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a b s t r a c t

A large number of dislocations and dislocation tangles are induced in the AleLi alloy after

5% pre-stretching deformation before aging treatment, which increases the density of the

defects in a(Al) matrix and affects the competitive precipitation relationship and precipi-

tation behavior of d0 (Al3Li), S0 (Al2CuMg) and T1 (Al2CuLi) precipitates during the aging

process. The increase of crystal defects such as dislocations provides superior nucleation

sites for the heterogeneous nucleation and promotes the precipitation of T1 phase, greatly

improving the mechanical properties of the alloy. The uniform and dense precipitation of

T1 phase in the grain reduces the potential difference between the grains and the grain

boundaries. Therefore, not only does it reduce the driving force of intergranular corrosion

(IGC), but also decreases the difference of the corrosion rate between the grain boundary

and intragranular. These are beneficial to slow down the corrosion process and promote

uniform corrosion. The intermittently distributed grain boundary precipitates (GBPs) in the

T8 treated alloy cut off the continuous corrosion channel at grain boundaries and hinder

the IGC process. Furthermore, the width of the precipitation free zones (PFZs) in the T8

treated alloy is narrow. Hence, the alloy exhibits excellent IGC resistance and superior

corrosion protection performance under T8 single aging treatment. The pre-aging process

in low temperature before T8 single aging treatment greatly enhances the precipitation

driving force of T1 phase and effectively promotes the precipitation of T1 phase in the

subsequent high-temperature aging process, which further increases the strength and

improves the IGC resistance of the alloy.
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1. Introduction

Compared with the traditional commercial 2XXX and 7XXX

series Al alloys, AleLi alloys possess the qualities of low

density, high elastic modulus, as well as excellent corrosion

resistance and superior damage tolerance [1e4]. Therefore,

AleLi alloys have become an ideal and competitivematerial in

aerospace and aviation in the 21st century [5]. As a typical

third (3rd) generation AleLi alloy, AA2099 alloy has been

widely used in aerospace and military industries since it

possesses excellent overall properties, and has become the

main substitute materials for 2XXX and 7XXX series Al alloys

[6]. A previous study by the authors showed an efficient and

energy-saving preparation of AA2099 alloy plate through the

electromagnetic twin-roll casting process, which is a short

procedure and near-net-shape processing method [7]. How-

ever, the corresponding heat treatment work has not been

carried out.

As a kind of heat-treatable Al alloy, different heat treat-

ment conditions will have an important influence on the size,

type, density, and the distribution of the precipitates in AleLi

alloy, and then affect the strengthening-toughening effect and

the service performance of the alloy [8]. Many research works

have been carried out on AleLi alloy in recent years, and the

effects of various processing methods on the microstructure

and properties of AleLi alloy have been studied [9e11]. The

pioneering studies demonstrate that AleLi alloy has a strong

aging response [12]. In addition, the types of the precipitates in

AleLi alloy are relatively complex, and the interaction of the

precipitates makes the relationship between the precipitates

behavior and alloy properties more complex than that of

traditional Al alloy [13].

A significant contribution to the potential of 3rd generation

AleLi alloys is the development of a range of aging treatments

that allow optimizations and trade-offs of properties so that

there is considerable flexibility in matching the alloys to

particular applications. However, a more detailed explanation

for the outstanding strength/toughness of some 3rd genera-

tion alloys would require more knowledge of heat treatment

practices, and more detailed microscopic observations, than

the current state-of-the-art [14]. Moreover, only a few existing

works are showing a distinction between the heat treatment
Fig. 1 e The geometry of the tensi
procedures on the properties and microstructure of the 3rd

generation AleLi alloy. Furthermore, the research on heat

treatment processes of the AleLi alloy plate produced by

electromagnetic twin-roll casting technology has not been

described. In addition, we also consulted a large number of

references, and obtained the inspiration of experimental

methods [15e20], detection and characterization means

[21e24], result analysis and writing logic [25e28].

Therefore, the heat treatment experiments of the 3rd

generation novel AleLi alloy produced by electromagnetic

twin-roll casting were firstly carried out in the present work.

The effects of different heat treatment procedures on the

microstructure, mechanical properties, IGC and electro-

chemical corrosion of the AleLi alloy were researched sys-

temically, and the corresponding precipitation behavior and

performance evolution mechanism were investigated. The

outcome will be beneficial to establish a quantitative rela-

tionship of the processing-microstructure-properties of the

AleLi alloy.
2. Experimental

The material AA2099 AleLi alloy slab was manufactured by

electromagnetic twin-roll casting process, with the original

thickness of 32 mm, and the nominal composition of the alloy

was Al-2.75 Cu-1.88 Li-0.26 Mg-0.27 Mn-0.77 Zn-0.08 Zr. The

alloy slab was homogenized at 510 �C for 24 h, and then hot-

rolled to 5 mm at 475 �C and cold-rolled to 1 mm after

annealing at 450 �C for 3 h. The cold-rolled stripwas processed

into the tensile specimens with the geometric dimensions as

shown in Fig. 1, and then the heat treatment experiment was

carried out on the tensile samples, and the corresponding

aging procedures are displayed in Fig. 2. The solid-solution

and aging treatment were carried out in an air circulation

furnace. The solution temperature of the alloy was 540 �C and

the dwelling time was 40 min. After solution treatment, the

alloy samples were quenched rapidly in the water and then

aged immediately. The 5% pre-deformation was achieved by

tensile testing.

The mechanical properties of the alloy were tested on

INSTRON 4206 type universal tensile machine with a tensile

speed of 2 mm/min. The tensile fracture morphologies of the
le specimen (all units in mm).
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Fig. 2 e Heat treatment procedures of electromagnetic cast-rolled AA2099 AleLi alloy: (a) T6 single aging; (b) T6 duplex

aging; (c) T8 single aging; (d) pre-aging-T8 aging.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 1 6 : 8 6 4e8 7 8866
alloy were observed by Zeiss Ultra Plus 55 type Scanning

Electron Microscope (SEM). JEM-ARM200F type Transmission

Electron Microscope (TEM) was employed to observe the dis-

tribution of the precipitates. The sample for TEM needs to be

prepared into a small disk with a thickness of 80 mm and a

diameter of 3mm, and then thinning in themixture of 30 vol%

HNO3 and 70 vol%CH3OH at �27 �C. The IGC process of the

alloy was carried out in the mixed solution of 3.5 wt.% NaCl

solution and 1.1 g/mL H2O2 solution at 35 �C ± 2 �C. The IGC

resistance of the alloy was evaluated by observing the

maximum depth of the corrosion layer along the cross-

section. The electrochemical tests were carried out on the

three-electrode system electrochemical workstation in

3.5 wt.% NaCl solution at 25 �C ± 2 �C. The sample was soaked

in the solution for 30 min to obtain a relatively stable open

circuit potential (OCP) before the potentiodynamic polariza-

tion test, and the scanning rate of the potentiodynamic po-

larization curve test was 0.001 V/s. The scanning frequency of

the electrochemical impedance spectroscopy (EIS) ranged

from 0.01 Hz to 100,000 Hz, and the perturbation amplitude

was 0.005 V.
Fig. 3 e Tensile property curves of the electromagnetic

twin-roll casting AA2099 AleLi alloy.
3. Results

3.1. Mechanical properties

Figure 3 displays the tensile curves of the AA2099 AleLi alloy

under different heat treatment procedures. The ultimate

tensile strength (UTS), yield strength (YS) and elongation (EI)

of the alloy after T6 single aging treatment are 405.88 MPa,
314.01 MPa and 9.60% respectively. After T6 duplex aging

treatment, the UTS, YS and EI of the alloy increase to

448.30 MPa, 358.10 MPa and 6.93% respectively, the strength of

the alloy is significantly improved by adding 120 �C/16 h pre-

aging treatment before 168 �C/24 h single aging. It is more

noteworthy that the UTS, YS and EI of AA2099 AleLi alloy after

T8 single aging treatment are increased to 506.73 MPa,

480.47 MPa and 6.35% respectively. The UTS and YS of the

alloy increase by 100.85 MPa and 122.37 MPa compared with

the T6 single aging treatment. Thus it can be seen that the T8

heat treatment process with 5% pre-stretching deformation

https://doi.org/10.1016/j.jmrt.2021.12.036
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Fig. 4 e Tensile fracture morphologies of the differently treated AA2099 AleLi alloy: (a) T6 single aging; (b) T6 duplex aging;

(c) T8 single aging; (d) pre-aging-T8 aging.
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before 168 �C/24 h single aging can dramatically improve the

strength of the AA2099 AleLi alloy without losing too much

ductility. The strength of the alloy can be further improved by

adding a pre-aging treatment of 120 �C/16 h before T8 single

aging although it is not very obvious, and the UTS, YS and EI of

the alloy after pre-aging-T8 aging treatment are 517.04 MPa,

500.09 MPa and 5.37%, respectively.

The tensile fracture morphology of AA2099 AleLi alloy is

shown in Fig. 4. For the alloy after T6 single aging treatment as

presented in Fig. 4 (a), abundant dimples and a few tearing

edges are observed in the alloy, and the fracture morphology

is mainly characterized by ductile fracture, which indicates

that the specimen experienced a large plastic deformation

before fracture and the fracture mode is micropore aggrega-

tion fracture, and the ductility of the alloy is high. Figure 4 (b)

shows the tensile fracture morphology of the alloy after T6

duplex aging treatment, for whichmany step-like dissociation

surfaces are observed. Compared with T6 single aging treat-

ment, the number of dimples in T6 duplex aging alloy is

significantly reduced, and the tensile fracture is a mixed

fracture mode of ductile fracture and brittle fracture, but the

brittle fracture is dominant. The transition of tensile fracture

from ductile fracture to brittle fracture indicates that the

ductility of the alloy decreased gradually [29]. As shown in

Fig. 4 (c), there is a great quantity of bright and convex tearing

edges, and accompanied by delamination features in T8

treated alloy. The alloy shows a mixed fracture mode of

delamination cracking and quasi-dissociation fracture, and

the dimple structure was hardly observed in the fracture

morphology.When low-temperature pre-aging treatmentwas

added before T8 aging, some fine dissociation surfaces and

tearing edges were observed in the tensile fracture

morphology of the alloy, and the delamination features still
existed, the quasi-dissociation fracture characteristics

accounted for a large proportion of the fracture as shown in

Fig. 4 (d), and the ductility of the alloy is poor.

3.2. Precipitates

Figure 5 shows the TEM bright-field images and selected area

electron diffraction (SAED) patterns of AA2099 AleLi alloy

along [110]Al zone axis. Figure 5 (a) shows the TEM photos after

solid-solution at 540 �C for 40 min. The solute atoms are re-

dissolved into the a(Al) matrix and form supersaturated

solid-solution after solid-solution treatment. The second

phase is not observed in the figure, which indicates that the

precipitation of the second phase is effectively inhibited, and

the supersaturation of solute atoms and vacancies is effec-

tively guaranteed, which is beneficial to the subsequent aging

strengthening [30]. Figure 5 (b) shows the TEM picture of the

alloy with 5% pre-stretching immediately after quenching. It

can be seen from the figure that abundant dislocations and

dislocation tangles are introduced into the alloy after pre-

stretching treatment. The TEM picture of the T6 single aging

treated alloy is illustrated in Fig. 5 (c). The acicular T1 (Al2CuLi)

phase with a large length-diameter ratio, the ladder-like S0

(Al2CuMg) phase, and spherical d0 (Al3Li) phase can be

observed. The length of the T1 phase is about 200 nme250 nm,

and the number of d0 phase is the most among all the pre-

cipitates. The number of T1, S0 and d0 phases in the alloy is

increased after T6 duplex aging treatment, and the length-

diameter ratio of the T1 phase is still large. However,

compared with T6 single aging heat treatment, the size of the

T1 phase in the T6 duplex aging alloy is smaller, and the length

of the T1 phase is about 180 nme200 nm. It can also be seen

from the figure that the d0 phase is still the dominant

https://doi.org/10.1016/j.jmrt.2021.12.036
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Fig. 5 e The bright field TEM images of the differently treated AA2099 AleLi alloy along [110]Al zone axis: (a) as-quenched; (b)

5% pre-stretching deformation after solution; (c) T6 single aging; (d) T6 duplex aging; (e) T8 single aging; (f) pre-aging-T8

aging.
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precipitate, and the d0 phasemainly exists in two forms, one is

spherical d0 phase particle, the other is a “bull's-eye” shape d0/b'
composite particle as presented in Fig. 5 (d). The type and

distribution of precipitates in the AA2099 AleLi alloy have

greatly changed after the T8 single aging treatment, as shown

in Fig. 5 (e). The S0 phase in the alloy becomes smaller and the
number of S0 phase is greatly reduced. The d0 phase dis-

appeared andwas replaced by a large area of uniform, fine and

dispersed T1 phase, the length-diameter ratio of the T1 phase

is small, and the length of them is about 80 nm. Figure 5 (f)

displays the TEM picture of the pre-aging-T8 aging treated

alloy. Only the T1 phase with a length of about 60 nm is

https://doi.org/10.1016/j.jmrt.2021.12.036
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Fig. 6 e Grain boundary precipitates (GBPs) of differently treated AA2099 AleLi alloy: (a) T6 single aging; (b) T6 duplex aging;

(c) T8 single aging; (d) pre-aging-T8 aging.
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observed in the alloy. Compared with the T8 single aging

treated alloy, the number of T1 phases is increased and the

size is further reduced.

3.3. Grain boundary morphology

Due to the high interface energy of grain boundary, solute

atoms near grain boundary will be diffuse to grain boundary

and form GBPs during the aging process. Figure 6 displays the

distribution of GBPs of the alloy under different aging pro-

cedures. A large number of the second phase precipitated at

the grain boundary in T6 treated alloy, and the GBPs are

continuously distributed, and the width of the PFZ is

125.06 nm, as shown in Fig. 6 (a). T6 duplex aging treatment

reduces the number of GBPs, and the width of the PFZ

decreased to 93.54 nm, but the GBPs are still continuously

distributed along the grain boundary, as shown in Fig. 6 (b).

The number of GBPs is greatly reduced after T8 single aging

treatment. Furthermore, there is a certain interval between

GBPs, and the GBPs are distributed intermittently along the

grain boundary. Thewidth of the PFZ is reduced to 57.10 nm in

the T8 treated alloy, as shown in Fig. 6 (c). Figure 6 (d) shows

the distribution of GBPs of the alloy after pre-aging-T8 aging

treatment, the GBPs also presented intermittent distribution

characteristics. However, compared with the T8 single aging

treatment, the spacing between GBPs is larger and the width

of PFZ is further reduced to 28.27 nm.

3.4. Intergranular corrosion (IGC) behaviors

Figure 7 shows the IGC behavior of the electromagnetic cast-

rolled AA2099 AleLi alloy under different aging procedures.
The left side of the image shows the macro corrosion

morphology of the alloy, and the corresponding local corro-

sion morphology as shown on the right side of the image. As

shown in Fig. 7 (b), the maximum depth of IGC layer in the T6

treated alloy is 183 mm. The maximum corrosion depth of the

alloy is deep, which indicates that the IGC resistance of the T6

treated alloy is poor. The maximum corrosion depth of the

alloy after T6 duplex aging treatment is 140 mm, themaximum

corrosion depth of the alloy is reduced by 43 mm compared

with T6 single aging treatment, and the IGC resistance of the

alloy is slightly improved. Fig. 7 (e) and (f) present the IGC

morphologies of the T8 single aging treated alloy, the depth of

maximum corrosion layer of the alloy is 48 mm, and the IGC

resistance of the alloy is greatly improved. The IGC resistance

of the alloy is further improved after pre-aging-T8 aging

treatment, and the corresponding maximum corrosion depth

of the alloy is 35 mm as presented in Fig. 7 (h). The IGC resis-

tance of the alloy under different aging procedures is in the

order of T6 single aging < T6 duplex aging < T8 single

aging < pre-aging-T8 aging treatment.

Figure 8 shows the surface macro corrosion morphologies

of the heat-treated AA2099 AleLi alloy after different pro-

cedures. Multitudinous white flocculent corrosion products

are accumulated on the alloy surface, but the thickness,

density and distribution of the corrosion products are

different. Among them, the corrosion scales on the T6 treated

alloy are thick and distributed unevenly, the a(Al) matrix is

exposed on the surface of the alloy, and there are many deep

corrosion pits on the alloy surface as shown in Fig. 8 (a). If the

corrosion time is prolonged, the area not covered by corrosion

products will continue to be eroded by the corrosion solution,

thus deepening the corrosion depth. As shown in Fig. 8 (b), the

https://doi.org/10.1016/j.jmrt.2021.12.036
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Fig. 7 e Intergranular corrosion of differently treated AA2099 AleLi alloy: (a) T6 single aging; (b) T6 duplex aging; (c) T8 single

aging; (d) pre-aging-T8 aging.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 1 6 : 8 6 4e8 7 8870
distribution of the white flocculent corrosion products is more

uniform after T6 duplex aging treatment, but the thickness of

them is still thicker, which means that the alloy has suffered

serious corrosion. The surface of the alloy after T8 single aging

treatment is covered by a large number of corrosion products,

and the distribution of corrosion products is relatively uni-

form. The flocculent corrosion products attached to the alloy

surface increase the polarization resistance, whichwill hinder

the corrosion process [31]. As shown in Fig. 8 (d), the surface of

the alloy after pre-aging-T8 aging treatment is covered by the

thin and dense corrosion scales, which indicates that the alloy

has undergone weak and uniform corrosion, and the corro-

sion propagation rate is relatively slow.
3.5. Electrochemical corrosion behaviors

To test the effect of different heat treatment procedures on

the polarization behavior of AA2099 AleLi alloy, the poten-

tiodynamic polarization curves of the AA2099 AleLi alloy

under T6 single aging, T6 duplex aging, T8 single aging and

pre-aging-T8 aging treatment were tested in w[NaCl] ¼ 3.5%

solution. The experimental results are shown in Fig. 9, and the

corrosion current density (Icorr), corrosion potential (Ecorr) and

polarization resistance (RP) obtained from the polarization

curve are listed in Table 1. Generally, the cathodic branch

represents the reaction of hydrogen evolution: H2-

Oþ2e�/OH�þ1/2H2; and the anodic branch of Tafel

https://doi.org/10.1016/j.jmrt.2021.12.036
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Fig. 8 e Macro morphology of intergranular corrosion specimens of differently treated AA2099 AleLi alloy: (a) T6 single

aging; (b) T6 duplex aging; (c) T8 single aging; (d) pre-aging-T8 aging.

Fig. 9 e Potentiodynamic polarization curves of the AA2099

AleLi alloys (scanning rate is 0.001 V/s).
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polarization curve represents the dissolution reaction of a(Al)

matrix: Al/Al3þþ3e�. In Fig. 9, the cathodic branches of the

polarization curves of the alloys under four different heat

treatment procedures show a relatively stable Tafel linear

region, and the experimental results show that the hydrogen

evolution reaction process of the alloy is stable and the

corrosion rate is uniform during the corrosion process [32].

From Fig. 9 and Table 1, the value of Ecoor shifts to a more

positive position, the value of Icoor decreases significantly, and

the value of RP increases greatly when the alloy is treated by T8

single aging treatment, especially pre-aging-T8 aging treat-

ment. The Ecoor reflects the corrosion tendency of the alloy: the

more negative the Ecoor, the greater the corrosion tendency of

the alloy; the Icoor reflects the corrosion rate of the alloy: the

larger the Icoor, the faster the corrosion rate of the alloy; and the

RP reflects the corrosion resistance: the larger the RP, the

corrosion resistancewill bemore excellent [31]. Among the four

alloys with different heat treatment procedures, the Ecoor
(�0.675 V) of T6 single aging alloy is the most negative, the Icoor
(5.802� 10 �6 A/cm2) is the largest, and theRP (4728U/cm

2) is the

smallest, which indicates that the T6 treated alloy has the

worst corrosion resistance. However, the alloy after pre-aging-

T8 aging treatment has the largest Ecoor (�0.635 V) and RP

(7836 U/cm2) and the smallest Icoor (2.305 � 10�6 A/cm2), which

indicates that the alloy under pre-aging-T8 aging treatment

occupied the best corrosion resistance and excellent corrosion

prevention performance [33,34]. The experimental results are

consistent with the IGC results as shown in Fig. 7.

Figure 10 illustrates the electrochemical impedance

behavior of the AA2099 AleLi alloy after different aging pro-

cedures. As presented in Nyquist curves in Fig. 10 (a) that there
is a low-frequency inductance loop with a small radius and a

high-frequency capacitance loop with a large radius in four

alloys under different heat treatment procedures. In general,

the generation of a high-frequency capacitance loop is related

to the charge transfer in the electric double-layer between the

electrolyte and the surface of the alloy, while the generation of

the inductance loop with low-frequency is related to themass

transfer of ions [31]. The larger the diameter of the low-

frequency inductance loop, the smaller the corrosion rate of

the alloy, which means the better the corrosion resistance of

the alloy [35].

https://doi.org/10.1016/j.jmrt.2021.12.036
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Table 1 e Polarization parameters from the
potentiodynamic polarization curves of the heat-treated
AA2099 AleLi alloys.

Heat
treatment
status

Ecoor/V Icoor/A,cm
�2 RP/(U/cm

2)

T6 single aging �0.675 5.802 � 10�6 4728

T6 duplex aging �0.667 3.191 � 10�6 5683

T8 single aging �0.651 2.661 � 10�6 7611

pre-aging-T8 aging �0.635 2.305 � 10�6 7836
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4. Discussion

4.1. Effect of different heat treatment procedures on
precipitates and mechanical properties of AA2099 AleLi
alloy

The supersaturated solid-solution (SSS) obtained by rapid

quenching after solid-solution treatment is extremely unsta-

ble, it will decompose spontaneously at room temperature,

and the aging process is a diffusion process of solute atoms,

which is mainly affected by temperature [36]. The tempera-

ture of artificial aging is much higher than that of natural

aging, and the diffusion coefficient of solute atomic is larger,

which is conducive to the precipitation of the strengthening

phase. Because the Cu/Li (wt.%) ratio in AA2099 AleLi alloy is

Cu/Li ¼ 1~<2.5, the precipitation sequence of precipitates

during aging process is: a (SSS) / Guinier-Preston (GP)

zoneþ d0 / q0 þ d0/ d0 þ T1 / T1 [37]. The abundant dispersed

and fine GP zones and d0 phases were formed in matrix at the

beginning of the aging process. With the advance of the aging

process, the GP zone gradually transformed into q0 0 phase,

when the q0 0 phase aggregated to a certain extent it will

transform into q0 phase, and d0 phase will transform into T1

phase [38]. When the aging process is close to the peak aging,

the T1 phase will growth in the form of consuming d0 phase.
There are two ways for the T1 phase to consume d0 phase to

achieve the growth goal [39]: i) the T1 phase and the d0 phase
are closely tangent, so that the Li atoms in d0 phase are

continuously diffused to the boundary layer of the T1 phase,

thus promoting the transition from d0 phase to T1 phase; and

ii) the boundary layer of the T1 phase grows continuously

along with the T1/a coherent interface and passes through the

d0 phase which closely connected with the coherent interface

of the T1/a, hence the d0 phase is gradually engulfed and

transformed into the T1 phase.

Due to the high vacancy binding energy of the Li atom, a

large number of vacancies can be trapped in AleLi alloy and

form abundant Li-vacancies during water quenching after

solid-solution, which provides favorable conditions for the

precipitation of d0. In addition, the crystal structure of d0 phase
is LI2 superlattice structure, which is co-coherent with the

matrix [40]. The mismatch of the lattice parameter between

the d0 phase and a(Al) is very small, which is only 0.08%e0.3%,

and the interfacial energy of the d0 phase is only 14 mJ/m2

[41,42]. Therefore, the precipitation activation energy of

d0 phase is very small, and the precipitation driving force is

very large, which leads to the formation of a large amount of
fine and dispersed d0 phases at the early stage of the aging

process as presented in Fig. 5 (c) and (d).

AA2099 AleLi alloy contains about 2.7 wt.% Cu and 0.3 wt.%

Mg. There is a strong interaction between Cu atoms and Mg

atoms, which makes Cu atoms are easily trapped by Mg-

vacancies and forms CueMg-vacancies composite clusters.

With the aging process going on, CueMg-vacancies composite

clusters gradually transform into S0 phase. In addition, the

diameters of Cu atom, Mg atom and Al atom are 0.2556 nm,

0.3196 nm and 0.2862 nm respectively. The sum of the di-

ameters of Cu atoms and Mg atoms is about twice that of Al

atoms. Therefore, the formation of CueMg-vacancies com-

posite clusters can reduce the lattice distortion of the a(Al)

matrix caused by Cu atoms and Mg atoms, release the va-

cancies or form dislocation loops, and promote the precipi-

tation of S0 phase [43,44]. Hence the S0 phase is observed in the

aged alloy. Under the T6 single aging process, the density of

dislocations and other defects in the alloy is very small, and

the T1 phase mainly nucleates at grain boundaries or sub-

grain boundaries and a few dislocations, so there are only

few T1 phases observed in the alloy as presented in Fig. 5 (c). In

conclusion, the d0, S0 and T1 phases are observed in AA2099

AleLi alloy after T6 single aging treatment, in which d0 is the

main precipitate. These precipitates and stress field caused by

the lattice distortion of precipitates will hinder themovement

of dislocations, so as to play a strengthening role.

To obtain the abundant fine, uniform and dispersed GP

zones and d0 phases at a lower temperature, 120 �C/16 h pre-

aging treatment was added before 168 �C/24 h single aging

treatment. When the GP zone reaches a certain size, it will

become the nucleation core of precipitates [45]. The number of

GP zones will increase and become dispersed after a long-time

pre-aging treatment at low temperature in the first stage

(120 �C/16 h), and the GP zoneswith high-density in thematrix

growths as the nucleation cores of the precipitates during the

second stage of high-temperature aging (168 �C/24 h). There-

fore, the amount of the d0, T1 and S0 phases in the alloy in-

creases after T6 duplex aging treatment, hence the

mechanical properties of the alloy increase. At the same time,

the first stage of pre-aging is generally maintained at a lower

temperature. Therefore, the size of d0 phase formed in the pre-

aging stage is small. In the second stage of aging at a higher

temperature, some d0 phase is directly transformed into T1

phase, while the other part of d0 phase which is smaller than

the critical size will re-dissolve in a(Al) matrix, resulting in a

larger supersaturated solid solubility of a(Al) matrix, which is

beneficial to the precipitation of the T1 phase. In addition, the

binding energy of Li-vacancy in AleLi alloy is 0.25 ± 0.03 eV

[46], which is high enough for Li atoms to capture vacancies

during quenching and avoid the formation of dislocation

loops and helices, so that only the grain boundaries or sub-

grain boundaries available as the heterogeneous nucleation

sites of T1 phase and S0 phase, resulting in a small number of

precipitates of T1 phase and S0 phase which depend on het-

erogeneous nucleation [47]. Otherwise, T6 single aging treat-

ment is directly carried out at a high aging temperature

(168 �C), and the diffusion speed of vacancy is very fast, grain

boundaries become the regions of vacancy segregation, hence

the strengthening phases will precipitate preferentially at the

grain boundaries and leads to uneven distribution of

https://doi.org/10.1016/j.jmrt.2021.12.036
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Fig. 10 e EIS of the heat-treated AA2099AleLi alloy: (a) Nyquist curves; (b) Bode phase angle pattern and impedance mode

diagram.
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strengthening phases in the grains and at the grain bound-

aries. However, when the pre-aging treatment at 120 �C is

added before the high temperature aging at 168 �C, the diffu-

sion rate of vacancy becomes slow and the vacancy is easy to

gather together and form dislocation loops during the pre-

aging process at a relatively low temperature of 120 �C,
which weakens the tendency of vacancy segregation to grain

boundaries, and greatly improves the nucleation probability

of the strengthening phases in the grains, so the precipitation

of strengthening phases at the grain boundaries and in the

grains becomes uniform, and the overall strength of the alloy

is improved as presented in Fig. 3. Therefore, the mechanical

properties of AA2099 AleLi alloy obtained by T6 duplex aging

treatment are higher than that T6 single aging treatment.

Multitudinous dislocations were introduced into AA2099

alloy after 5% pre-stretching deformation before aging treat-

ment, as shown in Fig. 5 (b). These dislocations will affect the

competitive precipitation relationship of the precipitates, and

then affect the precipitation behavior and the number of pre-

cipitates during aging treatment [1]. As illustrated in Fig. 5 (e),

the density of the T1 phase in the alloy increases, the size de-

creases, and the distribution of them is uniform after T8 single

aging treatment. The orientation relationship between the T1

phase and a(Al) matrix is (0001)T1//{111}Al, [1010]T1//[110]Al [48].

T1 phase is semi-coherent with the matrix, as the interfacial

energy and coherent strain energy of the T1 phase are very

high, and thenucleation energy required for nucleation is large.

To reduce the nucleation energy, T1 phase usually nucleates

preferentially at dislocations, grain boundaries and sub-grain

boundaries [49]. According to Cassada et al. [50], if the super-

saturated solid solubility of a(Al) matrix is high, T1 phase will

nucleate and grow uniformly at the GP zone/a interface; if the

supersaturated solid solubility of a(Al)matrix is low, the growth

of T1 phase depends on the nucleation mechanism of stacking

faults. The 1/2<110> dislocation on {111}Al crystal plane will be

decomposed into stacking fault and 1/6<112> Shockley partial

dislocation and the decomposed stacking faults provide the

growth interfaces and growth steps for the aggregation of Cu

atoms and Li atoms to form T1 phase.

A tremendous amount of dislocations and dislocation

tangles are produced in alloy by the pre-stretching before

aging and greatly increased the defect density in a(Al) matrix,

which is favorable for the generation of jogs with a certain
spacing and the same burgers vector as {111}Al crystal plane

during the movement of dislocations on {111}Al crystal plane

or adjacent slip planes, and provides a superior nucleation

position for heterogeneous nucleation of T1 phase in the

subsequent aging process, thus the number and density of

the T1 phase increase significantly. In addition, T1 phase is a

close-packed hexagonal structure, which usually pre-

cipitates as hexagonal lath along the {111}Al habit plane in

a(Al) matrix [48]. The pre-stretching deformation makes the

grains slip along the close-packed plane. The interfacial en-

ergy of the T1 phase precipitated along {111}Al habit plane is

lower than that of the q0 phase precipitated along {001}Al, and

the shear strain of the T1 phase is located on {111}Al plane.

Therefore, T1 phase has a large volume of free energy, and

the T1 phase will nucleate in the defect region of alloy prior to

the other precipitates [51], hence the precipitation of T1

phase is dominant in alloy, and the high-density T1 phase is

observed in AA2099 AleLi alloy after T8 aging treatment as

presented in Fig. 5 (e).

As mentioned above, due to the high binding energy of Li-

vacancies, a large number of vacancies can be trapped by Li

atoms during the quenching process and form Li-vacancies

couples, which promotes the precipitation of d0 phase. The
pre-stretching before aging will not directly affect the pre-

cipitation of d0 phase, but the defects such as dislocations or

dislocation tangles caused by pre-stretching will promote the

nucleation of T1 phase [52]. The formation of T1 phase also

consumes a large amount of Li atoms, so the precipitation of

d0 phase is inhibited indirectly. Similarly, the formation of S0

phase also requires a large number of Cu atoms, but more Cu

atoms are preferentially participated in the formation of T1

phase and consumed, so the number of the S0 phase in alloy is

reduced.

The T1 phase is a hard phase in AleCueLi alloy, which has

a better strengthening effect than the d0, q0 and S0 phases [53].

The strengthening effects of precipitates with different mor-

phologies and types are quite different [39]. Nie studied the

relationship between the strengthening effect of precipitates

and their shapes and orientations according to the Orowan

formula listed below [54]:

Dt¼
�

Gb

4p
ffiffiffiffiffiffiffiffiffiffiffi
1� n

p
��

1
l

��
ln
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�
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Fig. 11 e Microstructural evolution mechanism and the precipitation behavior of the AleCueLi alloy under different heat

treatment procedures.
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where Dt is the increment of critical shear stress caused by

precipitates; G represents the shear modulus of the matrix; b

is the Burgers vector; n is the Poisson's ratio; l is the effective

distance between particles; Dp is the average diameter of

particles; and r0 is the radius of dislocation core. The effective

distance between the precipitates is affected by the size,

shape, direction and distribution of the precipitates. By

comparing the critical shear stress of particles with different

precipitation directions, it can be found that the critical shear

stress caused by the T1 phase with large length-diameter ratio

precipitated along {111}Al habit planes in a(Al)matrix is greater

than that of the q0 phase precipitated along {100}Al habit planes

and the d0 phase precipitated along [100]Al, hence the

strengthening effect caused by T1 phase is the most obvious.

The interaction mechanism between the dislocations and

the second phase particles will transfer from the shearing

mechanism to the bypassing mechanism when the disloca-

tion meets the T1 phase, which greatly promotes the strength

of the alloy. When the movement of dislocation meets the

high-density T1 phase, a large number of dislocation loopswill

be produced, which will lead to a dislocation pile-up and play

a strengthening role. Moreover, the appearance of dislocation

loops reduces the distance between precipitates and increases

the resistance of dislocationmovement. Therefore, to obtain a

better age-hardening effect, it is usually expected to produce a

great quantity of T1 phase in the process of heat treatment,

and T8 aging treatment can achieve this goal very well.

However, T1 phase is a brittle phase, and the close-packed

plane and close-packed direction of T1 phase are parallel to

the a(Al) matrix, so the dispersing effect of T1 phase on the

coplanar slip is not obvious, which is not contributing to the

improvement of alloy ductility. Therefore, the pre-stretching

before the aging process promoted the dispersive
precipitation of the high-density T1 phase, and inhibits the

precipitation of d0 phase and S0 phase. Compared with T6

single aging or T6 duplex aging treatment, the strength of the

alloy increased greatly, but the plasticity decreased as pre-

sented in Fig. 3.

Adding a low-temperature pre-aging treatment before the

pre-stretching process of T8 aging treatment can enhance the

density of precipitates in the a(Al) matrix and improve the

interaction between the precipitates and dislocations, and

further enhance the strength of the alloy. The clusters formed

in the low-temperature pre-aging process before pre-

stretching will gather together to form GP zones, and the GP

zones will interact with the dislocations produced by pre-

stretching, which provides the nucleation particle for the

precipitates. Before pre-stretching, the degree of supersatu-

rated solid-solution of the matrix is relatively high, a large

amount of dispersed d0 phase can be produced by low-

temperature pre-aging and transformed into T1 phase in the

subsequent high-temperature aging process, which is similar

to the T6 duplex aging. In the subsequent pre-stretching

deformation process, the precipitates formed in the pre-

aging stage plays a key role in the accumulation of disloca-

tions and promotes the random distribution of dislocations,

and can effectively interweave with dislocations or even en-

tangles with dislocations [55], which provides favorable con-

ditions for the nucleation of T1 phase at the dislocations. It is

equivalent to pre-aging-T8 aging treatment that combines the

advantages of T6 duplex aging and T8 single aging, hence

more T1 phase precipitated uniformly and dispersedly in a(Al),

which raises the volume fraction of precipitates that cannot

be shearing by dislocations. Therefore, the T1 phases with

high density, small size and uniform distribution are observed

in pre-aging-T8 treated AA2099 AleLi alloy as illustrated in

https://doi.org/10.1016/j.jmrt.2021.12.036
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Fig. 5 (f), and the mechanical properties of the alloy increases

accordingly as presented in Fig. 3. The Microstructure evolu-

tion mechanism and precipitation behavior of the AleCueLi

alloy under different heat treatment procedures are shown in

Fig. 11.

4.2. Effect of different heat treatment procedures on
GBPs of AA2099 AleLi alloy

As presented in Fig. 5 (d), the T6 duplex aging treatment

causes more Cu-rich phases precipitated in the matrix, and

hence the Cu atoms at the grain boundaries are less than that

of T6 single aging treatment. Therefore, the number of GBP is

decreased, and the width of the PFZ is reduced. A large

amount of T1 phase precipitates in the grain of the T8 single

aging treated alloy leads to the consumption of Cu atoms in

the matrix. In addition, the dislocations accumulated around

the grain boundaries will hinder the diffusion of the Cu atoms

from a(Al) to grain boundaries [56]. Therefore, only few posi-

tions in intergranular can gather enough Cu atoms, which

leads to the discontinuous precipitation of the rare particles at

grain boundaries, as shown in Fig. 6 (c). The Cu-rich phase

produced in the pre-aging stage will interact with the dislo-

cations during the pre-stretching process in the pre-aging-T8

aging treatment. For example, the Cu-rich phase in-

terweaves with the dislocations and even appears dislocation

tangles, which further hinders the segregation of Cu atoms.

Moreover, the Cu atoms will diffuse to {111}Al crystal plane

rapidly, which greatly enhances the precipitation driving force

of T1 phase and promotes the nucleation of T1 phase, and

further leads to the insufficient number of Cu atoms to form

Cu-rich GBPs. Therefore, the Cu-rich GBPs with a larger gap

and a small amount were obtained by pre-aging-T8 aging

treatment as shown in Fig. 6 (d). Furthermore, the high-

density dislocations produced by pre-stretching treatment

before the aging process can promote the decomposition of

SSS, accelerate the precipitation driving force of the pre-

cipitates and promote the precipitation of precipitates, and

inhibit the precipitation of GBP [57,58].

4.3. Effect of different heat treatment procedures on IGC
of AA2099 AleLi alloy

The IGC resistance mainly depends on the precipitation

characteristics of grain boundaries, especially the type,

quantity, distribution and size of the intergranular pre-

cipitates, as well as the composition and width of PFZs [59,60].

To obtain the alloy with good IGC resistance, it is usually

necessary to make the GBPs intermittently distributed and as

widely as possible, and the width of PFZs should be as narrow

as possible. Many Cu-rich phases such as T1 phase and Li-rich

phases such as d0 phase are densely distributed at the grain

boundaries of the T6 and T6 duplex aging treated alloy as

presented in Fig. 6(a) and Fig. 6(b). The OCP of T1 phase is

�0.77 V, and that of PFZ is �0.78 V, both of them are signifi-

cantly lower than that of solid-solution a(Al) (about �0.62 V).

The main aging precipitates in AA2099 AleLi alloy are d0、q'、
S0 and T1 phase, and the potential values of these precipitates

and the PFZ is in the order of: 4 d0＞4 q0＞4 PFZ＞4 S0＞4 T1＞4

a(Al) [61]. Compared with a(Al) matrix, the corrosion potential
of Cu-rich phases and Li-rich phases in the mixed solution of

3.5 wt.%NaClþ 1.1 g/mLH2O2 is negative, and thewidth of the

PFZ is wide, which is easy to occur the selective dissolution of

the PFZ. Therefore, the a(Al) matrix acts as the cathodic in the

process of IGC, while the intergranular phases and the PFZs

act as the anode, which plays the role of the sacrificial anode

and is dissolved preferentially. In addition, the continuous

intergranular phases act as a channel of electron transfer,

which accelerates the corrosion rate of anodic [62]. The above-

mentioned factors lead to the AA2099 AleLi alloy after T6

single aging or T6 duplex aging treatment has a lower IGC

resistance. However, there are fewer GBPs and the width of

PFZ is narrower in the T6 duplex aging alloy as illustrated in

Fig. 6(b), thus the IGC resistance of T6 duplex aging alloy is

slightly distinguished than that of T6 single aging alloy, and

the maximum depth of IGC layer of the alloy decreases as

presented in Fig. 7.

After T8 single aging treatment, the number of intergran-

ular phases is greatly decreased, and the width of PFZ is

significantly reduced as displayed in Fig. 6(c), whichmakes the

corrosion potential of grain boundaries move to the positive

value. Moreover, the rare and intermittently distributed GBPs

effectively block the continuous corrosion channel of grain

boundaries and hinder the IGC process. In addition, T8 single

aging treatment makes the T1 phase precipitated uniformly

and densely in the grains as showcased in Fig. 5 (e), the for-

mation of the T1 phase consumes a lot of Cu atoms, which

leads to the corrosion potential of a(Al) matrix shift to a

negative value and reduces the difference of the corrosion

potential between grain boundary and intragranular. This not

only reduces the driving force of IGC, but also reduces the

difference of corrosion rate between the grain boundary and

intergranular. Therefore, the sensitivity of the IGC of the

AA2099 AleLi alloy decreases and the corrosion is more uni-

form after the T8 single aging treatment. However, after pre-

aging-T8 aging treatment, the density of the T1 phase and

the spacing of GBPs are further increased, and thewidth of PFZ

is further reduced as presented in Fig. 5 (f) and 6 (d) respec-

tively. Therefore, the potential differences between the grain

boundary and intragranular is small, hence the driving force

of the IGC of the alloy is decreased.

4.4. Effect of different heat treatment procedures on
electrochemical corrosion of AA2099 AleLi alloy

The radius of the inductance loop and capacitance loop is

smaller in T6 single aging and T6 duplex aging treatment alloy

as shown in Fig. 10 (a). The appearance of an inductance loop

is due to the unstable existence of the corrosion scales in the

dynamic corrosion process, so its protective effect on the a(Al)

matrix is temporary. Once it is destroyed by Cl� in NaCl so-

lution, the corrosion scales will fall off and the fresh surface of

a(Al) will expose constantly, which leads to the new corrosion

of a(Al) and aggravated the corrosion degree of the alloy. The

smaller radius of the high-frequency capacitance loop in-

dicates that the corrosion products on the alloy surface are not

compact enough, and there is a large amount of charge

transfer in the electric double-layer. The electrolyte can easily

penetrate the a(Al) substrate surface and continuously

corrode the a(Al) matrix. Hence, the corrosion resistance of
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the T6 single aging and T6 duplex aging alloy is poor. This

result is in good agreement with the results of the macro

corrosion morphology of the alloy in Fig. 8. However, the al-

loys exhibit a large radius of inductance loop and a capaci-

tance loop after T8 single aging and pre-aging-T8 aging

treatment. Especially in pre-aging-T8 aging state, the alloy has

the largest radius of inductance loop and capacitance loop as

shown in Fig. 10 (a). The low-frequency inductance loopwith a

larger radius indicates that the corrosion scales have good

stability during the dynamic corrosion process, which is

consistent with the results as presented in Fig. 7 and Fig. 8. A

high-frequency capacitance loopwith a larger radius indicates

that the alloy has a larger charge transfer resistance in the

corrosion process, which hinders the corrosion process of

a(Al) matrix to a certain extent and makes the alloy exhibit a

smaller corrosion rates, and the result is consistent with the

test results in Fig. 9.

As can be seen from the Bode phase angle diagram and

impedancemode diagram in Fig. 10 (b) that the peak value and

width of the phase angle of T8 treated alloy and pre-aging-T8

treated alloy are larger than those of T6 single and T6 duplex

aging treated alloy, which indicates that the alloy after T8

single aging especially pre-aging-T8 aging treatment has

larger resistance, smaller capacitance and lower corrosion

rate [63]. As for the alloys under different heat treatment

conditions, the order of impedance modulus (Zmod) from large

to small is as follows: pre-aging-T8 aging > T8 single aging >
T6 duplex aging > T6 single aging alloy. The experimental

results show that the pre-aging-T8 treated alloy has the

largest polarization resistance and the best corrosion protec-

tion performance, followed by T8 treated alloy, and T6 treated

alloy has the smallest polarization resistance and the worst

corrosion protection performance. The result is consistent

with the results of the Nyquist curves as shown in Fig. 10.
5. Conclusion

This paper has studied the mechanical properties, the types

and distribution of precipitates, IGC and electrochemical

corrosion of the electromagnetic cast-rolled novel AleLi alloy

under different aging procedures respectively. Moreover, the

effect of different heat treatment procedures on the micro-

structural evolution and corrosion behavior of the novel AleLi

electromagnetic cast-rolled alloy has also been investigated.

This is the first study on the heat treatment of the third gen-

eration novel AleLi alloy fabricated by electromagnetic twin-

roll casting process. The results will help to establish the

quantitative relationship between processing, microstructure

and properties of the AleLi alloy, and provide guidance for the

heat treatment of the third generation AleLi alloy. The main

conclusions are as follows:

(1) The novel AleLi alloy exhibits a strong aging response

in different aging procedures. The T6 treated alloy is

mainly composed of d0 phase, accompanied by a small

amount of coarse S0 phase and T1 phase. Multitudinous

dislocations or dislocation tangles are produced in the

alloy after 5% pre-stretching deformation before aging
treatment, which increases the density of defects in

a(Al), provides superior heterogeneous nucleation sites

of the T1 phase, and promotes the precipitation of T1

phase. The pre-aging process before T8 aging treatment

enhances the precipitation driving force of the T1 phase

during the subsequent aging process and further in-

creases the density of T1 phase in the alloy.

(2) The precipitation of a large amount of T1 phase inhibits

the precipitation of d0 phase and S0 phase in T8 treated

alloy and pre-aging-T8 aging alloy, which raises the

volume fraction of the precipitates that cannot be

shearing by dislocations and significantly improve the

strength of the alloy. The UTS and YS of the alloy after

pre-aging-T8 aging treatment are 517.04 MPa and

500.09 MPa respectively, which are much higher than

those of T6 single aging and T6 duplex aging alloys.

(3) T8 aging treatment reduces the number of GBPs and

makes them intermittently distributed, and decreases

the width of PFZs. In addition, the uniform and dense

precipitation of T1 phase in the grain of the T8 treated

alloy reduces the difference of the corrosion potential

between the grain boundaries and the grains. Therefore,

the alloy obtained excellent IGC resistance and superior

corrosion protection performance. The maximum

depth of the IGC layer decreases from 183 mm of the T6

treated alloy to 35 mm of the pre-aging-T8 aging alloy.
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