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Developing light yet strong aluminum (Al)-based alloys has been attracting
unremitting efforts due to the soaring demand for energy-efficient structural
materials. However, this endeavor is impeded by the limited solubility of other
lighter components in Al. Here, we propose to surmount this challenge by
converting multiple brittle phases into a ductile solid solution in Al-based
complex concentrated alloys (CCA) by applying high pressure and tempera-
ture. We successfully develop a face-centered cubic single-phase Al-based
CCA, AlssMgssLisZns, with a low density of 2.40 g/cm? and a high specific yield
strength of 344x10°N-m/kg (typically - 200x10°>N-m/kg in conventional Al-
based alloys). Our analysis reveals that formation of the single-phase CCA can
be attributed to the decreased difference in atomic size and electronegativity
between the solute elements and Al under high pressure, as well as the
synergistic high entropy effect caused by high temperature and high pressure.
The increase in strength originates mainly from high solid solution and
nanoscale chemical fluctuations. Our findings could offer a viable route to
explore lightweight single-phase CCAs in a vast composition-temperature-
pressure space with enhanced mechanical properties.

The combination of lightweight and high strength, namely high spe- carbon emissions, the pursuit of lightweight and high-strength metallic
cific strength, can effectively reduce the weight of materials needed to  materials has attracted considerable attention from a wide range of
meet the mechanical requirements in various structural applications. industries, especially in the field of transportation. Al-based alloys are
Due to the increasing demand to reduce energy consumption and featured by their low density (one-third of that of steel, copper, or
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brass), weak magnetism, and high specific strength, making them the
most popular lightweight engineering materials capable of widespread
application’.

However, developing lighter Al-based alloys needs to introduce
additional amounts of lighter elements. Nevertheless, exceeding the
solubility limit of these elements in Al could lead to the alloy being
mostly composed of intermetallic compounds (IMCs), lacking a ductile
FCC matrix, thereby resulting in deterioration in mechanical perfor-
mance. This limitation impedes the advancement of light Al-based
alloys.

In addition, achieving high specific strength in Al-based alloys is
challenging as strength typically decreases with decreasing density> In
other words, alloy design and preparation approaches are needed to
overcome these obstacles in developing lightweight Al-based alloys
with high specific strength.

Recently, introducing high configurational entropy based on the
concept of CCAs has proven to be an effective way to stabilize solid
solution phases against forming IMCs far beyond their traditional
solubility limits. Although numerous Al-containing CCAs were
reported’”’, their microstructure still exhibits a mixture of excessive
IMCs®™, which may not provide sufficient slip systems for plastic
deformation, or promote easy crack propagation along grain bound-
aries, resulting in deterioration of mechanical properties and
performance®.

The lack of single-phase solid solution Al-based CCAs is attributed
to the significant differences in atomic radius and electronegativity
between Al and other light elements®, resulting in high mixing
enthalpy (H) and low excess configurational entropy (Sg). In this case,
the formation of chemically ordered IMCs is energetically favored.

Elevating temperatures usually enhance the solubility of one ele-
ment in another due to the enhanced entropy effect. However, in the
case of Al-based alloys, IMCs still easily form during solidification by
quenching high-temperature melts, indicating that the entropy effect
generated solely by increasing temperature is still insufficient. In
addition to composition and temperature, pressure has also been
reported as an effective tool for altering phase stability'*", and even
promoting phase transitions from binary intermetallic compounds to
random solid solutions™. Therefore, by combining high temperature
with high pressure, many novel materials otherwise inaccessible by
traditional processing methods have been obtained, such as magnetic
materials, superconductive materials'®, and ultrahard materials"” ™",
Rich phase transitions have also been reported in many binary light-
weight alloys under high-temperature and high-pressure
conditions®* %, providing a promising approach for developing light-
weight Al-based alloys.

In this work, we developed a low-density (2.4 g/cm? and high
specific yield strength (344 x10>N-m/kg) AlssMgssLisZns CCA with a
single-phase face-centered cubic (SP-FCC) structure by applying high
pressure and high temperature (HPHT) to promote the transition from
IMCs to solid solutions. The formation of the SP-FCC lattice is attrib-
uted to the decreased differences in atomic size and electronegativity
between the solute elements and Al under high pressure, as well as the
synergistic high entropy effect caused by high temperature and high
pressure. The distinct solid solution strengthening comes from the
incorporation of multiple elements in one single FCC lattice, as well as
the significant pinning effect of dislocations from nanoscale chemical
fluctuations, which leads to the enhanced strength of the low-
density CCA.

Results

Structure characterization

Aiming to lower the density of Al-based alloys and maintain their
strength, we have to select an appropriate alloy system with a proper
composition. First, to develop Al-based alloys with lower density
without sacrifice of strength, two other types of elements can be

incorporated into the Al alloy. One is the light elements with a high
strength-to-weight ratio, such as Mg or Li, to increase the resultant
strength and stiffness without adding weight. The other type is the
element that can provide benefits like corrosion resistance and ther-
mal stability such as Zn. Second, the atomic ratio of these elements can
be optimized by considering local atomic strains, namely the A value,
as elaborated in Supplementary Note 1 and Supplementary
Figs.1and 2. Target samples (- 2 mm in diameter and ~ 3 mm in height)
with a nominal composition of AlssMgssLisZns were synthesized using
a multi-anvil large volume press (LVP). The schematic drawing of the
high-pressure cell assembly of LVP is shown in Supplementary Fig. 3.

Synchrotron X-ray diffraction (XRD) experiments were performed
on the as-cast samples and the HPHT-synthesized samples to char-
acterize their phase constituents. The HPHT condition was determined
based on dependence of A on temperature and pressure, as well as
experimental verifications. First, the A value decreases with the
increase of pressure applied. When the pressure is increased to a
certain value at which the A value decreases to below 0.11, then a solid
solution is likely formed, as shown in Supplementary Fig. 2. Second,
high temperature amplifies the contribution of entropy, which can
decrease the total free energy and thermodynamically stabilize solid
solution against IMCs. Thus, elevating temperature can promote long-
range atomic diffusion required to form a single phase from the initial
mixture containing multiple IMCs. Therefore, as the pressure increa-
ses, the critical temperature for the formation of single-phase
decreases. As can be seen in Supplementary Fig. 4, with the increase
of the applied pressure, the critical temperature for forming a single-
phase FCC structure in AlssMgssLisZns decreases from 1410 to 1280 K.
Based on the A design principle, we explored a series of alloys under
various pressures ranging from 8 GPa to 30 GPa and temperatures up
to 2000 K to determine the optimal HPHT conditions (see Supple-
mentary Note 2 and Supplementary Fig. 5 for details). Considering
both experimental feasibility and cost-effectiveness, we have opted for
a moderate HPHT condition, namely 15 GPa and 1500 K, to synthesize
bulk SP-FCC samples.

Figure 1a shows synchrotron XRD patterns of the as-cast sample
and the HPHT-synthesized sample recovered from 15 GPa and 1500 K.
Clearly, the as-cast sample contains multiple IMCs, including Al;Mg,,
LiMgAl,, and Mgs,(AlZn),9 phases. In contrast, for the HPHT-
synthesized sample, only crystalline peaks corresponding to an FCC
lattice (i.e., space group: Fm 3 m, a=4.203 A) can be seen, indicating
that this sample possesses a single-phase structure. The high-
resolution transmission electron microscopy (HRTEM) image and the
corresponding selected area electron diffraction (SAED) pattern also
confirm the SP-FCC structure, as shown in Fig. 1b, c, respectively. In
addition, a fairly uniform distribution of numerous dislocations was
also observed in the HPHT-synthesized sample in the bright-field TEM
image (Fig. 1d). Electron backscatter diffraction (EBSD) image reveals
an equiaxed grain morphology of the HPHT-synthesized sample
(Fig. 1e). Energy dispersive spectroscopy (EDS) elemental mapping of
the as-cast sample shows that Al, Mg, and Zn are enriched in different
phase regions, whilst the HPHT-synthesized sample exhibits a spatially
uniform distribution of all constituents (Supplementary Fig. 6).
Therefore, a single-phase AlssMgssLisZns CCA is obtained via the HPHT
treatment.

More detailed chemical distribution with atomic scale resolution
of the HPHT-synthesized sample was further examined by three-
dimensional atom probe tomography (3D-APT). Iso-concentration
maps of Li (5.8at.%), Zn (8 at.%) and their overlap were displayed to
depict local chemical fluctuations (Fig. 1f), in which morphology of
nanoscale chemical fluctuations enriched with Li and Zn is revealed.
The composition analysis along a line crossing the interface between
the matrix and nanoscale clusters is presented in Fig. 1g. As can be
seen, all components in the FCC solid solution matrix distributed
homogenously. Within clusters (the right side of Fig. 1g),
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Fig. 1| Characterization of the as-cast and HPHT-synthesized AlssMg3sLisZns
samples. a Synchrotron XRD patterns of the as-cast sample (black) and the sample
synthesized at 15 GPa and 1500 K by LVP (red). b, c HRTEM and SAED images of the
HPHT-synthesized sample, revealing an SP-FCC structure. The SAED pattern is
obtained along the [011] direction. d Bright-field TEM image, showing a fairly uni-
form distribution of numerous dislocations in the HPHT-synthesized sample.
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e EBSD image of the HPHT-synthesized sample, showing the grains with different
orientations. The inset shows the orientations corresponding to different colors.
f APT reconstruction of the HPHT-synthesized sample. Maps of 5.8 at.% Li, 8 at.% Zn
iso-concentration and their overlap are displayed to depict local chemical fluc-
tuations. g Composition analysis along a line crossing the interface between the
matrix and nanoscale clusters. The error bars are standard deviations of the mean.

concentrations of Li and Zn reach ~ 12 and ~ 8.5 at.%, respectively,
whilst Al and Mg are correspondingly depleted. The formation of these
nanoscale chemical fluctuations seems to be closely related to the
synergistic effects of high pressure and high temperature, as well as
the high entropy effect. Initially, plastic deformation induced by phase
transitions or non-hydrostatic pressure components under high
pressure can introduce numerous dislocations, as reported in severe
plastic deformation studies®. Actually, dislocations in crystalline solid
solutions are disturbed regions capable of inducing solute segregation
when diffusion is enabled, potentially reducing the system energy***.
Subsequent heating processes then enhanced the driving force for the
diffusion of Li and Zn solutes (Li and Zn have larger atomic radii and
electronegativity differences with Al) towards these dislocations,
promoting the formation of nanoscale chemical fluctuations. Also, it is
recognized that nanoscale chemical fluctuations are a common
structure feature for CCAs because of the large chemical complexity
resulting from the high configuration entropy*.

Mechanical properties
Figure 2a shows room-temperature compressive stress-strain curves of
the as-cast sample (black) and the HPHT-synthesized AlssMgssLisZns
CCA (red). The as-cast alloy failed at ~ 280 MPa without obvious
yielding and fragmented into many pieces (Supplementary Fig. 7),
showing a brittle fracture behavior. In contrast, the yield strength was
substantially enhanced by almost three times to 825 MPa for the SP-
FCC CCA, accompanied by an increased total compressive strain from
~1% to - 4 %. The fracture mode changed from the shattering failure of
the as-cast sample containing multiphase IMCs to the fracture along
the ~ 45° direction of the SP-FCC CCA (see the inset of Fig. 2a).
Figure 2b shows the comparison of the specific yield strength and
density between the SP-FCC AlssMgssLisZns CCA and previously
reported Al-based CCAs, Ti-based CCAs, AITiNb-based CCAs, and other
lightweight CCAs (See Supplementary Table 1 for detailed composition
information). The developed AlssMg;sLisZns CCA, which is located at
the top-left regime, has the highest specific yield strength

(344x10°N-m/kg) and nearly the lowest density (2.4 g/cm?®), out-
performing most of the reported CCAs. More information on the
density comparison with other Al-based alloys is shown in Supple-
mentary Fig. 8. It can be seen that the SP-FCC AlssMgssLisZns CCA
possesses an low density of 2.4 g/cm?, lower than that of most Al alloys
(- 2.8 g/cm?), including Al-Li alloys (- 2.5-2.9 g/cm?) and 5xxx series Al
alloys (- 2.65 g/cm?).

Deformation behavior analysis

Figure 3a, b show fractured surfaces of the as-cast and HPHT-
synthesized specimens, respectively. The fracture surface of the as-
cast alloy is smooth with very limited deformation features, whereas
the HPHT-synthesized CCA exhibits transgranular fracture behavior
with clear cleavage steps and river patterns. To further investigate
the deformation mechanism of the HPHT-synthesized SP-FCC
AlssMgssLisZns alloy, we conducted TEM characterization of the
fractured samples. As can be seen from the bright-field TEM image
of the fractured SP-FCC sample (Fig. 3¢), numerous dislocations
were observed throughout the matrix, and well-developed planar
slip bands (indicated by yellow arrows) appeared, indicating that
the plastic deformation is dominated by planar slip. The corre-
sponding SAED of the fractured sample confirms neither phase
transformation nor twinning after deformation (Fig. 3d). As shown
in Supplementary Fig. 7, the as-cast sample consisting of multiple
IMCs fractured in a brittle mode with limited dislocation operation,
which can be attributed to insufficient slip systems and weak grain
boundaries between IMCs and matrix”. For the SP-FCC sample,
weak grain boundaries were eliminated due to the suppression of
IMCs, and planar slip dominated the deformation process with
massive dislocations.

Discussion

To reveal the phase transition mechanism from multiple IMCs to the
SP-FCC solid solution, in situ high-pressure (laser heating) XRD mea-
surements were conducted using a diamond anvil cell (DAC). Firstly,
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Fig. 3 | Deformation behavior of the SP-FCC Als;sMg;sLisZns CCA. a, b Fracture
surfaces of the as-cast and SP-FCC AlssMgssLisZns CCAs, respectively.
c Representative bright-field TEM image of dislocation morphologies in a fractured
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SP-FCC sample, imaged under (-112) type diffraction conditions. d The corre-
sponding SAED pattern along the [-112] direction of the fractured SP-FCC sample.

in situ high-pressure XRD was performed on the starting
AlssMgssLisZns alloy at room temperature to verify the pressure effect.
As shown in Fig. 4a, the starting sample initially shows multiple IMCs
including Al;Mg,, LiMgAl,, Mgz»(AlZn)4e and other IMCs. With the
increase of compression pressure up to 22 GPa, no phase transition
occurred at room temperature, indicating that applying pressure alone
could not obtain the SP-FCC solid solution phase. Note that NaCl
served as the pressure-transmitting medium and thermal insulator, as
indicated in Fig. 4.

Therefore, in situ HPHT laser heating XRD measurements on the
as-cast AlssMgssLisZns alloy at 10 GPa were further performed to
uncover the effects of both pressure and temperature (Fig. 4b). Below
950 K, all diffraction peaks of the IMCs remained almost unchanged,
indicating that those IMCs in the as-cast alloy are stable up to ~ 950 K at
10 GPa. With the further increase of temperature, new diffraction
peaks corresponding to the FCC lattice appeared and gradually grew
with increasing temperature at the expense of the IMCs peaks. Even-
tually, all peaks related to IMCs disappeared at ~ 1410 K.

Generally, high configuration entropy tends to stabilize random
solid-solution phases at high temperatures”. However, whether a sin-
gle solid solution phase is ultimately formed also depends on the
enthalpy of mixing (the interaction between each component). The
existence of multiple IMCs in the as-cast AlssMgssLisZns sample at
ambient pressure could be attributed to the relatively high mixing
enthalpy between the constituents.

According to the empirical Hume-Rothery rules, the formation
of multiple IMCs against solid solutions results from significant

differences in atomic size and electronegativity. A large difference in
electronegativity indicates strong chemical interactions between the
components, while large atomic size mismatches often create large
local atomic strain, which tends to destabilize solid solutions.

Specifically, based on the atomic scale elasticity theory, a A
parameter was proposed to estimate the local atomic strain resulted
from atomic size mismatch”. The parameter A can be expressed® as
A=575Ci|(rifra)* -1
r, are the atomic radius of the solute and solvent (Al) atoms,
respectively. Essentially, A is a parameter used to measure the
instability of solid solutions. A small value of A implies a small strain
in the matrix, indicating high stability of the solid solution. If A
exceeds a certain threshold, the matrix would become topologically
unstable, resulting in destabilization of the solid solution. More-
over, based on statistical analysis of multiple Al-based alloys®*?*, the
critical threshold for solid solution destabilization in Al-based alloys
was found to be 1>0.1. At the ambient pressure, AlssMgssLisZns
shows the lowest A value (i.e., -~ 0.156), indicating a significant
potential for forming SP-FCC, although it contains multiple IMCs at
room temperature.

, where C; is the solute concentration, r; and

Fortunately, pressure is an effective tool for altering the atomic
radius and electronegativity in alloys'*". For most elements, electro-
negativity typically decreases with pressure, which is consistent with
the general trend of pressure-induced metallization®. If the differ-
ences in atomic size and electronegativity between each component
both decrease with increasing pressure, the Hume-Rothery rules
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cast AlssMgssLisZns alloy during compression up to 22 GPa at room temperature.
No phase transition was observed. b Synchrotron XRD patterns of the
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pressure of 10 GPa. The intermetallic compounds (IMCs) in the as-cast alloy
remained stable up to - 950 K at 10 GPa, then a phase transition started at ~ 950 K.
NaCl served as the pressure-transmitting medium and thermal insulator here. The
red and black tick marks in Fig. 4b represent the peaks of IMCs and NaCl.

can be satisfied and the formation of solid solutions will be
favored thermodynamically by simultaneously applying pressure and
temperature'*. The equation of state of Al, Mg, Zn, and Li has been well
studied and available in literature® >, allowing for a simple calculation
of their pressure-dependent atomic radii (Fig. 5a). Our high-pressure
synthesized AlssMgssLisZns alloy is a solid solution with a single FCC
lattice structure, and the atoms inside this specific alloy are in a “free”
state. Therefore, in our opinion, it is reasonable to use the information
regarding the pressure-atomic size relationship of pure metals to
understand the transformation behavior of this alloy. It is obvious that
the atomic radius decreases with pressure but with a quite different
rate for each component, which naturally yields the changes in atomic
size difference under pressure. The changes are more quantitatively
reflected by the calculated parameter A as a function of applied pres-
sure in Fig. 5b. As seen, the A value decreases with increasing pressure.
At ~ 15 GPa, A drops below the critical value of 0.1, indicating that the
formation of a single solid solution is favorable, which is consistent
with our experimental observations.

It is to note that the reduction in atomic radius difference between
Mg and Al is larger than that between Zn and Al. This trend leads to an
increase in the solubility of Mg in Al with the increase of pressure. With
the increase of pressure, the radius value of Li sharply declines and
quickly reaches the same value as Al. Therefore, from the perspective
of atomic size mismatch, the solid solubility of Li in Al increases with
the increase of pressure. In addition to pressure, high temperatures
can also change the size difference in the four elements. Accordingly,
we have analyzed the size change of four elements with temperature
(see Supplementary Note 3 and Supplementary Fig. 9, Table 2), and
found that the temperature effect can be neglected, as compared with
the pressure effect.

In addition, the difference in electronegativity between compo-
nents should also be considered. The electronegativity of the four
components as a function of pressure can be obtained through the
theoretical calculation method (details are included in Methods)*
(Fig. 5¢). In the range of 10-20 GPa, the electronegativity of Mg and Al
intersect with each other, which is beneficial for the high solid solu-
bility of Mg in Al. Nevertheless, the electronegativity of Li and Zn
gradually deviates from that of Al as the applied pressure increases,
which may be one of the reasons for the limited solid solubility of Li
and Zn in Al at high pressures. Overall, pressure can reduce the A value
and the electronegativity difference (from 0.306eV at ambient

pressure to 0.286 eV at 10 GPa in AlssMgssLisZns), thereby facilitating
the formation of a single-phase solid solution.

Generally, high configurational entropy also favors the formation
of a random solid solution at high temperatures. Could we rationalize
the formation of the SP-FCC AlssMgssLisZns CCA from an entropy
perspective? The main configurational entropy term of the CCAs is
considered as the configurational entropy of mixing for an ideal
solution (denoted as S¢), and the S of AlssMgssLisZns is 8.28 ) mol K™
The total configurational entropy of mixing (denoted as S;) can be
written as S;=S.+S;, where Sy denotes the excess configurational
entropy of mixing, which excludes the contribution from an ideal
solution and can be related to the atomic size misfit in the atomic
packing® . Based on the variation of atomic size with pressure for
four components, Sy as a function of pressure can be estimated
(Fig. 5d). As can be seen, the S; value of AlssMgssLisZns shows a rapid
increase during compression to 20 GPa, resulting in an increase in the
total configurational entropy of mixing.

Therefore, the formation mechanism for the SP-FCC of
AlssMgssLisZns at 10 GPa above ~ 950K can be summarized from the
following aspects. Firstly, no SP-FCC forms either by melt quenching at
ambient pressure or applying pressure at room temperature. As shown
in Fig. 4, both pressure and temperature play important roles in the
formation of SP-FCC phase. High pressure can decrease the differences
in atomic size and electronegativity between the solute elements and
Al, thus enhancing the solubility of Mg, Li, and Zn in Al. In addition,
pressure can also increase the total configurational entropy of the
alloy, and so does elevating temperature. Increase in the configura-
tional entropy tends to decrease the total free energy, which ther-
modynamically stabilizes solid solution against IMCs at high enough
temperatures*’. Moreover, long-range atomic diffusion is needed to
form a single phase from the initial multiphase mixture containing
IMCs. As such, the single-phase solid solution can only be formed
under sufficiently high pressure and high temperature. The synthe-
sized SP-FCC phase was fully reserved as a metastable phase to
ambient conditions, which may be attributed to the typical low atomic
diffusion and high energy barrier caused by the complex compositions
in CCAs*"*,

HPHT seems to be an effective way to explore lightweight Al alloys
by increasing the solid solubility of other light components in Al. For
demonstration of its generality, three other alloys, AlsoMg40, AlsoMgs0,
and Al MgyoliznZne were investigated under similar HPHT
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Fig. 5 | Change of radius, local atomic strain (1), electronegativity, and excess
configurational entropy (Sg) as a function of applied pressure. a Pressure-Radius
relationship for four components up to 50 GPa. The radius under high pressure was
determined by high-pressure volume data of four components from literature® >,
b The local atomic strain (1) as a function of pressure in AlssMgssLisZns. The left

y-axis shows the A parameter as a function of pressure (blue solid curve) while the

Pressure (GPa)

right y-axis presents the separate contribution from each solute atom (Mg, Li, and
Zn) to the A parameter as a function of pressure (dashed lines). The dotted hor-
izontal line marks the position where A =0.1. ¢ The electronegativity of four com-
ponents as a function of pressure. d The change of excess configurational entropy
(Sg) with pressure in AlssMgj3sLisZns.

conditions, and their final products were characterized using syn-
chrotron XRD (Supplementary Fig. 2). SP-FCC solid solutions were
successfully synthesized in AlgoMgso and AlsoMgso (with 1<0.11),
while the formation of a SP-FCC structure is unattainable in
AlyoMgyoliinZny alloy within the pressure range of 5-40 GPa up to
2000 K (corresponding to A values greater than 0.11). Based on these
results, we can determine the necessary condition for the formation of
asingle-phase solid solution in this alloy system is that the critical value
must be no less than 0.11, namely A < 0.11. It is important to point out
that pressure can decrease the electronegativity difference within the
alloy, a single phase could form with a larger A value. The synthesis of
SP-FCC CCA in this work is by no means limited to this specific
AlssMgssLisZns composition, and we expect that A and electro-
negativity difference could serve as a guiding principle for single-
phase synthesis in various CCAs at certain pressure and temperature
conditions.

The SP-FCC solid solution AlssMgssLisZns CCA shows superior
mechanism properties to the as-cast alloy and many other typical
lightweight CCAs. The strengthening mechanism is believed to lie in its
composition and microstructure. The partial recovery of the differ-
ences in atomic sizes of the four elements at RT and ambient pressure
results in substantial atomic strain fluctuations in the SP-FCC
AlssMgssLisZns CCA, which was verified by the geometric phase ana-
lysis results (see Supplementary Note 4 and Supplementary Fig. 10).
Accordingly, the resulting nanoscale strain fields led to considerable
resistance to dislocation gliding, contributing substantially to the
strengthening®.

Firstly, to account for the solid solution strengthening effect in
this CCA, the framework of an existing solute strengthening theory for
CCAs*** was used. Two fundamental quantities, the zero-temperature
yield stress, 7,5, and the zero-stress energy barrier, AE,, were first
computed:

2
4 273

7,0=0.01785a 31 (11%;)3 [Zn:zf‘/n} M
S EIAY DRI

AE, =1.5618a31b 1 T 2

where b is the Burgers vector (0.286 nm for Al), a=0.125 is the edge
dislocation line tension parameter, accurate for a number of FCC
metals. For elastic constants of the alloy, we used a rule-of-mixtures
based on the elemental (isotropic polycrystalline) elastic constants £,
H,, and v, (elastic modulus, shear modulus, and Poisson’s ratio,
respectively) for each constituent. Specifically, E=3Y",c.E,,
A=3",Caltn, and v=E/2f1 — 1. For the misfit volumes AV, we used
the Vegard’s law combined with the atomic volumes V,, =a3 /4 of the
FCC pure elements of lattice constants a,,. The atomic volumes for BCC
(body-centered cubic) pure elements are expressed as V,, =a> /2. For
HCP (hexagonal close-packed) pure elements, V,, =+/3a> /4, where &
is axial ratio. The atomic volume of random alloys was thus computed
as V=3",¢,V, and the misfit volumes as AV, =V, — V.
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At temperature T and strain rate €, standard thermal activation
theory then leads to the predicted yield strength as:

. KT &)1}
T,(T.€)=Ty {1 - (A—Eb n%’)} 3

where €, is a reference strain rate estimated to be 10*s™. The uniaxial
yield strength o, of an isotropic polycrystal was obtained by multi-
plying 7, by the Taylor factor 3.06. Application of the theory at
T=300K and strain rate 5x10*s™ leads to a predicted strength of
446 MPa.

Secondly, a fairly uniform distribution of dislocations was intro-
duced into the alloy during the HPHT treatment. These dislocations
interact with each other and impede their movement and result in the
dislocation strengthening Aoj, which can be estimated by the fol-
lowing equation*®:

Ao, =MaGbp*'? “4)

where a is a constant equal to 0.2, G is the shear modulus (26.9 GPa for
Al-based alloys) and p is the dislocation density, which can be
estimated by the TEM result. Based on the image in Fig. 1d, the
dislocation density was determined to be ~ 5.33 x 10> m2, and the yield
strength increment from dislocation strengthening was then calcu-
lated as ~ 34 MPa.

In addition, grain-boundary strengthening of the current CCA can
be evaluated from the Hall-Petch equation expressed as:

Aogz=Kd™? 5)

where K is a material constant equal to 0.12MPa/m"? for Al-based
alloys®, and d is the average grain diameter of - 100 pm, which was
estimated from Fig. 1le. The strength increase due to grain-boundary
strengthening was thus calculated as - 10 MPa, which is nearly
negligible.

Lastly, based on studies in high-entropy alloys, nanoscale chemi-
cal fluctuations along dislocations may also inhibit the movement of
dislocations and play an important role in strengthening the current
alloys®****°, In the present case, we can assume that all clusters form
along dislocation lines. Thus, the strengthening of nanoscale clusters
can be approximated by dislocation dynamics simulations®*>? as:

(6)

32
Ao, =0.82 <chln(2D/b)> Gbin(l/b)

Q_In(/b) 2ml

where Q.. is a constant (-~ 4.5GPa), [ is the average planar spacing
between defects: (=1/+/DC (C and D represent the number density and
average size of clusters, respectively). Q is the shear resistance of the
clusters: Q=T (1 +1,+2D)/2D (I; and [, represent the length of
two free dislocation segments around the cluster, and 7., is the
unpinning stress of dislocations, utilizing the yield strength of 825 MPa
in this context). The parameters [;, [,, C, and D were obtained through
statistical analysis of APT data (see Supplementary Fig. 11 and Table 3
for detailed analyses of the data), which are 2.1nm, 2.1nm, 1.02 x
10*m3, and 4.8 nm respectively. Based on these data, the calculated
value for Q is 1.44 GPa. Therefore, the contribution of nanoscale
chemical fluctuations to the strength of the alloy was estimated to be ~
42 MPa. Overall, the principal strengthening mechanisms in the syn-
thesized SP-FCC Al-based CCA result from a combination of various
factors, among which high solid solution, dislocations, and nanoscale
chemical fluctuations play an important role. Supplementary Fig. 12
provides a brief summary of this.

From the standpoint of plastic deformation, planar slip domi-
nated the deformation process with presence of massive dislocations,
as exhibited in Fig. 3c. It is well known that the confinement of

dislocation movement owing to the local chemical complexity of solid
solution atoms® and a low stacking fault energy SFE essentially trigger
the planarity of slip. In the synthesized SP-FCC AlssMgssLisZns CCA,
local chemical complexity induced by a high content of solute atoms
was observed (Fig. 1f). Therefore, during the deformation process, as
the first dislocation glides through the area with local chemical com-
plexity, it needs to overcome the energy barrier associated with the
nanoclusters*. Once the local chemical complexity is destroyed by the
leading dislocations, it cannot be restored by subsequent dislocations
because of its short-range nature. Hence, once a dislocation source is
activated, the following dislocations tend to glide on the same plane
due to the lower energy barrier, resulting in localized planar slip®. In
addition, the addition of Mg, Li, and Zn to Al leads to a reduction in SFE
compared with more dilute solutions or pure metals®>’, which might
also facilitate the slip planarity.

To further improve the plastic deformation ability of the HPHT-
synthesized AlssMgssLisZns CCA, introducing structural inhomogene-
ity at various scales, along with additional segregation and precipita-
tions, could be an effective approach for future efforts. These
structural heterogeneities can facilitate cross-slip, prompting a shift in
the plastic deformation mode from planar slip to wavy slip and ulti-
mately enhancing ductility. This work has established general design
criteria for achieving single-phase solid solution CCAs at high pressure
and high temperature. This introduces an approach for creating
diverse and innovative lightweight CCAs with superior properties,
extending the general development of CCAs into an unexplored two-
dimensional pressure-temperature space.

Methods

Sample preparation

Al-Mg-Li-Zn alloy ingots with a nominal chemical composition of
AlssMgssLisZns, AlgoMgs0, AlsoMgso, and AlyoMgsoliinZnie were syn-
thesized by induction-melting a mixture of pure metals (purity > 99.9
wt.%) under a high-purity argon atmosphere. The ingots were then cast
into a cast iron mold, followed by furnace cooling to obtain rod sam-
ples. The actual composition of the SP-FCC AlssMgssLisZns sample
were measured by 3D-APT (see Supplementary Table 4), which mat-
ches the target well.

For the DAC study, we utilized the single-roller melting-spinning
method under a high-purity argon atmosphere to prepare samples
with small grains. The crystal structure of these samples was found to
be consistent with that of the as-cast alloy, as depicted in Supple-
mentary Fig. 13. The sample surfaces were polished using 5000-grit SiC
paper to eliminate scratches. Subsequently, the samples were cut into
pieces with a dimension of approximately 60 pm in length and 25 pm
in thickness, then loaded into DACs with a culet size of 400 pm.
Rhenium was used as gaskets with a 120-150 um diameter hole drilled
in the center of an indent to serve as the sample chamber. Sodium
chloride was loaded as the pressure-transmitting medium and thermal
insulator. Prior to use, the sodium chloride underwent a drying pro-
cess at 120°C for at least 12 h to eliminate any water content. Pressure
was measured by the fluorescence of a ruby ball, which was loaded into
the DAC along with the sample. A double-side YLF laser-heating system
was used to heat the sample at different pressures. Temperature
measurements were derived by fitting the thermal radiation spectra of
the heated sample to the Planck radiation function. The experimental
procedure involved compressing the sample to target high pressure,
followed by heating it to high temperatures. After laser heating, the
pressure was released, and the sample was recovered from the DAC for
further characterization at ambient conditions.

For the LVP study, master ingots prepared via induction melting
were drop-casted into a copper mold with a dimension of ¢ 2 mm x
3 mm. High-pressure and high-temperature experiments were con-
ducted using a Kawai-type multi-anvil apparatus. The sample was loa-
ded into a boron nitride capsule, serving as an insulator. For heating, a
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cylindrical rhenium resistance heater surrounding the capsule was
utilized. This capsule, along with the rhenium heater, was positioned
within a 10 mm edge length MgO octahedron, serving as the pressure
medium. The assembly was compressed with eight inner tungsten
carbide cubes (second stage) with corner truncations, which were
compressed synchronously with six outer (first stage) anvils. Sample
temperatures were measured using a Wy;Res-WsRe,s thermocouple,
with the hot junction at the bottom of the sample capsule. The applied
pressure on the sample was estimated based on the pressure gener-
ated within the multi-anvil apparatus, calibrated as a function of
hydraulic oil pressure. The assembly was pressurized at ambient
temperature to the target pressure, followed by heating at the target
pressure to high temperature for a preset duration, and finally quen-
ched. Subsequently, the assembly was decompressed, and the sample
was retrieved for further investigation.

Characterization methods

Phase constitution and microstructure of the alloys were characterized
using XRD with Cu Ka radiation, Zeiss Supra55 SEM equipped with EDS,
and TEM (Tecnai G2 F30, 300 kV). Nanoscale chemical analysis was
conducted using a LEAP-5000XR APT. Specimens for TEM and APT
tests were prepared using a focused ion beam (FEI versa 3D). Syn-
chrotron XRD experiments were performed on the recovered samples
at beamline 12.2.2 of the Advanced Light Source, Lawrence Berkeley
National Laboratory. The X-ray wavelength used was 0.5391A. Data
collection utilized a MAR345 image plate detector. Some of our sam-
ples were also checked at beamline 15U1 of the Shanghai Synchrotron
Radiation Facility, China with X-ray wavelength of 0.6199 A. The
obtained XRD patterns were analyzed using Dioptas software.

In situ laser heating XRD measurements at different pressures
To investigate the phase transformation from IMCs to an SP-FCC
structure in the AlssMgsslisZns CCA, we conducted in situ high-
pressure XRD and in situ HPHT laser heating XRD measurements at
beamline 13-ID-D, Advanced photon source (APS), Argonne National
Laboratory (ANL). For these experiments, we utilized an online laser
heating system coupled with a DAC to enable double-sided laser
heating of the sample at high pressures. Supplementary Fig. 14 illus-
trates the experimental set-up of the DAC, along with a representative
image of a DAC sample. The X-ray wavelength employed was 0.3344 A.
Sodium chloride was the pressure-transmitting medium, pressure
standard, and thermal insulator. Temperature determination involved
fitting the blackbody radiation spectra of the heated sample on both
sides to the Planck radiation function.

Mechanical tests

Room-temperature compressive tests were performed on a CMT4305
universal electronic testing machine at a strain rate of 5x10™*s™, A
strain gauge (YYJ-4/14-Y) was employed to measure the deformation
strain of materials. Cylindrical samples with a diameter of 2 mm and a
height of 3 mm were tested. Compressive tests were conducted three
times for both the as-cast and SP-FCC samples. An offset (0.2%) yield
strength was utilized as the yield strength (see Supplementary Fig. 15
for details).

Calculation of electronegativity under high pressures

The electronegativity values of elements under high pressure are cal-
culated using charged He-matrix method*, in which structure relaxa-
tions and enthalpy calculations were performed using density
functional theory (DFT) within the Perdew-Burke-Ernzerhof (PBE)
functional®® in the framework of the all-electron projector augmented
wave (PAW) method® as implemented in the VASP code®. We used a
plane-wave kinetic energy cutoff of 1000 eV, and the Brillouin zone
was sampled with a resolution of 2T x 0.03 A, which showed excellent

convergence of the energy differences, stress tensors, and structural
parameters. The calculations included scalar relativistic effects.

Calculation of the entropy
The configurational entropy of mixing (S.) can be given by the regular
solution model® as:

Sc=—R>_xin(x) @
i=1

where x; is the mole fraction of element i, m is the number of elements,
and R is the ideal gas constant. For the studied AlssMgssLisZns alloy,
this model gives S =8.28 Jmol™ K™.

The excess configurational entropy (Sg) can be calculated by the
Carnahan and Starling theory*** as:

S 3 3 1
=5 (@ 5@l - 5@ D@ =3+ Ing | (1-ys) (8)

where kj is the Boltzmann constant, and { is a parameter being defined
as { =1/(1 — &) with a packing fraction £. Dimensionless parameters y;,
Y, and y; are defined as below:

13 2
yl = ;];I(dl +dj> (dl — dj) Cicj (9)
o2 S
y,= 5 2Plz:laf,-dj (d, —dj) ¢ (10)
(0?)°
Y3= (1)
(o)
3 k
o= cdik=2,3 12)
i-1

Here, y;, ¥,, and y; have a relation: y; +y, +y; =1. d; is an atomic
diameter of the i element, and c; is the mole fraction of the i
element.

Data availability

All data that support the key findings in this study are available within
the main text and the Supplementary Information file. Additional raw
data are available from the corresponding authors upon
request. Source data are provided with this paper.
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