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ABSTRACT Structural stabilities, elastic properties and electronic structures of Mg2Sn, MgZn2

and MgCu2 in ZA62 magnesium alloy have been determined from first–principles calculations by
using Castep and Dmol program based on the density functional theory. The calculated heats of
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formation and cohesive energies showed that Mg2Sn has the strongest alloying ability and MgCu2 the
highest structural stability. The calculated bulk moduli (B), anisotropy values (A), Young’s moduli
(E), shear moduli (G) and Poisson ratio (ν) showed that MgZn2 and MgCu2 both are ductile, on the
contrary, Mg2Sn is brittle, and among the three phases MgZn2 is a phase with the best plasticity. Their
tested melting temperatures are within the ranges calculated from elastic constants (±300 K) and bulk
moduli (±500 K), the estimated values from elastic constant have the smallest average relative error,
the calculated melting temperature of Mg2Sn phase is in well agreement with the experimental one and
the error relative to the experiment result is about 0.31%. MgCu2 has higher melting temperature, i.e.
better structural stability among the three compounds. The calculations of thermodynamic properties
show that the Gibbs free energy of MgCu2 is also the smallest within 298—573 K range, indicating
the structural stability of MgCu2 does not change with the elevated temperature. The calculations
of the density of states (DOS) and Mulliken electronic populations showed that the reason of MgCu2

having highest structural stability in ZA62 magnesium alloy attributes to MgCu2 phase having more
ionic bonds below Fermi level compared with those of Mg2Sn and MgZn2 phases.
KEY WORDS magnesium alloy, intermetallics, electronic structure, structural stability,

elastic property
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+[[7E\ (GGA) =) Perdew–Burke–Ernzerhof
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IMJLN)DO:GB 2 Xj. hB 2 9?, 3 @Mi
)LIMJLN:MYDMN: [15−17] 9=:TBC)
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Gk`5B 2.
hB 2 aO, D0 MgCu2 )),B;4M:T

BC)@ADO:IMN:37/5W]H, MgZn2 )

),B;4MMN: (−10.90 kJ/mol)[21] -DO:
(−8.00 kJ/mol)[21] [E; Mg2Sn 8)),B;4M

MN: (−24.30 kJ/mol)[16] \)08k7, MDO:
(−20.82 [16] - −26.30 kJ/mol [22]) lE6[E. 45

# 1 MgZn2, Mg2Sn 	 MgCu2 �b�
Fig.1 Crystal structures of MgZn2 (a), Mg2Sn (b) and MgCu2 (c)

\ 1 MgZn2, Mg2Sn ] MgCu2 lc^mk
Table 1 Structure parameters of MgZn2, Mg2Sn and MgCu2

Phase Structure Atom number Group (No.) Atom site

type in cell

MgZn2 C14 12 P63/mmc(194) +4Mg: (1/3, 2/3, z), (1/3, 2/3, 1/2–z); z=1/16=0.062;

+2Zn(I): (0, 0, 0), (0, 0, 1/2);

+6Zn(II): (x, 2x, 1/4), (–2x, –x, 1/4), (x, –x, 1/4);

x=–1/6=–0.170

Mg2Sn C1 12 Fm3m(225) +4Sn: (0, 0, 0); +8Mg: (1/4, 1/4, 1/4)

MgCu2 C15 24 Fd3m(227) +16Cu: (5/8, 5/8, 5/8); +8Mg: (0, 0, 0)

\ 2 MgZn2, Mg2Sn ] MgCu2 ld_e`nkoafmpl]cag
Table 2 Experimental and calculated lattice constants, heats of formation and cohesive energies of MgZn2, Mg2Sn

and MgCu2

Phase Lattice constant, nm Heat of formation, kJ/mol Cohesive energy, kJ/mol

Present Exp. Cal. Present Exp. Cal. Present Exp. Cal.

a c a c a

MgZn2 0.516 0.856 0.521[15] 0.854[15] −12.95 −10.90[21] −8.00[21] 89.056 142.50[21] 139.60[21]

Mg2Sn 0.669 0.676[16] 0.683[16] −24.46 −24.30[16] −20.82[16] 251.827

0.673[6] −26.30[22]

0.652[18]

MgCu2 0.701 0.704[17] 0.707[17] −20.15 −11.7[21] −6.91[21] 311.646 284.7[21] 279.9[21]

−4.28[16] −4.75[16]

−10.91[22]
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Mg2Sn )),B;45b, MgCu2 q6, MgZn2 ]
q, <9 Mg2Sn 5CFB;, :),5B;4156,
MgCu2 q6, c MgZn2 5].

hB 2 =)NO:9aO, MgZn2 )?)4MMN

: (142.5 kJ/mol)[21] -DO: (139.6 kJ/mol)[21] [
E; MgCu2 )?)4MMN: (284.7 kJ/mol)[21] -D
O: (279.9 kJ/mol)[21] [E. 45MD)?)67>L
3?)4Bj [23], c?)4h9dL4N??).MD
Xme)4B, lh9rMD3i;^RN?Xno^)
f, ?)4_s, B;MD_75 [24], <9, MgCu2 MD

?;575, Mg2Sn q6, c5475)9 MgZn2.
2.2 `$a%&bÆ$'

B 3 `O0 MgZn2, Mg2Sn - MgCu2 J;L

N)DO-MN?G. hB 3 9?, Mg2Sn - MgCu2

J;LN)DO:MKL [4, 18, 25, 26] GH)N:@
=\); @A+-p?1 MgZn2 KL:-MN:)G
H, <45J8>LjBMDJ;75;)tc [27], g:
(C11 + 2C12)/3 > 0, C11 + 2C12 > 0, C44 > 0, B>=
K Mg2Sn, MgCu2 - MgZn2 J;LN)DO:9j.

k3J;LN3j>4] (1)—(4)[28,29] DO 3
@,/85)H)DGB (B)I J;KVW;GN

(A)IYoung’s GB (E) -EPGB (G):

B =
C11 + 2C12

3
(1)

A =
2C44

C11 − C12
(2)

E =
(C11 − C12 + 3C44)(C11 + 2C12)

2C11 + 3C12 + C44
(3)

G =
1
5
(C11 − C12 + 3C44) (4)

Poisson E (ν) >4] (5) [27] DO:

ν =
3B − E

6B
(5)

MgZn2, Mg2Sn - MgCu2 DGBIJ;KVW;

GNIYoung’s GBIEPGBIPoisson EDO?G`
5B 4.

>L G/B 9qM+-)Z;-@;F16;A, k
G/B<0.5, +-uZ;, hJu@;. hB 4 9aO,
MgZn2 - MgCu2 ) G/B :3j. 0.228 - 0.3597,
_ <0.5, c Mg2Sn ) G/B :. 0.5146, >0.5, B>
MgZn2 - MgCu2 .Z;8, c Mg2Sn .@;8; lH,
Poisson E (ν) 93mni+-3EP)75;gB, ν

:_s, S2+-)Z;_7 [27]. hB 49aO, MgZn2

)Z;57, :q. MgCu2, c Mg2Sn Z;5]. D0
G/B H, C11 − C12 - E l9ni+-16;4)/R

\ 3 MgZn2, Mg2Sn ] MgCu2 fnjkarvsnkll
o]ptcm

Table 3 The calculated and experimental elastic constants of

MgZn2, Mg2Sn and MgCu2

Phase Source Elastic constant, GPa

C11 C12 C13 C33 C44

MgZn2 Present 91.25 85.27 23.38 198.31 24.88

Mg2Sn Present 83.71 39.79 – – 21.69

Exp.[25] 82.40 20.80 – – 36.60

Cal.[4] 79.40 22.20 – – 33.40

Cal.[18] 69.80 25.90 – – 31.10

MgCu2 Present 129.06 83.16 – – 43.73

Cal.[26] 125.00 71.70 – – 42.30

Cal.[18] 107.90 79.00 – – 34.60

\ 4 MgZn2, Mg2Sn ] MgCu2 lop
Table 4 Moduli of the three phases derived by this work and

Ref.[18] from elastic constants

Phase Modulus, GPa G/B PoissonAnisotropic

B G E ratio coefficient

ν A

MgZn2 70.71 16.124 45.5656 0.228 0.3926 8.3211

Mg2Sn 42.36 21.798 74.78 0.5146 0.2058 0.9877

40.5[18] 27.4 [18] 67.10[18] 0.6765[18]

41.3[25] 34.2 [25] 80.5[25] 0.8281[25]

MgCu2 98.46 35.418 63.89 0.3597 0.3919 1.9054

88.6[18] 26.5[18] 72.30[18] 0.2991[18]

89.4[26] 36.0[26] 95.30[26] 0.4027[26]

do)gB, g C11 − C12 - E :_\, +-)Z;_
7 [30], i 2 K/PE60 Mg2Sn, MgCu2 - MgZn2

) C11 −C12 - E :. h C11 −C12 :ma, MgZn2 )

Z;57, :q. Mg2Sn, c MgCu2 Z;5]; h E :
ma, MgZn2 )Z;57, :q. MgCu2, c Mg2Sn Z
;5]. K/Pd C11 − C12 - E :qM+-)Z;8
E6, Mg2Sn Z;5])?AM ν :qM?G/e.
2.3 fg

>L),EAQ3J;LNIDGBM?)4FgB

nOqNS]mK]qM. Fine - Brown[31] *YS,

/+-cu, :J;LN (Cii) M),EA (Tm) 37G
:v;NG:

Tm = 553 K + (5.91 K/GPa)C11 ± 300 K (6)

Tm = 354 K+(4.50 K/GPa)[1/3(2C11+C33)]±300 K
(7)

SjB,/cu, :DGB (B) M),EA (Tm) 3
7G:v;NG [29]:

Tm = 607 K + (9.30 K/GPa)B ± 500 K (8)
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SoA,/85)Hcu, :?)4 (Ecoh) MEA
(Tm) 37G:v;NG [21]:

Tm = (3.84867 K/GPa) Ecoh (9)

Q3] (6)—(9) DO MgZn2, Mg2Sn - MgCu2

EA)?GGi 3 Xj. 9aO, MN:_7Q3J
;LN (±300 K) -DGB (±500 K) DOEAq

M)pwr, cQ3?)4DOEA37/5W]. K

/P3U*Y, Q3J;LNDO MgCu2, Mg2Sn -

MgZn2 EA)L_)8Sx]3j. 20.67%, 0.31%
- 7.21%(4] (7) DO); Q3DGB)L_x]

3j. 39.31%, 4.76% - 46.54%; cQ3?)4

)x]3j. 9.74%, 7.78% - 60.28%, hB>S
MgCu2, Mg2Sn - MgZn2 cu, Q3J;LNEQ
3DGB-?)4qMEAq[EMN:. lH, Q

3J;LNDO Mg2Sn EA)?G. 1047.73 K,
MS2)MN: 1051 K :3[E. @A MgCu2 -

MgZn2 qMEAMMN:37/5W], <998j,
MgCu2 )EA7 3 R,/85)H=951). 45)
,EA_1, :?;1I:75;_7 [32], .9 3 @,

# 2 MgZn2, Mg2Sn 	 MgCu2 � C11 − C12 	 Young’s

�� (E) �
Fig.2 Values of C11 − C12 and Young’s modulus (E) for

MgZn2, Mg2Sn and MgCu2 phases

# 3 MgZn2, Mg2Sn 	 MgCu2 ������
Fig.3 Calculated melting temperatures of MgZn2, Mg2Sn

and MgCu2 phases

/85)H=, MgCu2 )475;57.
2.4 XbÆ$'

.K/PswI7S?;75;)yz, DO04V
I7: (h 298—573 K) MgZn2, Mg2Sn - MgCu2 )

416;A.
DGi (H) M Gibbs L44 (G′) 3jQ3] (10)

- (11) K]DO:

H = U +
∫

CpdT (10)

G′ = H − TS (11)

]=, T .I7, Cp 9rI7:)4C, U . 0 K -

1.01×105 Pa :DG)B;4, S .S2I7:)j. 3
@,/85)H)j (S)Ii (H) M Gibbs L44 (G′)
)DO?G3jGi 4 -i 5 Xj.

hi 4 9?, khqI (298 K) r11 573 K 5,
),DG)j (S) -i (H) x7ks. hi 5 9aO,
slI7)r1, MgZn2, Mg2Sn - MgCu2 ) Gibbs
L44_sK. 45 Gibbs L44_>, DG8?;47
5;{7, B> 3 @,/85)H)?;75;sI7)
r1_DX0>. K/P3U, *Y MgCu2 ) Gibbs L

# 4 Mg2Sn, MgCu2 	 MgZn2 ���	��mn
Fig.4 Changes of entropies (a) and enthalpies (b) of

Mg2Sn, MgCu2 and MgZn2 phases with tempera-

ture
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# 5 MgZn2, Mg2Sn 	 MgCu2 	���	��� Gibbs

� �
Fig.5 Changes of Gibbs free energies of MgZn2, Mg2Sn and

MgCu2 phases with temperature

44to5\, B> MgCu2 )475;57, ?L?;
75;)6uvR?4sI7)r1c*w85. cS

MgZn2 - Mg2Sn cu, 9I7 475 K .tu, ?;7
5;)6uvRsI7)r1*w085. 7 475 K 9

:, Mg2Sn ) Gibbs L44\5 MgZn2, B> Mg2Sn
)475;75 MgZn2; c7 475 K 935, MgZn2 )

Gibbs L44\5 Mg2Sn, B> MgZn2 )475;7

5 Mg2Sn.
2.5 p(Zq

>L,/85)H)?;75;dv5:DG;t

K?UH)xr. :=Put)6udv5DG Fermi
4vwEKa|)R7=w7, cx?t94VN?8)
Kxs`.xr. .3U MgZn2, Mg2Sn - MgCu2

8?;75)K?2C, =KDO0 MgZn2, Mg2Sn -
MgCu2 )K??;. S MgZn2, Mg2Sn - MgCu2 c

u, S;tDyLK?)4BxtoO=7 0—10 eV p

wr, 3jmu5 Mg(s), Mg(p), Zn(s) - Zn(d) )u
K?yL (i 6a), Mg(s), Mg(p), Sn(s) - Sn(p) )u
K?yL (i 6b) M Mg(s), Mg(p), Cu(s) - Cu(d) )
uK?yL (i 6c). K/P3Ui 6a, 99a1, S5
MgZn2 ),, K?UH)Puv5to96u) Zn(s)–
Mg(s) v5. S5 Mg2Sn, Sn ) sp UM Mg ) sp Ux
Dv5, 7 Fermi4vwEB;06w)a|, MMgZn2

E6, gMv5)K?U>Ckz, v567l82k6.
Mg2Sn =h@66)PutxrI9:BY.@;8)
K??;nu. S5 MgCu2, Cu ) d UHM Mg ) sp
UH37/5)v5Pw, 7 −2.5 eVwEB;/RKa
| (?i 6c Xj) Mg–sp DOS). <45 Cu ) d K?
y};66, : d–sp UHv5l8S6u. Lh Mg–sp
) DOS 3a1, 4B7 −2.5 eV 1 0 eV ){tU,K

?BO, ly Cu–Mg Putsu. <9, hPut|7
ma, Mg2Sn 2E MgZn2 = MgCu2 75, MDO01

# 6 MgZn2, Mg2Sn 	 MgCu2 ���	
Fig.6 DOSs of MgZn2 (a), Mg2Sn (b) and MgCu2 (c)

)?)4vR?4zÆ/e. <9, nosz 3 @5)H
=)x?txr.

B 5 9 MgZn2, Mg2Sn - MgCu2 ) Mulliken
K?BON)DO?G. S MgZn2, 4 Mg N?V Zn
N?yw0Kxs`, DG=s`KxHNsx. 4.08
(1.02×4); S Mg2Sn, 4 Mg N?V Sn N?yw0K
xs`, s`KxHN. 4.72(0.59×8); cS MgCu2 c

u, 4 Mg N?V Cu N?yw0Kxs`, s`KxH
N. 5.32(1.33×4). B> 3 @,/85)H=x?t4
3h61u)vR.: MgCu2, Mg2Sn - MgZn2, M?
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\ 5 MgZn2, Mg2Sn ] MgCu2 l Mulliken zyz{k
Table 5 Mulliken electronic populations in MgZn2, Mg2Sn

and MgCu2

Phase Atom Electron orbit Transfer charge

s p d

MgZn2 Mg 0.52 6.46 0.00 1.02

Zn(I) 0.71 1.80 9.95 −0.46

Zn(II) 0.76 1.82 9.95 −0.53

Mg2Sn Mg 0.71 6.70 0.00 0.59

Sn 1.50 3.68 0.00 −1.18

MgCu2 Mg 0.39 6.29 0.00 1.33

Cu 0.74 1.19 9.73 −0.66

)4)DO?G8\.
4 3 @,/85)HUF7M Mulliken K?BO

N)DO?G3U, MgCu2 ?;575)N<, tou
5DG376|)x?t43, c Mg2Sn ?;75;_
5 MgZn2, 9DG=x?tMPutPV43)?G.

3 R{
(1) Mg2Sn ;D56)),5B;41, MgCu2 ?

;575.
(2) MgZn2 - MgCu2 .Z;8, c Mg2Sn .@;

8, ?L 3 @,/85)H=, MgZn2 )Z;57.
(3) 7 298—573 K I7pwr, MgCu2 ) Gibbs

L44to5\, :?;475;57, ?L?;75;
)6uvR?4sI7)r1*w85; cS MgZn2 -

Mg2Sn cu, 9I7 475 K .tu, ?;75;)6u
vRsI7)r1*w085.

(4) M Mg2Sn - MgZn2 8E6, MgCu2 ?;57
5)N<to9DG7 Fermi 4v9:{};tK?3
76|)x?t43.
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