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Abstract

The limiting enthalpy of the solution of liquid indium in liquid tin was measured at 723 K. The calorimetric method was
applied to determine the standard enthalpy of the formation of intermetallic phases and alloys from the In-Li system. The
measurements were done at 747 K and 756 K. The structures of prepared alloys were confirmed by the X-ray diffraction
measurements. Besides that, the ab initio calculations allowed the modeling of the formation energies, the volume thermal
expansion, the heat capacity under constant pressure, and the elastic properties of the intermetallic phases. The theoretical
formation energies show good agreement with the experimental findings. The analysis of the phonon dispersion indicates
an instability of the InLi phase in the Fd-3m space group. A further investigation on the atomic arrangement in the case of
the equiatomic ratio is suggested.
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2. Experimental procedure

Table 1 presents materials used to determine the
standard enthalpy of formation of solid alloys and
intermetallic phases from the indium-lithium system.
The alloys presented in Table 2 were prepared in a
glove box with a protective high purity argon
atmosphere (O, and N, < 1 ppm, H,0 < 0.5 ppm). The
weighed amounts of metals were melted in
molybdenum crucibles in a resistance furnace. After
melting and careful stirring, the liquid alloys were
poured into a steel ingot mold. The resulting alloys
were then annealed. Information on the
homogenization conditions is presented in Table 2.
The homogenization times of the individual phases
were selected based on our previous experience with
measurements on lithium alloys.

After the homogenization process was completed,
the prepared alloys from the In-Li system were
checked by the XRD method.

2.1. The calorimetric measurements and X-ray
diffraction

The calorimetric dissolution method using liquid
tin as a bath was applied to determine the enthalpy of
formation of solid alloys and intermetallic phases
from the indium-lithium system. The measurements

Table 1. Information of applied materials

Chemical Source Purity Purification | Analysis
name [mass %] method method
ndium | A 99,99 None | Certified
Aesar purity
Lithiom | MB1 999 None | Certified
Aesar purity
Tin | AP 99908 None | Certified
Aesar purity
Argon Alr 999.999 None Certlﬁ ed
Products purity
Table 2. Information about the homogenization of the
prepared alloys
. o Annealing .
No. | Chemical composition Annealing
temperature | .
Alloy (phase) time [h]
(K]
Alloy 1| 51.5 at. % Li (InLi) 777 72
Alloy 2| 55.5 at. % Li (In,Li,) 473 173
Alloy 3| 60 at. % Li (In,Li,) 500 188
Alloy 4| 66.7 at. % Li (InLi,) 650 70
Alloy 5| 66.7 at. % Li (InLi,) 500 164
Alloy 6| 81.25 at. % Li (In,Li ;) 650 70
Alloy 7 87 at. % Li 500 140

of the enthalpy of formation examined alloys were
performed in a protective atmosphere of high purity
argon using a Setaram MHTC 96 line evo drop
calorimeter. The liquid tin bath was held in an alumina
crucible. At the beginning of each experiment, the
calorimeter was evacuated several times by a vacuum
pump and flushed with high purity argon. Next, the
calibration constant was determined using
approximately six pieces of high purity tin (see Table
1). Once the calibration constant had been
determined, the heat effects accompanying the
dissolution of the tested alloys and phases in the tin
bath were measured. The prepared samples were
transported from the glove box to the calorimeter in
an antechamber. A similar procedure was applied in
our previous measurements [1]. The value of the
standard enthalpy of formation (A/) of the measured
alloys and intermetallic phases was calculated from
the difference in heat effects, which corresponds to
the heating of the samples from room temperature
(298 K) to the temperature of the measurements (747
K) and dissolving the studied alloys and their
components in the tin bath. The AH value was
calculated using equation (1):
AH =x,AH}) +x, AH}, — AH

(1)

where A is the enthalpy of formation of the
measured phase; x, and x,, are the mole fractions of
the components. The AH) , AH],, and AH] are the
heat effects accompanying the dissolution of one mole
of the components (In, Li) and the phase in the Sn
bath, respectively.

To study the phase compositions of the prepared
powder samples, the XRD studies were performed
with a Bruker D8 Discover diffractometer (the CoKa
radiation). Next, with the use of Diffrac. EVA software
with the ICDD PDF-4+ crystallographic database [4]
, the phase analysis was performed.

2.2. EMF measurements

The electromotive force measurements were
conducted using the concentration cells with the
molten salts as electrolyte. The scheme of the cells
used is as follows:

Reference electrode | electrolyte with Li+ | In-Li

alloys

Liquid lithium was applied as the reference
electrode and the eutectic liquid salt mixture LiCI-LiF
was used as the electrolyte. The concentration of the
alloy was changed by the titration technique
(electrochemical method) starting from pure liquid In.
The temperature was measured by the Mo-Ni
thermocouple and the Mo wire was used as a
discharge electrode. The In-Li alloy was placed on
the bottom of the Mo crucible (outer crucible of the
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cell) filled with electrolyte. The liquid lithium
(reference electrode) was also kept in the Mo crucible
above the level of the In-Li alloys. The cell was
mounted in a glovebox filled with high purity argon as
a protective atmosphere. impurities such as oxygen,
nitrogen, and water (vapor) were removed from Ar by
catalytic copper, molecular sieve, and titanium
absorbers operating at 1073 K. To maintain the very
low concentration of mentioned impurities in the
protective atmosphere, a continuous gas circulation
between the glovebox and purification system was
maintained. The obtained values of electromotive
forces for the appropriate concentration of the alloy
are presented in Table 3 and shown in Fig. 2.

As you can see from Fig. 2, at 767 K there are four
one-phase regions between 0 and 0.75-molar fractions
of Li. These are the liquid phase L, | ., as well as InLi,
InLi,, and probably In,Li, which has not yet been
mentioned in the literature. Because the last
intermetallic phase has not been found at room

1000 | L | L
1 In - Li i
800 B
> 600 - B
E
E ] L
400 B
=
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0 —_— =7,
0 0.2 04 0.6 038
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Figure 2. The dependence of the EMF on the Li
concentration at 767 K

Table 3. Experimental values of the EMF's for the In-Li alloys measured at 767 K

xLi EII:/[\Z xLi EHN{Z xLi EHN{Z xLi EHNS; xLi E}l\/g]
0 1757.8 0.204 483.1 0.360 436.2 0.487 286.1 0.600 171.0
0.002 853.2 0.212 478.2 0.366 436.3 0.492 281.0 0.608 169.9
0.014 715.7 0.220 473.6 0.372 434.8 0.496 276.0 0.615 169.3
0.025 672.5 0.227 468.8 0.377 435.5 0.501 270.0 0.624 169.6
0.036 640.5 0.234 463.9 0.383 435.5 0.505 265.1 0.633 162.5
0.047 618.7 0.241 459.0 0.390 436.1 0.510 259.6 0.641 153.5
0.057 598.0 0.248 454.0 0.396 436.1 0.515 254.9 0.649 141.5
0.069 584.2 0.256 448.0 0.403 436.2 0.520 249.8 0.658 135.5
0.079 573.0 0.264 442.4 0.409 436.1 0.525 246.2 0.666 125.7
0.089 562.1 0.272 436.7 0.415 435.9 0.529 242.0 0.674 115.7
0.099 553.4 0.280 435.1 0.421 435.9 0.534 238.0 0.681 104.3
0.109 546.5 0.287 435.1 0.427 435.5 0.538 234.0 0.688 75.2
0.119 542.4 0.294 435 0.433 4333 0.542 230.0 0.695 74.7
0.128 534.1 0.302 434.9 0.439 386.5 0.547 226.0 0.701 72.1
0.137 527.8 0.309 434.7 0.445 353.8 0.551 222.0 0.705 71.3
0.146 522.4 0.315 434.6 0.450 336.6 0.556 217.0 0.708 28.7
0.155 516.8 0.322 434.5 0.456 3254 0.561 212.6 0.711 17.1
0.164 507.9 0.329 4344 0.461 316.7 0.567 206.9 0.714 17.2
0.172 503.1 0.335 4344 0.467 306.9 0.573 200.5 0.717 17.9
0.181 497.5 0.342 4343 0.472 303.3 0.580 193.8 0.720 18.3
0.187 492.9 0.348 4343 0.477 297.5 0.586 186.5 0.723 19.6
0.197 488.0 0.354 434.2 0.482 291.9 0.593 179.5 0.726 19.2
0.729 19.7
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temperature up to now it is probable that it only forms
at temperatures higher than room temperature. The
additional conclusion resulting from the EMF
measurements is that the transition temperature of the
InLi, phase is higher than this presented in Fig. 1 and
suggested in the literature.

2.3. Ab initio calculations

It is intriguing to anticipate the thermodynamic
and elastic properties of intermetallic phases using ab
initio calculations. In this study, we employed the
first-principle method based on density functional
theory (DFT) implemented in the VASP software [5].
The calculations were conducted with a general
gradient approximation (GGA) pseudopotential
parameterized by Perdew, Burke, and Ernzerhof [6].
The interactions between ions and electrons were
determined following the projector augmented wave
(PAW) approach [5]. A cut-off energy of 350 eV and
a gamma-centered mesh grid with a density of 0.09 A-
"'were employed. The chosen cut-off energy exceeded
the maximum value specified in the pseudopotential
file [5], as recommended in the Phonopy [7] manual.
Convergence with respect to the mesh grid density
was ensured prior to the calculations. The self-
consistent electronic loop calculations utilized a
break-up condition set to 10E-9. All structures
considered in this study underwent relaxation via the
conjugate gradient algorithm [8], with break-up
conditions set to 10E-9 eV/A. Formation energies of
the intermetallic compounds in the In—Li system were
determined according to Equation 2.

AE’ =(E;,

In,,Li,

-mE, 7nEf,.)/(m+n) )

where AE’ is the formation energy per atom, £, ,;
is the energy of phase, Ej, is the energy of In, £}, is the
energy of Li in the /4/mmm and R3m , respectively.
The m and n numbers are the numbers of atoms In and
Li, respectively.

The Helmholtz energy allows for calculating
thermodynamic properties as functions of
temperature. The procedure is explained in the
following part of this work.

The Helmholtz energy can be described as
follows:

F(V.T)=E(V)+F,(V.T)+F,(V.T) (3)

where F(V,T) is the Helmholtz energy, £ (V) is the
energy of the crystal obtained from the self-consistent
field (SCF) calculation at 0 K, th(V,T) is the
vibrational free energy of ions, and F,(VT) is the
electronic free energy.

The vibrational free energy F, (VT) can be
calculated from the quasi-harmonic approximation

[91:
F,(V.T)= kBTZZln{Zsinh[W}}

where k, is the Boltzmann constant, 7" is the
absolute temperature, 7 is the Planck’s constant divided
by 2p, and ®,(¢,V) is the frequency of the j-th phonon
mode at wave vector q.

The Helmbholtz energy’s electronic component is
derived from the subsequent equations, delineating
how various energies rely on temperature and volume
variations:

“

F,(V.T)=E,(V.T)-TS,(V.T) %)
S, (V.T)=~ky [n(e.V)[ fInf +(1= f)In(1- )]dz (6)
Ee,(V,T):jn(s,V)fsds—Tn(s,V)sds (7

where F (V,T) is the electronic Helmholtz energy,
S, (VT) is the electronic entropy, E (V,T) is the
electronic energy, n(e,V)is the electronic density of
states, ¢, is the energy of the Fermi level, and f'is the
Fermi distribution.

In order to calculate the Helmholtz energy based
on equations 3-7, we employed the Phonopy [7]
software, initiating the calculation by first deriving
the atomic forces from the finite displacements.
Subsequently, we defined cells with minor volume
variations and conducted repeated calculations. In this
work, eight non-equilibrium cells were used with the
lattice constant different from the equilibrium one on:
-0.03, -0.02, -0.01, +0.01, +0.02, +0.03, +0.04, +0.05
Angstrom.

The Griineisen mode parameters were then
determined, and thermodynamic properties such as
isobaric heat capacity and Gibbs energies were
calculated as functions of temperature using the quasi-
harmonic approximation [9].

Using ab initio calculations, it becomes feasible to
calculate the elastic properties of the intermetallic
phases in the In-Li system via the energy-strain
method. The Hessian matrix, comprising the elements
of the stiffness tensor C; required for the generalized
Hooke’s law, can be expressed in Voigt notation [10]
as follows:

O, G G, G 0 0 0 |l&
0, Gy Gy Cy O 0 0 | &
SER I ¢ G, Gy 0 0 0 | & ®)
T, o o0 o C, 0 0|y
7, 0 0 0 0 C4 0 |7,
(75 L0 0 0 0 0 Cgll7s|

where i, j = 1...6, Cij is the element of the second-
order stiffness tensor, o,, 7, are the normal and shear
stress responses of the solid to external loading, and
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g and 7, are the normal and shear strains,
respectively.

With the stiffness tensor elements provided in
Eq.8, it becomes feasible to ascertain various elastic
properties, including the bulk and shear moduli, as
well as the Poisson’s ratio. To achieve this objective,
we applied the approach of Nielsen and Martin [11] to
determine the C; elements in Eq.10. In the context of
polycrystalline materials assumed to be quasi-
isotropic, we adopted Voigt’s [10] bounds for isostrain
and Reuss’s [12] bounds for isostress. Since the Voigt
method tends to predict lower values than the Reuss
method, we found the Voigt-Reuss-Hill (VRH)
approach, which provides average mechanical
property values, to be the most suitable choice. The

Voigt bounds are given as follows:

9K, =(C,, +Cy, + Cy3)+2(C, + Gy + Cyy)
15G, =(C, +Cy, + Cyy ) —(C, + Cy + G5 ) +
4(Cpy+Cys + Cyy)

)

and the Reuss bounds are expressed as:

1/ Ky =(8),+8y, +85)+2(S,, + S+ Sy)
15/ Gy =4(S8,, + 8, + 853) = 4(Sp, + 855+ 85,) + (10)
3(Sy +Sss +S)

where S, = C,' is the elastic compliance tensor, K
is the bulk modulus and G is the shear modulus. The
VRH approach defines the bulk (K,,.) and shear

(Gygg) moduli according to the following relations:
(11)
(12)

Besides that, based on the obtained bulk and shear
moduli (Eqs 11 and 12), Young’s modulus E and
Poisson’s ratio n can also be calculated with the use of
the following equations:

Ky =0.5(K, +Ky)

G =0.5(G, +Gy)

£ 9KG (13)
3K+G
3K -2G
- 2T 14
Y 2(3K+G) (19

Hardness is a significant mechanical property of
materials. Therefore, the theoretically modeled values
are of great interest to researchers involved in the
application of new materials in industry and economy.
In this study, the evaluation of intermetallic phases was
carried out using two distinct equations, which are
well-documented in the literature. Both equations rely
on the values of bulk and shear moduli. The first
equation, introduced by Chen et al. [13], states that
Vickers hardness can be expressed as follows:

G 2 0.585
H, 4{(3} G} -3

(15)

where H, is the Vickers hardness and G and
B=K, . are the shear and bulk moduli given in GPa,
respectively.

The second equation, being a modification of Eq.
15, was given by Tian et al. [14] at the conclusion of
a discussion on the influence of electronegativity and
bonding strength on the Vickers hardness. The
proposed relation is shown here:

1.137
H, = o.92(§] G
B

All the symbols in Eq. 16 have the same meanings
as in Eq. 15.

As it has been noted in the existing literature and
in our previous research [ 15] that the Vickers hardness
values calculated using Equations 15 and 16 can
occasionally exhibit significant discrepancies, we will
report both sets of results in this study.

(16)

3. Results and discussion

The diffraction patterns for the prepared samples
are shown in Fig. 3. As can be seen in the following
figure, which represents X-ray diffractograms, the
existence of the intermetallic phases with small
amounts of indium or lithium or both metals is
confirmed.

Two peaks in the X-ray diffraction patterns at the
angular positions 24.9° and 27.5°, which can be seen
in Fig. 3, belong to the foil protecting the powder
sample during the X-ray measurement. Following the
XRD studies of the produced alloys, calorimetric
measurements were carried out.

The measurements of the limiting enthalpy of the
solution of indium in the liquid tin were conducted in the
first stage of the investigations and are presented together
with literature data in Fig. 4 and in Table 4. The limiting
enthalpy of the solution of lithium in the liquid tin was
taken from our earlier work [16]. The necessary
thermodynamic data of the metals used in the calculations
were taken from [17] and the results obtained for the
standard formation enthalpies are presented in Table 5.

The limiting enthalpy of the solution of indium in
the liquid tin presented in Fig. 4 was used to calculate
the linear function parameters describing its dependence
on the temperature shown in the figure (red line)
together with that of Yassin and Castanet [28] (green
dashed line). As can be seen the limiting enthalpy of the
solution of indium in tin is characterized by a small
value (it is a slightly below -0.5 kJ/mol at 500 to 800K)
and slowly decreases with the temperature increase.

The following intermetallic phases were considered
in this work : InLi, In,Li,, InLi,, and In,Li, . The phase
InLi, was omitted due to the unknown crystal structure.
The formation energies of In-Li intermetallic phases
obtained from ab initio calculations at 0 K are
summarized in Table 6 and shown in Figure 5.
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Figure 3. The X-ray diffraction pattern of Alloys 1-6. Alloy 1 (51.5 at. % Li, InLi intermetallic phase),; Alloy 2 (55.5 at.
% Li, InLi intermetallic phase); Alloy 3 (60 at. % Li, In,Li, intermetallic phase with traces of In and Li); Alloy

4 (66.7 at. % Li, InLi, with traces of InLi); Alloy 5 (In

Lil; with traces of Li); Alloy 6 (75 at. % Li, In Lil

intermetallic phase with traces of In and Li)

Table 4. The values for the limiting partial enthalpy of solution of liquid indium A

sol

FI;(,) in liquid tin

Measurement No. Dropped mass of samples [g]

Heat effect AH®' [kJ/mol at.]

The limiting partial enthalpy of
solution A, Hy, [kl/mol at.]

indium: AH[» ™
bath = 30.7149 g.

Atmosphere: argon at pressure p = 0.1 MPa; calibration constant: K = 0.000004578 kJ/uVs; enthalpy of pure
n = 15.2932 kJ/mol, temperature of tin bath: 7\, = 723 K; drop temperature: 7, = 298 K. Mas of tin

O L 1
02— -
04— °
0.6
0_? ] .. @ '
.12
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-1.8 —

2
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24 — An
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-2.8 — ---[28]
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Figure 4. The limiting partial enthalpy of solution of liquid
In in a liquid Sn bath. This study together with the
literature data [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27] cited in [28]

@ This study [

[19] L
[20]

121]

[23]
[24]
125]
126] C

AHso|ooIn(1)/ kJ/mol at.

= 0.0183-0.0011* T

o0
sol In(l)

2] _ e
851", = 0.08-0.0012 T [28]

1 0.2029 14.50 -0.79

2 0.2094 14.63 -0.66

3 0.1578 14.50 -0.79

4 0.1749 14.61 -0.68
Average - 14.56 -0.73
Standard deviations - 0.07 0.07

From Table 6 and Figure 5, it can be seen that the
formation energies obtained from the ab initio
calculation agree fairly well. Generally, it can be said
that the results obtained in this work agree with those of
the Materials Project [29] with the exception of the
formation energy of the InLi. The Materials Project
reports this particular formation energy via the convex
hull, which indicates the instability of the InLi. OQMD
[30] and AFLOW [31] report almost identical formation
energies that are more negative than those obtained in
our calculations. The JARVIS’ [32] data agree well with
our calculations for the InLi phase but show
significantly lower formation energies for In,Li, and
InLi,. The JARVIS [32] repository does not provide any
information on the In,Li, intermetallic compound.
Experimentally obtained formation enthalpy exhibits a
similar value only to the enthalpy calculated for the InLi
phase. However, a bigger discrepancy can be observed
with other intermetallic compounds. In the case of In, Li,
and InLi, the experimental data show a positive
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Table 5. The heat effects AHY and formation enthalpies A |H of alloys and intermetallic phases from the In-Li system

Alloys Series no. Sample no. AH® [k]J/mol at.] AH [k]/mol at.]
1 12.1 -26.1
2 124 264
. 3 12.0 -26.1
Series 1 at 747 K 7 32 273
Alloy 1 5 13.0 -27.0
51.5 at. % Li 6 10 219
InLi - YN
Series 2 at 756 K % }(l)g _%ig
4 10.6 -243
Average 12.1 -25.8
Standard deviation 1.0 1.1
1 79 -24.2
2 7.3 -23.6
Series 1 at 747 K 3 7.6 -24.0
: . .
55.5 at. % Li 1 8.1 _24'1
In,Li; Series 2 at 756 K 2 9.1 252
3 8.4 244
Average 8.1 -24.3
Standard deviation 0.6 0.5
| 6.0 -24.9
Series 1 at 747 K % ;; :gg%
Alloy 3 i 50 573
In,Li, Series 2 at 756 K 2 8.9 274
3 7.2 -25.7
Average 7.4 -26.1
Standard deviation 1.1 1.0
1 1.4 -23.7
2 2.0 243
_ 3 0.2 -22.5
Alloy 4 Series 1 at 756 K 451 ig :gig
InLi, 6 I.1 233
7 2.9 252
Average 1.6 -23.9
Standard deviation 0.8 0.8
Series 1 1 1.1 -28.4
at 747 K 2 2.5 -29.8
Alloy 5 3 0.4 -27.7
InLi, 4 0.5 -27.9
‘ Average 1.1 -28.5
Standard deviation 1.0 0.9
| -6.7 -24.2
2 -8.2 -22.7
Series 1 at 747 K 3 -4.3 -26.6
4 -6.9 -24.1
Alloy 6 i 50 376
In,Li - :
o Series 2 at 756 K g :§§ :g;?
4 -5.7 -24.9
Average -5.2 -25.5
Standard deviation 2.0 1.8
1 -13.2 -20.9
Series 1 at 747 K % :gg :;gé
4 -13.7 -20.5
87A“°Z/7L. I 10.9 229
at. o L1 Series 2 at 756 K 2 124 204
3 -11.4 -22.4
Average -12.9 -21.1
Standard deviation 1.4 1.3
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Table 6. Formation energies and unit cell sizes of the In-Li intermetallic compounds

Phase Formation energy Cell size Reference
[eV] [J/mol atoms] a b c a b g
-0.2565 -24625 4.892 4.892 4.892 60 60 60 This work calc.
- -25800 - - - - - - This work exp.
) -0.269 -25900 [3]
Fldrg:;n -0.239 -22944 4.879 4.879 4.879 60 60 60 [29]
-0.296 -28415 - - - - - - [30]
-0.299 -28704 4.868 4.868 4.868 60 60 60 [31]
-0.280 -26088 4.860 4.860 4.860 60 60 60 [32]
-0.294 -28221 5.637 50.13 50.13 | This work calc.
- -26100 - - - - - - This work exp.
) -0.318 -30600 [3]
gl_zilri -0.298 -28608 5.626 5.626 5.626 49.99 49.99 49.99 [29]
-0.314 -30144 - - - - - - [30]
-0.309 -29644 5.597 5.597 5.597 50.33 50.33 50.33 [31]
-0.326 -31296 5.580 5.580 5.580 50.25 50.25 50.25 [32]
-0.285 -27375 5.568 4.757 90 90 129.41 | This work calc.
- -23900 - - - - - This work exp.
. -0.329 -31600 [3]
InLi, -0.286 -27465 5.542 4.732 90 90 129.66 [29]
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Figure 5. Formation energies of intermetallic compounds in the system In-Li
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deviation from the calculated data, while in the case of
In,Li, the deviation is negative. The discrepancy
between the different sources can be explained by
different input parameters or different pseudopotentials
used for the calculation. Experimental values are subject
to errors that have an undeniable influence on the
results. Moreover, the experiment provides standard
enthalpies of the formation while the calculations show
enthalpies of formation at 0 K. However, if the
formation enthalpy is independent of temperature the
values from the calculations and experimental
determinations should be similar. Interestingly, in the
case of the In,Li, intermetallic compound, the
experiment shows a noticeably lower formation
enthalpy than that obtained from calculation. This
difference might be explained by the strong temperature
dependency of the formation enthalpy of this
compound; however, without additional experimental
investigations, this explanation can only be regarded as
speculation. Table 6 also shows the calculated lattice
vectors and the angles between them. It is obvious that
the obtained values are very similar and agree with each
other. Table 6 lacks the detailed crystallographic
information from the repository OQMD [30] because it
was impossible to retrieve this kind of data during the
preparation of the manuscript. Formation enthalpies
reported by Zhou et al. [3] are in the middle of values
reported by different sources. One exception is in the

Frequency

a) InLi

o

o
T

Frequency

w T Y T s R z T
c) InLiz

Figure 6. Phonon dispersion curves for a) InLi, b) In,Li, ¢) InLi,, and d) In,Li,,

InLi, phase, where the formation energy reported by
Zhou et al. shows the most negative number.

After the crystal structures were relaxed, the Phonopy
code [7] was applied to calculate a phonon band structure
for all the intermetallic phases included in this work. The
obtained results are shown in Figure 6a-d.

Avery important piece of information that can be
derived from Figures 6 b-d is the absence of imaginary
phonon frequencies, which are shown as a negative
value in the figures. The imaginary phonon frequencies
indicate that the structure is not a local minimum on the
structural potential-energy surface, but a saddle point or
a hilltop [33]. The opposite situation can be found in
Figure 6a. The imaginary phonon frequencies are
obvious in the case of the InLi phase. To confirm this
result, the relaxation of the structure was repeated with
even more restricted breaking-up conditions: 10E-10
eV for self-consistent electronic loop calculations and
10E-10 eV/A conjugate gradient algorithm [8], where
the k-spacing was set to 0.07 and the cutoff energy to
400 eV. Applying more stringent conditions led to the
same results: an imaginary frequency of phonons. The
explanation for this phenomenon may lie in the
experimental determination of the crystal structure. The
NaTl type structure with the space group was
determined by Zintl and Brauer [34] in 1933, and it
cannot be excluded that further investigations will
reveal a slightly different atomic arrangement that does
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not show the dynamic instability. The other possibility
is that the InLi phase undergoes a polymorphic
transformation and Zintl and Brauer [34] reported the
high-temperature structure. In both cases, further
experimental investigations are required. Considering
the imaginary frequencies obtained for the InLi phase,
the thermodynamic functions for this intermetallic
compound were not calculated.

After calculating lattice vibrations for the
equilibrium crystal structures it was possible to repeat
the calculations for elongated and shrunk lattice
constants. This procedure allows a given atomic
arrangement to be described by Vinet’s equation of
state [35], which consequently provides access to the
temperature dependence of thermodynamic functions.
Two important functions were derived in this work.
The first is the thermal volume expansion coefficient.
The data calculated by them are shown in Figures 7a-
¢ for In,Li,, InLi,, and In,Li ,, respectively. However,
it should be noted that the thermal volume expansion
coefficient calculated from the thermal expansion
cannot be simply recalculated to a linear thermal
expansion coefficient if the crystal structure is not
cubic, so the calculated data should be considered as
approximate values As can be seen from Fig. 7, the
thermal volume expansion coefficients for In,Li, and

Thermal expansion [K™!

In,Li , are characterized by a similar shape whereas
the InLi, phase has the inflection point at about 500 K.

The second function derived from the quasi-harmonic
approximation is the heat capacity under constant
pressure. The graphical representations of this function
for the intermetallic compounds In,Li,, InLi,, and In,Li,,
can be seen in Figure 8a-c. The presented results do not
include the contribution of the electronic heat capacity. It
can be seen that the calculated heat capacities under
constant pressure shows a typical shape, indicating a
strong increase of the function for temperatures below
300 K and an almost linear temperature dependence for
higher temperatures. The tabular values of the heat
capacities and the thermal volume expansions can be
found in the supplementary material. To the best of the
authors’ knowledge, there are no experimental studies on
heat capacity or thermal expansion in the case of the In-
Li system; therefore, it is impossible to compare the
values obtained with experimental data.

In addition to the thermodynamic properties of the
intermetallic phases, presented above, the elastic
properties were also calculated as described in an earlier
part of this paper. Despite the dynamic instability, the
elastic properties were also calculated for the InLi
phase. The properties were extracted in tabular form
from the OUTCAR files using the VASPKIT code [36]
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Table 7. Elements of stiffness matrices of intermediate phases in In-Li system at 0 K

Elastic stiffness matrix Phase
elements [GPa]

InLi In,Li, InLi, In,Li ,
C11 35.490 59.335 55.877 52.237
Cl12 34.295 13.440 10.775 10.050
C13 34.295 17.167 16.948 4.507
C21 34.295 13.440 10.775 10.050
C22 35.490 60.539 66.133 52.288
C23 34.295 21.176 0.967 4.526
C31 34.295 17.167 16.948 4.507
C32 34.295 21.176 0.967 4.526
C33 35.490 57.829 77.725 57.872
C44 22.716 35.296 12.020 15.445
C55 22.716 31.173 31.594 15.458
C66 22.716 27.503 21.758 20.931
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Table 8. Mechanical properties of intermediate phases in the In-Li system at 0 K

Property InLi In,Li, InLi, In,Li ,
Bulk modulus B [GPa] 34.693 31.194 28.423 22.285
Young’s Modulus E [GPa] 21.385 54.781 47.879 42.417
Shear modulus G [GPa] 7.652 22.687 19.635 17.932
Poisson’s Ratio 0.397 0.207 0.219 0.183
P-wave modulus 44.897 61.444 54.603 46.193
Bulk/Shear Ratio 44.897 1.375 1.448 1.243
Vicker’s hardness [GPa] [13] 1.876 5.515 4.371 5.353
Vicker’s hardness [GPa] [14] 0.697 5.840 4973 5.546
Longitudinal wave velocity [m/s] 3009.158 3788.544 3815.014 4350.378
Transverse wave velocity [m/s] 1242.335 2302.093 2287.710 2710.469
Average wave velocity [m/s] 1405.821 2543.478 2530.902 2986.866
Debye temperature [K] 153.2 281.7 282.4 336.3

and are shown in Table 7 and Table 8.

It can be noticed that the calculated hardness of the
InLi phase has a much lower value than is observed in
cases for other intermetallic phases in the In-Li
system. It can be assumed that this is a consequence
of the instability of the phase, which was mentioned in
the discussion on the calculation of the phonon
dispersion.

4. Conclusions

The present work shows thermodynamic
measurements of the indium-lithium system. Two
experimental techniques were applied. The solution
calorimetric method was used to determine the
limiting partial enthalpy of the solution of indium in
the liquid tin, and the standard enthalpies of formation
of the intermetallic phases and alloys from the
indium-lithium system. Moreover, measurements of
the electromotive force at 776 K were performed
using the concentration cells. The work also presents
a theoretical prediction of formation energy, the
volume of the thermal expansion, the heat capacity
under constant pressure, and the elastic constants. The
calculated formation energies are in good agreement
with the experimental findings, with the exception of
those for InLi. The analysis of the phonon dispersion
curves suggests that the literature data on crystal
arrangement in the InLi phase may be subject to
errors. This result is confirmed to some extent by the
elastic constants calculation, as the InLi phase
appeared to be about eight times softer than the other
phases.

Additional studies of the In-Li system seem to be
necessary to obtain more information about the phase
equilibria in the solid state. However, the result

obtained in this work can be directly applied in
thermodynamic optimization in the way it was done
previously [37] and [38].
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TERMODINAMICKA MERENJA I AB INITIO PRORACUNI INDIJUM-LITIJUM
SISTEMA
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Apstrakt

Granicna entalpija rastvora tecnog indijuma u tecnom kalaju merena je na 723 K. Za odredivanje standardne entalpije
formiranja intermetalnih faza i legura iz In-Li sistema primenjena je kalorimetrijska metoda. Merenja su vrsena na 747 K
i 756 K. Strukture pripremljenih legura su potvrdene merenjima difrakcije rendgenskih zraka. Osim toga, ab initio
proracuni su omogucili modeliranje energija formacije, zapreminskog toplotnog Sirenja, toplotnog kapaciteta pod
konstantnim pritiskom i elasticnih svojstava intermetalnih faza. Teorijske energije formiranja pokazuju dobro slaganje sa
eksperimentalnim nalazima. Analiza disperzije fonona ukazuje na nestabilnost InLi faze u prostornoj grupi Fd-3m. Predlaze
se dalje istraZivanje atomskog rasporeda u slucaju ekviatomskog odnosa.

Kljuéne reci: Intermetalna jedinjenja; Termodinamicka svojstva; Kalorimetrija; Difrakcija rendgenskih zraka; Ab initio
proracuni; Fononi; Elasticna svojstva

@ 00

BY SA



	1.  Introduction
	2.  Experimental procedure
	2.1.  The calorimetric measurements and X-ray diffraction
	2.2.  EMF measurements
	2.3.  Ab initio calculations

	3.  Results and discussion
	4.  Conclusions
	Acknowledgements
	Authors contribution
	Conflict of interest
	Data availability
	References

