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Abstract

In this paper DyMg alloy has been studied in three phases viz. B1, B2 and B3. The exchange correlation potential within the
generalized-gradient approximation (GGA) of projector augmented wave (PAW) method is used. The predicted lattice
constants and total energy at ambient condition, respectively in B1, B2 and B3 phases are 6.395, 3.772, 6.40 A, and
-24734.778, -24734.855, -24734.683 Ry. From the calculations it is evident that ground state phase of DyMg is B2, therefore,
other parameters such as the bulk modulus, its pressure derivative, elastic constants and thermal properties related to B2
phase are presented in this paper. The obtained results are compared with the available experimented and theoretical data.
The calculated band structure shows that this alloy no band gap. In order to obtain more information about the elastic
properties other parameters such as Zener anisotropy factor, Poisson ratio, Young’s modulus and isotropic shear modulus are
also presented. Thermal parameter such as Debye temperature, specific heat, Gruneisen parameter etc. has been determined

as a function of pressure and temperature. Copyright © 2017 VBRI Press.
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Introduction

Magnesium and magnesium alloy possess many unique
properties. These are the high specific strength, low
density, Young’s modulus and good stiffness. They also
show high degree of biocompatibility [1-5]. Prominent
technological importance of magnesium alloys is in the
automobile and aircraft industry [6]. For magnesium alloys
the rare earth elements are promising alloying elements
which have many interesting biomedical applications [7].
In fact, alloy formed due to the addition of Rare Earth (RE)
Elements into Mg have significant effects on its creep
resistance as well as the high temperature strength [8]. It
also improves remarkably the magnesium corrosion
resistance [7, 9]. Electronic configuration of the atom
Magnesium is 1s%, 2s%, 2p®, 3s* which has no d-electron and
has a larger atomic radius; therefore, a different magnetic
behavior has been expected for REMg. Aleonard et al. [10]
have performed neutron powder diffraction measurement
for understanding the magnetic properties of the rare earth
magnesium compounds. Belakhovsky et al. [11] have also
studied the magnetic properties of DyMg and ErMg using
Madssbauer spectroscopy. In an early work, Buschow et al.
[12] have analyzed the crystal structures and some physical
properties of the intermetallics compounds of the rare earth
(from La to Lu) and non-magnetic metals (B, Be, Mg, Ru,
Rh, Pd) experimentally. Buschow et al [13] and Kirchmayr
at el. [14] have reported the magnetic properties of REMg
compounds. Zhang et al. [15] have predicted the enthalpy
of formation of MgX(X = As, Ba, Ca, Cd, Cu, Dy, Ga, Ge,
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La, Ni, Lu, Pb, Si, Sn and Y) compounds from the first-
principles calculations. The Brittle and elastic properties of
the MgRE (RE = Sc, Y, Pr, Nd, Dy, Ho, Er) have been
determined by Wu and Hu [16] using the density functional
calculations. Villars et al [17] have presented the
intermetallics phases in their hand book of crystallographic
data. The elastic properties of REMg (RE = Sc, Y, La-Lu)
intermetallics compounds have been calculated at T = 0K
by Tao et al. [18] employing the generalized gradient
approximation (GGA). Wang et al. [19] have studied lattice
dynamical and thermodynamic properties such as thermal
expansion, bulk modulus, heat capacities at constant
volume and constant pressure as a function of temperature
of the rare earth magnesium intermetallics compounds
MgRE (RE=Y, Dy, Pr, Tb) using density functional theory
and density functional perturbation theory. They have also
computed the temperature-dependent elastic properties and
second and third order elastic constants for same family in
CsCl type structure.

The thermodynamic properties and elastic constants of
Mg-Pr, Mg-Dy and Mg-Y intermetallics as a function of
temperature are also estimated by Wu et al. [20, 22]. Tao
et al. [23] focused on phase stability and electronic
properties of Mg-RE (RE=Sc, Y) from first principle
calculation. Luca et al. [24] have reported that the
compounds in the rare-earth magnesium series show an
unusual behavior (reluctance to oxidize) among rare earth
intermetallic that reduce the contribution of the oxidized
surface to the scattering phenomena and favors the
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observation of multipolar reflections. From the literature
survey it is clear that the thermal properties of the rare-
earth magnesium alloy are lacking. Therefore, it’s
worthwhile to study the structural, electronic, elastic and
thermal properties of DyMg.

In this paper we report the first principal calculation
within the frame of density functional theory (DFT) using
the full potential linearized augmented plane wave (FP-
LAPW) method to study the structural, electronic, elastic
and thermal properties of DyMg in CsCl (B2) type
structure. The predictions of these physical properties of
DyMg may play a vital role to the design of heat-resistant
magnesium alloys.

Computational details

All calculations in the present study are based on the
implementation of plane wave density functional theory
(DFT), according to which the many body problem of
interacting electrons and nuclei is mapped to a series of one
electron equations called the Khon-Sham equations. We
used the self consistent full linearized augmented plane
wave (FP-LAPW) method to solve the Khon —Sham
equations as implemented in the WIEN-2k code [25]. The
exchange and correlation effects were treated by using the
form of GGA proposed by Wu and Cohen (WC-GGA)
[26]. The valance electronic configurations are 3s for Mg
and 6s® 4f'° for Dy. To achieve the energy Eigen values
convergence, the calculations were performed with
RutKmax= 7, where Ry is the smallest radii of the muffin-
tin spheres and Km is the maximum modulus for the
reciprocal lattice vector. The values of muffin-tin radii
(Rwt) for Dy and Mg were taken as 3.0 and 2.2 Bohr,
respectively. The maximum value for the angular
momentum quantum 1=10 is adopted for the wave function
expansion inside the atomic sphere. The dependency of the
total energy on the number of k-points in the irreducible
wedge of Brillouin zone has been optimized and the size of
mesh has been set to 10 x 10 x 10 k-points for B2
structure of DyMg. Self consistency is considered to be
reached when total energy difference between successive
iterations is less than 10~> Ryd per formula unit and charge
converges to less than 0.001e".The temperature effects for
DyMg have been determined by using quasiharmonic
Debye model as implemented in GIBBS code [27]. This
model generates Debye temperature Op (V) and obtains the
non-equilibrium Gibbs function G*(V; P, T) and minimize
G* to derive the thermal equation of state VV (P, T). In the
quasi-harmonic Debye model the non-equilibrium Gibbs
functions G*(V; P, T) is written as:

G*(V;P,T) =E(V) +PV + A, (ON);T)
where E (V) is the total energy per unit cell, PV is the
product of hydrostatic pressure and unit cell volume that
corresponds to the constant hydrostatic pressure condition
and Ay, is the Helmholtz free energy.
For an isotopic solid the Debye temperature, 6p is
expressed as

1
C D:% [61{2V1/2n] *#(0) %
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where M is the molecular mass per formula unit and Bs is
the adiabatic bulk modulus. Details on f (c) can be found in
Refs. [28, 29]. Further, Bs is approximated by the static
compressibility as
~ _\, d?E(W)
Bs =B (V)=V —2
Now the thermal equation of state V (P,T) can be

obtained minimizing the non equilibrium Gibbs function
G* (V; P, T) with respect to volume V given as

aG*(V;P,

( G (VPT))PYTZO

av

Thus with the help of the Quasi harmonic Debye
model, the thermal quantities at any temperature and
pressure of DyMg may be calculated using various sets of
the E-V data at ambient condition. The standard
thermodynamic relations are used to derive other
macroscopic properties of DyMg.

Results and discussion
Structural parameters

For understanding the properties of solids study of the
structural properties are very important. In order to obtain
ground state structure at ambient condition we studied
DyMg in three different phases, viz. B1, B2, and B3. The
structure of phase B1 is NaCl type whose space group is
known as Fm3m and identified by the number 225. The
structure of phase B2 is CsCl type whose space group is
known as Pm-3m and identified by the number 216. The
Zincblende structure in known as phase B3 identified by
space group F43m and number 216). In B1 and B2 phases
atom Dy was placed at (0, 0, 0) position and atom Mg at
(0.5, 0.5, 0.5) position while in B3 phase atom Dy was
placed at (0, 0, 0) position and atom Mg at (0.25, 0.25,
0.25) position. Using the first-principles approach first we
obtained converged total energy corresponding to different
unit cell volume. The obtained sets of energy-volume data
were fitted to the Murnaghan equation of state [30]. The
equilibrium structural parameters present obtained are
shown in Table 1 along with experimental and earlier
reported available results. This table shows that the
structural parameters calculated using GGA functional are
in good agreement with earlier reported results [31].
Table 1 also reveals the fact that at ambient condition
ground state of DyMg alloy is B2 phase.

Table 1. Comparison of the calculated lattice constant, a(A), the bulk
modulus By (GPa), bulk modulus first pressure derivative By’ and total
energy Eo (Ry) of DyMg along with the available theoretical and
experimental data in B1, B2 and B3 phases.

Material Phase a(d) B, By E
DyMg Bl PW 6.395 18.89  3.64 -24734.77
Other 6.242 3379 3.7 -
B2 PW 377 3026  5.00 24734.86
Exp. 3.76[10] - - -
B3  Other 3.77[31] 40.00 336 -
PW. 728 9.51 337 -24734.68
Other 7.06[31] 14.63 358 -
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Electronic properties

On the basis of the structural parameters at ambient
condition the electronic band structure as well as the
electronic density of states of DyMg has been shown in this
section. To comprehend the mechanism of alloying effects
on electronic behavior of DyMg, above two properties are
very helpful. The band structure plot for B2 structure of
DyMg has been shown in Fig. 1. The symmetry points
included in the band structure plot are R, I', X, M and I" and
the bands are computed along the high symmetry directions
in the first Brillouin zone. In figure valence and conduction
bands are overlapped at the Fermi level (EF = 0 eV). This
suggests that DyMg indicates metallic behavior.

0.4
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Energy (eV)

-0.4 =1
R r x ™M r

Fig. 1. Calculated Band structure of DyMg in B2 phase.

The total electronic density of state (DOS) and partial
density of state (PDOS) plots are shown in Fig. 2. The
electronic density of state is helpful to the understanding of
the bonding characteristics of the studied alloy. The total
DOS of DyMg also exhibits non zero values at the Fermi
level, which indicates the metallic character of DyMg.
Fig. 2 also indicates that the main contributions in PDOS
plot at Fermi level is due to f -Dy states.

Elastic properties

Mechanical and dynamical behaviour of crystals are
derived from its elastic properties. In fact the forces
operating in solids provide important data for developing
inter-atomic potentials. The elastic constants are evaluated
as per Born’s stability criteria which should be satisfied for
the stability of lattice [32]. The cubic DyMg crystal has
three different elastic coefficients (Cyq, Cyp, and Cyy). The
known conditions for mechanical stability of cubic crystals
are: C41;>0,Cy;-C1,>0,Cyy >0,Cyy +2C1, > 0and C12
< B < C11. Obtained elastic constants are shown in Fig. 2.
It is important to note that for DyMg all elastic constants
are larger than zero. The Cauchy pressure (C1,—Cy4) can be
defined as the angular character of atomic bonding in
metals and compounds, which could be related to the
brittle/ductile properties of materials [33, 34]. In present
case obtained Cauchy pressure is -16.70 GPa. Negative
Cauchy pressure discrepancy is a consequence of the
hybridization of the unstable f bands. This hybridization
may be responsible for the decrease in Dy-Dy distance and
therefore to a small value of the elastic constant Cy,. The
shear modulus G divided by the bulk modulus B denoted as
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Rgp ratio is roughly a measurement of brittleness or
ductility. It is well known that if Rgpg < 0.5, the material
behaves in a ductile manner, and while Rgg > 0.5, the
material behaves in a brittle manner [35-37]. The Rgp
value of DyMg alloy in B2 phase has been obtained as 0.56
which indicates that its behavior is brittle. Our present
calculated Rgg ratio is in excellent agreement with earlier
reported results [31].
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Fig. 2. Total and partial density of states of DyMg in B2 Phase. The Fermi
level is set to be 0 eV.
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Table 2. Calculated elastic constant (in GPa) with Zener anisotropy factor
(A), Poisson ratio (v), Young’s modulus (Y) and isotropic shear modulus
(G) in B2 phase of DyMg.

Parameters | PW Ref. [31]
Cu 36.52 52.33
Cr 29.18 37.05
Caa 45.88 40.37
Ci12-Cua -16.70 -3.32

A 12.50 5.29

Y 00.26 00.27

Y 46.95 53.79

G 18.60 21.08

Thermal properties

Lattice dynamics is the most important aspects to study the
different properties of materials. It deals with the vibrations
of the atoms about their mean position. These vibrations are
completely responsible for the thermal properties. The
thermal properties of DyMg have been determined using
quasi harmonic Debye approximation model. In this model
the anharmonic effect is accounted for by allowing the
phonon frequencies to depend on the crystal volume. The
thermal properties are determined in the temperature range
0 - 1000 K. Similarly, pressure effect is studied in the range
0 - 30 GPa. Total energy verses cell volume determined in
the previous section has been used to drive the thermal
parameters as bulk modulus, thermal expansion, and heat
capacity and Gruneisen parameter etc at different
temperature and pressures. The calculated results are listed
in Table 3.

Table 3. Thermal parameter of DyMg in B2 phase at OK and 300K.

2017, 2(10), 634-638

Thermal parameter DyMg

P=0, T=0 P=0, T=300
o 0.00 7.99
B, (GPa) 30.92 29.16
Cv (J/mol K) 0.00 48.93
Cp (I/mol K) 0.00 50.79
Debye temp. (K) 192.22 186.60
Gruneisen parameter 1.582 1.585
By’ 3.48 3.45
Entropy 0.00 90.68
Bulk modulus

A plot of bulk modulus versus pressure for different values
of temperature is shown in Fig 3(a). The bulk modulus
increases with the increase in pressure. Effect of
temperature corresponding to pressure is not very
significant near lower range of pressure but increases
slightly with the increase in pressure.

Thermal expansion coefficient

The thermal expansion coefficient, o, is a function of
temperature. It has been analyzed at hydrostatic pressure
P =0, 10, 20 and 30 GPa. Plots of a versus temperature for
different values of pressure are shown in Fig. 3(b). From
Fig. 3(b), it is clear that o (T) increases sharply with the
increase in temperature up to T = 200 K. Beyond 200 K the
rate of increase in a (T) for high pressures becomes slow
and approaches a constant value around T = 300 K but
corresponding to P= 0 GPa it shows slightly increasing
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trend. This shows that at a fixed temperature as the pressure
increases, its effect on the thermal expansion decreases.
Similarly, at a given pressure, P, the effect of increasing
temperature on a decreases rapidly.
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Fig. 3. Thermodynamical parameters of DyMg as functions of temperature
T (in K) and pressure (in GPa).

Debye temperature

Fig. 3(c) shows plots of Debye temperature as a function of
pressure at different temperatures. In such plots variation is
almost linear and the Debye temperature increases with the
increase in pressure. Because of inherent relationship of
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Debye temperature to the lattice vibrations it is very useful
thermal parameter and is basically a measure of the
vibrational response of the material. It is, therefore, closely
connected with the properties like specific heat, thermal
expansion and vibrational entropy.

Specific heat

The specific heat of a material indicates its heat retention or
loss ability. Plots of calculated heat capacity of DyMg at
constant volume (Cy) and at constant pressure (Cp) as
function of temperature are shown in Fig 3(d). The
calculated values of C, and Cp at temperature T= OK and
300K are given in Table 3. From the plots it is observed
that at higher temperature C, tends to a limiting value. The
plot of Cp and C,, show that at lower temperature the
specific heats are the same but beyond ~110 K, Cp exceeds
Cy as a result of thermal expansion of crystal lattice.

Entropy

The entropy is known as the thermodynamic state function
of matter and is denoted by symbol S. It describes dispersal
of energy and matter. Microscopically this is defined as
measure of disorder of the system. As the temperature of
the material increases the particles vibrate more vigorously,
so the entropy of the system also increases. At high
temperature entropy is expressed by the relation

S = constant +NK In (%)

The values of entropy at T=0K and T=300K is given in
Table 3.

Conclusion

Using the first principal calculation, we have investigated
the structural, electronic, elastic and thermal properties of
DyMg. The electronic band structure and corresponding
DOS plots show metallic nature of alloy. Our calculated
structure parameters are in good agreement with the
available experimental data. Elastic constants, Zener
anisotropy factor, passion ratio’s, Young’s modulus are
also reported. The quasi-harmonic Debye model is
successfully applied to determine the thermal properties of
in the temperature range 0-1000 K and pressure range
0 — 30 GPa. The thermal parameters such as thermal
expansion, Debye temperature, bulk modulus, specific heat,
Gruneisen parameter and entropy are also calculated. To
the best of our knowledge, there are no previous reports on
thermodynamic properties. It is our ambition that these
results will spark interest to this compound.
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