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ABSTRACT
Traditional aluminumalloys are unsuitable for structural use above 200 âĎČdue to precipitate coars-
ening or dissolution. Laser powder bed fusion (LPBF) additive manufacturing technique enables
fabricating novel aluminum alloys with enhanced high-temperature properties. This study focuses
on investigating themechanical properties andmicrostructural evolution of a novel LPBF-fabricated
Al-Cu-Li-Sc-Zr alloy at elevated temperatures. The microstructure is characterized by nano-scale
grains and precipitates. Excellent grain structure and precipitate stability result in superior high-
temperature mechanical properties. This study advances additively manufactured aluminum alloy
design for potential high-temperature applications, offering valuable insights into their behavior in
extreme environments.

IMPACT STATEMENT
This study elucidates superior high-temperature mechanical properties and nano-scale microstruc-
tural stability of LPBF-fabricated Al-Cu-Li-Sc-Zr alloy, offering valuable insights into grain boundary
pinning effects and constrained diffusion rates for alloy design.
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1. Introduction

Commercial cast and wrought aluminum alloys are
unsuitable for structural applications above 200 âĎČ due
to the coarsening or dissolution of strengthening precipi-
tates [1,2]. This creates a technological gap in lightweight
alloys, which is presently being occupied by titanium
alloys as they maintain both strength and stiffness at
high temperatures better than aluminum alloys [3]. Laser
powder bed fusion (LPBF) additive manufacturing tech-
nique provides an opportunity to design new aluminum
alloys with high-temperature properties that cannot be
achieved using conventional processing. The extremely
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rapid cooling rate of LPBF (105–107 âĎČ/s [4,5]) con-
tributes to preventing the diffusion of constituent ele-
ments and the formation of detrimental intermetallic
compounds [6], allowing for a significant amount of sec-
ond phases to be introduced through LPBF processing
[7,8]. Three major groups of LPBF-fabricated aluminum
alloys exhibit promise for high-temperature applica-
tions, i.e. high-temperature precipitation-strengthened
aluminumalloys [9,10], aluminumalloyswith a large vol-
ume fraction of intermetallics [11–14], and aluminum
alloys dispersed with ceramics [15,16]. These precipi-
tates, intermetallics, and ceramics in aluminum alloys
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exhibit resistance to coarsening and can provide remark-
able mechanical strength at elevated temperatures.

Previous studies on aluminum alloys subjected to
LPBF have primarily focused on Al–Si casting alloys
[17], particularly AlSi10Mg. Nevertheless, the substan-
tial diffusivity of Si within the eutectic network in this
alloy at elevated temperatures leads to rapid coarsening
of precipitates, resulting in a decrease in strength above
200 °C [18,19]. This observation highlights the inherent
limitations of conventional alloys in fully exploiting the
potential advantages offered by LPBF for achieving high
elevated-temperature strength. Aluminum alloys specif-
ically designed for LPBF have demonstrated enhanced
strength at elevated temperatures through mechanisms
such as solid solution strengthening [10,14], grain refine-
ment [9,20], and dispersion strengthening via ceramics
[9,20]. These compelling findings suggest the feasibil-
ity of designing novel aluminum alloys with exceptional
high-temperature properties using LPBF technology.

We have developed an LPBF-fabricated Al-Cu-Li-Sc-
Zr alloy exhibiting exceptional tensile properties at room
temperatures [21]. The designed alloy falls under the
category of high-temperature precipitation-strengthened
aluminum alloys, with Sc and Zr contents surpassing
their equilibrium solubilities [22,23]. The primary focus
of this study lies in investigating the high-temperature
mechanical properties of this novel alloy and elucidat-
ing their correlation with grain and precipitate thermal
stability. Consequently, our findings contribute to an
enhanced understanding of the high-temperature behav-
ior exhibited by the LPBF-fabricated Al-Cu-Li-Sc-Zr
alloy, thereby facilitating the design of new aluminum
alloys for potential applications at high temperatures.

2. Materials andmethods

A gas-atomized alloy powder, comprising Al-3.89Cu-
1.22Li-0.98Sc-0.43Zr (wt%), was employed as the feed-
stock for the LPBF process using a LiM-X260A LPBF
machine. Samples with a relative density exceeding 99.9%
were fabricated under laser power of 300 W, scanning
velocity of 1200mm/s, hatch spacing of 0.1mm, and layer
thickness of 40 μm. Two types of samples were selected:
those in the as-fabricated (AF) condition and opti-
mized heat-treated (HT) condition [24]. TheHT samples
underwent gradual heating at a rate of 10 âĎČ/min from
room temperature to reach 300 âĎČ inside a KSL-1400X
muffle furnace. Subsequently, they were held at 300 âĎČ
for 1 h before cooled to ambient temperature in air.

Dog-bone shaped tensile specimens featured gauge
section dimensions of 32mm in length, 6mm in width,
and 3mm in thickness according to ASTM B557M-10
standard. High-temperature tensile tests were performed

on a Zwick/Roell Z020UniversalMaterials Tester at three
testing temperatures (200, 250, and 300 âĎČ). Prior to
applying load according to ISO 6892-2:2018 [25], each
sample was held at its respective testing temperature for
ten minutes. Each kind of sample was tested in three
trials to ensure the reproducibility. Electron backscatter
diffraction (EBSD) and transmission Kikuchi diffraction
(TKD) results were acquired using an advanced EBSD
detector integrated with a Zeiss Gemini 300 scanning
electron microscope (SEM), followed by data analysis
utilizing the AZtecCrystal software. The characteriza-
tion of precipitation features was conducted using an FEI
Tecnai G2 F30 transmission electron microscope (TEM)
equipped with an energy dispersive spectrometer (EDS).
The precipitate size was determined through a statisti-
cal analysis using Image-Pro Plus software, wherein the
average diameter of the particles in the TEM images was
calculated.

3. Results

The representative tensile curves of the AF and HT alu-
minum alloy samples at various testing temperatures are
presented in Figure 1(a) and Figure 1(b). The serrations
observed in the room-temperature tensile stress–strain
curve of Figure 1(a) can be explained by the Portevin-Le
Chatelier (PLC) effect. This phenomenon was a con-
sequence of dynamic strain aging resulting from the
interaction between solute atoms andmobile dislocations
during the tensile test [26]. The PLC effect induces defor-
mation bands of type A within our samples. These type
A bands propagate continuously, accompanied by abrupt
and periodic stress fluctuations [27]. It is noteworthy
that these type A PLC bands are temperature-dependent,
and they become inconspicuous at high temperatures
[28]. Consequently, this temperature-dependent behav-
ior accounted for the absence of serrations in high-
temperature tensile stress–strain curves.

The corresponding yield strength and elongation val-
ues are summarized in Table 1. The yield strength of AF
sample decreased with the increase of testing temper-
ature, while its elongation exhibited an opposite trend.
Notably, the AF sample demonstrated elevated yield
strength values at 200 and 250 âĎČ, accounting for
approximately 83% and 74% of the room-temperature
yield strength, respectively. However, at 300 âĎČ, the
yield strength of the AF sample decreased to as low as
37% of its room-temperature counterpart, and its elonga-
tion was nearly three times that at room temperature. In
contrast, theHT sample exhibited a brittle nature at room
temperature with an elongation at fracture around only
2%. However, interestingly, this aluminum alloy became



MATER. RES. LETT. 19

Figure 1. Mechanical properties of LPBF-fabricated Al-Cu-Li-Sc-Zr alloy in both AF and HT states: (a, b) tensile curves of the alloy at
various testing temperatures in theAF andHT states, respectively, (c, d) temperature-dependent yield strength and elongation compared
with other LPBF-fabricated aluminum alloys (Al-Ce-Mn [14], Al-Cu-Mn-Zr [20], Al-Cu-Mn-Zr+ TiO2 [15], Al-Mg-Zr [9], Al-Mg-Si-Sc-Zr [10],
Al-Si-Mg [18, 19], Al-Si-Mg+ TiCN [16], Al-Ti-Cu-Mg-B-Ni-Fe [29]).

Table 1. Tensile properties of as-fabricated and heat-treated
samples at various testing temperatures.

Samples yield strength (MPa) Elongation (%)

AF-RT 482± 1 9± 1
AF-200 âĎČ 402± 14 11± 2
AF-250 âĎČ 355± 10 16± 2
AF-300 âĎČ 177± 7 26± 3
HT-RT 595± 14 2± 1
HT-200 âĎČ 366± 3 16± 5
HT-250 âĎČ 319± 13 30± 7
HT-300 âĎČ 170± 7 38± 9

ductile at high temperatures with its elongation dramat-
ically increasing from 16% at 200 âĎČ to 38% at 300
âĎČ. This trend regarding both yield strength and elon-
gationwith respect to testing temperatureswas consistent
with that observed for the AF sample.Moreover, the yield
strength values of the HT sample were slightly lower than
those of the AF sample at three testing temperatures. Fur-
thermore, the elongation values of the HT sample at high
temperatures were all superior to those of the AF sample.

The high-temperature tensile properties, including
yield strength and elongation, for LPBF-fabricated alu-
minum alloys are summarized in Figure 1(c) and
Figure 1(d). In comparison with other LPBF-fabricated
aluminum alloys (Al-Ce-Mn [14], Al-Cu-Mn-Zr [20],
Al-Cu-Mn-Zr+TiO2 [15], Al-Mg-Zr [9], Al-Mg-Si-Sc-
Zr [10], Al–Si-Mg [18,19], Al–Si-Mg+TiCN [16], Al-
Ti-Cu-Mg-B-Ni-Fe [29]), our LPBF-fabricated Al-Cu-
Li-Sc-Zr alloy in both AF and HT states demonstrated
a superior combination of yield strength and elonga-
tion, indicating exceptional mechanical properties at ele-
vated temperatures. The ability of this alloy to main-
tain strength at high temperatures is crucial for compo-
nents exposed to elevated operational conditions. Con-
sequently, this alloy has the potential to serve as a viable
alternative to specific titanium alloys, promising cost-
effectiveness and improved performance in critical appli-
cations.

To investigate the correlation between high-
temperature mechanical properties and microstructure,
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Figure 2. EBSD results of (a ∼ d) AF and (e ∼ h) HT samples: (a) and (e) IPF maps; (b) and (f ) pole figures; (c) and (g) equiaxed grain
size statistical graph; (d) and (h) columnar grain size statistical graph.

EBSD analysis was performed on both AF and HT sam-
ples. The inverse pole figure (IPF) maps depicted in
Figure 2(a) and Figure 2(e) indicated a nearly random
distribution of grain orientations in both samples. This
randomness was further supported by the pole figures
presented in Figure 2(b) and Figure 2(f), which demon-
strated weak texture with maximum texture intensities
of 2.79 and 1.83. Additionally, both IPF maps exhibited
similar characteristics of fine equiaxed grains and coarse
columnar grains. Statistical results revealed that the aver-
age sizes of fine equiaxed grains weremeasured to be 1.49
μm for the AF sample and 1.53 μm for the HT sample,
while the average sizes of coarse columnar grains were
found to be 1.84 μm for the AF sample and 1.76 μm
for the HT sample. The comparative grain sizes implied
no significant grain coarsening after heat treatment at
elevated temperatures occurred in this LPBF-fabricated
Al-Cu-Li-Sc-Zr alloy.

The precipitation behavior significantly influences the
mechanical properties of the LPBF-fabricated Al-Cu-
Li-Sc-Zr alloy at elevated temperatures. Figure 3(a-d)
shows the TEM results for both AF and HT samples
and Figure 3(e) presents the corresponding statistical
results of precipitate size. The EDS map obtained from
the equiaxed grain area of the AF sample (Figure 3(a))
revealed the stacking of Cu-rich and Sc-rich precipitates
along the equiaxed grain boundaries. To further identify
the phase constituent, TKDanalysis was employedwithin
the equiaxed grain area of AF sample. The resulting phase
map depicted in Figure 3(f) identified Al2Cu and AlCuSc
phases, predominantly located at the grain boundaries
of Al as indicated in the IPF map shown in Figure 3(g).
This observation strongly supports that the Cu-rich and

Sc-rich precipitates are primarily composed of Al2Cu
and AlCuSc compounds. Statistical results indicated an
average size of these precipitates to be 116± 42 nm.
It’s noteworthy that the equiaxed grains observed in
TEM and TKD results could be as small as a few hun-
dred nanometers, indicating the presence of a nano-
scale structure in the LPBF-fabricated Al-Cu-Li-Sc-Zr
alloy.

Similar to the equiaxed grain area of the AF sample,
Al2Cu and AlCuSc precipitates also aggregate along the
columnar grain boundaries as illustrated in Figure 3(b).
These precipitates effectively impeded grain coarsening
by localizing at grain boundaries, thereby contributing
to the maintenance of a refined grain structure. The size
of these precipitates was measured to be 117± 32 nm,
closely resembling those observed in the coarse grain
area. A notable distinction is that smaller Al2Cu and
AlCuSc precipitates are discernible within the coarse
grains (42± 13 nm), which can be attributed to the inter-
dendritic segregation of Cu and Sc. During solidification,
the Al dendrites grow by extracting solute atoms Cu
and Sc from the surrounding liquid. As these dendrites
continue to grow and solidify, they create interdendritic
regions with a higher solute concentration of Cu and
Sc. These solute atoms possess lower solubility in the
solid Al phase compared to the liquid Al phase. Con-
sequently, as the Al liquid cools and solidifies, Cu and
Sc atoms are expelled from the forming dendrites and
tend to accumulate in the remaining liquid. The degree
of interdendritic segregation is closely associatedwith the
cooling rate [30]. Given the rapid cooling inherent in the
LPBF process, the interdendritic precipitates appear as
smaller entities.
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Figure 3. TEM analysis showing the HAADF images and corresponding EDSmaps of: (a) equiaxed grain area of AF sample, (b) columnar
grain area of AF sample, (c) equiaxed grain area of HT sample, and (d) columnar grain area of HT sample; (e) statistical results of precipitate
size; EBSD analysis showing the TKD results within the equiaxed grain area of AF sample: (f ) phase map and (g) IPF map.

No discernible Zr segregation was observed in either
the equiaxed grain or columnar grain area of the AF sam-
ple. This can be attributed to that the primary Al3(Sc,
Zr) particles worked as nucleants for grain refinement in
the equiaxed grain area generally had a small size that
renders them difficult to distinguish by TEM-EDS [31].
Additionally, it is worth noting that the Zr element within
the coarse grain areas exhibited supersaturation in the Al
matrix [32].

For the HT sample, an increased number of pre-
cipitates can be observed in both equiaxed grain area
(Figure 3(c)) and columnar grain area (Figure 3(d)).
The fine precipitates within the columnar grains tended
to coalesce and grow, resulting in a size increase to
72± 21 nm, which presented a growth of 71% compared
to those in the AF sample. The precipitation particles
exhibited an intermittent distribution along the grain
boundaries in the AF sample while those particles were
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nearly continuously stacked along the grain boundaries
in the HT sample. Consequently, it can be reasonably
deduced that Al2Cu and AlCuSc precipitates exhibit a
higher degree of accumulation at the grain boundaries in
the HT sample as opposed to the AF sample. The enrich-
ment of precipitates at grain boundaries can compro-
mise the material’s ductility and elongation by promot-
ing embrittlement, creating paths for crack propagation,
hindering dislocation movement, and inducing stress
concentration. These precipitates located at the grain
boundaries exhibited sizes of 125± 39 nm for equiaxed
grains and 123± 37 nm for coarse grains, which were
respectively larger by approximately 8% and 5% com-
pared to those presented in the AF sample. The abundant
presence of nano-sized precipitates encircling nano-scale
equiaxed grains gave rise to a distinctive ring-shaped
structure at the nanoscale, while those located along
columnar grain boundaries formed a strip-shaped struc-
ture. Despite minor coarsening, these structures were
stabilized as the nano-sized precipitates still effectively
impeded grain boundary migration, thereby providing
robust resistance against grain coarsening.

4. Discussion

The precipitates of LPBF-fabricatedAl-Cu-Li-Sc-Zr alloy
exhibited superior thermal stability during aging at 300
âĎČ.An elucidation of the phenomena of coarsening and
dissolution of these precipitates at the specified temper-
ature can be achieved through the application of ther-
modynamic and kinetic theories [33]. The molar Gibbs
free energy (�G) associated with the nucleation process
is expressed by.

�G = 4
3
πr3�g + 4πr2σ (1)

where r represents the radius of the precipitate, �g
denotes the precipitation driving force, and σ is the sur-
face energy per unit area [34]. The driving force �g can
be calculated by

�g = −kT
Vp

ln
(

C
Ceq

)
(2)

where k stands for the Boltzmann’s constant, T denotes
the temperature, Vp represents the molar volume of pre-
cipitates, and C and Ceq are the current and equilib-
rium solute concentrations in the Al matrix [35]. At the
point where ∂�G/∂r = 0, the critical precipitate radius
r0 can be determined by substituting Equation (2) into
Equation (1):

r0 = 2Vpσ

kTln
(

C
Ceq

) (3)

Figure 4. Diffusion coefficients of Cu, Sc, Zr, Mg, Si, and Zn in Al
at different temperatures.

The dissolution of precipitates during aging or ten-
sile testing at 300 âĎČ can be inferred from Equation
(3), when the radius is less than r0. Conversely, under
conditions promoting growth, the precipitates under-
went enlargement and coarsening. The rate of growth is
defined by

v = dr
dt

= D
r
C − Ceqexp(r0/r)
1 − Ceqexp(r0/r)

(4)

whereD is the diffusion coefficient of solute at time t [35].
The Arrhenius relationship suggests that the diffusion
coefficient D is exponentially correlated with T [36]:

D = D0exp(−Q/RT) (5)

where D0 represents the pre-exponential factor, Q
denotes the activation energy, and R stands for the molar
gas constant (8.314 J/(mol·âĎČ)). Based on the param-
eters listed in Table S1, we calculated the temperature-
dependent diffusion coefficient of various elements in Al
and presented them in Figure 4. At an elevated temper-
ature of 300 °C, distinct values were obtained for the
diffusion coefficients governing the mobility of differ-
ent elements within the Al matrix. Specifically, at this
temperature, Cu, Sc, and Zr exhibit lower diffusion coef-
ficients than those of Zn, Mg, and Si, which are respec-
tively equal to 2.76× 10−17 m2/s, 3.76× 10−20 m2/s, and
6.32× 10−24 m2/s compared with 3.10× 10−16 m2/s,
1.54× 10−16 m2/s, and 2.62× 10−16 m2/s.

The remarkable thermal stability of the Al3(Sc, Zr)
phase can be attributed to its distinctive core–shell struc-
ture [37,38]. The incorporation of Zr into theAl3Sc phase
introduced lattice irregularities, leading to an increase in
entropy. This entropy-driven phenomenon significantly
altered the free energy associated with the formation of
the Al3(Sc, Zr) phase, thereby promoting the genera-
tion of compact and finely dispersed nuclei. Moreover,
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owing to the higher diffusion coefficient of Sc atoms
compared to Zr atoms, the resulting Al3(Sc, Zr) phase
typically comprised Sc-rich nuclei encapsulated by thin
shells (approximately 1-2 nm thick) rich in Zr. These
slow-diffusing thin shells acted as effective diffusion bar-
riers [39], retarding atom transport and consequently
decelerating the coarsening process.

Although the diffusion coefficient of Cu was relatively
high, the diffusion of Cu can be mitigated by a high
density of vacancies and Sc microalloying atoms [40].
Thermodynamically stable atomic complexes rich in (Cu,
Sc, vacancy) constituents exhibited self-organization ten-
dencies, effectively impeding Cu diffusion and trapping
solute atomswithin theAlmatrix. The presence of vacan-
cies, characterized by notably increased concentrations,
became crucial for facilitating the incorporation of excess
vacancies into a majority of atomic complexes. This aug-
mentation substantially enhanced the thermal stability
of these atomic complexes. As such, the precipitates
exhibiting resistance to coarsening at high temperatures
contributed significantly to the alloy’s strength in high-
temperature conditions [41]. These precipitates could act
as obstacles to the movement of dislocations. Enhanced
precipitate stability correlated with a heightened capac-
ity to impede dislocation mobility, consequently yielding
augmented strength under high-temperature conditions.

The phenomenon of grain boundary sliding (GBS)
often contributes to the deformation of aluminum alloys
with fine grains at elevated temperatures [9]. It is per-
tinent to note that the presence of grain boundary pre-
cipitates, which maintain small grain dimensions under
high thermal conditions, simultaneously act as obstacles
to GBS progression. Griffiths et al. [9] investigated the
high-temperature properties of an Al-Mg-Zr alloy fab-
ricated using LPBF in both AF and HT conditions. The
synergistic presence of Fe-rich intermetallics, Mg2Si par-
ticles, and Al3Zr particles was speculated to hinder GBS.
The coarsening of these grain boundary reinforcement
phases may potentially lead to a decrease in the yield
strength of HT samples compared to AF counterparts.
While a comparable phenomenon might be observed in
our examined alloy, it’s important to highlight that the
reduction in yield strength remained relatively modest.
This can be attributed to the alloy’s notable resistance
against precipitate coarsening, which is caused by the
low diffusion coefficients of elements in thematerial. The
increase in elongation of the HT samples at elevated tem-
peratures can be ascribed to the superplasticity effect.
Superplasticity is a distinctive phenomenon observed in
polycrystalline materials, allowing for significant tensile
elongation under particular temperature and strain rate
conditions. This behavior is notably pronounced in alloys
with grain sizes below 10 μm under specific conditions

of temperature and strain rate [42]. The extent of super-
plastic elongation showed a positive correlation with an
increase in particle volume fraction [43]. Owing to the
enhanced precipitation of particles within the HT sam-
ples, they exhibited superior ductility compared to their
AF counterparts.

5. Conclusions

The present study investigates the high-temperature
mechanical properties and microstructural evolution of
an Al-Cu-Li-Sc-Zr alloy fabricated using LPBF technol-
ogy. Both as-fabricated and heat-treated samples exhib-
ited a decrease in yield strength and an increase in elon-
gation with rising temperature. A comparison with other
LPBF-fabricated aluminum alloys highlights the supe-
rior combination of yield strength and elongation exhib-
ited by the Al-Cu-Li-Sc-Zr samples at high temperatures.
These exceptional material properties can primarily be
attributed to the excellent resistance to grain coarsen-
ing and robust thermal stability of precipitates within
the alloy. The former characteristic was a result of the
outstanding grain boundary pinning effect offered by
abundant precipitates at grain boundaries, while the latter
was due to constrained diffusion rates of alloying ele-
ments. The insights gained from this study contribute
to advancements in additively manufactured aluminum
alloy design for high-temperature applications, providing
valuable understanding into the intricate mechanisms
governing their behavior in extreme environments.
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