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ABSTRACT

Hexagonal binary intermetallics A5B3 has a unique A6 octahedra chain struc-

ture, providing space for interstitial chemical engineering the physical,

mechanical, electrical, and chemical properties without change in the basic

structure of crystal. Because of the engineering importance of Zr–Sn alloy,

here, we investigate the influence of 24 interstitial alloying elements X (X = B,

C, N, O, Al, Si, P, S, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Nb,

and Sn) on stability and properties of hexagonal Zr5Sn3 via first-principles

calculations. A general trend is that the additional element with small atom

size and high electronegativity is favorable as interstitials in Zr5Sn3. The cal-

culated formation enthalpy and the elastic constants suggest that these Zr5Sn3X

structures are thermodynamically and mechanically stable. The calculated

phonon spectra indicate that Zr5Sn3X structures are dynamically stable except

X = V, Cr, Mn, Zn, and Nb. We show that their electronic structures including

bonding characters have strong correlation with the stability and mechanical

properties. With strong covalent bonds, Zr5Sn3B has the highest Young’s

modulus, bulk modulus, shear modulus, Debye temperature, and microhard-

ness. The addition of alloying elements decreases the anisotropy except X = O,

Sc, Ti, V and Nb. All the additive elements increase the specific heat capacity

of Zr5Sn3. Our results could be helpful in designing and improve the perfor-

mance of Zr–Sn alloy on demand.
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Introduction

Zirconium alloys containing 1.2–1.7 at.% Sn and

small addition of other elements (such as Fe, Ni, Cu,

Cr, and Nb) are important structural materials with

an extensive applications due to the excellent radia-

tion resistance, corrosion resistance, and mechanical

properties [1, 2]. The phase-diagram and associated

properties of Zr–Sn binary system have been exten-

sively studied by experiments [3–8] and theory [9].

One of the Zr–Sn intermetallic compounds Zr5Sn3

attracted more attention due to its special polar

structure (see [10]). As a polar intermetallic com-

pound, Zr5Sn3 belongs to the Mn5Si3 structural family

(P63/mcm, space group #193, hexagonal crystal, as

shown in Fig. 1) in which confacial octahedra of the

transition element form quasi-infinite chains. The

added interstitial element X (X represents elements

with frame in element period table as shown in

Fig. 1) in the octahedra of Zr5Sn3 results in the for-

mation of Zr5Sn3X (similarly as Zr5Sb3X, which pro-

vides some potential applications [11]). Some Zr5Sn3X

(X = B, C, O, Al, Si, P, S, Cu, Zn, Ga, Ge, As, Fe, Co,

and Ni) compounds have been synthesized and

found that their structural properties depend

strongly on the preparation method and the compo-

sitions [12–14]. Besides the applications in nuclear

energy, it is also suggested Zr5Sn3X (X = Li and Mg)

for anode material for magnesium- and lithium-ion

batteries [15].

The dependence of properties of Zr5Sn3 on alloying

elements is an open question and critical in designing

Zr–Sn alloy. In this paper, we study the structural

stability and elastic properties of Zr5Sn3X (X = B,

IVA, N, O, Al, 3d_TM, Nb and Sn) using first-prin-

ciples calculations. The dependence of thermody-

namic and physical properties on alloying elements

has been investigated. Our results could be helpful in

fundamental understanding the effects of alloying

elements on the properties of Zr5Sn3 and extend their

applications.

Methods

First-principles calculations of the total energy, elec-

tronic structure, and elastic constant are performed

by PAW pseudopotential formalism [16, 17] as

implemented in VASP soft package [18, 19] with

GGA [20]. An energy cutoff of 450 eV is used for the

all study of the Zr5Sn3X compound. Brillöuin zone

integrations employ Monkhorst–Pack k-point meshes

[21], and the Methfessel–Paxton technique [22] with a

smearing parameter of 0.1 eV. The reciprocal space

(k-point) meshes are chosen to achieve convergence

to a precision of 1.0 meV/atom. The total energy

convergence is better than 1 9 10-6 eV/unit with full

relaxation. The forces are converged to less than

0.01 eV/Å. The phonon dispersion curves were cal-

culated using the supercell approach. Force constants

of supercell have been obtained using the VASP code,

and the PHONOPY code [23, 24] has been performed

to calculate the phonon frequencies and phonon

density of states. For the phonon dispersion calcula-

tion, we use the 2 9 2 9 2 supercell containing 144

Figure 1 Host structure and

the additional element X.

a Crystal structure of Zr5Sn3 in

[001] projection and b side

view. Two types of Zr atoms

are labeled differently for

distinction. The octahedral site

is shown by the dashed line.

c Overview the stabilities of

the 24 additional interstitial

element Xs in the frame of

periodic table denoted by blue

box (stable) and red box

(unstable).
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atoms for Zr5Sn3X and the 3 9 3 9 5 Monkhorst–

Pack k-point mesh for the BZ integration.

The Birch–Murnaghan [25] equation of state is used

to obtain the equilibrium volume (X0), the total

energy (E), the bulk modulus (B), and the pressure

derivative of the bulk modulus (qB/qP). The forma-

tion enthalpies (DH) of the Zr5Sn3X compound can

be, respectively, calculated by the following

equations:

DHðZr5Sn3XÞ ¼ 1

9
½EðZr5Sn3XÞ � EðXÞ � 3EðSnÞ

� 5EðZrÞ� ð1Þ

where E(Zr5Sn3X), E(Zr5Sn3), E(X), E(Sn), and E(Zr)

are the equilibrium total energies of the Zr5Sn3X,

Zr5Sn3, element X, Sn, and Zr, respectively. The

excess Gibbs free energy between Zr5Sn3X and the

mixture of Zr5Sn3 and X can be evaluated as

DGZr5Sn3XðT;PÞ ¼
1

9
½GZr5Sn3XðT;PÞ � GXðT;PÞ

� GZr5Sn3
ðT;PÞ� ð2Þ

The Gibbs free energy for Zr5Sn3X, Zr5Sn3, and X

was obtained by quasi-harmonic Debye model [26].

The elastic constants can be obtained by calculating

the total energy as a function of strains. For a

hexagonal material, there are five independent sin-

gle-crystal elastic constants, namely C11, C12, C13, C33,

and C44. The details of the calculations can be found

in Refs. [27, 28]. The effective elastic moduli of

polycrystalline aggregates are usually calculated by

two approximations due to Voigt [29] and Reuss [30]

in which, respectively, uniform strain or stress are

assumed throughout the polycrystal. Hill [31]

showed that the Voigt and Reuss averages are limits

and suggested that the actual effective moduli could

be obtained by the arithmetic mean of the two

bounds. The Young’s modulus and the Poisson’s

ratio can be evaluated from the bulk and shear

moduli [28].

Results

Charge transfer

In order to obtain more information on the electron

charge distribution and charge transfer between the

atoms and to elucidate the type of the chemical

bonds, the Bader’s electronic analysis in molecule

theory was used [32], and the results are plotted in

Fig. 2. It should be noted the Bader’s charges were

calculated using charges of atoms in IMCs minus

charges of atom in its bulk of the ground state.

Bader’s theory predicts a charge transfer from Zr to X

(except X = Sc and Ti) and Sn atom, with the largest

amount of charge transfer in Zr5Sn3C and the least

amount of charge transfer in Zr5Sn3Nb, which is

coincident with the stability of Zr5Sn3X. The transfer

of Bader’s charge from the element X (except X = Cr

and Mn) is positively correlated with the stability of

the Zr5Sn3X.

Formation enthalpy

The calculated lattice constants and formation

enthalpies are reported in Table 1 including available

experimental data [14, 33, 34]. For the Zr5Sn3, Zr5Sn4,

Zr5Sn3B, Zr5Sn3C, Zr5Sn3N, Zr5Sn3O, Zr5Sn3Si, Zr5

Sn3Ge, Zr5Sn3Zn, Zr5Sn3Ga, Zr5Sn3Se, Zr5Sn3Al, Zr5

Sn3Cu, and Zr5Sn3Fe systems, the present optimized

structural parameters (at 0 K) are in good agreement

with the available experimental lattice constants

[14, 33, 34]. However, the present calculated lattice

constants are slightly larger than the experimental

data, which is a common error inherent to GGA cal-

culations. The calculated formation enthalpies of the

considered compounds are all negative, which indi-

cates that these compounds are energetically

stable relative to pure constituents. The calculated

formation enthalpies for Zr5Sn3 and Zr5Sn4 are in

agreement with available experimental [35] and the-

oretical data [6–9]. The thermodynamical stability is

ultimately governed by the excess Gibbs free energy.

For that, we considered the excess Gibbs formation

X B C N O Al Si
Sc Ti V Cr

Mn Fe Co Ni
Cu Zn Ga Ge As Se Nb Sn
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Figure 2 Charge transfer of Zr5Sn3X.
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free energy, which is the free energy difference

between the Zr5Sn3X and the mixture of Zr5Sn3 and

X. We calculate the excess Gibbs free energy using

the quasi-harmonic Debye method and the excess

Gibbs formation free energy (DGex) of Zr5Sn3X rela-

tive to the mixture of Zr5Sn3 and X is demonstrated in

Table 1 Lattice constants (in Å), formation enthalpies (in eV/atom), Poisson’s ratio, B/G ratio, hardness (in GPa), Debye temperature (in

Kelvin), and elastic anisotropy of Zr5Sn3X

Alloy a c c/a DH m B/G Hv H AB AG AU References

Zr5Sn3 8.5445 5.8106 0.6800 - 0.5575 0.281 1.94 6.48 316.7 0.357 2.639 0.278 Present

8.462 5.797 [33]

- 0.738 [35]

- 0.577 [6]

- 0.572 0.288 2.03 [9]

- 0.771 [7]

Zr5Sn3B 8.5762 5.8366 0.6806 - 0.6695 0.211 1.40 14.41 393.6 0.180 0.165 0.020 Present

8.4936 5.8029 0.683 [14]

Zr5Sn3C 8.5115 5.8548 - 0.6979 0.235 1.56 11.62 377.0 0.016 0.229 0.023 Present

8.4268 5.8001 0.688 [14]

Zr5Sn3N 8.4794 5.7978 - 0.8584 0.277 1.91 8.37 373.3 0.074 0.589 0.061 Present

Zr5Sn3O 8.4756 5.7748 - 1.0419 0.257 1.72 9.27 358.2 0.108 3.472 0.362 Present

8.4256 5.763 0.684 [14]

Zr5Sn3Al 8.7365 5.9084 0.6763 - 0.5961 0.234 1.55 11.28 367.5 0.111 0.305 0.033 Present

8.655 5.871 0.678 [14]

Zr5Sn3Si 8.7006 5.8897 - 0.7122 0.225 1.49 12.64 380.7 0.159 0.044 0.008 Present

8.6072 5.844 0.679 [14]

Zr5Sn3Sc 8.7757 6.0313 - 0.4549 0.303 2.20 4.43 300.5 0.136 3.913 0.410 Present

Zr5Sn3Ti 8.7320 5.9318 - 0.4118 0.296 2.12 5.24 313.5 0.007 5.179 0.546 Present

Zr5Sn3V 8.7196 5.8833 - 0.3990 0.320 2.44 3.44 292.9 0.045 6.748 0.725 Present

Zr5Sn3Cr 8.7149 5.8516 - 0.4016 0.326 2.54 3.24 295.8 0.294 1.891 0.199 Present

Zr5Sn3Mn 8.7138 5.8460 - 0.4654 0.306 2.25 4.87 317.6 0.040 1.259 0.128 Present

Zr5Sn3Fe 8.7096 5.8350 0.6699 - 0.5022 0.262 1.77 8.51 344.4 0.293 0.505 0.057 Present

8.671 5.884 0.678 [14]

Zr5Sn3Co 8.6955 5.8287 - 0.5596 0.270 1.84 7.77 336.8 0.763 0.310 0.033 Present

Zr5Sn3Ni 8.6691 5.8782 0.6781 - 0.5657 0.275 1.89 7.24 332.2 0.380 0.253 0.033 Present

Zr5Sn3Cu 8.6777 5.8888 0.6786 - 0.5374 0.262 1.77 8.53 343.3 0.293 0.505 0.057 Present

8.6249 5.877 0.681 [14]

Zr5Sn3Zn 8.7066 5.9044 - 0.5774 0.236 1.56 11.20 361.7 0.181 0.379 0.042 Present

8.6325 5.877 0.681 [14]

Zr5Sn3Ga 8.7217 5.9084 - 0.6520 0.195 1.31 15.01 367.9 0.610 0.931 0.106 Present

8.6599 5.8794 0.679 [14]

Zr5Sn3Ge 8.7255 5.9146 - 0.7046 0.214 1.42 13.10 362.5 0.177 0.048 0.008 Present

8.6414 5.866 [14]

Zr5Sn3As 8.6922 5.9693 - 0.7722 0.270 1.84 8.44 353.7 0.089 1.169 0.120 Present

8.6037 5.9200 0.688 [14]

Zr5Sn3Se 8.6459 6.0667 - 0.7918 0.243 1.62 10.49 355.5 0.501 0.286 0.039 Present

8.5584 5.9515 0.695 [14]

Zr5Sn3Nb 8.7723 5.9214 0.6750 - 0.4246 0.296 2.12 5.34 309.3 0.007 3.449 0.357 Present

Zr5Sn4 8.8477 5.9794 0.6758 - 0.5834 0.251 1.67 9.38 336.1 0.021 0.344 0.035 Present

8.759 5.916 [34]

- 0.606 [6]

- 0.601 0.265 1.80 [9]

- 0.820 [7]
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Fig. 3 (and Figure S1 in Supplementary Information)

under different conditions (0 K 0 GPa, 300 K 0 GPa

and 5 GPa). The minus DGex indicates stability of

Zr5Sn3X compared with Zr5Sn3. One can see that the

Zr5Sn3X are stable except X = Sc, Ti, V, Mn, Cr, and

Nb. The effects of temperature and pressure are dif-

ferent for different elements. There is a similar trend

of the variation of the excess Gibbs formation free

energy in response to temperature and pressure for

all X in the Zr5Sn3X structures. As for X = Sc, Ti, V,

Mn, Cr, and Nb, whose excess Gibbs free energy is

positive at 0 K and 0 GPa, it turns to negativity when

the pressure is more than some value (40 GPa for

X = Nb), which indicates that Zr5Sn3Nb is more

stable than the mixture of Zr5Sn3 and Nb under high

pressure over 40 GPa.

Dynamic stability

The stability of IMCs is also dynamically determined

by the phonon dispersion curves. The vibrational

phonon spectra for Zr5Sn3X have been calculated,

and some spectra of Zr5Sn3 and Zr5Sn3X (X = B, Nb

and Sn) are demonstrated in Fig. 4, and the rest

(X = C, O, Al, Si, P, S, Cu, Zn, Ga, Ge, As, Sc, Ti, V,

Cr, Mn, Fe, Co and Ni) are displayed in Figure S2 in

Supplementary Information. One can see that the

phonon dispersion curves indicate the dynamical

stability except Zr5Sn3Nb, for which, there is imagine

frequencies along the symmetric directions C–K and

C–M. This indicates that Zr5Sn3Nb is dynamically

unstable. From the calculated phonon spectra, the

systems of Zr5Sn3X (X = V, Cr, Mn, Nb and Zn) are

dynamically unstable.

Elastic properties

Elastic properties (bulk modulus, shear modulus,

Young’s modulus, and Poisson’s ratio) of a solid are

essential part of the mechanical properties. The

elastic constants of the Zr5Sn3X phases have been

calculated as summarized in Fig. 5. The calculated

elastic constants of Zr5Sn3 and Zr5Sn4 agree well with

other theoretical results [6, 9]. For the hexagonal

system, the mechanical stability criteria are given by

C44 [ 0, C11 [|C12|, and (C11 ? 2C12)C33[ 2C13 [2].

The calculated elastic constants of the Zr5Sn3X satisfy

these stability conditions. From Fig. 5, one can see

C11 \C33 for Zr5Sn3 and Zr5Sn3X (X = C, N, O, Sc, Ti,

V, Mn and Nb), which indicates that the bonding

strength along the [100] and [010] direction is weaker

than that of the bonding along the [001] direction. The

bulk modulus, Young’s modulus and shear modulus

have been estimated from the calculated single-crys-

tal elastic constants as presented in Fig. 5. The

Young’s modulus (E) is intrinsic properties of solids

and a measure of stiffness. From Fig. 5, the additions

of Sc, Ti, V, Cr, Mn, and Nb decreases the shear

modulus and Young’s modulus of Zr5Sn3. However,

only the additions of Sc, Ga, and Ge decreases the

bulk modulus. The Poisson’s ratio (in Table 1) indi-

cates the degree of directionality of the bonds atoms

[36]. In general, the Poisson ratio is an important

indicator to measure the degree of the covalent

bonding and the value of m is about 0.25 for ionic

bonding, while as the small value of m (0.1) implies

covalent materials [37]. The calculated m values of

Zr5Sn3X are all larger than 0.19, which indicates that

the bonding between atoms is mainly mixture of

ionic type and metallic type. The Zr5Sn3Ga has the

smallest Poisson’s ratio and the strongest tendency of

ionic and covalent bonding, and it has the largest

Young’s modulus among the 3rd long period ele-

ments, while Zr5Sn3Cr has the largest Poisson’s ratio

and the strongest metallic characteristics, then it has

the lower Young’s modulus. Among the considered

elements, Zr5Sn3B has the largest Young’s modulus

and shear modulus.

B C N O Al Si Sc Ti V Cr M
n Fe Co Ni Cu Zn Ga Ge As Se Nb Sn

-60

-40

-20

0

20

40
 0K 0GPa
 300K 0GPa
 300K 5GPa

G
ex

)elo
m/Jk(

Δ

Figure 3 Excess formation free energy of Zr5Sn3X varies as

added element under different temperature and pressure. The

effect of temperature and pressure on the excess formation free

energy is slight. The excess formation free energy of Zr5Sn3O is

the lowest and it indicates the most stable relative to Zr5Sn3 and

O2. The excess formation free energies of Zr5Sn3X (X = Sc, Ti, V,

Cr, Mn and Nb) are positive and unstable relative to Zr5Sn3 and X.
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Hardness

The Vickers hardness (Hv) has also been estimated

with a theoretical model [38]: Hv = 2(k2G)0.585 - 3,

where k is the ratio of shear modulus and bulk

modulus (G/B) and given in Table 1. The calculated

Hv shows that the Zr5Sn3B has the largest hardness,

while Zr5Sn3Cr has the lowest. The microscopic

hardness correlates with the strength of chemical

bond between atoms based on atomistic viewpoint.

Some microscopic hardness models for materials of

covalent bonding, ionic bonding and the mixture of

them have been proposed, e.g., bond resistance, bond

strength and electronegativity models [39]. As for

intermetallic compound, it is hard to evaluate due to

the delocation of interatomic interactions, and then

the empirical model based elastic properties of alloy

was used to predict the hardness. As mentioned

above, the interatomic interactions between atoms for

Zr5Sn3X are combination of ionicity (partially cova-

lency) and metallicity. The bond strength of s–p–

d hybridized chemical bond is greater than that of an

s-p hybridized chemical bond [40]. The hybridization

B-p with Zr2-d on the site is strongest, while that of

Cr-p, Cr-d and Zr2-d is weakest in the Zr5Sn3X (see

the discussion in electronic section). So Zr5Sn3B has

the largest hardness, but Zr5Sn3Cr has the lowest

hardness. The hardness is also correlated with the

formation enthalpies of Zr5Sn3X. The more the neg-

ative formation enthalpy is, the largest the hardness

is. From the calculated excess Gibbs formation free

energy, Zr5Sn3Cr has the largest positive value indi-

cating the lowest hardness. As for the excess Gibbs

formation free energy of Zr5Sn3B is not the lowest

compared with Zr5Sn3C, Zr5Sn3N, and Zr5Sn3O, but

its Poisson’s ratio is the largest among them, that

means the covalent character is more important than

the interatomic interaction.

Figure 4 Phonon dispersion

curves for a Zr5Sn3, b Zr5Sn4,

c Zr5Sn3B and d Zr5Sn3Nb.

The vibrational frequencies of

Zr5Sn3, Zr5Sn4 and Zr5Sn3B

are all positive and means the

dynamical stability. However,

the phonon dispersion curves

of Zr5Sn3Nb include imagine

frequencies along the high

symmetric directions C–K, C–
M, and L–M. This indicates

that Zr5Sn3Nb is the

dynamically unstable.
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Figure 5 Elastic constants and elastic moduli of Zr5Sn3X.
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Ductility

The ductility of a crystalline could be predicted via

the Pugh ratio [41], the ratio between the bulk and the

shear modulus, B/G. Pugh ratio is used empirically

to predict brittle or ductile behavior of materials. In

general, the ductility is positively correlated with the

B/G value. If B/G[ 1.75, the material behaves in a

more ductile manner. On the contrary, the material

behaves in a brittle manner if B/G\ 1.75. From

Table 1, it is notable that Zr5Sn3X (X = B, C, O, Al, Si,

Zn, Ga, Ge, Se, Sn) characterize brittleness.

Anisotropy of elasticity

Mechanical anisotropies such as universal aniso-

tropies AU and anisotropies AG and AB [42] for Zr5

Sn3X have been calculated as summarized in Table 1.

AU ¼ 5GV

GR
þ BV

BR
� 6; AG ¼ GV � GR

GV þ GR
� 100;

AB ¼ BV � BR

BV þ BR
� 100

ð3Þ

It is found that the calculated AG is less than AB for

Zr5Sn3X (X = B, Si, Co, Ni, Ge and Se), which sug-

gests that the bulk modulus has a more directional

dependence. From the calculated values of AG and

AU, it is evident that Zr5Sn3 and Zr5Sn4 have direc-

tional dependence of shear modulus. The addition of

other alloying element distinctly decreases the shear

anisotropy except the elements O, Sc, Ti, V and Nb.

The three-dimensional surfaces of mechanical moduli

of Zr5Sn3 and Zr5Sn3X (X = B, Nb and Sn) are dis-

played in Fig. 6 and the rest (X = C, O, Al, Si, P, S,

Cu, Zn, Ga, Ge, As, Fe, Co and Ni) are displayed in

Figure S3 in Supplementary Information. The aniso-

tropies of Zr5Sn3 and Zr5Sn3X (X = B, V, Ti, O, Cr and

Nb) are strengthened. The surface contours of the

Young’s moduli for Zr5Sn3X are close to a sphere and

their anisotropy of mechanical behavior is incon-

spicuous. This result agrees well with the aforemen-

tioned elastic constants.

Electronic density of states

The total density of states (TDOS) and partial density

of states (PDOS) for some compounds (X = B, Nb and

Sn) are shown in Fig. 6, and the rest (X = C, O, Al, Si,

P, S, Cu, Zn, Ga, Ge, As, Fe, Co and Ni) are displayed

in Figure S4 in Supplementary Information. In

Fig. 6e, the states, which are approximately located

between - 9.5 and - 6.5 eV below the Fermi level,

originate from the bonding of Sn-s electrons, and the

states located between - 4.5 and - 0.5 eV below the

Fermi level originated from the bonding of Sn-p and

Zr-d. The Fermi level lies in the pseudogap mini-

mum, i.e., the bonding states are completely occu-

pied. The bonding states are dominated by Sn-s, Sn-p,

and Zr-d, while the antibonding states are dominated

by Zr-d states. Below the Fermi level, Sn-p and Zr-

d peaks show evidence for strong hybridization,

while the other contributions are small.

For the Zr5Sn4 phase (Fig. 6f), it is found that the

main bonding peaks between - 10 and - 6 eV are

predominantly derived from Sn-s states, and the

main bonding peaks between - 4.5 and 0 eV are

dominated by Sn-p and Zr-d states, while the main

antibonding peaks from 0 to 2.5 eV originate mainly

from Zr-d states. Sn-p and Zr-d states show evidence

for hybridization below the Fermi level. As for Zr5

Sn3B (Fig. 6g), it is notable that the Fermi level locates

at the local minimum of TDOS. That means the

density of state at Fermi level is the lowest and it is

the most stable. The other phases have PDOS similar

to the ones of the Zr5Sn4 phase except that of Zr5

Sn3Nb (see Fig. 6h). From Fig. 6h, one can see that

there is peak positioned at 0.35 eV above Fermi level,

which is similar as that of Zr5Sn3. This antibonding

peak results in the instability of Zr5Sn3Nb relative

Zr5Sn3.

Electronic bonding

The bonding properties provide insights into the

alloying element effect. The bonding charge density

plot is an important approach to visualize the nature

of the bonds in addition to depict the charge transfer

and the bonding properties. The bonding charge

density is the difference between the self-consistent

charge density and a reference charge density. This

reference is a non-self-consistent charge density,

which is computed from the super-position of the

non-interacting atomic charge density when the atom

positions are kept the same. The bonding charge

densities of the considered phases have been calcu-

lated to insight the alloying mechanism and are

depicted in Fig. 6i–l for Zr5Sn3, Zr5Sn3B, Zr5Sn3Nb,

Zr5Sn3Sn, respectively, and the rest (X = C, O, Al, Si,

P, S, Cu, Zn, Ga, Ge, As, Sc, Ti, V, Cr, Mn, Fe, Co and

Ni) are displayed in Figure S5 in Supplementary
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Information. The charge density changes with the

addition of alloying elements, which results in the

variation of electronic properties and mechanical

behavior. It is clear that the charge accumulation

among the Zr, Sn, and X (except X = Sc and Ti)

atoms, which is an important reason for the higher

elastic modulus compared with unalloyed Zr5Sn3.

The addition of Sc, Ti, V, Cr, Mn, and Nb has a small

effect on increasing the charge accumulation. The

results indicate that the systems of Zr5Sn3X (X = Sc,

Ti, V, Cr, Mn, and Nb) have lower elastic moduli

compared with other alloys.

Debye temperature

The Debye temperature is an important quantity for

the evaluation of thermodynamic properties of alloys.

The calculated Debye temperatures of the Zr5Sn3X

phases are summarized in Table 1. It is clear that

Zr5Sn3B has the largest Debye temperature of

393.6 K, which means the Zr5Sn3B has a highest

melting point among the considered compounds. The

addition of alloying elements increases the Debye

temperature except Sc, Ti, V, Cr, and Nb, for which

the Debye temperature is lower than that of Zr5Sn3.

Figure 6 Directional dependence of Young’s modulus for

a Zr5Sn3, b Zr5Sn4, c Zr5Sn3B, d Zr5Sn3Nb. The anisotropy of

Young’s moduli for Zr5Sn4 and Zr5Sn3B is inconspicuous. The

Young’s modulus of Zr5Sn3Nb is dependent of direction. Total and

partial density of states for the e Zr5Sn3, f Zr5Sn4, g Zr5Sn3B,

h Zr5Sn3Nb. The addition of alloy element results in redistribution

of Zr-d electrons. The addition of Sn or B increases the density of

bonding state and reduces the density of antibonding state of Zr-

d electrons, however, the addition of Nb does not change the

distribution of Zr-d electrons near to Fermi level. Electronic

density difference of the (i) Zr5Sn3, (j) Zr5Sn4, (k) Zr5Sn3B,

(l) Zr5Sn3Nb. The accumulation of electron in the octahedral site in

the Zr5Sn3. The effect of added B on the electronic density

difference is negligible. But the addition of Sn excludes the

electrons from the octahedral site. However, the addition of Nb

results in the redistribution of electrons between Nb and Zr.
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Thermodynamic properties

We have evaluated the thermodynamic properties in

the temperature range of 0–1500 K and pressure from

0 to 50 GPa. The effect of temperature and pressure

on the bulk thermal expansion coefficients of Zr5Sn3

are illustrated in Fig. 7a, and the rest (X = C, O, Al, Si,

P, S, Cu, Zn, Ga, Ge, As, Sc, Ti, V, Cr, Mn, Fe, Co and

Ni) are displayed in Figure S6 in Supplementary

Information. The dependence of bulk thermal

expansion coefficients of Zr5Sn3X on temperature and

pressure are similar as that of Zr5Sn3. Figure 7b pre-

sents the bulk expansion coefficients of Zr5Sn3X

(T = 300 K, P = 0, 5 GPa). It is clear that the bulk

expansion coefficients of Zr5Sn3X (except X = Fe and

Cu) are larger than that of Zr5Sn3. However, the bulk

expansion coefficients of Zr5Sn3Cu and Zr5Sn3Fe are

smaller than that of Zr5Sn3, which is due to their

anisotropical change with addition alloying elements.

Bulk modulus at finite temperature
and pressure

Figure 8a shows the dependence of bulk modulus of

Zr5Sn3 on the temperature and pressure and those of

Zr5Sn3X are given in Figure S7 in Supplementary

Information. The bulk moduli of Zr5Sn3X at

T = 300 K, and P = 0 and 5 GPa are presented in

Fig. 8b. The figure shows that alloying elements

(X = B, O, Al, Fe, Ni, Cu, Sn and Nb) increase the

bulk modulus of Zr5Sn3. The other alloying elements

decrease the value of the bulk modulus after alloying

of Zr5Sn3.

Heat capacity on temperature and pressure

Figure 9a presents the specific heat capacity Cp ver-

sus temperature and pressure for Zr5Sn3, and those of

Zr5Sn3X are given in Figure S8 in Supplementary

Information. The specific heat capacity of Zr5Sn3

follows a general trend that it increases with tem-

perature and decreases with pressure. The addition

of alloying elements increases the heat capacity sig-

nificantly (Fig. 9b), compared with the corresponding

values of pristine Zr5Sn3.

Discussions

Zr5Sn3X, which is known as one of Nowotny phases

with hexagonal structure, is one derivative of Mn5Si3
structure and is more stable than Zr5Sn3 except

X = Sc, Ti, V, Cr, Mn, and Nb. The cell volume

change of Zr5Sn3X relative to Zr5Sn3 is shown in

Fig. 10a. The volume of added atom [43] was also

included for comparison. The volume difference

affected by adding the element is consistent with the

volume of added atom except N and O, for which the

volume of Zr5Sn3X attracted after addition. As for

element Si, the volume of Zr5Sn3X is less than the

total volume of Zr5Sn3 and X. The decrease in volume

means that the more transfer of charge between the

added atom and the matrix. Zr5Sn3O has the smallest
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Figure 7 Bulk thermal expansion coefficient for a Zr5Sn3,

b Zr5Sn3X at 300 K 0 GPa and 300 K 5 GPa. The thermal

expansion increases with temperature and decreases with pressure.

The addition of Fe or Cu reduces the thermal expansion of Zr5Sn3.

The addition Cr, Mn, and Co increases remarkably the thermal

expansion. However, the effect of Nb on the thermal expansion of

Zr5Sn3 is negligible.

J Mater Sci



volume and is the most stable from the point view of

energetics. However, the Zr5Sn3Nb does not have the

largest volume, but its excess formation enthalpy is

positive, which means the stability of Zr5Sn3X is

controlled not only the size factor but also the elec-

tronic factor. Namely, the alloying of Zr5Sn3 with

element X increases the bonding and stability. For

Zr5Sn3X systems, addition of X results charge transfer

taking place from Zr to X (except X = Sc and Ti) (as

shown in Fig. 2). One also can see that the Bader

charge transferring from X is less than 0.5 and then

the system has low stability, except complicated

magnetic elements Cr and Mn. The analysis of the

change in Bader charge indicates that the accommo-

dation of Nb in Zr5Sn3Nb is the smallest due to the

similar properties of Zr and Nb, and it has the lower

stability. Compared with other alloying elements,

with the addition of Nb, less charge transfers from

Zr-2 to Nb, which corresponds the relatively weaker

interaction between the Nb atoms and Zr-2 atoms. On

the other hand, the elastic interaction is attributed the

mismatch between the solute atom and the interstitial

site of Zr5Sn3 when the solute atom embedding into

the matrix and can be described using Eshelby for-

mula [44]. Figure 10b demonstrates that the mapping

counter of forming ability for Zr5Sn3X according to

the elastic strain energy and Bader electron. One can

see that the two parts was definitely segregated by a

line. The system locating in the upper-left zone has

positive excess formation enthalpy and this means
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Figure 8 Bulk modulus for a Zr5Sn3, b Zr5Sn3X at T = 300 K

and P = 0 and 5 GPa. The bulk modulus of Zr5Sn3 decreases with

temperature and increases with pressure. The alloy elements B, Fe,

Ni, Cu, and Nb result in increment of bulk modulus of Zr5Sn3. The

addition O, Al and Sn do not change the bulk modulus. However,

the other alloy elements considered decrease the bulk modulus,

especially for Sc, Mn and Co.
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that it does not form based on the point view of

energetics. The right-down part is the forming zone

of Zr5Sn3X. The elastic strain energy and Bader elec-

tron can be used to predict the forming ability of

Zr5Sn3X. The two elements Cr and Mn do not satisfy

the regularity (namely, the effects of factors on the

forming tendency of Zr5Sn3X) due to their complex

magnetic structure, although the calculated magnetic

moment of Zr5Sn3X is small.

Conclusions

We investigate the interstitial chemistry engineering

the properties of the Zr5Sn3 from first-principles. The

effect of alloying element on the structural stability,

elastic properties, and thermodynamic properties of

Zr5Sn3 has been studied within the framework of

density functional theory. The formation enthalpies

of Zr5Sn3X are negative, which means that all are

energetically stable relative to the correspondent pure

constituents. The excess formation free energy

between Zr5Sn3X and the mixture of Zr5Sn3 and

alloying element X is also negative except X = Sc, Ti,

V, Cr, Mn, and Nb, and this indicates that Zr5Sn3X is

more stable than Zr5Sn3.

The elastic constants of Zr5Sn3X satisfy the

mechanical stability criteria. The bulk moduli of

Zr5Sn3X are larger than that of Zr5Sn3 except X = Sc,

Ga, Ge and Sn. Zr5Sn3N has the highest bulk

modulus. But Zr5Sn3B has the largest shear modulus,

Young’s modulus, Debye temperature, and micro-

hardness. The addition of alloying element decreases

the anisotropy except X = O, Sc, Ti, V, and Nb. The

surface contours of the Young’s moduli for Zr5Sn3X

(except X = B, V, Ti, O, Cr, and Nb) are close to a

sphere and their anisotropy of mechanical behavior is

inconspicuous.

The specific heat capacity of Zr5Sn3X is larger than

that of Zr5Sn3. The bulk expansion coefficients of

Zr5Sn3Fe and Zr5Sn3Cu are lower than that of Zr5Sn3,

while the others are larger. The elastic strain energy

and Bader electron can be used to describe the

forming ability of Zr5Sn3X. Our results could extend

the knowledge of the tuning the structural, electronic,

and mechanical properties of Zr5Sn3 with additive

alloying elements, which could be helpful in

designing and optimize the performance of Zr–Sn

alloy under certain working conditions.
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