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A series of low-density, multiprincipal component alloys containing high
concentrations of Al, Mg, Li, Zn, Cu and/or Sn was designed using a strategy
based on high-entropy alloys (HEAs). The alloys were prepared by induction
melting under high-purity argon atmosphere, and the resulting microstruc-
tures were characterized in the as-cast condition. The resulting microstruc-
tures are multiphase and complex and contain significant volume fractions of
disordered solutions and intermetallic compounds. By analyzing the atomic
size difference, enthalpy of mixing, entropy of mixing, electronegativity dif-
ference, and valence electron concentration among the constituent elements,
modified phase formation rules are developed for low-density multiprincipal
component alloys that are more restrictive than previously established limits
based on more frequently studied HEAs comprising mostly transition metals.
It is concluded that disordered solid solution phases are generally less stable
than competing ordered compounds when formulated from low-density ele-

ments including Al, Mg, and Li.

INTRODUCTION

Over the past decade, a new class of multiprinci-
pal component alloys, often referred to as high-en-
tropy alloys (HEAs), has attracted attention from
many research groups across the world owing to
their complex microstructures and promising prop-
erties, and a considerable number of such systems
has been investigated for both functional and
structural applications.'™® These alloys may be de-
fined as containing multiple (nominally >5) princi-
ple elements, and each element has an atomic
percentage between 5% and 35%."° According to
Boltzmann’s hypothesis based on the regular solu-
tion model, HEAs may exhibit a relatively high en-
tropy of mixing in liquid state or regular solution
state.1?~1! Therefore, when cooling from the molten
state, HEAs are intended to form simple, disor-
dered, hexagonal close-packed (HCP), face-centered
cubic (FCC), and/or body-centered cubic (BCC) solid
solutions rather than ordered phases, which may be
expected in terms of known binary phase equilibria.
In practice, the total number of observed phases is
often below the maximum equilibrium number
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allowed by the Gibbs phase rule. If achieved, such
microstructures can be expected to exhibit high
strength via high order solution hardening, fine
scale constituents due to reduced characteristic
diffusion lengths, and considerable opportunity for
microstructural design. Furthermore, the avail-
ability of a large number of constituent elements
and phases opens the door to unusual and tailored
chemical, corrosion, and oxidation behav-
iors.#1012-16 Thys, HEAs may be viewed as an
evolutionary step in the development of structural
and functional metallic materials systems.

Most HEA research to date has focused on steel-
like alloys for industrial applications. The well-
studied HEA systems usually contain the transi-
tion metal elements, such as Cr, Mn, Fe, Co, Ni,
Zr, Ti, and Cu, often destabilized with modest
amounts of Al. It is conceivable that some of these
multiprincipal component alloys will compete with
high-performance steels and stainless steels. In
addition, American researchers have recently ex-
plored refractory metal HEAs for high-temperature
applications, which are composed of later transi-
tion metal elements such as Ta, W, Nb, Mo, V, Hf,
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and Ti. The resulting refractory metal HEAs ap-
pear to possess competitive mechanical properties
and good thermal stability.'”'® However, the raw
material cost, difficulty in melting, and especially,
high density of such HEAs systems are prohibitive
to structural aerospace and airframe components,
except in cases where high-temperature strength is
a major design driver (e.g., aeropropulsion hard-
ware).

In contrast to HEAs, common structural alloys
in the aviation industry are based on a single
principal element, such as, Al, Ti, Fe, or Ni, with
other minor elements contained as alloying addi-
tions for modifying microstructure and proper-
ties.?®2*  Despite steady improvements in
performance, the evolutionary approach for
designing and optimizing lightweight alloy com-
positions has limits and will need to be super-
seded by new approaches to materials design. For
these reasons, a HEA strategy was evaluated in
an attempt to identify new, low-density metallic
materials systems that may be considered for the
aviation industry.

To this end, we have investigated a series of low-
density multicomponent alloys based on the Al-Li-
Mg-(Zn, Cu, Sn) system, which were designed
accordin% to a published high-entropy alloying
strategy.” Two variants with a higher Al content,
A]goLi5Mg5ZIl5SIl5 and AlgoLi5Mg5Zn5Cll5, were
also evaluated to explore the lower density design
space. Microstructures, phase compositions, and
mechanical behaviors are described herein.

EXPERIMENTAL PROCEDURES

The selected alloying elements and corresponding
alloy design parameters®*?® are listed in Table I, and
target chemical compositions corresponding to AlLi-
MgZnSn, AlLigsMgZng 5Sng o, AlliosMgZng5Cuyg.2,
AlLi0,5MgCu0.5Sn0_2, A180Li5Mg5Zn5Sn5, and Algo
LisMgsZnsCus were fabricated.

Small laboratory ingots were prepared by induc-
tion melting a mixture of high-purity metals with
the purity better than 99.5 weight percent (wt.%)
under high-purity argon atmosphere in a graphite
crucible. Because of lithium’s high reactivity in air,

Yang, Chen, Cotton, and Zhang

a master alloy of Al-Li containing 27 wt.% Li was
substituted. To achieve a homogeneous distribution
of elements, each alloy ingot was melted multiple
times to achieve a total of 30 min in the liquid state.
Each such prepared alloy button was then suction
cast into a steel mold under high vacuum
(5 x 1072 Pa) to obtain cylindrical rods of 45—
55 mm in diameter and length of about 120 mm.

The microstructure and properties of each alloy
were studied in the as-cast condition. Crystal
structures were characterized by x-ray diffraction
(XRD) using a PHILIPS APD-10 diffractometer with
Cu Ko radiation using samples in the form of about
2-mm-thick plates. Microstructures were examined
using a ZEISS SUPRA 55 scanning electron micro-
scope (SEM) with energy-dispersive spectrometry
(EDS). The specimens for microstructure observa-
tion were ground, polished, and then etched with
Keller’s reagent. Cylindrical samples with the form
of 3 mm diameter x 6 mm (aspect ratio of 2) were
electric-discharged machined from each cast alloy
ingot for compression tests by using an MTS 809
load frame at room temperature with a strain rate of
5 x 10~* s71. The density of each alloy was mea-
sured by the Archimedes method.

RESULTS
Density

The theoretical densities (piheor) Of these alloys
were estimated using a rule of mixtures assumption
of a disordered solid solution and listed in Table II,
as given by:'?

_ iGN
Peeor >oi1 CiAi/p;

where, c;, A;, and p; are the weight fraction, atomic
weight, and density of each ith respective constitu-
ent element, and »n is the total number of elements.

The densities measured by the Archimedes
method for these alloys (pexp) are listed in Table II.
The measured density for most chemistries deviated
significantly from the corresponding theoretical
density, suggesting that ordered phases are present.

(D

Table I. Atomic radius (r), standard atomic weight (A), crystal structure, electronegativity (y), value electron
concentration (VEC), density (p), and melting temperature (T,,) for constituent elements in present alloys

Alloy Design Elements Al Li

r (107 m) 1.43 1.56
A (g/mol) 26.98 6.94
Crystal structure FCC BCC
7 1.61 0.98
VEC 3 1

p (g/em®) 2.70 0.54

T (K) 933.5 453.7

Mg Zn Cu Sn
1.60 1.39 1.28 1.55
24.31 65.39 63.55 118.7
HCP HCP FCC Tetragonal
1.31 1.65 1.90 1.96
2 12 11 4

1.74 7.13 8.93 7.37
922 692.7 1358 505.1
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Table II. Theoretical (piheor) and measured densities (pexp), and chemical compositions (at.%) of phases

identified in the microstructures of

AILiMgZnSn,

AlLiy sMgZn 5Sn 2, AlLig sMgZn, 5Cuy 2,

AlLi0‘5MgCu0,5Sn0_2, AlgoLi5Mg5Zn5Sn5, and AlsoLi5Mg5Zn5Cu5 alloys

Measured chemical composition (at.%)

Alloys Piheor (g/cm®) Pexp (g/ecm®) Regions Al Mg Zn Sn Cu
AlLiMgZnSn 3.88 4.23 A 0 62.8 1.79 35.41 -
B 54.65 0 44.59 0.76 -
C 89.44 0 10.56 0 -
D 0 0 11.31 88.69 -
AlLiy sMgZng 5Sng o 2.98 3.22 A 36.25 35.51 28.23 0 -
B 0 58.93 3.02 38.04 -
C 83.45 12.75 3.79 0 -
AlLig sMgZng 5Cug o 2.96 3.73 A 39.26 37.79 16.34 - 6.61
B 32.87 32.46 15.70 - 18.97
C 70.36 20.12 8.77 - 0.74
AlLiy sMgCug 5Sng o 3.45 3.69 A 49.05 34.06 - 0 16.88
B 36.76 35.09 - 0 28.15
C 4.30 22.12 - 73.58 0
AlgoLisMgsZnsSng 2.84 3.05 A 87.83 1.47 3.89 6.81 -
B 8.20 2.47 3.95 85.38 -
AlgoLisMgsZnsCus 2.87 3.08 A 94.54 1.88 2.38 - 1.20
B 72.23 0 1.87 - 25.91

Phase Constituents and Microstructures

The XRD patterns of each alloy are given in
Fig. 1. All majority phases are identified; for clarity,
unknown phases are not indicated. Corresponding
secondary electron images are shown in Fig. 2. The
microstructures are generally complex, with typi-
cally at least three constituents observed in each
alloy, and notable differences between the different
alloys. The compositions of the constituents, as
measured by EDS analysis, are listed in Table II.
Note that Li is not included in the analyses due to
inadequate EDS peak intensity.

The XRD pattern of the specimens of equiatomic
AlLiMgZnSn alloy is shown in Fig. 1a. The phase
makeup is significantly more complex compared
with previously published HEAs that usually con-
tain only FCC and/or BCC phases. The reflections of
ordered Mg,Sn and/or LisMgSn phases are observed
on the diffraction pattern of these alloys, in addition
to the terminal o-Al, «-Zn, and o-Sn based solid
solution phases. However, 20 angles of the diffrac-
tion peaks for MgySn are very close to that for
Li;MgSn, thus, suggesting a probable isomorph or
solubility extension of the same phase. Taking into
account that the intensities of the diffraction peaks
of ordered phases are frequently stronger than
those of solid solution phases, the volume fractions
of intermetallic phases appear to predominate. The
microstructure of equiatomic AlLiMgZnSn alloy is
presented in Fig. 2a. At least four constituents
(marked by A, B, C, and D, respectively) with dif-
ferent contrasts can be seen in the SEM image. The
magnified SEM secondary electron image of region
B is shown in the inset of Fig. 2a; a mixture of the

fine white network phase and black matrix phase is
observed in this region. When combined with the
EDS analysis results listed in Table II, the phase
constituents of different regions in the AlLiMgZnSn
equiatomic alloy can be identified. Region A (matrix)
appears to be MgySn, while region B is a mixture of
a-Al + oa-Zn solutions, region C (dark precipitate) is
a-Al and region D (light precipitate) is a Sn-rich
solid solution. A minor second phase can also be
seen in region A, which can be identified as the
Li;MgSn phase that exists in the Mg-Li-Sn ternary.
Since the aluminum content is below the eutectoid
composition of the equilibrium Al-Zn binary phase
diagram, one may conclude that the mixture in re-
gion B represents a hypoeutectoid structure, and
the primary phase is the a-Al FCC solid solution. It
is also useful to note the fine solidification cracks in
the Mg,Sn phase, suggesting that this intermetallic
compound phase is relatively brittle.

For the AlLigsMgZng 5Sng o alloy, the Li, Zn, and
Sn contents are decreased relative to the equiatomic
alloy. The corresponding XRD pattern shown in
Fig. 1bidentifies at least three phases, Mg32(AlZn) 9,
MgsSn or LioMgSn, and the FCC Al-rich solid solu-
tion. Figure 2b shows the microstructure of Al-
LipsMgZny 5sSng s alloy, with three different
constituents (marked by A, B, and C, respectively)
identified, which is consistent with the XRD analysis
results. According to the SEM and EDS results (listed
in Table II), it may be concluded that the regions A
(matrix), B (light precipitate), and C (dark precipi-
tate) correspond to the Mgs,(AlZn),g, MgoSn, and o-
Al solid solution phases, respectively. Fine cracks are
also observed in Mg,Sn phase as above.
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Fig. 1. XRD patterns of low-density multicomponent alloys. (a) AILIMgZnSn; (b) AlLigsMgZng sSnoo; (€) AlLiosMgZngsCugo; (d) AllLigsMg-

Cuo.5Sng.2; (€) AlgoLisMgsZnsSns; and (f) AlgoLisMgsZnsCus alloys.

When Sn is substituted by Cu in the Al-
Lig sMgZn, 5Cug o alloy, only the strong diffraction
peaks of the intermetallic phase Mgso(AlZn),; can
be identified in the XRD patterns in Fig. 1c. The
minor peaks are difficult to index. However, three
distinct alloy constituents, marked by A, B, and C,
are visible in Fig. 2c. Constituents A and the sur-
rounding region B appear to be the major alloy
constituents due to their larger volume fraction in
the alloy microstructure. The EDS measurements
shows that the contents of Al, Mg, Zn are close to
the composition of the Mgss(AlZn),.9 phase in region
A and B, while region B is enriched in Cu. This
suggests that regions A and B contain two variants
of the ordered Mgs2(AlZn)y; phase structure, and
the composition segregates during solidification,

perhaps due to the higher melting temperature of
Cu. Region C is enriched in Al and Mg and depleted
of Zn and Cu (Table II). Although Li content cannot
be measured by EDS, it may be concluded that re-
gion C contains mainly Li-rich phase since Li-rich
phases occur within the Al-Li-Mg ternary system.
The XRD pattern of the AlLiy sMgCug 5Sn, o alloy
sample is shown in Fig. 1d. Diffraction peaks cor-
responding to AlIMgCu phase, «-Sn solid solution
phase, and MgySn or Li,MgSn phase are observed.
According to the SEM image of the microstructure
shown in Fig. 2d and the corresponding EDS ana-
lysis results listed in Table II, two dominant matrix
phases are identified: A, and the constituent of
darker contrast, B, may be the AIMgCu phase;
lighter phases (marked by C) embedded in the
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Fig. 2. SEM secondary electron images of low-density multicomponent alloys. (a) AILiMgZnSn; (b) AlLio sMgZno sSng 2; (c) AlLip sMgZng sCug 2;
(d) AILi0‘5MgCu0_5Sn0_2; (e) AlgoLisMgsznssns; and (f) AlgoLisMQsZﬂsCUs a”OyS.

matrix with dark internal precipitates are appar-
ently Sn-rich solid solution phases. Due to the
higher melting temperature of Cu and the positive
enthalpy between Cu and Sn (shown in Table III),
composition segregation is likely to be present
within the AIMgCu phase.

The inset in Fig. 2d shows many fine particles are
inhomogeneously distributed in localized regions of
the microstructure, which could be MgsSn or
LioMgSn phases. Cracks also appear in the white
precipitates, suggesting the Sn-rich phase is the
more brittle phase.

The XRD patterns of Al-rich AlgyLisMgsZnsSns
and AlggLisMgsZnsCus compositions are shown in
Fig. 1e and f, respectively. In the former, diffraction
peaks corresponding to «-Al phase and two inter-
metallic compound phases, Al,Cu phase and AlCus;
phase, are observed. The intensity of the diffraction
peaks of FCC «-Al phase exceeds that of the other
phases, suggesting a predominant volume fraction
of a-Al phase. Similarly, AlgglLisMgsZnsSns alloy
also appears to contain a majority of FCC o-Al
phase, besides the Mg,Sn/Li,MgSn and the Sn-solid

Table III. Compressive mechanical properties of
selected Al-Li-Mg-(Zn, Sn, Cu) alloys

Alloy 602 MPa) of (MPa) &, (%)
AlLiMgZnSn 600 615 1.2
AlLi0_5Man0.5Sn0.2 - 546 -
AlgOLi5Mg5Zn5Cu5 488 879 17
AlSOLi5Mg5Zn5Sn5 415 836 16

0.2, yield strength; oy, fracture strength; &, plastic strain.

solution phases. The microstructures of Algg
Li5Mg5Zn5Cu5 and AlgoLi5Mg5Zn5SIl5 alloys are
shown in Fig. 1le and f, respectively. Both alloys
display a dendritic cast structure, which is divided
by the net-like interdendritic structure. According
to the EDS results listed in Table II, the dendrites
shown in the SEM images are Al-rich, with the Al
content in the dendrite cores in both varying
roughly from ~88 at.% to 95 at.%. In the Alg
LisMgsZnsCus alloy, fine needle-like Al-Cu phases
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Fig. 3. Compressive engineering stress—strain curves of AlLi-
ManSn, AILio_sMan0_5Sno_2, AIsoLi5Mgszn5Sn5, and AlaoLi5Mgszn5

Cus alloys at room temperature. The initial strain rate was
5x107*s™",

have precipitated in the interdendritic regions,
while the interdendritic regions of AlggLis
MgsZnsSns alloy are enriched in Sn, MgsSn, or
Li;MgSn phases.

Mechanical Behavior

The room temperature compressive engineering
properties for the as-cast AILiMgZnSn, Al-
Li0'5Man0.5SHO'2, AlgOLisMg5Zn5Sn5, and Algo
LisMgsZnsCus alloys are shown in Table III, and
engineering stress strain curves are plotted in Fig. 3.
The AlLigsMgZngsCuge and AlLigsMgCugsSng o
alloys were too brittle to obtain test coupons. All
tested alloys exhibited a relatively high strength,
with the fracture strength exceeding 500 MPa.
However, the AlLiMgZnSn and AlLiy sMgZng 5Sng o
samples failed without visible yielding, and the
plastic strain of AlLiMgZnSn alloy reached only
about 1.2%. In contrast, the AlggLisMgsZnsSns and
AlggLisMgsZnsCus alloys displayed a high yield
strength, fracture strength, and compressive strain-
to-failure values (17% and 16%, respectively). It is
apparent that the plasticity of alloys is improved by
compositional shifting to a more Al-rich chemistry
that promotes a larger volume fraction of the more
ductile «-Al phase.

DISCUSSION

To better understand the phase stability in the
present low-density multicomponent alloys, it is
valuable to examine the contained binary alloy
systems of the constituent elements. Similar con-
sideration has been carried out for CoCrFeMnCu,
TiCrFeMnNi, CoMoFeMnNi, CoVFeMnNi, and
CoCrVMnNi alloys.?” Through thermodynamic
analyses of the constituent binaries, Otto et al.
concluded that the phase stability extended to the
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higher order quinary alloys. For equiatomic multi-
principal element alloy, AlLiMgZnSn, the equilib-
rium phases for the 10 contained equiatomic binary
alloy systems at room temperature are listed in
Table IV.”®

The phases listed in Table IV are stable in the
corresponding equiatomic binary alloy system (at
the 50/50 equiatomic composition). It is observed
that four out of the ten constituent equiatomic bin-
ary alloy systems (Al-Li, Al-Mg, Li-Zn, Li-Sn) form
single-phase intermetallic compounds at room tem-
perature. In contrast, the Mg-Zn and Mg-Sn equi-
atomic binary alloy systems consist of one solid
solution and one intermetallic compound. In the
other four equiatomic binary alloy systems, only
disordered solid solution phases form at room tem-
perature, and three of these (Al-Zn, Al-Sn, and Zn-
Sn) actually contain two solid solution phases with
different crystal structures. Only the Li-Mg system
exhibits a single solid solution phase (BCC crystal
structure). Thus, the stable phases of the binary
alloy systems drive the phase selection in the qui-
nary AlLiMgZnSn alloy, and no new higher order
phases are apparent. Of these phases, the high en-
thalpy contributions for ordered Mg,Sn phase ex-
ceeds the entropy contributions toward stability of
the solid solution phases, and becomes the main
phase in AlLiMgZnSn alloy in the as-cast condition.
For reference, the enthalpies of mixing between the
related alloying elements in present alloys are given
in Table IV. Despite the predominance of the FCC o-
Al solution phase in the AlggLisMgsZnsSns and
AlgoLisMgsZnsCu; alloys, ordered phases have not
been avoided.

The present experimental results suggest that the
entropic solution effects observed in more “steel-
like” CoCrFeNiX multicomponent alloys do not ex-
tend to alloys containing elements without a
d-orbital. In contrast, ordered phases occurred in all
investigated alloys, even in the equiatomic AlLi-
MgZnSn alloy, which possesses the highest config-
urational entropy (in the liquid state and
metastable single solid solution state) among these
alloys (the calculated value of AS,,;x for these alloys
is shown in Table V).

The increased entropy of mixing in these alloys is
insufficient to restrain compound formation, and
other Hume-Rothery type factors control the phase
stability and selection in such low-density multi-
component alloys. In fact, it has been shown that
while a high entropy of mixing can explain why
solid solutions persist in HEAs,*"?*3° jt cannot be
used to predict the formation of thermodynamically
stabilized solid solutions a priori. To obtain simple
solid solution phases in such low-density systems,
special phase formation rules for low-density mul-
ticomponent alloys must be further evaluated.

In terms of thermodynamics and the Hume-
Rothery rules for solid solution formation in binary
systems, these other factors include atomic size,
enthalpy, electronegativity, and valence electron
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Table IV. Equilibrium phases for equiatomic binary systems contained in AlLiMgZnSn alloy at room
temperature (in the upper right triangular region) and the values of the enthalpy of mixing, AH ;. (kJ/mol),
calculated by Miedema’s model for atomic pairs between the elements used to prepared the low-density
multicomponent alloys (in the lower left triangular region)

Element Al Li Mg

Al LiAl A13Mg2 + A112Mg17
Li —4 Li (BCC)

Mg 2 0

Zn 1 -7 —4

Sn 4 —18 -9

Cu -1 -5 -3

Zn Sn
Al (FCC) + Zn (HCP) Al (FCC) + -Sn (Tetragonal)
LiZn LiSn

Mg (HCP) + MgZn MgoSn + -Sn (Tetragonal)
Zn (HCP) + $-Sn (Tetragonal)
1

1 7

concentration. Meanwhile, certain derived parame-
ters, such as 6 (atomic size difference), AH,,;x (en-
thalpy of mixing), Q (ratio of entropy to enthalpy
values), Ay (Pauling electronegativity difference),
and VEC (valence electron concentration), have
been developed to characterize phase stability in
multicomponent alloys. These are defined as fol-
lows:317%°

6=\/>1 el i) @)
AHmix = Z QijCiCj (3)
i=1i#f
TmASmix
Q="_—== (4)
|AHmix|

Ar=/>0 e —7) (5)

VEC = > ¢(VEC), (6)

i=1

where c; or c; is the atomic percentage of the ith or
Jth component, 7 is the average ato‘mic radius and r;
is the atomic radius, Q;; (= 4AHAE) is the regular
solution interaction parameter between the ith and
jth elements, AHRL is the enthalpy of mixing of
binary liquid alloys, Tm(Tm = >_;_; ne,(Tm);) is the
melting temperature of n-elements alloy, (T',); is the
melting point of the ith component of alloy,
7= >.i1¢i% z is the Pauling electronegativity for
the ith component, and (VEC); is the VEC of the ith
element.

Among these parameters, atomic size difference,
J, plays a key role in phase selection. A large value
of 6 may promote either the formation of amorphous
phases or ordered intermetallic compounds. Con-
versely, a small value of 6 facilitates the formation

of random solid solution and J < 6.6% has been
suggested as a criterion for form1n§,r solid solution
phases in multicomponent alloys.’

The relationships between 6 and the other four
parameters for representative reported multicom-
ponent HEAs are plotted in Fig. 4.36:9:29:32:34.36 e
corresponding alloy compositions and phase constit-
uents derive from reference, and the value of
parameters are calculated based on Egs. 2-6 (for
simplicity, details are not included in this paper).
Almost all multicomponent HEAs are synthesized by
normal arc or induction casting, and some are fol-
lowed by casting into a copper mold. It is clear that,
besides small 0, near-zero values of the absolute
AH iy (—22 kd/mol to 5 kd/mol), large values of Q
(~>1.1) and small Ay (~<0.175) effectively favor the
formation of solid solution rather than that of inter-
metallic compounds. In other words, 6 — AH iy,
0 — Q, and 6 — Ay schemes could be used to predict
the formation of solid solution phases for multicom-
ponent HEAs. However, as shown in Fig. 4, 6, AH i,
Q, and Ay are necessary but not sufficient conditions
for the formation of solid solution alloys. Some
exceptions are apparent in Fig. 4c, for example, for
Mo-containing HEAs. Omega (Q), which combines
the effects of entropy of mixing (AS,,;x) and enthalpy
of mixing (AH ,;x), has been shown to have a higher
accuracy than AH ;. alone in predicting phase for-
mation for multicomponent alloys, especially for
systems with lower calculated configurational en-
tropy. On the other hand, Fig. 4d also shows that
VEC can do areasonable job of predicting the stability
of BCC and FCC solid solutions.

The phase selection rules and mapped phase
stabilized regions shown in Fig. 4 are based on
“traditional” HEAs, which consist of metallic ele-
ments containing 3d and/or 4d electron orbitals.
One goal of the current investigation was to deter-
mine whether constituent elements of low-density
HEAs would follow similar rules. To obtain a better
understanding of the factors that affect the solid
solution phase stability in low-density multicompo-
nent alloys, an additional 11 low-density component
alloys (from ternary to quinary) based on the
AlLiMg(X)Y) system were fabricated and their
compositions and phase constituents evaluated
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Fig. 4. The relationship between parameters ¢ and dHmix (a), Q (b), Ay (c), and VEC (d) for previously reported multicomponent HEAs. (“SS”
indicates the region where only solid solution will form for multicomponent alloys; “IC” indicates the region where the multicomponent alloys will
mainly contain intermetallic compounds and other ordered phases; “S + I” indicates the region where both solid solutions ordered compounds

could form).

(as shown in Table V). The calculated values of 9,
AH ix, Q, Ay, and VEC for all the low-density mul-
ticomponent alloys reported in this paper are also
listed in Table V. In general, intermetallic com-
pounds also predominated in these additional al-
loys.

Per Table V, the relative positions of these alloys
in 0 versus AH,;y, 6 versus Q, 0 versus Ay, and ¢
versus VEC spaces are plotted in Fig. 5. It is obvious
that all have a large value of AH,;, and Ay and
small values of Q and VEC. The values of ¢ for these
alloys are in the median range: ~4% < § < 8.5%.
Based on prior work, this is marginal to expect solid
solutions, although  consistent with  Algg
LisMgsZnsSns and AlgoLisMgsZnsCus alloys con-
taining predominantly «-Al phase. Nevertheless,
these parameters do not serve as well as for higher
density alloys. For example, as shown in Fig. 5a and
b, there is considerable overlap for the regions
identified with intermetallic compounds (I) and so-
lid solutions (SS). The preference of low-density

multicomponent alloys to form ordered phases more
readily than traditional HEAs may be attributed to
the chemical bonding character of the main group
elements in these alloys. Therefore, irrespective of
the fundamental mechanisms, guiding rules for the
formation of solid solutions in such alloys appear to
be more conservative, taking on a smaller limiting
values of 0 (0 < 4.5%), and larger values of AH i
(=1 kd/mol < AH,;x <5 kd/mol) and Q (Q > ~10).
Of the predictive metrics evaluated (5, AH 5, Q,
Ay, and VEC), the electronegativity parameter, Ay,
appears to distinguish solution-forming behavior
most consistently. If the alloy possesses a suffi-
ciently high Ay, highly electronegative elements will
acquire electrons, the highly electropositive ele-
ments will lose electrons, and compound formation
is promoted. Values for this parameter parse solid
solution and intermetallic compound behavior at a
critical value of about 0.175. Using this parameter
alone, it is found that, except for AlggLisMgsZnsSn;
and AlggLisMgsZnsCus, the investigated low-density
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alloys are all located outside the solid solution
forming region (Ay = 0.175). The positions of the
AlggLisMgsZnsSns and AlggLisMgsZnsCus alloys are
close to the solid solution boundary, such that the
formation of minor ordered phases could also be
expected.

An alternative approach to predictive constitutive
behavior is possible by examining the distribution of
Ay values, instead of defining a single critical value,
for a selected composition. By ranking the values of
Ay for all alloys reported herein, the distribution of Ay
values as they relate to phase stability is shown in

Fig. 6. This analysis illustrates that predominantly
solid solution alloys possess typically low values of
Ay, around 0.10-0.15, while (previously reported)
alloys containing mostly intermetallic compounds, or
mixtures of solution and compound phases, display
an intermediate range of Ay values, 0.15-0.25. The
values of Ay for the low-density alloys of the present
study are positioned generally higher, 0.15-0.40,
than that of previously reported alloys. Among these,
AlgoLi5Mg5Zn5SIl5 and A180L15Mg5ZH5C115 alloys
have the lowest value of Ay, which is consistent with
experiment. This trend is marked and useful.
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By analyzing phase formation rules in many dif-
ferent complex and rich alloys, the present results
show that it is difficult to form disordered solid
solutions in low-density alloys based on Al, Mg, and
Li, despite configurational entropy effects. Clearly,
this is a result of differences in bonding character,
and perhaps due to the lack of d-orbitals in lower
density elements®’ preventing higher order hybrid-
ization. It is found that although the alloys in this
study exhibit low density, the competition between
enthalpy and entropy is in favor of compound for-
mation for such chemistries. Therefore, the high
entropy alloy concept is likely to mainly benefit the
discovery of somewhat more dense systems based on
constituents of higher atomic number.

CONCLUSION

In light of the demand for lightweight structural
materials for aerospace, a set of low-density quinary
alloys from the Al-Li-Mg-(Zn, Cu, Sn) system was
investigated. While all alloys exhibited a density
well below that of common titanium alloys (4.54 g/
cm?®), the microstructures of these alloys were

dominated by various intermetallic compounds in
the as-cast state, with the exception of Algg
Li5Mg5Zn5Sn5 and A180Li5Mg5Zn50u5, which were
predominantly FCC «-Al. To better understand
factors controlling phase stability in these alloys,
the effects of entropy, atomic size, enthalpy effect,
electronegativity, and valence electron concentra-
tion on phase formation were analyzed. The results
indicate that configurational entropy is not suffi-
cient to stabilize a majority of disordered solid
solution phase in low-density alloys containing sig-
nificant amounts of Al, Mg, and Li. Critical values of
predictive parameters have been modified to ac-
count for the apparent difference in behavior for
light element compositions, constituting a smaller
value of 6 (0 < 4.5%), a larger values of AH ;.
(=1 kJ/mol < AH,;x <5 kd/mol), and Q (Q > ~10).
The electronegativity parameter, Ay, was found to
be more prognostic across the larger spectrum of
high entropy alloys, where Ay > 0.175 generally
indicates that intermetallic compounds are stabi-
lized.
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