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ARTICLE INFO ABSTRACT

Keywords: The effect of major constituents (the Li content increases from 0.5 to 3 wt% and the Cu content decreases from
Cast Al-Li-Cu alloys 4.5 to 2 wt%) on microstructure and mechanical properties of cast Al-Li-Cu-Zr alloy were studied to understand a
Compositions

qualitative assessment of sequence and kinetics of multiple precipitations. Increasing the Li content progressively
raises the melting temperature from 520 °C in 1# alloy (Al-0.5Li-4.5Cu, wt%) and 2# alloy (Al-1Li-4.5Cu) to
560 °C in 6# alloy (Al-3Li-2Cu). In addition, the variations of the major constituents result in the changes of the
type and volume fraction of the inter- and intra-granular intermetallic phases. TEM results indicate that minor
modifications to alloy composition greatly alter precipitation behavior during isothermal aging. The Li-poor alloy
(2# alloy) presents a much shorter incubation time of T;-AlyCuli precipitate than the Li-rich alloy (Al-1.5Li-
4.5Cu, 3# alloy), while the nucleation of 6’-Al;Cu precipitate is promoted in Li-rich alloy. No typical spherical
§°-AlsLi precipitate is observed in 2# and 3# alloys during isothermal aging, except for the as-quenched 3# alloy.
The preferential nucleation of 8" precipitate on the coherent and broad face of 6’ precipitate is observed in 2#
and 3# alloys, leading to the formation of “sandwich-like” &’/6’/8’ phases. Further decreasing Cu content to 2 wt
% and increasing Li content to 3 wt% (6# alloy), the predominant phase in the matrix is & precipitate,
accompanied by a small amount of unevenly distributed 6’ and T; precipitates. The best balance between
ductility and strength is obtained by 2# alloy aged for 32 h, but 6# alloy has significant advantages in terms of
density (2.437 g/cmg) and elastic modulus (82.65 GPa) over 2# alloy (density: 2.675 g/cmg; elastic modulus:
75.45 GPa).

Microstructural evolution
Mechanical properties
Transmission electron microscopy

1. Introduction the shearable nature of the ordered & precipitate. Moreover, the pres-

ence of grain boundary precipitate and the precipitate free zone (PFZ)

Age-hardening alloys based on the Al-Li system are of great interest
for aircraft structural applications due to their outstanding combination
of high elastic modulus, low density and high strength [1-3]. The
addition of every one wt% of Li to Al alloys decreases the density of the
alloy by ~3% but increases the elastic modulus by ~6% [4]. Therefore,
lithium provides the most considerable reduction in density and the
largest increase in elastic modulus of any known alloying element for
aluminum alloys [5]. In Al-Li binary alloys, the solubility of Li in Al is up
to ~4.2 wt%, and the strengthening of the alloy is mainly attributed to
the formation of the ordered L15-AlsLi (8’) precipitates [6,7]. Although
the addition of Li element increases the strength significantly, the in-
dustrial application of binary alloy has restricted due to its low ductility
and fracture toughness [8]. This drawback is originated from the shear
localization in the matrix resulting from the planar slip associated with
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promotes the shear localization within a soft matrix at PFZ.

The coprecipitation of multiple hardening phases by adding the third
alloying element, especially the Cu element, prevents the shear locali-
zation of binary Al-Li alloy, and its strengthening potential would
become outstanding as a result of the complex combination of pre-
cipitates that form during heat treatment [9-11]. It is well known that
the precipitation sequence mainly depends on the contents of the major
constituents in the ternary Al-Li-Cu system, and many ternary pre-
cipitates would be formed during isothermal aging, among which, T;-
AlyCuli is the most significant one [12]. Moreover, according to alloy
chemistry and thermomechanical processes, other minor precipitates,
such as Tp-Al;Cu4Li and T»-AlgCulis, can be formed, particularly at the
grain boundary [13]. The multiple precipitation behavior in an alloy
makes it difficult to understand the sequence of precipitation behavior
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precisely and requires more research on the precipitation behavior ac-
cording to the composition. A few earlier researches had been done to
study the effect of composition and thermomechanical process on
comprehensive performance and microstructural evolution of deformed
Al-Li-Cu alloys [14-16]; however, the range of alloy composition con-
cerned is still very limited at present, with Li content changing from 0.7
to 1.5 wt% and Cu is around 3 wt%. The present study expands the alloy
composition up to 3 wt% Li and 4.5 wt% Cu. More importantly, few
literatures are available on the design of alloy chemistry, mechanical
performance and microstructure characteristics of cast Al-Li-Cu alloy.
This work is devoted to the development of cast Al-Li-Cu alloy, due to
casting cannot only effectively alleviate the anisotropy of mechanical
properties, but also provides a cost-effective approach to manufacture
component of complex shapes. Most importantly, it is possible to study
the effect of the major constituents varying in a wide range on the
precipitation sequence and mechanical properties of the alloys due to
the upper limit of the content of Li in cast Al-Li-Cu alloys could be much
higher than that in deformed alloys. For better understanding the rele-
vance between the compositions and properties of the Al-Li-Cu alloy and
provide a guidance for subsequent research, it is, therefore, necessary to
study the complex microstructure of these alloys with different com-
positions and the corresponding properties.

The present work aims at examining the effect of the major constit-
uents on the precipitation behavior and mechanical properties of cast Al-
Li-Cu alloys. In particular, this work focus on elucidating the successive
microstructure evolution from as-quenched state to over-aged state, and
to acquire a qualitative assessment of sequence and kinetics of
precipitation.

2. Materials and methods

Six alloys were produced by the conventional casting method and the
details of the melting procedures are available in our previous report
[17]. The compositions of six alloys are listed in Table 1 and they are
hereafter denoted as 1# - 6# alloys, respectively. In addition, 0.2 wt% Zr
was added to all alloys to refine the grain and introduce the metastable,
coherent p’-AlsZr phase, and the specific roles of 8’ phases have been
detailed elsewhere [18]. The standard Archimedes method was used to
determine the density of the alloys. An ET-RT modulus tester (JE2-C1,
Nihon Techno-Plus, Japan) was used to determine the elastic modulus of
each alloy with dimension of ® 6 x 60 mm® according to the GB/T
22315-2008 standard [19]. The averaged results of density and elastic
modulus are also shown in Table 1. The proper solution parameters were
determined by the differential scanning calorimetry (DSC, 204F1)
apparatus. The as-cast specimens were heat treated by a two-step solu-
tion treatment, followed by isothermal aging at 175 °C in an oil bath.
Each step was terminated by water-quenching. Vickers microhardness
was determined using mechanically polished samples (to a 0.02 pm
finish) by a CARAT 930 Automatic Vickers microhardness testing ma-
chine with a load of 10 kg and a dwell time of 15 s. Metallographic
specimens were mechanical polished and then etched with Keller’s re-
agent for 15 s before observation. An Ultima IV X-ray diffractometer
(XRD) was applied to identify the phase constitutions of as-cast alloys.
Scanning Electron Microscope (SEM, TESCAN MAIA3 model 2016) and
Optical microscope (OM, Zeiss Imager Alm) were used to observe the

Table 1
Chemical compositions, density, and elastic modulus of six alloys.

Alloys wt% Density (g/cmg) Elastic modulus (GPa)
1# Al-0.5Li-4.5Cu 2.729 71.73
2# Al-1Li-4.5Cu 2.675 75.45
3# Al-1.5Li-4.5Cu 2.622 78.32
4# Al-2Li-4.5Cu 2.571 79.97
5# Al-2Li-3Cu 2.546 79.34
6# Al-3Li-2Cu 2.437 82.65
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microstructure. Tensile tests of sheet specimens were conducted on
Zwick/Roell universal testing machine with a strain rate of 1 x 10™*s71,
Selected samples were examined by transmission electron microscopy
(TEM) using a JEOL 2100 microscope. Thin foils of the alloy samples
were obtained by mechanical polishing and final electro-polishing,
using a mixed solution of 25% nitric acid and 75% methanol at

—35°Cand 30 V.
3. Results and discussion
3.1. Phase analysis and as-cast microstructure

Fig. 1 displays the phase constitutions of as-cast six alloys. Based on
the patterns, the microstructure primarily consisted of 6-Al;Cu phase
and a-Al matrix in as-cast 1# alloy, while additional diffraction peaks
from T;-AlpCuli, T2-AlgCulis, and Tp-Aly 5Cu4Li phases are also identi-
fied well with the increase of Li content (2# and 3#). Further increasing
Li content to 2 wt%, T; and To phases are the dominant phases in 4#
alloy, accompanied by a small amount of &’-AlsLi phase. As reported that
when Li content in aluminum matrix exceeds a certain value, 8" phase
would precipitate from the supersaturated solid solution during solidi-
fication, and its size, number density and volume fraction depend on the
composition and cooling rate of the alloy [10,20]. Here it is noteworthy,
that the intensity of diffraction peaks arisen from T; and T phases in 4#
alloy is the highest among six alloys, indicating the amount of T; and Ty
phases in 4# alloy is much higher. According to the XRD patterns, the
phase constitution of 5# and 6# alloys are similar, and both are mainly
composed of 8" and T; phases, which is consistent with previous inves-
tigation [21]. In addition, the diffraction peaks related to 8-AlLi phase
are also found in 5# and 6# alloys. It is well known that the formation of
0, T2, and & phases is produced by the non-equilibrium solidification
process, and the absence of the diffraction peaks associated with some
other phases in the patterns may be owing to their low contents.

The optical microstructures of as-cast six alloys are shown in Fig. 2.
The as-cast microstructures of all the six alloys are similar, and the
matrix consisted of coarse intermetallic phases in the inter-dendritic
region or at the grain boundary and typical dendritic a-Al grains. By
carefully examining the as-cast metallographic structures of the six al-
loys, the following results can be obtained: (1) Comparing the optical
microstructures of 1# to 4# alloys, the volume fraction of intermetallic
phases at the grain boundary increases with the increase of Li content at
the same Cu content, which matches well with the XRD results.
Furthermore, the grain structure is refined gradually as the content of Li
increases from 0.5 to 2 wt%, which is mainly owing to the enrichment of
solute at the solid/liquid interface during solidification, i.e. constitu-
tional undercooling [22]; (2) Comparing the optical microstructures of
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Fig. 1. XRD results of as-cast alloys with different compositions.
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Fig. 2. The microstructures of as-cast alloys: (a) to (f) represent 1# to 6# alloys
respectively.

4# and 5# alloys, the volume fraction of coarse intermetallic phases
decreases with the decrease of Cu content at the same Li content; (3)
Further increasing Li content to 3 wt% and decreasing Cu content to 2 wt
% (6# alloy), the volume fraction of intermetallic phases is the lowest
among the six alloys. This may due to the fact that the diffusion coef-
ficient and the solute partition coefficient of Li in the Al matrix are much
higher than that of Cu. As a result, Li atoms are more likely to remain in
the matrix to form a solid solution during solidification, which reduces
the tendency of the segregation of solute atoms at the grain boundary
and decreases the volume fraction of coarse intermetallic phases [23].

Fig. 3 displays the un-etched SEM micrograph of as-cast 6# alloy and
the corresponding distribution of Cu element acquired by EDS. Note that
similar results of the other five alloys are not given here anymore. Coarse
intermetallic phases with continuous networks morphology can be
clearly observed (Fig. 3a). The distribution of Cu element is highly
coincident with that of intermetallic phases, as shown in Fig. 3b, which
is distributed along the grain boundary. However, these Cu-containing
intermetallic phases, such as 0, Ty, and T, have not been identified
since Li element cannot be detected by EDS.
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3.2. Solution parameters and as-quenched properties

As shown in Fig. 2 and Fig. 3, there are a large number of coarse
intermetallic phases at the grain boundary in the as-cast matrix. These
coarse intermetallic phases are harmful to the ductility of the alloy, it is,
therefore, necessary to dissolve these phases through proper heat
treatment to eliminate their adverse effects. At the same time, through
rapid-cooling methods such as quenching, numerous solute atoms would
be retained in the matrix to form a supersaturated solid solution, which
lays a good foundation for subsequent age-hardening. In order to select
appropriate heat treatment parameters of the alloys with different
compositions, six alloys were tested by DSC. Fig. 4 shows the high-
temperature range (450-700 °C) of the DSC curves of the alloys. A
distinct initial melting peak, which is attributed to the dissolution of Cu-
containing intermetallic phases, can be clearly observed in all as-cast
alloys, and the position of the initial melting peak of the alloys is
different. This variation indicates that the types and volume fraction of
intermetallic phase in the as-cast microstructure of six alloys are
different, which is consistent with the XRD results. In order to dissolve
intermetallic phase as much as possible and avoid the incipient melting,
a two-step solution treatment was selected to allow the gradient disso-
lution of intermetallic phases. Based on the existence of several Cu-
containing intermetallic phases with relatively low melting points in
the as-cast matrix, the homogenization temperature commonly used in
the cast Al-Cu alloys, 500 °C, is determined as the safe temperature of
the first step [24], which, however, is insufficient to completely dissolve
all the Cu-containing intermetallic phases according to the DSC results.
Therefore, a relatively higher temperature for the second step
(520-560 °C) is selected to further decrease the amount of these inter-
metallic phases and improve the supersaturated solid solubility of solute
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Fig. 4. DSC curves of the as-cast alloys.

Fig. 3. (a) SEM micrograph of as-cast 6# alloy and (b) the corresponding distribution of Cu element.
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atoms. Combining the practical metallographic observations with the
results of DSC, the respective two-step heat treatment parameters for the
six alloys are determined, as listed in Table 2.

The typical microstructures of the as-quenched alloys are shown in
Fig. 5. In as-quenched samples, the bulk of intermetallic phases at the
grain boundary are completely dissolved, except for 4# alloy. Some
residual intermetallic phases are observed along the grain boundary in
the as-quenched 4+# alloy (Fig. 5d), which indicates that the second-step
temperature, 540 °C, is also insufficient to completely dissolve all the
intermetallic phases. The application of a higher temperature (560 °C),
however, results in a typical incipient melting feature in 4# alloy, as
illustrated in Fig. 6b. Even so, a large amount of residual intermetallic
phases is still observed in the sample treated at 560 °C, as shown in
Fig. 6a. Undoubtedly, these residual intermetallic phases will greatly
damage the mechanical properties, hence the content of Li in cast Al-
4.5Cu alloy (wt%) should not exceed 1.5 wt%.

Fig. 7a and b display the tensile test results, including ultimate ten-
sile strength (UTS), yield strength (YS) and elongation (EL), and the
corresponding engineering stress-strain curves of six alloys after solution
treatment. YS of the alloys increases from 107 MPa to 130 MPa with
increasing Li content at the same Cu content (4.5 wt%). While UTS
firstly increases as Li content increases from 0.5 to 1.5 wt%, and then
decreases. The highest UTS obtained by 3# alloy is 321 MPa. As antic-
ipated, EL decreases with increasing Li content, especially of 4# alloy.
This sharp reduction of EL of 4# alloy is mainly ascribed to the unde-
sirable residual intermetallic phases in the as-quenched state. Moreover,
the addition of Li element can improve the work hardening rate of the
alloys, which is confirmed by the stress-strain curves of 1# to 3# alloys
in Fig. 7b. The higher work hardening rate leads to a larger yield ratio of
2# and 3# alloys with lower EL, than 1# alloy. Note that the lowest YS
and UTS obtained by 5# alloy is 93.3 MPa and 258 MPa, respectively. In
addition, YS and EL of 6# alloy are close to those of 3# alloy, while UTS
is slightly lower than the latter. Therefore, 3# and 6# alloys are
considered to have superior comprehensive performance.

It is worth mentioning that Table 1 also lists the density and elastic
modulus of the alloys studied in this work. As shown in Table 1, the
density gradually decreases from 2.729 g/cm? of 1# alloy to 2.437 g/
cm?® of 6# alloy with the increase of Li content and the decrease of Cu
content, while the elastic modulus gradually increases from 71.73 GPa
of 1# alloy to 82.65 GPa of 6# alloy. Therefore, compared with other
conventional cast aluminum alloys (density: 2.7-2.8 g/cm?; elastic
modulus: 70 GPa), cast Al-Li-Cu alloys, especially those with high Li
content, have significant advantages in terms of density and elastic
modulus. In addition, Fig. 7c displays the specific properties involving
specific modulus (Elastic modulus / Density, E /p), specific YS (Yield
strength / Density, o¢.2 /p) and specific UTS (Ultimate tensile strength /
Density, op /p) of the six alloys after solution treatment. It can be clearly
seen that the specific modulus is determined by the Li content, and its
value increases with the increase of Li content and gradually increases
from 0.26 x 10® m2/s2 of 1# alloy to 0.34 x 10® m?/s? of 6# alloy. The
specific YS and specific UTS are determined by both density and strength
which is not only determined by Li content, but also affected by Cu
content, and the change trend of the specific YS and specific UTS is the
same. From 1# alloy to 6# alloy, their values increase first and then
decrease, and finally reach the maximum value at 6# alloy. It can be

Table 2
Solution treatment parameters of the six alloys.

Alloys wt% Solution parameters

1# Al-0.5Li-4.5Cu 500 °C x 32h +520°C x 24 h
2# Al-1Li-4.5Cu 500 °C x 32h 4+ 520°C x 24 h
3# Al-1.5Li-4.5Cu 500 °C x 32h +540°C x 24 h
4# Al-2Li-4.5Cu 500 °C x 32h +540°C x 24 h
5# Al-2Li-3Cu 500 °C x 32h 4+ 550°C x 24 h
6# Al-3Li-2Cu 500 °C x 32h 4 560 °C x 24 h
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Fig. 5. SEM micrographs of the as-quenched alloys: (a) to (f) represent 1# to
6+# alloys respectively.
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—

Fig. 6. (a) Optical microstructures of 4# alloy solution treated at 500 °C x 36
h + 560 °C x 24 h; (b) the enlarged image, indicating that the occurrence of
incipient melting.

deduced from Fig. 7 that, in as-quenched state, 6# alloy not only has
excellent mechanical properties, but also has significant advantages in
density, modulus and specific properties.

Comprehensively considering the tensile test results in as-quenched
state, density, elastic modulus and specific properties of the six alloys,
we selected three representative alloys (2#, 3# and 6#) for further
characterization in order to investigate the effect of variations in the
major constituents on precipitation behavior.

3.3. Precipitation kinetics and sequence

Fig. 8a displays the evolution of microhardness of 2#, 3#, and 6#
alloys during isothermal aging. In as-quenched state, the microhardness
values of 2# and 6# alloys are similar and are slightly lower than that of
3#. By carefully examining the microhardness evolution of the three
alloys, the following results can be obtained: (1) a similar and note-
worthy softening behavior occurs in 2# and 3# alloys in the initial stage
of aging, attributing to some of the microstructural features (GP zones or
solute clusters formed during natural aging) are dissolved or revised by
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Fig. 8. (a) Vickers microhardness evolution of three alloys during isothermal aging at 175 °C; (b) the microhardness comparison between as-quenched and peak-

aged states.

the rise in temperature [14]; (2) The duration and amplitude of the
softening behavior of 2# alloy are greater than those of 3# alloy, indi-
cating that Li content may affect the formation of clusters in the matrix.
Kumar et al. [25] studied the effect of lithium concentration on the
precipitation behavior of aluminum-lithium alloy. The results suggested
that moderate Li atoms in solid solution could promote the formation of
clusters, but when the Li content exceeds the critical value, the & phase
formed in the matrix would hinder the formation of clusters; (3) After
the end of softening, a steep increase in microhardness is clearly
observed to happen in 2# and 3# alloys, and then the microhardness
reaches its maximum value at 64 h. Subsequently, both alloys enter an
over-aged state, and the microhardness decreases significantly; (4) The
initial aging response of 6# alloy is extremely fast, but then the micro-
hardness increases at a slower rate than the other two alloys, resulting in
a significant extension of the time required for the peak-aged state. It
should be note that all the three alloys possess a strong aging-hardening,
and the microhardness increments of the three alloys during isothermal
aging are approximately the same (see Fig. 8b). The highest peak-
microhardness is obtained in 3# alloy (176.4 HV), followed by 6#
alloy and 2# alloy.

In order to better explain the relationship between the evolution of
microhardness and microstructure, the samples of the alloys in various
aging states, including 0 h (as-quenched, AQ), 8 and 32 h (under-aged,

UA), 64/268 h (peak-aged, PA), and 256/600 h (over-aged, OA), were
examined by TEM in detail. It should be noted that because the aging
responses of the three alloys are quite different, the time nodes selected
in peak-aged and over-aged states are also different. Note that unless
otherwise specified, dark-field micrographs are obtained from super-
lattice reflections of 8’ phase.

Before aging, no precipitate is observed in 2# alloy, which can also
be confirmed by SAD pattern shown in Fig. 9b. In terms of 3# and 6#
alloys, the heterogeneous dispersion of §’-AlsZr particles (formed during
heat treatment) and the homogeneous distribution of fine & -AlsLi pre-
cipitates are clearly observed, as illustrated in Fig. 9¢ - f. The L1,
superlattice reflections from &’ precipitates can also be clearly identified
in the corresponding diffraction patterns. In addition, the size and vol-
ume fraction of & precipitate in 6# alloy are significantly larger than
those in 3# alloy, indicating that the increase of Li concentration pro-
motes the precipitation of 8" phase. It has been suggested that precipi-
tation behavior of Al-Li alloy in the initial stage of aging is mainly
determined by Li content, and the homogeneous distribution of fine &
precipitate can always be observed in the as-quenched sample con-
taining more than 2 wt% Li [20]. Obviously, the result of this work is
inconsistent with the earlier report on the initial precipitation kinetics of
&’. In this work, the content of Li in 3# alloy is 1.5 wt%, which is lower
than the critical value reported in the literature, but many fine &
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(a)

5 ET

Fig. 9. TEM micrographs of the three alloys after solution treatment: (a) BF
micrograph of 2# alloy; (b) the corresponding SAD pattern viewed along
[011]a; zone axis; (c) BF micrograph and SAD pattern viewed along [011]4;
zone axis of 3# alloy; (d) the corresponding DF micrograph of 3# alloy; (e) BF
micrograph and SAD pattern viewed along [011]4; zone axis of 6# alloy; (f) the
corresponding DF micrograph of 6# alloy.

precipitates are also observed in the as-quenched state. This difference
may due to the presence of Cu element and different solution tempera-
ture and cooling rate of the alloys. The congruent ordering prior to
decomposition into §° precipitate and the solid solution could provide a
plausible explanation for the rapid formation of & precipitates in the as-
quenched state [26]. Moreover, the typical core-shell p’/8” dispersoids
are also observed in the matrix (Fig. 9f), which is due to the heteroge-
neous nucleation of & on pre-existing 8’ dispersoids. The p’/a-Al hetero-
phases interface was identified as the preferential nucleation site for &
phase as a result of the decrease of both strain and surface energies
[27,28].

The bright-field (BF) and &’-centered dark-field (5°-CDF) micro-
graphs of the three alloys in UA state (8 h) are shown in Fig. 10. Obvi-
ously, some new precipitates are introduced in 2# and 3# alloys after
aging. Note that, other strengthening precipitates, such as 6’-Al;Cu and
T1-AlpCuli phases, can be distinguished according to their respective
orientation relationships with the matrix, and the detailed descriptions
of these precipitates also can be found in our previous work [6]. As
shown in Fig. 10a, a large number of fine T; and 0’ precipitates are found
in BF micrograph of 2# alloy. The presence of 6 and T; precipitates is
also confirmed by the SAD pattern inset in Fig. 10a [29]. Interestingly,
the L1, superlattice spots arisen from &’ precipitate in the diffraction
patterns of 2# and 3# alloys are prominent, but no typical spherical &
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Fig. 10. TEM micrographs of the three alloys in UA state (8 h): (a) BF micro-
graph and SAD pattern viewed along [011]a; zone axis of 2# alloy; (b) the
corresponding DF micrograph of 2# alloy; (c) BF micrograph and SAD pattern
viewed along [011]4; zone axis of 3# alloy; (d) the corresponding DF micro-
graph of 3# alloy; (e) BF micrograph of grain interior and grain boundary of 6#
alloy; (f) the corresponding DF micrograph and SAD pattern viewed along
[011]4; zone axis of 6# alloy.

precipitate is found in the DF micrographs. Although an isolated L15-f’
particle is observed in 2# alloy, one L1,-f’ particle is insufficient to
cause such significant superlattice spots. Therefore, as marked in
Fig. 10b, & precipitates in 2# and 3# alloys are considered to nucleate
preferentially on the broad and coherent interface between the matrix
and 0’ precipitates, leading to the formation of “sandwich-like” §°/6° /&’
phases [30]. In addition, some 6’ precipitates formed around the £’
dispersoid are also found (Fig. 10b), providing support for the report of
C. Yang et al. [31]. The authors proposed that the heterogeneous
nucleation of 6’ precipitate on p’ dispersoids was primarily ascribed to
the reduction of interfacial energy. The most striking feature of the
microstructure of 3# alloy is the dissolution of fine spherical & pre-
cipitates existing in the as-quenched matrix, which is consistent with the
softening behavior of the alloy during the initial aging. This indicates
that the fine spherical &’ precipitates existing in the as-quenched state is
unstable due to its size is smaller than the critical size, and then these
fine spherical & precipitates will dissolve as the temperature increases.
The volume fraction of 0 precipitates in 3# alloy is much greater than
that in 2# alloy, while the volume fraction of T, precipitate is much
lower than the latter. Only very limited T; precipitates formed along the
dislocation are observed in the grain interior, indicating the increase of
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Li concentration (from 1 wt% to 1.5 wt%) can promote the nucleation of
0’ precipitates and simultaneously inhibit the formation of T; pre-
cipitates. In fact, it has been reported that the incubation time for T;
precipitate nucleation in the Li-rich alloy (2196 alloy, with ~2 wt% Li)
is much longer than that in the Li-poor alloy (2198 alloy, with ~1 wt%
Li) [14]. The authors proposed that although the overall Li concentra-
tion of the Li-rich alloy is higher, the reduction of Li content in the
matrix result from the precipitation of 8" phases in Li-rich alloy could
provide a plausible explanation. Note that, the composition of 3# alloy
in this work is similar to that of 2196 alloy, and the Li content of 2# alloy
is slightly larger than that of 2198 alloy. Combining the TEM micro-
graphs of two alloys in the as-quenched state, it can be inferred that the
concentration of Li atoms available to form T; precipitates is low result
from the formation of many & precipitates in 3# alloy, thereby sup-
pressing the formation of T; precipitates. Moreover, the precipitation of
0’ phase would be promoted due to the competitive precipitation rela-
tionship between 6’ and Ty, which also provides a plausible explanation
for the larger volume fraction of 6’ precipitates in 3# alloy. Owing to the
higher Li content and the lower Cu content, 6# alloy exhibits different
microstructure characteristics. TEM micrographs of 6# alloy, as shown
in Fig. 10e and f, reveal that only some p’/8’ precipitates and a large
number of §’ precipitates exist in the grain interior. Compared with the
as-quenched samples, typical & precipitates after aging are obviously
less in number density and greater in diameter.

Fig. 11 displays TEM micrographs of the three alloys in UA state (32
h). The microstructure of 2# alloy is similar to the previous state, except
for the growth of 8" and T precipitates. It is worth mentioning that many
T precipitates are also observed in 3# alloy aged for 32 h, which may
due to the gradual dissolution of &’ precipitate as the temperature in-
creases, thus providing the necessary solute atoms for the nucleation and
growth of T; precipitates. The volume fraction of °/6’/8” precipitate in
3# alloy decreases at the same time, which is owing to T; precipitate is
considered to grow at the expense of 0’ precipitate [32]. Note that, §’
dispersoids with large size nucleated along the dislocation line are also
observed, as shown in Fig. 11d. In terms of 6# alloy, apart from the
growth of spherical & precipitate, a large number density of T; pre-
cipitates are also found near the grain boundary, as shown in Fig. 11e.
However, there are hardly any 6’ and T; precipitates in the grain
interior.

Fig. 12 displays TEM micrographs of the three alloys in PA state.
Based on the microhardness evolution (Fig. 8a), the time needed to
obtain the peak-microhardness increases from 64 h for 2# and 3# alloys
to 268 h for 6# alloy. As shown in Fig. 12a - d, the thickness of T;
precipitate formed on the {111} 4 plane in 2# and 3# alloys is extremely
thin, and the appearance of T; precipitate presents no marked variation,
except for the rapid growth of diameter. Besides, compared with the UA
state, the diameter of 0’ precipitates in the matrix significantly increases.
Note that, in 2# and 3# alloys, the volume fraction of 6’ precipitate is
low in the Tj-rich area, and vice versa. It has been reported that T;
precipitates would compete with 0’ precipitates for available Cu atoms
and heterogeneous nucleation sites in the a-Al matrix [33]. Moreover,
no spherical & precipitate is observed in 2# and 3# alloys in PA state,
indicating that the composition and heat treatment of the alloys cannot
meet thermodynamic and kinetic requirements of the precipitation of
spherical & phase. TEM micrographs of 6# alloy reveal that the spher-
ical & precipitates in PA state are significantly less in number density
and greater in diameter than those in UA state. Apart from $’/8’ and &’
precipitates, some T; and &’ /6’ /8’ plates are also observed. Generally, in
cast Al-Li-Cu alloys, especially those with high lithium content, the
nucleation of T; and 0’ precipitates is much hard because of the
extremely low density of dislocations, leading to a small amount of non-
uniform distributed T; and 6’ precipitates in the matrix [34].

Fig. 13 displays TEM micrographs of the three alloys in OA state.
Fig. 13a and c are BF micrographs of 2# and 3# alloys in OA state,
indicating the existence of numerous T; precipitates with immensely
increased aspect ratio. Generally, Ty precipitate is usually extremely
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Fig. 11. TEM micrographs of the three alloys in UA state (32 h): (a) BF
micrograph and SAD pattern viewed along [011]4; zone axis of 2# alloy; (b) the
corresponding DF micrograph of 2# alloy; (c) BF micrograph and SAD pattern
viewed along [011]4; zone axis of 3# alloy; (d) the corresponding DF micro-
graph of 3# alloy; (e) BF micrograph of grain interior and grain boundary of 6#
alloy; (f) the corresponding DF micrograph and SAD pattern viewed along
[011]4; zone axis of 6# alloy.

thin, ~1.3 nm in thickness, which is approximately five times the {111}
spacing of Al, and it was recognized that the thickness of T; precipitate is
very stable at ~170 °C [8]. Apart from the lengthening of T; precipitate,
the coarsening of 0’ precipitate is observed as well in both alloys, and its
number density is lower than that in PA state, resulting in a decrease of
the microhardness in OA state. Note that, the thickness of 6’ precipitates
in 2# and 3# alloys in OA state is much smaller than that in another
conventional cast Al-4.5 wt% Cu alloy. Some authors suggested that the
lenticular & precipitates nucleated heterogeneously on the two sides of
0’ precipitate can inhibit the coarsening of 6’ precipitate during
isothermal aging and effectively ameliorate the microstructure stability
[30]. In terms of 6# alloy, apart from the lengthening of T; precipitate
and the coarsening of 6’ precipitate, the size of spherical & precipitate
increases significantly and it was reported that the coarsening of
spherical &' precipitate follows the L-S-W model, namely r « t/3 [35].

3.4. Mechanical properties

Table 3 lists the tensile test results, including ultimate tensile
strength (UTS), yield strength (YS) and elongation (EL), of the alloys in
different aging states. Typical engineering stress-strain curves of three
alloys in different aging states are presented in Fig. 14. Exposure of the
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Fig. 12. TEM micrographs of the three alloys in PA state: (a) BF micrograph
and SAD pattern viewed along [011]4; zone axis of 2# alloy; (b) the corre-
sponding DF micrograph of 2# alloy; (c) BF micrograph and SAD pattern
viewed along [011]a; zone axis of 3# alloy; (d) the corresponding DF micro-
graph of 3# alloy; (e) BF micrograph and SAD pattern viewed along [011]a;
zone axis of 6# alloy; (f) the corresponding DF micrograph of 6# alloy.

alloys at 175 °C results in significant improvement of YS and UTS
compared with those in as-quenched state, accompanied by different
variations of EL. In terms of 2# alloy, UTS and YS greatly increase from
290 MPa and 112 MPa to 341 MPa and 208 MPa after 8 h, while its EL
decreases from 23.1% to 12.9%. As aging, the strength of 2# alloy
progressively increases concomitant with continuous decrease of
ductility, and 3# alloy shows a similar trend. YS of 3# alloy markedly
increases from 124 MPa after quenching to 221 MPa and 303 MPa for
the samples aged for 4 and 16 h, respectively. As anticipated, EL de-
creases dramatically from 18.8% in the initial state to 5.6% for alloy
aged for 4 h, and further decreases continuously with extending aging
time. Note that, the results of 3# alloy aged for 32 h were not fully
obtained as a result from its extremely limited ductility, which leads to
premature fracture. In terms of 6# alloy, YS and UTS significantly in-
crease from 123 and 306 MPa in as-quenched state to 277 and 367 MPa
after 8 h, while its EL decreases sharply from 19.8% to 4.4%. Subse-
quently, YS increases slightly, accompanied by a further decrease of EL,
which is consistent with its slow rate of microhardness increase during
isothermal aging. However, its UTS is considered to remain stable within
the error range. After 32 h, YS, UTS and EL of 6# alloy are 295 MPa, 366
MPa and 2.5%, respectively. According to TEM observation, the notable
enhancement in strength of 6# alloy after aging is primally owing to the

Fig. 13. TEM micrographs of the three alloys in OA state: (a) BF micrograph
and SAD pattern viewed along [011],; zone axis of 2# alloy; (b) the corre-
sponding DF micrograph of 2# alloy; (c) BF micrograph and SAD pattern
viewed along [112]a; zone axis of 3# alloy; (d) the corresponding DF micro-
graph of 3# alloy; (e) BF micrograph and SAD pattern viewed along [011]a;
zone axis of 6# alloy; (f) the corresponding DF micrograph of 6# alloy.

Table 3
Mechanical properties of the alloys in different aging states.
Alloys  Aging Yield strength Ultimate tensile Elongation
state (MPa) strength (MPa) (%)
2# 175°C-8 208 +7 341 +£6 129 +1.3
h
175°C - 350 + 6 414+ 9 2.6 £0.3
32h
3# 175°C- 4 221+5 362+7 5.6 +£ 0.6
h
175°C - 303+ 8 350+ 9 1.4+0.2
16h
6# 175°C-8 277 £ 8 367 £ 5 44 +0.3
h
175°C - 295+ 5 366 + 5 25+04
32h

evolution of &’ precipitates, while of 2# and 3# alloys is mainly ascribed
to T1 and 0’ precipitates. The best balance between strength (UTS = 414
MPa, YS = 350 MPa) and ductility (EL = 2.6%) is obtained by 2# alloy
aged for 32 h. It is worth mentioning that 6# alloy has significant ad-
vantages in terms of density (2.437 g/cm®) and elastic modulus (82.65
GPa) over 2# alloy (density: 2.675 g/cm3; elastic modulus: 75.45 GPa).



L. Wu et al.

3#-16h - 2#-32h

400

w
(=
o

Strength (MPa)
- N

Strain (%)

Fig. 14. Typical engineering stress-strain curves of the studied alloys in
different aging states.

4. Conclusions

The effect of major constituents on microstructural evolution and
mechanical properties of cast Al-Li-Cu-Zr alloy was studied. The prin-
cipal findings are as follows:

1. The variations of the major constituents result in the changes of the
type and volume fraction of the inter- and intra-granular interme-
tallic phases.

2. The solution parameters of the alloys are mainly determined by the
Li content. The melting temperature progressively increases from
520 °Cin 1# and 2# alloys to 560 °C in 6# alloy as the increase of Li
content. Unfortunately, some insoluble intermetallic phases are
observed in 4# alloy, hence the content of Li in cast Al-4.5 wt% Cu
alloy should not exceed 1.5 wt%.

3. All alloys possess a strong aging-hardening, and the microhardness
increments of the three alloys during isothermal aging are approxi-
mately the same. The time required to obtain the peak-
microhardness increases from 64 h for 2# and 3# alloys to 268 h
for 6# alloy. The highest peak-microhardness is obtained in 3# alloy
(176.4 HV), followed by 6+# alloy and 2# alloy.

4. The contents of the major constituents significantly affect the pre-
cipitation behavior, including the kinetics and sequence of precipi-
tation, during isothermal aging. The Li-poor alloy (2# alloy) presents
a much shorter incubation time of T; precipitate than the Li-rich
alloy (3# alloy), while the nucleation of 6’ precipitate is promoted
in Li-rich alloy. No typical spherical 8 precipitate is observed in 2#
and 3# alloys, except for the as-quenched 3# alloy. & precipitate
preferentially nucleates on the broad and coherent face of 6’ pre-
cipitate in 2# and 3# alloys, resulting in the formation of “sandwich-
like” 8°/0°/8° precipitates. Further decreasing Cu content to 2 wt%
and increasing Li content to 3 wt%, the predominant phase in the
matrix is spherical 8 precipitate, accompanied by a small amount of
unevenly distributed T; and 6 precipitates.

5. The best balance between strength (UTS = 414 MPa, YS = 350 MPa)
and ductility (EL = 2.6%) is obtained by 2# alloy aged at 175 °C for
32 h. However, 6# alloy has significant advantages in terms of
density (2.437 g/ cm3) and elastic modulus (82.65 GPa) over 2# alloy
(density: 2.675 g/cm?; elastic modulus: 75.45 GPa). According to
TEM observation, it can be concluded that the notable enhancement
in strength of 6# alloy after aging is primally owing to the evolution
of &’ precipitates, while of 2# and 3# alloys is mainly ascribed to Ty
and 0’ precipitates.
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