%23 B 8 TERREEFR 2013 4 8 J1
Vol.23 No.8 The Chinese Journal of Nonferrous Metals Aug. 2013

TEHES: 1004-0609(2013)08-2147-09

ETE—1ERE L1,-ALSc miRFEEM R REIT AR

IET, E0EL FRFL Zpel, ERAL S Bkl o §0 HAE)

(1. TLHFR L0 MR LRE2ERE, %0 213001;
2. WN2ERE MURS BT TRER, W 2470005
3. hEEKE MPRRLES TRE2ERE, KD 410083)

® . SRR EAT RSB NS Y L1-AlSc MZEARYNE, JHE I v AU IR e
W L1,-AlSc SELEMEZGFATEN, 456 BmEEMSEERMIIER Ll-AlSc MREEIT . 45REV:
L1,-Al;Sc (¥ H40h 4.107 A, FRHE N 86.5 GPa, JEMKE A—43.83 kl/mol. L1,-Al;Sc [ AELEFE S Al I
emkt B Al AR Se RALERFA. L1-AlsSc H Sc B4 5 Al RALERFARITE AR i, RKW's Al &4 Sc
TALFN AL AR S T FIAEAE: Sc RALGRFARTERLRE /D T AL 754710, RUIE Sc &4 rUBBEY Sc S frithe .
L1,-AlySc f) 8 i FL AT 25 S 4RIR, ZRBLHE Sc d-Al p FIBUE ARG, LA BE F 284 Sc dz™-Al pz flii 4 k.
KA L1-AlSc; mUERFALEM; H—PEIRETHE, BT At

hESES: TG146.2 MHRFREED: A

Calculation of point defect structures and bonding behavior of
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Abstract: The first-principles pseudopotential plane-wave calculation was used to study the energies and the electronic
properties of point defects for L1,-Al;Sc intermetallic. According to the calculation and comparison of the formation
energy of point defect structures, the geometrical configuration of point defects in L1,-Al;Sc intermetallic was analyzed.
Combining with densities of states and charge densities, the effect of bonding behavior on electronic structure was
investigated emphatically. The results show that the lattice constant of L1,-Al;Sc is 4.107 A, bulk modulus is 86.5 GPa,
and formation enthalpy is —43.83 kJ/mol. These calculation results also suggest that the point defects in the Al sublattices,
i.e., Al vacancy and Sc anti-site, are more favorable than those in the Sc sublattices for the stoichiometric compound
Al;Sc in the L1, structure, but Sc vacancy and Al anti-site defect coexist in rich-Al alloy, and mainly Sc anti-site defect
can be found in rich-Sc alloy. The Al vacancy-induced charge density shows the spindle-like bonding characteristic, and
Sc dz*-Al pz orbital hybridization is depicted.
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Fig. 1 Calculation models of point defect structures of L1,-Al;Sc crystal: (a) Crystal model of L1,-Al;Sc; (b) Perfect super crystal;
(c) Al vacancy; (d) Sc vacancy; (e) Al anti-site; (f) Sc anti-site

Fz1 Al ScHlLI,-Al;Sc (15— R E R AL G
Table 1 First-principles calculations and experimental data of Al, Sc and L1,-Al;Sc

Exch Calculation Experiment
Element ¢ 1an.ge Ground state energy/ Bulk modulus/ Bulk modulus/
correlation 0 Lattice constant Lattice constant
(eV-atom ') GPa GPa
CA ~4.192 a=3.9854 A 723
Al PW91 -3.696 a=4.048 0 A 72.3 a=4.049 5 A 7617
PBE -3.742 a=4.044 5 A 73.0
a=3.233 A
—6. 2.
CA 6.724 0=4.9867 A 62.8
a=3314 A a=3.309 A 27
Sc PWI1 6.225 =5.1457 A 54.5 =52733 A 57
a=3.322 A
—6.332 4.
PBE 6.33 c=5.1645 A 540
CA —21.289 a=4.034 A 96.9 916019
a=4.103 A" 8]
Al;Sc PW91 -19.157 a=4.109 A 85.3 PR 87
=90 88.247

PBE -19.375 a=4.107 A 86.5
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Table 2 Calculations and reported data of formation enthalpies of L1,-Al;Sc

Present calculated formation

enthalpy by ab initio method/

Intermetallic Structure

Formation enthalpy

Reported formation . .
P using Miedema’s model/

(kJ-mol ) enthalpy/(kJ-mol ) (Cmol")
CA PWI1 PBE
—44.8%%1 —45,065"
Al;Sc L1, -47.98 4448 4383 43,557 47,0452 —47.28%)
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T A 5 252 1) R B 5 4 S AT ks, R
GGA-PBE [ #7115
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Table 3 Formation energy of vacancies and anti-sites of

L1,-Al;Sc system calculated by ab initio method

Formation energy of ~ Formation energy of

vacancy/ anti-site/
Intermetallic (eV-atom ') (eV-atom™")
AERARZ AERS AR
Al;Sc 1.413 2.284 2.49 0.70
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IR S5 ERBE R AL A ERFE AN Sc 234, L1,-AlsSc
o S FNIEIAE S Al ALELEIE IR BER N 2L, Sc
AL CREBERE /), X R S Al G4 Sc 4
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RE/INT AL ZSAT, R E Sc o4 AUBLE A Se A i
Fao 8K, IXAULE A TE B H R 1 — N1 )

57 45 A PRI AN 2 P2 R I 114 s PR Bt B X s H, o
By Ao RE M ATRAAE, DM, Ho A b A BB
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MR 2 fiors,

M 2() AT LLE$, Sc At Al [ ikt I 1
A B, XKW E Al &4 Se A ALAT Al
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REMIELFRE DX, Sc 27 I BCERIEAR L T AL A6k
B A B 2 7 Tl B Pk S, IX 7R Se SR A4
R E, HILEE S . WA 200)0 T LAEE], Sc
S BB ) B A L T AL 2347 M A BT A 5),
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Fig. 2 Density of states of L1,-Al;Sc with point defects:

(a) Al-rich alloys; (b) Sc-rich alloys
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Fig. 3 Charge density and deformation charge density of L1,-Al;Sc perfect crystal (on (100) plane): (a) Charge density; (b)

Deformation charge density
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Fig. 4 Deformation charge density of L1,-Al;Sc with point defects (on (100) plane): (a) Al vacancy; (b) Sc vacancy; (c) Al anti-site;

(d) Sc anti-site
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Fig. 5 Al vacancy-induced charge density of L1,-Al;Sc (on
(100) plane)



3523 55 8 W IMBF, A5 FET5 MR L1,-AlsSc BB g b s s AT A it 4 2153
Kl 6 . DL LA B AR, I — 25 S5 HiT R 1R 22 43 Ho A 85 58 1)

M 6 rh AT LLE HY, L1,-AlsSc ' Al JE1F1 Sc J5 SE (K 3(b))— 3. MK 6()FI(b) LrTLAEH, Al 1
TR ERAHEZAL 0, SELAMANDNR  p T Sc il d IS IR, 0] AL p
g, B RAAERERERR, X BRI SR RSP W5 Sc i) d B AR BAEH, X E22

0.25 ; 1.0 :
(a) s Ey | (b) E¢l
~ 020} P § ~ 08
s 5 5
s : 3
3 015 | 5 061
3 : 1
5 : 2
o : s
5 0.10 + 1 & 04+
]
iy 2
:
2 0.05F 8 o2t
=0 8 6 4 =2 0 2 L 2
Energy/eV
0.06 ; 0.30
(c) D, E;! (d)
0.05 - p. g 0.25F
o Px ; a
> : %
L 004 E & 020F
= : 8
% 0.03 E § 0.15-
4 5
= 0.02F 2010t
2 &
a : =
0.01 : 0.05-
: 0
= 8 6 4 =2 0 2 10
Energy/eV Energy/eV
0.25 ;
e '
©) Se d? EfE
~ 020} Alp:
> :
o H
2 :
g 015} :
3 5
Z ool ; 6 L1-AlLSc (A%
; Fig. 6 Density of states of L1,-Al;Sc: (a)Al;
% : (b) Sc; (c)Al p; (d) Sc d; (e) Scd . -Al p:
A 0.05F ;
0 [}

Energy/eV



2154

A G A R

201348 H

Sc d-Al p FuE 2R Dok I — 20 0] LE ] 6(c) Al
(AT, Sc d-Al p PuBE R BARYUE, ¥ LR R
A LB E 6(e)h . MWK 6(e)h AT LLE H,
L1,-Al;Sc Sc d-Al p Z4fb FH 1 Sc dz>-Al pz His 241k
(TR, X — &5 A5 R v e 4 RE I 25 (UL S5)
Wy

3 Zig

b=}

1) EHEEZ RV AT, %M PBE %
FIFEAFE] L1o-AlsSe (1) 5A% 4L a=4.107 A, AR5
By=86.5 GPa, JLIUKE AH 45 =—43.83 kI/mol, #Htk
SR HHGE AT S AR

2) L1,-Al;Sc M sidtfa 22 Al WAk L1 Al
LA Se ALHE . L1,-AlsSe 1 Sc L B AES
Al AR FATE SRR #Eil, R s Al 54 Sc T
AL RALEBA S T AL RAELE; Sc ALHLBA Y B fE
T AL Z07 1, RIS Sc A4 AELE N Sc Ak
Fo

3) L1,-Al;Sc ¥ i % 1 ik, I
Sc d-Al p FIHLE AN, HAbBiE =254 Sc
dz*-Al pz it 241k

REFERENCES

[1] KARNESKY R A, DUNAND D C, SEIDMAN D N. Evolution
of nanoscale precipitates in Al microalloyed with Sc and Er[J].
Acta Materialia, 2009, 57(14): 4022—4031.

[2] KRUG M E, DUNAND D C, SEIDMAN D N. Effects of Li
additions on precipitation-strengthened Al-Sc and Al-Sc-Yb
alloys[J]. Acta Materialia, 2011 59(4): 1700-1715.

3] F& B M, £, 82 01, 9RAEEF, FRER. Sl Sc
Zr Xf Al-Mg-Mn &&A 205 ) =R g, HEA A4

JE AR, 2012, 22(6): 1555-1563.

CHEN Qin, PAN Qing-lin, WANG Ying, PENG Hong, ZAHNG
Zhi-ye, YIN Zhi-min. Effects of minor scandium and zirconium
on microstructure and mechanical properties of Al-Mg-Mn
alloys[J].
22(6): 1555-1563.

4] WmeTe, K, FOL, EHRF. Al-Zn-Mg-Cu-Zr-Sc 5 444
A Als(Se,Zn)MIEF B SN, Wifr )@ A kS TR, 2011,
40(2): 265-268.

DAI Xiao-yuan, XIA Chang-qing, LONG Chun-guang, KOU

The Chinese Journal of Nonferrous Metals, 2012,

Li-li. Morphology as-cast

Al-Zn-Mg-Cu-Zr-Sc

of primary Al;(Sc,Zr) of

alloys[J]. Rare Metal Materials and

(5]

[10]

[11]

[12]

[13]

[14]

[15]

Engineering, 2011, 40(2): 265-268.

COSTA S, PUGA H, BARBOSA J, PINTO A M P. The effect of
Sc additions on the microstructure and age hardening behaviour
of as cast Al-Sc alloys[J]. Materials and Design, 2012, 42:
347-352.

DESCHAMPS A, LAE L, GUYOT P. In situ small-angle
scattering study of the precipitation kinetics in an Al-Zr-Sc
alloy[J]. Acta Materialia, 2007, 55(8): 2775-2783.

LEFEBVRE W, DANOIX F, HALLEM H, FORBORD B,
BOSTEL A, MARTHINSEN K. Precipitation kinetic of
Al3(Sc,Zr) dispersoids in aluminium[J]. Journal of Alloys and
Compounds, 2009, 470(1/2): 107-110.

LOHAR A K, MONDAL B, RAFAJA D, KLEMM V,
PANIGRAHI S C. Microstructural investigations on as-cast and
Al-Sc and  Al-Sc-Zr alloys[J].
Characterization, 2009, 60(11): 1387-1394.
SCHOBEL M, PONGRATZ P, DEGISCHER H P. Coherency

annealed Materials

loss of Aly(Sc,Zr) precipitates by deformation of an Al-Zn-Mg
alloy[J]. Acta Materialia, 2012, 60(10): 4247—-4254.

JIA Zhi-hong, ROYSET J, SOLBERG J K, LIU Qing.
Formation of precipitates and recrystallization resistance in
Al-Sc-Zr alloys[J]. Transactions of Nonferrous Metals Society of
China, 2012, 22(8): 1866—1871.

BOOTH-MORRISON C, MAO Z, DIAZ M, DUNAND D C,
WOLVERTON C, SEIDMAN D N. Role of silicon in
accelerating the nucleation of Aly(Sc,Zr) precipitates in dilute
Al-Sc-Zr alloys[J]. Acta Materialia, 2012, 60(12): 4740—4752.
MAO Z, CHEN W, SEIDMAN D N, WOLVERTON C.
First-principles study of the nucleation and stability of ordered
precipitates in ternary Al-Sc-Li alloys[J]. Acta Materialia, 2011,
59(8): 3012-3023.
WANG Ren-nian, TANG Bi-yu, PENG Li-ming, DING
Wen-jing. 4b initio study of the effect of Zr content on elastic
of L1,-Al3(Sc,Zr,) alloys[J].
Computational Materials Science, 2012, 59: 87-93.

FAZELI F, SINCLAIR C W, BASTOW T. The role of excess

and electronic properties

vacancies on precipitation kinetics in an Al-Mg-Sc alloy[J].
Metallurgical and Materials Transactions A, 2008, 39(10):
2297-2305.

WOODWARD C, ASTAM, KRESSE G, HAFNER J. Density of
constitutional and thermal point defects in L1, Al;Sc[J]. Physical
Review B, 2001, 63(9): 094103.

KRESSE G, FURTHMULLER J. Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set[J].
Physical Review B, 1996, 54(16): 11169—11186.

CEPLERLEY D M, ALDER B J. Exchange-correlation potential
for LDA[J]. Physical Review Letters, 1980, 45(7): 566—569.
PERDEW J P, CHEVARY J A, VOSKO S H, JACKSON K A,
PEDERSON M R, SINGH D J, FIOLHAIS C. Atoms, molecules,

solids and surfaces: Applications of the generalized gradient



%523 %5 8

IMBF, 25 BT 5 VRS L1,-AlsSc s BB 2k S s saT o -5

2155

[19]

[20]

[22]

(23]

[25]

[26]

[27]

(28]

approximation for exchange and correlation[J]. Physical Review
B, 1992, 46(11): 6671-6687.

PERDEW J P, BURKE K M, EMZERHOF M. Generalized
gradient approximation made simple[J]. Physical Review Letters,
1996, 77(18): 3865—3868.

KRESSE G, JOUBERT J. From ultrasoft pseudopotentials to the
projector augmented-wave method[J]. Physical Review B, 1999,
59(3): 1758-1775.
MONKHORST H J, PACK J D. Special points for
Brillouin-zone integrations[J]. Physical Review B, 1976, 13(12):
5188-5192.

BLOCHL P E, JEPSEN O, ANDERSEN O K. Improved
tetrahedron method for Brillouin-zone integrations[J]. Physical
Review B, 1994, 49(23): 16223-16233.

CHETTY N, WEINERT M, RAHMAN T S, DAVENPORT J W.
Vacancies and impurities in aluminum and magnesium[J].
Physical Review B, 1995, 52(9): 6313-6326.

FISCHER T H, ALMLOF J. General methods for geometry and
wave function optimization[J]. The Journal

Chemistry, 1992, 96(24): 9768-9774.
PULAY P. 4b

of Physical

inito calculation of force constants and
equilibrium geometries in polyatomic molecules I : Theory[J].
Molecular Physics, 1969, 17(2): 197-204.

MURNAGHAN F D. The compressibility of media under
extreme pressures[J]. Proceedings of the National Academy of
Sciences of the United States of America, 1944, 30(9): 244-247.
SEITZ F, TURNBUU D. Solid state physics: Advance in
research and applications 16)[M]. New York:

Academic Press, 1964.
JAHNATEK M, KRAJCI M, HAFNER J. Response of

(Volume

trialuminides to [110] uniaxial loading: An ab initio study for

Al3(Sc,Ti,V)[J]. Physical Review B, 2007, 76(1): 014110.

[29]

[32]

[33]

[34]

/AN AR, BRSSO MUK SR — BT [D]. K
e HEERE, 2008,
TAO  Xiao-ma. First-principles calculations of the
thermodynamic properties of rare earths-aluminum and rare
earths-magnesium  alloys[D]. Changsha: Central South
University, 2008.

ASIA M, FOILES S M, QUONG A A. First-principles
calculations of bulk and interfacial thermodynamic properties for
fcc-based Al-Sc alloys[J]. Physical Review B, 1998, 57(18):
11265-11275.

CACCIAMANI G, RIANI P, BORZONE G. Thermodynamic
measurements and assessment of the Al-Sc
Intermetallics, 1999, 7(1): 101-108.

e, 1 E sk R, BarNIL Al-Sc &R RSP
TEK BRGE R R )]. A S E AR, 2010,
20(5): 946—953.

LI Yan-feng, XU Hui, ZHANG Biao, ZHANG Li-gang.

system[J].

Electronic structure, stability and thermodynamic properties of
Al-Sc intermetallics compounds[J]. The Chinese Journal of
Nonferrous Metals, 2010, 20(5): 946—953.

IMNB, NP, Rk, &2 51, WIEiE, L. T
Miedema Fi#! AlX(Sc, Er, Zr, Li) S8R 0T SE[T]. Fa
& EARHS TR, 2013, 42(7): 1478—-1482.

SUN Shun-ping, LI Xiao-ping, LU Ya-lin, LI Yong, HUANG
Dao-yuan, YI Dan-qing. Calculation of formation enthalpies of
point defects for Al;X(Sc, Er, Zr, Li) intermetallics based on
Miedema’s model[J]. Rare Metal Materails and Engineering,
2013, 42(7): 1478—-1482.

SUN S N, KIOUSSIS N, LIM S, GONIS A, GOURDIN W H.
Impurity effects on atomic bonding in Ni3Al[J]. Physical Review
B, 1995, 52(20): 14421-14430.

(4mig  FTHBLD)



