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A B S T R A C T   

Military applications and the aeronautic industry are increasingly interested in aluminum lithium 
alloys (Al–Li) because of the properties required due to the presence of Lithium, which provides a 
very considerable gain concerning the mechanical properties compared to conventional 
aluminum alloys. The research and development departments are interested in improving these 
alloys especially in additive manufacturing process, which leads today to focus on the 3rd gen
eration of Al–Li in terms of part quality - low density compared to the 1st and the 2nd generation. 
The objectives of this paper is to present a review of Al–Li alloys applications, its carachetrization, 
the precipitations and their impact on mechanical properties and grain refinement. The various 
manufacturing processes, methods and tests used are then deeply investigated and presented. The 
last investigations that have been gotten by scientists over the previous few years on Al–Li for 
different processes are also reviewed in this research.   

1. Introduction 

As early as the mid-1920s, many studies on Lithium addition to aluminum were reported. More attention was garnered particularly 
to the aeronautics and aerospace field [1]. The first generation of aluminum lithium alloys was used in military aircraft in 1957 in the 
form of 2020 Al–Li plate used by Alcoa in 1958 in the wings of the navy’s Vigilante aircraft [2,3] and it comes down to the advantages 
that Lithium offers on the reduction of the density of aluminum alloys [4], compared to the commercial 7xxx and 2xxx aluminum 
alloys series [5,6]. Lithium is the lightest metal, just hydrogen and helium are before it in the periodic table [7]. It shows that with the 
addition of 1 wt% of lithium to aluminum, elastic modulus will increase by 6% and the alloy density will decrease by 3% [7,8]. 
Researchers often find problems with understanding the laws of compression of lithium aluminum alloys that always changes with the 
production process, work parameters, heat treatment so on. These parameters influence the mechanical properties such as anisotropy, 
hardness, and elastic limit. The objective of this paper is to make a review on the several approaches that have been employed to 
improve the strength, precipitations, and toughness of lightweight Al–Li alloys and anisotropic control for the different manufacturing 
processes exist. In particular, the relevant mechanical problems due to the formation of different types of precipitation and the in
fluence of aging are examined with the aim of clarifying the main mechanisms of the alloys mentioned. Recent study results are 
highlighted, although some significant researches from earlier years are also integrated to provide continuity, Al–Li for manufacturing 
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processes is also investigated. 

2. Aluminum lithium alloys developments 

2.1. The 1st and 2nd generation of Al–Li alloys 

After the first utilization of the first generation of Al–Li alloys (2020 in 1958s developed by alcoa) with so many advantages like: 
high creep resistance between 150 ◦C and 200 ◦C [9], and high strength, however, this alloy had a poor ductility [10,11], which aimed 
to develop the 1420 with low density, good weldability and stiffness. The 1421 alloy was also made with higher values of yield stress 
and ultimate strength, but the main defect of this alloys is the poor toughness caused by shearing of Al3Li which considered as the most 
strengthening phase [9,12]. The 2nd generation Al–Li alloys is created for aerospace and aircraft applications with the objective of 
reducing density (for 8%–10%) compared to traditional al alloys [13–15], and stiffness improvement [3,16]. Therefore, a main 
challenge was to develop materials with enhancements in both mechanical properties and life cycle that can be used in the construction 
of wings and fuselage. Accordingly, in the 1970s and 1980s. The majority of prior research has focused on the optimization of Silicon 
and Iron contents that have the primary effect on ductility and toughness, the same for Manganese that was replaced zirconium to 
produce Al3Zr precipitates for ductility, toughness, and grain refinement [17,18]. The increase in the percentage of lithium can 
generate an increase in size and volume fraction of δ′ which is responsible on strengthening [19] and was the reason for increasing 
lithium percentage in the second generation of Al–Li-X alloys as shown in Table 1 [9], but this higher % addition of lithium cased 
several advantages that limited their usage like fracture toughness, corrosion, anisotropic and fatigue [20,21]. 

2.2. The 3rd generation of Al–Li alloys 

The defects faced in the 1st of 2nd generations have been reduced in the 3rd generation of Al–Li alloys [22]. Reducing inspection 

Table 1 
Densities, alloying elements and the developers on the three generations of aluminum lithium alloys [9].  

Alloy Li wt 
% 

Cu wt 
% 

Mg wt% Ag wt 
% 

Zr wt 
% 

Sc wt 
% 

Mn wt% Zn wt% Al wt 
% 

Density g/ 
cm3 

Place. Data 

First generation 
2020 1,2 4,5     0,5   2,71 Alcoa 1958 
1420 2,1  5,2  0,11     2,47 Soviet, 1965 
1421 2,1  5,2  0,11 0,17    2,47 Soviet, 1965 
Second generation (Li > 2 wt%) 
2090 2,1 2,7   0,11     2,59 Alcoa 1984 
2091 2,0 2,0 1,3  0,11     2,58 Pechiney 1985 
8090 2,4 1,2 0,8  0,11     2,54 EAA 1984 
1430 1,7 1,6 2,7  0,11 0,17    2,57 Soviet 1980s 
1440 2,4 1,5 0,8  0,11     2,55 Soviet 1980s 
1441 1,95 1,65 0,9  0,11     2,59 Soviet 1980s 
1450 2,1 2,9   0,11     2,60 Soviet 1980s 
1460 2,25 2,9   0,11     2,60 Soviet 1980s 
Third generation (Li < 2 wt%) 
2195 1,0 4,0 0,4 0,4 0,11     2,71 LM/Reynold s, 

1992 
2196 1,75 2,9 0,5 0,4 0,11  0.35 

max 
0.35 
max  

2,63 LM/Reynold s, 
2000 

2297 1,4 2,8 0,25 
max  

0,11  0,3 0,5 max  2,65 LM/Reynold s, 
1997 

2397 1,4 2,8 0,25 
max  

0,11  0,3 0,10  2,65 Alcoa, 
2002 

2098 1,05 3,5 0,53 0,43 0,11  0,35 
max 

0,35  2,70 McCook-Metals, 2000 

2198 1,0 3,2 0,5 0,4 0,11  0,5 max 0,35 
max  

2,69 Reynolds/McCook-Metals/ 
Alca n, 
2005 

2099 1,8 2,7 0,3  0,09  0,3 0,7  2,63 Alcoa, 
2003 

2199 1,6 2,6 0,2  0,09  0,3 0,6  2,64 Alcoa, 2005 
2050 1,0 3,6 0,4 0,4 0,11  0,35 0,25 

max  
2,70 Pechiney/Alcan 2004 

2296 1,6 2,45 0,6 0,43 0,11  0,28 0,25 
max  

2,63 Alcan 2010 

2060 0,7 3,95 0,85 0,25 0,11  0,3 0,4  2,72 Alcoa 2011 
2055 1,15 3,7 0,4 0,4 0,11  0,3 0,5  2,70 Alcoa 2012 
2065 1,2 4,2 0,5 0,30 0,11  0,4 0,2  2,70 Constellium 2012 
2076 1,5 2,35 0,5 0,28 0,11  0,33 0,30 

max  
2,64 Constellium 2012  
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and maintenance, weight savings, and performance are the main reasons for the development of this generation were tailored to cover 
the requirements of aeronautic and military industry [2]. The image below shows an example of the application of Al–Li alloys in the 
aircraft manufacturing. as it is seen in Table 1, the 3rd contains lower amounts of Lithium (<2%) and an important Cu/Li ratio 
compared to the 2nd generation alloys [23]. It was noted that decreasing lithium amounts can positively influence the thermal stability 
and toughness of aluminum lithium alloys [14,24,25] (see Fig. 1). 

3. Manufacturing processes for aluminum lithium alloys 

3.1. Sheet metal forming process 

The sheet metal forming is widely used in the aeronautic industry for manufacturing aircraft parts such as leading, trailing edges, 
access covers, and wing skin etc. Deep drawing process consists of manufacturing, from a thin flat blank, a part of complex shape that is 
generally non-developable. The blank being pressed, with a certain force against the die, by the punch force using a press, and the 
flange is clamped the blank holder (Fig. 2). In this part, the different studies on the lithium aluminum alloy for the stamping process 
will be investigated, as well as the various parameters (geometrical and process) which influence the formability from a numerical and 
experimental perspective. 

3.1.1. Characteristics of forming limit diagram (FLD) and forming limit curve (FLC) 
The FLD is widely used for the assessment of part formability using the FLC, which characterizes the boundary between the safe and 

failure forming region as it is shown in the (Fig. 3 a). It was first developed by M. Goodwin [29] and Keeler [30]; the limit strains at the 
onset of necking can be also observed [31]. Two-axis graph representing major and minor strains that can be measured by formability 
testing using grid sheets, the (Fig. 3 b)) shows the different specimen blanks required to establish the forming limit curve. 

The most used technique in the measurement of deformation is the grid marking. In stamping, the measurement of deformations on 
the stamped parts was previously done using grids pre-deposited by electrochemical marking or by micro-engraving on the blank 
before stamping (Fig. 3b). The analysis of the evolution of these grids after drawing could then give an indication of the final state of 
deformation in each point of the grid. The measurement of the deformations of the network can also be carried out by the correlation of 
the two images: the initial image of the pattern and the phantom image. To achieve this correlation it is necessary to acquire images 
using a video device connected to a computer, an image acquisition program and an image correlation program [32,33]. Lou et al. [34] 
evaluated the ductile fracture criteria using FLDs for 30 kinds of aluminum alloys with linear strain increment, they concluded that the 
Oyane-Sato, Brozzo, and Ko-Huh criteria can be used for the left hand side for the FLD prediction, but they have not a good agreement 
with experimental data for the right hand side. Other models and criteria can be used to predict FLD diagram, such as Marci
niak–Kuczynski (M− K) modified model is widely used for the FLC considering through-thickness normal stress and anisotropic yield 
functions [35], FLD calibration [36], at elevated temperature [37]. There are several methods for determining limit deformations [38], 

Fig. 1. Various uses of the 3rd generation of Al-Lialloys in the aircraft structure (Thomas Dorin and Justin Lamb, 2018).  
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Veerman proposed in 1968 a method for determining the strain gradient in the vicinity of failure. a variant of the Veerman method was 
proposed by Bragard in 1972 where the main deformation on the ellipses along a line perpendicular to the crack are measured, then 
defined by a parabolic interpolation of the limiting strain. The Hecker method (1972) is based on the measurement of deformations on 
three kinds of circles after stamping: affected by the fracture, by and without necking. There are different types of laboratory tests used 
to characterize elastic behavior and formability such as: Swift test, Nakazima test, and Marciniak test [39,40]. Many numerically 
methods are used for the necking limit detection; (i) Iso method [41] which it is characterized by a specific specimen’s geometry, limit 
strain determination method and lubrification condition [42]. (ii) Time dependent method [43], which consist to analyzing the strain 
rate in the necking region [44], (iii) Slope method and Flat-valley method, they are widely used for the FLD by necking and fracture 
[45,46]. 

3.1.2. Common defects in deep drawing 
During deep drawing process, several defects may appear on the parts, mainly the fracture or tearing, wrinkling, and earing [47]. 

These defects can be the result of the process, material and geometric parameters [48]. Many researchers are carried out on study the 
impact of process and materials parameters on the parts.  

• Defects related to process parameters 

Several parameters can influence the formability in deep drawing processes, such as the Blank Holder Force (BHF), punch force and 
punch speed, Padmanabhan et al. [49] concluded in their studies that the die radius is the most influencing parameter on deep drawing 
process, while the blank holder force and friction coefficient have a minimum sensitivity for the process, but it impacts the production 
rate, surface quality and thickness distribution [50]. A large number of studies existing in the wider literature have investigated the 
impact of BHF on formability [51–53]. The blank holder force mainly affect the thinning [51,54]. Increasing the sheet thickness for 
AA2024-T4 produced with rolling process has a positive effect on the FLC, and the anisotropy has a minimum effect on the FLC [42]. 
The rupture defect can appear with a large BFH, as long as a small BHF can lead to wrinkling defect [55]. A combination of the blank 
holder force and punch speed fuzzy control system has been developed by Manable et al. [56], this methodology has improved product 

Fig. 2. Deep drawing process [26].  

Fig. 3. a) Forming limit diagram [27] and b) specimens using to determine forming limit diagrams [28].  

E.A. Hajjioui et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e12565

5

quality, and also productivity. Bouchaâla et al. [57] found that both the punch corner radius and the die shoulder radius is one of the 
parameters that effect earing height, they found that for minimizing this defect; the sheet thickness must be about 1/8 times die 
shoulder radius, and the cup failures can be accurse when the punch nose radius is less than 3 times sheet thickness. The lubrification 
has also a good effect on the formability by reducing the stress strain generation [58]. Dou et al. [59] demonstrated that after grinding 
with the die; the sliding velocity is inversely proportional with the surface roughness of the sheet metal.  

• Defects related to material parameters 

Generally, each material has specific properties and characteristics (mechanical properties, heat treatment, production process, 
etc.), these characteristics can modify the formability of these materials. Krishan et al. [60] have studied the formability of 1441 Al–Li 
alloy, they concluded that increasing temperature results in the increase of the FLD level due to the positive strain rate sensitivity. The 
planar anisotropy parameter which is mainly due to the rolling direction and mechanical properties of materials has a big effect on 
increasing the size of earing [57]. The wrinkling is one of the primary defects in deep drawing process which occurs at the cup ages of 
the parts or at the flange region, and it is due to a local buckling caused by compressive stresses. authors in Refs. [61–63] agreed that 
wrinkling resistance increases proportionally with strain percentage. Li et al. [64] have studied the FLC for Al–Li alloys 2198-T3 sheet, 
the hardening exponent (n-value) has more sensitivity for the FLC compared to the thick anisotropy coefficient (r-value). Increasing the 
punch travel can cause the propagation of fracture bands along the workpiece wall [65]. Annealed cups can enhance the formability 
(increases drawing depth and decreases earing) [52]. Thus, annealing between forming steps; the thinning amount decreases with the 
reduction of the blank holder [66]. Spring-back is one of the major defects in deep drawing process, this defect characterizes the 
difference in the final dimensions of the part produced and the dimensions of the manufacturing tools. Among the set of existing 
experimental tests to demonstrate this elastic return, the simplest and most widespread are bending tests; V and U bending test [67,68], 
Demeri test [69] and draw-bending test [70]. Most early studies as well as current works focus on spring-back phenomenon for 
Al-Lialloys. Liu et al. [71] in a recent paper studied the limit of bending radius for extrusions Al–Li alloys using finite element model 
validated by stretch bending tests, the high yield strength ratio and Young’s modulus. Applying an additional tension with high value 
compared to the initial tension can reduce the spring-back [72]. 

3.2. Hydro-mechanical and warm deep drawing process 

Many researchers conducted a lot of efforts to study hydromechanical and warm deep drawing process because of its impact on 
formability improvement. The hydromechanical shaping processes are based on an idea already tested at the beginning of the century 
[58] [75] [76], but their development and industrial use is however only very recent. There are three types of hydroforming: tube 
hydroforming, blank hydroforming, and double blank hydroforming. The common feature of hydroforming processes is the use of a 
fluid (back pressure) instead of a die. Many methods are used by researchers to study this process. Intarakumthornchai et al. [73] 
studied the optimal process parameters of parabolic cup using FEA based fuzzy logic and 2-D interval halving fuzzy approach. 
Yaghoubi et al. [74] stated that for the hydromechanical deep drawing process of 2024 al alloy; the punch radius, die entrance, and the 
punch-die clearance are mainly influenced parameters on the final product uniformity. The die radius is the main parameter for the 
hydro-mechanical process on wrinkling and erosion defects [58]. Hot forming process is a method in which the parts are formed at high 
temperatures when in a more ductile state, which results in an improvement in formability compared to the cold stamping process, but 
it is limited by the severe spring back at ambient temperature [75]. The main parameters that can influence formability of this process 
are: blank holder force, hydraulic pressure, temperature which is the most critical parameter [76]. The aluminum alloys under warm 
deep drawing can be more anisotropic by increasing the holding time and anisotropic parameters values until reaching a value equal to 
1 [77,78]. The thickness after forming can be more uniform for the warm forming compared to the hydromechanics forming process 
[79]. Yang et al. [80] investigated the 2060 Al–Li alloy under hot deep drawing process, they concluded that increasing sheet tem
perature can enhance the formability and mechanical properties. It is proved that the non-uniform distribution of temperature can 
enhance drawability [81]. Gao et al. [82] studied the feasibility of forming the AA2060 Al–Li alloy by using heat treatment forming 
and in-die quench (HFQ) process, this method that can retrain mechanical behavior of al alloys [83]. Other methods can be used for the 
formability enhancement, Rong et al. [84] evaluated the ductile deformation behavior by using a combination of hot Nakazima and 
uniaxial isothermal tensile tests at different level of temperatures and strain rate. Recently, many researchers are interested on the 
combination of hydroforming and warm forming processes, it is proved that the combination of this two processes enabled a higher 
limit drawing ration [85], Elliptical warm bulging test is used by Cai et al. [86] for FLD prediction, and for a good formability; the 
optimal parameters must be determined. The optimal hydraulic pressure and blank holder force profiles was determined by Choi et al. 
[53] using finite element model, with developed Fuzzy control algorithm and anOVa (analysis of variance), the temperature of the 
punch and the flange is more sensitive than the die corner temperature. Other parameters such as heating time, working temperature 
and oil pressure setting are investigated by Palumbo et al. [87], they concluded that the increase of aging temperature till the averaging 
can negatively affect the FLD and mechanical properties. 

3.3. Aluminum lithium alloys for additive manufacturing 

Additive manufacturing processes have regularly been at the heart of the news in recent years, It is opposed to subtractive 
manufacturing processes (machining for example) or by deformation (forging for example) by making it possible to manufacture layer 
parts by layer from a 3D file [88] (Reiner [89,90]. With regard to manufacturers in the aeronautics and space sector, additive 
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manufacturing plays a very important role, with a view to significantly reducing part manufacturing time while maintaining great 
flexibility in design with well-defined mechanical and metallurgical properties [91] (L [92]. This technology has the advantage of not 
using any tools during the manufacturing process and makes it possible to produce in a very short time (a few days) small series of 
functional parts with complex morphologies (Reiner anderl et al., 978) [93]. According to NF ISO/ASTM 52900, additive 
manufacturing is the process of assembling materials to manufacture parts from 3D model data, generally layer by layer [94]. There are 
seven main additive manufacturing processes which have the same principle, which is the manufacture of parts by adding material 
layer by layer namely: Binder Jetting, Directed Energy Deposition, Powder Bed Fusion, Sheet Lamination, Material Extrusion, Material 
Jetting, and Vat Photo Polymerization [94]. Only few researchs are the subject of the 3rd generation of aluminum lithium alloy for 
additive manufacturing. Zhong et al. [95] investigated microstructure and mechanical properties of Wire arc additive Manufacturing 
(WAAM) for Al–Li2050 Alloy, they concluded that the micro-hardness can be improved by post-deposited solution treatment and 
artificial aging (T6), after post deposited heat treatment; a dispersedly distribution of the θ (Al2Cu) and δ’ (Al3Li) secondary phases at 
the grain boundary are observed. Most often, the cooling rate is characterized by the dendritic fineness which can be estimated by DAS 
(Dendrite Arm Spacing), Also an increase in grain size is explained by the increase in heat flow per unit length which justifies the fines 
of the grain size of additive manufacturing processes compared to conventional processes (Fig. 4) [96,97]. Liu et al. have studied the 
Al-14at%Li (Atomic %) high lithium alloy as cast and Laser Powder Bed Fusion (L- PBF), the cooling rate is higher for the laser power 
bed fusion process which leads to a uniform Li distribution in the primary α phase through solute trapping rather than to the formation 
of the brittle δ–Al-Liphase which is prevented, which can improve the hardness (G. Liu et al., 2021). Urekli et al. demonstrated that the 
for the additive manufacturing (L PBF) process using binary Aluminum lithium alloys, the elastic modulus radically increases with 
increasing of lithium content, and the high cooling rate is the most important parameters to reduce the negative effect of δ–Al-Li phase 
on yielding an inhomogeneous microstructure and degraded mechanical properties [98]. Raffeis et al. investigated the microstructures 
of an AA2099 Al–Cu–Li Alloy for the Laser Powder Bed Fusion process (LPBF), the T1 phase cannot nucleate on dislocations without 
appropriate heat treatment, the preheating gave birth to two main precipitation, T1 (Al2CuLi) and TB (Al7⋅5Cu4Li) [99]. Xin et al. 
studied the effect of heat treatment process on mechanical properties and microstructures of laser additive manufactured 5.02w% 
Cu-1.04%wLi aluminum Lithium alloys, they concluded that α(Al) matrix and TB(Al7Cu4Li) are the main phases on as deposited 
microstructure with small amount of copper rich phase in the grain boundary (Xin [100]. The TB phase and copper-rich disappear after 
anneAling, with Al–Cu–Fe impurity phase presented in the grain boundary. The solid solution quenching and heat treatment enhance 
microhardness and tensile strength of Al–Li alloys compared to as-deposited alloys (Xin [100]. Jiao et al. investigated the heat 
treatment microstructures, TB phase and its influence on the micro-hardness of laser additive manufactured Al–Cu–Li alloys [101], 
they have confirmed results in the (Xin [100] ref, they observed Also that during aging at 400 ◦C; the micro-hardness decreases before 
it reaches the maximum vAlue [101]. 

3.4. Forging/extrusion process for aluminum lithium alloys 

The processes for obtaining parts vary depending on the nature of the materials, their function and their geometry. Most products 
are obtained by forming processes such as extrusion (hot or cold), stamping, rolling (hot or cold) and forging (hot or cold) 
(“advancement in Forging Process,” 2017). Rolling and stamping processes are used for sheet metal processing (Vallabh Bhoyar and 
Swapnil Umredkar, 2020) [102]. Forging is a shaping process by hammering or pressing after hot softening. Forging techniques are 
useful because they Allow it to be shaped into the desired shape. This process enhances the structure performance of the metal since it 
reduces the grain size. Forged metal in general has a good stiffness and more ductility compared to cast metal and exhibits high fatigue 
resistance. The forging process is rarely used for Lithium aluminum alloys [3], but it is used for some parts in the aeronautical field such 
as aircraft bulkheads, wing attachment and crown frames using 2050-T852 and 2060-T8E50 alloys [48]. As for the extrusion process, it 
makes it possible to obtain a long product with a constant cross section over its entire length [103]. Extrusion is a process by which 
metal, originally in billet form, is pushed under high pressure by the action of a punch through a die, and out as a channel. It can be 

Fig. 4. Microstructure of AlSi10Mg manufactured by a) SLM, b) foundry. With (a) the Al–Si eutectic, (B) Si dispersed in the Al matrix and (C) the 
intermetAllic phases containing Fe [96]. 
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done in cold extrusion process in the case of low mechanical strength and high ductility alloys (1000 and 3000 series), and hot 
extrusion process mainly in the case of higher mechanical strength Alloys such as series 2000 and 7000, but also 5000 and 6000 series 
[104]. Aluminum alloys are considered as the most suitable materials for extrusion and are distinguished by a variety of profiles 
unmatched compared to other materials. The extrusion alloy can include 2.6 to 3.0 wt% Cu, and 1.4 to 1.75 wt% Li [9]. Denzer et al. 
[105] noted that the plate and extruded 2055-T8E83 alloy can have similar mechanical properties compared to 7055-T7751 such as 
strength and toughness with lower density, but it has been found that the oxidation rate can presents a high value for the Al–Li alloys 
compared to some conventional Al alloys such as the Al–Mg alloys [106]. The NASA use extruded Al–Li 2195 structures produced by 
spin or stretch forming, heat treatment process dramatically enhances the formability [107]. Extensive research work has been 
conducted on the effect of double stage for solution heat treatments [6,108], it increases dramatically mechanical properties by 
increasing solutes supersaturations. 

3.5. Friction/stir welding FSW for aluminum lithium alloys 

According to ISO 25239–1:2011 [109]; friction stir welding is a hot working process of permanent assembly of parts based on the 
principle of resistance between the surfaces of two bodies in contact which move in relation to each other, the first utilization was in 
1991 by Thomas Wayne au TWI, and it is widely used for welding aluminum alloys that cannot be welded by conventional welding 
processes. FSW Allows to obtain welded joints with high mechanical characteristics, generally superior to those obtained with 
traditional fusion techniques [110]. The temperatures reached in FSW are relatively low, thus limiting the deformations generated by 
the welding cycles [111]. One of the main challenges in this process is to have final parts without the following main defects: hot 
crack/weld solidification cracking and weld holes [112]. This requires a control of both the applied load, the rotation speed and the 
translation speed [113], other parameters have to be considered in this process are mentioned in Refs. [114,115] references. All input 
parameters are summarized in Fig. 5 a large number of existing studies in the broader literature have examined the weldability of 
Al-X-Li Alloys [116–118]. Hatamleh et al. [119] studied the peening effect in SFW for 2195 aluminum alloys, they mentioned that the 
strain hardening positively affect mechanical properties due to the dislocation that can increase flow resistance generated by high 
energy peening. For the 2090 Al–Li alloy, heavy precipitation of T1 (Al2CuLi) in the heat affected zone can ameliorate hardness, and δ′

(Al3Li) can be observed in the nugget zone [120]. [121] have studied the effect of heat treatments on the microstructure of 2198/2024 
aluminum alloys for dissimilar FSW with T3 and T8 heat treatment, they concluded that during welding process; the mechanical 
characteristics can be enhanced due to the re-precipitation of dissolved T1 (Al2CuLi) and θ (Al2Cu), while the heterogeneous nature of 
the nugget area of the nugget region with Mg element on the border inside joint S1 and S2 (Fig. 6, Fig. 7). The initial temper of the 
material is the main parameter that effect the microstructure for the different weld zones [122,123]. Mechanical properties of 2219-T6 
FSW aluminum alloy are investigated by Xu et al. [124]; they concluded that the rotary speed has a big influence compared to 
transverse speed. Redissolution of precipitation in the heat-affected zone can generate an amount of softening that can degrade the 
mechanical properties after FSW [82,125,126], but the impact of softening can be reduced by heat treatment [127–129]. 

4. Precipitations, mechanical properties and grain refinement of aluminum lithium alloys 

4.1. The precipitate structure for age hardening 

The mechanical properties of third generation Al–Li alloys are dramatically affected by the precipitates in their microstructures 
[130]. A large number of existing studies in the broader literature have examined of phase equilibria and precipitation reactions for 
these alloys. The structure of the homogeneously nucleated zones changes because of the presence of small amounts of lithium [131]. 
Depending on the ratio Cu/Li, the major strengthening phase Al2CuLi (T1) and Al2Cu (θ’) can be formed by the additions of Cu, in 
addition; Li additions form the coherent Al3Li (δ0) and the zirconium additions form the coherent Al3Zr phase this precipitations which 
can eliminate recrystallization and thus generate a strong deformation at the texture [132,133]. The Al–Cu–Li alloys can present high 
amount of δ′ (Al3Li) precipitate as compared to Al–Mg–Li alloys [134]. Strengthening of Al3Li is caused by several mechanisms such as 
modulus hardening and order hardening, coherency and surface hardening (Minoru [135]. The Schematics of typical microstructural 
for Al–Li alloys are presented in Fig. 8. 

The plasticity and toughness of Al–Cu–Li alloys can be improved by double aging from high to low (165 ◦C, 10 h) + (140 ◦C, 35 h) 

Fig. 5. The different parameters considered in the FSW process.  
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due to the growing of the T1 phase (the major phase with a non-uniform size distribution) after the first ageing step and promoted the 
formation of new precipitates [6]. The Al2MgLi and δ0 phases may form in Al–Mg–Li alloys but in complex Al–Li alloys containing Cu, 
Al2CuMg (S0) forms and can eliminate the formation of Al2Cu [137]. For the 2a97 aluminum lithium alloys, Guinier- Preston zone (GP 
zone) can be formed after aging without pre-deformation for 12 h at 165 ◦C, with cubic precipitates can only be observed after aging at 
40 h. The T1 precipitates in 2A97 alloy aged at 150 ◦C for 4 h for alloys aged with 6% pre-deformation at 150 ◦C which is longer than 
the alloy aged at 165◦c without pre-deformation [138], Fig. 9, shows the DF image of the 2A97 aged for 4 h at 150 ◦C. 

Hekmat-ardakan et al. [139] observed that the as-cast AA2195 alloys exhibit a very low ductility and strength, and it is not rec
ommended to be used directly in the mold application. As a result of the previously mentioned issues, the different aging statuses and 
strain rate influence the adiabatic shear behaviors of 2195 aluminum–lithium alloy, The peak-aged (heat treated at 500 ◦C for 30 min, 
then water-quenched and subsequently aged at 180 ◦C for 4 h) 16 h (peak-aged), 40 h (over-aged), specimen has the highest adiabatic 
shearing susceptibility, while the under-aged specimen has the least adiabatic shear susceptibility [140]. During deformation, the 
ability of the various precipitates to resist dislocation motion is the essential factor for the strengthening response of age-hardenable 
Al–Li–Cu-X alloys [132]. Walker et al. [141] have worked on the effect of incomplete solution treatment on 2195 Al–Li alloy. They 
have demonstrated that the strength values is higher in case of full heat treatment and the incomplete heat treatment can reduce the 

Fig. 6. Joint aW-T3 microstructure for the cross-welding direction, (a) joint macrograph, (b) retreating side transition, (c) S1 border inside joint, (d) 
S2 border inside joint, (e) advancing side transition [121]. 

Fig. 7. EDS map of Mg element in the joint region around (a) S1 border, and (b) S2 border [121].  
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amount of T1 precipitates that can be nucleated on the dislocation structures during cold work. T1 precipitation can be formed after 
ageing treatment and can decrease copper content in solid solution in Al–Cu–Li alloys [142]. For the Al–4Cu–1Li-0.25Mn–alloy; the 
age hardening can influence the thickness of Al2Cu precipitate, which is the major phase, it increases continuously with time (aging at 
17 h–180 ◦C) and the Al2CuLi phase growth slowly with time [143]. While for the Al-1.3Li-5.8Cu-0.4Mg-0.4ag-0.14Zr-0.3Ce an 
achievement of excellent mechanical properties and microstructure evolution during hot treatment (520◦ at 30 min) was carried out 
due to a large amount of Al2CuLi precipitate and a few needle phases like Al2Cu (compared to Ref. [143] results) that can be observed 
[144]. Table 2 [3], presents the impact of alloying elements for the Al–Cu–Li alloys. 

Fig. 8. Schematics of typicAl microstructural features for Al–Li Alloys [136].  

Fig. 9. DF images of the 2a97 alloy aged at 150 ◦C for (a) 4 h, (c) 16 h, and BF images and corresponding SaED pattern of the 2a97 alloy aged at 
150 ◦C for (b) 4 h, (d) 16 h all images are viewed along the [001]Al direction [138]. 
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4.2. Effect of precipitations on mechanical properties of Al–Li alloys 

Several studies which focus on mechanical properties of Al–Li alloys. The initial microstructure is the essential parameter in the 
determination of ductility, cracking resistance, strength, and fracture toughness [145]. The Ce + Zr addition can enhance mechanical 
properties of Al–Cu–Li alloys, the alloys with Ce and Zr have higher yield strength and ultimate tensile strength [146,147]. Si and Fe 
can influence negatively the properties like toughness fracture, affect strength and work hardening by coursing intermetallic com
pounds that can be seen at grain boundaries [148–150]. The addition of various amounts of Mg and Cu can give rise to precipitation of 
the S’ (A12CuMg) that depends strongly on the amount of Li present and on the presence of reinforcing SiC particles phase [151] which 
can improve strength and tensile ductility [9]. It was noted that the hardness increasing with a good combination of toughness and 
strength can be caused by the addition of different amounts of rare earths for the Al–Li–Cu alloys [152]. A peak in the strength was 
observed for 1.3 wt% Li of Al–Li–Cu–Zr alloys with trace additions of Mg and Ag compared to various amounts of lithium from 0 wt% Li 
to 1.3 wt% Li [153]. The tensile properties of 2099 alloys is improved by homogenization treatment compared to as-cast alloy by the 
dissolution of interdendritic phases, uniform deformation caused by the decrease of dendritic structures that can enhance ductility, 
reduction of grain boundaries phases which positively influences the propagation of micro-cracks under stress at grain boundaries that 
increase strength [154]. For the Al–Li 2198-T8 alloys processed by (high pressure torsion) HPT, the strength and hardness increase 
because of dislocation strengthening and grain refinement [155], and its plasticity is inversely proportional with the tensile strength in 
case of processing by Friction Spot Welding (FSpW) [83]. The effect of different phases on mechanical properties for Al–Li alloys are 
summarized in Fig. 10. 

Recent studies have directed their interest toward the Processing-Structure-Properties Performance (PSPP) Maps to study, design 
and optimize materials used in the industry. This structure is generally used because it describes all hierarchical scales (microscopic/ 
atomic and macroscopic) [156]. Thus, the PSPP map is an important communication tool the properties required, the entire desired 
processing route, various structural features of the material and the relationships between the blocks (Fig. 11). 

4.3. Grain refinement 

Final grain size control is the main influencing factor to enhance mechanical properties for aluminum alloys in general. Grain 
refinement of the third generation Al–Li alloys has been investigated by so many researchers [18,158–160]. Xinxiang et al. [146] have 
worked on the effect of Cerium and Zirconium microalloying addition in Al–Cu–Li alloys, they proved that the intermetallic dispersoids 
can be refined by Ce addition after homogenization, grain refinement can be obtained also by four methods: Severe Plastic Defor
mation (SPD), the addition of Grain Refiner (GR), Rapid Solidification (RS), Vibration and Stirring (VS) during solidification [161]. 
The presence of Zr on Al–Li alloys can control grain structure during high temperature by promoting Al3Zr_Al3Li dispersoids, which 
minimize the planar slip and improve ductility [162]. For the 2099 alloys, the dendritic structures can disappear after two-step of 
homogenization treatment with a degreasing of segregation at the grain boundaries with residual AlCuFeMn/AlCuMn particles around 
it [154]. Liu et al. [159]. Concluded that for the 2195 Al–Li alloy, the grain size increases with annealing at a lower temperature 
(300–350 ◦C), and increase when the annealing temperature rose (350–400 ◦C) as well as the deformation texture. Suresh et al. [158] 
in the investigation on effect of Sc addition on the evolution on the texture of AA2195 alloys during thermo-mechanical processing, 
they concluded that the Sc addition reduce the grain size and enhanced precipitation kinetics with hardness and strength improvement 
as well as the presence of fine Al3(Sc,Zr) dispersoids. 

4.4. Macroscopic anisotropy and texture in Al–Li alloys 

Several parameters can influence the anisotropy of Al–Li alloys such as crystallographic texture, shearing of the Al3Li phases and 
the subsequent flow localization orientation relative to the current stress states, recrystallization degree, type and history of the 
deformation process before artificial ageing, the distribution and morphology of the main strengthening phases, which are governed by 
alloying additions [9]. Al–Li alloys presents high anisotropy than traditional Al alloys, and its due to the coherent ordered δ′ phase (up 
to 20%) [134]. For the 1445 Al–Li alloy sheet; the non-recrystallization is caused by Al3(Sc,Zr) nano-sized that can be coarsened when 
being solutionized of 575 ◦C and pin the grain boundaries, dislocations and subgrain boundaries while the main recrystallization model 
is subgrain coalescence and increase [163]. Controlling sheet metal’s anisotropy can improve its formability and plastic anisotropy 
[164]. For 2195 Al–Li alloy cold-rolling sheet, the investigation for the anisotropy during aging treatment shows that the anisotropy 
decrease during aging time as long as over-aging is not reached [165,166]. During the sheet metal forming of Al–Li alloys anisotropy 

Table 2 
The impact of alloying element on Al–Cu–Li alloys [3].  

Alloying Element Impact 

Li and Mg Increase strength, decreasing density, and solid solution 
Sc, Mn, Zr, and Cr Texture and grain size control due to dispersoid formation. 
Cu Increase strength, and solid solution. 
Zn Increasing strength, corrosion, and solid solution. 
Ag Nucleation agent, coats the T1 precipitate. 
Ti and B Grain refinement 
Na, Si, Fe, and K Impurities, adversely affect mechanical properties  

E.A. Hajjioui et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e12565

11

affect the final formed shape. Bouchaâla et al. [167] investigated the effect of anisotropic and isotropic yield functions of AA2090 Al–Li 
alloy on the thickness distribution during sheet metal forming process. Many phenomenological yield functions have been proposed to 
predict the anisotropic plastic behavior of the sheet metal forming (e.g. Hill [168], Barlat et al. [169,170], Bron and Besson [171]). 
Bouchaâla et al. studied the influence of contact surface between the blank and the tools (Punch force, die shoulder radius, Blank 
holder force, Friction), two aluminum lithium alloys were used AA 2090 [172] and AA2198 [172,173], for this studies; a combination 
between FEM and Tagushi optimization was carried out [172]. 

5. Conclusion 

This paper aimed to review and summarize studies for Al–Li alloys, especially on the different types of precipitations, the influence 
of the addition elements and their impact on the microstructure and mechanical properties. Research and development priorities have 
been discussed in the literature. The present study leads to conclude the following.  

• The formability of parts depends on several parameters, in particular: the manufacturing process (forging, stamping, casting …), 
material parameters (chemical composition, anisotropy, fracture toughness …) and process parameters.  

• Additive manufacturing processes present many limitations and challenges compared to conventional manufacturing processes. 
Manufacturing parameters, process defects (anisotropy, porosity, etc.), and manufacturing cost are the main challenges for in
dustrial applications of additive manufacturing, particularly in the aeronautic industry. 

Fig. 10. Root cause - Effect of different phases on mechanical properties for Al–Li alloys.  
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• The mechanical properties of Al–Li alloys are dramatically affected by the precipitates in their microstructures. The phase struc
tures (T1 phase) control is the key influencing factor to enhance mechanical properties for the third generation of aluminum 
lithium alloys.  

• Al–Li alloys exhibit different types of precipitations which can be varied depending on different parameters: addition elements, Cu/ 
Li ratio, manufacturing process, and heat treatment. a good combination of these parameters provides an excellent characteristic of 
the Al–Li alloys.  

• Final grain size control and the control of the different types of precipitations are the main influencing factor to enhance mechanical 
properties for aluminum alloys in general. 
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