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Abstract  

The thermodynamic optimization  of  the  AL-Li  binary  system  was  carried  out  with  the  help  of  CALculation 

of PHAse Diagram (CALPHAD) method. Al2Li3, Al4Li5  and  AlLi2  have  been  treated  as stoichiometric 

compounds while a solution  model  has  been  used  for  the  description  of  the  liquid, FCC_A1 (Al) and  

BCC_A2 (Li) phases. The non-stoichiometric AlLi phase with a narrow homogeneity range was modeled using a 

two-sublattice model with a mutual substitution of Al and Li on both Sublattice. The optimization is carried out in 

the Thermo-calc package. A set of self-consistent thermodynamic parameters are obtained. The calculated phase 

diagram and thermodynamic properties agree well with the available experimental data. 

Keywords: Al-Li system, Thermodynamic description, CALPHAD method, Redlich–Kister equation.                           

Introduction  

The aluminum–lithium alloys are interesting because of their use as a construction material in aerospace, 

military and automobile industry, as the material for electrodes in high temperature batteries and also as one of the 

materials for safe storage of hydrogen, an ecological source of energy [1]. Moreover the corrosion studies of 

aluminum and aluminum alloys are closely related to their wide applications in industry [2]. 

In  order  to  define  the  processing conditions  for  making  these  alloys  and  subsequent  treatments  to  

obtain  the  optimum  engineering  properties,  a knowledge  of  the  phase  diagram  and  thermodynamic 

properties  of  these  alloys  is  essential. 

This present work deals with a reassessment of the thermodynamic description of the Al-Li system using 

the Calphad method [3]. In this method, the thermodynamic models for the Gibbs energy of all the individual 

phases are studied using the Parrot module in the Thermo-Calc package [4]. The thermodynamic parameters 

involved in the models are optimized from the experimental thermodynamic and phase diagram data. 

 

2. Experimental information 

2.1. Phase diagram 

The Al-Li phase diagram has been investigated by several authors. The results were taken by Okamoto [5]. 

The crystal structures of various phases and a list of the phases are reported in Table 1. FCC-A1 (α) dissolves up to 

about 15 at.% Li, thereby decreasing density and increasing Young’s modulus. Al-Li based alloys can also be 

precipitation hardened by metastable coherent α’ (Al3Li) precipitates with the L12 structure. In spite of the 

difficulties in handling Li, Al-Li based alloys have found some use as high strength, low density materials [9-11]. 

They are then typically alloyed with Mg and/or Cu. Two-phase mixtures of FCC-A1 and AlLi (B32 structure) 

deliver a stable emf of about 300 mV relative to liquid Li, and played some role in the early development of Li 

batteries [12, 13]. 
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Table 1: Symbols and crystal structures of the stable solid phases in the Al-Li system.
 

Phase  
Composition 

 at.% Li 

Pearson 

symbol 

Strukturbericht 

Designation 
Prototype Ref 

Lattice parameters,  

a b c Ref 

α (Al) 0 to 15.5 cF4 A1 Cu [5]     

α’(Al3Li)
*
  cP4 L12 AuCu3 [5]     

β (AlLi) 46 to 57 cF16 B32 NaTl [5] 6.36 - - [7] 

Al2Li3 60 hR15 … Ga2Te3 [5] 4.508  14.259 [7] 

AlLi2 64 to 66.5 oC12 … GaLi2 [6] 4.657 9.767 4.490 [8] 

Al4Li9 

 

69.2 

 

mC26 

 

… 

 

Al4Li9 

 

[5] 

 

18.916 

19.151 

4.5041 

5.429 

5.4249 

4.499 

[8] 

[7] 

(Li) 100 cl2 A2 ²W [5]     
*
Metastable phase 

The Al-Li system contains three stable intermediate phases; β (AlLi), Al2Li3 and Al4Li9, There is also a 

metastable intermediate phase α’(Al3Li). The phase diagram is dominated by the AlLi phase, which shows a 

considerable homogeneity range and melts congruently a round 975 K. The phases Al2Li3 and Al4Li9 show narrow, 

but essentially unknown, homogeneity ranges. They are treated as stoichiometric in this work.  

The Investigation of the Li rich part of the binary Al–Li system revealed the existence of a new phase, 

orthorhombic AlLi2 (AlLi2 possesses most likely a small homogeneity range Al1+xLi2-x). The crystal structure was 

determined from single crystal X-ray diffraction data. Refinement of atomic position site occupancies yielded 

composition Al1.08Li1.92 (64 at.% Li) indicating a small homogeneity range, Al1+xLi2-x is the peritectic 

decomposition product of the stoichiometric compound Al4Li9, which is stable below 543 ± 2 K. AlLi2  itself 

decomposes peritectically to Al2Li3 and Li rich melt at 608 ± 2 K.  The discovery of AlLi2 (Al1+xLi2-x) settles a long 

standing inconsistency in the Al–Li phase diagram which was based on the assumption that Al4Li9 possesses a high 

temperature modification [8]. Solid lithium dissolves small, but unknown, amount of aluminum [4]. 

The crystal structure of Al2Li3 was determined by Tebbe et al. [14] and the crystal structure of Al4Li9 was 

determined by Hansen and Smith [15]. The most extensive and consistent investigation of the phase diagram has 

been made by Schürmann and Voss [16]. Unfortunately, they misinterpreted their results for high Li contents and 

assigned a high Al solubility in bcc-Li and did not identify the Al4Li9 phase. They also assigned the composition 

AlLi2 to the Al2Li3 phase. When assigned to the correct equilibria, their liquidus data and invariant temperatures 

appear to be reasonable, though. There is a very good agreement among the sources on the invariant temperatures 

and a good agreement on the liquidus on the Al rich side of the system, but a very large scatter on the liquidus on 

the Li-rich side. Recent data on the Li-rich liquidus from Pulham et al. [17] are in good agreement with the data 

from Schürmann and Voss [16]. The difference between the melting temperature of pure Li and the eutectic 

temperature is insignificant, suggesting that the Al solubility in bcc-Li is small. There is no direct measurement. 

The β (AlLi) phase is stable approximately in the range 0,45< xLi < 0,56. There is a large scatter among the 

experimental data [16, 18–23], both regarding the absolute values and their temperature dependence. The most 

reasonable and internally consistent data are those of Wen et al. [21] and those of Amezawa et al. [23], both using 

emf methods. The difference between the two sources is quite large, though, and no preference could be given to 

one or the other. 

2.2.  Thermodynanic data  

The enthalpy of formation is measured by several authors, such as Hallstedt et al. [6], Saunders et al. [24] 

and Sluiter et al. [25]. The enthalpy of formation at 959 ± 4 K of the AlLi, Al2Li3 and Al4Li9 intermetallic phases 

was measured by Gasior et al. [26] with the use of the two calorimetric techniques. The first phase was examined 

by the solution and the direct reaction calorimetric method, and the other two phases only by the solution method. 

The value of the formation enthalpy measured for the AlLi phase in the case of the solution and direct synthesis 

technique was equal to -20.7± 0.5 and -20.4± 0.2 kJ/mol at., respectively. The same thermodynamic function by the 

solution method for the Al2Li3 and Al4Li9 phases was equal to -19.1± 0.4 and -15.1 ± 0.2 kJ/mol at, respectively. 
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The enthalpy of mixing of the liquid has been measured by Bushmanov and Yatsenko [28] and Moser et al. 

[29] in good mutual agreement. The partial enthalpy has been measured by Lee and Sommer [30]. Li activities in 

the liquid have been measured by Hicter et al. [31] and Yatsenko and Saltykova [32], also in good mutual 

agreement.  

3. Assessment procedure 

Most of the experimental information mentioned above is selected. Indeed, as experimental phase diagram, 

we used the review work by Okamoto [5] and Hallstedt et al. [6] which is the experimental phase diagram 

determined by most authors [33-36]. The thermodynamic optimization of the model parameters of the Gibbs energy 

expressions is an application of the CALPHAD technique with the help of the PARROT module of the Thermo-

Calc software developed by Sundman et al. [4] and Jansson [37]. The program works by minimizing an error sum 

where each of the selected values is given a certain weight. The weight is chosen by personal judgement and 

changed by trial and error during the work until most of the selected experimental information is reproduced within 

the expected uncertainty limits. In order to avoid the formation of an unwanted inverted miscibility gap in the 

liquid phase of the Al–Li system, thermodynamic constraints were imposed during the optimization with the 

Redlich–Kister formalism [38], a positive curvature of the liquidus by optimizing d
2
G/dx

2
 > 0  in the atomic 

composition range 0 < xLi < 1 and every 50 degrees from the liquidus temperature up to 6000 K, was therefore 

optimized, enthalpy and entropy of same sign. Start values for the parameters were taken from the work of 

Saunders [39], except for the β (AlLi) phase. The optimization was carried out in two steps. In the first treatment, β 

(AlLi) was assumed to be a stoichiometric compound. And in the second, it was treated using a two-sublattice 

model [4, 40]. The parameters obtained from the first treatment were used as starting values for the second. 

4. Thermodynamic models 

The modeling done by Hallstedt et al. [6] is believed that the Al-Li system contains three stable 

intermediate phases AlLi, AL2Li3 and AL4Li9 but Puhakainen et al. [8] has decouvet a new phase AlLi2 as peritectic 

decomposition Al4li9 of high temperature (542 K) therefore this work takes consediration by the new phase. 

 

4.1. Pure elements 

The Gibbs energy of the pure element i (i= Al, Li) in the phase   ( =Liquid, FCC_A1and BCC_A2), referred 

to the enthalpy of its stable state at 298.15 K, is described as a function of temperature by: 

0 2 3 7 1 9( ) (298.15 ) lnSERT K a bT cT T dT eT fT gT hTG G Hi i i
                      (1) 

where (298.15 )SER KHi is the molar enthalpy of the element i at 298.15 K in its standard element reference (SER) 

state, FCC_A1 for Al and BCC_A2 for Li.   

In this article, The Gibbs energy functions are taken from the SGTE compilation of Dinsdale [41]. 

3.1. Solution phases 

The solution phase (liquid, FCC_A1 (Al) and BCC_A2 (Li)) were modelled as substitutional solution. The 

Gibbs energy of one mol of formula unit of phase 𝝋 is expressed as the sum of the reference part ref Gi


, the ideal 

part idGi


, and the excess part excGi


:  

ref id exc

mG G G G                                                                                                                    (2) 

As used in the Thermo-Calc package [4]:  

         0 0  ( 298.15  )  ( 298.15  )ref SER SER

Al Al Al Li Li LiG T G T H K x G T H K x                                         (3) 

    id

Al Al Li LiG RT x lnx x lnx                                                                                                         (4) 
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where R is the gas constant, T the temperature, in Kelvin,     Alx and     Lix are the fraction of elements Al and Li, 

respectively. 

The excess terms of all the solution phases were modelled by the Redlich-Kister [37] formula: 

         
20 1 2

, ,   ,         exc

m Li Al Li Al Li Al Li Al Li Al Li AlG T x x L T L T x x L T x x         
                    

 (5) 

 ,     i

Li Al i iL T a bT                                                                                                                       (6) 

where  ,    i

Li AlL T
is the interaction parameter between the elements Li and Al, which is evaluated in the present 

work the coefficients ai and bi are optimized using the PARROT module [4]. 

 

3.2. Stoichiometric compounds 

The phases Al2Li3 and Al4Li9 show narrow, but essentially unknown, homogeneity ranges. They are treated as 

stoichiometric in this work. Of course, in view of what Puhakainen et al. [8]. Wrote, it is hardly justifiable to 

handle AlLi2 as a stoichiometric phase, but a current lack of experimental information may preclude one from 

utilizing a two-sublattice model to describe its Gibbs energy.   

The Gibbs energy of the stoichiometric compounds 0    
p qA BG  is expressed as follows: 

0   0   0         
p qA B A BG p G q G a bT                                                                                           (7) 

where
0     AG  and

0     BG are the Gibbs energy of the pure elements Al and Li respectively, a and b are parameters to 

be determined. 

3.3. Intermediate Phase with Homogeneity Range 

In the Al–Li system optimized by Hallstedt and Kim [6], a four sublattice model was applied to describe the 

compound AlLi in order to cope with the order–disorder transition between BCC (disordered, A2) and AlLi 

(ordered, B32). In the present work, a two-sublattice model (AL%,Li)0,5(Al,Li%)0,5 is adopted . The symbol % 

denotes the major component in the second Sublattice. The reason for adopting the two-sublattice model instead of 

the four-sublattice model is to simplify the compound AlLi in high-order system [42]. The Gibbs energy function 

per mole of the formula unit (Al%,Li)0,5(Al,Li%)0,5 is the following:. 

   

   
0,5 0,5

0,5 0,5

%, , %

%, , %
 

Al Li Al Li SER

Al Li Al Li
G H 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.51 2 0 1 2 0 1 2 0 1 2 0          

Al Al Al Li Li Al Li Li

Al Al Al Li Li Al Li Liy y G y y G y y G y y G   
 

            
0.5 0.5

0,5 0,5

1 1 1 1 2 2 2 2

%, , %
  ln ln ln ln  

Al Lixs

Al Al Li Li Al Al Li Li Al Li Al Li
RT m y y y y n y y y y G     

 
                      (8) 

 where
1   Aly and

1  Liy denote the site fractions of Al and Li in the first Sublattice, 
2

Aly and 
2

Liy  the site fractions of Al 

and Ni in the second Sublattice, 0.5 0.5 0.5 0.50 0   , 
Al Al Li Al

G G and 0.5 0.50  
Li Li

G are the Gibbs energies of the hypothetical 

compounds 0.5 0.5 0.5 0.5  , Al Al Li Al and 0.5 0.5   Li Li respectively. 0.5 0.50  
Al Li

G is the Gibbs energy of the stoichiometric 

compound 0.5 0.5 Al Li . 

       
0,5 0,5

1 2 1 2

%, ,  %
0.5 0.5 0.5 0.5SER SER SER

Al Al Al Li Li LiAl Li Al Li
H y y H y y H 

                                                 (9) 

   
0.5 0.5

0,5 0,5
%, ,  %

 
Al Lixs

Al Li Al Li
G is the excess Gibbs energy expressed by the following expression: 

       0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

0,5 0,5

1 1 2 2 2 2 1 1

, : , : : , : ,%, , %
  

Al Li Al Li Al Li Al Li Al Lixs

Al Li Al Al Li Li Li Al Li Li Al Li Al Al Al Li Li Li Al LiAl Li Al Li
G y y y L y L y y y L y L                  (10) 

 where 0.5 0.5

, :

Al Li

Al Li eL and 0.5 0.5

: ,

Al Li

e Al LiL represent the interaction parameters between the elements Al and Li in the related 

Sublattice while the other Sublattice is occupied only by the element e (e = Al and Li). These excess parameters are 

temperature dependent as: 
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a bT                                                                                                         (11) 
For both intermetallic compounds, the Wagner-Schottky law [43] was applied as follows: 

0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5 0 0 0 0       Li Al Al Li Li Li Al AlG G G G                                                                (12) 

In order that the hypothetical compounds 0.5 0.5Li Li and 0.5 0.5Al Al do not appear in the calculated phase 

diagram, the values +25000 and +75000 J/mol of atoms, determined by trial and error, were added respectively to 

GHSERAl and GHSERLi for the AlLi compound, were used and all the thermodynamic parameters were 

optimized and listed in Table 2. 

0,5 0,50   25000
Li Li

G GHSERLi                                                                                   (13) 
0,5 0,50  75000

Al Al
G GHSERAl                                                                                    (14)      

Table 2: Optimized parameters describing the thermodynamic properties of the AL-Li system 

Phase 
Thermodynamic 

models 
Parameters (J/mol at) 

Liquid (Al, Li)1 

0   43500 18*liqL T  
 
 

1   13700 2.11*liqL T   
2   11175liqL   

FCC_A1 (Al, Li)1(Va)1 
1 _ 1   55000 12*FCC AL T    
2 _ 1   4*FCC AL T   

BCC_A2 (Al, Li)1(Va)3 No excess term 

AlLi (Al)0.5:(Li)0.5 

298.15

: 75000AlLi

Al Li AlG H GHSERAl    

298.15

: 25000AlLi

Al Li LiG H GHSERLi    

298.15 298.15

: 0.5* 0.5*AlLi

Al Li Al LiG H H 
   

                    
0.5* 0.5* 8500 5.22*GHSERAl GHSERLi T   

 298.15 298.15

: 0.5* 0.5*AlLi

Al Li Al LiG H H 
 

                    
0.5* 0.5* 75000 8500 5.22*GHSERAl GHSERLi T      

: ,   21399 7.35*AlLi

Al Li AlG T   

Al2Li3 (Al)0.4:(Li)0.6 

2 3 298.15 298.15

: 0.4* 0.6*
Al Li

Al Li Al LiG H H 
 

                    
0.4* 0.6* 18500 0.46*GHSERAl GHSERLi T     

AlLi2 (Al)0.34:(Li)0.66 

2 298.15 298.15
: 0.34* 0.66*AlLi

LiAl Li AlG H H 
  

                   
0.34* 0.66* 15150 5.4*GHSERAl GHSERLi T     

Al4Li9 (Al)0.31:(Li)0.69 

4 9 298.15 298.15

: 0.31* 0.69*
Al Li

Al Li Al LiG H H 
  

                
0.31* 0.69* 14530 1.22*GHSERAl GHSERLi T     

       5. Results and discussions 

5.1. The assessed phase diagram 

The compositions of the phases and the temperatures involved in the invariant reactions mainly based on 

the phase diagram of the Al-Li system evaluated by Okamoto [5]. Figure 1 shows the calculated equilibrium phase 

diagram with the numerous experimental data used in the optimization.  
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Figure 1: The calculated Al-Li phase diagram compared with available experimental data [44-53]. 

A satisfactory agreement is noted. The limit between the (AlLi + (Al)) two-phase domain and the (AL) 

terminal solid solution is in very satisfactory agreement with the data in [47-48, 50-53]. The liquidus data are 

described very well. At higher Li content the calculation agrees fairly well with the experimental data of Müller et 

al. [44] and Pulham et al. [51]. The α (Al) + Liquid two-phase region is very narrow for low Li contents. This was 

not possible to change without losing the good fit of the liquidus data. For the β (AlLi) phase, composition data are 

inconclusive (45.2 to 55.9 at. % Li). Thé calculation of thé liquidus is very close to the experimental data of Kishio 

et al [47], Shamray et al. [49] and Schürmann et al. [53]. The liquidus on the Li rich side calculated in the present 

work is in best agreement with the experimental data mesured by Williams et al. [48], Voss [52] and Schürmann et 

al. [53]. 

The Li-rich region of the Al-Li phase diagram and detail of the Al-rich Al–Li eutectic is plotted in Figure 2. 

The limit between the (Al4Li9 + (βLi)) two-phase domain and the (βLi) terminal solid solution is in very 

satisfactory agreement with the data in [51-53].The temperature of this Liq  Al4Li9 + (βLi) eutectic reaction is 

calculated at 451.2 K and is therefore in very good agreement with the data of Hallstedt [6] at 452 K, as well as the 

Li compositions of the liquid eutectic and the (βLi) terminal solid solution. 

 

 

Figure 2: Enlargement of the Li-riche Al-Li euticic region, including experimental data [51-53]. 
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The invariant reactions in the Al-Li system are listed in Table 3 and compared with the results from [6-7]. 

They are in satisfactory agreement, except the calculated congruent melting of AlLi (T=978.4 K), close to the 

calculated one (T=975 K) in Kishio et al. [47] but somewhat lower than the experimental one (T = 967 K) in 

Shamray et al. [49].  

Table 3: Invariant reactions in the AL-Li system 

Reaction Reaction 

type 

Values experimental Reference This work 

T/K x(Li) at T/K x(Li) at 

Liq ↔ AlLi + Al Eutectic 875 0.240  [6] 866 0.249 

Liq ↔ Al4Li9 + Li Eutectic 452 0.996 [6] 451.1 0.998 

Liq ↔ AlLi Congruent 975 0.46-0.57 [6] 980 0.45-0.55 

Liq + AlLi ↔ Al2Li3 Peritectic 793 0.745 [6] 798 0.785 

Liq + Al2Li3 ↔  AlLi2 Peritectic 607 ± 2 0.919 [8] 611 0.937 

Liq + AlLi2 ↔  Al4Li9 Peritectic 543 ± 2 0.970 [8] 546 0.971 

5.2. Thermodynamics properties 

As mentioned previously, the enthalpies of formation of intermetallic compounds are measured by several 

authors. In general, calorimetric direct measurements are considered to be the most reliable, so the values 

obtained by Gasior et al. [26] were used in the present study with high weights. The assessed enthalpies of 

formation of Al-Li intermetallic compounds compared with experimental measurements are plotted in Table 4, 

also presented in Figure 3.  

Table 4: Calculated and measured enthalpies of formation of the intermetallic compounds 

 

 

 

 

 

 

 

 

 

 

The agreement is very good. Figure 4 Shows the calculated enthalpy of mixing at 973 K, 879 K and 1023 

K in the AL-Li alloy with the experimental determined by [54,55]. 

The activities of Li at 987 K [56] in the liquid alloy, where the pure liquid Li is chosen as their reference 

states, is plotted in Figure 5. As first stated by [57], we verified that when the liquid phase is suspended, the 

Phase ∆𝐟H(kj/mol) Method  reference   This work (kj/mol) 

AlLi -20  

-20.68  

-20.7  

-20.4 ± 0.2 

-20.7 ± 0.5 

CPD 

CPD 

Al 

DRC 

SC 

 

 

 

 

 

[6] 

 [24] 

[25] 

[26] 

[26] 

 -21.399 

Al2Li3 -18.8  

-17.93  

-21  

-19.1 ± 0.4 

CPD 

CPD 

Al 

DRC 

 

 

 

 

[6] 

[24] 

[25] 

[26] 

 -18.500 

Al4Li9 -14.9  

-14.25  

-16.8  

-15.1 ± 0.2 

CPD 

CPD 

Al 

DRC 

 

 

 

 

[6] 

[24] 

[25] 

[26] 

 -14.530 

AlLi2 14.698 MCSFE  [27]  -15.150 

SC : Solution Calorimetric method      CPD : Phase Diagram Calculations 

DRC : Direct Reaction  Calorimetric method      Al : ab-initio calaculations 

MCSFE : Miedema Calculator of Standard Formation Enthalpy 
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intermetallic compounds are no more stable at high temperatures and disappear at lower temperatures; see Figure 

6. At high temperatures, the BCC_A2 terminal solid solution is stable on the Li-rich side, and the FCC_A1 

terminal solid solution on the AL-rich side, between these single-phase domains the two-phase domain (BCC_A2 

+ FCC_A1) is well calculated. 

 

 

Figure 3: Calculated and measured enthalpies of 

formation of the intermetallic compounds. 

 

Figure 4: Calculated enthalpy of mixing in the 

liquid phase including experimental data [28, 29].  

 

Figure 5: Calculated activity of Li in liquid Al-Li 

alloys at 987 K compared with experimental data 

[56]. 

 

Figure 6: Al-Li calculated phase diagram when the 

liquid phase is suspended. 

 

Finally, we verified that no miscibility gap was calculated with our thermodynamic optimized parameters 

as commended in [58]. Figure 7 shows the evolutions of Gibbs energy for the liquid phase as a function of 

temperature (T), when T is increasing up to 5000 K, the Gibbs energy for the liquid phase decreases. No anomaly 

is detected on all the curves. 
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Figure 7: Gibbs energy of mixing of the liquid phase at different temperature. 

The reference states were Al and Li liquids. 

Conclusion 

The present work reviewed critically the experimental information on phase diagram and a thermodynamic 

property of the Al-Li binary system has been optimized using the CALPHAD method. A set of self-consistent 

thermodynamic parameters formulating the Gibbs energies of various phases in the Al-Li binary system was 

obtained, which can reproduce well most of the experimental data on thermodynamic properties and phase 

diagram. In conclusion, the present optimization of the thermodynamic parameters of the Al-Li system needed to 

be carried out, and it led to calculated phase equilibria and thermodynamic properties in good agreement with the 

numerous experimental results. 
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