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R I T B2V bR A 58— 1 R BT MR 5 07 A TSR T Mg-Y-Cu & &b KA A P A 14H A 18R
(18R(m), 18R(t)) IS « SN BE LT A3 FE AT LA 3 5. 1AL 5 R B, 1T4H AT 18R AH#R BAT B (17 1k
K, Ul PR A RE NS th B B AR T A, I H 18R A EE 14H AHEE S 5 TR R, {5 14H A B A S 4TI 3 2 Ra e 1
14H A1 18R A K 45 5 FE 70 AT T A AR AR B, EATT Y BB I 35 32 Bk B T Mg 1) 3s BILIE L Mg 1) 2p $UiH,
Cu ) 3d HUEATY 1) 4d HUB K DTk, HAEPORREHARBES X A 1 HUBE AL RS, 14H AHAT 18R A 1 pli i
HRAT IR AL E. I A (0001) T HE A 2 2 20 AT WY, 1T4H A 18R A ) Cu Ji 7 A1Y 12 18]
HOI R 7 3L, JF H 14H ARI LA LE 18R AH B LA 14 B 58,

KR Mg-Y-Cu &4, KEAWA M, 58— VhRE, 8185

PACS: 61.66.Dk, 64.75.—g, 63.20.dk, 71.20.-b

1 5 =

BE &K EYA T (long-period stacking
ordered, LPSO) #H i T H A R 1) 77 24 PE e 32 2
Iz ek -8l 2001 4E, Yoshimoto &5 18] 3 i
R B [ Ry R VA 4 v 4 =R T JE R G
fE115 610 MPa. %iE {1 31K 3 5% K J& JH A 7 A5
58 Mgy YoZn, (at.%) &4, #E— S Hm 7tk
B, AR R SRR R BT LPSO A
B2 AT H R LPSO M B 6H 4K, H
HEBRIT 9 ABCBCB! 991 J5 W (O F 7t 45 SR 3% 45
fEIE T LPSO FH IS5 14, A LPSO A8 B HEBR Y
J& 14H F1 18R 4544 107). i, Egusa f1 Abe [
18 7 Mg-Er-Zn & 4 M Mg-Y-Zn & 4 I A 14H
AT 1I8R M S5 MR BT S5/ ] B E /& Ly
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MEHTFH ZIngREy (RE = rare earth) &k A\ 2
THCo 37 J7 B HESR JZ AR B, [R] B 3 X6 12 A5 28 1) 2% [
FERUR X RR AT T4

EHAB M Mg-RE-TM (RE = Y,Gd, Dy,Ho,
Er; TM = Zn,Cu,Ni) #&H 0 ag g7
LPSO A I #£7E, o 78 Mg-Y-Cu & 4 I B
LPSO FHAESCHR [12, 13] Hh &M TEAIIE. Kawa-
mura % 4 7E Mgor Yo Cuy & 42 1 86 & H 41 K
Pl 18R 45 #4 i LPSO A, 1% & 41 325 °CHFF I
Ja, HE I E 5 B A ) 297 MPa, i K 204 2
8.1%. M4h, Matsuura 25 U3 £ MgogCui Y1 & 41
BEARMALT ORI T 14H B LPSO M, B8 A
MgsoCui5Ys, 4 ABACBCBCBCABAB [ #E 2
Jigi . A AE Mg-Y-Cu & H LPSO AH /& A R 11 5
1OAH, BeW B3 it m & &1 e, R KT
T4H A 18R AHFA S SR e MR R, WA H K
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AR R % PR AT B R ) 43 AT R S ) R A T —
ot i,

ETEHEEZRERNE -MHEHECE 2
Hh NP BB A & B ENE BT 7T R 417 5 SE LPSO
A S — P R B AR AR Me-Y-Zn & &
o [15=22] - Datta %5 U] R F 28 — R R EH5L T Mg
JEF R RANFIZE AL (21, 31, 41 F161) 1 LPSO Z5#4 (1)
REi, 45 A W n AR e PR 95 07 A 21, 61, 4,
30, Forb 20 F1 61 25 6 1 FRLAT 85 B A0 A AR A AL, IX
W2 6 L 4l R 31 g5 M A e W IR A, JF B Y i1
(RIS JIN RE A 61 5 44 56 AR e, Tang 25 19 B 78 T
Mgo7 YoZn, & 4 LPSO A e e P Al L 7 45 14,
45 R 78 Mg-Mg, Mg-Y Al Mg-Zn J§ 1 Z [A] 35 IE 1%,
THL B, HY STERBIEINEESE 18R AT AR
JE 11 S, T Zn 70 3R B IO FL ATy 2 R E I
S AR /N, Ma % RO 507 141 AR (0 4 77 24 2
SE 1, 8 IR AN [F] B4y 1 1 7% Zn,,, Y, (Mg) RN E
T4H AT UG 1 7 A LU, 4531 1 e kesE 45 4
N MgraaY16Zn1o 45 R, Kimizuka %5 PR 45
— M JFEE TR T B LPSO 451 Mg116Zn12 Y16
FH A Lo 2 P o ) L Aer 20 AT 1 0, 25 SR R W
fif 32 L IR ARAE B N 8, T AE T 7% 2 18] A T B
JEHrdE. Tanaka 1 Yuge 22 ia FH 45 — PR R 3 i1 5
Mg-Y-Zn &4 LPSO M) R th, 45 REK
B AE hep HESRGUT o 3 B 245 1) 51 N {E H Rk &=
A, WU LPSO M I il 5 HE bR 2 5 2 18] 2 V)

B R LPSO M 28 — R R BEOT 7L O &2
TR Z#RiE, H2E X Mg-Y-Cu# 4 # ¥ LPSO
FHEVFH GBI FER AR D WL, 1 SR Z1 Hh R A M-
Y-Cu & 44 B LPSO A B O A o1, $FAG H# )
SRE M, ARSCET % R BRI I 2R — R B
PP, RG5HT T Mg-Y-Cu & & H B
LPSO M T ks « L2525 S AL A 25 B2, X 4
J1 58 VE B BEA B AT AR, BHEE X Mg-Y-Cu
GBI .

2 HEREEHEA

AW P A B A Vasp (Vienna ab-
initio simulation program) %24 #EHHT, 71T
R IR A S0P T % (projected augmented
wave, PAW) [29:26] J5 vk 68 - 1 B - [ ) A8 $e 56
A H K H Perdew-Burke-Ernzerhof % & SR Hfik.

THFE A S N SN Mg(3s, 2p), Cu(3d,
4s), Y(4s, 4p, 5s, 4d). “FHE#ENTHE ) 360 eV, &
B B SUSUbRE N 1.0 x 107* eV /atom, A7 HLIH
X K BSEURE % B K FH Monkhorst-Pack 7 &. X T
14H, 18R(m) Al 18R(t) &5 #4 AL 1) K £ I A% 7
FIEELA x 4x 1,6 X6 x 4H16 x 6 x 2, BT
FETHELH) K RIS 73 7 BN 6 % 6 x 2, 10 x 10 x 6
I8 x 8 x 4. s i 25 4 DL Ak R FH L e 8 AR vk
(conjugate-gradient), 4 {E F 7€ Jii v L J3/h T
0.01 eV/A B RRALTERRL. N T 15 5 Fa e RS 1 1
THEER, w7 A JLAT S5, AT 15 2]
oAb 5 BEE 1) Sh AR S 8, FEXARAL i (B 1S A
1T Re R T S5 T 5

Mg-Y-Cu & & T 5 LPSO A0 45 04 2 4 17
FEGH I, A TSR AL R B Egusa A1 Abe ) 4
i ) Mg-Er-Zn & 4 % 14H A1 DL 2 Mg-Y-Zn & 4
HH R 18R AH 25 1 45 28 33k 47 11 5, R A 7E Egusa Ml
Abe LR IE (A sh VR AR AR T LPSO AH I % 45
FIEE RO BRI SR AR R, &
SRR, BB CuR TR Zn R TR
AL (Roy =1.28 A, Rz, =1.33 A), YR 74
HEr BT AL (Ry =1.80 A, Rg, =1.76 A),
BT LK Zn JR 7 & o Cu R 7, B ErJE 7 8
RNY JE T T LPSO AH B 14H 45 14, S (8 # A4
P6s/mem, it EEa=0b=11.1 A, ¢=36.5 A,
B A MgssCus Y. 18R 454 fTJ@ = A1 C2/m
(monoclinic) #l P3512 (trigonal), 43 71t A 18R (m)

(b) (c)

El1 (MFEEH) LPSO M4 MK (a) 14H; (b) 18R(m);
(c) 18R(t). FhEEaER, JK sk taEk /) KR Mg, Cu Y
Ji

Fig. 1. (color online) Crystal structures of LPSO phases:
(a) 14H; (b) 18R(m); (c) 18R(t). Yellow, grey and blue
balls stand for Mg, Cu and Y atoms, respectively.
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FT18R(t), HLFr /2 MgaoCusYy. 18R(m) [ i 4% H
Ba=111A,0=194 A ¢=16.0 A, g = 76.6°,
18R(t) HI kg W #a = b = 11.1 A, ¢ = 46.9 A,
F 1084 T 14H, 18R (m) M1 18R(t) AR T
ARFR. T 14H, 18R (m) 18R (t) 45 /A5 L 1%
IR M 20 ) B B 168 A S 724N IR A 216 4>
JEF, AP 1 s 27

3 HEZR5itiH
3.1 TR N BE

TE Rk 3 1 BT B S TR S T A B R
JBCRTRE L, AT TR AE 58 T A & VT 3 2 1%
JE, ks N AR, HAHER, R4
[ 4k 5 W 25 T Pl £ e A R 0.

ARIGHE T e EU T IR T MK
N0 S N W
:Etot N MgEi\f/Jllgid —-N CUES:llid —NvEyia

AH
Nug + Neuy + Ny

)

(1)
Hr, AH NS, Eior 9 LPSO A i JE - 7 i
[ feh, ENS L EY L FESE 4 RIFROR Mg, Y Al
Cu TE[H A R TR AR, Nyg, Ny F Ney 73031
F o) 14H, 18R(m) F1 18R (t) [ 45 44 A A 5 i o
FTL & Mg, Y FI Cu 7% H. THEAS 3 14H,
18R (m) M1 18R(t) AHTE Hika 737 9 —0.612, —0.679
1 —0.679 eV /atom. & K 35 2 B {E 2% B 14H,
18R (m) A1 18R (t) M AT LA Ak, - H. 18R(18R (m)
FI18R(t)) M HITE B o 14T AR B X 58 K, &
B 18R AH ) & 4 A e 77 T8 3, %A A 5 T,
X5 g 2 R A R 9,
N T L LPSO MR ) FasE v, 1HE T R
A R NI RN e

Mggg CU3Y4 ( ].SR) + 6Mg—)Mg35 CU3Y4 (14H) s (2)

A HT 18R ALHE 18R (m) 1 18R(t) AP 544, 115
13 3] T 1% B IO RE /2 —0.0030 eV /atom.  J
N7 g R 1A R I 1% OB RO B, R B 14H AH
EL 1SR AH B A iE, X Se&h i fN S o6 45 S 2 — 5
] [29]

s
3.2 NEE

N T 43 BT LPSO AH 1 34 07 2 Fa e 1 A R
AR, FATHE T 14H, 18R(m) Al 18R(t) & M 25
W FNAH B R T gy A R, S A R

El2FrR, HAREm B0 eV AL B A 1Y I B &
RN TKBEMALE. NE 27 LLE H, Xk
G5 K TR 25 B B 4y A T A5 R A2 Ak 25 3E A L.
14H, 18R(m) F1 18R (t) AH [ s B M1+ F 2L RE &0
FE 73 ) S0 AT 7E —6.82—2.9 eV, —6.82—2.02 eV, FlI
—6.82—1.98 eV. Cuf13d #IE. Y H4dHliE. Mg
1) 3s B8 F1 Mg [ 2p B3 |2 th 7 A /E B R
X 18], 1M Cu i 4s BUIE L Y 1Y 4s FY (K] Ap BLiE 7E B
A RE R X 8] HL 7 OB ) DT ER R /).

H—S oK 2 (a) 2K, 14H AHEN HIKHE
X —6.82——3.69 eV Z [H] ¥ i Bk E 2R H T Mg
) 3s 18 F1 Mg ¥ 2p 38 B oL k. 1 /£ —3.69—
—2.45 eV Z [H], Mg [] 3s PLiE . Mg ] 2p i . Cu [
SAPUE Y [ Ad BB KR E S, ULIAE XX R =
AT HIE AL, FE —2.45—0 eV 2 [8] Y i i 3= 5
K HT Mg 1 3s P . Mg 1) 2p FLIEFY 117 4d $hiE
PIoTik. PROKEE DL BT X 0—2.09 eV FE
& Mg /) 2p FUIE AT Y 1 4d BB 2440 i 45 3, TR i
W52 5| Mg 1) 3s PUBR GG . K2 (b) Jv18R(m)
A oA B, v LR BIFEAN HF K RE X —6.82—
—3.64 eV Z [H) T ZE B g R B T Mg 1) 3s il
1 Mg 1 2p FUE I BTk, FEAT T —3.64——2.75 eV
2 16 1) e 0 Sk T Mg (1) 3s BLiE . Mg ¥ 2p 4L
T Cuf 3d FUE AN Y 1 Ad BUIE B 24 AL OB, T AE
—2.75—0 eV HISEEIE T Mg [ 3s HiE . Mg 1) 2p L
EMY P 4d PuE ok, EFRKRES UL L S
X 0—2.02 eV Z [A] [ LB K H T Mg HI2p FY 1
4d BB AL I TTER. B2 () o T 18R(t) &%
FE A ARG O, 7E 2 K BE SR BT A A7 X PR e e )
FESK AT Mg H 3s #1118 . Mg (1) 2p BLIEFI Y () 4d 1
TR, Hoh e —3.84—2.45 eV Z [E L T
Mg ) 3s, 2p HLIE . Cu i 3d PLIE A Y 1) 4d HLIE
FALE. TMAE PR BER L EH ST X 0—1.98 eV
Z 1A B RGBSR H T Mg (19 2p ATY (1) 4d Uil 284k 5T
MR, A TAEM AR KW, B LPSO 4511
14H, 18R(m) I 18R(t) AH 7 % B ] 43 A i sl Al
AR Ak AR H A AL, R B ) e B X (A9 [ 22 0 3R
/N, B R TE SR H T Mg 1 3s A1 2p $1LiE L Cu
F) 3d PUE RN Y [ 4d BUiE. @8 P 2 1040 B vl 0,
14H, 18R (m) 1 18R(t) AH i) 7% K Be 2 iy ] 3 12 7
BRE, B BUERERR, X UL AR T B 7 Mk
3 A 500, TR R BRE AR /N R B AN 1 1) 5
55, 14H A0 % RERR LE 18R (m) AT 18R(t) & GELR
B, Ui B 1T4H AH 3L P b 18R (m) AT 18R (t) AH
L 1 B 5.
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K2 (MTEMH) Mg-Y-Cuf4 LPSO MBS EMAWAEE  (a) 14H; (b) 18R(m); (c) 18R(t)
Fig. 2. (color online) Total and partial state densities of LPSO phases in Mg-Y-Cu alloys: (a) 14H;

(b) 18R(m); (c) 18R(t).

Pz
)

e

=

3.3 H7T

FE i 5 FEE 0 AT R DA S B W B 4R O H AT R
IOW LI, A ST 8 7 LPSOM & A Y 5
FHCu T 19 (0001) T 1) B fnf 25 B 43 A 1 4, 40
K3 Frs. AT LA B 14H, 18R(m) A1 18R(t) AT HL
o 25 P o3 A RE A AL Z A, B Cu JR P ALY 5T
HYaZMAEHENES BEFEABNE =R
B, FTLL CuJf FRY JRF 2 (B T 5o
LA B Mg JR 1A Mg JR 1 2 8] B 1 2 (1) 4 A
Bi51, BB SR 75 ik, Bt UEATTZ 8
%/\E%’L

T8 I e P T R, 14H S

18R(m), 18R(t) = &5 ¥ 1) i 17 25 i /3 A7 A7 AE
Z5, Cul i FAY B F7E 14H A i E S5 5 H
T 25 A WA KT 18R(m) A1 18R (t) A H ) B i
HRAE, I Cu MY J7 1 Z 18] 1 He A B 72 14H A1
W [T E 18R (m) A1 18R(t) M 555, X2 |
FAE 14H A7, B AR Cu FNY R 12 [6) 1 i 25
9292 A, TMi#E 18R (m) A1 18R (t) A FH L 48 ) Cu
MY JR 72 18] () FE B 9 2.96 A, i1 2 18] 1) BE 25
N, A s, SEp B 0 Be S 4 A R, X
52 14H AH EE 18R AHBE hnfe e i = SEJE . it Ak,
FE 14H FHH Mg Y 52 [ T2 B H - 2= SR 43
B, TG R IO M VERRAE, BT LAEATTZ TR TE R 2
BTEE, T7E 18R(m) A1 18R(t) M Mg Al Y Ji T
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Fig. 3. (color online) Charge density distributions on (0001) plane of LPSO phases in Mg-Y-Cu alloys: (a) 14H;

(b) 18R(m); (c) 18R(t); (103 e/nm3).
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Abstract

The long-period stacking ordered (LPSO) phases in magnesium alloys possess excellent mechanical performances,
and have received considerable attention. The strengthening LPSO phases, such as 14H and 18R structures, are found ex-
perimentally in some Mg-Y-Cu alloys, which can significantly enhance the mechanical performances of the alloys.However,
it is unknown which phase is more stable thermodynamically, and easier to form during the solidification. In this paper,
thermodynamic stabilities and electronic characteristics of LPSO phases 14H and 18R (18R(m), 18R(t)) in Mg-Y-Cu
alloys are investigated by the first-principles pseudopotential method based on the density functional theory. The present
calculations are performed by using Vienna ab-initio simulation package (VASP) with projector-augmented plane wave
pseudopotential, and the generalized gradient approximation is used to deal with and describe the exchange-correlation
interaction. The plane wave cutoff energy is set to be 360 eV, the forces on all the atoms are less than 0.02 eV/A. The
k-point meshes of Brillouin zone sampling in a primitive cell are based on the Monkhorst-Pack scheme. The calculated
enthalpies of formation indicate that the 14H and 18R phases coexist in Mg-Y-Cu alloys. The 18R phase has a larger
absolute value of formation enthalpy, which means that it is easier to form than the 14H phase. The reaction energy is
also computed for the transformation from the 18R phase to 14H phase, which shows that the 14H phase is more stable
than the 18R phase. The results for density of states (DOS) reveal that the bondings of the 14H and 18R phases occur
mainly among the valence electrons of Cu 3d, Y 4d, Mg 3s and Mg 2p orbits while those of Cu 4s, Y 4s and Y 4p orbits
are very weak in the whole region. The bonding peaks of the 14H, 18R(m), and 18R(t) phases are localized, and the
corresponding hybridization orbits, which are all or part of Mg 3s, Mg 2p, Cu 3d and Y 4d orbits, are determined. At
the same time, there are sharp peaks on both sides of the Fermi level of the 14H, 18R(m) and 18R(t) phases, which
shows that there exist pseudogaps in those phases. The presence of pseudogap indicates that the bonds in the 14H and
18R phases are noticeable covalent. In addition, the charge densities both on (0 0 0 1) plane of the 14H and 18R phases
are analyzed in detail. The results show that the Cu-Y bond exhibits the covalent feature in the 14H and 18R phases,
the covalent bonding of the 14H phase is stronger than that of the 18R phase, and it is the key reason that the 14H is
more stable than the 18R. The calculated results for thermodynamic stabilities and electronic structures of LPSO phases

will provide useful data for analyzing and designing Mg-Y-Cu alloys.

Keywords: Mg-Y-Cu alloy, long-period stacking ordered phases, first-principles, electronic structure
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