase before
and after coarsening. It could be seen that
coarsening of the 71 phase primarily involved
thickening, and the thickness of T phase increased
from 1.78 to 2 nm. Due to the low atomic number
of Li element, it could not be detected by EDS. The

<

ifferent pre-deformation amounts after NIA

EDS analysis confirmed that the 7, phase consisted
mainly of Al and Cu. The thickening of the 77 phase
corresponded to the addition of more than one
atomic layer of Cu.

4 Discussion

4.1 Effect of pre-deformation on precipitation
behavior of 2050 Al-Li alloy
Pre-deformation refers to the process of
plastically deforming an alloy following solution
treatment and quenching but prior to aging. In Al-Li
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Fig. 8 T phase coarsening process and energy spectrum analysis of different size 77 phases

alloys containing multiple precipitate phases, the
formation of wvarious precipitates is often
competitive, and pre-deformation significantly
influences this precipitation behavior. For example,
pre-deformation of Al-Cu—Li alloys prior to aging
can promote 77 phase precipitation at the expense of
other precipitates (8’ phases and ' phases) [19-22].
This indicates that the promotion of 7 phase
precipitation by pre-deformation is more dominant
than that of other phases. As shown in Fig. 6, the
main precipitated phase of 2050 Al-Li alloy after
pre-deformation treatment and NIA treatment is 7
phase.

Moreover, in addition to influencing
intragranular precipitation, pre-deformation also
mitigates competitive nucleation and growth of
precipitates at grain boundaries. This suppression
helps inhibit the formation of precipitate-free zones
(PFZs) adjacent to grain boundaries, reduces the
stress concentration, and thereby improves the
corrosion resistance of the alloy [23]. The
pre-deformation introduces work hardening, and the
resulting mobile dislocations promote fine and
homogeneous nucleation of strengthening phases,
particularly since the 7 phase preferentially
nucleates at defects such as dislocations, grain
boundaries, and vacancies [24]. As shown in
Fig. 3, without pre-deformation, the alloy exhibits
relatively coarse grains along the TD-ND plane.
The proportion of HAGBs is relatively high, and

there are fewer dislocation and subgrain boundaries
in this case. Under these conditions, the number of
nucleation sites is low, leading to coarse T}
precipitates and a low number density, as shown in
Fig. 6(a). With the application of pre-deformation,
the grain size decreases noticeably, and the fraction
of low-angle grain boundaries (LAGBs) increases
progressively (Figs. 3(b—f)). In addition, with the
increase of pre-deformation amount, the stress level
in the grain increases gradually, and the orientation
difference between adjacent pixels increases. As
shown in Fig. 4, GOS value gradually increases
with the increase of pre-deformation amount. At
this time, the nucleation site in the crystal increases,
the amount of precipitates increases with the same
aging time, and the size of precipitates decreases
significantly under the premise of a certain volume
fraction, as shown in Figs. 6(b—f).

When the pre-deformation amount reaches
16%, the average size of 7 phase reaches the
minimum and the number density reaches the
maximum. However, when the pre-deformation
amount further increases to 20%, the average size
of Ti phase increases and the number density
decreases, as shown in Fig. 6(f). This reversal is
attributed to the formation of a cellular dislocation
structure due to severe deformation: dislocation
walls exhibit high dislocation density, while the cell
interiors remain relatively dislocation-free. 71 phase
preferentially nucleates along these cell walls,
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leading to a reduced nucleation rate. Additionally,
the high stored energy near the dislocation walls
provides a driving force for precipitate growth. The
formation of dislocation cells leads to a more
uneven distribution of dislocations. The 7; phase
can preferentially nucleate at the walls of
dislocation cells with greater storage capacity, while
at other locations without dislocations, the
nucleation and precipitation of the T} phase are less.
Furthermore, the content of alloying elements
within the matrix is fixed. As the aging process
progresses, the 77 phase that initially precipitates
can preferentially grow and become coarser.
Therefore, the precipitated 77 phase is relatively
coarse, and the distribution uniformity decreases.

4.2 Effect of pre-deformation on corrosion

behavior of 2050 Al-Li alloy

Intergranular  corrosion means that the
corrosion occurs from the surface near the grain
boundary and extends into the grain interior. There
are no obvious signs of corrosion on the surface,
but the binding force among the grains is severely
weakened, resulting in a decrease in the strength of
the alloy. The generally accepted mechanism of
intergranular corrosion of Al alloy mainly includes
the following three theories: (1) galvanic corrosion
caused by the potential difference between the
matrix and grain boundary precipitates [25], and
(2) the difference in breakdown potential between
the matrix and grain boundary precipitates [26,27].
The dissolution of grain boundary precipitates
forms an aggressive occluded medium that sustains
intergranular corrosion [28,29]. In summary, the
intergranular corrosion of Al-Li alloy is caused by
the potential difference between different parts of
the alloy, especially between the grain boundary
and the grain, and between the precipitated phase
and the matrix. The research [30,31] also shows that
there is an obvious potential difference between
grain boundary and matrix, and the potential
difference is caused by the uneven distribution of
alloying elements. The results show that in Al-Li
alloy, due to the higher positive electrode potential
of Cu relative to Al, the Cu-containing precipitated
phase (71 phase), Cu-rich nanoparticles, Cu-rich
layer and Cu segregation at the grain boundary are
all considered to be effective cathodes to promote
the dissolution of the peripheral anode of Al,
resulting in intercrystalline corrosion [32].

In addition, the main precipitated phase in
2050 Al-Li alloy is 71 phase. While 7| phase
contains Li element, Li element can dissolve
preferentially during the corrosion process, making
the remaining part of 7' phase rich in Cu during the
corrosion process, causing the potential to move in
a positive direction. This Cu-enriched 7' phase then
acts as a cathode and promotes anodic dissolution
of the surrounding matrix [33]. Therefore, when the
amount of pre-deformation is 0, the number of
nucleation sites is limited, resulting in a low density
of coarse intragranular precipitates. These large
precipitates introduce significant localized potential
differences within the matrix. Furthermore, the
continuous network of grain boundary precipitates
(Fig. 7(a)) provides a facile path for corrosion
penetration, explaining the poor corrosion
resistance observed in Fig. 2(a). The larger size of
grain boundary precipitates compared to those
within grains also leads to a greater potential
difference near grain boundaries, favoring corrosion
propagation along these boundaries, as shown in
Fig. 5(a). With the increase of pre-deformation
amount, the energy storage of the alloy increases,
the nucleation position increases, the size of the
precipitates decreases, and the number density
increases. During the corrosion process, Li element
in T phase corrodes preferentially, the Cu content
in the remaining part of 7; phase is relatively small
(Fig. 8), and the potential difference with the matrix
is small, which slows down the corrosion process.

In addition, due to the obstruction of
dislocation in the pre-deformation process of the
grain boundary, the energy storage at the grain
boundary increases, and the precipitates can
preferentially precipitate during the aging process.
Although grain boundary precipitates may coarsen,
their isolated distribution disrupts continuous
corrosion paths. As a result, corrosion resistance
improves with moderate pre-deformation. When
the pre-deformation amount increases to 16%, the
intergranular corrosion resistance of the alloy
reaches the best, and the corrosion depth is only
20 um. However, when the pre-deformation amount
further increases, the dislocation clusters occur and
cancel each other, resulting in fewer nucleation
locations, an increase in the size and number
density of precipitated phase, and therefore a
decrease in the resistance to intergranular corrosion,
as shown in Fig. 2.
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5 Conclusions

(1) The intergranular corrosion resistance of
2050 Al-Li alloy after NIA treatment is improved
with the increase of pre-deformation amount. The
optimal corrosion resistance is achieved at 16%
pre-deformation amount, with a corrosion depth of
only 20 pm.

(2) The introduction of pre-deformation before
aging can provide a favorable position for the
nucleation and precipitation of 77 phase. With the
increase of nucleation position, 71 phase size
decreases and its number density
However, when the pre-deformation amount
reaches 20%, the dislocation clusters occur and
cancel each other, which is not conducive to T}
phase precipitation.

(3) Coarsening of the 7, phase occurs
primarily through thickening, involving the addition
of Cu atomic layers. During corrosion, the
preferential dissolution of Li leads to the formation
of Cu-enriched remnants of the 77 phase, which acts
as efficient cathodes and promotes the anodic
dissolution of the adjacent Al matrix, thereby
accelerating intergranular corrosion.

increases.
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