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Abstract

The first principles pseudopotential calculatiorzsdd on the Perdew-Burke-Ernzerhof
(PBE) form of generalized gradient approximationG@&) within density functional
theory (DFT) have been utilized to investigate #teeictural and elastic properties of
cubic-based Mg-Li alloys. The heats of formatiord aglastic moduli were used in
predicting structural stability profile, and theesults are consistent with each other. In
terms of phase stability, an interesting corretatletween the calculated tetragonal shear
modulus C’) and formation energy of corresponding bcc and datered compounds
relative to hcp Mg and Li lattices is drawn. Thedglicted stability trend due to structural
energy difference was further confirmed by eledtrostructure calculations based on

Jones-type analysis.
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1. Introduction

Magnesium is one of the readily available metatsstituting about 2.7% of earth's
crust, offers several advantages including excelteachinability, recyclability, good
castability, good weldability, good creep resisggnbigh thermal conductivity, and
extreme lightness [1]. These features render magmealloys suitable and ideal for use
in applications where lightweight to specific sgénratio is vital. At a density of 1.74
g/cm3, magnesium (Mg) is amongst others the lighggsctural metal. However, due to
hexagonal close-packed (hcp) crystal structure, addd Mg alloys have undesirable
mechanical properties at room temperature, incydirfficult workability. Fortunately,
the addition of at least 11 weight percent (wt.ib)um does not only reduce the density
of magnesium but also transforms the hcp Mg intaemmorkable body-centred cubic
(bcc) phase [2]. The resulting magnesium-lithium géM) alloys exhibit good
formability and becomes the lightest metallic adowith promising technological
applications in transport (automotive and aerospauwal communication (portable
electronic equipments) industries, due to their dyagirength-to-weight ratio and
improved ductility. Furthermore, the existence ddtastable fcc (face-centered cubic) at
concentrations between 15 and 35 atomic percesb)dtlg has been predicted in the

past, at least at very low temperatures [21].



Currently, the development of Mg alloys with dabie physical and mechanical
properties with remarkable weight saving applicati;cemains a challenge. If the
development of these alloys follows a path sintidaAl alloys [3], using traditional trial
and error methods and techniques, it would regaigmilar level of effort of many
years. However,ab initio density functional theory (DFT) methods provide an
opportunity to drastically accelerate materialseagsh by efficiently predicting new
phases and accurately describing their groundssfdie Recentlyab initio calculations
have concentrated on gaining a detailed knowled¢feecelectronic structure of materials
and its effects on microscopic and macroscopic Wehes [5,6]. Considering these
simulation advantages, the theoretia initio studies on Mg-Li system remain
surprisingly scarce [7,8,9]. The work by Uesugiakfocused only on hcp Mgi alloy
[7,8], while the more recent investigation by Cauet al emphasized the mechanical

properties of only bcc Mg-Li alloys using the sugsdkapproach [9].

In this paper, thab initio calculations based on pseudopotentials plane wathod
were used to investigate existence of fcc and lotaryp Mg-Li alloys at 0 K for various
concentrations, using ordered crystal structunesortler to avoid unworkable hcp Mg
alloys, the current work attempts to find suitableernative stable or metastable cubic
low temperature formable Mg-Li alloys, from heats formation. Furthermore, we
investigate if these cubic phases possess desinadxtbanical properties and are easily
malleable. The current work focuses on cubic Mgidered structures within 3:1 (L1

and DQ) and 1:1 (L3 and B2) stoichiometries, while the end elementsewaken as fcc



and bcc for both Mg and Li. In order to study snaaltlitions of Mg and Li to pure Li and
Mg metals respectively, we also examine the 7:1 Hsid stoichiometry in the fcc and
bcc lattice, respectively. We will find which phasare more stable based on the
predicted negative heats of formation and the siratformation difference/{Hs (bcc-
fcc)). Furthermore, the mechanical stability fobicucrystals will be determined from
tetragonal shear modulus, while elastic moduli aatio of bulk to shear modulus
(measure of ductility) will also be reported. Movea we will note the correlation on the
trend of structural formation differencé\l; (bcc-fcc)) and change in shear modulus
(AC". In order to validate the phase stability imrts of structural energy differences, the
electronic structure (ES) calculations due to etecband filling (electron per atom ratio)
spanning the entire concentration range of fcclaudphases will be determined. ES was
based on rigid-band model formalized by Jones-tgpalysis, and therefore provides

composition ranges in which cubic phases are stable

This paper is organized as follows, in Sec. 2,dbmputational details followed to solve
the electronic structure are briefly outlined. Thends in cohesive and elastic properties
are respectively analysed and discussed in Sé@nally, Sec. 4 presents the conclusion

of the paper.

2. Computational details

The equilibrium lattice parameters and electromiacsure calculations were optimized
using theab-initio plane wave (PW) pseudopotential method, embodigtla CASTEP

code [10]. The Hohenberg-Kohn-Sham density funetigheory (DFT) [11] was used



within the GGA formalism [12] to describe the electic exchange-correlation
interactions. We used the recent PBE form of theAG&3], which was designed to be
more robust and accurate than the original GGA tdation. The Vanderbilt ultrasoft
pseudopotentials [14], were employed for Mg-Li stames. Calculations were carried out
on ordered fcc-based phases; (MgLis, MgsLi, and (MgLi;, Mg;Li) and the bcc-based
phases B2 (MgLi), B32 (MgLi), D©MgLi3), MgsLi) and (MgLis, MgssLi). In addition,
the structural energetics of tetragonab I(MgLi) and DQ, (MgLis, MgsLi) phases are
reported. The first set of calculations were perfed at our theoretically determined
(equilibrium) lattice constants for each structirg], with a plane-wave basis set defined
by an energy cut-off of 500 eV for all considerasperstructures. Furthermore, the
minimum and maximum Guassian smearing width wespeaetively set at 0.4 and 0.1 eV
for superstructures, and at 0.1 and 0.01 eV fanefgal metals, since the lattices of the
latter involves energy differences of the ordeo 160 meV/atom than is required in the
former. In addition, this condition requires the ud denser Monkhorst-Pack [16] sets of
k-points and a little alteration to the defaultettisg within the code, especially in case
of Li, than it is averagely and adequately accdptatespectively, for Mg and alloyed
compounds. These parameters are essential sindeethre energy, and hence the total
energy depends quite sensitively on them. The agewee criterion of less than 2x10
eV on total energy per atom, 4k on the displacement of atoms, 0.05 A\n the
residual forces, and 0.1 GPa on the residual ludss was used. Uncommonly, a special
care was taken when treating Li element, only durstructure relaxations to avoid
emanating stable phase disagreements with expasmafith our choice of mesh grid in

the full Brillouin zone, the selected sufficientt-@ff energy andk-points were converged



to within 1 meV/atom and 5 meV/atom for pure eleteeand superstructures,

respectively.

The second set of calculations was performed taiokglastic coefficients of Mg-Li
alloys using CASTEP on Materials Studio version terface [17]. We used six
different values of the strain £0.0008, +0.0024 ar@l004 for each structure. The
application of strain on the lattice implies a loing of symmetry from that of the
crystal, therefore very accurate total-energy dateans are required, since the energy
differences involved are of the order 10 to 1Q@0Y¥/atom. In addition, this condition
requires the use of slightly densepoints to be utilized than in geometry optimizatif
crystals. The current set of calculations was aw®rsid converged when the maximum
force on atoms was below 0.01 dV/the total energy change per atom was less than
4x10* eV/atom and the displacement of atoms was belo¥d%X. The value of the
stress was automatically computed for each steaid,resulted in a stress-strain linear fit
curve, from which each component of the stress awasputed, and respective gradients
provided the values of the corresponding elastrestants.Based on three independent
single crystal elastic constants of a cubic crystal, Ci,, Ca4, , the elastic moduli of
polycrystalline material were calculated followilageraging schemes of Voigt (upper

bound) and Reuss (lower bound) as follows [28]:

9BG G= E{Cn —C, +3C,, + 5CL(Cy —Cyp) }
3B+G 2 S 4C,, +3(C;; -Cy)
B= C,+2C, C'= C,-Cp A= (2C4 +Cpy)

3 ' 2 C,



whereE is the Young’s modulus; shear modulus® bulk modulusC’ tetragonal shear

modulus and anisotropic factar

3. Results and discussions

3.1. Structural stability

The equilibrium lattice parameten, @f the geometrically optimized structures areetis

in Table I. In calculations where the ordered ssipectures were used, resulting to twice
the value of @ the calculated javalues listed in Table 1 were normalized, for
comparison purposes. With increasing Li concemnatthe lattice parameter decreased
to its minimum at 50:50 equi-atomic compositionserawhich a slight increase in &
observed. The observed trend, which deviates glightm Vegard's law for solid
solutions, is similar in both bcc and fcc Mg-Li @tk considered in this study. This
behaviour was also realised in earlier theoref{itd)21] as well as experimental [19,20]
studies. Although the lattice parameter of bccsLunderestimated by current and other
calculations [36,37], in general our predicteditattparameters are in good agreement
with available experimental and theoretical results

The heat of formatiortl;, of the alloy is computed according to the relation

total

H :cwgl—xe = % Eppdtx — [(1_ X) Es',\g?id + XEs,Lcimd @)

Mg
solid

where E4-+"+is the total energy of the alloygM?, and EL,, are the total energies of

total
the stable structures of elemental Mg and rLiis the total number of atoms in the

superstructurex and (L-x) refers to the fractional concentrations of the stibment

elements.



We note that the heat of formation curve shownigufe 1 makes a V-shape, with its
minimum at the equi-atomic concentration of MgLigmound. At 50-50 concentration,

the B2 structure is clearly the most stable phsisege it has the lowest formation energy
amongst its competing counterparts. The calculatpmedict the B2 structure to be 26.0
meV/atom lower in energy compared to B32 phase. @edicted heat of formation for

the B2 structure of -73.4 meV/atom is in excellegteement with Skriver's DFT result of
-73.5 meV/atom [18], and is thus consistent withli@a experimental observations

regarding tendency towards B2 (CsCl) type ordeahdpw temperatures [19,20]. The

L1, structure, which was relaxed from c/a=1, collapses/a=0.72. This is because the
tetragonal system is not stationary by symmetrycfas1 but collapses down to B2 with

c/a=0.707. The frozen with c/a=1 lies 29.25 meV/atom higher in energynpared to

B2 phase.

The heat of formation for Mgii alloy composition was calculated for three eglent
ordered crystal structures (RC.1,, DO,y) as shown in Figure 1. It clearly shows the
preferred stability of the DOphase over the Lkland DQ, phases, with formation
energies of -38.32, -23.96 and -18.82 meV/atompeaesvely. Our predicted phase
stability ordering is the same as that of Skrivie8][ However, in the Mglicompound,
the DG, structure has the lowest formation energy (-373//atom) with the Liand
DOs phases lying only 0.82 and 6.32 meV/atom highespectively, in contrast to
Skriver. We see that Skriver predicts the JfDase to be more stable than RO his is

probably because their c/a axial ratio was notxexlafrom its ideal value of 2.00, as



compared to our relaxed equilibrium value of 2.DRe slight difference between 1.and

DO,; indicates a strong stability contest between tipbsses.

The solid common tangent lines were constructeéigare 1 to show the stability limits
of the different phases. Among the structures cmmed, the most energetically
favourable intermetallic phases at absolute zesdls DQ MgsLi, B2 MgLi, DO,, and
L1, MgLiz and MgLir compounds. The D{structure is metastable at 25 at.% Li, while
the B32 and L4 structures are metastable at 50 at.% Li. Our gxjwiin calculations
predict DQ to be the most stable structure aBAMg-rich) composition, while at Li-
rich side (AB) the face-centered structures {ldihd DQ,) show more stability over the
body-centered phase.

The Mg-rich compounds, the bcc supercell;flgand the fcc supercell Magi, lie well
above the tangent line connecting hcp My £ 0 eV) with DQ MgsLi. This clearly
indicates the instability of the bcc and fcc Mgdompounds around this region. This
instability supports Hafner's earlier work [21] ti&p Mg-Li compounds are dominant in
the region with less than 18 at.% Li concentratibhe formation energy of Mgi in
both the DQ; and L% structures lie above tangent line, which indicdkesinstability of
the fcc lattice in this region. Most of Mg-Li comypads at the Li-rich side lie either
exactly or very close to the tangent line conngcB2 MgLi with elemental hcp Li. For
example, fcc Mgl4 shows a strong sign of metastability as it wadiezgpointed [21].
Thus, low temperature sequence of hegocc — hcp alloy phases with the existence of
metastable fcc phase in Li-rich dual phase regsopredicted, resulting to possible hcp

— fcc — bcc — hep stability trend. Structural formation energifedtences, AHs



between corresponding bcc and fcc Mg-Li compourdminst the electron per atom

ratio, as illustrated in Figure 2(a) also suggést same trend. The above predicted

stability profile is in full agreement with both garimental as well as theoretical results
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Fig. 1. Predicted heats of formation for Mg-Li alloys. The common-tangent construction for stability

limits of the different phases is indicated by thelashed lines.
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Fig. 2. (a) Structural formation energy differences AH; between corresponding bcc and fcc Mg-Li

compounds, against the electron per atom ratio an¢(b) change in shear modulus between bcc and fcc

superstructures. Note that the plot (a) has negatés axis running vertically upwards to make

comparison with (b) real.

3.2 Mechanical stability

The calculated elastic constants for the cubic M@dlloys are listed in Table 1. The

elastic constants of the fcc Mg lattice are in gagceement with the available theoretical

results [22] while the bcc phase is found to behmagally unstable, since the tetragonal

shear modulu€’ is negative. Our results for pure Li in both fewdabcc lattices show

mechanical stability with the elastic constantsngein good agreement with both

11



experimental [23,24] and previous theoretical [@&5ults, except for the case 61 and
Cy4 of the bcc lattice which are overestimated. Thested constants in Ref. 40 are
derived from calculated phonon dispersions. Ourdipted elasitic constants were
calculated at equilibrium lattice constants ratthe@mn the experimental values, hence led
to slight difference from experimentally determingldsticity. This may be ascribed to
the elastic constants being sensitive to thecattonstant of the crystal [41].

Other elastic moduli such as shear moduBls {oung's modulusH), andB/G ratio of
Mg-Li alloys are also listed in Table 1. Most okthlastic constants of Mg-Li structures
listed in satisfy the mechanical stability critec&cubic systems as outlined elsewhere

[15,25,42] as follows:
C, >0,C, >[C,| andC,+2C,> 0

except for Mg bcc, Md.i, MgsLi (L1,) and MgLi structures which are mechanically
unstable. These elastic stability conditions aésadIto a restriction on the magnitude of
B. SinceB is a weighed average 6%, andC;, and stability requires th&;, be smaller
than C;;, we are then left with the result thatis required to be intermediate in value
betweenC;; andC;,: C1.<B<C;.

There is a good agreement between the bulk moddiied from elastic constants as
well as from equation of states with available eWpental [26] and other previous
theoretical results [9,18]. With increasing Li centration, the bulk modulus decreased
monotonically. Pugh proposed tBéG ratio to predict the ductility (> 1.75) or brittless

(< 1.75)%". For cubic Mg-Li alloys in Table 1, tH&/G increases from very brittle(50
at.% Li) to ductile (> 50 at.% Li) with increasirig composition. The bcc phases has

maximum ductility at 75 at.% Li, while the sameahieved at 87.5 at.% Li for fcc Mg-

12



Li structures although accompanied by mechanidalyability. The negative values of
B/G also reflect instability of the corresponding campds. As expected from
thermodynamics, it is evident from Table 1 that fbe phases at low Li content (<
50at.%) are mechanically unstable. It is also egng to note that the bcc Mgi and
DOs (MgslLi) structures are the only mechanically stablegeisaCi; > Cj») in this Mg-
rich region, although theB/G values is lower than 1.75, indicating brittleness] hence
have the highest Young's modulasThis stability is in agreement with experimehgtt

in this composition range the bcc phase is mechiyistable, and coexist with the hcp
phase [2,21]. However, in agreement with predidity Counts et al [9], our results
reveal brittleness between 25 and 50 at.% Li. leuntiore, at 50:50 composition we
predict B2 to be the most stable phase compar&B#fbut we note the opposite with
regard to ductility, where B2 is brittle. The supedty of B32 in ductility is in agreement
with results obtained in Ref. 9. At Mgl.composition, our elasticity results suggest the
fcc phase to be the most mechanically stable tleanib agreement with Hafner’'s work
[21] and experiment at low temperature, althoug ilscstill the most ductile than any
other composition, in agreement with recent rep@its

BesidesB/G, it was recently found that th&' is also very significant on the mechanical
properties of materials [43]. The mechanical sigbdan be quantified by calculation of
the tetragonal shear modul@, TheC' for the bcc and fcc ordered phases is also listed
in Table 1 and shown as a function of compositiorigure 3. The ordered fcc phases
are mechanically unstable at 50 at.% Mg and abbiger{ch), while for concentrations
less than 50 at% Mg, the ordered bcc structuresedher unstable or metastable

compared to fcc. The elastically unstable strustst@owed negative Young’'s modulus.
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As observed in Li-rich compositions, the small2the lower the Young’s modulus. This

elastic behaviour in crystals has been reportsaetd better plasticity [43,44].

Table 1. Predicted elastic constants of Mg-Li allay at equilibrium lattice parameters. The bulk
moduli determined from elastic constants is compakwith the ones calculated from equation of
states. Asterisks denote the results generated frothis work. For comparison, theoretical and

experimental results are shown in parenthesesormal and square brackets, respectively.

Comp. Phase a Cu Cu Cus B (03 G B=Vogi,'§ B/G E A
A GPa GPa GPa GPa GPa GPa GPa
GPa
Mg fcc*  4.530 42.8 31.0 23.1 349 59 134 341 02.635.7 1.8
fcc 4526 46.0 27.4 30.0 33.6 9.3
4.516%)
bcc* 3585  25.6 39.4 36.0 348 -69 -54 376 -6.44 -1.7 43
3.571%
Mgisli bcc*  3.568 55.8 24.7 50.9 35.1 155 31.7 329 111. 73.1 1.7
Mg.Li feccx  4.495 22.2 29.5 24.2 270 -36 0.6 34.0 0. 1.8 35
Mgsli L1 4.458 25.8 29.9 245 285 -21 -29 272 -983 -90 3.1
(29.4)8
35%Li DO 3.512  40.0 25.6 41.0 304 7.2 209 328 1.45 51.0 2.7
bcd®® 35.1 24.4 26.4 28.0 (30.5)®
25.0
MgLi  B2* 3420 375 19.7 25.9 256 89 169 221 151 416 1.9
3.458% (20.2)®
Exp’® 27,509
55% 32.2 19.8 26.6 23.9 -
45% 28.5 20.5 19.4 23.2 -
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B32* 3.474 31.0 24.6 28.6 26.7 3.2 126 252 2.122.73 2.5

Ll* 4.820 254 29.2 24.8 223 -19 150 25.2 1.49 36.7 397
c/a=0.72 C33=15.3 Cy3=19.1 Cg=27.0 (24.2)® -
14.2
MgLi; L1  4.309 25.8 15.9 18.7 19.2 49 110 191 174 277 21
(18.8)%
DOs* 3.423 19.4 17.8 15.4 183 0.8 5.7 180 321 155 25
75%Li  bcd® 15.7 15.0 13.6 15.2 (18.8)°
15.0
MgLi; fcc*r  4.305 15.8 16.9 11.7 16.6 -0.6 2.7 16.4 6.182 25
MgLi;s bcc*  3.421 18.2 13.2 11.5 149 25 63 231 2.366.51 2.0
Li fccr  4.307 17.5 11.4 9.3 134 30 6.0 139 22357 1.7
Cal fcc 43287 1989 136 10.9 15.7 - 14.0 2.7
bcer  3.424 19.6 10.9 16.1 13.8 44 96 120 1.44 4222
Cal bcc  3.44F7 179 134 10.0 14.8 20 - 15.2
Cal bce 16.8°  13.0 11.0 14.3
Exp®* bcd® 3.491 14.8 12.5 10.8 13.3 -

The corresponding structural shear modulidifferences AC’, between bcc and fcc
ordered Mg-Li compounds, against the electron p@maatio ranging from 1 (Li) to 2
(Mg), relative to hcp Mg and Li lattices, are paattin Fig. 2(b). We find an interesting
correlation between these quantities, that, inréiggon where bcc is very stable compared
to fcc, the shear modulus is positive for bce begative for fcc (i.e. the fcc lattice is
mechanically unstable) and vice versa. A simikelndviour had been pointed out earlier
for Ni-Cr disordered bcc and fcc phases by Craleeical [30] and for B2 and kITiAl

by Sob et al [31]. This reflects the underlying i@ in hcp to fcc to bec to hep structural
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stability as the electron per atom ratio changemfd (Li) to 2 (Mg). In terms of the
predicted phase stability trend, a common behavisuound between the change in
tetragonal shear moduluA@’) and formation energy differences of corresponding
and fcc ordered compounds relative to hcp Mg anlttices, which seems to correlate
the two structural propertieslowever, since in the low concentration limit adlvas for
higher temperatures the effect of the chemicalrdesoon the elastic properties of Mg-Li
alloys could be significant, some more work concggrthe random fcc and bcc phases
would require attention.

Another crucial elastic moduli considered to hawgaificant implication in engineering
science is the elastic anisotropy of crystals,cesiih is reported to be highly correlated
with the possibility to induce micro-cracks in tmeaterial [45]. For a completely
isotropic materiaA = 1, while values smaller or greater than unity soea the degree of

elastic anisotropy. As observed in Table 1, cigeLi alloys are generally anisotropic.

) .
sl — —& —  fec-based /BZ \\\\\ DO,
————— Dbecbased /7 Te
\
6 L1, / \ /
A / A
4 '\\( - \ 4 \\ /
— <<
\
- S / /
3 ~_Do. ¥
& AN X
3 ~ h
g 0
-~
\
ok \A— —_——— —A/ \\
L1 L1, X
4 N
\
6 F }
-8

L L L s
0 20 40 60 80 100

Mg
Mg at.%

FIG. 3. Calculated Mg-Li elastic constants (tetragonal shear modulus)C'=(C;;-C;)/2 as a function of

composition for ordered bcc and fcc phases.
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3. 3 Electronic structure

The relation between structural stability and tleddviour of the electronic density of
states (DOS) in the vicinity of the Fermi energyr dae formalized by a Jones-type
analysis [32]. Using a rigid-band model, the thesinpws how structure in the density of
states translates into an energy difference forpatimg phases as a function of the
electron count. Within the rigid-band approximatae assume that the bands of hcp,
fcc, and bcc lithium remain unchanged (or rigid)atloying. A Jones-type analysis then
states that the structural energy difference betvargy two lattices at the same atomic

volume is given by

AU = AU, :A[TEn(E)dE] 2)

where n(E) is the electronic density of state (DOS) per atodEr is the Fermi energy.

The difference in the band energpang iS calculated under the constraint that the
potential within the Wigner-Seitz (WS) spheres remanchanged on going from one
structure-type to another. The band energy diffiegeequation allows us to perform a
Jones-type analysis that links the relative stiyboif the two structures to the relative
behaviour of the corresponding DOS. This link resstiom the relationship between the

Fermi energyEr, and the number of valence electrddsaccording to

N = Tn(E XE (3)

In order to understand the behaviour of the bamgyndifferencedUpang We exploit the
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4. Conclusions

Using ab initio technique, the phase stability of cubic Mg-Li g#idhas been predicted
from heats of formation and elasticity, both compdating each other. The observed
stability trend (Li) hcp— fcc — bcc— hep (Mg) has also been confirmed by the Jones-
type analysis based density of states due to efledband filling. On the basis of
established phase stability, the existence of chlgelLi alloys in chosen compositions is
validated. In terms of the predicted phase stghilend, a common behaviour is found
between the change in tetragonal shear modW@§ @nd formation energy differences
of corresponding bcc and fcc ordered compoundgiveldo hcp Mg and Li lattices,
which seems to correlate the two structural progertThe ductility of cubic phases
improves with increasing Li concentration, althoughthe expense of monotonically
decreasing bulk modulus. Furthermore, increasingdrtent results in small&2’ and

thus lower Young's modulus, meanwhile yielding betilasticity.
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