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Abstract 

Magnesium and its compounds are recognized as favorable materials for structural uses, primarily due to their lightweight nature and 
remarkable specific strength. This research employed first-principles methodologies to investigate how pressure affects the crystal structure 
along with the elastic and thermodynamic characteristics of MgXY2 ( X = Zn, Cd, and Y = Ag, Au, Cu) compounds. All analyses were imple- 
mented via the Perdew-Burke-Ernzerhof variant of the Generalized Gradient Approximation alongside a plane-wave ultrasoft pseudopotential 
approach. The findings on the elastic constants indicated that these MgXY2 compounds have maintained their stability at pressures up to 
500 kBar. These constants informed detailed assessments of properties like elastic modulus, Poisson’s ratio, Vickers hardness, and material 
anisotropy. The Quantum Espresso software was utilized to calculate melting points, Debye temperature, and minimum thermal conductivity 
values. A temperature range spanning from 0 to 800 K allowed for an evaluation of vibrational energy, free energy, entropy, and specific 
heat capacity metrics. The anticipated physical attributes suggest significant potential for these magnesium compounds in biomedical fields. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Global demands for lighter materials continue to rise due
o environmental concerns; ongoing studies focus on optimiz-
ng microstructural features within magnesium compounds to
nhance their performance metrics across diverse applications.

Magnesium is the lightest structural metal, making it an
lternative option for applications such as in aerospace and
utomotive industries where weight reduction is critical. Mag-
esium and its compounds have excellent biocompatibility
ecause its low density (1.74–1.84 g/ml) and high elastic-
ty (41–45 GPa) are very close to human bone. Magne-
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ium compounds can be classified into two primary groups:
rought and cast compounds, each exhibiting distinct me-

hanical properties and processing characteristics. Compared
o other metals, magnesium compounds are being used as
iodegradable and continues to degrade as the bone tissue
eals, requiring no second surgery to remove it [1] . Since its
oung’s modulus value is close to that of cortical bone, it

educes the stress on the bone during the surgery [ 2 , 3 ]. Re-
ent advancements in the development of biodegradable mag-
esium compounds have sparked interest for medical applica-
ions such as scaffolds for bone tissue engineering [ 4 ] such as
rthopedic biodegradable implants [ 5 , 6 ], high entropy alloys
 7 ] and hydrogen storage products [ 8 ] because of their high
emperature creep resistance, hydrogen capacity and low den-
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Fig. 1. Crystal structure of MgXY2 alloys. 
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ity, beside their capacity about strength, stiffness, endurance
gainst magnetism etc. [ 9–11 ]. 

The unique combination of low density and high specific
trength makes magnesium compounds an ideal candidate for
ightweighting initiatives aimed at improving fuel efficiency in
ransportation sectors. The addition of alloying elements such
s aluminum, zinc, manganese, and rare earth metals signifi-
antly enhances the mechanical performance of magnesium-
ased materials. Several research efforts have extensively tried
ncluding rare earth elements to overcome their limitations
 3,12,13 ] such as corrosion and poor mechanical properties
hat can be used for reducing the anodic effect, followed by
he production of sufficient grain size and intermetallic pre-
ipitates [14] . 

Experimental approaches frequently involve complemen-
ary information to provide detailed information about the un-
erlying corrosion mechanisms at the atomic level. Ab initio
omputations are a very promising method of gaining more
nsight into the fundamental calculations of Mg compounds.
heoretical calculation methods like density functional theory

DFT) have some superior benefits in terms of cost, time, and
anpower. Ab initio studies, grounded in quantum mechan-

cs, provide a fundamental understanding of the electronic
tructure and properties of magnesium compounds, enabling
recise predictions of their behavior at the atomic level. DFT
s widely used computational approach within ab initio meth-
ds allows researchers to effectively model the complex in-
eractions between alloying elements and magnesium’s crystal
attice [ 15 ]. By leveraging DFT in ab initio studies, scientists
an gain insights into phase stability, mechanical properties,
nd corrosion resistance of magnesium compounds, thereby
nforming their design for specific applications [ 16 ]. Elastic
roperties also have a great impact on understanding the na-
ure of solid materials [ 17 ]. 

Considering the importance of magnesium compounds in
ommercial industry applications, in this study, the first-
rinciples calculations were performed on the structural, me-
hanical, and thermodynamic properties of MgXY2 alloy
X = Zn, Cd, Y = Ag, Au, Cu) to provide new insights about its
otential. Nevertheless, this study has investigated the effect
f pressure on those properties mentioned above (structural,
echanical and thermodynamic), and the effect of tempera-

ure on vibration energy, free energy, entropy, and specific
eat capacity was also evaluated. 

. Material and method 

Computational details were calculated considering DFT
or simulating the elastic and structural properties. In this
tudy, as a software with open-source distribution of com-
uter codes, Quantum ESPRESSO (QE) was chosen to per-
orm all first principle calculations [ 18 ]. Ion core interactions
ith valence electrons were represented by plane-wave (PAW)

ype pseudo potential files. The potential files were gathered
rom the software’s website. The valence electron configura-
ions are Mg([Ne]3s2 ), Zn ([Ar]3d10 4s2 ), Cd ([Kr]4d10 5s2 ),
u ([Ar]3d10 4s1 ), Ag ([Kr]4d10 5s1 ) and Au ([Xe]4f14 5d10 

s1 ). 
The Perdew-Burke-Ernzerhof (PBE) version of the Gener-

lized Gradient Approach [ 19 ] and the plane-wave ultrasoft
seudopotential method [ 20 ] were used in the calculations.
BE is a standard method for gradient-dependent function-
ls in solid-state physics [ 21 ]. The plane-wave ultrasoft pseu-
opotential allows us to minimize the cutoff energy in cal-
ulations while understanding the connection on the electro-
tatic interactions among ionic cores and valence electrons
 22 ]. After the convergence tests, the k-point and cut-off en-
rgy in the Brillouin region were 12 × 12 × 12, 50 Ry,
espectively. The lowest energy and ground state of the crys-
al structure was found for the geometry optimization with
he Broyden-Fletcher-Goldfarb-Shannon (BFGS) method [ 23 ]
nder the convergence threshold 1 × 10−4 Ry on the total en-
rgy, while convergence threshold 1 × 10−3 Ry was preferred
n the forces for ionic minimization. 

Thermo_pw code distributed with the QE package was
sed to calculate elastic constants and the temperature de-
endence of thermodynamic properties (free energy, vibra-
ional energy, entropy, and heat capacity). In the calculation
f thermodynamic properties, the Debye model was preferred
ithin the framework of the Quasi-harmonic approach, and

he volume-conserved method was preferred in the calcula-
ion of elastic constants. 

There are 16 atoms in the MgXY2 alloys that crystallize
n the Fm ̅3m (225) space group in the cubic crystal system,
f which X atoms are 4a (0 0 0), Mg atoms 4b ( ½ 0 0),
 atoms 8c ( ¼ ¾ ¾) Wyckoff they are in atomic positions
 Fig. 1 ). The Mg atom is bonded to eight equivalent Y atoms
n a body-centered cubic geometry. Mg - Y bond length is
.78 Å (MgZnAg2 ,), 2.77 Å (MgZnAu2 ), 2.87 Å (MgCdAu2 ),
.87 Å (MgCdAg2 ). Y atom is bonded to four equivalents of
g and four equivalents of X atoms in a body-centered cubic

eometry. The X - Y bond length is 2.78 Å (MgZnAg2 ,),
.77 Å (MgZnAu2 ), 2.87 Å (MgCdAu2 ), 2.88 Å(MgCdAg2 ).
he X atom is connected to eight equivalent Y atoms in a
istorted body-centered cubic geometry [ 24 ]. 
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Table 1 
Calculated lattice parameters and elastic constants of MgXY2 alloys between 0 and 500 kBar hydrostatic pressure ( a in Å and Cij in GPa ). 

P (kBar) a MgZnAg2 a MgZnAu2 a MgZnCu2 

C11 C12 C44 C11 C12 C44 C11 C12 C44 

0 c 6.47 81.7 70.1 60.2 6.48 103.4 95.2 55.0 6.06 107.7 90.2 77.8 
0 6.42 a , 

6.49 b 
79 a 75 a 52 a 6.41 a , 

6.48 b 
6.00 b 

100 c 6.28 136.6 115.7 84.1 6.30 164.2 148.1 81.4 5.89 147.9 121.5 105.1 
200 c 6.14 190.2 160.0 105.4 6.18 215.0 190.5 103.4 5.77 211.7 176.5 129.4 
300 c 6.03 231.1 191.8 124.6 6.08 241.9 209.3 123.0 5.67 254.5 210.7 150.5 
400 c 5.95 288.0 239.9 142.7 6.01 306.6 266.1 141.5 5.59 279.6 227.4 170.3 
500 c 5.88 330.4 273.8 159.6 5.94 353.3 304.9 158.8 5.53 296.9 236.7 189.2 

a MgCdAg2 a MgCdAu2 A MgCdCu2 

C11 C12 C44 C11 C12 C44 C11 C12 C44 

0 c 6.70 74.0 67.9 55.5 6.69 96.0 91.5 51.3 6.33 88.5 75.7 68.2 
0 6.65 a , 

6.63 b 
79 65 48 6.64 a , 

6.66 b 
6.20 b 

100 c 6.48 129.6 119.3 78.1 6.50 140.1 134.5 74.6 6.12 135.1 116.9 94.0 
200 c 6.33 178.8 163.9 98.1 6.37 190.5 181.4 93.5 5.99 185.7 162.8 113.6 
300 c 6.22 212.2 193.8 115.4 6.27 237.5 224.8 112.0 5.88 232.7 205.8 131.1 
400 c 6.13 230.7 208.6 131.8 6.19 291.7 275.7 128.4 5.80 261.2 230.3 148.5 
500 c 6.05 314.5 289.3 147.5 6.12 333.0 313.9 142.9 5.73 327.4 293.1 163.7 

a [ 24 ] 
b [ 25 , 26 ]. 
c The values for this work. 
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Fig. 2. V/Vo plot as a function of pressure to observe the Phase change of 
MgXY2 alloys. 
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. Findings and discussion 

.1. Structural properties 

As a first step, the lattice constants of the MgXY2 al-
oys between the 0 and 500 kBar pressure range were deter-
ined by structural optimization. Table 1 displays the com-

arison between the determined lattice constants and the liter-
ture data available. The data obtained at ambient pressure (0
Bar) are compatible with literature. The empirical relations
btained by fitting a third-order polynomial with MATLAB
oftware at a 95% confidence interval are given below to
asily/fastly estimate the lattice constants at the desired inter-
ediate pressure values. In the equation provided, “P” rep-

esents the pressure measured in kBar, while “a” denotes the
attice constant expressed in Å. The empirical relations given
n Eq. (1) and the values obtained for P = 0 is very close
o the values given in Table 1 . The calculated lattice param-
ters of MgZnAg2 are 6.47 Å for this study and 6.42 Å and
.49 Å for literature. Similarly, MgZnAu2 has close values for
his study and the literature, 6.48 Å, 6.41 Å and 6.48 Å, re-
pectively. In addition, MgZnCu2 , MgCdAu2 , MgCdAg2 , and
gCdCu2 correspond well with the lattice values of the lit-

rature at 0 kBar of P. Thus, it is seen that the empirical
elations are compatible with the DFT calculations. 

With the effect of applied external pressure or temperature,
aterials can undergo phase transition. To observe the phase

hange of the MgXY2 alloys at the working pressures, the
/V0 graph is drawn as a function of the pressure and is
iven in Fig. 2 . It is seen from Fig. 2 that the MgXY2 alloys
o not incur any phase transition at the working conditions.
he highest resistance to pressure was exhibited by MgZnAu2 

over 500 kBar) while the lowest resistance was detected in
gCdAg2 (around 450 kBar). 

.2. Elastic properties 

Structural, thermal, and mechanical behaviors lean on elas-
ic properties. Table 1 examines three elastic constants in-
ependent of the cubic phase, C11 , C12 , and C44 , in com-
arison with the available literature. These elastic constants
eet the criteria for elastic stability ( C44 > 0, C11 > | C12 |,
11 + 2 C1 2 > 0) of cubic crystals in the Born-Huang stability
riterion [ 27 ]. The stability criteria also lead to a limitation in
he size of the bulk modulus B ( C12 < B < C11 ) [ 28 ]. Provid-
ng the Born-Huang stability criterion also makes the MgXY2 

lloys mechanically stable. In addition, the values calculated
t ambient pressure are consistent with the literature as hav-
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Table 2 
Elastic properties measured in GPa, along with the Poisson’s ratio. 

P (kBar) MgZnAg2 MgZnAu2 

Ref. B GH GH / BH EH ϑH CP B GH GH / BH EH ϑH CP 

0 a 74.0 25.5 0.35 68.7 0.345 10.0 97.9 21.9 0.22 61.2 0.396 40.2 
0 b 76 18 0.39 
100 122.6 38.3 0.31 104.1 0.359 31.6 153.5 34.8 0.23 97.1 0.395 66.7 
200 a 170.1 50.2 0.29 137.0 0.366 54.6 198.7 46.5 0.23 129.3 0.392 87.1 
300 a 204.9 61.2 0.30 166.9 0.364 67.2 220.1 57.2 0.26 157.8 0.380 86.2 
400 a 256.0 71.6 0.28 196.5 0.372 97.2 279.6 67.3 0.24 187.0 0.389 124.6 
500 a 292.7 81.5 0.28 223.7 0.373 114.2 321.1 77.1 0.24 214.1 0.389 146.1 

MgZnCu2 MgCdAg2 

Ref. B GH GH / BH EH ϑH CP B GH GH / BH EH ϑH CP 

0 a 96.1 34.4 0.36 92.3 0.340 12.4 69.9 20.8 0.30 56.9 0.364 12.3 
0 b 69 23 0.35 
100 a 130.3 48.0 0.37 128.4 0.336 16.4 122.7 30.3 0.25 84.1 0.386 41.2 
200 a 188.2 60.6 0.32 164.2 0.355 47.1 168.8 39.3 0.23 109.3 0.392 65.8 
300 a 225.3 72.0 0.32 195.1 0.356 60.3 199.9 46.8 0.23 130.1 0.391 78.4 
400 a 244.8 82.8 0.34 223.3 0.348 57.1 216.0 54.0 0.25 149.6 0.385 76.8 
500 a 256.8 93.1 0.36 249.2 0.338 47.5 297.7 60.7 0.20 170.6 0.405 141.8 

MgCdAu2 MgCdCu2 

Ref. B GH GH / BH EH ϑH CP B GH GH / BH EH ϑH CP 

0 a 93.0 18.5 0.20 52.0 0.407 40.2 80.0 28.7 0.36 76.9 0.340 7.5 
100 b 136.3 26.3 0.19 74.0 0.410 59.9 123.0 39.9 0.32 108.1 0.354 22.9 
200 a 184.4 34.3 0.19 96.8 0.413 87.8 170.4 48.8 0.29 133.7 0.369 49.2 
300 a 229.0 42.1 0.18 119.1 0.413 112.9 214.7 56.6 0.26 156.1 0.379 74.6 
400 a 281.1 49.2 0.18 139.6 0.417 147.4 240.6 64.3 0.27 177.2 0.377 81.8 
500 a 320.3 55.7 0.17 157.9 0.418 171.0 304.5 71.1 0.23 197.9 0.392 129.3 

a The values of this work. 
b [ 24 ]. 
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ng 8.8% difference for MgCdAg2 and 8.5% difference for
gZnAg2 on average from the values reported by Jain et al.

 24 ]. 
At 0–500 kBar pressure, C11 , C12 and C44 values increased

y 304.4%, 290.5%, 165.3% in MgZnAu2 alloy, by 241.7%,
20.4%, 188.9% in MgZnAg2 alloy, by 175.6%, 162.4%,
43.2% in MgZnCu2 alloy, by 324.7%, 326.3%, 165.7% in
gCdAg2 alloy, by 246.8%, 242.9%, 178.4% in MgCdAu2 

lloy, by 270.1%, 287.1%, 140.2% in MgCdCu2 alloy, respec-
ively. Pressure sensitivity of alloys MgCdAg2 > MgZnAg2 

 MgCdAu2 > MgZnAu2 > MgCdCu2 > MgZnCu2 . The
ost change has been in the MgCdAg2 alloy. In this state,
gCdAg2 alloys are more pressure sensitive than other al-

oys. For this reason, MgCdAg2 alloys can be preferred in
pplications requiring pressure sensitivity. 

Bulk modulus B , Young’s modulus E , shear modulus G ,
oisson’s ratio ϑ, and Cauchy pressure (Cp = C12–C44 ) were
alculated with using the elastic constants in Table 1 , and their
ariations against pressure are given in Table 2 and Fig. 3 . G
enotes the resistance level to plastic deformation and calcu-
ated with GV and GR in Eq. (2) . GV (the Voigt shear modulus)
nd GR (the Reuss shear modulus) are used for the calculation
f G . With moving pressure from 0 to 500 kbar, MgXY2 ’s
lastic constants and mechanical modulus are higher. This in-
icates that more external forces are required to compress the
lloys. 

V = BR = ( C11 + 2C12 ) / 3 (1) 

V = 

C11 − C12 + 3C44 

5 

GR = 

5(C11 − C12 )C44 

4C44 + 3(C11 − C12 ) 
G = GR + GV 

2 

(2) 

X = 9BX GX 

GX + 3BX 
(3) 

X = 1 

2 

[
BX − ( 2/ 3 ) GX 

BX + ( 1 / 3 ) GX 

]
(4) 

The values calculated for P = 0 with Eqs. (6) - 11 is
n average 0.21% (MgZnAg2 ), 0.32% (MgZnAu2 ), 0.85%
MgZnCu2 ), 1.62% (MgCdAg2 ), 0.12% (MgCdAu2 ), 0.87
MgCdCu2 ) is different from the values given in Table 3 .
hese equations are consistent with the data shown in
able 3 . The pressure derivative of the bulk modulus was
alculated as B′ 

0 (dB0 /dP ) , 0.5 (MgZnAg2 ), 0.6 (MgZnAu2 ),
.4 (MgZnCu2 ), 0.9 (MgCdAg2 ), 0.4 (MgCdAu2 ), 0.6
MgCdCu2 ). Due to the low Bulk modulus and derivative of
he Bulk modulus of the MgXY2 alloys, it shows that this

aterial will not suddenly harden as the pressure increases.
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Fig. 3. Graph of the variation of B, G and E with pressure for MgXY2 alloy. 

Table 3 
Density ρ (kg/m3 ), Debye temperature θD (K), longitudinal υl (m/s), transverse υs (m/s), and sound velocity υm (m/s), Anisotropy factors and Vicker 
hardness. 

P (kBar) υs υl υm θD ρ AU AZ ζ H 

a H 

b 

0 MgZnAg2 1847.5 3799.7 2075.8 240.6 7481.9 10.2 10.4 0.90 2.64 2.722 
MgZnAu2 1363.3 3283.0 1542.4 178.5 11,796.2 13.8 13.4 0.95 1.52 1.494 
MgZnCu2 2307.1 4684.2 2590.4 320.7 6470.9 8.4 8.9 0.89 3.68 3.512 
MgCdAg2 1635.9 3542.2 1842.9 206.4 7787.4 19.2 18.0 0.94 1.88 1.995 
MgCdAu2 1253.6 3162.9 1420.4 159.3 11,764.3 25.1 22.8 0.97 1.15 1.156 
MgCdCu2 2038.2 4136.0 2288.4 271.3 6912.6 10.5 10.7 0.90 3.07 3.094 

100 MgZnAg2 2161.5 4602.8 2433.0 290.7 8199.4 7.4 8.0 0.89 3.61 3.238 
MgZnAu2 1646.6 3944.9 1862.6 221.8 12,845.1 9.8 10.1 0.93 2.45 2.105 
MgZnCu2 2611.8 5253.3 2930.9 373.2 7043.1 7.3 8.0 0.88 5.26 4.588 
MgCdAg2 1876.8 4353.1 2120.5 245.6 8611.1 15.8 15.1 0.95 2.31 2.103 
MgCdAu2 1430.5 3654.5 1621.4 187.1 12,829.5 29.5 26.6 0.97 1.58 1.429 
MgCdCu2 2287.4 4805.3 2572.9 315.2 7631.5 10.1 10.3 0.91 3.90 3.483 

200 MgZnAg2 2391.0 5196.9 2694.0 329.3 8772.4 6.1 7.0 0.89 4.49 3.670 
MgZnAu2 1846.8 4374.2 2088.2 253.6 13,621.0 7.9 8.4 0.92 3.36 2.670 
MgZnCu2 2842.0 5987.2 3197.3 415.9 7505.0 6.6 7.3 0.88 5.88 4.639 
MgCdAg2 2061.5 4892.9 2331.1 276.4 9239.4 13.5 13.2 0.94 2.82 2.356 
MgCdAu2 1584.5 4106.3 1796.8 211.7 13,645.4 22.4 20.6 0.97 2.00 1.657 
MgCdCu2 2445.0 5369.7 2756.1 345.4 8168.6 9.6 9.9 0.92 4.26 3.485 

300 MgZnAg2 2573.2 5568.4 2898.6 360.5 9240.8 5.4 6.3 0.88 5.54 4.284 
MgZnAu2 2002.2 4558.5 2260.5 278.7 14,261.5 6.8 7.5 0.91 4.56 3.485 
MgZnCu2 3020.5 6381.7 3398.5 449.5 7888.6 6.0 6.9 0.88 6.93 5.189 
MgCdAg2 2191.2 5189.2 2477.6 298.9 9739.4 12.7 12.5 0.94 3.38 2.684 
MgCdAu2 1715.8 4464.6 1945.9 232.9 14,308.7 19.0 17.8 0.96 2.43 1.896 
MgCdCu2 2564.7 5807.2 2894.9 369.2 8605.3 9.4 9.7 0.92 4.57 3.519 

400 MgZnAg2 2724.7 6036.3 2792.0 387.6 9645.2 4.9 5.9 0.88 6.11 4.447 
MgZnAu2 2131.9 4993.2 2409.6 300.9 14,815.8 6.1 7.0 0.91 5.00 3.591 
MgZnCu2 3172.6 6570.3 3566.0 478.3 8229.8 5.6 6.5 0.87 8.40 6.120 
MgCdAg2 2303.9 5319.9 2792.0 318.7 10,177.8 12.0 11.9 0.93 4.16 3.207 
MgCdAu2 1818.9 4826.4 2063.9 250.3 14,885.3 16.9 16.1 0.96 2.72 2.004 
MgCdCu2 2676.0 6027.7 3019.9 390.7 8983.9 9.3 9.6 0.92 5.26 3.915 

500 MgZnAg2 2854.9 6335.2 3219.6 411.1 9999.3 4.6 5.6 0.88 6.92 4.848 
MgZnAu2 2243.5 5261.2 2535.9 320.2 15,310.9 5.7 6.6 0.91 5.71 3.936 
MgZnCu2 3303.7 6682.0 3708.5 503.4 8531.7 5.3 6.3 0.86 10.04 7.194 
MgCdAg2 2397.9 5988.0 2716.1 336.7 10,560.7 11.8 11.7 0.95 3.87 2.763 
MgCdAu2 1901.7 5062.3 2158.0 264.6 15,393.9 15.6 14.9 0.96 3.05 2.166 
MgCdCu2 2761.6 6544.8 3122.6 408.9 9321.4 9.2 9.5 0.93 5.13 3.602 

a [ 29 ]. 
b [ 30 ]. 

A  
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o  
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v  

i  

s  
lthough data to compare the results obtained are not yet
vailable, it will provide guidance for future experiments. 

The variation of B, G , and E values with pressure is visual-
zed and given in Fig. 3–4 . With increasing pressure, MgXY2 

lloys showed an approximately linear increase like each
ther. MgZnCu2 has the highest shear modulus and Young’s
odulus change while MgCdAu2 shows the bulk modulus

alue. This increase indicates that B, G , and E values can be
mproved under appropriate pressure. In addition, since the
ize of the B and G values indicate homologous properties,
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Fig. 4. Two- and three-dimensional representation of Young’s modulus (a). Shear modulus (b). Poisson’s ratio (c) of MgZnCu2 alloy at ambient and 500 kBar 
pressure. 
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a  
he increase in the B and G values means that the homolo-
ous property can be improved. Since the E value predicts
he hardness of the material better than B and G , the increase
n the E value with pressure indicates that the material will
ecome stiffer, in other words, the stiffer property can be
mproved. 

The hardness of MgXY2 alloys can be estimated more
ccurately by looking at the B, G and E values as well
s the Vicker hardness. 

v = ( 1 − 2ϑ ) E 

6( 1 + ϑ ) 
(5) 

v = 0. 92 k1 . 137 G0. 708 (6)

The Vicker hardness calculated with the models proposed
y Wafula et al. [ 21 ] as in Eq. (5) and Tian et al. [ 30 ] as
n Eq. (6) is given in Table 3 and Fig. 5 . The results of
oth models are consistent with each other and the difference
etween them is thought to be due to the model difference.
gZnCu2 alloy is a harder material than other alloys ( Table 3

nd Fig. 5 ). Increasing pressure caused an increase in Vicker
ardness of all the alloys. 10 GPa is a critical level for Vicker
ardness, and substances below this value are classified as soft
aterials, while those above this value are classified as hard
aterials. Along with this classification, MgXY2 alloys are

oft material at working pressures and not suitable for use in
pplications requiring hardness. 

Material can be predicted theoretically as brittle and duc-
ile by looking at its G/B, ϑ and Cp values. The critical value
or G/B is 0.57. If it is less than this value, it will behave
uctile, otherwise it will behave brittle. MgXY2 alloys will
xhibit ductile property since they have G /B ratios less than
he critical value of all pressure values studied. The ductile
lso increased with the increase in pressure. If ϑ is ϑ< 0.26, it
s brittle, otherwise it is ductile. The ϑ value is greater than the
ritical value for all alloys and increased with increasing pres-
ure. Again, positive (negative) Cp value indicates the ductile
brittle) nature of the material. The Cp value was positive for
ll alloys and this value increased with the increase in pres-
ure. The judgment reached by all three criteria ( G/B, ϑ and
p ) is consistent with each other and increases the reliability
f the calculation. 

The Poisson ratio, known as the transverse deformation
oefficient, reflects the strength of the covalent bond. Gener-
lly, if the ϑ ratio is 0.1 ∼0.28, the material shows covalent
roperties, and if it is greater than 0.29, it exhibits metallic
roperties [ 31 , 32 ]. Since the calculated ϑ> 0.29, the MgXY2 

lloy is metallic. 
The Kleinman parameter ( ζ ) represents bending and

tretching nature of bonds. It is dimensionless and takes val-
es between 0 and 1, and calculated with Eq. (7) [ 21,33 ]. The
ower limit of ζ corresponds to the minimized bending bond
hile the higher limit agrees with the minor stretching bond

ontribution. 

= C11 + 8C12 

7C11 + 2C12 
(7) 

As can be seen from this equation, the ζ parameter de-
ends on the values of C11 and C12 . If C11 = C12 , ζ reaches
he maximum value, that is, ζ= 1. The more C11 is greater
han C12 , the closer ζ gets to the minimum value. ζ is close
o the maximum value ( Table 3 ). All the alloys have ζ val-
es between 0.86–0.97. In other words, the bonding nature of
gXY2 is expected to be dominated by the bond stretching

erm. 

.3. Anisotropy of the material 

Anisotropy is defined as the physical properties measur-
ble in the material that depend on the crystal direction.
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Fig. 5. Effect of Vicker Hardness (a), Debye temperature (b), minimum thermal conductivity (c) and melting temperature (d) with pressure of MgXY2 alloys. 
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he greater the elastic anisotropy, the easier the formation
f microcracks. Microcracks affect material strength. There-
ore, the management of microcracks is important to increase
aterial strength. The anisotropy of the elastic modulus can

e explained by the assistance of elastic anisotropic index,
he three-dimensional (3D) surface structure, and the two-
imensional (2D) projection of the 3D surface structure. For
he elastic anisotropic index, the expressions used for the cal-
ulation of the Universal anisotropy index ( AU ) [ 34 ] and the
ener factor ( AZ ) [ 35 , 36 ] are given below and the results are
hown in Table 3 . 

U = 5
GV 

GR 
+ BV 

BR 
− 6 ≥ 0 (8)

Z = 2C44 

C11 − C12 
(9) 

Isotropic materials have the Universal anisotropy index and
he Zener factor as AZ = 1 and AU = 0. The degree of anisotropy
epends on the deviation from one to zero. Table 3 shows that
gXY2 alloys exhibit anisotropic behavior. However, AZ and
U values decreased with increasing pressure. For example,
he values of Az for MgZnAg2 have dropped from 10.4 to
.6. The dropping percentages of Az with increasing temper-
ture from 100 to 500 K are 46.15% of MgZnAg2 , 50.75%
f MgZnAu2 , 29.22% of MgZnCu2 , 35.00% of MgCdAg2 ,
4.65% of MgCdAu2 , and 11.22% of MgCdCu2 . All alloys
et close to being isotropic material with increasing temper-
ture. MgZnAg2 is the closest alloy to being isotropic com-
ared to others. Since BV = BR in cubic structures, BV / BR = 1
nd will not increase with raising pressure. At the working
ressures, the GV / GR ratio gets higher with the increase in
ressure, and as a result, the AU values decreased. This re-
uction indicates that the anisotropic nature of the MgXY2 

lloys can be improved. 
The anisotropy of the MgZnCu2 alloy is the only al-

oy visualized with the ELATE software [ 37 ], because all
ther alloys have similar anisotropies ( Fig. 5 ). The maximum
alue of the shear modulus is isotropic. The anisotropicity of
he Young’s modulus and the maximum value of the Pois-
on’s ratio decreased with increasing pressure. This shows
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Table 4 
Transverse and longitudinal sound velocities in crystal directions [100], [110], and [111] in MgXY2 alloy (as m/s). 

Comp. P (kBar ) [100] [110] [111] 

[100]vl [001]vt1 [001]vt2 [110]vl [1 ̄1 0]vt1 [001]vt2 [111]vl [112]vt1 [11 ̄2 ]vt2 

MgZnAg2 0 3305 2836 2836 4265 1245 2836 4540 1788 1788 
100 4081 3202 3202 5063 1596 3202 5350 2065 2065 
200 4656 3466 3466 5654 1855 3466 5950 2269 2269 
300 5001 3673 3673 6031 2062 3673 6337 2432 2432 
400 5465 3847 3847 6494 2232 3847 6802 2568 2568 
500 5748 3995 3995 6795 2380 3995 7110 2685 2685 

MgZnAu2 0 2960 2159 2159 3616 834 2159 3810 1336 1336 
100 3576 2518 2518 4301 1121 2518 4516 1591 1591 
200 3973 2755 2755 4741 1341 2755 4970 1769 1769 
300 4118 2937 2937 4944 1512 2937 5190 1907 1907 
400 4549 3090 3090 5374 1654 3090 5622 2023 2023 
500 4803 3221 3221 5645 1777 3221 5899 2124 2124 

MgZnCu2 0 4080 3467 3467 5227 1644 3467 5556 2215 2215 
100 4583 3863 3863 5835 1936 3863 6196 2494 2494 
200 5311 4152 4152 6565 2166 4152 6933 2704 2704 
300 5680 4367 4367 6969 2355 4367 7348 2865 2865 
400 5829 4549 4549 7176 2518 4549 7573 3002 3002 
500 5899 4709 4709 7311 2655 4709 7724 3121 3121 

MgCdAg2 0 3083 2670 2670 4030 891 2670 4299 1625 1625 
100 3880 3011 3011 4850 1096 3011 5132 1850 1850 
200 4399 3259 3259 5400 1269 3259 5695 2019 2019 
300 4668 3442 3442 5717 1377 3442 6027 2140 2140 
400 4761 3599 3599 5877 1473 3599 6204 2245 2245 
500 5457 3738 3738 6524 1544 3738 6842 2335 2335 

MgCdAu2 0 2857 2089 2089 3512 618 2089 3705 1258 1258 
100 3304 2411 2411 4064 661 2411 4287 1443 1443 
200 3736 2618 2618 4526 816 2618 4760 1583 1583 
300 4074 2798 2798 4897 939 2798 5142 1704 1704 
400 4427 2937 2937 5262 1037 2937 5512 1798 1798 
500 4651 3047 3047 5504 1116 3047 5760 1873 1873 

MgCdCu2 0 3577 3140 3140 4662 1359 3140 4971 1975 1975 
100 4207 3509 3509 5369 1543 3509 5704 2213 2213 
200 4768 3729 3729 5936 1676 3729 6277 2361 2361 
300 5200 3904 3904 6381 1768 3904 6729 2474 2474 
400 5392 4066 4066 6625 1854 4066 6988 2580 2580 
500 5926 4191 4191 7131 1919 4191 7489 2661 2661 

t  
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(
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hat the isotropic structure can be improved under appropri-
te pressure. The surface structure of the Young’s modulus
pproaches sphericity with increasing pressure indicates that
t has low elastic anisotropy. AU and AZ values decreased with
ncreasing pressure ( Table 3 ). The judgment reached by the
nalysis of the surface structures supports the result reached
y the elastic anisotropic index. The results are consistent
mong themselves. 

.4. Thermal properties 

Several physical properties such as elastic constants, ther-
al conductivity, and melting temperature adjust Debye tem-

erature θD 

to be estimated with the following equations
 Eqs. (10) - 12 ). 

D 

= h 

kB 

(
3 

4πVa 

)1 / 3 

vm 

(10) 

m 

=
[(

2 

v3 
s 

+ 1 

v3 
l 

)
/ 3 

]−1 / 3 

(11) 
l =
√ 

( Bx + 4Gx / 3 ) /ρ vs =
√ 

Gx /ρ (12) 

ere, kB , h, Va , and υm 

correspond to Boltzmann constant,
lanck constant, atomic volume, and average sound veloc-

ty, respectively. The calculated Debye temperature, transverse
nd longitudinal sound velocities are given in Table 4 . The
ebye temperature of the MgXY2 alloys increased with in-

reasing pressure ( Table 3 ). The increased Debye temperature
ccurs in response to the vibrations of the MgXY2 alloys,
hich increase when the pressure increases. MgZnCu2 alloy
ith lower density and larger elastic modules appear to have
igher sound velocities and higher Debye temperature than
ther alloys. A higher Debye temperature reflects stronger
ond strength and hardness. As can be seen from Table 3 ,
he highest hardness belongs to MgZnCu2 alloy. 

In a cubic crystal, the transverse and longitudinal sound ve-
ocities are in three different crystal directions [100], [110],
nd [111]. Each direction has one longitudinal mode and two
ransverse modes. All of these modes correspond to the trans-
erse and longitudinal acoustic branches in the phonon spec-
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Fig. 6. Free energy (a), Vibrational energy (b), Entropy (c), and Heat capacity (d) of MgXY2 alloy at ambient pressure and 500 kBar. The second graphs 
belong to the MgZnCu2 alloy. 
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Table 5 
Calculated acoustic Gruneisen constant, thermal conductivity and melting temperature. 

Comp. P (kBar ) Ma kmin (W.m-1 .K-1 ) γ a Tm (K) 

(10–25 ) Clarke Cahil Fine Özer 

MgZnAg2 0 1.27 0.552 0.63 2.092 1035.9 915.8 
100 1.27 0.690 0.80 2.204 1360.0 1177.0 
200 1.27 0.800 0.94 2.269 1677.0 1435.3 
300 1.27 0.891 1.04 2.255 1919.1 1635.6 
400 1.27 0.973 1.15 2.329 2255.2 1911.0 
500 1.27 1.045 1.23 2.334 2505.8 2118.9 

MgZnAu2 0 2.01 0.414 0.51 2.577 1164.0 1013.1 
100 2.01 0.528 0.64 2.562 1523.6 1295.6 
200 2.01 0.616 0.75 2.529 1823.7 1536.8 
300 2.01 0.685 0.82 2.412 1982.4 1667.1 
400 2.01 0.751 0.91 2.496 2365.1 1976.6 
500 2.01 0.808 0.98 2.500 2640.8 2201.7 

MgZnCu2 0 0.90 0.784 0.90 2.050 1189.6 1037.5 
100 0.90 0.938 1.07 2.019 1427.1 1224.7 
200 0.90 1.073 1.24 2.170 1804.1 1526.2 
300 0.90 1.179 1.36 2.179 2057.0 1731.3 
400 0.90 1.270 1.46 2.115 2205.5 1854.1 
500 0.90 1.350 1.54 2.037 2307.5 1939.5 

MgCdAg2 0 1.46 0.459 0.54 2.257 990.6 868.0 
100 1.46 0.568 0.68 2.467 1319.1 1118.3 
200 1.46 0.655 0.80 2.535 1609.4 1342.0 
300 1.46 0.721 0.88 2.528 1807.2 1492.1 
400 1.46 0.779 0.93 2.454 1916.7 1572.6 
500 1.46 0.837 1.04 2.679 2411.6 1959.6 

MgCdAu2 0 2.20 0.358 0.45 2.707 1120.6 971.0 
100 2.20 0.433 0.54 2.741 1380.9 1156.7 
200 2.20 0.501 0.63 2.779 1678.6 1384.1 
300 2.20 0.560 0.71 2.790 1956.4 1596.5 
400 2.20 0.610 0.78 2.841 2277.2 1844.9 
500 2.20 0.653 0.84 2.849 2521.2 2033.4 

MgCdCu2 0 1.10 0.635 0.72 2.048 1075.8 942.6 
100 1.10 0.765 0.88 2.161 1351.4 1151.0 
200 1.10 0.861 1.01 2.302 1650.7 1383.0 
300 1.10 0.939 1.12 2.395 1928.1 1597.3 
400 1.10 1.007 1.20 2.379 2096.8 1725.2 
500 1.10 1.071 1.30 2.531 2487.8 2031.1 
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rum [ 38 ]. Elastic constants help to find pure longitudinal and
ransverse waves using the following equations. These equa-
ions to express the first couple transverse modes, respectively
t 1 and vt 2 [ 39 ]; 

 100 ] vl =
√ 

C11 /ρ; [ 010 ] vt1 = [ 001 ] vt2 =
√ 

C44 /ρ (13) 

[ 110 ] vl = 

√ 

(C11 + C12 + 2C44 ) / 2ρ;
11̄ 0 

]
vt1 = 

√ 

(C11 − C12 ) /ρ; [ 001 ] vt2 =
√ 

C44 /ρ

[ 111 ] vl = 

√ 

(C11 + 2C12 + 4C44 ) / 3 ρ;
112̄ 

]
vt1 = vt2 =

√ 

(C11 − C12 + C44 ) / 3 ρ

The transverse and longitudinal sound velocities in the
rystal directions of the MgXY2 alloys are calculated and
isted in Table 4 . As can be clearly seen from the table, the
ound velocities in the directions increased with the increase
n pressure. However, this increase differs according to the
irections. As a result of this difference, the speed of sound
s anisotropic. This anisotropic property at sound speeds indi-
ates elastic anisotropy, which confirms the judgment reached
y the elastic anisotropic index. Reaching the same conclu-
ion with different approaches increases the reliability of the
tudy. 

Greater lattice thermal conductivity and melting tempera-
ure help with stronger bond strength and higher hardness,
hich turns into a higher Debye temperature ( Fig. 5 , Table 3 ,

nd Table 5 ). A pure crystal has an intrinsic minimum lat-
ice thermal conductivity (kmin ) with a theoretical lower limit
f thermal conductivity [ 40 ]. Minimum thermal conductivity
 41–45 ], 

min = 0. 87 kB Ma 
−2/ 3 E1 / 2 ρ1 / 6 (14)

a = [ M/( m.NA ) ] (15) 

min = kB 

2. 48 

m
2 
3 ( 2vt + vl ) (16) 
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a = 3 
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(
3 v2 

l − 4v2 
s 

v2 
l + 2v2 

s 

)
(17) 

here M, NA , m , Ma , kB , and ρ are molecular mass, Avo-
adro’s constant, number of atoms per molecule, average
tomic mass, Boltzmann constant, and density of MgXY2 ,
espectively. The kmin , calculated with two different mod-
ls is listed in Table 5 . The value of kmin increased with
ncreasing pressure because of appropriate pressure expo-
ure. We did not find any data to compare the kmin value.
he change of kmin stayed between 0.358–1.350 W.m-1 .K-1 

 43 ] and 0.45–1.30 W.m-1 .K-1 [ 42 ] for all MgXY2 alloys.
ompared to Ln2 Zr2 O7 (1.2–1.4 W.m-1 .K-1 ) and Ln2 SrAl2 O7 

1.49–1.60 W.m-1 .K-1 ) [ 46 ], MgXY2 has a potential as ther-
al barrier coating material at ambient pressure. 
It is important to know the melting temperature of the ma-

erial in applications requiring temperature. Melting tempera-
ures can be determined experimentally as well as predicted
heoretically. Some of the models that predict the melting
emperature using elastic constants are [ 47 , 48 ]: 

m 

( K ) = 553 + 5 . 91 C11 (18)

m 

( K ) = 560. 4 + 7 . 805 C11 − 3 . 094 C12 − 1 . 086 C44 (19)

The melting temperatures for both models were calculated
nd given in Table 5 ( Eqs. (18) - 19 ). The melting temperature
alculated by the empirical equations proposed by Fine et al.
 47 ] and Özer [ 48 ] differs on average by 15%. Since MgXY2 

lloys have melting temperatures of over 1000 K, they are po-
ential candidate materials for high temperature applications.
he graph drawn as a function of pressure to visualize the ef-

ect of pressure on Vicker hardness, Debye temperature, ther-
al conductivity and melting temperature is given in Fig. 5 .
gZnCu2 has the highest increase and top values for Vicker

ardness, Debye temperature and thermal conductivity against
ncreasing pressure 0 to 500 kBar among all the MgXY2 al-
oys ( Fig. 5 ). For melting temperature, MgZnAu2 shows the
ighest value and increase (around 1000 to over 2400 K). 

The vibration energy ( Fig. 6 a), given as a function of
emperature, increases linearly independent of pressure af-
er a temperature of about 300K. Among the MgXY2 al-
oys, the highest free energy was MgZnCu2 and the low-
st MgCdAu2 alloy ( Fig. 6 b). The free energy of the alloys
imilarly decreased with increasing temperature. The free en-
rgy increased with increasing pressure. In the entropy change
raph given as a function of temperature ( Fig. 6 c), entropy
ncreased with temperature and decreased with pressure. In
ig. 6 d, where the variation of heat capacity with temper-
ture and pressure is shown, the heat capacity, which was
ero at absolute temperature, increased rapidly with the in-
rease in temperature and reached the Dulong-Petit [ 49 ] limit
alue of approximately 250 K. At ambient pressure, the heat
apacity reaches approximately 96 J/(K mol) at high temper-
tures. At low temperatures, the electronic heat capacity can
e neglected as it is very small compared to the cage heat
 

Ç  
apacity [ 50 ]. As seen in Fig. 6 d, the heat capacity decreased
ith increasing pressure. This is because the knitting param-

ter decreases with increasing pressure. The reduction of the
nitting parameter resulted in low vibration energy and low
eat capacity. 

. Conclusion 

In this research, we conducted a comprehensive analysis
f the structural, elastic, and thermodynamic properties of
ernary magnesium alloys called MgXY2 using first-principles
alculations. The equilibrium lattice constants obtained from
ur simulations showed excellent agreement with previously
ublished data. This consistency reinforces the reliability of
ur study. Furthermore, we proposed empirical relationships
o estimate both the lattice constant and the elastic modulus
t specified intermediate pressure levels. 

Our calculations revealed that MgXY2 alloys remain stable
ithout undergoing any phase transitions within the pressure

ange of 0–500 kBar. We also calculated three independent
lastic constants and found that these alloys exhibit mechan-
cal stability within the same pressure range. The analysis of
lastic modulus alongside the first derivative of bulk mod-
lus indicated that these materials do not experience sudden
ardening under applied stress conditions. Additionally, Vick-
rs hardness assessments confirmed their classification as soft
aterials. Based on G/B ratios, Poisson’s ratio ( ϑ), and heat

apacity (Cp ) values, it was determined that MgXY2 alloys
ossess ductile characteristics suitable for various applica-
ions. 

A thorough anisotropy analysis further established that
hese alloys exhibit significant anisotropic behavior in their
echanical properties. Moreover, we calculated crucial ther-
odynamic parameters such as Debye temperature and melt-

ng temperature alongside determining a theoretical minimum
or thermal conductivity for these materials. We explored
ree energy changes, vibrational energy contributions, entropy
ariations, and heat capacity over a temperature spectrum
anging from 0 to 800 K to gain deeper insights into their
hermal behavior under different conditions. Ultimately, our
ndings suggest that MgXY2 alloys are promising candidates
or use in high-temperature applications as thermal barrier
oatings (materials like biomedical applications) due to their
echanical stability at pressures up to 500 kBar combined
ith anisotropic and ductile characteristics (materials for un-
erwater vehicles). 
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