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a b s t r a c t

The impact of minor Mg addition on microstructure and mechanical properties of cast AleLieCueZr alloy
with high lithium content (3 wt % Li) were studied to understand a qualitative assessment of sequence
and kinetics of multiple precipitations and its effect on mechanical properties. Scanning Electron Mi-
croscope and X-ray diffraction results suggested that raising the content of Mg gradually altered the grain
structure of the as-cast alloys and increased the types and volume fraction of the grain boundary
intermetallic phase. Unusually, solvus temperature is higher than solidus temperature in 0.5 Mg alloy (Al
e3Lie2Cu-0.5Mg-0.15Zr, wt. %), resulting in the incipient melting of the matrix before the complete
dissolution of the intermetallic phases. Prominent enhancements in both age-hardening and precipita-
tion kinetics of the base alloy with the addition of Mg were also easily identified, indicating the
important role of Mg during isothermal aging. Transmission Electron Microscope and atom probe to-
mography results showed that minor Mg addition (0.2 wt %, denoted by 0.2 Mg alloy) could encourage
the diffusion of Cu atoms by the aggregation of MgeCu-vacancy co-clusters, thereby promoting the
nucleation of the T1-Al2CuLi and q0-Al2Cu precipitates. In addition, S0-Al2CuMg precipitate was therefore
introduced as a result of Mg addition. With further increasing the content of Mg to 0.5 wt %, the
nucleation and growth of S0 precipitate would be promoted at the expense of T1 and q0 precipitates,
especially the latter. Based on the theoretical models and regression analysis, the formation mechanism
of d0-Al3Li precipitate-free-zones gradually changed from the initial vacancy-depletion mechanism to the
solute-depletion mechanism, and Mg element could significantly inhibit the coarsening of d0 precipitate-
free-zones. The best balance between ductility and strength was obtained by 0.2 Mg alloy aged for 32 h,
and the alloys have significant advantages in terms of density (2.437 g/cm3) and elastic modulus
(82.65 GPa) over conventional cast aluminum alloys (density: 2.7e2.8 g/cm3; elastic modulus: 72 GPa).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Age-hardening alloys based on the AleLi system are of great
interest for advanced structural components owing to their excel-
lent combination of high elastic modulus, lightweight, and high
strength [1e3]. Li element offers the substantial reduction in den-
sity and dramatic increase in stiffness compared with traditional Al
alloys [4,5]. Nowadays, considerable number of reports on ther-
momechanical processing regimes, precipitation sequence, and
deformation mechanism of deformed AleLi alloys are available
[6e8]. Few literatures, however, are obtainable on the design of
alloy chemistry, mechanical properties, and microstructure char-
acteristics of cast AleLi alloys, especially thosewith high-Li-content
(>2 wt %). One main reason is the overall performance of deformed
alloys is superior to that of cast AleLi alloys. This work is devoted to
the development of cast AleLi alloys, due to that casting is not only
a cost-effective approach to manufacture components of complex
shapes, but also an effective method to alleviate the anisotropy of
mechanical properties. Most importantly, cast AleLi alloys aremore
effective in reducing weight and increasing stiffness, because the
upper limit of Li content in cast AleLi alloys could be much higher
than that of deformed alloys.

In AleLi binary alloys, L12-Al3Li (d0) precipitate is the most
important strengthening precipitate determining the mechanical
properties of the alloys [9]. The ordered d0 precipitate is fully
coherent with aluminum matrix [10] and was reported to be
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relatively stable at 175 �C [11,12]. It is well known that
d0 precipitates increase the strength of alloys. The planar slip caused
by the shear of d0 precipitates, however, is recognized as the main
reason for low toughness and ductility [13]. To achieve high
strength while maintaining appropriate ductility, the content of Li
was determined to be 3 wt % to balance the gains and losses of
lithium addition [14,15]. From a microstructure point of view, an
effective method to further enhance the properties of cast AleLi
alloys is to optimize alloying compositions, e.g., introducing addi-
tional alloying elements such as Cu element [16,17], which leads to
the so-called AleLieCu based alloys. The addition of Cu element
would generate a complex precipitation sequence, including T1-
Al2CuLi, T2-Al6CuLi3, and q0-Al2Cu phases, during isothermal aging
and increase the overall density of the alloys inevitably [18]. Hence,
the content of Cu was determined to be 2 wt % to improve me-
chanical properties while maintaining a relatively low density.
However, most T1 and q0 precipitates tend to nucleate heteroge-
neously on the defects [19] and the density of dislocations or other
defects in cast alloys is low, which leads to a low volume fraction
and uneven distribution of q0 and T1 precipitates. It was proposed
[20e22] that by pre-deforming the alloys prior to aging, a large
number of dislocations could be introduced to promote the pre-
cipitation of T1 and q0 precipitates. Unfortunately, pre-deformation
is not suitable for casting AleLi alloys with complex shapes.
Alternatively, microalloying with suitable elements, which could
significantly alter the sequence and kinetics of precipitation, is
recognized as an effective method to enhance the comprehensive
performance of cast AleLieCu alloys [23].

Thus, our research aims to study the impact of magnesium on
microstructural evolution and mechanical properties of cast
Ale3Lie2Cu-0.15Zr alloy to develop a new high-stiffness and low-
density cast AleLieCu alloy with excellent comprehensive perfor-
mance. The reasons for selecting Mg element as the research object
are as follows: (1) Mg is one of the commonly used microalloying
elements in aluminum alloys, and its density is slightly lower than
aluminum, which will not cause the increase of the overall density;
(2) Mg has been extensively studied in deformed AleLi alloys and
proved to be beneficial for enhancing the comprehensive perfor-
mance [7]; (3) The addition of Mg may introduce new precipitate
that cannot be cut by dislocations, which is expected to disperse the
planar slip and improve the ductility [24]; (4) Mg can also play the
role of solid solution strengthening in the matrix [23]; (5) There are
few reports about the effects of Mg element in cast high-Li-content
AleLieCu alloy (Li content > 2 wt %), and the mechanism is not yet
clear. The main purpose of adding Zr element is to reduce the grain
size and introduce the metastable, coherent b0-Al3Zr phase, and the
specific roles of b0 phases have been detailed elsewhere [25].

2. Materials and methods

Three alloys were specifically produced by the conventional
casting method and the details of the melting procedures are
available in our previous report [9]. The actual compositions of
three experimental alloys, as listed in Table 1, were determined
using Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) and they are hereafter denoted as 0 Mg, 0.2 Mg, and
Table 1
The actual compositions, density, elastic modulus, and solution parameters of Ale3Lie2

Alloys Measured chemical composition

Li Cu Mg Zr Al

0 Mg 2.96 1.86 e 0.12 Bal.
0.2 Mg 3.06 1.83 0.22 0.13 Bal.
0.5 Mg 3.04 1.92 0.47 0.12 Bal.
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0.5 Mg alloys, respectively. The standard Archimedes method was
used to determine the density of the alloys, and the averaged re-
sults of three tests are also shown in Table 1. The proper solution
parameters were determined by the differential scanning calo-
rimetry (DSC, 204F1) apparatus. The as-cast specimens were heat
treated by a two-step solution treatment listed in Table 1, followed
by isothermal aging at 175 �C in an oil bath. Each step was termi-
nated by water-quenching. Vickers hardness was determined on
mechanically polished samples (to a 0.02 mm finish) by a CARAT 930
Automatic Vickers hardness testing machine with a load of 10 kg
and a dwell time of 15 s. The results are averaged from five mea-
surements. Metallographic samples were mechanically polished.
The elastic modulus was determined by a dynamic method, which
was carried out on an ET-RT modulus tester (JE2-C1, Nihon Techno-
Plus, Japan) according to the GB/T 22,315-2008 standard [26]. 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 A1m) were used to observe the microstructure. The
polished specimens were subjected to the X-ray photoelectron
spectroscopy (XPS, Ulvac-PHI 5000 VersaProbe III) tests to detect
the distribution of elements on the surface. Tensile tests of sheet
specimens were conducted on Zwick/Roell universal testing ma-
chine with a strain rate of 1 � 10�4 s�1. Sheet tensile samples of
3.5 mm in width, 2.0 mm in thickness, and 18 mm in gauge length
were cut from the casting ingots by the electric-sparking wire-
cutting machine [27]. Every tensile value was determined as the
average of three test results. Selected samples were examined by
transmission electron microscopy (TEM, JEOL 2100 microscope).
Thin foils of the alloy samples were obtained by mechanical pol-
ishing and final electro-polishing, using a mixed solution of 25%
nitric acid and 75% methanol at �35 �C and 30 V. Specimens for
local-electrode atomprobe tomography (APT) were prepared by
electropolishing with a mixed solution of 25% perchloric acid and
75% glacial acetic acid at 25 V, followed by 2% perchloric acid in
butoxyethanol at 14 V. APT analysis was carried out by a LEAP-
5000XR microscope, which was operated in voltage pulsed mode
with a pulse fraction of 20%, a pulse repetition rate of 200 kHz, and
a specimen temperature of 30 K. The commercial software (Cameca
IVAS 3.8.1) was used for data reconstruction and visualization.

3. Results and discussion

3.1. Phase analysis and as-cast microstructure

Fig. 1 displays the phase constitutions of as-cast Ale3Lie2Cu-
xMg-0.15Zr alloys. In as-cast 0 Mg alloy, the microstructure pri-
marily consisted of intermetallic phases, such as d0-Al3Li, T1-
Al2CuLi, q-Al2Cu, T2-Al6CuLi3, and d-AlLi phases, and a-Al matrix,
which is consistent with the previous investigation [15]. It is well
known that the formation of q-Al2Cu, T2-Al6CuLi3, and d-AlLi phases
is produced by the non-equilibrium solidification process. In the
patterns of as-cast 0.2 Mg and 0.5 Mg alloys, the intensity of the
peaks arisen from d0, T1, and T2 phases was much higher than those
in 0 Mg alloy, and the intensity increased with increasing Mg
content. It has been reported that [28] Mg could be incorporated
Cu-xMg-0.15Zr alloys in this work (wt.%).

Density (g/cm3) Modulus (GPa) Solution parameters

2.437 82.64 500 �C � 32 h þ 560 �C � 24 h
2.437 82.65 500 �C � 32 h þ 560 �C � 24 h
2.435 82.77 500 �C � 32 h þ 560 �C � 36 h
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Fig. 1. XRD results of as-cast Ale3Lie2Cu-xMg-0.15Zr alloys.
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into T1 and T2 phases in form of Al2(Cu, Mg)Li and Al6Cu(Li, Mg)3,
respectively. These two phases are the main grain boundary
intermetallic phases of the alloys with high ratio of Cu and Mg,
which may because of the strong affinity between Cu and Mg
atoms. Moreover, some authors [2,29] suggested that the addition
of Mg could decrease the solubility of Li element in aluminum al-
loys, thereby promoting the formation of d0 phase. However, ac-
cording to the literatures [30,31], TB-Al7.5Cu4Li and SeAl2MgLi
phases also coexisted in quaternary AleLieCueMg alloy. The
absence of the diffraction peaks associated with these two phases
in the patterns may be owing to their low contents.

The optical microstructures of as-cast Ale3Lie2Cu-xMg-0.15Zr
(x ¼ 0, 0.2, 0.5) alloys are shown in Fig. 2. The as-cast microstruc-
tures of the three alloys were 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. The volume
fraction of the grain boundary intermetallic phases increased with
the increase of Mg content. Zhang and co-authors [32] reported
that as the content of Mg increased from 0 to 2 wt%, the grain
structure was refined gradually, and the microstructure of as-cast
alloys transformed into a combination of dendritic and equiaxed
grains, which is mainly owing to the enrichment of solute at the
solid/liquid interface during solidification, i.e. constitutional
undercooling [33]. The grain refinement effect of theMg element in
this work, however, is not significant, which may be due to the
small amount of Mg added.

Fig. 3a displays the un-etched SEMmicrograph of as-cast 0.5 Mg
alloy, and the distributions of different solute elements acquired by
EDS are shown in Fig. 3bed. Note that similar results of 0 Mg and
0.2 Mg alloys are thus not given here anymore. The distribution of
Cu element is highly coincident with that of intermetallic phases,
which is distributed along the grain boundary [34]. However, these
Cu-containing intermetallic phases, such as q, T2, and T1, have not
been identified since Li element cannot be detected by EDS.
Furthermore, Mg also has a slight segregation tendency at the grain
boundaries.

3.2. Solution parameters and as-quenched microstructure

Fig. 4 shows the high-temperature range (450e700 �C) of the
DSC curves of the alloys. A distinct endothermic peak, which is
located at 560 ± 2 �C in three alloys, is attributed to the dissolution
of Cu-containing intermetallic phases according to the results of
3

XRD test and previous report [9]. Furthermore, the amount of Cu-
containing intermetallic phases increases along with the increase
of Mg content, resulting in the higher difficulty to completely
dissolve intermetallic phases. Note that, the position of the endo-
thermic peak does not move significantly in the alloys with
different Mg contents, but its integral increases obviously. This in-
dicates that the amount of the Cu-containing intermetallic phases
increases dramatically, which is also confirmed by the XRD results.
Based on the existence of several Cu-containing intermetallic
phases with different melting points in the as-cast alloys, a two-
step solution treatment was selected to dissolve these Cu-
containing intermetallic phases. The homogenization temperature
commonly used in the cast AleCu alloys, 500 �C, was determined as
the safe temperature of the first step [27], which, however, is
insufficient to completely dissolve all the Cu-containing interme-
tallic phases according to the DSC results. Therefore, a relatively
higher temperature for the second step (560 �C) was selected to
further decrease the amount of these intermetallic phases and
improve the supersaturated solid solubility of solute atoms without
the occurrence of incipient melting.

The typical microstructures of as-quenched Ale3Lie2Cu-xMg-
0.15Zr alloys are shown in Fig. 5. In as-quenched samples, the bulk
of Cu-containing intermetallic phases in 0 Mg and 0.2 Mg alloys
were completely dissolved, while some residual intermetallic
phases were still observed at the triple junctions in 0.5 Mg alloy.
This indicates that the second-step temperature, 560 �C, is also
insufficient to completely dissolve all the Cu-containing interme-
tallic phases. The application of a higher temperature (570 �C),
however, resulted in a typical incipient melting feature (illustrated
in Fig. 6b). Even so, a large amount of residual intermetallic phases
was still observed in the sample treated at 570 �C, as shown in
Fig. 6a (marked by black arrows). Two empirical formulas were
established for quaternary AleLieCueMg alloys by Dorward et al.
[35] to evaluate the solvus and solidus temperatures, which could
be calculated from the content of solute elements by the following
formula:

From the above equations, the theoretical and of the 0.5 Mg
alloy are 572.5 �C and 568.1 �C, respectively. Generally, is the lowest
temperature required for completely dissolving intermetallic pha-
ses, which should be lower than . However, the opposite result was
obtained for the 0.5 Mg alloy. This is a good explanation for the
reason why raising the solution temperature does not completely
dissolve the intermetallic phases but causes the incipient melting.

Fig. 7 shows the typical solute elements distribution of residual
intermetallic phases in as-quenched 0.5 Mg alloy, indicating that
this is a (Li, Cu, Mg)-rich phase. The distribution of solute elements
within this phase, however, is uneven. The central area of the re-
sidual intermetallic phase is the enrichment area of Al, Li, Cu, and
Mg elements, while the outer area is mainly the enrichment area of
Li and Cu. This residual intermetallic phase was failed to be iden-
tified due to the complex composition and uneven distribution of
the elements. Undoubtedly, these residual phases will greatly
damage the mechanical properties.

3.3. Mechanical properties and vickers hardness

Fig. 8a displays the Vickers hardness values of the alloys which
varies versus time at 175 �C. The initial hardness values of 0.2 Mg
and 0.5 Mg alloys were greater than that of 0 Mg alloy as a result of
the promoted nucleation of d0 precipitates in the as-quenched state
[23]. In addition, Mg element also played the role of solid solution
strengthening in the matrix. Moreover, a decrease in peak-aged
time and an increase in peak-aged hardness were observed after
adding Mg to the base alloy, as indicated by the green arrow. The
kinetics and response of age-hardening in three alloys were similar,



Fig. 2. The microstructures of as-cast Ale3Lie2Cu-xMg-0.15Zr alloys: (a) 0 wt%; (b) 0.2 wt%; (c) 0.5 wt%.
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and the highest peak-hardness was obtained in 0.5 Mg alloy (178.1
HV), followed by 0.2 Mg and 0 Mg alloys. It is worth noting that the
maximum incremental in hardness of the 0 Mg and 0.2 Mg alloys
during isothermal aging (the difference between the hardness
values of the peak-aged and the as-quenched) is about 80 HV,
which is much larger than that of the 0.5 Mg alloy (only about 64
Fig. 3. (a) SEM micrograph of as-cast 0.5 Mg alloy; (bed
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HV). This may be attributed to the large amount of residual inter-
metallic phases in 0.5 Mg alloy which consumes many solute
atoms, leading to the weakening of the age-hardening effect.

Fig. 8bed displays the tensile test results, including yield strength
(YS), ultimate tensile strength (UTS) and elongation (EL), of the
Ale3Lie2Cu-xMg-0.15Zr alloys in different aging states. As shown in
) the corresponding distribution of solute elements.



Fig. 4. DSC curves of the as-cast Ale3Lie2Cu-xMg-0.15Zr alloys.
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Fig. 8bed, YS of three alloys in all states increased almost linearly
with the increase of Mg content. In contrast, UTS firstly increased
and then decreased. The highest UTS, which is 415 MPa, was ob-
tained by 0.2Mg alloy aged at 175 �C for 32 h (Fig. 8d). As anticipated,
EL decreased with extending aging time, which is contrary to the
trends of YS and UTS. After aging, a small amount of Mg (0.2 wt %)
was proven to significantly enhance YS and UTS of the alloy without
much sacrifice of the ductility, as shown in Fig. 8c and d. Compared
with 0 Mg and 0.2 Mg alloys, there is a significant decrease in EL of
0.5 Mg alloy. This sharp reduction of EL is mainly ascribed to the
undesirable residual intermetallic phases in the as-quenched state.
The best balance between strength (UTS ¼ 415 MPa, YS ¼ 337 MPa)
and ductility (EL¼ 2.2%) was obtained by 0.2 Mg alloy aged at 175 �C
Fig. 5. SEM micrographs of Ale3Lie2Cu-xMg-0.15Zr alloys solution treated at 500 �C
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for 32 h. The significant role of minor Mg addition in the kinetics and
sequence of precipitation will be discussed in the following section.

It is worth mentioning that the density and elastic modulus of
the alloys have great advantages over traditional cast aluminum
alloys. The density of the alloys studied in this work, 2.437 g/cm3, is
significantly lower than those of the traditional aluminum alloys
(2.7e2.8 g/cm3), while the elastic modulus (82.65 GPa) is signifi-
cantly greater than those of the conventional aluminum alloys
(about 72 GPa).

3.4. Precipitation kinetics and sequence

In order to better explain the relationship between performance
and microstructure, the samples of the alloys in various aging
states, including 0 h (as-quenched, AQ), 32 h (under-aged, UA), x h
(peak-aged, PA), and 600 h (over-aged, OA), were examined by TEM
in detail. Note that unless otherwise specified, dark-field micro-
graphs were obtained from superlattice reflections of d0 phase.

Before aging, the heterogeneous dispersion of b0-Al3Zr particles
(formed during heat treatment) and the homogeneous distribution
of fine d0-Al3Li precipitates were clearly observed in the matrix of
0 Mg alloy, as illustrated in Fig. 9. The L12 superlattice reflections
from d0 precipitates could also be clearly identified in the corre-
sponding diffraction pattern, which is consistent with the previous
report [36]. It has been suggested that precipitation behavior of
AleLi alloys in the initial stage of aging is mainly determined by Li
content, and the homogeneous distribution of fine d0 precipitates
can always be observed in the as-quenched sample containing
more than 2 wt % Li [37]. The congruent ordering prior to decom-
position into d0 precipitate and the solid solution could provide a
plausible explanation for the rapid formation of d0 precipitates in
the as-quenched state [38]. Moreover, the typical core-shell b0/d’
dispersoids were also observed in the matrix, which is due to the
heterogeneous precipitation of d0 on pre-existing b0 dispersoids
� 32 h þ 560 �C � 24 h: (a) 0 Mg alloy, (b) 0.2 Mg alloy and (c) 0.5 Mg alloy.



Fig. 6. (a) Optical microstructures of 0.5 Mg alloy solution treated at 500 �C � 36 h þ 560 �C � 24 h þ 570 �C � 12 h; (b) the enlarged image, indicating the occurrence of incipient
melting.

Fig. 7. XPS results of as-quenched 0.5 Mg alloy: (a) and (b) SEM micrographs; (c) the distribution of Al; (d) the distribution of Li; (e) the distribution of Cu; (f) the distribution of Mg.
Brightness in (ced) is proportional to the content.
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Fig. 8. (a) Vickers hardness evolution of the alloys during isothermal aging at 175 �C; (b)e(d) tensile test results at room temperature of the alloys in different states.
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[39,40]. 0.2 Mg and 0.5 Mg alloys displayed a similar TEM micro-
graph in the AQ state (not given here), but it is impossible to
confirm by the TEM micrographs whether the Mg atoms can
accelerate the nucleation of d0 phases or not, because of the
extremely fine size and high number density of d0 in the matrix.
According to the literature [23], there may be strong interactions
betweenMg atoms and other solute atoms in the aluminummatrix,
which will have a significant impact on the subsequent aging
behavior. This is confirmed by the hardness evolution in Fig. 8a.
Therefore, the 0.5 Mg alloy was selected for atom probe tomogra-
phy (APT) analysis.

Fig. 10a displays the distribution of Li, Cu, andMg atoms of the as-
quenched 0.5 Mg alloy. It can be clearly seen that most of solutes
atoms are randomly distributed, except for Li atoms, that is, fine
d0 precipitates observed in TEM micrograph. Fig. 10b shows the
proximity histogram, revealing the solute concentrations across the
Al matrix/d0 interface. The average concentrations of Al and Li in the
Fig. 9. TEM micrographs of 0 Mg alloy in AQ state: (a) brigh

7

precipitate are 74.25 ± 1.13 at. % and 23.68 ± 1.16 at. % respectively,
which is close to the stoichiometry ratio expected for Al3Li. The
average concentration of Mg in the matrix is similar to that in the
precipitate and a negligible amount of Cu is present within the
precipitate. In addition, the accumulation of Al and the depletion of
Li on the matrix side of the a-Al/d0 interface were observed. This
effect was observed at all a-Al/d0 interfaces, regardless of direction,
and is likely kinetic in origin. During the growth of d0 precipitates, Al
atoms were continuously expelled from the particles, and Li atoms
near the interface continued to diffuse into the particles. However,
the long-range diffusion rate of atoms is relatively low compared
with the short-range diffusion rate and the interface reaction rate,
resulting in the accumulation of Al atoms and the depletion of Li
atoms at the interface. Moreover, the radial distribution function
(RDF) was used to describe the interactions between elements. The
initial RDF value is greater than one in the case of positive correlation
and is equal to one if there is no correlation between X and Y atoms
t-field (BF) micrograph; (b) dark-field (DF) micrograph.
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[41]. In terms of 0.5 Mg alloy, the CueMg cross-correlation and
MgeMg autocorrelation shown in Fig. 10c are both positive and
larger than unity, indicating that Mg and Cu atoms have a strong
trend to form co-clusters. As iswell documented in literature [42,43],
Mg atoms in aluminum matrix preferentially combine with va-
cancies to formMg-vacancy co-cluster, followed by gathering, which
may result from high binding energy with vacancies and low diffu-
sion activation energy of Mg atoms.Moreover, Mg atom also tends to
form stable MgeCu bond, resulting in a large quantity of MgeCu-
vacancy co-cluster, which is confirmed by the RDF results. The
diffusion rate of these co-clusters is high, which may significantly
promote the precipitation of the strengthening phase [17,44].

The bright-field (BF) and d0-centered dark-field (d0-CDF) micro-
graphs of the three alloys in UA state are shown in Fig. 11. TEM mi-
crographs of 0 Mg alloy, as shown in Fig. 11a and b, reveal that only
some b0/d’ precipitates and many d0 precipitates existed within the
matrix. Compared with the as-quenched samples, typical
d0 precipitates in all alloys after aging were obviously less in number
density and greater in diameter. The addition of Mg element has
significant influence on both kinetics and sequence of precipitation.
Note that, other strengthening precipitates, such as q0-Al2Cu, T1-
Al2CuLi, and S0-Al2CuMg 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 [15]. Apart from b0/d’ and d0 precipitates, many T1 and
q0 plates were found in BF micrograph of 0.2 Mg alloy, as illustrated
in Fig. 11c. Generally, in cast AleLieCu alloys, especially those with
high lithium content, the nucleation of T1 and q0 precipitates is
difficult due to the extremely low density of dislocations, leading to a
small amount of non-uniform distributed T1 and q0 precipitates in
thematrix [11]. From inspection of Fig.11a and c, the number density
of q0 and T1 phases, especially q0, increased markedly with more
uniform distribution in 0.2 Mg alloy, which is inconsistent with the
results of some reports [32]. Zhang and co-authors [32] indicated
that the formation of q0 precipitates would be suppressed by the
addition ofMg. Note that, the content ofMg in 0.2Mg alloy is smaller
than that in the literature. This indicates that a small amount of Mg
Fig. 10. APT results of the as-quenched 0.5 Mg alloy: (a) Atom maps of Li (Magenta), Cu (or
profiles of the d0 particle; (c) the radial distribution function (RDF) analysis results of Mg-x
legend, the reader is referred to the Web version of this article.)
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can play a significant effect, and slightly changing the content of Mg
may cause tremendous changes. Combining the results of the above
APT, we can infer that the formation of Cu-containing precipitates
(T1 and q0) was accelerated by the CueMg-vacancy co-clusters
observed in the as-quenched state, which offered additional sites
and diminished the energy barrier of these Cu-containing phases
nucleation [17]. According to TEM micrographs, the notable
enhancement in yield strength of 0.2 Mg alloy aged for 32 h was
primarily because of the evolution of d0 precipitates, while the for-
mation of T1 and q0 precipitates provided additional strength incre-
ment. TEM micrographs of the 0.5 Mg alloy reveal that further
increasing of theMg content to 0.5 wt % encouraged the formation of
S0 precipitates with lath-shaped morphology and suppressed the
formation of T1 and q0 precipitates, as shown in Fig. 11e. S0 pre-
cipitates would compete with T1 and q0 precipitates for free het-
erogeneous nucleation sites and solute atoms in the a-Al matrix [24].
Besides, comparing Fig. 11c and e, it can be found that the nucleation
and growth of S0 precipitate were accelerated at the expense of q0

and T1 precipitates. A large amount of uniformly distributed S0 pre-
cipitates is considered to enhance the plasticity and alleviate the
anisotropy of mechanical properties by suppressing planar slip [45].
However, the distribution of S0 precipitates in 0.5 Mg alloy in UA
state was uneven and sparse, which proved to provide a limited
contribution to the enhancement of strength and ductility.

Based on the hardness evolution (Fig. 8a), Mg element shortened
the time needed to obtain the peak-hardness from 268 h for 0 Mg
alloy to 128 h for 0.5 Mg alloy. Fig. 12b, d, and f are the DF micro-
graphs of 0 Mg, 0.2 Mg, and 0.5 Mg alloys, respectively, showing the
further coarsening of d0 precipitates in all the three alloys. In terms of
0 Mg alloy, many plate-like q0 and T1 precipitates with large aspect
ratios were also identified in the matrix, as shown in Fig. 12a. The
diffraction characteristics of q0 precipitates were not found in the
SAD pattern, indicating that the volume fraction of q0 precipitates in
the matrix is low. Note that, as marked in Fig. 12b, the preferential
nucleation of d0 precipitate on the broad and coherent interface
between q0 precipitates and the matrix was found, leading to the
formation of ‘‘sandwich-like’’ d0/q’/d0 phases. Fig. 12c is a BF
ange) and Mg (purple) atoms within the selected volume; (b) the proximity histogram
, Mg is the central atom. (For interpretation of the references to colour in this figure
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micrograph of 0.2 Mg alloy in PA state, which shows the thickness of
T1 precipitates formed on the {111}Al plane is extremely thin, and the
morphology of T1 precipitate shows no significant change, except for
the rapid growth of diameter. Moreover, compared with the 0.2 Mg
alloy in UA state, the number density of q0 precipitate within the
matrix significantly decreased, but its size increased. The most
striking feature of 0.2 Mg alloy in PA state is the formation of a large
number of S0 precipitates. Comparing between the microstructure of
0 Mg alloy and that of 0.2 Mg alloy, the number density of T1
Fig. 11. TEM micrographs of the three alloys in UA state: (a) BF micrograph and SAD pattern
0 Mg alloy; (c) BF micrograph and SAD pattern viewed along [011]Al zone axis of 0.2 Mg al
pattern viewed along [011]Al zone axis of 0.5 Mg alloy; (f) the corresponding DF micrograp
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precipitate in the latter is significantly larger than that in the former,
and the average size is smaller in the latter, indicating that minorMg
atoms could significantly promote the formation of T1 precipitates
and effectively inhibits its growth rate. Fig. 12e displays the BF mi-
crographs of 0.5 Mg alloy in PA state. Compared with the UA state
(Fig. 11e), the formation and growth of S0 precipitate were accom-
panied by the formation of a large amount of T1 precipitates, which
can be proved by the SAD pattern inset in Fig. 12e. However, no q0

precipitate was observed within matrix, or its volume fraction was
viewed along [011]Al zone axis of 0 Mg alloy; (b) the corresponding DF micrograph of
loy; (d) the corresponding DF micrograph of 0.2 Mg alloy; (e) BF micrograph and SAD
h of 0.5 Mg alloy.



Fig. 12. TEM micrographs of the three alloys in PA state: (a) BF micrograph and SAD pattern viewed along [011]Al zone axis of 0 Mg alloy; (b) the corresponding DF micrograph of
0 Mg alloy; (c) BF micrograph and SAD pattern viewed along [011]Al zone axis of 0.2 Mg alloy; (d) the corresponding DF micrograph of 0.2 Mg alloy; (e) BF micrograph and SAD
pattern viewed along [011]Al zone axis of 0.5 Mg alloy; (f) the corresponding DF micrograph of 0.5 Mg alloy.
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extremely low, which matches well with the results in other reports
[46]. The balance of competitive precipitation between q0 and S0

phases is dominated by the content of Mg. When the content of Mg
in the alloy exceeds 0.5 wt %, the formation of q0 precipitate will be
significantly hindered, leading to the predominance of S0 and T1
precipitates in the matrix. Moreover, the formation of T1 precipitate
is also retarded when the content of Mg increases from 0.2 to 0.5 wt
% since the number density and the average size of T1 precipitate in
0.5 Mg alloy are lower and smaller than those of T1 precipitate in
0.2 Mg alloy at the same aging time.

Fig. 13 displays TEM micrographs of the three alloys in OA state.
10
In addition to the coarsening of d0 precipitate, the lengthening of T1
precipitates and the coarsening of q0 precipitates were observed as
well in 0 Mg alloy. Generally, T1 precipitate is usually extremely
thin, ~1.3 nm in thickness, which is approximately five times the
{111} spacing of Al, and it was recognized that the thickness of T1
precipitate is very stable at ~170 �C [47]. Fig. 13c is a BF micrograph
of 0.2 Mg alloy in OA state, indicating the existence of numerous T1
and “sandwich-like” d0/q’/d0 precipitates with immensely increased
aspect ratio. The 0.2 Mg alloy in OA state was characterized by
predominant T1, S0, “sandwich-like” d0/q’/d0 and d0 precipitates. Note
that, the thickness of q0 precipitates in 0 Mg and 0.2 Mg alloys in OA



Fig. 13. TEM micrographs of the three alloys in OA state: (a) BF micrograph and SAD pattern viewed along [011]Al zone axis of 0 Mg alloy; (b) the corresponding DF micrograph of
0 Mg alloy; (c) BF micrograph and SAD pattern viewed along [011]Al zone axis of 0.2 Mg alloy; (d) the corresponding DF micrograph of 0.2 Mg alloy; (e) BF micrograph and SAD
pattern viewed along [12]Al zone axis of 0.5 Mg alloy; (f) the corresponding DF micrograph of 0.5 Mg alloy.
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state is much smaller than that in other conventional cast AleCu
alloys. As well known, the lenticular d0 precipitates nucleated het-
erogeneously on the two sides of q0 precipitate can inhibit the
coarsening of q0 precipitate during isothermal aging and effectively
ameliorate the microstructure stability [48]. Fig. 13e shows the BF
micrograph of 0.5Mg alloy in OA state displaying the existence of T1
precipitate and coarsened S0 precipitates. The lengthening rate of T1
11
precipitate in 0.5 Mg alloy is slower than that in the 0 Mg alloy,
which may be due to the competitive precipitation with S0 and the
suppressed coarsening rate of d0.

Table 2 lists the main precipitates of the three alloys in different
aging states. Mg element has a noticeable impact on the kinetics
and sequence of precipitation. Minor Mg addition (0.2 wt %) can
accelerate the diffusion of Cu atoms [23], thereby promoting the



Table 2
Predominant precipitates of Ale3Lie2Cu-xMg-0.15Zr alloys in different aging states.

Condition Predominant precipitates after ageing at 175 �C

0 Mg 0.2 Mg 0.5 Mg

As-quenched d0 d’ d0

Under-aged d0 d’, T1, q0 d’, S0

Peak-aged d0 , T1, d0/q’/d0 d’, T1, d0/q’/d0 , S0 d’, T1, S0

Over-aged d0 , T1, d0/q’/d0 d’, T1, d0/q’/d0 , S0 d’, T1, S0
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nucleation of the T1 and q0 precipitates. With further increasing the
content of Mg to 0.5 wt %, many MgeCu-vacancy co-clusters
formed in the matrix are more likely to be converted to S0 pre-
cipitates. Since the nucleation and growth of S0 precipitates
consume a large number of Cu atoms, the nucleation and growth of
T1 and q0 precipitates would be significantly suppressed. Unfortu-
nately, the distribution of S0 precipitates in the matrix of the two
Mg-containing alloys is uneven as a result of the low number of
heterogeneous nucleation sites, indicating that increasing Mg
content cannot promote the homogeneous nucleation of S0 pre-
cipitate, which is consistent with previous report [32].
Fig. 14. Evolution of d0-precipitation-free zones near the grain boundary: (a), (b) and (c) T
micrographs of 0 Mg, 0.2 Mg and 0.5 Mg alloys in PA state; (g), (h) and (i) TEM micrograph
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3.5. Evolution of d0-precipitation-free zones (d0-PFZ)

Fig.14 displays the evolution of d0-precipitate-free zones (d0-PFZs)
of the three alloys in different aging states. The half width of d0-PFZs
is defined as the distance from the grain boundary to the nearest
d0 precipitate. No obvious d0-PFZs was observed in all the as-
quenched alloys, hence it is assumed that the half width of d0-PFZs
in the as-quenched state is zero. Themean half width of d0-PFZs in all
the three alloys increased significantly along with the aging process,
accompanied by gradual dissolution and continuous coarsening of
d0 precipitates near the grain boundary. Note that, the coarsening
rate of d0-PFZs in twoMg-containing alloys is lower than that in 0Mg
alloy, and the coarsening rate further decreases as the Mg content
increases. This indicates that Mg element can inhibit the coarsening
of d0-PFZs. At present, Mg may decrease the coarsening rate of d0-
PFZs through the following mechanisms: (1) The high binding en-
ergy of Mg atoms and vacancies [49] inhibits the diffusion of Li
atoms, thereby reducing the growth of d0 precipitates and d0-PFZs;
(2) Mg atoms combine with vacancies to form co-clusters, which is
conducive to the stability of vacancies and inhibits their diffusion to
annihilate at the grain boundary [50,51], thus ensuring that there is
EM micrographs of 0 Mg, 0.2 Mg and 0.5 Mg alloys in UA state; (d), (e) and (f) TEM
s of 0 Mg, 0.2 Mg and 0.5 Mg alloys in OA state.



Fig. 15. The measured half width of d0-PFZs in 0 Mg, 0.2 Mg, and 0.5 Mg alloys drawn
as a function of aging time (The independent variable is the square root of aging time,
t1⁄2). The linear fitting lines obtained by linear regression analysis are also plotted in the
figure.
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still enough vacancy concentration near the grain boundary to meet
the critical nucleation requirements. It is generally believed that the
d0-PFZs is harmful to the ductility of the alloy [52], so reducing the
width of the d0-PFZs is beneficial to improving the performance of
the alloy.

There are two main viewpoints on the formation mechanism of
d0-PFZs: one is the vacancy-depletion mechanism, and the other is
the solute-depletion mechanism [53]. Vacancy-depletion mecha-
nism: this mechanism believes that a large number of vacancies
generated during quenching tend to diffuse to the grain boundary
and annihilate in the subsequent aging process, resulting in a sig-
nificant decrease in the concentration of vacancies. When the
concentration of vacancies near the grain boundary is lower than
the critical value, the d0 precipitates cannot nucleate, thereby
forming d0-precipitate-free zones. Solute-depletion mechanism:
the nucleation and growth of grain boundary equilibrium phases
(GBEPs) result in massive consumption of solute atoms near the
grain boundary. When the concentration of solute atoms is smaller
than the critical value required for d0 precipitate nucleation, the
d0 precipitates cannot nucleate neither, thereby forming d0-precip-
itate-free zones. Jha and Sanders et al. [54] proposed the following
equation based on the solute-depletion mechanism to describe the
evolution law of the width of d0-PFZs with aging time:where is the
half width of d0-PFZs, is the growth rate constant and is aging time.

Fig. 15 displays the measured half width of d0-PFZs as a function
of aging time for the three alloys. The lines obtained by linear
regression analysis were also superimposed on the figure. The most
striking feature of the evolution of the half width of d0-PFZs is that
the fitting curves of all the three alloys are composed of two
straight lines with different slopes, which is inconsistent with
previous reports [54,55]. In all the three alloys, the slope of the
linear fitting line before 32 h is significantly lower than that after
32 h. This indicates that the evolution of d0-PFZs is not solely
determined by the solute-depletion mechanism, but may involve
the transformation of two different formation mechanisms. In fact,
no GBEPs was observed near the grain boundary in the UA state
(Fig. 14aec), and coarse GBEPs was one of the main characteristics
of the grain boundary in PA and OA states, as indicated in Fig. 14f, g,
and i. In summary, it can be speculated that the initial formation
mechanism of d0-PFZs is mainly the vacancy-depletion mechanism.
With the nucleation and growth of the GBEPs, the evolution of d0-
13
PFZs is mainly determined by the solute-depletion mechanism in
the middle and late stage of aging. It is worth mentioning that in
both stages, Mg element can significantly reduce the slope of the
linear fitting lines, indicating that Mg can not only suppress the
annihilation of vacancies at grain boundaries but also reduce the
diffusion rate of Li atoms.
4. Conclusions

The impact of minor Mg addition on microstructural evolution
and comprehensive mechanical performance of cast Ale3Lie2Cu-
0.15Zr alloy was studied. The principal findings are as follows:

1. Raising Mg content gradually altered the microstructure of the
as-cast alloys and increased the volume fraction and types of
grain boundary intermetallic phases.

2 The initial melting temperature of the alloys was not affected by
Mg element, but a (Li, Cu, Mg)-rich intermetallic phase was
observed in the 0.5 Mg alloy. This quaternary phase is extremely
difficult to dissolve into the matrix during heat treatment, and
the distribution of solute elements within this phase is uneven,
resulting in the inability to identify its type. Unusually, the
solvus temperature is higher than the solidus temperature in
the 0.5 Mg alloy, resulting in the incipient melting in the matrix
before the complete dissolution of the intermetallic phases.

3 The hardness of the alloys in the as-quenched state increased
with increasing the content of Mg, as a result of solid solution
strengthening of Mg atoms and the improved formation of
d0 precipitate. Prominent enhancements in both age-hardening
and precipitation kinetics of the base alloy with minor Mg
addition were clearly observed.

4 Mg element has a remarkable impact on precipitation behavior,
including the sequence and kinetics of solid-state precipitation,
during isothermal aging. Minor Mg addition (0.2 wt %) could
encourage the diffusion of Cu atoms by the aggregation of
MgeCu-vacancy co-clusters, thereby promoting the nucleation
of the T1 and q0 precipitates. In addition, S0 precipitate was
therefore introduced as a result of Mg addition. Further
increasing the content of Mg to 0.5 wt %, the nucleation and
growth of S0 precipitates would be promoted at the expense of
T1 and q0 precipitates, especially q0 precipitate.

5 Based on the theoretical models and regression analysis, it can
be inferred that the initial formation mechanism of d0-PFZs is
mainly the vacancy-depletion mechanism. The evolution of d0-
PFZs is mainly determined by the solute-depletion mechanism
in the middle and late stage of aging, with the nucleation and
growth of the GBEPs. Since Mg atoms can not only suppress the
annihilation of vacancies at grain boundaries but also reduce the
diffusion rate of Li atoms, the addition of Mg element can
significantly inhibit the coarsening of d0-PFZs.

6 The best balance between strength (UTS ¼ 415 MPa,
YS ¼ 337 MPa) and ductility (EL ¼ 2.2%) was obtained by 0.2 Mg
alloy aged at 175 �C for 32 h. In addition, 0.2 Mg alloy also has
significant advantages in terms of density (2.437 g/cm3) and
elastic modulus (82.65 GPa) over conventional cast aluminum
alloys (density: 2.7e2.8 g/cm3; elastic modulus: 72 GPa).
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