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Abstract: This study focused on modifying heat treatment schemes to enhance the mechanical properties of sand cast
Al-2Li—2Cu—0.5Mg-0.2Sc—0.2Zr alloy. Different three-stage solution treatment schemes ((460 °C, 32 h) + (520 °C,
24 h) + (530/540/550 °C, 4/12/24/32 h)) and aging temperatures (125, 175, 225 °C) were designed for comparison. The
microstructure evolutions were analyzed by optical microscopy (OM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The results showed that the three-stage solution treatment of (460 °C, 32 h) +
(520 °C, 24 h) + (530 °C, 12 h) could dissolve most of the secondary phases. The TEM results illustrated that fine
0'(Al;Li) particles were homogeneously distributed in the matrix after aging at 175 °C for 8 h, accompanied by a small
amount of lath-shaped S’(Al,CuMg) and plate-like 77(Al,CuLi) phases. The best comprehensive properties of yield
strength of 376 MPa, ultimate tensile strength of 458 MPa and elongation of 4.1% were obtained by the optimal heat

treatment scheme ((460 °C, 32 h) + (520 °C, 24 h) + (530 °C, 12 h) + (175 °C, 8 h)).
Key words: Al-Li—Cu alloys; sand-casting; heat treatment; precipitation; microstructure; mechanical properties

1 Introduction

Since the energy crisis broke out in the 1970s,
lithium-containing Al alloys have been put forward
in the fields of military, aerospace and commercial
applications for their good combination of low
density, high specific strength and high
stiffness [1—3]. The increasing content of Li could
simultaneously decrease the density and increase
the stiffness of whilst
detrimental factors also appear, such as anisotropy
and brittleness [4,5].

Micro-alloying elements and optimal heat
treatment have been evidenced as the most effective
way to develop high-performance cast Al-Li—Cu
alloys [6—8]. Especially, the effect of Mg-alloying
on the precipitation and hardening behavior is

aluminum, several

dramatic. Some researchers illustrated that because
of the high Mg—Cu-vacancy and Mg—Li binding
energy, the precipitation of S'(Al,CuMg) and
T1(ALL,CuLi) phases was strongly promoted [9—11].
T phase, nucleating on {I111} matrix planes [12],
is widely accepted to be the most effective
strengthening phase among the Cu-containing
phases. Meanwhile, the dispersed and homogeneous
S’ phase is beneficial to both strength and
ductility [6,13]. However, an overmuch amount of
Mg would lead to S’ phase coalescing to coarse
lath morphology, which exerts deleterious influence
on the mechanical properties [6,14]. Several
researchers demonstrated that the L1,-structured
Al3(Sc,Zr) particles introduced by Sc addition
could also play an important role in dispersing
the coplanar caused by J'(Al;Li) phase, resulting
in the significant enhancement of ductility and
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strength [7,15,16]. Moreover, Sc could greatly
refine the grain size and effectively inhibit the
coarsening of J-precipitating free zones (PFZs) [7].
An excellent combination of high strength (yield
strength of 408 MPa and ultimate tensile strength of
491 MPa) and ductility (elongation of 6.0%) was
obtained in permanent mold cast Al-2Li—2Cu-—
0.5Mg—0.25¢c—0.2Zr alloy suffered to the heat
treatment of (480 °C, 32 h) + (540 °C, 24 h) +
(175°C,32h) [17].

Due to the large solidification interval of high
Li-containing Al-Li—Cu alloys, permanent mold
cast Al-Li alloys will make uncontrollable hot
cracks in some mass and complex components.
Compared with permanent mold cast, the sand cast
is superior in some cases because of its
deformability which can reduce the tendency of hot
cracking. Nevertheless, SAIKAWA et al [18] found
that the ultimate tensile strength and elongation of
sand cast 8091 alloys in T4 and T6 conditions were
much lower than those of the permanent casting
method. The problem can be solved by optimizing
the heat treatment process, but there is little
research on it. It is demanded to fill the gap of
improving the heat treatment scheme to modify
the microstructures, precipitation sequences and
mechanical properties of sand cast Al-Li—Cu
alloys.

Based on the previous study of ZHANG
et al [17], the sand cast Al-2Li—2Cu—0.5Mg—
0.2Sc—0.2Zr alloy was selected to study the effect
of heat treatment schemes on the microstructure and
mechanical properties. The content of Li in the
studied alloy was high and this work might provide
a comprehensive understanding of the precipitate
interactions and precipitation behaviors to the high
Li-containing sand cast Al-Li—Cu—Mg alloys.

2 Experimental

The Al-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr alloy
in this work was prepared from master alloys of
Al-10%Zr, Al-50%Cu and commercially pure Al,
Mg and Li. The specifics of the melting procedures
have been detailed elsewhere [19]. Chemical
analysis was exerted by inductively couple
plasma-atomic emission spectroscopy (ICP-AES),
and the result is listed in Table 1. Differential
scanning calorimetry (DSC, SAT449F3) was

carried out on the as-cast samples employing a
constant heating rate of 10 °C/min for assisting the
solution treatment scheme design. Combining the
result of DSC, three-stage solution treatment
schemes ((460°C, 32h) + (520°C, 24h) +
(530/540/550 °C, 4/12/24/32 h)) were designed to
sufficiently dissolve the secondary phases into the
matrix. After quenching into cold water following
solution treatments, the specimens were aged at
125, 175, and 225 °C for various periods ranging
from 0 to 1024 h in an oil bath.

Table 1 ICP component results of sand cast Al—2Li—
2Cu—0.5Mg—0.2Sc—0.2Zr alloy (wt.%)

Li Cu Mg Sc Zr Fe Al

210 208 054 019 021 0.026 Bal
Optical micrograph (OM) and scanning
electron microscope (SEM) samples were

mechanically ground on SiC papers from 500 to
7000 grit, followed by polishing on MgO waster
solution wetted cloth. Polished specimens were
etched by Keller’s reagent (5 mL HNO;, 3 mL HCI,
2mL HF and 190 mL distilled water) for 20s
before observation. The microstructures were
observed on optical microscope (LEICAMEF4M)
and scanning electron microscope (SEM, Phenom
XL). Energy dispersive spectroscopy (EDS) and
X-ray diffraction (XRD, Ultima IV) were employed
for phase analysis. The area fraction of the
secondary phases and average diameter of grain
sizes were measured by Image-Pro-Plus image
analysis software.

During the artificial aging, Vickers hardness
tests were carried out on polished samples using a
load of 5 kg and a dwell time of 15 s. Tensile tests
of sheet specimens were performed at room
temperature utilizing Zwick/Roell Z100 equipped
with a non-contact extensometer at a strain rate of
1.0 mm/min. Each result was determined as the
average of five texts. Thin foils for the transmission
electron microscopy (TEM) examinations were
prepared by the twin-jet electropolishing method
using a 4 vol.% perchloric acid and 96 vol.%
ethanol solution cooled down to approximately
—30°C. TEM observation was carried out by a
JEM2100 microscope (JEOL Ltd.) operated at
200 kV.
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3 Results and discussion

3.1 Microstructure of as-cast alloy

Figure 1 presents the XRD pattern of sand cast
Al-2Li—2Cu—0.5Mg—0.2S¢c—0.2Zr alloy in the
as-cast state. The peaks from a(Al), J'(AlsLi),
Oo(AlLi), 6'(Al,Cu), Al;Sc, T»(AlsCuLiz) and
Ti(Al,CuLi) phases can be observed in the
spectrum, which is the same as the result of the
permanent mold cast alloy [17]. Moreover, no
diffraction peaks related to Al,MgLi and Al;sCuyLi
phases were found, possibly due to their small
contents. Thus, it can be speculated that the lower
cooling rate did not change the phase constitutions
in the sand cast alloy.
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v —&'(ALLLi)
—0'(Al,Cu)

s — T,(AlCuLi,
A — T\(ALCuLi)

¢ — Al;Sc
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200(°)
Fig. 1 XRD pattern of sand cast Al-2Li—2Cu—0.5Mg—
0.2Sc—0.2Zr alloy in as-cast state

Fle

The OM image of sand cast AI-2Li—2Cu—
0.5Mg—0.25¢c—0.2Zr alloy in the as-cast state is
illustrated in Fig. 2(a). As a contrast, the result of
metal mold casting is exhibited in Fig. 2(b). The
results showed that there existed severe dendritic
segregation and high content of secondary phases
along the grain boundary or in interdendritic
regions in the sand cast alloy. Comparatively,
equiaxed grains were dominated in the permanent
mold cast alloy. According to the measurements, the
average grain size (GS) of the sand cast alloy was
about 66.43 um and the area fraction (fy) of
intermetallic compounds is about 9.6%, while those
of the permanent mold cast alloy were about
30.49 um and 2.7%, respectively. Owing to the low
cooling rate, the solidification rate of the sand cast
alloy was limited and the grain size of the sand cast
alloy was larger than that of the permanent mold

cast alloy [13]. Moreover, the lower cooling rate
caused a higher driving force for the formation of
the secondary phases and prolonged the period of
the eutectic reaction, leading to a larger area
fraction of the secondary phases [14].

Figures 2(c—h) display the SEM backscattered
micrograph and the corresponding
distributions acquired by EDS of the sand cast
alloy. Element Cu was greatly enriched in the
coarse secondary phases distributing along the grain
boundaries or interdendritic regions for its high
solute partitioning coefficient [15—17]. The
transition elements Sc and Zr were observed to
segregate in some regions, which might form Al;Sc
and Al;Zr primary phases. While the distribution of
element Li could not be detected due to its small
atomic number.

element

3.2 Microstructure and mechanical properties
after solution heat treatments

The DSC results of the sand cast Al-2Li—
2Cu—0.5Mg—0.2Zr-0.2Sc alloy in the as-cast and
quenched states are presented in Fig. 3. It can be
observed that there were two endothermic peaks 4,
C and one exothermic peak B. Peak A at around
100 °C was attributed to the dissolution of §'(Al;Li)
phase [20]. Peak B near 300 °C was due to the
precipitation of d, S" and 7| phases [21]. Peak C
located at 543.2 °C was representative of the
melting and dissolution of Cu-bearing secondary
phases [6]. The addition of Cu, Mg and Li might
form Al,Cu, T}, Al,CuMg and T, phases. According
to Al-Cu binary phase diagram [22], the eutectic
melting temperature of Al,Cu phase was 548.2 °C,
which approached the temperature of Peak C. No
detection of several separate endothermic peaks
related to ALCuli and Al,CuMg phases was
possibly attributed to their low volumes. There
were no melting peaks of the Al;Sc and AlZr
phases that appeared before the a(Al) matrix was
melted at about 650 °C for their high melting
temperatures [23,24].

In principle, the solvus temperature represents
the temperature capable of maximizing the
dissolution of secondary phases, which should be
lower than the solidus temperature. After suffering
to (460 °C, 32 h) + (520 °C, 24 h) two-stage heat
treatment [17], which was designed for permanent
mold cast Al-2Li—2Cu-0.5Mg—0.2Zr-0.2Sc alloy,
representative OM and SEM backscattered images
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Fig. 2 Microstructures of sand cast and metal cast AI-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr alloys in as-cast state: (a) OM
image of sand cast alloy; (b) OM image of metal cast alloy; (¢) SEM backscattered micrograph of sand cast alloy;

(d) Element map-scanning of Al; (¢) Element map-scanning of Cu; (f) Element map-scanning of Mg; (g) Element

map-scanning of Sc; (h) Element map-scanning of Zr
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Fig. 3 DSC curves of sand cast AI-2Li—2Cu—0.5Mg—
0.2Sc—0.2Zr alloy in as-cast and quenched states

of the sand cast and permanent mold cast alloys are
illustrated in Fig. 4. There still existed high content
of residual secondary phases in the sand cast alloy
(fa was about 5.5%), as shown in Fig. 4(a). The
EDS mapping result of the sand cast alloy suffered
to the two-stage heat treatment is illustrated in
Figs. 4(d—h), showing the undissolved secondary
phases along grain boundaries, which were harmful
to the mechanical properties. Comparatively, most
of the secondary phases in the permanent mold cast
alloy were almost dissolved into the matrix and the
average area fraction of residual phases was only
0.2%, as shown in Fig. 4(b).
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Fig. 4 Microstructures of sand cast and metal cast AlI-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr alloys after (460 °C, 32 h) +
(520 °C, 24 h) two-stage solution treatment: (a) OM image of sand cast alloy; (b) OM image of metal cast alloy;

(c) SEM backscattered micrograph of sand cast alloy; (d) Element map-scanning of Al; (¢) Element map-scanning of Cu;

(f) Element map-scanning of Mg; (g) Element map-scanning of Sc; (h) Element map-scanning of Zr

To dissolve the residual secondary phases
more completely, one more stage at a higher
temperature was demanded to enhance the
diffusion rates of Cu, Sc and Zr atoms. Three
solution temperatures (530, 540 and 550 °C) for the
third stage were studied in this work. The OM
images of the sand cast Al-2Li—2Cu—0.5Mg—
0.2Sc—0.2Zr under different conditions ((460 °C,
32h) + (520°C, 24h) + (530/540/550 °C,
4/12/24/32 h)) are exhibited in Fig. 5. When the
temperature of the third stage was 530 °C, the fx of
eutectics gradually reduced from 5.5% to the lowest
value of 3.6% with the period of the third stage
increasing from 4 to 12 h. After the third stage was

further prolonged to 32 h, there was no obvious
reduction in the content of residual phases. When
the temperature increased to 540 and 550 °C,
obviously overburnt microstructures of melting
compounds at some trifurcate grain boundaries
were discovered as indicated by the red circles
shown in Figs. 5(f, i, k, 1), which would
significantly damage the mechanical properties [25].
Meanwhile, the increase of grain size was slightly
inhibited as the solution temperature elevated and
time prolonged due to the pinning effect of the
residual phases [26].

The SEM backscattered micrographs of
the quenched sand cast and permanent mold cast
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Fig. 5 OM images of alloy under solution treatment conditions of (460 °C, 32 h) + (520 °C, 24 h) + (530/540/550 °C,

4/12/24/32 h)

Al-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr  alloys after
optimal solution treatments are presented in Fig. 6.
After the three-stage solution treatment scheme
((460 °C, 32 h) + (520 °C, 24 h) + (530 °C, 12 h)),
the content of residual secondary phases in sand
cast alloy was much lower than that in Fig. 4(a).
However, compared with the permanent mold cast
alloy suffered to (460 °C, 32 h) + (520 °C, 24 h)
two-stage heat treatment, the content of residual
phases of the sand cast alloy suffered to the optimal
three-stage solution treatment was still a bit high.
The fx of the secondary phases in the quenched
sand cast alloy is about 1.6%, while it is only about
0.2% in the quenched permanent mold cast alloy.
From the sand cast result shown in Fig. 3, it can be

found that the endothermic peak of the
Cu-containing phases in the quenched sand cast
alloy still appeared, indicating that a small amount
of residual Cu-bearing phases were hard to be
dissolved.

The mechanical properties of sand cast
Al-2Li—2Cu—0.5Mg—0.2S¢—0.2Zr alloy suffered
to (460 °C, 32h) + (520°C, 24h) + (530 °C,
4/12/24/32 h) are illustrated in Fig. 7. As the third
stage prolonged from 4 to 12 h, the YS, EL and
UTS increased by 24 MPa, 3.5% and 40 MPa,
respectively. The enhancement can be concluded as
the synergic influence of solution strengthening and
dissolution of the secondary phases [27]. However,
all the mechanical properties values kept decreasing
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Fig. 6 SEM backscattered micrographs of sand cast and
permanent mold cast Al-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr
alloys in quenched state: (a) Sand cast alloy after
solution treatment of (460 °C, 32 h) + (520 °C, 24 h) +
(530°C, 12h); (b) Permanent mold cast alloy after
solution treatment of (460 °C, 32 h) + (520 °C, 24 h)
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Fig. 7 Mechanical properties of sand cast Al-2Li—2Cu—
0.5Mg—0.2Sc—0.2Zr alloy under solution treatment of
(460 °C, 32 h) + (520 °C, 24 h) + (530 °C, 4/12/24/32 h)

gradually with the third stage further prolonging,
which might be attributed to the coarsening of
grains but without further dissolution of residual
secondary phases, as shown in Fig. 5. The sand
cast Al-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr alloy could
obtain a good combination of strength (YS=
293 MPa, UTS=410 MPa), and ductility (EL=
10.9%) suffered to the solution treatment of (460 °C,
32 h) + (520 °C, 24 h) + (530 °C, 12 h), which was
therefore the optimal scheme. Most of the
secondary phases were dissolved into the matrix
and a smaller grain size (75.21 pm) was obtained.

3.3 Mechanical properties after aging

Following the optimal solution treatment,
the sand cast Al-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr
alloy suffered to artificial aging at 125, 175 and
225 °C, respectively. Figure 8 shows the aging
hardening curves as a function of the aging time.
The studied alloy possessed strong age-hardening
responses at all temperatures, while the periods
required for reaching peak-aged state dramatically
decreased as the aging temperatures elevated.
Especially, the specimen aged at 125 °C even could
not reach the peak-aged value until 1000 h. The
highest hardness of HV 175.6 was obtained in the
sample aged at 175 °C for 64 h. Comparatively,
permanent mold cast alloy obtained the highest
hardness of HV 184 after 175°C aging for
32 h [17], indicating that the permanent mold cast
alloy has a stronger age-hardening response. When
aged at 225 °C, the hardness increased rapidly and
reached a peak value of HV 145.3 at 4 h, followed
by a continuous decrease as the aging time
prolonged.
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Fig. 8 Aging hardening curves of sand cast Al-2Li—
2Cu—0.5Mg—0.2S¢—0.2Zr alloy in quenched state at
different temperatures
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The aging response speed of 125 °C was too
low to be suitable for practical application, while
the 225 °C aging temperature was thought to cause
heterogeneous distribution of &' phase and weaken
the mechanical properties [7,28—30]. A detailed
microstructure analysis will be exerted. Thus, only
the samples aged at 175 °C were selected for the
tensile test, which was also exerted in the
permanent mold cast alloy [17].

The mechanical properties of the sand cast
alloy in different conditions, including solution
treated (ST), under-aged state (UA, aged at 175 °C
for 8 h), peak-aged state (PA, aged at 175 °C for
64 h) and over-aged state (OA, aged at 175 °C for
128 h), are shown in Fig. 9. As the artificial aging
proceeded, there was a significant improvement in
YS and UTS, accompanied by an apparent
reduction in ductility from the quenched state to UA
and PA states. When the aging time was prolonged
to 128 h (OA), the YS and UTS turned to decrease
while the elongation was slightly enhanced. After
aging at 175 °C for 8 h, excellent comprehensive
mechanical properties of YS=376 MPa, UTS=
458 MPa and EL=4.1% were obtained.
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Fig. 9 Mechanical properties of sand cast alloy at
different states, including solution treatment and aging at
175 °C for varying time

Compared with permanent mold cast
alloy [17], there existed a similar variation trend of
strength and ductility of sand cast alloy with the
increase of aging time. However, under the peak
aging condition, the strength and elongation of sand
cast alloy were both lower than those of permanent
mold cast alloy. As shown in Fig. 4, the grain size
of sand cast alloy was much larger than that of
permanent mold cast alloy, which was one of the

reasons that accounted for its lower mechanical
properties. According to the Hell—Petch relationship
(Aog=kaid _0'5, Aoy, is the increment of the yield
stress at the grain boundary caused by the grain
refinement; d is the grain size, and ka=
0.15MPa-m®®), the contribution from grain
refining was only about 3 MPa (66 um of sand cast
alloy and 30 pm of permanent mold cast alloy).
Thus, the precipitation behavior, which was
speculated to bring about a great effect on the
mechanical properties of the sand cast alloy, should
be investigated.

3.4 Microstructure and precipitation evolution
during aging

Figure 10 presents the L1,-centred dark-field
(DF) images of the sand cast samples aged at
different states. The L1,-structured ¢’ phase has a
superlattice structure with a lattice parameter of
a=0.405nm and the orientation relationship
with the matrix is (100)s//(100)s and [001]s//
[001]a; [29,31]. The metastable o' phase is the
predominant precipitation phase in high Li-
containing (>1.7 wt.%) Al-Li—Cu alloys [29].
Because of the ordered CusAu crystal structure of &'
and the presence of paired dislocations in aged
Al-Li alloys, the strengthening imparted by o’
phases is mainly attributed to the order-
hardening mechanism [32]. Moreover, the continuous
precipitation and coarsening of ¢’ phases resulted in
strength enhancement and severe toughness
reduction because of the coplanar slipping [33].

As shown in Figs. 10(a—c), it can be found that
the spherical ¢’ particles, accompanied by some
Als(Zr,Sc,Li) composite precipitates, were homo-
geneously distributed in the matrix of the samples
aged at 125 and 175°C. The generally non-
shearable Al;(Zr,Sc) cores, serving as preferring
nucleation sites for o' [34], are expected to be
highly resistant to dislocations shear. The average
diameter of the ' phase aged at 175 °C increased
obviously, whilst the coarsening rate of the §’ phase
aged at 125 °C was extremely low, as shown in
Figs. 10(a—c). Nevertheless, the morphology of the
o' phase was heterogeneous under 225 °C aging, as
shown in Fig. 10(d). It can be explained that the
kinetics of the coarsening of ¢, which obeys
Ostwald ripening, is a diffusion-controlled process,
as solute atoms are transferred through the matrix
from the shrinking precipitates to the growing
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L. 3

Fig. 10 L1,-centered DF TEM images of sand cast alloy in different aging states: (a) Aged at 175 °C for 8 h; (b) Aged at
175 °C for 64 h; (c) Aged at 125 °C for 128 h; (d) Aged at 225 °C for 4 h

ones [35,36]. Therefore, if the aging temperature is
elevated to 225 °C, the competition relationship of
the particles will be intensified greatly, resulting in
uneven morphology. The extremely fine ¢’ under
125 °C aging had a limited strengthening effect and
the heterogeneous distribution of the J' aged at
225 °C was harmful to the ductility. Because the
precipitation of ¢’ is predominant in the high
Li-bearing systems, the homogeneous and ripened o'
in the matrix aged at 175°C was one of the
important reasons for the high strength.

Figures 11(a, b) show the BF TEM images of
the sand cast alloy aged at 175 °C for 8 and 64 h,
respectively. The amount and size of lath-shaped
S’ precipitate increase under 175°C aging,
accompanied by serendipitous 7 plates. There were
only some Al3(Zr,Sc) particles surrounded by
dislocations that could be found in the matrix aged
at 125 °C for 128 h, as presented in Fig. 11(c). The
T, phase is predominant and the average size is

about 300 nm after aging at 225 °C for only 4 h,
which is much bigger than that in the sample aged
at 175 °C. Combined with the result of permanent
mold cast alloy [17], it can be concluded that the
precipitation evolution is temperature- dependent
rather than the casting methods. Since there is low
content of dislocations serving as nucleation sites
for T, the precipitation of 7 in as-cast Al-Li—Cu
alloys is mainly dependent on the helical
dislocations or loops formed by the annihilation of
the vacancies retained by quenching [37]. Therefore,
as the aging temperature was elevated to 225 °C, a
large number of free vacancies were released by the
Li-vacancy to form ¢’ and evolved into the loops
for T} nucleation. The precipitation sequence of S’
dominated in the matrix of the sample aged at
175°C because of the high Mg—Cu-vacancy
binding energy [38]. Due to the elevated
temperature of the third solution stage, there existed
a high content of vacancies in the quenched sand
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cast alloy, leading to more nucleation sites for
Cu-containing phases and a higher strengthening
effect. Therefore, the sand cast alloy showed an
extremely high strength after aging at 175 °C for
64 h.

Figures 12 (a, b) show the J"-precipitating free
zones (PFZs) of the sand cast alloy aged at 175 °C
in UA and PA states. The average half-width of the
PFZs increased from 18 to 169 nm as aging
time prolonged from 8 to 64 h. The formation and

Fig. 11 BF TEM images of sand cast alloy in different aging states: (a) Aged at 175 °C for 8 h; (b) Aged at 175 °C for

64 h; (c) Aged at 125 °C for 128 h; (d) Aged at 225 °C for 4 h

Fig. 12 ¢’ centered dark-field images near grain boundaries of sand cast alloy aged at 175 °C for different time: (a) 8 h;

(b) 64 h
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growth of 6-PFZs have been interpreted as the
result of the growth of equilibrium phase J(AlLi)
consuming the Li atoms from ¢’ at grain boundaries,
where the diffusion coefficient of Li was high [30].
The formation and coarsening of the soft 0'-PFZs,
in which the stress concentration and microcracks
preferentially occur, reduce the ductility of the
as-cast Al-Cu—Li alloy [7]. Compared with the
permanent mold cast alloy [17], the half-width of
0'-PFZs in the sand cast alloy increased by about
102% at the PA state. It is widely accepted that the
coarsening of 0-PFZs followed a parabolic growth
law expressed by

h=Kt"’

where / is the half-width of 6-PFZs, ¢ is the aging
time and K is the J'-PFZs growth rate constant.
Despite the time needed for reaching PA of sand
cast alloy is twice that of permanent mold cast alloy,
the growth rate constant K, is also higher. This
might be due to the higher content of vacancies
caused by the third stage of solution treatment,

resulting in higher atom diffusion rates during aging.

And the residual secondary phases along with grain
boundaries might also provide more lattice defects,
which could serve as nucleation sites for J phase.
Three EDS points of the fracture surface of the
studied alloy in the UA state are shown in Fig. 13.
It shows an intergranular fracture morphology
and there are Cu, Sc, and Zr elements enriched
at Points 2 and 3. The residual secondary phases
are speculated to induce microcracks during
deformation. Thus, the higher content of residual

phases and wider §’-PFZs in the sand cast alloy than
those in permanent mold cast alloy led to a much
lower elongation. Modifying the grain boundaries is
the key to enhancing the ductility, which might be
controlled by several factors involving the
microalloying, further improving the heat treatment
scheme and higher cooling rate during solidification.
It will be the subject of our subsequent research.

4 Conclusions

(1) Owing to the low cooling rate, the
sand cast Al-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr alloy
obtained a large average grain size and high area
fraction of secondary phases. After the improved
solution treatment scheme of (460 °C, 32h) +
(520°C, 24h) + (530°C, 12h), the content of
residual secondary phases was decreased.

(2) An augmented area fraction of the S’
phase precipitated during aging, accompanied by
some 7; phase and Al;(Zr,Sc,Li) particles when
aging at 175 °C. Meanwhile, the ¢’ (Al;Li) phase
homogeneously precipitated and grew, resulting in a
great enhancement of strength. The other two aging
temperatures of 125 and 225 °C were not suitable
for modifying the microstructure.

(3) As aging prolonged, the high coarsening
rate of 0-PFZs resulted in a great reduction of
elongation. The combination of larger grains, wider
0'-PFZs and more residual secondary phases in the
sand cast alloy was responsible for the worse
ductility compared with those of the permanent
mold cast alloy.

Element wt.% at%
Al 87.94 93.23

Point 1 Cu 338 1.52
Mg 1.06  1.25

Sc 498 317

Zr 2.63 083

@ L L | | . L
4 6 8 10 12 14 16 18

E/keV

) Al 81.88  90.37
Point 2 Cu 14.07  6.59
Mg 1.07 132

Sc 224 148
Zr 0.73  0.24

§® L L | | L | |
4 6 8 10 12 14 16 18

E/keV
Element  wt.% at%
Al 96.18 97.79
: Cu 3.02 130
Point 3

oi Mg 080 0091

Sc 0 0

Zr 0 0
4 6 8 10 12 14 16 18

E/keV

Fig. 13 Fracture surface and EDS results of sand cast AI-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr alloy aged at 175 °C for 8 h in

UA state
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(4) After aging at 175°C for 8h, good

comprehensive mechanical properties of UTS=

376 MPa, YS=458 MPa and EL=4.1% were
obtained.
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HALIE T Z 3t RbBYE51E Al-2Li—2Cu—0.5Mg—0.2S¢—0.2Zr &
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REM, A, K T, XE%E,

X LA

FHETIERY: MEIRES TR RS E A ER LR O
SRBEEAMEERE S, i 200240

1 E: PIRARPGCE T E5 A Al-2Li—2Cu—0.5Mg—0.2Sc—0.2Zr &4 B 4R Sy RE g2 . ¥%
T =2 E AL T T ZR((460 °C, 32 h) + (520 °C, 24 h) + (530/540/550 °C, 4/12/24/32 h)FI AR [FIEEE (125, 175, 225 °C)
BB T L. SRS BB (OM) . F4 B 7 B AU (SEM)FE 5 Fa 1 R 5 (TEM) 20 T R A 2H 4
. SEREY, AL ALE (460 °C, 32 h) + (520 °C, 24 h) + (530 °C, 12 h)) AR HE /> AL A . &5
HBILE IR R, £ 175 °C I3k 8 h )G, S(ALLDBURIAS AR THAEd, IR DB STALCuMg)FI R
TW(ALCULi)AH o« % B b 75 (460 °C, 32 h) + (520 °C, 24 h) + (530 °C, 12 h) + (175 °C, 8 h))FI #5175 IR 5 J3F
4 376 MPa. HRFRATHLIEE N 458 MPa AU %N 4. 1% 45 & MEfg .
KHEIR: AIFLi-Cu &4 WhEUEEIE; HJUbFE; Hribl; WREHZL ke
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