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Abstract: In this work, the evolution of mechanical properties of binary Al–Li alloys with four
approximately equal gradient Li contents (0.91–3.98 wt.%) under aging conditions is thoroughly
investigated. The alloys undergo aging treatments at 175 ◦C for x hours (x = 0–120 h), and the
peak-aged times of the four alloys are 6 h, 12 h, 48 h and 48 h, respectively, as the Li concentration
increases. Both in the solution-treated and peak-aged states, the elastic modulus of binary Al–Li
alloys exhibits an approximately linear increase with increasing Li content, consistent with trends
predicted by density functional theory (DFT) calculations. Due to the presence of Al3Li precipitates,
the modulus of higher-Li-concentration alloys in the peak-aged state increases by approximately
1.4–2.5% compared with that of alloys in the solution-treated state. Additionally, the study finds that
increasing Li content significantly enhances the tensile strength and yield strength of the alloy but
decreases its ductility, leading to a transition in fracture mode from ductile to brittle, as evidenced
by a microscopic analysis of fracture surfaces. Under peak-aged (175 ◦C/48 h), the alloy with the
highest Li content exhibits the maximum tensile strength of 341 MPa and a yield strength of 296 MPa,
while its elongation is the lowest at 2.1%. These findings contribute to a deeper understanding of
the effects of aging precipitates on the mechanical properties of Al–Li alloys, providing fundamental
guidance for the design of future generations of Al–Li alloys.

Keywords: binary Al–Li alloy; elastic modulus; mechanical properties; microstructure analysis

1. Introduction

Aluminum–lithium alloys are widely used in aerospace applications due to their low
density, high specific strength, excellent resistance to fatigue crack extension and stress
corrosion resistance [1–4]. Among them, Li, as the lightest metal element in nature, can
effectively reduce the density of the alloy. Studies have shown that every 1 wt.% of Li
added to aluminum can reduce the density of the alloy by 3% and increase the modulus of
elasticity by 6% [5,6], which is a significant advantage in the lightweighting of the alloy
compared with conventional aluminum alloys.

Al–Li alloy is an aging-strengthened alloy, and its aging precipitation behavior is af-
fected by key factors such as the content of Li elements [7] and aging conditions [8,9]. Early
on, Noble [10] investigated elastic modulus variation in alloys with different Li contents,
revealing that an increase in Li concentration enhances the elastic modulus of the alloy.
However, previous studies lacked detailed mechanistic analyses and corresponding inves-
tigations into mechanical properties such as tensile strength. Xue et al. [11] investigated
the mechanism of enhancing the elastic modulus of an alloy at a single concentration, and
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found that Young’s modulus of a binary Al–Li alloy is dependent on both the Li concentra-
tion and the heat treatment conditions. Gao et al. [12] pointed out that the increase in the
elastic modulus of an Al–Li alloy in the aging stage is due to the precipitation of δ

′
-Al3Li

with strong covalent bonds. Starke [13] and Jeon et al. [14] highlighted that Li existed in the
form of a solid solution or aging precipitated phase, Al3Li, which could increase the elastic
modulus of the alloy. Based on the research mentioned above, many research groups have
tried to regulate the properties of alloys by further altering the alloying elements and heat
treatment processes [3,15,16]. Hirosawa et al. [17] suggested that, by adding Mg element to
Al–Li alloy to reduce the solid solubility of Li in the matrix, the solid solution’s strengthen-
ing of the alloy can be improved, and the coherent strengthening phase δ

′
precipitates in the

early aging of the aluminum alloy. The concentration of the main alloying element affects
the age-hardening ability of the alloy, leading first to a decrease and then a significant
increase in age-hardening ability as the Cu/Li ratio is increased [18]. Deschamps [19] and
Katsikis [20] found that in alloys with higher Li content, the precipitation of the δ

′
phase

results in higher strength of the alloy. Chai et al. [21] pointed out that the precipitation
of the δ

′
phase in binary Al–Li alloys is closely related to the increase in Li content in the

Li-rich region. Xie et al. [22] highlighted that when the Li content is high, the δ
′

phase will
coarsen with increasing aging temperatures, ultimately leading to a significant reduction in
material strength. Al–Li alloys [23] with low Li content exhibit excellent specific strength in
the T83 states. Also, some research [24,25] shows that Al–Li alloys exhibit optimal mechan-
ical properties at 170–175 ◦C. However, when the aging temperature exceeds 175 ◦C, the
hardness sharply decreases. Therefore, the aging temperature of 175 ◦C is often applied in
the study of Al–Li alloys.

Up to now, previous research has clearly indicated the significant role of Li content and
precipitates in enhancing the properties of Al–Li alloys. However, there is still insufficient
understanding of the effects of different Li contents and aging conditions on the mechanical
properties of the alloy. For instance, the differences in the influence of solid solution and
aging states on the alloy modulus, as well as the impact of Li content on other mechanical
properties such as tensile strength, yield strength, and fracture morphology, lack systematic
investigation. In this study, we will meticulously design four alloy compositions with vary-
ing Li concentrations suitable for experimental preparation and computational simulation,
to comprehensively investigate the impact of Li content on the mechanical properties of the
alloy, beyond the scope of modulus properties alone. The extent of differences in moduli
due to solid solution and aging states will be revealed and further validated through density
functional theory (DFT) theoretical calculations. Discrepancies in tensile performance and
their corresponding microstructural characterization will also be elucidated. This will offer
a more comprehensive understanding, serving as fundamental guidance for future Al–Li
alloy design.

2. Methods
2.1. Experimental Methods

Binary Al–Li alloy ingots with Li contents of 0.85 wt.%, 1.70 wt.%, 2.55 wt.% and
3.40 wt.% were prepared via the fusion casting method, and they had dimensions of
ø13.3 mm × 300 mm. The concentrations of the Al–Li alloys used in the experiments
were chosen based on a theoretical calculation model that will be described later, ensuring
consistency between the experimental and theoretical alloy concentrations. Different
homogenization regimes were determined based on the test results of differential scanning
calorimetry (DSC) and phase diagrams of binary Al–Li alloys. After the ingots were
homogenized, the ingots were extruded into slatted specimens with a cross-section size
of 15 mm × 60 mm during the extrusion process. Subsequently, binary Al–Li alloys with
varying compositions underwent solid-solution treatment under different parameters,
followed by immediate quenching in cold water. The solid-solution treatment was then
succeeded by aging at 175 ◦C for a duration of 0–120 h. The elastic modulus of the
alloy was measured using the RFDAHT1050 elastic modulus, the resonance frequency



Metals 2024, 14, 506 3 of 12

and a damping analyzer. The specimen dimensions for the elastic modulus test were
75 mm × 25 mm × 5 mm. The alloy density was determined using the drainage method.
Tensile properties were evaluated using a CMT4303 microcomputer-controlled universal
tensile testing machine (MTS, Shenzhen, China) with a tensile speed of 2 mm/min. The
tensile specimen size was M10-ø5 mm. Three parallel samples for each alloy were used in
the modulus of elasticity and tensile properties tests. The microstructure was observed via
scanning electron microscopy (SEM, JEOL JSM 7001F, Tokyo, Japan, 15 kV) and transmission
electron microscopy (TEM). The chemical compositions were determined using an electron
probe micro-analyzer (EPMA). The actual compositions of the alloys used are shown in
Table 1, demonstrating high consistency with the chosen elemental contents.

Table 1. Nominal elemental contents of the Al–Li alloys.

Alloy No.
Nominal Elemental-Content (wt.%)

Li Al

1# 0.91 Bal.
2# 1.59 Bal.
3# 2.44 Bal.
4# 3.98 Bal.

2.2. Computational Methods

First-principles calculations based on DFT were performed using the Vienna Ab-inito
simulation package (VASP 6.1.0) computational software [26,27]. Electron exchange and
correlation were treated within the framework of generalized gradient approximation
(GGA) in the Perdew–Burke–Ernzerhof (PBE) form [28]. Supercell (2 × 2 × 2) structures
with different Li contents were constructed using the special quasi-random structures
(SQS) [29,30] method to match the experimental Li concentrations. The Li solid solution
concentrations were 3.13 at.%, 6.25 at.%, 9.38 at.% and 12.50 at.% in the modeling, which
were consistent with the experimental concentrations. To ensure high accuracy, a large
cutoff of 500 eV and a sufficient number of k-points were employed for all the computational
tasks. During the atomic relaxation process, the convergence standards of the total energy
and force were less than 1.0 × 10−5 eV and 1.0 × 10−2 eV/Å, respectively.

3. Results and Discussion
3.1. Aging Hardening Curves for Binary Al–Li Alloys

In accordance with the DSC test results, the homogenization regimes were investigated
for alloys with different compositions. Because of the low Li content, there was no second
phase in the ingots of 1# and 2# alloys, so homogenization was not required. According
to the DSC test of 3# and 4# alloys, the final homogenization regimes was determined as
shown in Table 2.

Table 2. Optimized homogenization regimes of the binary Al–Li alloys.

Alloy No. Homogenization Regimes

1# -
2# -
3# 525 ◦C/24 h
4# 525 ◦C/24 h

To verify the influence of precipitation on the mechanical properties of the alloy,
the aging hardening curve of the alloy was firstly explored. The hardening curve of the
binary Al–Li alloy after 175 ◦C/120 h aging treatment after solid-solution treatment is
shown in Figure 1. The hardness values are in descending order: 4#, 3#, 2# and 1#. It
is well known that δ

′
(Al3Li), as one of the main strengthening phases in Al–Li alloys,

can disperse and precipitate during the aging process, resulting in the strengthening and
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hardening of the alloy [31]. As shown in Figure 1, the hardness of alloy 1# did not exhibit
significant improvement after aging treatment, indicating the limited effectiveness of aging
strengthening. This could be attributed to the low Li content in alloy 1# and the scarcity of
precipitated second-phase particles, resulting in a negligible impact on aging strengthening.
The hardness of alloy 2# increased initially during aging, reaching its peak after 12 h,
and then stabilized, with a hardness value stabilizing at around 62 MPa. The increase in
hardness of the alloy after aging is primarily attributed to the obtention of aa supersaturated
solid solution after solid solution treatment, followed by the uniform precipitation of the
second phase during aging treatment, resulting in an aging strengthening effect and a
hardness increase. The hardness of alloy 3# rapidly increases with increasing aging time,
maintaining a hardness value of about 110 HV after 48 h of aging, which is higher than that
of alloy 2# after aging. Hence, it can be inferred that an increase in Li content contributes
to an enhancement in the hardness of the alloy. The microhardness of alloy 4# further
increased with aging time. After aging at 175 ◦C for 48 h, the microhardness of the alloy
increased from 60 HV to 141 HV, reaching its peak. For alloys 3# and 4# with higher Li
content, the hardness remained stable in the late aging stage, mainly due to the gradual
transformation of the unstable δ

′
phase to the stable δ (AlLi) phase [32], indicating a

minimal impact on hardness. Through a comparison of the aging hardening curves of
different alloys, it can be concluded that increasing Li content significantly enhances the
microhardness of the alloy.
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3.2. Determination of Density and Modulus of Binary Al–Li Alloys

Figure 2 presents the density measurements of the cast alloys with varying Li contents
(0~3.4 wt.%). The alloy density demonstrates a linear relationship with Li concentration,
with a decrease of 3% in density for every 1% increase in Li content, consistent with
other experimental findings [33]. The elastic moduli and specific moduli of the solid
solution- and age-treated alloys are presented in Figure 3, where the specific moduli shown
were calculated by dividing the moduli by the measured density. Previous investigations
have demonstrated that the quenching process of high-concentration alloys results in a
minor formation of the δ

′
phase, which does not significantly impact subsequent modulus

measurements [32]. The results of the elastic modulus measurement of the solid-solution
state are shown in Figure 3a. It can be seen that as the Li concentration increases from
0.85 wt.% to 3.4 wt.%, the elastic modulus of the alloy increases from 72.8 GPa to 80.3 GPa,
and the specific modulus increases from 27.5 GPa/g·cm−3 to 33.7 GPa/g·cm−3. The
elastic modulus of aluminum alloy in the solid-solution state is mainly determined by the
interaction between solute and matrix atoms. When the second phase precipitates during
aging, the elastic modulus is affected by the size and volume fraction of the second phase.
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For the peak-aged state, there was no significant change in modulus values for alloys with
a Li content below 1.7 wt.%, as shown in Figure 3b. However, due to the presence of
precipitated phases, the modulus of higher-Li-concentration alloys in the peak-aged state
was about 1.4% to 2.5% higher than that of alloys in the solid-solution state, indicating
that aging heat treatment could further enhance an alloy’s elastic modulus. In a previous
study, Xue et al. [11] noted that the elastic modulus of binary Al–Li alloys with 4.2% Li
content increased during the transition from the solid-solution to the aging state. This
might be related to the Li-rich clusters precipitated by aging. Overall, with the increase in
Li concentration, the elastic modulus of the peak-aged alloy increased from 71.8 GPa to
82.6 GPa, and the specific modulus increased from 27.1 GPa/g·cm−3 to 34.7 GPa/g·cm−3.
This indicates that the addition of the Li element can increase the elastic modulus and
specific modulus of aluminum alloy.
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aged state.

In Figure 4, we compare the experimentally obtained elastic modulus, E, of binary
Al–Li alloys in different heat treatment states with the elastic modulus calculated using DFT
for a disordered solid solution model. The DFT theory predicted that the elastic modulus
of the binary Al–Li solid solution gradually increased from 80.2 GPa to 88.4 GPa with
increasing Li content. Although the ideal crystal model used in the calculation often yields
a higher elastic modulus compared with the experimental values [34], it still shows a trend
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consistent with the results of the experiment. Furthermore, fitting curves were generated
for the elastic modulus, E, corresponding to the theoretical calculations and experimental
solid-solution and peak-aged states depicted in Figure 4, yielding slopes of 0.9, 1.1, and
0.8. The above research findings indicate that the modulus of the alloy in the peak-aged
state increases most rapidly and has the largest slope. Under peak-aged conditions, the
alloy’s elastic modulus reaches 88.4 GPa, representing an increase of 5.8 GPa compared
with that in the modulus of the solid-solution alloy. Additionally, DFT calculations revealed
an elastic modulus of 110.2 GPa for aging-precipitated phase δ

′
, which is significantly

greater than that of the binary Al–Li alloy at maximum solid solubility, further confirming
that the δ

′
phase effectively enhances the elastic modulus of Al–Li alloys [35]. Therefore,

by controlling both matrix composition and the heat treatment process, it is possible to
improve an alloy’s elastic modulus.
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3.3. Tensile Properties of Binary Al–Li Alloys

In the process of alloy research, tensile properties are also considered. Figure 5 shows
the tensile properties of the alloy in the peak-aged state. Under peak-aged conditions,
the tensile strength, yield strength, and elongation of alloy 1# were 65 MPa, 45 MPa, and
36.4%, respectively. When the Li content increases to 1.59%, the tensile strength and yield
strength of alloy 2# were 93.5 MPa and 54.5 MPa, and the elongation decreases to 25.5%.
With the increase in Li content, the tensile strength, yield strength, and elongation of alloy
3# were 274 MPa, 233 MPa and 3.0%, respectively. At this point, there was a significant
decrease in elongation, indicating brittle fracture. Upon further increasing the Li content
to 3.98 wt.%, the tensile strength and yield strength of alloy 4# increased to 341 MPa and
296 MPa, respectively, while the elongation decreases to 2.1%. This suggests that alloy
4#sacrificed its ductility while increasing its strength. It can be concluded that as the
Li content increases, the alloy’s tensile strength and yield strength exhibit a significant
increase, while there is a notable decrease in elongation, as depicted in Figure 5. This
observation aligns with the findings of previous studies [36], which indicate that the δ

′

phase, serving as the primary strengthening phase in Al–Li alloys, also acts as a brittle
phase. Consequently, while enhancing the alloy’s strength, the precipitation of this phase
concurrently increases its brittleness.
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Figure 5. Tensile properties of peak-aged binary Al–Li alloys.

3.4. Fracture Surface Observation of Peak-Aged Alloys

In order to analyze the fracture mode, SEM observation was conducted on the fracture
of the alloy under the peak-aged state, as depicted in Figure 6. Alloy 1# exhibited a
pronounced neck contraction phenomenon during peak aging, and its fracture displayed
an abundance of ductile grooves with the minimal presence of tear edges, indicative of a
micropore polymerization mechanism and characteristic of ductile fracture. The fracture of
alloy 2# contained a large number of small and shallow dimples, and most grains were cut
off. Therefore, according to the propagation path of the crack, the type of fracture of alloy
2# was trans-granular fracture, so it also underwent ductile fracture. The neck contraction
phenomenon also occurred before the fracture of alloy 2#, but compared with 1# alloy, the
plastic deformation was weaker, so the brittleness of the alloy increased. With the increase
in plastic deformation, the dimples began to grow and polymerize with adjacent dimples,
then gradually spread into microcracks, which eventually led to the fracture of the tensile
samples. A similar experimental phenomenon was also reported by Huang et al. [37]. There
were no obvious plastic deformation traces in the macro fracture of alloy 3#. The fracture
morphology of alloy 3# presented a polyhedral rock-like pattern, with distinct grains and
strong three-dimensional sense. Therefore, 3# alloy belongs to intergranular fracture in
brittle fracture, and the plasticity is significantly lower than that of alloy 2#. The fracture
morphology of alloy 4# is partly rock sugar-like, with intergranular fracture. Therefore,
alloy 4# exhibited increased brittleness. The findings suggest that as the Li element content
increases, the toughness of the Al–Li alloy decreases.
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3.5. Microstructure Analysis of Peak-Aged Alloys

As the main strengthening phase in binary Al–Li alloys, the presence of the δ
′

phase
endows the alloy with superior mechanical properties [38]. To further investigate the effect
of precipitated phases on the mechanical properties of the alloy, transmission electron
microscopy (TEM) observations were conducted on four alloys in peak-aged condition.
Figure 7 shows the TEM micrographs and corresponding selected area electron diffraction
(SAED) patterns of alloys 1# and 2# in the peak-aged condition (175 ◦C/6 h and 175
◦C/12 h). Based on the electron microscopy results in Figure 7a–c, it can be observed that
no δ

′
phase precipitation was found in alloy 1#. Combined with the elastic modulus results

in Figure 3, it can be concluded that the elastic modulus of alloy 1# in the peak-aged state
was similar to or even lower than that in the solid-solution state, indicating that aging did
not lead to an increase in modulus of alloy 1#. It is currently speculated that this may have
been due to the low Li content, leading to the alloy being primarily strengthened via solid
solution strengthening. As for alloy 2#, the Al3Li precipitation phase can be observed in
the dark-field image, SAED pattern (Figure 7e), and high-resolution transmission electron
microscope (HRTEM) image (Figure 7f). Figure 7e shows the dark-field image of the δ

′

(Al3Li) phase with a higher density of the fine δ
′

phase being uniformly distributed in the
matrix of alloy 2#. In this alloy, the size of the δ

′
phase was less than 10 nm. Diffraction spots

of the δ
′

phase were observed along the [100]Al direction in alloy 2#, indicating that these
fine δ

′
precipitates strengthened the alloy through the aging hardening mechanism [39],

thereby improving the elastic modulus and mechanical properties of the alloy. In the
HRTEM image of alloy 2# (Figure 7f), the presence of the δ

′
phase can also be clearly

observed. It is further demonstrated that the enhancement in the elastic modulus and
mechanical properties was correlated with the precipitation of the δ

′
phase.

Figure 8 shows the TEM images of alloys the 3# and 4# under peak-aging and the
corresponding average size statistics of Al3Li precipitated phases. According to the quanti-
tative analysis results of alloys 3# and 4# with high Li content, the increase in Li content
can promote the growth of the δ

′
phase, which can improve the strength of the alloy

while reducing the toughness. δ
′

phases can be clearly observed in the bright-field images
(Figure 8a1,b1) and dark-field images (Figure 8a2,b2) of alloys 3# and 4#. Diffraction spots
of the δ

′
phase can be noted along the [100]Al incident direction for both 3# (Figure 8a2)

and 4# (Figure 8b2) alloys. The TEM observation revealed a uniform distribution of the
spherical δ

′
phase within the matrix [40]. As depicted in Figure 8a4, the average size of the

δ
′

phase at peak aging was measured to be 19.7 nm in alloy 3#, which is larger than that in
alloy 2#. Consequently, compared with alloy 2#, alloy 3# exhibited a higher elastic modulus
and more tensile properties. However, due to the increase in both size and the number of
brittle δ

′
phases, the brittleness of alloy 3# also increased. As shown in Figure 8b4, with

the further increase in Li content up to a concentration of approximately 3.98 wt.%, more
precipitated δ

′
phases were observed during peak aging for alloy 4# along with some

presence of the δ phase as well. The average size of the δ
′

phases at peak aging for alloy
#4 measured approximately 24.9 nm, indicating a further increase compared with that
observed in alloy 3#. Under peak-aged conditions, the size of the δ

′
phase in binary Al–Li

alloys gradually increases with the increase in Li content. Consequently, this leads to an
enhanced elastic modulus and enhanced tensile properties; however, it also results in an
elevated level of brittleness. This further emphasizes that plasticity behavior primarily
depends on precipitation characteristics exhibited by precipitated phases during peak
aging [41].
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4. Conclusions

In this study, the influence of aging precipitates on the mechanical properties of
binary Al–Li alloys with four approximately equal gradient Li contents (0.91–3.98 wt.%)
was thoroughly investigated. The alloys were subjected to solution treatment followed
by aging at 175 ◦C for 120 h. The effects were analyzed through measurements of the
elastic modulus, tensile testing, fracture surface analysis, and microstructural observation,
yielding the following results:

(1) Both in the solution-treated and peak-aged states, the elastic modulus of binary Al–Li
alloys showed an approximately linear increase with increasing Li content, consistent
with trends predicted via DFT calculations. Under peak-aged conditions, the elastic
modulus of the alloys increased from 71.8 GPa for alloy 1# to 82.6 GPa for alloy 4#.
Due to the presence of precipitates, the modulus of higher—Li-concentration alloys in
the peak-aged state increased by approximately 1.4–2.5% compared with that of alloys
in the solution-treated state.

(2) Increasing Li content significantly enhances the tensile strength and yield strength of
an alloy but decreases its ductility, leading to a transition in the fracture mode from
ductile to brittle, as evidenced by the microscopic analysis of fracture surfaces. Under
peak-aged conditions (175 ◦C/48 h), alloy 4#, with the highest Li content, exhibited
the maximum tensile strength of 341 MPa and a yield strength of 296 MPa, while its
elongation was the lowest at 2.1%.

(3) No δ
′

phase was observed in alloy 1# during peak aging, indicating mainly solid
solution strengthening. However, alloys 2#, 3#, and 4# all exhibited the presence of the
δ
′

phase as observed through TEM, accompanied by an increase in the elastic modulus,
suggesting that these three alloys were primarily strengthened by precipitation hard-
ening. Alloys 3# and 4# exhibited significant age-hardening and strengthening effects,
with hardness increasing notably with aging time and stabilizing in later stages. At
peak aging (175 ◦C/48 h), the hardness of alloy 3# stabilized at approximately 110 HV,
while alloy 4# reached a hardness of around 141 HV.

This comprehensive analysis contributes to a deeper understanding of the effects of
aging precipitates on the mechanical properties of Al–Li alloys, providing valuable insights
for further research and development in this field.
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