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Abstract: 2A97 Al-Li alloys with different Li contents were cast by the near-rapid solidification. After that, physical 

properties analysis was performed by tensile and density tests. Simultaneously, the differential scanning calorimeter (DSC), 

optical microscope (OM), scanning electron microscope (SEM) and energy dispersive spectrometer (EDS) were used to 

explore the microstructure evolution of the Al-Li alloy. The results show that the near-rapid solidification and a reasonable 

heat treatment process can effectively reduce the coarse second phase in the 2A97 Al-Li alloy, which is of great significance 

for obtaining ultra-low-density Al-Li alloys. With the increase of Li content, the Cu element in the alloy is more inclined to 

capture more Li element to form the Al

2

CuLi phase. Accompanied by the relative decrease of Al

2

Cu phase, the petal-shaped 

eutectic phase Al

2

CuMg appears. Besides, the as-cast microstructure of the near-rapid solidified Al-Li alloy transforms from 

dendritic grains to cellular-like grains, leading to the refinement of the grains. However, as the Li content increases from 1.5 

wt% to 3.5 wt%, the effect of the heat treatment decreases sharply, resulting in many coarse eutectic phases remaining in the 

triangular cross boundaries of the alloy and a reduction in mechanical properties of alloys. 
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Al-Li alloy has gradually become a structural material with 

great application potential in aerospace because of its light 

weight, low anisotropy, high elastic modulus, high strength 

and good age hardening characteristics

[1,2]

. Studies have 

shown that for every 1 wt% of Li added, the density of the al-

loy can be reduced by 3%, while the elastic modulus can be 

increased by 6%

[3,4]

. Li element can play a significant 

strengthening role in the alloy because of solid solution 

strengthening and δ' precipitation strengthening 

[5]

. Appropri-

ately increasing the solid solution limit of Li in the alloy is of 

great significance for improving the properties of the alloy. In 

the history of Al-Li alloys, there are three generations. Among 

them, Li content of the second-generation Al-Li alloy is 

1.9%~2.7%, making the alloy density lower, the elastic mod-

ulus higher, the fatigue life longer, and the crack growth rate 

slower 

[6]

. However, due to the increase of Li element, the 

anisotropy of the alloy is aggravated and the segregation of 

specific gravity is increased. In the aging process, the δ phase 

will be generated at the grain boundary. During the growth of 

the grain boundary phase, a small uniform δ' phase will be 

consumed, leading to a serious reduction in the fracture 

toughness 

[7]

. Therefore, the third-generation Al-Li alloy ap-

propriately reduces the Li content but increases the Cu content 

to improve the alloy performance 

[8, 9]

. However, this method 

has led to a limitation in the reduction of the density of Al-Li 

alloys, making it impossible to obtain ultra-low-density Al-Li 

alloys. 

Currently, researches on improving the performance of 

Al-Li alloy mainly focus on age-hardening. Deng et al 

[10]

 car-

ried out research on the rolling process of Al-Cu-Li after aging. 

And the results show that Al-Cu-Li alloys processed through 

cryogenic rolling followed by aging treatment can get better 
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mechanical properties, which not only have high strength but 

also good ductility. Deschamps et al 

[11]

 studied the micro-

structure evolution of Al-Cu-Li alloy with different Li con-

tents during aging. The results indicate that the δ phases in the 

alloy with high Li content evolve into a large number of δ' 

phases during long-term aging. Some relevant studies have 

found that by suitable homogenization process, dendrite seg-

regation and non-equilibrium eutectic phases in the alloy can 

be effectively eliminated 

[7,12]

, which has significant implica-

tion for improving the properties of the alloy. 

However, the current study on the performance improve-

ment of Al-Li alloys still takes the third-generation Al-Li alloy, 

a low-Li-content (<1.8%) aluminum-lithium alloy, as an ob-

ject. The research of increasing the Li content in the Al-Li al-

loy to greatly reduce the alloy density while ensuring the alloy 

microstructure and performance and finally obtaining ul-

tra-low-density Al-Li alloy on the basis of the special solidifi-

cation technology and effective heat treatment process, is still 

relatively less. 

In this paper, 2A97 Al-Li alloys with different Li contents were 

prepared by near-rapid solidification, and the anisotropy of the 

alloy caused by the increase of Li content was improved by the 

relevant heat treatment process. The aim is to increase the addi-

tion amount of Li in Al-Li alloys by combining special solidifica-

tion technique with suitable heat treatment, and to ensure the ex-

cellent microstructure and properties of the alloy, providing a new 

idea for the realization of ultra-low-density Al-Li alloys. 

1 Experiment   

The experimental material was based on Al-XLi- 

4.5Cu-0.5Mg-0.12Zr-0.5Zn-0.5Mn(X=1.5, 2.5, 3.5, wt%). The 

Li content in the alloy was adjusted appropriately. The chemi-

cal composition of the experimental alloy is shown in Table 1. 

High-purity Al, high-purity Li, master alloy Al-Mg, Al-Zn, 

Al-Cu and Al-Zr were used as raw materials for alloy prepara-

tion. The high-purity Al was placed in an electric resistance 

furnace and smelted at a melting temperature of 710 °C. After 

Al melting was finished, Cu, Zn, Zr and Mg were added. Then, 

degassing was carried out using C

2

Cl

6

 and high purity Ar, fol-

lowed by the addition of Li element. High-purity Li was 

wrapped in aluminum foil and was pressed to the bottom of the 

molten alloy using a bell-type feeding device. In this process, 

anhydrous lithium chloride was used as a covering agent. Then, 

0.1% alloy grain refiner (Al

5

TiB) of the total amount of alloy 

was added. After the alloy elements were completely melted, 

the alloy was cast after 5 min of heat preservation. 

 

Table 1  Chemical composition of Al-Li alloys (wt%) 

Alloy Li Mn Cu Mg Zr Zn Al 

1# 1.51 0.51 4.50 0.49 0.12 0.50 Bal. 

2# 2.49 0.49 4.49 0.51 0.12 0.50 Bal. 

3# 3.49 0.49 4.51 0.50 0.13 0.51 Bal. 

The schematic of the near-rapid solidification device is 

shown in Fig.1. The pouring process used gate and riser for 

feeding. The outer wall of the mold was sprayed with water to 

reach a near-rapid solidification rate. Argon gas protection and 

a real-time temperature measurement by temperature collector 

were performed during the entire casting process. Finally, a 

plate-shaped ingot with a size of 200 mm×150 mm×15 mm 

was obtained. The ingot was cut and processed. After that, 

heat-treatment, mechanical properties test, density test and 

microstructure analysis were performed. 

The density of samples was measured 3 times by the 

high-precision digital density meter QL-202GR and then av-

eraged. Before the test, several small pieces of as-cast sample 

with the dimension of 15 mm×15 mm×4 mm were cut. And 

the surface of each sample was polished with 240#~1000# 

sandpaper to eliminate stain and obvious defects. The DSC 

test was performed using STA449F3 TG/DSC simultaneous 

thermal analyzer. Heating rate was 40 °C/min. When the tem-

perature reached 720 °C, the samples were held for 15 min, 

and then cooled down at a rate of 2 °C/min. Tensile properties 

were measured on a CMT-5105 universal testing machine at a 

tensile rate of 1 mm/min. The diameter of the sample was 12 

mm and the gauge length was 60 mm. The extensometer was 

added during the experiment. Each group of three samples 

was averaged. The sample was electro-polished and then 

placed in a polishing solution of HClO

4

+H

2

O+C

2

H

5

OH at a 

polishing voltage of 27 V DC for 1s, followed by observation 

and analysis of metallographic microstructure using 

OLYMPUS GX71 optical microscope (OM) and Quanta 

200FEG (FEI) scanning electron microscope (SEM) equipped 

with EDS. 

2 Results and Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Near-rapid solidification device 
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2.1  DSC analysis  

The more low-melting-point elements are added, the lower 

the phase transition temperature of the alloy. Therefore, the 

sample with 3.5 wt% Li was chosen for DSC test, while, the 

1.5 wt% Li contained sample was used for heat-treatment 

temperature test. The DSC curve and the heat-treatment tem-

perature test result are shown in Fig.2. 

From the DSC curve shown in Fig.2a, the last exothermic 

peak of the alloy appears at about 520 °C, the starting point 

appears at about 510 °C, while the end temperature is about 

530 °C. Heat preservation for 1# Al-Li alloy was performed at 

530 °C for 24 h as a homogenization heat treatment. Traces of 

over-burning in the microstructure were found, as shown by 

area A in Fig.2b. According to the analysis of DSC result and 

related studies, the dissolved temperatures of Al

2

CuMg phase 

and Al

2

Cu phase are 495 and 515 °C, respectively 

[13]

. There-

fore, the temperature of the heat treatment system cannot ex-

ceed 520 °C. 

Aging processes can affect the δ' phase in Al-Li alloys, re-

sulting in corresponding changes of alloy properties. In the 

under-aging and peak-aging processes, the δ' phase dimension 

is small, and a large amount of T

1

 phase will precipitate in the 

matrix. As a result, no second phase precipitates in the grain 

boundary, bringing an improvement in the alloy mechanical 

properties. As a comparison, when over-aging, the δ' phase 

dimension is larger, resulting in a decrease in the alloy 

strength and toughness

 [14]

. The final determination of the ex-

perimental methods and heat-treatment processes are shown in 

Fig.3. 

2.2  Effect of Li content on microstructure of Al-Li al-

loys 

The different Li contents can lead to obvious differences in 

metallographic microstructure of alloy. As shown in Fig.4, the 

microstructure of the samples cast by the near-rapid solidifica-

tion was compared with that of samples with the heat-treatment. 

By calculating the results of the temperature acquisition in-

strument, the cooling rate in this experiment can reach 200 K/s. 

The related studies of Al-Li alloys show that when the Li con-

tent is less than 0.5 wt%, only the θ' phase precipitates in the 

alloy. When the Li content reaches 0.5 wt%~1.1 wt%, the θ' 

phase and the T

1

 phase are precipitated. When the Li content 

is more than 2.1 wt%, the θ' phase, the T

1

 phase and the δ' 

phase are all precipitated. When the cooling rate is high, a 

non-equilibrium solidification reaction occurs. In this condi-

tion, when the Li element is 1.5 wt%, the production of the δ' 

phase may occur. By comparing the as-cast microstructures of 

the specimens in Fig.4a, 4c and 4e, it can be concluded that 

dendritic segregation occurs in the metallurgical microstructure 

of the alloy when the Li content is 1.5 wt%. The second phases 

mainly concentrate at the triangular cross boundaries and form 

the low-melting eutectic phase. This is because near-rapid so-

lidification has a high cooling rate and a high degree 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  DSC curve of sample with 3.5 wt% Li (a) and microstructure (b) 

of 1.5 wt% Li contained sample after insulating at 530 °C for 

24 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Heat-treatment process 

 

of undercooling, so that the alloy is easily subjected to 

non-equilibrium eutectic reactions 

[15]

. Subsequently, the sol-

ute atoms begin to segregate and undergo a eutectic reaction: 

L→α(Al)+T

2

(Al

6

CuLi

3

). The T

2

 phase is small and more eas-

ily dispersed. When the content of Li reaches 2.5 wt%, the al-

loy begins to exhibit a metallographic structure in which den-

drites and cellular-like grains coexist. As the Li content in-

creases to 3.5 wt%, almost all the grain microstructures of the 

alloy are cellular-like grains, so-called equiaxial grains. In 

general, with the increase of the Li content, the microstructure 

changes from the dendrite to the cellular-like grain, and the  
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Fig.4  Metallographs of as-cast (a, c, e) and heat-treated (b, d, f) samples with different Li contents: (a, b) 1#, (c, d) 2#, and (e, f) 3# 

 

larger grains are disassembled into many smaller particles. In 

the triangular cross boundaries, more unmelted second phases 

appear gradually and are distributed unevenly. 

Fig.4 compares the as-cast microstructures micrographs 

after heat-treatment; it shows that the dendritic grains and 

cellular-like grains in the as-cast microstructure are almost 

completely re-dissolved by heat treatment at a Li content of 

1.5 wt% and 2.5 wt%. The broken grains are diffusely 

distributed in the matrix, leaving only a small amount of 

grains in the triangular cross boundaries of the microstruc-

ture, which results in homogenization of the alloy as well 

as improvement of the mechanical performance. While, 

when the Li content reaches 3.5 wt%, there are a mass of 

coarse second phases left. 

By comparing the photomicrographs of the three groups of 

specimens after heat treatment in Fig.4b, 4d and 4f, it can be 

found that for the same heat treatment system, alloys with 

lower Li content are more effective. Through the heat treat-

ment process, a large number of the coarse phases at the grain 

boundaries are re-dissolved, leaving the fine uniform precipi-

tate phases mainly including the δ' phase, the θ' phase, the S' 

phase, and the T

1

 phase 

[14]

. With the increase of Li content, 

the effect of heat treatment begins to decrease. At this time, 

the coarse phase in the grain boundary position cannot be 

completely eliminated, and more coarse phases remain. 

Moreover, aggregated lamellar coarse phases gradually form 

at the interdigitated triangle positions. 

The SEM images and EDS analysis are shown in Fig.5 and 

Table 2, respectively. 

By analyzing the SEM photographs and EDS analysis in 

Fig.5a, 5b and Table 2, it is indicated that when the Li content 

is 1.5 wt%, after heat-treatment, the main components of the 

residual phases are Al, Mn, Fe, Cu and Zn. Among them, Fe is 

an impurity, and during the smelting process, it is mixed into 

the alloy through the iron tools such as feed clamps to form a 

hardly soluble impurity AlCuFeMn phase 

[16]

. The main struc-

tures of the non-equilibrium phases are Al

2

CuLi and Al

2

Cu 

phases containing a small amount of Mg element, like a white 

block. In addition, there are some η phases composed of Zn 

and Mg elements, which are relatively coarse and mainly dis-

tributed at grain boundaries. 

By analyzing the SEM photographs and EDS analysis in 

Fig.5c, 5d and Table 2, it can be found that when the Li con-

tent is 2.5 wt%, after heat-treatment, the main components of  
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Fig.5  SEM images of samples containing 1.5 wt% (a, b), 22.5 wt% (c, d) and 3.5 wt% (e~h) Li: (a) after heat-treatment and (b) magnification of 

area A; (c) after heat-treatment and (d) magnification of area B; (e) after heat-treatment and (f) magnification of area C; (g) as-cast and  

(h) magnification of area D 

 

Table 2  EDS analysis of points in Fig.5 (wt%) 

Point Mn Cu Mg Zr Zn Al Fe 

1 6.77 36.60 - - 1.67 46.40 8.56 

2 0.14 33.00 1.89 0.09 2.63 60.24 2.00 

3 9.67 18.13 0.03 - 0.48 59.11 12.57 

4 0.08 21.79 0.46 - 2.38 66.63 8.66 

5 0.20 25.98 0.80 0.14 3.25 60.07 9.55 

6 0.12 23.38 0.50 - 2.41 68.42 5.17 

7 0.17 24.88 0.67 0.11 2.98 62.72 8.47 

the residual phase are Al, Mg, Mn, Fe, Cu, Zn. The impurity 

phase is AlCuFeMn phase. Point 2 shows that the precipitated 

phases contain Mg element. The main compositional phases 

are Al

2

CuMg phase and Al

2

CuLi phase, in a gray block shape. 

Point 3 shows that the phases are Al

2

Cu, Al

2

CuLi, a small 

amount of Al

20

Cu

2

Mn

3

, and a partially coarse η phase. Other-

wise, the precipitated phases mainly exhibit a white block 

shape. 

From Fig.5e, 5f and Table 2, it is indicated that when the Li 

content reaches 3.5 wt%, the petal-shaped eutectic phase ap-
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pears at the triangular cross boundaries of the microstructure. 

By spectrum analysis, it can be determined that the phase 

mainly includes Al

2

CuLi phase, Al

2

Cu phase and Al

2

CuMg 

phase combined with some eutectic phases and some coarse η 

phases. As a comparison, the fact that the Al

2

CuLi phase, 

Al

2

Cu phase and Al

2

CuMg phase appears in the microstruc-

ture at the very beginning and cannot be completely elimi-

nated by the heat-treatment can be concluded from Fig.5g, 5h 

and Table 2. These undissolved precipitation phases are un-

evenly distributed and converge at the triangular cross 

boundaries. The morphology of the precipitated phases also 

shows irregular block shape and petal shape, resulting in poor 

bonding of the alloy phase interface. As a result, these areas 

become the best areas for crack propagation, so the alloy per-

formance is deteriorated.  

By comparing Fig.5a, 5c and 5e, it can be seen that when the 

Li content is 1.5 wt%, the Cu content is relatively high, and the 

second phases are mainly composed of Al

2

CuLi phase and a 

small amount of Al

2

Cu phase in which the Mg element is dis-

solved. As the Li content increases, the Cu element in the alloy 

combines with more Li element, resulting in an increase in the 

Al

2

CuLi phase and a relative decrease in the Al

2

Cu phase. This 

promotes the formation of Al

2

CuMg phase and more 

petal-shaped eutectic phases. Under the same heat-treatment 

processes, when the Li content reaches 3.5 wt%, more coarse 

eutectic phases are remained at the triangular cross boundaries 

in the microstructure of the alloy, leading to a decrease in the 

alloy performance. The heat-treatment process results in pref-

erential growth of the θ' phase in the dispersed phase.  

The addition of Mg element can inhibit the formation of the 

T

2 

phase to a certain extent but promote the precipitation of 

the δ' phase 

[7]

. At the same time, Mg and Zn form coarse η 

phases, which mostly appear at the grain boundary. With re-

gards to the alloy with different Li contents, the effects 

achieved by the same heat treatment process are also different. 

As the Li element content increases from 1.5 wt% to 3.5 wt%, 

the composition of the as-cast microstructure of the alloy 

changes. Moreover, the effect of the heat-treatment decreases, 

and the precipitated phases of the alloy after heat treatment 

also change accordingly. 

2.3 Effect of Li content on density and mechanical 

properties of Al-Li alloys 

The fracture scanning images of the specimens are shown in 

Fig.6. At the same time, the density test results and tensile 

properties of the three sets of specimens are shown in Table 3. 

By comparing the fracture scanning images of the three 

groups of specimens in Fig.6, it can be seen that all the speci-

mens exhibit typical brittle fracture features. And when the Li 

content reaches 3.5 wt%, many inclusion phases appear in the 

fracture microstructure. These phases cannot be re-dissolved 

by the same heat treatment, and become the origin of propaga-

tion for cracks, resulting in non-uniform properties and poor 

mechanical properties. 

As shown in Table 3, the increase of Li content has an ob-

vious alloy density reduction effect. It indicates that the Li 

element has very great potential for alloy density reduction 

effect the realization of the ultra-low-density Al-Li alloys. 

However, as the Li content increases, the tensile strength and 

the elongation of the Al-Li alloy drop sharply under the same 

heat treatment, while, the alloys become very brittle. 

Combining the analysis of Fig.4~6, it can be concluded that 

as the Li element increases, the alloy phase component is de-

flected. When the Li content is as low as 1.5 wt%, the major 

phases in the alloy are the δ' phase, the θ' phase, the

 

 

 

 

 

 

 

 

 

 

 

Fig.6  SEM images of the fractures of specimens containing different Li contents after heat-treatment: (a) 1#, (b) 2#, and (c) 3# 

 

Table 3  Density and tensile properties of Al-Li alloys 

Specimen σ

b

/MPa δ/% ρ/g·cm

-3

 

1# 430.01 4 2.66 

2# 400.12 4 2.61 

3# 212.10 3 2.53 

S' phase, and the T

1

 phase

 [17]

. Because of the high binding en-

ergy between the nuclear vacancies and Li atoms, the aggre-

gation of vacancies is inhibited, making it impossible to form 

dislocation loops. The possible non-uniform nucleation sites 

are only grain boundaries and sub-grain boundaries. While, 

Mg element inhibits the formation of θ' phase and precipitates 

the S' phase. This phase promotes more uniform distribution 

of dislocation slips, which is beneficial to the fatigue proper-

a b 

100 µm 

Inclusion phases 

c 
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ties of the alloy. When the Li element is too high, it will cause 

the microstructure to change from the T

1

 phase to the T

2

 phase, 

which will mostly precipitate at the high-angle grain bounda-

ries. As a result, a non-precipitation zone of the δ' phase near 

the grain boundaries appears. Eventually, fracture toughness 

of the alloy is decreased 

[18]

. According to Table 3, it can be 

seen that when the Li content is 2.5 wt%, although the tensile 

strength of the 2# model is lower than that of the 1# model 

due to the lower effect of the same heat-treatment, the effect 

of the density reduction is more significant. According to 

Fig.6b, there are not many inclusion precipitation phases. 

From Fig.5, it still can be concluded that when the Li content 

is 2.5 wt%, under the same heat treatment process, there is no 

large petal-shaped eutectic phase, indicating that better uni-

formity can be achieved by the special cast technique and ap-

propriate heat-treatment. 

3 Conclusions 

1) Near-rapid solidification technology and reasonable 

heat-treatment process can effectively eliminate the coarse 

second phase in the 2A97 Al-Li alloys, which helps to increase 

the amount of Li addition in the alloy and reduce the alloy 

density. 

2) With the increase of Li content, the as-cast microstructure 

of the near-rapid solidified Al-Li alloys transforms from den-

dritic grains to cellular-like grains. Simultaneously, large grains 

are obviously refined. 

3) Under the same heat-treatment process, the Al-Li alloys 

with a lower Li content of 1.5 wt% have more obvious 

heat-treatment effect and higher mechanical properties. With 

the increase of Li content, the effect of the heat treatment 

gradually decreases. When the Li content is as high as 3.5 wt%, 

the heat-treatment at this time is almost ineffective, resulting in 

a serious decline in mechanical properties. At the same time, 

the higher the Li content, the lower the Cu/Li ratio, resulting in 

an increase of the Al

3

Li phase and a relative decrease of the 

Al

2

CuLi phase, which also leads to a loss in the alloy strength. 

4) After the heat-treatment of the alloy, the main compo-

nents of the precipitated phases include Al, Cu, Mg, Zn, Mn, 

and Fe. When the Li content is lower than 1.5 wt%, the pre-

cipitated phase is mainly white bulk Al

2

Cu and a small 

amount of Al

20

Cu

2

Mn

3

. When the Li content reaches 2.5 wt%, 

Al

2

CuMg, Al

2

Cu, and Al

2

CuLi appear in the precipitated 

phases. This is because the increased Li forms Al

2

CuLi with 

Cu, resulting in a decrease in the Cu content compared to the 

Mg content, so the formation of Al

2

CuMg can be promoted. 

Therefore, this phenomenon that a gray phase precipitates in 

the white bulk phase occurs. When the Li content reaches 3.5 

wt%, the precipitated phases are almost disassembled into 

white and gray parts, whose shapes are similar to the petals. 

Al

2

CuMg and Al

2

CuLi are predominant in the precipitation 

phase at this time. These precipitated phases are irregular in 

shape and non-uniformly distributed, resulting in poor bond-

ing of the alloy phase interface. As a result, these areas be-

come the best areas for crack propagation, so the alloy per-

formance is deteriorated. 
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