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Al-Li alloy is widely used in aircraft manufacturing due to its high specific strength. The micro-strength-
ening mechanisms have been investigated widely, including precipitate and solute strengthening. However,
the influence of crystallographic texture on mechanical properties remains unclear, because current re-
searches are based on rolled sheet. In this paper, 2198 Al-Li alloy bars were processed using hot extrusion to
obtain a texture different from rolling. The mechanical properties were tested via uniaxial tension. The
microstructure was observed using scanning electron microscopy, electron backscattered diffraction, and
transmission electron microscopy. The results show that the yielding strength and ultimate tensile strength
(UTS) of extruded 2198 Al-Li alloy bars are greatly improved due to the precipitation of T1 precipitate after
artificial aging. With the increasing of pre-deformation, the number of T1 increases, and the size of T1

precipitate is close to each other, leading to a remarkable increase in strength. When the pre-deformation is
6%, the UTS reaches 611 MPa. 2198 Al-Li alloy bars possess two types of fiber textures: <100> //
extrusion direction and <111> // extrusion direction. The presence of <111> fibrous texture with a low
Schmid factor can increase the strength of extruded 2198 Al-Li alloy bars. The fracture mechanism of the
bar is ductile fracture after artificial aging, while the fracture mechanism is a mix of micropore aggregation
and cleavage after natural aging.
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1. Introduction

Al-Li alloys are favored by the aerospace industry due to
their unique advantages, such as low density, high specific
strength, and low fatigue crack growth rate. The application of
advanced Al-Li alloy can not only reduce the weight of the
aircraft structure but also substantially decrease flight costs (Ref
1-3). 2198 Al-Li alloy, a third-generation Al-Li alloy, is crucial
for realizing the lightweight nature of modern aircraft.

As an age-hardenable alloy, the mechanical properties of
2198 Al-Li alloy are mainly determined by the microstructure
of the second phase. The influences of heat treatment on the
mechanical properties and microstructure of 2198 Al-Li alloy
have been reported in recent literature. Dorin et al. (Ref 4)
performed different heat treatments on 2198 Al-Li alloy sheets
and established a strengthening model based on interface
strengthening and stacking fault strengthening. Chen et al. (Ref
5) found that the fracture path of 2198 Al-Li alloy sheets
mainly depends on loading direction. Zhang et al. (Ref 6)
investigated the tensile properties, hardness, and electrical

conductivity of 2198 Al-Li alloy sheets, which vary regularly
with aging temperature. At present, most of the investigations
about 2198 Al-Li alloy focus on rolled sheets. Examilioti et al.
(Ref 7) revealed that the anisotropy of 2198 Al-Li alloy is more
obvious under the T3 state, and an anisotropic analytical model
was established considering different strengthening precipitates
(Ref 8). The T1 precipitate with a hexagonal structure plays an
important role in the strengthening of 2198 Al-Li alloy. Noble
et al. (Ref 9, 10) confirmed that the increase in modulus is
mainly contributed by lithium addition, and T1 precipitates are
on the {111} planes with the orientation relationship: (0001)T1//
(111)Al, (10�10)T1//(1�10)Al, and (11�20)T1//(2�1�1)Al. It
has been observed via high-resolution transmission electron
microscopy (HRTEM) that T1 precipitate can be sheared by
dislocations (Ref 11-13). Nie et al. (Ref 14) established a
shearing model and described the evolution of yielding strength
successfully. Li et al. (Ref 15) established a prediction model
based on the Hosford theory, which can describe the tension-
compression strain accurately. Thus, many studies have inves-
tigated the relationship between the precipitates and strength.

However, the contribution of crystallographic texture to the
strengthening is unclear. Hot extrusion is a usually used method
to obtain a different texture from sheets. Chen et al. (Ref 16-18)
revealed the influence of extrusion and heat treatment on the
microstructure and mechanical properties of 2196 Al-Li alloy.
Liu et al. (Ref 19) measured the springback of 2196 Al-Li alloy
after bending and established an analytical model based on the
strain neutral layer. Xu et al. (Ref 20) observed that S’/S and T2
phases usually precipitated in the abnormal grain growth areas.
Sun et al. (Ref 21) studied the effect of shot peening on the
microstructure and mechanical properties of 2196 Al-Li alloy.
After extrusion, 2195 Al-Li alloy forms a typical incomplete
recrystallized structure with an obvious texture (Ref 22-24).
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Copper texture may be the main reason for the strength
anisotropy of extruded 2195 Al-Li alloy (Ref 25). Ma et al. (Ref
26) evaluated that the nucleation time of T1 precipitate in 2195
Al-Li alloy after extrusion is short, and the precipitation
distribution is uneven. It can be found that the extrusion process
has important influences on the microstructure and mechanical
properties of Al-Li alloys.

The crystallographic texture, pre-deformation, and precipi-
tation form a complex system that determines the strengthening
of 2198 Al-Li alloy during artificial aging. However, how the
mechanical properties and strengthening mechanism vary is
unclear when the crystallographic texture changes. In the
present work, the hot extrusion experiment of as-cast 2198 Al-
Li alloy was first performed. Then, the mechanical properties of
extruded 2198 Al-Li alloy bars under different conditions were
tested. Meanwhile, the crystallographic texture and precipitate
morphology were observed using EBSD and TEM. Finally,
fracture mechanisms under different conditions were analyzed.
We hope that it can help to understand the relationship between
processing, mechanical properties, and microstructure of 2198
Al-Li alloy.

2. Materials and Methods

The material used in this experiment was as-cast 2198 Al-Li
alloy. Table 1 reveals the chemical composition of 2198 Al-Li
alloy. The as-cast alloy ingot was homogenized at 500 �C for
48 h and then cooled to room temperature with a furnace. The
diameter of the initial ingot was 128 mm. The diameter of the
extrusion container was 140 mm, and the diameter of the bar
after extrusion was 75 mm. The billet and container were
heated together to 500 �C. Then, hot extrusion was performed
with a 3.5:1 extrusion ratio at a loading rate of 2 mm/s.

The tensile tests along the extrusion direction were carried
out on MTS tester with a strain rate of 4 9 10–4 s�1. The
processing route and positions of tensile specimens taken at the
same radius are shown in Fig. 1. After solution treatment at
510 �C for 1.5 h and water quenching, a plastic pre-deforma-
tion was applied to the samples immediately. Then, the samples
were naturally aged for 7 days and artificially aged at 155 �C
for 15 h. The surfaces of tensile fracture under different
conditions were observed using SEM.

The crystallographic texture was measured using EBSD on
an FEI Nova Nano scanning electron microscope. The EBSD
samples were prepared by standard grinding, polishing, and
electrochemical polishing. The conditions for electrochemical
polishing were 20 V, room temperature, and 7 vol.% of
perchloric acid in ethanol. TEM was employed to observe
precipitates after artificial aging, which was performed on an
FEI Tecnai G2 F30 TEM. The conditions for twin-jet electro-
polishing were � 30 �C, 38 V, and 7% perchloric acid in
ethanol.

3. Results and Discussion

3.1 Mechanical Properties

The true stress–strain curves of extruded 2198 Al-Li alloy bars
under different conditions are shown in Fig. 2a. The yielding
strength (YS), ultimate tensile strength (UTS), and uniform
elongation are compared in Fig. 2b. TheYS andUTS are only 339
and 557 MPa after natural aging. The reason is that the main
strengthening phase of 2198 Al-Li alloy after natural aging is d’.
The strengthening effect is limited because d’ is coherent with the
matrix (Ref 27, 28). When the pre-deformation before artificial
aging is 0%, the YS and UTS after artificial aging increase to 434
and 562 MPa, respectively. However, the uniform elongation
decreases from 13.3 to 8.7%. This is because the precipitation of
the T1 precipitate leads to an increase in strength and a decrease in
elongation (Ref 6, 12). The YS and UTS increase with the
increasing of pre-deformation. When pre-deformation is 6%, YS
andUTS reach 560 MPa and 611 MPa, respectively. The increase
in strengthening results has two causes: strain hardening during
pre-deformation and precipitation strengthening. And the
strengthening from T1 precipitate is dominant (Ref 29).

Figure 2c shows the Kocks–Mecking plot (Ref 30, 31) (work
hardening rate h = dr/de) of extruded 2198 Al-Li alloy bars

Table 1 Chemical compositions (wt.%) of 2198 Al-Li alloy

Cu Li Zn Mn Mg Zr Si Ag Fe Al

2.9-3.5 0.8-1.1 £ 0.35 £ 0.5 0.25-0.8 0.04-0.18 £ 0.08 0.1-0.5 £ 0.01 Bal

Fig. 1 (a) Processing route of extruded 2198 Al-Li alloy bars and
(b) dimensions and sampling locations of the tensile specimens after
extrusion

Journal of Materials Engineering and PerformanceVolume 33(11) June 20245564—



after natural aging and artificial aging with 3% pre-deformation.
The initial work hardening after natural aging, approximately
2809 MPa, is much higher than that after artificial aging.
Although both work hardening rates decrease with the increasing
of stress, the decreasing rate is different. A similar phenomenon
can be found by Deschamps (Ref 31). The high hardening rate is
due to dynamic precipitation, solute affects the dislocation/
dislocation junctions (Ref 32, 33). The initial hardening rate can

be expressed as follows (Ref 34): h0 ¼ M2albk1
2 where M is the

Taylor factor, l is the shear modulus, b is the Burgers vector, k1
is the efficiency with which a dislocation junction will form from
a random encounter between moving dislocations, and a is
proportional to the stress necessary to break a dislocation
junction. The interactions between dislocations and T1 precipitate
change from shearing to the by-passing mechanism with the
increasing of T1 thickness. However, the d’ phases and Cu
clusters produced after natural aging affect shear modulus and
dislocation junction strength, resulting in a high hardening rate.

3.2 Crystallographic Texture

Since the preferred crystallographic orientation is a very
important factor for strengthening, EBSD was used to measure

the grain orientations of extruded 2198 Al-Li alloy bars.
Figure 3a shows the grain orientation map of extruded 2198 Al-
Li alloy bars (observation plane is perpendicular to extrusion
direction) showing that there are a lot of sub-grain boundaries
and fine recrystallized grains. Two primary different crystallo-
graphic orientations (blue and red) can be seen, with volume
percent of 57.6 and 33.4%, respectively. The average size of the
grains is 23.6 lm, as shown in Fig. 3b. Small-sized grains
account for the majority, according to the famous Hall–Petch
relationship (Ref 35), which is conducive to the improvement
of strength. Figure 3c reveals grain boundaries, in which red
and green represent low-angle grain boundaries (LAGBs) and
high-angle grain boundaries (HAGBs), respectively. Most of
the boundaries are LAGBs with a frequency of 75% (Fig. 3d).

The pole figure and schematic diagram of crystal distribu-
tion of extruded 2198 Al-Li alloy bars are shown in Fig. 4.
There are two main types of crystallographic tex-
ture: <111> fiber texture and <100> fiber texture parallel
to the extrusion direction. Figure 5a exhibits the distribution of
the Schmid factor of the extruded bar when it is stretched along
the extrusion direction. The frequency has two peaks, and the
average Schmid factor is 0.37, as shown in Fig. 5b. According
to Schmid’s law (Ref 36), it is known that the slipping system

Fig. 2 Mechanical properties of extruded 2198 Al-Li alloy bars under different aging conditions: (a) true stress–strain curve; (b) yielding
strength, ultimate tensile strength, and uniform elongation; and (c) work hardening rate
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with a higher Schmid factor can be activated easier. Thus, the
presence of <111> fibrous texture with a low Schmid factor
can increase the strength of extruded 2198 Al-Li alloy bars.

3.3 Precipitates

In order to further study the effect of precipitates on the
mechanical properties of extruded 2198 Al-Li alloy bars, TEM
images in <110> matrix zone axis are used to observe the
microstructure after artificial aging. When the pre-deformation is
0%, there are few d’ and a small amount of T1 precipitates, as
shown in Fig. 6a. The frequency distribution of T1 precipitates
diameter is given in Fig. 6b, and the average diameter of T1
precipitates is about 135.4 nm. The amount of T1 precipitates
increases, and the diameter decreases with the increasing of pre-

deformation, as shown in Fig. 6c, d, e, and f. Additionally, the
size of T1 precipitates is close to each other with the increasing of
pre-deformation. The pre-deformation provides nucleation points
for T1 precipitates, which can improve the precipitation kinetics
and number density of T1 precipitates (Ref 10). Therefore, when
the pre-deformation is 6%, the amount of T1 precipitates is the
largest, and the average diameter, 67.2 nm, is the smallest. It is
the reason why the strength of extruded 2198 Al-Li alloy bars
increases with the increasing of pre-deformation.

3.4 Fracture Mechanism

Figure 7a shows the tensile fracture morphology of extruded
2198 Al-Li alloy bars after artificial aging. The inserted
figure in the upper right corner is the macroscopic fracture,

Fig. 3 EBSD maps of extruded 2198 Al-Li alloy bars: (a) grain orientation map; (b) grain size distribution; (c) grain boundary map; and (d)
misorientation angle distribution

Fig. 4 Pole figure and schematic diagram of crystal distribution of extruded 2198 Al-Li alloy bars
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Fig. 5 (a) Schmid factor distribution and (b) frequency of Schmid factor of extruded 2198 Al-Li alloy bars

Fig. 6 TEM images in < 110 > matrix zone axis and T1 diameter distribution maps of extruded 2198 Al-Li alloy bars with different pre-
deformations (a) (b) 0%; (c) (d) 3%; and (e) (f) 6%
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indicating an obvious necking phenomenon. The microscopic
fracture surface consists of many equiaxed dimples, which
proves that the fracture mechanism is micropore aggregation.
The fracture surface of extruded 2198 Al-Li alloy bars after
natural aging is revealed in Fig. 7b. There is no obvious
necking, and only a few dimples can be seen. In addition, a lot
of cleavage planes appear. Hence, the fracture mechanism after
natural aging is a mixture of micropore aggregation and
cleavage. Although there are more dimples on the fracture
surface of the artificially aged samples than the naturally aged,
its uniform elongation is lower. This is because the work
hardening rate of extruded 2198 Al-Li alloy bars after natural
aging is much higher than that after artificial aging, as analyzed
in Sect. 3.1. The higher hardening ability can make the strain
distribution more homogeneous. Thus, the necking is delayed,
and the uniform elongation increases.

4. Conclusions

In this study, the mechanical properties of extruded 2198 Al-
Li alloy bars were tested. SEM, EBSD, and TEM were used to
observe the fracture morphology, crystallographic texture, and
precipitates. The conclusions can be drawn as follows:

(1) The extruded 2198 Al-Li alloy bars have higher strength
than the sheets reported in the literature. With the
increasing of pre-deformation, YS and UTS gradually
increase. When the pre-deformation is 6%, the UTS
reaches 611 MPa.

(2) The high strength of extruded 2198 Al-Li alloy bars stems
from four aspects: small grain size (< 23.6 lm), a large
number of LAGBs (> 75%), a large amount of T1 after
artificial aging, and strong extruded <111> fiber texture.

(3) After natural aging, the fracture mechanism is a mix of
micropore aggregation and cleavage. The fracture mech-
anism changes to ductile fracture dominated by dimples
after artificial aging. However, it has a higher uniform
elongation after natural aging, due to having higher
work hardening rate.
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