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Abstract: To explore a novel high strength and low modulus ultralight-weight complex concentrated
alloys (ULW-CCAs), a series of light alloys are designed and explored based on some low-density
and low modulus elements, such as Al, Li, Mg, Ca, Si, and Y. An Alyj99Li3gMg35Si;0CasY1 (at
%) CCA with a high specific strength of 327 KPa-m 3 is successfully developed. After adjusting
the composition, the Alj5LissMgugCa;Si; CCA with the good compressive plasticity is successfully
developed. The Alj5LissMgus5Caq 5511 5 and AljsLisgMgasCag55ig5 CCAs exhibit good plasticity of
>45%, and >60%, respectively. These ULW-CCAs show the high specific strength, good ductility,
and’low Young’s modulus, as compared with the previously reported CCAs.

Keywords: ultralight-weight complex concentrated alloys; high specific strength; low Young’s modulus

1. Introduction

Lightweight is of importance for developing advanced alloys used in aircraft, military,
and electronic industry, etc. [1]. The light-weight alloys, based on Al, Mg, and Ti, usually have low
density and high strength, which are attractive in the structural materials field [2]. However, traditional
light-weight alloys are usually based on one dominant element, which limits the exploration of new
light-weight alloys. High-entropy alloys (HEAs) [3] or complex concentrated alloys (CCAs) [4,5] are a
new emerging class of potentially structural materials [6], which contain multi-principle elements [5].
The innovative concepts of multi-principle elements change the paradigm of traditional-alloy
design strategy, and open up new opportunities for the discovery of new alloys. In other words,
some unknown compositional region of multicomponent phase diagrams could be explored based
on this concept [7]. The developed CCAs have attracted increased attention because of their unique
compositions, microstructures, and outstanding properties, such as ultrahigh fracture toughness [8],
high strength [9-11], good resistances for fatigue, corrosion, and oxidation [12-15].

To date, a few studies have reported on the development of low-density CCAs with a
high strength based on many light elements, such as Al, Be, Li, Mg, Sc, Si, Sn, Cu, Tij,
and Zn [16-21]. For example, a light-weight AlyyLioMg19ScyoTizp CCA (with a density of
2.67 g-cm~3) was fabricated by mechanical alloying, which displayed a high Vickers hardness
(HV) of ~5.5 GPa [20,21]. An AlyyBeyoFe;¢Sii5Tiss CCA shows a density and a hardness (HV) of
3.91 g-cm~3 and ~8.9 GPa, respectively [21]. A series of Mgyx(MnAIZnCu);go_x CCAs were developed,
which exhibit high compressive strengths of 400-500 MPa and low densities ranged from 4.29 to
2.20 g-cm~3, respectively [18]. These Mgy (MnAlZnCu)g9_x CCAs present a multi-phase structure,
especially, a hexagonal close-packed (HCP) phase and an Al-Mn icosahedral quasicrystal phase are
predominated [17]. Furthermore, some beryllium-bearing low-density CCAs, such as BeCoMgTi
and BeCoMgTiZn, which were synthesized by mechanical alloying, exhibit a complete amorphous
phase [19]. However, these light-weight CCAs usually have some major drawbacks. For instances,
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their density is larger than 2 g-cm~3, which cannot be further decreased; they exhibit a brittle nature
and hard processability due to big differences between melting and boiling temperatures from different
constitute elements. These disadvantages limit their applications [7]. Therefore, the development of
ultralight-weight complex concentrated alloys (ULW-CCAs) to approach a high specific strength is
important for the structural material field.

In the present study, ULW-CCAs with the density being lower than 1.8 g-cm ™3, high strength,
low modulus, and relative high ductility are developed. The new developed ULW-CCAs in this study
possess higher specific strength and ductility as compared with the previously reported LW-CCAs.
Our novel ULW-CCAs would provide more potential applications in the field of light-weight
structure materials.

2. Experimental Methods

2.1. Compositional Elements for Novel ULW-CCAs

Generally, the lightest metal elements of Li and Mg are chosen to design novel ULW-CCAs. Other
elements containing the special properties, such as Ca, Si, and Y are also considered to be adopted in
ULW-CCAs. Thus, six elements from low density to high density (Li, Ca, Mg, Si, Al, and Y, as shown
in Figure 1a) are used to design ULW-CCAs. The physical and chemical parameters of the six elements
are summarized in Table 1.
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Figure 1. Composition design and synthesis of the ultralight-weight complex concentrated alloys
(ULW-CCAs). (a) Schematic of material design. (b) Casting process. (c) Phase constituent prediction
mabps (the relationship between parameters of , AH,,;,, and Q).
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Table 1. The physical and chemical parameters of selected elements.

Parameters Li Ca Mg Si Al Y
Relative atomic mass 6.941 40.08 243 28.09 26.98 88.91
Density (g-cm™2) 0.54 1.55 1.74 2.33 2.70 4.47

Young’s Modulus (GPa) 4.9 20 45 47 70 64
Melting Point (K) 454 1115 923 1687 933 1799
Crystal Structure bce fec hcp diamond  fcc hep
Atomic Radius (pm) 151.9 197.6 160.1 115.3 143.2 180.2
Electronegativity (x) 0.98 1.00 1.31 1.90 1.61 122

Valence Electron

Concentration (VEC) 1 2 2 4 3 3

2.2. Theoretical Design

Phase formation is important for designing CCAs. The concepts of CCAs suggest that disordered
solid solutions are more stable than the ordered intermetallic compounds [6]. Although previous
studies suggested that, due to the effect of entropy, a compositional complexity does not bring out a
microstructural complexity [10,22], there are no universal theories for the phase-formations in CCAs
with the compositional complexity. The calculation of phase diagram is one of the methods [23-26]
to predict the phase stability. Comprehensively considering the differences of the atomic sizes, J, the
enthalpy of mixing, AH,,;;,, and the ideal entropy of mixing of the alloys also can predict the criteria
for the phase stability based on the Hume-Rothery rule [16,22,27-32]. The parameter of () is defined
as the entropy of mixing, times, and the average melting temperature of the elements divided by the
enthalpy of mixing [27]. J is the mean square deviation of the atomic size of elements [30]. Moreover,
the entropy of mixing, AS,;iy, AH,;,, the Pauling electronegativity difference, Ay, and the valence-electron
concentration, VEC, are also used to characterize the phases formation [27,28,33], which indicate that § vs.
AH,yi, 6 vs. Q, 6 vs. Ax, 6 vs. VEC could be used to predict the formation of solid-solution phases for CCAs.

The following equations are adopted to define the parameters for CCAs [16,20,27-29,31-33]:

n

ASpix = —R Z(Ci Inc;), 1)
7
n
AHyix = Y, Qjjcicj, (2
i=1i%j

where ¢; and ¢; are the atomic percentages of the i-th and j-th components, respectively. ();; (= 4AHMX

is a regular solution-interaction parameter between the i-th and j-th elements. AH{’Z{? is an enthalpy of
mixing of binary alloys, and R is the gas constant (8.314 J-mol ~1-K™1).

_ TmASmix
‘AHmix| ’

5=\ [ya(1-1), 4
i=1

where 7 is the average atomic radius, and r; is the atomic radius, T;; (= L= #1¢;(Tin);) is the melting
temperature of an n-elements alloy, and (T}, ); is the melting point of the i-th component of an alloy.

Ax =Y ci(xi — %)% ®)
=t

VEC = ici(VEC)i, (6)

Q 3)
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where ¥ = YI' ; c;x; is the Pauling electronegativity for the i-th component, and (VEC); is the VEC of
the i-th element. Basically, solid solutions can form when the § value is small, i.e., § < 6.6%, and the
AH,,;, value is either slightly positive or insignificantly negative, i.e., —11.6 < AH,;;, < 3.2 k]J/mol, or
Q) > 1.1 [27]. On the contrary, the amorphous phase can form when the J value is larger than 6.4%,
and the AH,,;, value is noticeably negative, i.e., AH,;; < —12.2 kJ/mol [22,32]. The corresponding
phase-constituent prediction maps are shown in Figure 1c, in which “SS” indicates a region where only
a solid solution can form for the multicomponent alloys, “IC” represents that the multicomponent
alloys mainly contain intermetallic compounds and other ordered phases, “S + I” implies that both
solid solutions and ordered compounds can form. In the present study, according to the Hume-Rothery
rule [20-22,24,26-28], several novel ULW-CCAs are designed in a range of the AS,,;, value, i.e., from
1.075R to 1.514R, which include A119.9Li30Mg35Si10Ca5Y0.1, A115L135Mg35Ca1OSi5, A115Li35Mg48Ca1511,
A115L138Mg45Ca0.5Sil.5, and A115Li39Mg45Ca0_5Si0.5 (at.%) ULW-CCAs [3] The phase compositions
of these five ULW-CCAs are summarized in Figure 1c, in which the Aljg9LizoMgs55i10CasY1
and Aly5Li3sMgs5CapSis ULW-CCAs may be the intermetallic compounds, the Alj5Li3sMgygCaiSig
and Aljs5LizgMgysCag 55i; 5 ULW-CCAs may contain the solid-solution phases and the intermetallic
compounds, and the Alj5LizoMgy5Cag55ip5 ULW-CCA may be the solid-solution phase. All the
phase-formation parameters are listed in Table 2.

Table 2. Theoretical density of the fabricated alloys and the corresponding calculated values for
enthalpy of mixing (AH,,;y), ASix, atomic size difference (J-10), Pauling electronegativity difference
(Ax), ratio of entropy to enthalpy values ((2) and valence electron concentration (VEC).

AHOYS Ptheory Pexperimental AH,jx ASpix 5-10 Ax 9] VEC
AligoLizgMgasSiioCasYos 157 1.70 £ 0.05 ~126  1514R 1205 0301 0.88  2.12
Alj5Li3sMg35Ca0Sis 1.44 157 £ 0.05 —895  1464R 9590 0297 1.062  1.90
Alj5LizsMgygCay Sig 143 1.52 £ 0.05 271  1110R 7.108 0256 4257 182
Al;5LissMgy5Cag 551 5 1.40 1.50 + 0.05 ~318  1170R 6970 0265 3.875 1.80
Al;5LizgMgy5Cag 5Sio 5 1.38 1.46 + 0.05 —213  1075R 4719 0263 3101 177

2.3. Experiment Process

Al-Si master alloys with 50 wt.% Si, and commercially pure Al, Mg, Li, Ca, and Y (purity > 99.9%)
were selected as raw materials. Five samples with the compositions of AljggLizpMgs55i10CasY 1,
A115Li35Mg35Ca10515, A115Li35Mg48Ca18i1, A115Li38Mg45Ca0_5Sil_5, and A115L139Mg45Ca0.5SiO.5 were
prepared by induction melting in an argon atmosphere and a graphite crucible. The melted alloys
were then cast into a copper mold to form cylindrical rods with a diameter of 10 mm (Figure 1b).

The cylindrical samples were cut into pieces with a diamond saw and then were ground,
polished, and etched (in a 2.5% nitric acid-methanol). The structures were identified in a Gigaku
D\max-2550 X-ray diffractometer (XRD, Rigaku Company, Tokyo, Japan) with a Cu-K« radiation. The
microstructures of the ULW-CCAs were investigated by an Apollo 300 scanning electron microscopy
(SEM, CamScan Company, Waterbeach, UK) equipped with the backscattering electron (BSE) detector,
and a JEOL 2100 type transmission electron microscope (TEM, JEOL Company, Tokyo, Japan). The
compositions of the constituents were analyzed by energy dispersion spectrum (EDS) in the Apollo
300 SEM. Note that Li could not be detected by EDS. TEM samples were prepared by a focus ion beam
(6001, FEI Company, Diepoldsau, Switzerland). Compression tests at a strain rate of 1 x 107*s~!
were performed in an MTS CMT 5205 machine. The compression samples were shaped into a
geometric size of 6 mm x 12 mm. For the nanoindentation experiment, five ULW-CCAs wafers,
ie., A119.9Li30Mg35Sil()Ca5Y0_1, A115Li35Mg35Ca10815, A115Li35Mg48Ca1511, A115L138Mg45Ca0.5Sil_5, and
Aly5Li39Mgu5Caq 5510 5, with a diameter of 10 mm and a thickness of 4 mm were fabricated. All the
samples were polished and etched to clearly show distinct phases. The polished and etched samples
for nanoindentation tests were loaded at a maximum load of 8 mN (Tribo indenter, Hysitron Company,
Minneapolis, MN, USA). The density was measured by Archimedes’ principle in absolute alcohol
(purity of 99.9%).
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3. Results

The XRD patterns of five types of ULW-CCAs (AllgbgLigoMg35Si10Ca5Y0'1, A115Li35Mg35Ca10815,
A115Li38Mg45Ca1811, A115Li35Mg48Ca0.5Si1.5, andA115Li39Mg45Ca0.5Si0.5) are shown in Figure 2. The
XRD pattern indicates that the near equiatomic Aljg9LizpMgs55i10CasY1 ULW-CCA contains HCP
solid solution and intermetallic (IM) phases (Figure 2a). Furthermore, more than four phases coexist in
this ULW-CCA. The Al;5Li3sMg3z5Cay0Sis ULW-CCA consists of four phases, i.e., a body-centered cubic
(BCC) solid solution, an HCP solid solution, Al;Ca and CaMgSi intermetallics (Figure 2b). The phase
structures of the Alj5LizsMgss5CagSiy, AljsLissMgagCag55i1 5, and AljsLisgMgasCag55ig5 ULW-CCAs
are almost the same (Figure 2c—e). The dominant phase of these three alloys is a BCC solid solution.
Additionally, the AlLi and Li;MgAl phases can also be easily identified in these three ULW-CCAs.
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Figure 2. X-ray diffraction patterns of five ULW-CCAs. (a) AljggLizgMgs5SijpCasYp1 ULW-CCA;
(b) A115Li35Mg35Ca108i5 ULW—CCA, (C) A115Li35Mg4gCa1511 ULW—CCA, (d) A115Li38Mg45Ca0‘5Si1.5
ULW—CCA,' (e) A115Li39Mg45Ca0_5Si0_5 ULW-CCA.

The densities of the ULW-CCAs are measured, which are close to the theoretical values, pe,,
in Table 2. The theoretical density is estimated by a rule of mixture assumption of a disordered solid
solution, as given by psj., = %, where ¢;, M; and V; are the atomic fractions, molar mass, and

molar volume of each constituent element, and 7 is the total number of elements [23]. As shown
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in Table 2, the densities of these ULW-CCAs mainly ranged from 1.46 to 1.70 g-cm~3, which are
significantly smaller than those of previously reported CCAs [16-18,20,21,34-36]. The lowest density
of the ULW-CCA already approaches 1.46 + 0.05 g-cm .

The compression stress—strain curves of the ULW-CCAs are plotted in Figure 3a. The relationships
between the strengths, including yield strength and fracture strength and the densities of the
ULW-CCAs are shown in Figure 3b. For the alloy system of AILiMgCaSi, their strengths almost linearly
increase with increasing the densities by adjusting the atomic percentages of the constitutive elements
(Figure 3b). When Y is doped in the AlLiMgCaSi, i.e., the AljggLizgMg3s55i10CasYo1 ULW-CCA, it
exhibits the highest fracture strength of 710 £ 26 MPa and yield strength of 556 = 20 MPa without
significant plastic strain in Figure 3a. Aljs5Li3sMgs5Caq9Sis ULW-CCA also shows high fracture
strength of 516 & 33 MPa and high yield strength 418 4 29 MPa. Changing the atomic percentage of
the elements in the AILiMgCaSi system causes that the Al5LizgMgasCag55i1 5 ULW-CCA approaches
a good combination of mechanical property, i.e., a relatively high yield strength of 342 4+ 19 MPa, a low
density of 1.50 + 0.05 g cm 3 and a high compressive ductility of >45%. The Al;5LizoMgy5Cag 5Sig 5
ULW-CCA also show a yield strength of 300 & 33 MPa, a very low density of 1.46 & 0.05 g cm % and a
good compressive ductility of >60%. Nevertheless, the Alj5LizsMgsgCa;Si; ULW-CCA demonstrates
not only a high fracture strength of 596 + 27 MPa and a yield strength of 360 &+ 16 MPa, but also
exhibits a good ductility of 9.5 &= 0.8%, as compared with the values in the Alj5Li3sMgs5Cag55i; 5 and
A119.9LigoMg35Si10Ca5Y0.1 ULW-CCAs.
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Figure 3. Mechanical properties of five ULW-CCAs. (a) Engineering stress—strain curves.
(b) Relationships between yield strength, fracture strength, and density.

The BSE image of the Aljg9LizoMgs5Ca10SisYg1 ULW-CCA is shown in Figure 4a, indicating that
the microstructure is composed of four different regions, as marked by A, B, C, and D. According to
the EDS analyses listed in Table 3, the Al-enriched region corresponds to region A. The phase in this
region is identified as the LiMgAl, phase and its volume fraction is approximately 31%. Region B and
region C are identified as the Mg,Si phase and the unknown phase, respectively. Furthermore, D is
deduced to be the CaMgSi phase comprised of 30.5 at.% Mg, 39.4 at.% Si, and 30.1 at.% Ca.

The BSE image of the Aly5Li3sMgs355i5Cajg ULW-CCA, as shown in Figure 4b, indicates that the
dark-grey matrix (region A in Figure 4b) represents a 3-Mg (BCC) phase. The volume fraction of the
-Mg phase is estimated to be 45-57%. According to the EDS results in Table 3 and the XRD pattern
(Figure 2b), the phase structure of region B is characterized to be the Al,Ca phase. Likewise, the
structure with bulk shape (region C in Figure 4b), and the reticulate-like phase (region D in Figure 4b)
are identified to be the HCP phase and the CaMgSi phase, respectively.

The morphology of the AljsLizsMgugCagsSiis ULW-CCA is shown in Figure 4c.
The Aljs5LissMgagCagsSi; 5 ULW-CCA is made up of the BCC solid solution (3-Mg), the HCP
solid solution (x-Mg) and the AlLi phase. The dark region (region A in Figure 4c) corresponds to
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the 3-Mg BCC solid solution phase. The lath-like morphology (region B in Figure 4c) is the AlLi
phase with an average size of 1-15 um, and the volume fraction of 28-32%. Region C in Figure 4c
could be the HCP solid solution according to the EDS results (Table 3). As shown in Figure 4d, the
microstructure of the Alyj5LizoMgsgCag 5Sig5 ULW-CCA consists of two primary phases. The matrix,
i.e., region A in Figure 4d, consists of the BCC solid solution and the Li;MgAl phase. In addition,
based on the XRD (Figure 2e) and EDS results (Table 3), the lath-like phase (region B in Figure 4d) is
identified as the AlLi phase. The AlLi phase with a volume fraction of 25-28% is uniformly distributed
in the matrix. Both the Aljs5LizsMgsgCag5Sii s and A115L139Mg48Ca0_5SiO,5 ULW-CCAs display a
dendritic structure, which is divided by the net-like interdendritic structure.

Figure 4. Microstructures of (a) A119.9Li30Mg35Ca105i5Y0.1 ULW—CCA, (b) A115Li35Mg35Si5Ca10
ULW—CCA, (C) A115Li38Mg35CaO'5Sil‘5 ULW-CCA and (d) A115Li39Mg35Ca0.5SiO.5 ULW-CCA.

Table 3.  Chemical compositions (at.%) of phases identified in the microstructures of
Alyg9LizpMga55i10Cas Y1, AlisLissMgasCaioSis, AljsLizsMgagCaiSiy,  AlysLizsMgasCag55is s,
A115Li39Mg45Ca0.5Si0.5 ULW-CCAs.

Alloys Marked Regions Phase Al Mg Si Ca
A uncertain 86.6 13.4 - -
. . B CaMgSi - 30.5 394 30.1
Aho.9LizoMg355i10Cas Yor C uncertgailn 51.7 28.9 119 7.5
D Mg,Si 61.1 38.9 -
A uncertain 229 77.1 - -
. . B Al,Ca 57.6 11.2 - 31.1
AhsLizsMg3sCaioSis C uncertain 454 413 133 -
D CaMgSi - 38.1 28.3 33.6
A (Matrix) uncertain 18 82 - -
. . B (lath-like light AlLi 91.2 8.8 - -
AhisLizsMgasCaiSin C ((submicroniiz)e
. uncertain 12.4 87.6 - -
particles)
D (lath-like dark) Li,MgAl 55.3 45.7
A uncertain 12.2 87.8 - -
A115Li38Mg45Ca0.5Sil_5 B AlLi 94.3 5.7 - -
C uncertain 11.6 88.4 - -
. . A uncertain 15.7 84.3
Aly5LizoMga5Cag 55io 5 B AlLi 93.2 6.8
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According to Figure 3, the Alj5LizgMgs5Ca;Si; ULW-CCA has a good comprehensive property,
i.e., the high strength accompanied by the good ductility. Thus, the microstructure of the
Aly5Li3sMgy5Ca1Si; ULW-CCA is further characterized. The BSE images of the AljsLisgMgasCaSiy
ULW-CCA are shown in Figure 5a—c. The EDS maps are also given in Figure 5. The microstructure
consists of the matrix (region A in Figure 5b), the lath-like phase (region B and region C in Figure 5b),
and submicron-size particles (region D in Figure 5b). Based on the EDS map, the lath-like phase (region
B) is an Al-enriched phase (Table 3). Combined with the X-ray result of this CCA (Figure 2c), the TEM
observation indicates that the lath-like phase could be referred as the AlLi phase (Figure 5d—f), and
region D is the Li;MgAl phase (Figure 5b). The size of the AlLi phase is 5-20 pm. The matrix is the
BCC phase that is determined by the selected-area electron diffraction (SAED) pattern (Figure 5h) In
addition, some submicron-sized particles with the HCP structure (Figure 5b,c) are embedded in the
BCC structure matrix and are surrounded by the lath-like Al-Li and Li;MgAl phases (Figure 5c).

8 7 L
fﬁé’?“)

oy

- &

Spum

200 nm

5 I/mm

Figure 5. Microstructures of Alj5LissMgsgCa;Siy ULW-CCA. (a—c) are BSE images (from low to high
magnification); “Al”, “Mg”, “Ca” and “Si” are the EDS mapping of (c); (d) The bright-field image (BF)
of red circled phase in (c); (e) The dark-field (DF) image of the red circled phase in (c); (f) The selected
area diffraction pattern of (e). (g) The bright-field (BF) for submicron particle marked by green circle
region in (c). (h)The selected area diffraction patterns of dark area in (g).
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Nanoindentation tests were carried out to characterize the hardness and Young’s modulus of
different phases in the ULW-CCAs. Considering that the measured area of the nanoindentation test is
localized in a very small region with a diameter of several hundred nanometers, the hardness, and
elastic modulus values must be very scattering. Furthermore, because the nanoindentator tip touching
the area usually can slightly deviate from the target area during the experiment, the nanoindentation
tests for each ULW-CCA were repeatedly carried out to exclude the odd values. In our study, the
nanoindentation tests were repeated ten times to exclude the occasional result. The load-displacement
curves of the nanoindentation tests for each ULW-CCA are representatively shown in Figure 6. Based
on the load-displacement curve, the hardness and Young’s modulus values are evaluated [37].

12000 , . . ,
o Al Li, Mg, CaSi Y, Al Li, Mg, Ca Si,
10000 Al Li Mg, Ca Si;  x Al Li Mg, Ca, Si
8000 o Al Li, Mg, Ca, Si

-

Z |

S

= 6000

=

5 I

~ 4000

2000

0

Displacement (nm)

Figure 6. Representative load-displacement curve of nanoindentation tests for five ULW-CCAs.
4. Discussion

The compressive strain and the yield strength as functions of the § value of five ULW-CCAs are
summarized in Figure 7a that also includes the volume fraction of different phases, i.e., the solid
solution and the intermetallic compounds. The volume fraction of solid solution, marked by the blue
part in the pie chart (Figure 7a), increases from the Aljg9LizoMg35Ca0Sis Yo 1 to AljsLizoMgasCag 55105
ULW-CCAs, which is calculated from the SEM results. Meanwhile, with increasing the volume fraction
of solid solution, the ¢ value decreases. It can be seen that our ULW-CCAs are closed to the “SS”
region (the 6 value is small) in Figure 1c with the simpler phase constitution and the larger volume
fraction of solid solution, as compared with those alloys far from the SS region (the § value is large).
The compressive ductility is improved by increasing the volume fraction of solid solution, as given
in Figures 3a and 7a, while the yield strength of these ULW-CCAs decreases with an increase in the
volume fraction of solid solution. Therefore, the solid solution phases play a significant role in the
plastic deformation in the ULW-CCAs.

The relationship between Young’s modulus and the hardness is shown in Figure 7b. Both the BCC
solid solution and the HCP solid solution exhibit low Young’s modulus and low hardness, as shown
in Figure 7c. In contrast, the values of modulus and hardness for different intermetallic compounds
are all higher than those of the solid solutions. As shown in Figure 7d, Young’s modulus of pure Li is
approximately 4.9 GPa. The BCC solid solution is a Li-rich phase with a low modulus of 10-25 GPa
according to the nanoindentation results, which corresponds to the orange region in Figure 7d, and the
3D diagram of the Alj5LizsMgsgCaySi; ULW-CCA in Figure 7c,d. Moreover, the HCP solid solution is
represented by the pink balls embedded into the BCC matrix in Figure 7d. The HCP solid solution
also has a low modulus of 30-50 GPa according to Figure 7c. A number of intermetallic compounds
surround the BCC matrix, which is represented by the green areas (the AlLi phase) and the cerulean
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areas (the Li;MgAl phase). These intermetallic compounds show higher moduli than that of the solid
solution. However, the volume fraction of solid solutions including the BCC and HCP phases is much
larger than that of intermetallic compounds. The volume fraction of the BCC solid solution is also
larger than that of the HCP solid solution. Thus, the low Young’s modulus of the Alj5LizsMgsgCaiSig
ULW-CCA is mainly dominated by the large volume fraction of solid solution, especially the volume
fraction of the BCC solid solution. Accordingly, the high volumes fraction of solid solutions including
the BCC and HCP phases can lead to a low modulus. The low densities (1.46~1.70 g-cm~2), the
high fracture strength (>450 MPa), and low Young’s modulus of the ULW-CCAs are associated with
the mixture of primary characteristics of all the constituent elements and the constituent phases in
each ULW-CCA [29]. For example, the low density of each ULW-CCA comes from the mixture of
its constituent light elements, and the high fracture strength is from the overall contribution of the
constituent phases, which include the effect of phase shape, phase distribution, phase boundaries,
and properties of each phase. For our designed ULW-CCAs, the phase composition is complex. The
morphology of the intermetallic compounds is irregular. Thus, the ULW-CCAs could be regarded as
composites composed of the BCC matrix, the HCP particles, and the intermetallic compounds. The
intermetallic compounds and the HCP particles could be considered as the reinforcements. These
reinforcements induce an inhomogeneous deformation behavior, and introduce high dislocation
density in the BCC matrix [38]. In this case, the generation of geometrically necessary dislocations
is required to accommodate the thermal and elastic-modulus mismatches between the matrix and
reinforcements. The strengths of the ULW-CCAs can be defined by [39],

Oeom = Om + AT, (7)

where 0, is the strength of the CCAs, 0, is the strength of matrix, and Ac is the total increment as a
result of the presence of reinforcements.

Ao = \/(A(TCTE)2 + (Acem)? + (A0Lora)” + (A0Orowan) + (ATl peten) s ®)

where Aocre and Aogyy are the stress increment resulted from the coefficient of thermal expansion, and
the elastic-modulus mismatch between the reinforcements and the metallic matrix, respectively. Ao,y
highly depends on the interfacial bonding between the matrix and the reinforcement. Ao oypan results
from the dislocation loops that are formed when the dislocation is bowed and bypasses nanosized
reinforcements in the matrix. Aoy percr, is grain-size strengthening. As far as the current ULW-CCAs,
the causes for strengthening are multiple.

The Halpin-Tsai equation [40] is used to evaluate the elastic modulus of composites, Ecomp, i.e.,

En(1+2sqV,
Ecamp = m(l — qVq r), 9)
r
£
where g can be represented by g = 42—, E,, and E, represent the elastic moduli of the matrix,

F=+2s

and reinforcement, respectively, V, ai;nd V, are the volume fractions of matrix and reinforcement,
respectively, s is the aspect ratio of reinforcement. According to the Halpin—Tsai equation, it can be
seen that when the volume fraction of the matrix, Vy,, is very high, i.e., V; (=1 — V}), the Ecomp is close
to Ej. It can be seen that the Alj5Li3sMgagCajSi; ULW-CCA shows a low elastic modulus that is as
low as the modulus of the matrix. Thus, the elastic moduli of five ULW-CCAs can be calculated by
Equation (9) combined with the nanoindentation tests results of each phase. Finally, the elastic moduli
of the ULW-CCAs are shown in Figure 8a.
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Figure 7. (a) Relationship between yield strength, compressive strain, volume fractions of solid-solution
phases and ¢ (%). (b) Young’s modulus as a function of hardness for five ULW-CCAs. (c) The
relationship between Young’s modulus and hardness for different solid-solution phases and
intermetallic compounds. (d) Structure model of the Alj5LissMgysCaySi; ULW-CCA.

The specific strength vs. Young’s modulus of different alloys is represented in Figure 8a.
The CCAs explored in this study are characterized by high specific strengths and low Young's
moduli, as compared with those of other alloys [4,6,22,38,41-51]. The specific strength vs. ductility
of the investigated ULW-CCAs is plotted in Figure 8b, which is used to be compared with the

other reported CCAs [16,17,34,35,52-56].
ULW-CCA shows the highest specific strength at the expense of ductility.

It is worth noting that the A119.9Li30Mg358110Ca5Y0.1
It is well known

that LW-CCAs are normally brittle, such as AlyyLipoMg10ScyTisg [20], AlyoBeyoFe1oSisTiss [21],
AlLiMgZnSn [16], Mg, (MnAl1ZnCu)1g9—x [17], and BeCoMgTiZn [19]. However, in the present study,
the A115Li39Mg45Ca0,5SiO.5 and A115Li38Mg45Ca0,5Sil,5 ULW-CCAs dlsplay gOOd ductﬂity (Figures 3a

and 8b).



Materials 2019, 12, 1136 12 of 15

o
NS

E

) B

& g0 f1his work Ref. 39,42

-~ - - )

E (frdctur8)§~ Bulk metallic glasses “‘ghl:"""""y A Ref. 43,44

= -This'work o 5 Mgbased (BMG) atoys 7 Ref 39

-‘E’ 300} (y‘e"“\ 3 BMG o Ref 47,48

-‘:3 e / a % © Ref. 49

S~ - )

£ 200 L = o | oRef 4546

g i - « Ref. 48

E v ¥

- TN 4 ¥ o Ref. 50,51

p— ] .

95." 100k % é T Nickel alloys Ref. 4,6,22,52

= E \ St o 8 & n (this work, yiled)
= ‘Titanium alloys R,

hng + ) Ko d [

% 0 Magnesjum al](l/’ﬁ £ Aluminum alloys . \ - e een (this work, fracture)
= 0 40 80 120 160 200

Young's modulus (GPa)

b B CrNbTiVZ[52]
AINbTIV([35]

A Inconel718[53]

W TiZrNbVMol[54]

@ AINBTIVZr, [55]

03!
« TiZiNbV, Mo, [55]
P NbTiVZi[56]
@ HINDTaTiZi[56]
Y AlFeMgTiZn[34]
@ AILIMgZnSn[16]
Q@ Al LiMgZn,Cu[16]
& Al LiMgZnSn,[16]
- Mg (MnAlZnCu),, [17]
’ - AlmLiA MgSSSimCaSYnl (this work, yield)

50
e - & Al‘jLi“Mg”CamSij (this work, yield)

N W W A A

hnh o U0 o W

[ — R — e —
T T T T

<

® Al Li Mg Ca Si, (this work, yield)

155 Lgg

[
S
<
—
[ ]
A
©

- A > @& Al Li Mg Ca, Si _(this work, yield)

45 005" 1S

@ Al _Li Mg Ca Si _(this work, yield)

157030 245 %0505

Al Li, Mg Si| CaY  (this work, yield)

199130 1045 oy

e
S W
(=2 —]
L

@ ©

20 30 40 50 60 Al Li Mg, Ca Si (this work, fracture)

Al Li Mg, Ca, Si  (this work, fracture)

15705

Ductility(%) Al Li_ Mg Ca, Si (this work, fracture)

A]',LinngamSi, (this work, fracture)
N 57 s s

Specific strength (kPa-m’-kg™)

=}
o
=}

Figure 8. Comparison between five ULW-CCAs and other reported alloys. (a) Specific strength as
a function of Young’s modulus of five ULW-CCAs and conventional alloys. (b) Specific strength vs.
ductility of different CCAs.

5. Conclusions

In summary, this work attempts to explore ULW-CCAs with a low elastic modulus, high strength,
and good ductility. Some low density and low Young’s modulus elements are used to design the
ULW-CCAs according to multi-dimensional phase diagrams, and the strategy of designing HEAs. An
outstanding fracture strength of ~710 MPa and an excellent yield strength of ~556 MPa are achieved in
the Aljg9LizpMgs55i10Cas Y1 ULW-CCA although it shows a tiny plastic strain of ~2.6%. By adjusting
the composition of the CCAs, the Alj5LizsMgygCaiSi; ULW-CCA with the good compressive plasticity
is successfully developed. The microstructure of the AljsLizsMgsgCa;Si; ULW-CCA suggests that a
high hardness in the intermetallic compounds and the submicron-sized particles are favorable for
enhancing the strength. The volume fraction of the BCC solid solution plays a dominative role in
increasing the compressive strain. The Alys5LizgMgs5Cag55i; 5 and Alj5LisgMgssCag55ig5s ULW-CCAs
exhibit good plasticity of >45%, and >60%, respectively. These ULW-CCAs show the high specific
strength, good ductility, and low Young’s modulus, as compared with the previously reported CCAs.
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