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Abstract 

Al–Li alloy is a new structural material with the advantages of lightweight and high strength. The extrusion profiles of 
Al–Li alloy are widely used in aerospace and other fields, which can significantly reduce the weight of the aerospace 
equipment and improve their carrying capacity and service performance. Particular service conditions of structural 
components in aeronautical and space areas put forward strict requirements on microstructure, mechanical proper-
ties, and dimensional precision of Al–Li alloy profiles. Therefore, it places higher requirements on the shape forming 
and microstructure controlling of the Al–Li alloy profiles. The manufacturing process of the profiles involves billet 
homogenization, hot extrusion, solution and quenching treatments, artificial aging, and others. The parameters of 
each process as well as the die structure have important effects on the final performance of the profiles. This article 
summarizes the main applications and key mechanical properties of Al–Li alloy extrusion profiles. The technologies 
related to the manufacturing process of the extrusion profiles are summarized and analyzed. The related studies 
about the evolutions of the microstructure and mechanical properties during homogenization and extrusion pro-
cesses are reviewed. The developments of the solid solution and quenching treatments as well as the aging strength-
ening technology for extruded Al–Li alloy profiles are also introduced. The scientific problems and key technologies 
that need to be solved in the manufacturing of Al–Li alloy extrusion profiles are presented, and the prospect for future 
development trends in these fields is given.
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1 Introduction
Al–Li alloys have many advantages, such as low den-
sity, high elastic modulus, high specific stiffness and 
strength, and good corrosion resistance. The use of Al–Li 
alloys instead of conventional high-strength aluminum 
alloys can reduce the structural mass by 10% to 20% and 
increase the stiffness by 15% to 20%, which is important 
in improving the performance and delivery efficiency of 
aerospace equipment and reducing fuel consumption 
[1–4]. Therefore, Al–Li alloys are widely valued in aero-
space fields and being found more and more applications 
recently.

Up to now, the development of Al–Li alloys can be 
roughly divided into three stages, and the alloy prod-
ucts can also be classified as three generations [3, 5]. 
The first generation Al–Li alloy was developed from 
the 1950s. The representative product is the 2020 alloy 
developed by Alcoa Inc. It has been successfully applied 
to the RA-5C warning aircraft. However, the applica-
tions of the first generation alloy stopped after the 1960s 
due to the defects of low ductility and high notch sensi-
tivity and the high production cost [3, 6]. In the 1970s 
and 1980s, in response to the energy crisis, the second 
generation Al–Li alloys were researched and developed 
in the former Soviet Union, United States, and France. 
The representative alloys include 1420, 2090, 8090, and 
2091. These alloys contain more lithium (approximately 
1.9 wt.% to 2.7 wt.%), and the alloy density is further 
reduced. The second-generation Al–Li alloys are suc-
cessfully applied in aircraft by replacing the traditional 
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high-strength aluminum alloy components, which have 
significant weight reduction effects. However, the high 
lithium content in this generation alloys also caused 
many performance shortcomings, such as low toughness, 
high anisotropy, poor weldability, and performance loss 
at thermal exposure [1, 3, 7]. In order to solve the prob-
lems, the third generation Al–Li alloys were researched 
and developed in the late 1980s. By reducing the con-
tent of lithium in the alloy (reduced to 0.75 wt.%‒1.8 
wt.%), increasing the content of copper (increased to 
2.6 wt.%‒4.0 wt.%) and adding alloy elements, such as 
Ag, Zr, and Sc, the problems existing in the second-gen-
eration alloys were solved. The third-generation alloys 
show excellent properties such as low anisotropy, high 
strength, and good weldability, which therefore have 
been developed rapidly and applied widely. The repre-
sentative products of the third-generation of Al–Li alloys 
include 2195, 2196, 2297, 2397, 2099, 2199, 2198, 2050, 
2055, 2060, 2076, etc., which are widely used in the fuel 
tank of a space shuttle, load-bearing beam of spacecraft, 
skin, stringer, and floor of fighter and civil aircraft [1, 
3, 8]. Besides, a series of aluminum-lithium alloys has 
also be developed by Russia, including Al-Cu-Li alloys 
1450,1460,1464, 1469 as well as Al-Cu-Li alloys 1420 
and 1421. In 2009, Roger Digby put forward the con-
cept of the fourth-generation Al–Li alloy [5]. Compared 
with the third-generation Al–Li alloy, the Li content is 
further reduced and it has higher strength and fracture 
toughness. In recent years, Beijing Aeronautical Materi-
als Research Institute has developed a new X2A66 Al–Li 
alloy, which exhibits high strength, high damage resist-
ance, low anisotropy, good corrosion resistance, and 
excellent formability. This alloy exhibits typical charac-
teristics of the fourth-generation Al–Li alloy [9, 10].

The components of Al–Li alloy are generally formed 
by thermoplastic deformation. The main forming meth-
ods include extrusion, rolling, and forging. The rolling 
process is mainly used to produce various plates, and 
there are many related studies on the rolling process and 
properties of Al–Li plates [11–14]. The forgings of Al–Li 
alloys are rarely concerned, which mainly used to manu-
facture heavy structural parts such as aircraft bulkheads 
[3]. The extrusion process can form the long and straight 
components with the same cross-section, which has 
many advantages, such as the simple forming process, 
flexible cross-section, high production efficiency, good 
surface quality, and near-net-shape forming.

In aerospace equipment, especially in the airframe 
structure, there are many long and straight compo-
nents, such as stringers, floor beams, seat rails, and 
some stiffened panels, as shown in Figure  1 [15, 16]. 
The extrusion process is the appropriate method for 

forming these components, which can greatly improve 
production efficiency and reduce material waste. In 
recent years, more and more structural parts in air-
craft have been made of Al–Li alloys to reduce the 
weight. Besides, as the cost in preparation of Al–Li 
alloy materials reduces, the extrusion profiles of Al–Li 
alloy would be gradually used in civilian fields, such as 
high-speed trains and automobiles. Therefore, Al–Li 
alloy profiles have a wide application future.

The main manufacturing process of Al–Li alloy pro-
files includes the processes of hot extrusion and heat 
treatment. The evolution of microstructure in the pro-
cesses is complex, which is related to the extrusion 
parameters, die structure, and heat treatment param-
eters, and determines the mechanical properties of 
the extrusion profiles. The manufacture of Al–Li alloy 
profiles involves many scientific problems and key tech-
nologies, such as plastic deformation behavior, consti-
tutive relationship, microstructure evolution, forming 
mechanism, welding mechanism, design of extrusion 
die, isothermal extrusion, and profile heat treatment. 
It is not only necessary to control the hot deformation 
behavior of the material to ensure the accurate forming 
of the profile, but also to control the microstructure to 
obtain good mechanical properties, i.e., the manufac-
ture of Al–Li alloy profiles needs to achieve the inte-
grated controls of both the shape and property.

In this article, we first summarize the main applica-
tions and key mechanical properties of the Al–Li alloy 
extrusion profiles. Then the related scientific and tech-
nological research progresses in the homogenization 
treatment, extrusion forming, and heat treatment of the 
Al–Li alloy profile are reviewed. At last, the problems 
and the further developments in the field of extrusion 
of Al–Li alloy profiles are presented.

Figure 1 Al–Li alloy extrusion profiles can be used in aircraft
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2  Application and Performance of Al–Li Alloy 
Extrusion Profiles

2.1  Application of Al–Li Alloy Extrusion Profiles
There are many different grades of Al–Li alloys, among 
which some alloys are often used to make rolled plates, 
such as 2X97, 2X98, 2050 alloys. The rolled plates of 
alloys 2197, 2297, and 2397 have been successfully used 
in the bulkhead decks of F16 fighter [5]. Alloy 2198 plates 
are used to make fuel tanks for the Falcon 9 rocket, and 
2050 thick plates are used to make the integral panels 
of the Airbus planes. Some alloy, such as 2196, are often 
used to be extruded into profiles, and there are also alloys 
can be universally used for rolling and extrusion, such as 
the alloys 2090, 8090, 2099, and 2055.

The extrusion profiles are widely used in the aircraft 
structural parts such as stringers in wings and fuselage, 
floor beams, seat rails, fuselage frames. The extrusion 

profiles of Al–Li alloys 2090 and 8090 were early used 
to manufacture some components of the EH101 heli-
copter. The extrusion profiles of third-generation Al–
Li alloys were used in the cabin floor beams, seat rails, 
and wing beams of the Airbus A380. The COMAC 
C919 aircraft also applied the extrusion profiles of 
2099 and 2196 Al–Li alloys in the fuselage stringers, 
floor beams, seat rails, and other parts. Besides, some 
extruded parts are also used in aerospace equipment, 
such as the external fuel tank of the space shuttle and 
the main load-bearing longerons of the crew module 
in Orion spacecraft. Figure 2 shows several application 
examples of the Al–Li alloy extrusion profiles. Table 1 
summarizes the applications of the first, second, and 
third-generation Al–Li alloys extrusion profiles and 
lists the conventional aluminum alloy replaced or will 
be replaced by Al–Li alloys [1–3, 5, 17–19].

Figure 2 Applications of the Al–Li alloy profile in air and space equipment: a The third generation Al–Li alloy profile used for the floor beam of 
Airbus A380 aircraft [3], b Extrusion profile of 2099 and 2196 Al–Li alloys used in fuselage beams and frames of C919 aircraft, c Extrusion profile of 
8090 Al–Li alloy used for the components of EH101 helicopter, d Extruded stiffened panel of 2090 Al–Li alloy used for the external fuel tank of space 
shuttle [18]
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2.2  Important Mechanical Properties of Al–Li Alloy 
Extrusion Profile

Different parts in the aircraft bear different loads, so the 
extrusion profiles used in different parts have various 
requirements for the mechanical properties. Staley et al. 
[20] and Prasad et al. [3] summarized the main loads car-
ried by various parts in the aircraft and the main perfor-
mance requirements of the components. Longitudinal 
stringers and horizontal frame in the fuselage mainly bear 
tensile and compressive loads. Profiles used in these parts 
require high tensile and compressive strength, elastic 
modulus, and good damage tolerance (including fatigue 
life, fatigue crack growth rate, and fracture toughness). 
Floor beams and seat rails mainly bear tensile loads, 
which require high tensile strength and elastic modu-
lus. Besides, the seat rails also require high resistance 
to stress corrosion. The loads on the wing are relatively 
complicated. The upper wing beams mainly bear com-
pressive loads during flight, while the lower wing beams 
mainly bear tensile loads. Therefore, the high tensile and 
compressive strength, elastic modulus, and good dam-
age tolerance are required for the profiles used in wings. 
In summary, the key mechanical properties required for 

Al–Li alloy extrusion profiles used in aircraft include 
elastic modulus, tensile and compressive strength, and 
damage tolerance.

Table 2 summarizes the static mechanical properties of 
Al–Li alloy extrusion profiles with various cross-sections 
in some existing literature. The dynamic mechanical 
properties, such as fatigue life, fatigue crack growth rate, 
and fracture toughness of the profiles cannot be simply 
listed in the table due to the different sample preparation 
standards and various experimental conditions. But some 
references about the dynamic properties are given in the 
table. Refs. [3, 7] also introduce the static and dynamic 
mechanical properties of different Al–Li alloy compo-
nents in more detail.

3  Extrusion Process of Al–Li Alloy Profile
3.1  Conventional Manufacturing Process of Extruded 

Profiles
The equipment and processes for producing the con-
ventional aluminum alloy extrusion profiles are usually 
also suitable for extrusion processing of Al–Li alloys. 
However, the extrusion process of Al–Li alloys also 
has its particularities. The extrusion profiles of most 

Table 1 Applications of Al–Li alloy extrusion profiles and the replaced aluminum alloys [1–3, 5, 10, 17–19]

Generation Alloy grade—Temper Substituting for Application

Parts Representative equipment

First 1420-T6 ‒ ‒ Soviet aircraft (MiG and SU series)

1421- ‒ ‒
Second 8090-T8511 7075-T73511 ‒ EH101

8090- Stringers Mirage fighter

2090-T86 7075-T6 ‒ EH101, EF2000, Rafale

2090- Fuselage frames, floor beams MD-11, C17

2090-T86(T8E46) 2219-T87 Stiffened panel Space Shuttle external tank 
(possible)

2091- ‒ ‒ EH101 helicopter; A330/340

Third

Damage tolerant 2099-T81 2024-T3511
2026-T3511
2024-T4312
6110-T6511

Fuselage frames; Lower wing 
stringers

2076-T8511 Fuselage floor beams; Seat rails, 
frames, stringers; Upper/Lower 
wing stringers

A380

Medium/high strength 2099-T83/T8E67 7075-T73511
7075-T79511
7050-T7451
7150-T6511
7175-T79511
7055-T77511
7055-T79511

Fuselage floor beams, seat rails, 
stringers; Upper wing stringers

A380, C919

2099-T8511

2196-T8511 Fuselage floor beams, seat rails, 
stringers

A380, C919

2055-T8E83 Fuselage floor beams, seat rails; 
Upper wing stringers

A380

2065-T8511 Lower wing stringers A380, Ares I

2195-T8, 2096-T8 2219-T87 Stiffened panel Space Shuttle external tank 
(possible)

Fourth X2A66 2024 Integral panel extrusion -
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Table 2 Mechanical properties of Al–Li extrusion profiles

Alloy Temper Profile and testing positions Testing 
orientation

E (GPa) Strength (MPa) EL (%) Ref. Ref. for DMP

TY UTS CY

1420 ‒ L 76.4 312 432 ‒ 10.2 [21] [21]

2090 T6 L ‒ ~ 750 ‒ ‒ ‒ [22] [23, 24]

L ‒ ~ 630 ‒ ‒ ‒

8090 T6 L ‒ ~ 550 ‒ ‒ ‒ [22]

L ‒ ~ 440 ~ 515 ‒ ‒ [25]

L ‒ ~ 420 ~ 500 ‒ ‒

8091 T6 L ‒ ~ 630 - ‒ ‒ [22]

L ‒ ~ 495 ~ 555 ‒ ‒ [25]

L ‒ ~ 440 ~ 510 ‒ ‒
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third-generation Al–Li alloys cannot be quenched online 
because the extrusion temperature is lower than the 
quenching temperature. Besides, based on the disloca-
tion nucleation mechanism of precipitates, the extru-
sion profiles of Al–Li alloys require a certain amount of 
cold deformation before aging treatment to improve their 
performance. Some kinds of Al–Li alloy are sensitive to 

extrusion temperature and speed, and the range of the 
process parameters is narrow. The defects such as surface 
cracking and performance degradation can be caused by 
the improper extrusion process. Therefore, more precise 
control of the extrusion process for the Al–Li alloys is 
required.

Key to Abbreviations: E-Elastic Modulus; TY-Tensile yield strength; UTS-Ultimate tensile strength; CY-Compressive yield strength; EL- Elongation

Testing orientation: L- Extrusion direction; T- Perpendicular to the extrusion direction

The positions marked by the red circle are the sampling locations for performance testing

Table 2 (continued)

Alloy Temper Profile and testing positions Testing 
orientation

E (GPa) Strength (MPa) EL (%) Ref. Ref. for DMP

TY UTS CY

2099 T83 L ‒ ~ 600 ~ 630 622 ‒ [26, 27] [28, 29]

45o ‒ ~ 475 ~ 425 472 ‒

T ‒ ~ 445 ~ 505 435 ‒

L ‒ ~ 475 ~ 535 483 ‒

45o ‒ ~ 425 ~ 480 393 ‒

T ‒ ~ 455 ~ 505 520 ‒

L ‒ ~ 590 ~ 600 561 ‒

45o ‒ ~ 445 ~ 485 397 ‒

T ‒ ~ 490 ~ 525 445 ‒
2196 T8511 L 73.17 519.93 592.23 ‒ 6.97 [30]

L 79.85 526.97 602.08 ‒ 7.35

2195 T83 L ‒ ~ 620 ~ 645 ‒ ~ 10.5 [31] [31, 32]

45o ‒ ~ 500 ~ 540 ‒ ~ 9

T ‒ ~ 520 ~ 560 ‒ ~ 8

L ‒ ~ 580 ~ 600 ‒ ~ 11

45o ‒ ~ 505 ~ 555 ‒ ~ 16

T ‒ ~ 590 ~ 640 ‒ ~ 13
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Skillingbers et al. [22] conducted extrusion experiments 
on four kinds of second-generation Al–Li alloys includ-
ing 2090, 2091, 8090, and 8091. They first homogenized 
the ingots and then machined them into round billets 
of appropriate size. The machined billet was preheated 
before extrusion and then extruded on a horizontal 
hydraulic press. The extruded profile was fan cooling on 
a cold bed. Subsequently, a formal out-line solution and 
quenching treatment were carried out on the extrusion 
profiles. The pre-stretching was applied to the solution 
treated profiles for improving the mechanical properties. 
Finally, the profiles were aged to the required state. Using 
similar processes, Kumar et  al. [33] and Armanie et  al. 
[34] also extruded the different Al–Li alloys. Therefore, 
it can be concluded that the extrusion forming process 
of Al–Li alloys generally includes ingot homogenization, 
extrusion forming, solution treatment, pre-stretching, 
and artificial aging treatment. Figure 3 shows the process 
route for producing Al–Li alloy extrusion profiles.

3.2  Extrusion Process of the Stiffened Panel 
with Large‑Size

Sometimes, particular components need to be formed 
by the extrusion process, in which the special extrusion 

equipment, dies, and processes are required. As shown in 
Figure 2(d), the stiffened panel used for the external fuel 
tank of the space shuttle was usually fabricated by cutting 
the thick plate. However, the material waste rate of this 
method is as high as 90%, so that the production cost is 
very high. This problem can be solved by the extrusion 
process which can achieve the near-net-shape forming. 
Nevertheless, the conventional extrusion equipment and 
processes cannot produce the stiffened panel due to its 
maximum width up to 2.5 m. Therefore, it is necessary 
to develop a new extrusion process to manufacture such 
components.

In order to achieve the extrusion, the stiffened panel 
is first changed into a cylindrical component with stiff-
ener [18, 19]. The cylindrical component is extruded with 
a hollow billet, which is carried out on a hydraulic press 
with mold core. The extruded cylindrical component is 
cut along the extrusion direction and then flattened to 
obtain the required stiffened panel. Figure  4 shows the 
schematic diagram of the extrusion process. The heat 
treatment process of the stiffened panel, especially the 
pre-stretching treatment, is also complicated. The spac-
ing between the stiffeners needs to be filled with another 
aluminum alloy to form an approximately complete plate, 
so that the pre-stretching deformation can be applied 
uniformly to both the panel base and the stiffeners. The 
uniform pre-stretching deformation can also reduce the 
residual stress inside the component as much as possible. 
Although this method has a certain effect, it is still diffi-
cult to obtain a uniform amount of pre-stretching defor-
mation at each position of the stiffened panel.

The stiffened panels with medium width (about 1‒1.6 
m) can be extruded by a common forward extrusion pro-
cess with a round billet or slab billet [35]. Compared with 
the round billet, the slab billet presents a more uniform 
material flow during the extrusion of the panels, which 
can improve the uniformity of the microstructure and 
the performance. However, the design and manufacture 
of the container for the slab billet are more complicated 
than that for the round billet.

4  Influence of Manufacturing Processes 
on the Microstructure and Properties of Al–Li 
Alloy Profiles

The manufacturing process of Al–Li alloy profiles 
includes homogenization treatment of the billet, extru-
sion forming of the profile, and solid solution and aging 
treatments of the extruded profile. The microstructural 
evolutions of the extrusion profiles are significantly 
affected by these processes, and the final mechanical 
properties of the profile also depend on the processes. 
The following describes the effects of each manufacturing 
process on the microstructure and properties.

Figure 3 Common processes for producing the Al–Li alloy extrusion 
profiles

Figure 4 Extrusion process diagram for large-size cylindrical 
component with stiffeners (Redraw based on Refs. [18, 19])
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4.1  Homogenization of Al–Li Alloy Billet
The homogenization of billet, on one hand, is to eliminate 
the non-equilibrium eutectic phases, intragranular segre-
gation, and casting stress in the ingot. After the homog-
enization, the microstructure uniformity and workability 
of the billet can be improved significantly. On the other 
hand, the homogenization process plays an important 
role in the precipitation of the dispersoids, which will 
affect the recrystallization behavior during the following 
hot deformation. Therefore, the homogenization process 
will have an important impact on the microstructure and 
mechanical properties of the extrusion profiles.

In the homogenization process, the low melting eutec-
tic phases (such as the phases containing Mg and Ag) will 
be dissolved firstly, and the network or dendrite structure 
in the as-cast billet gradually disappears. As the homoge-
nization temperature and the time increases, the second-
ary particles with a slightly higher solution temperature 
(such as the AlCu phases) are also gradually dissolved 
into the matrix. After homogenization, a small amount of 
refractory phase (such as the phases containing Fe and Si) 
will remain at the grain boundaries [36–38]. Wang et al. 
[39] studied the microstructure of spray-formed 2195 
Al–Li alloy before and after the homogenization. They 
found the microstructure of the spray-formed alloy after 
homogenization is similar to that of casting alloy, even 
though the initial microstructure of the sprayed alloy is 
different from that of the as-cast alloy. Jia et al. [38] stud-
ied the microstructure evolution of 1469 Al–Li alloy con-
taining Sc during the homogenization process, and they 
found a kind of AlCuSc phase (termed as W phase) can 
form at the grain boundaries. During the homogeniza-
tion at high temperature, the Mg–Ag eutectic phases and 
AlCu phases are dissolved through element diffusion, 
while the solute Sc diffuses into the residual AlCu phases 

and forms the W phase that remains after the homogeni-
zation process. Figure  5 shows a microstructure evolu-
tion diagram during the homogenization of the Al-Cu-Li 
alloys containing elements of Mg, Ag, and Sc.

The mechanical properties of Al–Li alloy profiles are 
closely related to the microstructure. The grain morphol-
ogy, size, and orientation have important influences on 
the strength, toughness, and anisotropy of the profiles. 
For the third-generation Al–Li alloys, Rioja et al. [1] and 
Goma et  al. [28] indicated that the fibrous grain struc-
ture without recrystallization is beneficial to improve the 
mechanical properties of the extruded profiles. The third-
generation Al–Li alloys usually contain elements such as 
Zr and Sc, which can form  Al3Zr(Sc) dispersoids during 
the homogenization process. These dispersoids have a 
strong inhibitory effect on recrystallization. The size and 
distribution of the dispersoids depend on the homogeni-
zation parameters. It has been proved that a two-stage 
homogenization treatment can promote the dense and 
uniform precipitation of the dispersoids, which have a 
significant inhibition to the later recrystallization behav-
ior [40, 41]. Two-stage homogenization usually includes 
a low-temperature stage and a subsequent high-temper-
ature stage. In the low-temperature stage, the supersat-
uration of Zr in the matrix is very high and has strong 
precipitation kinetics, which promotes the dense nucle-
ation of  Al3Zr. The diffusion rate of Zr at the low tem-
perature is very slow, thus avoiding the rapid coarsening 
of  Al3Zr. Therefore, dense and fine  Al3Zr will be formed 
in the matrix at the low-temperature stage. And the sub-
sequent high-temperature stage, the  Al3Zr dispersoids 

Figure 5 Schematic diagram of microstructure evolution in 
homogenization process (Modification and redrawing based on 
the figure in Ref. [38]): a As-cast microstructure, b Low melting 
eutectic phase dissolve completely and AlCu phase dissolve partly, 
c AlCu phase further dissolve and a new phase containing Sc 
form, d Refractory phase and the new AlCuSc phase remain after 
homogenization

Figure 6 Precipitation characteristics of the  Al3Zr phase after a single 
homogenization (510 °C/24 h) and b two-stage homogenization 
(460 °C/12 h + 520  °C/24 h), and the recrystallization behavior 
after hot deformation of c the single homogenized sample and d 
two-stage homogenized samples (Reproduced from Ref. [41])
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will grow up appropriately in size, thus having a stronger 
pinning effect. Figure  6 shows the precipitation charac-
teristics of  Al3Zr in X2A66 Al–Li alloy samples after sin-
gle and two-stage homogenization. As can be seen, the 
precipitation of dispersoids is more dense and uniform 
in the sample with two-stage homogenization. After hot 
deformation, the microstructures of the homogenized 
samples are shown in Figure 6(c) and (d). It can be seen 
that the dense and uniform  Al3Zr phase in the two-stage 
homogenized sample has a stronger inhibitory effect on 
the recrystallization.

It has been found that the  Al3Zr phase prefers to pre-
cipitate at dislocations and some existing phases (such as 
 Al2Cu) [42, 43]. Based on the precipitation mechanisms, 
it is reasonable to expect that the uniform and dense pre-
cipitation of the dispersoid can be promoted by some 
treatments such as pre-deformation and pre-aging before 
homogenization. However, such kinds of homogeniza-
tion for Al–Li alloys have not been studied.

4.2  Evolutions of Microstructure and Mechanical 
Properties During the Al–Li Alloys Extrusion

4.2.1  Effects of Extrusion Process on Microstructure 
and Properties

The important extrusion processing parameters include 
temperature, ram speed, and extrusion ratio, all of which 
influence the microstructural evolutions such as dynamic 
recovery (DRV), dynamic recrystallization (DRX), and 
grain deformation. The change of processing parameters 
will have a great influence on the microstructure of the 
Al–Li alloy profiles such as grain morphology and its ori-
entation, which in turn affect the mechanical properties 
of the profiles.

Mukhopadhyay et al. [44] carried out extrusion experi-
ments on 8090 Al–Li alloy, and they found that the 
microstructure of the extrudate is not uniform. The sur-
face layer of the extrudate is fully recrystallized, whereas 
the core exhibits essentially unrecrystallized grains. The 
thickness of the recrystallization layer increases with 
extrusion temperature, ram speed, and extrusion ratio, 
where the extrusion ratio has the most obvious effect on 
the recrystallization layer. The recrystallization layer on 
the surface of the profile is caused by uneven deforma-
tion, which is detrimental to the mechanical properties. 
Vladivoj et al. [45] indicated that the performance of the 
recrystallization layer decreases by 25% compared with 
the unrecrystallized parts, and the high cycle fatigue life 
is reduced by more than an order of magnitude. Fan et al. 
[46] conducted extrusion experiments on 1420 alloy with 
different process parameters. They found that a higher 
extrusion ratio and extrusion speed can lead to more 
recrystallization, and a rapid extrusion speed can reduce 

the size of subgrain. Chen et al. [47] conducted the extru-
sion experiments on 2196 Al–Li alloy under different 
process parameters and found that increasing the extru-
sion temperature and extrusion speed can promote DRX 
and reduce the grain size. The recrystallization degree in 
the extrusion profile can significantly affect the mechani-
cal properties, for instance, weakening the longitudinal 
strength and reducing the anisotropy.

In the extrusion process, the orientation of the grains 
tends to be preferentially distributed, that is, the tex-
ture can be formed. It has been proved that the compo-
nents of texture formed in the profile are greatly affected 
by extrusion process parameters. Tempus et  al. [25, 48] 
studied the effects of extrusion temperature, extru-
sion speed, and aspect ratio (width-to-thickness) on the 
microstructure and mechanical properties of 8090 and 
8091 Al–Li alloy profiles. They found that the aspect ratio 
has a greater effect on the strength than extrusion tem-
perature and speed. The axisymmetric deformation in 
the profiles with a low aspect ratio can form the strong 
<111> and <100> fiber textures, where the <111> texture 
is dominant. However, the typical rolling textures such as 
Br{011}<211>, S{123}<634>, and Cu{112}<111> can be 
formed in the profile with a high aspect ratio, in which 
the deformation tends to be a plane strain. The effect of 
aspect ratio on texture components has also been found 
in other Al–Li alloys [27, 29, 31, 32, 49]. Hales et al. [31] 
found that the <111> and <100> fibers are mainly formed 
in the low aspect ratio part of the 2195 Al–Li alloy extru-
sion profile, while the rolling textures (strong Br texture) 
present in the parts with high aspect ratio. Also, a similar 
phenomenon was found by Goma et al. [29] in the 2099 
Al–Li alloy extrusion profile.

The texture components have a great influence on the 
mechanical properties of the profiles. When loaded in 
the extrusion direction, the <111> and <100> fibers in the 
extrusion profile have the largest orientation factors (Tay-
lor and Sachs factors), which results in higher strength in 
the extrusion direction. Therefore, the profiles or parts 
in profile with the low aspect ratio usually exhibit higher 

Figure 7 Schematic of the improved extrusion die structure for the 
profiles with a low aspect ratio (Redraw based on Ref. [50])
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longitudinal strength. Besides, it has also been found that 
the components of texture are related to the fatigue crack 
growth rate. The strong fiber texture and thicker grain 
layer in the parts with the low aspect ratio have a great 
inhibition to the crack growth rate [29].

In addition, it is also indicated that the strong fibers 
will cause a variety of mechanical performance defects, 
such as the small difference between the tensile and 
yield strength, low fracture toughness and strong anisot-
ropy of mechanical properties. These defects often cause 
cracks during the machining of the profiles. To avoid the 
defects, Armani et al. [34] proposed a new die structure 
for the extrusion of Al–Li alloy profiles. Figure 7 shows 
the schematic diagram of the extrusion die. They added 
a spreader die in front of the conventional flat die, which 
can make the material in the area with low aspect ratio 
flowing out along the tortuous path, thereby increasing 
the amount of deformation and improving the perfor-
mance of the profile. Similar technology was also pro-
posed by Witters et al. [50].

In addition to the aspect ratio, other process param-
eters will also affect the texture components of the pro-
files. Jata et  al. [51] extruded AF/C489 Al–Li alloy into 
rectangular plates at different temperatures. They found 
that strong rolling-textures including Br, S, and Cu will 
be formed in the plate at all extrusion temperatures, 
whereas the Br texture increases significantly when the 
temperature exceeds 480  °C. They believed that the Br 
texture is evolved from the shear band during the extru-
sion process. The fast DRV at the high extrusion temper-
ature of 480  °C can promote the formation of the shear 
band, thereby increasing the Br texture. Chen et al. [47] 
extruded the 2196 Al–Li alloy into rectangular plates at 
different extrusion temperature and speed and found that 
the shear texture of Y{110}<111> and fiber textures of 
{111}<uvw> (e.g., A∗

1 and A∗

2 ) will be formed in the extru-
sion processes. The intensity of shear texture reduces 
as the extrusion temperature increases, and more 
{001}<100> Cube recrystallization texture is formed. 
Besides, as the extrusion speed increases, the fiber tex-
tures become much strong, while the recrystallization 
texture is suppressed.

In addition, extrusion parameters can also cause a 
change in solid solubility, which will affect the mechani-
cal properties of the as-extruded profile. For example, 
the high extrusion temperature and the excessive defor-
mation heat produced by the high extrusion speed can 
increase the solid solubility and lead to obvious solid 
solution strengthening effect, which can improve the 
strength of the as-extruded profile [44, 49]. However, the 
Al–Li alloy profiles are required to be solid solution and 
aging treated after extrusion, which can largely eliminate 

the influence of extrusion parameters on the solid solu-
bility and strength of as-extruded profile.

According to the above documents, the influence of 
extrusion parameters and die structure on the micro-
structure of profiles is very complex. The effects of vari-
ous microstructures on mechanical properties cannot 
be treated as a block. The different microstructure in the 
extruded profile, such as recrystallization and unrecrys-
tallization as well as various texture components, exhibit 
different performance characteristics. Therefore, the con-
trol of the microstructure during the extrusion process 
should base on the specific application requirements of 
the profile. The “customization” of the microstructure 
should be attempted to achieve through the optimization 
and innovation of extrusion process and die structure, 
instead of being restricted to the recrystallization micro-
structure, anisotropic or isotropic properties.

4.2.2  Microstructure Prediction and Control during Hot 
Deformation of the Al–Li Alloys

The microstructure evolution during hot deformation is 
closely related to the deformation parameters. Establish-
ing the mathematical model between the deformation 
parameters and the microstructure can accurately pre-
dict the microstructure evolution process and the final 
state, which is of great significance for controlling and 
tailoring the microstructure during hot processing.

The models for microstructure evolution during the 
hot deformation of aluminum alloys have been pro-
posed by many researchers, which mainly include three 
categories, i.e., the empirical models, physically-based 
models, and mesoscale discrete models. In the empiri-
cal models, the DRX fraction can be predicted by JMAK 
kinetic equation, and the grain size can be predicted 
by an exponential equation [52]. Deng et  al. [53] estab-
lished the microstructure evolution model of 2397 Al–Li 
alloy based on the JMAK and Kuziak equations and pre-
dicted the DRX fraction and grain size of the alloy after 
hot deformation. The JMAK model is established on 
the basis of phase transformation theory that includes 
nucleation and growth processes. Therefore, this kind 
of model is suitable for prediction of the microstruc-
ture evolution in the process of discontinuous dynamic 
recrystallization (DDRX) that includes obvious nuclea-
tion and growth processes. However, the grain evolution 
in the aluminum alloys usually does occur in the form of 
continuous dynamic recrystallization (CDRX) without 
nucleation and growth owing to the high stacking fault 
energy. And the microstructure after hot deformation 
is usually an aggregate of crystallites bounded partly by 
low angle grain boundaries (LAGBs) and partly by high 
angle grain boundaries (HAGBs), which is very different 
from the microstructure of DDRX. Figure  8 shows the 
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diagrams for the microstructure evolution of the DDRX 
and CDRX. Therefore, the theoretical and practical accu-
racy of the JMAK model in the prediction of aluminum 
alloy needs to be further investigated and discussed. The 
mesoscale discrete models including Monte Carlo, cel-
lular automaton, and phase-field simulations have also 
been used to study the DRX behavior of the aluminum 
alloys [54, 55]. However, these methods are also estab-
lished on the basis of DDRX principles, so that they are 
still not suitable for the CDRX process.

In recent years, internal state variable (ISV) based 
microstructural models have drawn attention for mod-
eling the CDRX processes of aluminum alloys. Some 
microstructure parameters such as dislocation density, 
crystallite size, misorientation are regarded as the inter-
nal state variables in the ISV model, and the actual evo-
lution process of the variables will be considered. This 
kind of model has a very clear physical meaning and can 
take into account the mechanism of the microstructure 
evolution of the CDRX process. Therefore, it is a pro-
spective microstructure evolution model for the mate-
rials with high stacking fault energy such as aluminum 
(lithium) alloys. Gourdet and Montheillet [57] proposed 
a simple CDRX model based on the assumption that the 
LAGBs can form and transform into HAGBs by continu-
ously absorbing dislocations. Based on Gourdet’s model, 
Giovanni et  al. [58] considered the interaction between 

particles and dislocations in the alloy and established 
the CDRX model of 5052 aluminum alloy. Sun et al. [59] 
integrated the influence of the stored energy in the sub-
grain boundary on the subgrain rotation into the Gourdet 
model and considered the different mobility between the 
recrystallized and original HAGBs, thus further improv-
ing the CDRX model. They applied the modified model 
to the prediction of the microstructure evolution of alloy 
7075 during the hot compression deformation. Recently, 
Chen et  al. [60] coupled the CDRX model with the 
polycrystalline plasticity approach and proposed a new 
CDRX-VPSC (visco-plastic self-consistent) model, which 
was successfully used to predict the microstructure evo-
lution of alloy 7075.

Although the CDRX model based on the internal vari-
able method is consistent with the microstructure evolu-
tion mechanism of aluminum alloys, it still faces many 
difficulties in applying it to the actual extrusion process 
of the commercial aluminum (lithium) alloys. The com-
mercial alloys usually contain a variety of precipitates due 
to their complex composition. The interactions between 
the precipitates with dislocations will cause the com-
plex evolution of dislocation density, which may not be 
simply described by the ideal model, such as the KME 
model [61, 62]. Besides, McQueen et al. [63] argued that 
the assumption of the continuous dislocation absorp-
tion in the CDRX model is unrealistic. They believed 

Figure 8 Schematic diagrams for the evolution mechanisms of DDRX and CDRX (The microstructure picture of DDRX was reproduced from Ref. 
[56])
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that the misorientation of the LAGBs has a saturation 
value and the new HAGBs are formed by the geometric 
dynamic recrystallization (GDRX) of the original grain 
boundaries. Furthermore, the CDRX model ignores the 
migration, merging, and decomposition of LAGBs, which 
will lead to the microstructural evolutions, such as the 
boundaries proportion, misorientation, and sub-grain 
size [64–66]. Therefore, the CDRX model needs to be 
further improved in terms of theoretical completeness.

In many cases, especially in the third generation Al–Li 
alloys, the microstructure in the extruded profiles usu-
ally exhibits the fibrous structure without obvious equi-
axed recrystallized grains, which is inconsistent with 
the predicted trend of the CDRX model. Zhang et  al. 
[67] proposed a prediction model for the microstructure 
mainly composed of fibrous grains in aluminum alloy 
extrusion profiles, in which they considered and dealt 
with the recrystallized grains and deformed grains sepa-
rately. The recrystallization fraction is predicted by the 
JMAK model, while the grain size is expressed as a func-
tion of deformation parameters. The recrystallized and 
deformed grains are averaged to obtain the final grain 
size. In terms of the prediction results, this model can 
accurately describe the grain morphology and size of the 
aluminum alloy extrusion profile. Nevertheless, the pre-
diction of the recrystallization process in this model still 
employs the DDRX-based JMAK model.

In addition to the mathematical models, the hot pro-
cessing map based on the dynamic materials theory is 
also usually used to predict the micro-mechanism of 
the hot deformation process and to optimize the pro-
cess parameters. In the hot process of Al–Li alloys, 
many researchers use the processing map to analyze the 
deformation mechanism under different parameters and 
determine the optimal processing parameters. Prasad 
et al. [3] established the processing maps of the 8090 alloy 
in three different states including as-casting, as-homoge-
nized, and as-extruded. Micro-mechanisms under differ-
ent deformation conditions were analyzed on the basis of 
the processing maps. It was found that the temperature of 
DRX is the same for the three states of the material, but 
the corresponding strain rate conditions for the DRX are 
different. The predicted DRX process parameters range 
provides important guidance for the forging and rolling 
processes of the 8090 alloys in different states. Jagan et al. 
[68] established the hot processing map of the spray-
formed Al–Li alloy UL40 and predicted the process win-
dow for safe deformation. For the third-generation Al–Li 
alloys, Zhang et al. [69], Yin et al. [70], Wang et al. [71] 
established the processing maps of different alloys and 
predicted the process parameters range for safe defor-
mation and plastic instability, which provide theoretical 
guidance for the hot processing of these alloys.

There are still some problems in the mechanism and 
prediction accuracy of the existing microstructural mod-
els. The conventional JMAK equation is inconsistent with 
the CDRX mechanism of aluminum alloy, whilst the new 
internal variable based model has problems in theoreti-
cal completeness. The widely used hot processing map 
reflects the evolution of microstructure from the per-
spective of energy dissipation based on the stress-strain 
data, which cannot predict microstructure parameters 
directly. Therefore, it is necessary to establish a micro-
structure prediction model that is consistent with CDRX 
theory and has high prediction accuracy. During the 
extrusion process, the material is subjected to triaxial 
compressive stress, and the microstructural evolution is 
different from other deformation modes such as rolling 
and forging. Therefore, the deformation characteristics 
of extrusion should be considered when modeling micro-
structure evolution.

4.2.3  Hollow Profile Extrusion of Al–Li Alloys
Lightweight is the development trend in many fields 
such as aerospace, high-speed trains, and automobiles. 
Therefore, there is a growing demand for the thin-walled 
hollow aluminum (lithium) alloy profiles with large and 
complex cross-sections (as shown in Figure  9). In addi-
tion, many components in aircraft are joined together 
by welding or riveting, which sometimes forms a hollow 
structure (as shown in Figure  10). This kind of hollow 
structure can be formed integrally by portholes extrusion 
technology, which can decrease the structure weight, 
reduce the assembly workload, and improve production 
efficiency. Besides, the integral hollow extrusion compo-
nents can significantly improve the sealing and overall 
performance of the aircraft.

Figure 9 Thin-walled hollow profiles with large and complex 
cross-sections (Reproduced from Ref. [72])
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The portholes extrusion process is the common and 
suitable method used for forming such hollow profiles. 
The billet is first divided into multiple strands of metal 
in the portholes, then re-joint in the welding chamber. 
Finally, the re-jointed material is extruded out through 
the bearing and die-out and formed into the profile with 
a hollow section. The overall performance of the hollow 
profiles depends on the extrusion welding quality of mul-
tiple strands of metal in the welding chamber. Therefore, 
the control of microstructure and performance for the 
weld seam is the key to obtain good hollow profiles. It 
is the desired goal that the mechanical properties of the 
weld seam reach a level close to that of the base material.

Although there are few studies on the extrusion of hol-
low Al–Li alloy profiles, the scientific problems about 
extrusion welding faced by Al–Li alloys should be simi-
lar to those faced by aluminum alloys. To date, there 
have been many reports on the formation and evolu-
tion of the weld seam during the porthole extrusion of 
the aluminum alloys [72–80], which can provide much 

important guidance for the extrusion of Al–Li alloy hol-
low profiles.

The welding in the portholes extrusion process is 
essentially a solid welding behavior. The welding qual-
ity is mainly affected by the materials bonding degree 
and the microstructure evolution in the welding area. 
Figure  11 shows the structure evolution of the welding 
interface during the extrusion process. There are many 
microscopic bumps at the welding interface, as shown 
in Figure  11(a). Under the high temperature and pres-
sure conditions in the welding chamber, the microscopic 
bumps that are in contact with each other first achieve 
solid-state welding, which leaves discontinuous micro-
voids at the welding interface. As the extrusion proceeds, 
the micro-voids are gradually closed under the com-
bined effects of plastic deformation and diffusion, and 
a strong bonding is achieved finally. The closing of the 
micro-voids is the main process of solid-state welding, 
which largely determines the interface bonding strength. 
The formation and closing behaviors of micro-voids in 

Figure 10 Integrated extrusion process substituting for the riveting and welding

Figure 11 Interfacial structure evolution in the process of portholes extrusion: Schematic diagrams of the interfacial bonding mechanism in the 
porthole die extrusion process: a without a gas-pocket and b with a gas-pocket (Reproduced from Ref. [78])
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the extrusion process are greatly affected by the pro-
cess parameters, die structure, and the material itself. It 
is of great theoretical significance and application value 
to study the mechanism of the micro-voids closure and 
establish a mathematical model for the closure process. 
At present, the mathematical model of micro-void clo-
sure is mainly established for the process of diffusion 
welding and forging. Based on the plastic deformation 
and diffusion theory, Ma et al. [81] simplified the shape 
of the voids at the welding interface into an ellipse and 
established a mathematical model for the voids closure 
during diffusion welding. On the basis of the cell model 
and meso-mechanics approach, Zhang et  al. [82] pro-
posed a criterion for void closure during the hot forging 
of a large ingot and studied the evolution process of the 
voids. Chen et al. [83] and Feng et al. [84] also studied the 
influences of void shape, material properties, and process 
parameters on the void closure process. However, there 
are few studies on the dynamic evolution of the weld 
interface structure during the extrusion process. Espe-
cially, the closing mechanism of the micro-voids at the 
extrusion welding interface and its influence on the weld 
quality need to be investigated in detail.

The welding in the portholes extrusion process some-
times occurs in a non-vacuum environment. In the pres-
ence of a gas-pocket behind the bridge, the micro-voids 

and amorphous layers will co-exist at the bonding inter-
face, as shown in Figure  11(b). In this case, the oxide 
films on the welding interface need to be first broken to 
expose the fresh metal. Then the exposed metal contacts 
each other and bonds together, which leaves the spaced 
micro-voids and oxide film fragments at the welding 
interface. As the extrusion proceeds, the residual oxide 
film continues to break and decompose under the plas-
tic deformation and high temperature. The oxide film 
on the welding interface can greatly affect the bonding 
degree, and the final welding quality is also closely related 
to the processes of the film breaking and decomposition. 
Yu et  al. [78] fabricated the weld seams with and with-
out oxide films by changing the extrusion die structure. 
They studied the microstructure evolutions and bond-
ing mechanisms of the two kinds of weld interface based 
on microstructural characterization and finite element 
analysis. However, the influences of the extrusion param-
eters on the breaking, decomposition, and final distribu-
tion of the oxide film should be investigated furthermore. 
The breaking and decomposition processes for different 
thicknesses of the oxide film and their influence on the 
welding quality also need to be studied.

The microstructure evolution in the welding area 
has also an important effect on the welding quality. It 
has been proved that the DRX behavior at the welding 

Figure 12 Microstructures of the extrusion welding interface of Al–Li alloy 2195: a, b The bonding degree of welding interfaces at different 
extrusion temperatures, c, d Grain structure of the matrix and welding area, e Grain structure of welding area after heat treatment (Reproduced 
from Ref. [89])
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interface and the grain boundary migration related to 
the grain growth can promote the bonding of the weld-
ing interface, which can significantly improve the welding 
efficiency [85]. However, the small recrystallized grains 
formed in the welding area often coarsen or grow abnor-
mally under the high-temperature conditions (including 
the cooling process after the extrusion and subsequent 
heat treatment process) [78, 86]. Besides, the recrystal-
lization process decreases the dislocation density of the 
welding area, which will reduce the subsequent aging 
precipitation kinetics. After heat treatment, the coarser 
grain structure and the less strengthening phase in the 
welding area will weaken its mechanical properties. 
Besides, the deformation behavior and microstructure 
evolution in the welding area are distinct from the base 
material, which will lead to a difference in grain orienta-
tion and grain boundary structure [87].

Recently, Xu et  al. [88, 89] have conducted the extru-
sion experiments on 2195 Al–Li alloy by using portholes 
die and studied the extrusion welding behavior. Figure 12 
shows the microstructure characteristics of the welding 
area. It can be found that micron-level voids present on 
the welding interface during extrusion at a low tempera-
ture, which is detrimental to the mechanical properties. 
As the extrusion temperature increases, the voids on the 
welding interface disappear and relatively good welding 
can be achieved. Besides, the fine and equiaxed grains 
can be formed in the welding area due to strong DRX. 
However, the recrystallized grains coarsen obviously 
after the solution treatment.

The DRX behavior occurring in the welding area has 
two opposite effects on the welding quality. On one 
hand, the DRX can promote the bonding of the welding 
interface, thus improving the welding efficiency. On the 
other hand, the DRX will cause obvious grain coarsen-
ing and orientation changes, which results in a distinct 
microstructure between the matrix and welding area and 
reduces the welding strength. Up to now the mechanisms 
of recrystallized grains growth across the welding inter-
face and its promotion effect to the interface welding 
have not been clearly explained. In addition, it is neces-
sary to find an effective method to suppress the coars-
ening of recrystallized grains in the welding area. The 
effects of recrystallization on the precipitation behavior 
and mechanical properties of the welding area are also 
needed to be studied.

The prediction of welding quality is a common concern 
in the field of solid-state welding. In order to accurately 
predict the quality of extrusion welding, several welding 
criteria have been established based on the normal pres-
sure of the welding surface, such as maximum pressure 
criterion [90], pressure-time criterion (criterion Q) [79] 

and pressure-time-flow criterion (criterion K) [80]. By 
using the established criteria and relevant physical quan-
tities on the welding interface, the welding quality of lon-
gitudinal weld seam in the hollow profile can be predicted 
[91, 92], which can greatly improve the optimization 
efficiency of the die structure and process parameters. 
The influences of pressure, equivalent stress, material 
flow speed, and contact time on the welding quality are 
mainly considered in the above welding criteria. How-
ever, Edwards et al. [93], Cooper et al. [94], and Bariani 
et al. [95] studied the welding process by using physical 
simulation experiments and found that other factors such 
as temperature and strain also have a significant impact 
on the welding quality. Yu et  al. [72] proposed a weld-
ing criterion based on triaxial stress, equivalent strain 
rate, temperature, and contact time by comprehensively 
considering the influences of plastic deformation and dif-
fusion on the closing behavior of micro-voids at the weld-
ing interface. This welding criterion has been successfully 
applied to predict the longitudinal welding quality of a 
hollow aluminum profile and exhibited higher predic-
tion accuracy than the previous criteria. As for the extru-
sion of Al–Li alloy hollow profiles, it is also necessary to 
establish an appropriate welding criterion and an evalu-
ation method of welding quality based on the material 
characteristics and the welding behavior of Al–Li alloy.

4.3  Heat Treatments of Al–Li Alloy Extrusion Profile
4.3.1  Solid Solution and Quenching Processes
The extruded Al–Li alloy profiles need to be solution 
treated and quenched to prepare the microstructure for 
the subsequent aging treatment. The solution tempera-
ture and time have important effects on the solubility 
of the secondary particles, dispersion of solutes, static 
recrystallization behavior, and grain growth.

The common solution treatments include single and 
double-stage processing. Compared with the single-
stage solution, the two-stage solution treatment can 
effectively increase the solutes supersaturation, which 
promotes precipitation during the aging process. And 
the two-stage solid solution is more effective to the 
large workpiece [96]. In addition, the quenching after 
solution treatment has a significant effect on the micro-
structure and mechanical properties of the Al–Li alloys. 
Gable and Csontos et al. [97, 98] conducted quenching 
experiments on AF/C458 and AF/C489 Al–Li alloys at 
different quenching rates. They found that the sam-
ples with a slow quenching rate exhibit high quench-
ing strength, but the strength increase after the aging 
treatment is small. The samples with a fast quenching 
rate can be strengthened greatly after the aging process, 
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and a better toughness can be obtained by the faster 
quenching rate.

As the aerospace structural components, the require-
ment on mechanical properties of Al–Li alloy extrusion 
profiles is higher than that on the conventional aluminum 
alloy profiles. Therefore, the solid solution and quenching 
treatments of the Al–Li alloy profiles typically employ a 
more secure offline processing. However, there are two 
problems in the offline solution and quenching processes, 
which are particularly prominent for the second-gen-
eration Al–Li alloy profiles [99]. Firstly, the solute Li in 
the profile will migrate to the surface during a long time 
solid solution at high temperature, which will lead to a 
decrease of Li content in the profiles, especially in the 
thin-walled ones. The precipitation of the strengthening 
phases in the subsequent aging process will be weakened 
by the reduction in Li content. Secondly, the element Li 
migrating to the profile surface will react with oxygen and 
water vapor to form Lithium hydroxide which can cause 
the corrosive pitting on the surface. Besides, long time 
solution treatment at a high temperature will also lead to 
dislocation recovery and grain growth, which have a neg-
ative impact on the mechanical properties of the profiles. 
The problem of corrosive pitting can be solved by using 

a salt bath or applying the high-temperature coatings 
on the profile surface. However, the migration of Li and 
the decrease of dislocation density fail to be addressed 
by the methods. In order to settle the problems, Jarrett 
et al. [99] proposed the online quenching technology for 
extrusion of the Al–Li alloys with a specific composition 
containing more than 1.5 wt.% lithium and more than 0.5 
wt.% copper. These kinds of alloys have a high extrudable 
temperature (that is above the solution temperature) and 
low quench sensitivity, therefore the quenching online 
can be realized by adjusting the extrusion temperature 
and speed. However, the extrusion temperature for the 
third-generation Al–Li alloys is usually lower than their 
solution temperature, and the quenching sensitivity is 
high. Therefore, it is required to modify the extrusion 
equipment by adding external heating and rapid cooling 
devices to realize the online quenching of the third gen-
eration alloys.

The above problems are mainly caused by the high tem-
perature and the long treatment time of solution treat-
ment. Therefore, shortening the solution time is a way to 
avoid the problem. Xu et al. [100] found an electropulsing 
treatment can make the second-phase rapidly dissolve 
into the matrix in the alloy 7075, and the sample treated 

Figure 13 Electropulsing treatment method and result: a schematic illustration for the electropulsing system (Redraw based on Ref. [101]), b 
microstructure after conventional solution treatment, and c electropulsing treatment (Reproduced from Ref. [100])

Figure 14 a Precipitates microstructure in 3rd generation Al–Li alloys (Redraw based on reference [3]) and b main strengthening phases in 
different alloy systems
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with electropulsing and aging exhibits higher strength 
than that of conventional T6 treatment. Figure 13 shows 
the schematic illustration of the electropulsing system 
and comparison after conventional solution treatment 
and electropulsing treatment. It can be seen that the sec-
ondary phases have been dissolved into the matrix after 
a very short period of electropulsing treatment, and the 
grain size is significantly smaller than the conventional 
solution treatment. The electropulsing treatment pro-
vides a direction for the rapid solution of Al–Li alloys. 
It is worthwhile to study and look forward to the appli-
cation of rapid solution methods with additional energy 
fields in Al–Li alloys.

4.3.2  Aging Strengthening of Al–Li Alloys

(1) Precipitates of Al–Li Alloys

 The extruded profiles of Al–Li alloy need to be aged 
to obtain the required strength and toughness. The 
precipitation behavior of the Al–Li alloys is mainly 
affected by the aging parameters, i.e., aging tem-
perature and time. The types of precipitates as well 
as their size and distribution can be controlled by 
the aging parameters and will affect the mechani-
cal properties significantly. Figure  14 shows the 
precipitates microstructure in the 3rd generation 
Al–Li alloys and main strengthening phases in dif-

ferent alloy systems [1, 3, 17]. The precipitates and 
their crystalline structure information are given in 
Table 3.

(2) Aging process of Al–Li alloys
 Aging treatment is the main strengthening method 

for Al–Li alloys. Therefore, the aging process has 
always received much attention throughout the 
developments of the first, second, and third-gener-
ation Al–Li alloys. The researches include the aging 
precipitation mechanism, the effect of aging param-
eters on the precipitation behavior, and the opti-
mization of aging process parameters [1, 3, 9, 104]. 
Because of the large number of researches in this 
field, only the aging processes widely used in the 
third-generation Al–Li alloys are introduced here. 
In addition, based on the requirement of the aging 
process optimization for the extrusion profiles, the 
prediction models of aging strengthening will be 
also introduced briefly.

 Compared with the second generation Al–Li alloys, 
the Li content in the third-generation Al–Li alloys 
is significantly reduced, which inhibits the precipi-
tation of δ’ phase. Meanwhile, the elements Mg and 
Ag are added to the alloys to promote the precipi-
tation of  T1 as the dominant strengthening phase. 
The plate-like  T1 phase precipitated on the {111}Al 
plane can effectively homogenize slip, which is use-
ful to improve the toughness and reduce the ani-
sotropy. It has been proved that the dislocations in 

Table 3 Common precipitates in Al–Li alloys and their crystal structure information [3, 102, 103]

Precipitates Lattice types Lattice constants (nm) Orientation relationships Characteristics

θ ′′  (Al2Cu) Tetragonal a = 0.404, c = 0.78 (100)Al//(100)θ ′′

[001]Al//[001]θ ′′
Coherent, plate-like

θ ′  (Al2Cu) Tetragonal a = 0.404, c = 0.58 (100)Al//(100)θ ′

[001]Al//[001]θ ′
Semi-coherent, lath-like

δ′  (Al3Li) Cubic  (L12) a = 0.401 Cube-Cube Coherent, ordered, spherical and metastable

δ (AlLi) Cubic (B32) a = 0.637 (100)Al//(100)δ
(111)Al//(011)δ

Incoherent, spherical

T1  (Al2CuLi) Hexagonal a = 0.497, c = 0.935 (111)Al//(0001)T1
[211]Al//[1120]T1
[110]Al//[1010]T1

Semi-coherent, plate-like

TB  (Al7.5Cu4Li) Cubic  (CaF2) a = 0.583 (110)Al//(100)TB
(001)Al//(001)TB

Lath-like

T2  (Al6CuLi3) Cubic (Uncertainty) a = 1.391 – Icosahedral symmetry

S′/S  (Al2CuMg) Orthorhombic a = 0.401, b = 0.925;c = 0.715 (100)Al//(100)S′

[021]Al//[010]S′

[012]Al//[001]S′

Semi-coherent, rod or plate-like

β ′  (Al3Zr) Cubic  (L12) a = 0.405 Cube-Cube Coherent, ordered, spherical and dispersed

Ω  (Al2Cu) Orthorhombic a = 0.496, b = 0.856, c = 0.848 (211)Al//(100)Ω
(110)Al//(010)Ω
(111)Al//(001)Ω

Thin plate-like

σ  (Al5Cu6Mg2) Cubic a = 0.827 – Incoherent, square block
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the matrix can act as the heterogeneous nucleation 
sites of the  T1 phase, so that promote the precipi-
tation in dense and uniform [105, 106]. Kim et  al. 
[107] carried out various aging treatments on 2195 
alloy plates and found that the precipitate  T1 is the 
main strengthening phase, which can improve sig-
nificantly the strength of the alloy. Rodgers et  al. 
[108] carried out different pre-stretching on alloy 
2195 and studied the quantitative relationships 
among the pre-stretching degree, precipitation, 
and strength increment. They found that larger pre-
strain results in finer and denser precipitation of the 
 T1 phase as well as a greater strain hardening effect. 
With the increase of pre-strain, the contribution 
of strain hardening to strength increases gradually, 
while the contribution from precipitates decreases, 
as shown in Figure 15. According to the nucleation 
mechanism of the  T1 phase, the mechanical prop-
erties of the Al–Li alloy products such as extrusion 
profiles and rolling plates can be improved by pre-
deformation before aging treatment.

 Sometimes, it is difficult to apply the pre-defor-
mation into the complex components owning to 
the shape restriction. Therefore, it is required to 
develop an aging process without pre-deformation, 
which can increase the strength to the same level as 

the pre-deformation treatment. Many studies have 
shown that dense precipitation can also be achieved 
through the two-stage or multi-stage aging pro-
cess including a low-temperature aging and the 
following high-temperature aging treatments. The 
solution-treated alloy is first pre-aged at a low tem-
perature so that the solute elements aggregate at the 
defects to form the GP zones or metastable phase. 
Then the aging is performed at a high temperature 
to precipitate the fine and uniform strengthen-
ing phase [109]. Rioja et al. [110] studied the two-
stage aging process of 2090 and 8090 Al–Li alloys 
and found that the high strength and good tough-
ness of the alloy can be obtained by the low-tem-
perature aging at 93  °C and the high-temperature 
aging at 219 °C. By optimizing the multi-stage aging 
processes for Al–Li alloy 2099, Romios et al. [111] 
improved the mechanical properties and reduced 
its anisotropy.

(3) Aging Hardening Model
 The number, size, and distribution of the precipi-

tates in the matrix have a decisive effect on the 
mechanical properties of the alloy, whilst the pre-
cipitation characteristics are closely related to the 
aging temperature, time, and material composition. 
Therefore, establishing the quantitative relation-

Figure 15 Ageing precipitation in 2195 alloy after: a 3% pre-strain, b 15% pre-strain, c the mechanical properties with different pre-strain, d 
quantitative analysis of strength contributions from the precipitate and strain hardening (Reproduced from Ref. [108])
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ship between the aging process parameters and 
alloy strength can accurately predict the strength 
increase of the alloy in the aging process, which is 
of great significance to the reasonable design of the 
aging process for the extrusion profiles and other 
products. The aging strength predication model 
includes two parts, i.e., the models for the precipi-
tation evolution and the models for precipitation 
strengthening. By coupling the precipitation and 
strengthening models, the yield strength of the alloy 
after aging treatment can be predicted according to 
the aging parameters.

 In the model of precipitation strengthening, the 
strength increments resulted from solutes, pre-
cipitates, dislocations, and grain boundaries are 
needed to be considered separately, and then 
these increments are synthesized according to a 
strength superposition method to calculate the 
total strengthening increment. The strengthen-
ing caused by the solutes is often simply expressed 
as a power function of the solutes’ concentration 
[112, 113]. According to the morphology and char-
acteristic of the precipitates, there are mainly six 
kinds of precipitation strengthening mechanisms, 
including chemical strengthening, stacking fault 
strengthening, modulus strengthening, coherent 
strengthening, ordered strengthening, and geo-
metric strengthening. Ardell discussed the above 
strengthening mechanisms in his review paper and 
summarized the mathematical models for these 
strengthening effects [114]. The main precipitates 
in Al–Li alloys include non-spherical phases  T1, 
θ’, and S’ as well as the spherical phase δ’. The first 
three phases are often considered as non-shearable 
when calculating their strength contributions, while 
the latter one is regarded as the shearable phase. By 
comprehensively considering the size, distribution, 
and orientation of the precipitates, Zhu et al. [115] 
established strengthening models for the unshear-
able phases with spherical, rod-shaped, and plate-
like shapes, which can predict the strength increase 
caused by the phases  T1, θ’ and S’. However, Dorin 
et  al. [116] indicated that the main strengthening 
phase  T1 in Al-Cu-Li alloy can be cut by disloca-
tions. They proposed a strengthening model for 
the shearable  T1 phase based on the strengthening 
of interfacial energy and stacking fault energy and 
successfully predicted the strength evolution of the 
2198 alloy in the range from under-aging to over-
aging treatments.

 On the basis of the previous models, Starink et  al. 
[117] presented the general expression of the 
strengthening model of the shearable precipitates, 

in which only the order strengthening mechanism 
was considered. The strengthening caused by the 
solute clusters or GP zones precipitated in the early 
aging stage can be quantitatively described by the 
mathematical model proposed by Cartaud et  al. 
[118]. In addition to the solution and precipitation 
strengthening, the hindering effect of the (sub-)
grain boundaries on the dislocation movement and 
the interaction between dislocations can also cause 
an increase in strength. Grain boundary strength-
ening is usually described by the classical relation-
ship of Hall-Petch, while the strengthening caused 
by dislocations is proportional to the square root 
of the dislocation density [119]. The total strength 
increase caused by the different strengthening 
mechanisms needs to be calculated by appropri-
ate superposition rules. The common way is to 
superimpose linearly the solution and grain size 
strengthening, while the dislocation and precipita-
tion strengthening are superimposed in the form of 
Pythagorean [119–121].

 There are three general approaches to model pre-
cipitation kinetics, including the physical-based 
numerical model, ISV-based analytical model, and 
numerical model based on size discrete. The latter 
two models have been summarized and discussed 
in detail in Ref. [122]. In the ISV-based analytical 
model, the classical nucleation and growth theories, 
such as the empirical JMAK equation and LSW 
coarsening law, are used to calculate the precipita-
tion fraction and particle size. Some researchers 
also calculated the precipitation density and aver-
age particle size during the precipitation process 
through the differential ISV-based analytical model 
[119]. In the ISV-based analytical model, the growth 
and coarsening processes are considered to be iso-
lated from each other. And this model can only 
describe the precipitation process involving a pre-
cipitation phase or a diffusion mechanism. In recent 
years, the KWN numerical model proposed by 
Kampmann and Wagner [123] has attracted much 
attention in modeling the precipitation kinetics. 
In this model, the precipitates are classified into a 
series of discrete classes according to their size. The 
precipitates in the same class have identical vari-
ables. By using the same formulation, the size distri-
bution of precipitates can be obtained by calculat-
ing the precipitates changes in each class at every 
time step [122, 124]. The KWN model couples the 
processes of nucleation, growth, and coarsening of 
precipitates, thus solving the problem that the ISV-
based analytical model cannot be applied to multi-
component alloys. This model has been applied to 
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several aluminum alloys such as Al-Si-Mg alloy, 
Al-Zn-Mg alloy, and Al–Cu–Mg alloy [121, 124, 
125], and also described the precipitation process 
of multi-component alloys through coupling with 
CALPHAD software [126, 127]. However, there is 
currently no report on the application of the KWN 
model in commercial aluminum-lithium alloys. The 
precipitation behavior of Al–Li alloys is complex. 
During the aging process, the phases with differ-
ent components precipitate competitively, and the 
types of precipitates will change in the process of 
non-isothermal aging. Therefore, it is difficult to 
establish the precipitation kinetics model of com-
mercial Al–Li alloys.

5  Summary and Prospect
In this paper, the extrusion processing of Al–Li alloy pro-
files and related scientific and technological researches 
are summarized and analyzed, mainly including the 
applications and performances, the extrusion process, 
the influences of extrusion and heat treatment processes 
on the microstructure and performance. At present, 
there are relatively few reports about the extrusion tech-
nology of Al–Li alloys, especially the third generation 
alloys. It is necessary to investigate theoretical aspects 
of the new extrusion process and die structure, micro-
structure and performance control of extrusion profile, 
and extrusion of hollow Al–Li alloy profile, and provide 
the theoretical guidelines for practical extrusion process 
and die design. According to the review and analysis of 
the current researches, the following aspects would be 
the focus of future research on Al–Li alloy extrusion 
technology.

1. The microstructural evolution during the extrusion 
process of Al–Li alloys and the active control tech-
nology of extrusion profiles microstructure. The 
extrusion process and die structure determine the 
microstructures of the Al–Li alloy profiles, such as 
the texture component and intensity as well as the 
degree of recrystallization, which has significant 
effects on the properties of the profiles. The micro-
structure evolution of the third-generation Al–Li 
alloys during the extrusion needs to be further inves-
tigated. Besides, there are different requirements 
for the properties of Al–Li alloy profiles in different 
applications. In order to meet the various perfor-
mance requirements, the active control of the micro-
structure during the extrusion should be attempted 
by optimizing and innovating the extrusion process 
and die structure.

2. The microstructure prediction model for the extru-
sion process of Al–Li alloys. The conventional micro-

structure prediction model based on the DDRX 
principle is not suitable for the CDRX process of alu-
minum (lithium) alloys. The new CDRX model has 
problems in its own theoretical completeness and 
conformity with the extrusion microstructure, which 
is difficult to predict the microstructure evolution 
during the extrusion process of Al–Li alloy. There-
fore, it is necessary to establish a microstructure evo-
lution model for the extrusion process, which can 
meet the evolution mechanism of CDRX and can 
also accurately describe the microstructural features 
of the extrusion profile. Besides, the texture evolu-
tion during the extrusion process of Al–Li alloys has 
a significant impact on the mechanical properties of 
the profile. Therefore, the prediction of texture evolu-
tion in the process of extrusion is also a problem that 
needed to be solved.

3. The extrusion welding behavior of Al–Li alloys and 
the prediction model of welding quality. The control 
and prediction of weld quality are one of the keys 
to the extrusion of hollow profiles. It can be known 
that the closing of the micro-voids, the breaking and 
decomposition of the oxide film, and the microstruc-
tural evolution in the welding area are the impor-
tant factors of the welding quality. Therefore, the 
first problems that should be concerned and solved 
for extrusion of hollow Al–Li alloy profiles include 
the extrusion welding behavior, the mechanisms of 
micro-voids closure and oxide film breaking and 
decomposition, and the microstructure evolution in 
the welding area. It is also necessary to find an effec-
tive method to suppress the coarsening and abnor-
mal growth of grains in the welding area. Besides, the 
accurate prediction model of welding quality suitable 
for the Al–Li alloys is also needed to be established, 
which is important for the design and optimization 
of the extrusion process and die structure for the hol-
low Al–Li alloy profiles.

4. Rapid solid solution process for the Al–Li alloys. A 
long time solution treatment for the thin-walled 
Al–Li alloy profiles will lead to a decrease in Li con-
tent and corrosive pitting on the surface, which will 
reduce the aging strength and surface quality of the 
profiles. The reduction of dislocation density and 
grain coarsening will also occur during the long time 
solution treatment, which will cause a reduction in 
mechanical properties. Shortening the solution time 
is one way to solve the above problems. It has been 
proved that the high-energy electric pulse can com-
plete the solution treatment of the alloy 7075 in a 
very short time. Therefore, it is worthwhile to study 
and look forward to the application of rapid solution 
methods with additional energy fields in Al–Li alloys.



Page 21 of 24Wang and Zhao  Chin. J. Mech. Eng.           (2020) 33:64  

5. The aging strengthening model of the Al–Li alloys. 
By using the accurate aging strengthening model, the 
precipitation and the resulting strengthening incre-
ment under different aging processes can be pre-
dicted, which is of great significance for the design 
and optimization of the aging process of Al–Li alloy 
profiles. The precipitation behavior of commercial 
Al–Li alloys is very complicated during the aging 
process, which makes it difficult to model the precip-
itation kinetics. To obtain the outstanding mechani-
cal properties, the pre-stretching and non-isothermal 
aging treatments are often used for the Al–Li alloy 
profiles. The aging prediction model is more critical 
for the optimization of the complex aging processes. 
However, in the processes of the pre-stretching 
and non-isothermal aging, precipitation behavior 
becomes more complicated by the influence of dis-
locations and changing temperatures. Therefore, it is 
important and challenging to establish an aging pre-
cipitation model suitable for the extrusion profiles of 
commercial Al–Li alloys.

6. Research and development of new Al–Li alloy with 
excellent mechanical properties as well as good plas-
tic formability. Compared with the conventional 
aluminum alloys, Al–Li alloys tend to exhibit poor 
extrudability, and the range of the process parameters 
is narrow. Therefore, it is necessary to develop new 
Al–Li alloys with both high formability and good 
mechanical properties. Large-scale integral panel 
extrusions and complex extrusions with the hollow 
section are the development direction of the extru-
sion structure in the aerospace field. The new Al–Li 
alloys with good formability can meet the forming 
needs of the complex extrusion profiles. In addition, 
the extrusion process of the new Al–Li alloys pro-
files, including the extrusion processing parameters, 
the material flow, and die deformation, are required 
to be studied.
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