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Fig. 1. (color online) The structural models of v-TiAl:
(a) L1lp unit cell; (b) simple tetragonal unit cell.
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2 (MTIRM) B2 - TIALK RSB (a) TizLaAly; (b) TisLaAlg; (c) TirLaAlg; (d) TijiLaAlya;

(e) TiirLaAlss; (f) TigsLaAlar

Fig. 2. (color online) The structural models of La-doped +-TiAl systems: (a) TizLaAls; (b) TisLaAlg;
(c) TirLaAlg; (d) TiiiLaAli2; (e) TiizLaAlig; (f) TissLaAlar.

M — AMLa® RALE 7, B 6% 2k &
TiAly_,La, (z = 12.5 at.%, 8.33 at.%, 6.25 at.%,
4.17 at.%, 2.78 at.%, 1.85 at.%). £FXiX 124 La
B0k y-TiAL i A T8 A5 MR 5, 5 ) 2 Ah 2
PR LT o S LR

2.2 WHERESEE

AR ST K F 2 T T2 bR B 1 58— i
MU, RSB S e TR AT .
HT7 SR IR & 771, /i CASTEP (Cam-
bridge serial total energy package) ¥ {6, FIH &
PERE T AR SE O 5. E T BRI R T R
Xl A-TIAVA RBEAT UM S5k Ak, FFR A5
45 R S HRIE (1 eI 5 FOnF b, PR ORGSR 22 B
THE T . A CRBUEAR S BEAAHRRZES N T
1.5% BITHSERT T T %, BARGE: SR XEB iR
L, #H Perdew-Burke-Ernzerhof 12 R AT # 5 ik
RE; SR FH R B 0R S okt i B 1 5 5 0 B - 2 AT A A
HAEA. JEF Al TiflLa 4 B 5445 5 5% B
N 3s23pt, 3s23pB3d24s? Fl 5s25pChdt6s?. P [H
BT RE B E 9 350 eV, A BN X & 5073 7l BB
4x4x6 BMETHIMME), 3x4x6 (12T H
mf), 4 x 4 x 3 (L6 METHIAM), 3 x4 x3 (24
ANEFHIEAL), 3 x 3 x 3 (36 METFHIMAR) LLK
3x3x2 (ANE TR ML), AT E U SR dE
H: R RERARE 5.0x 1076 eV/atom; JEF4H H.

ER 770.01 eV /nm; JEFH KA 5.0 x 107° nm;
% 770.02 GPa.

X %A La 45 24y-TiAlE & F1 4l 4-TiALE &,
IR AL Newton VLT LT 45 /4L, B &k
B SbRAE. ARG TR BN ) SRR R S5
S, SAEE. i JEEL A% E (DOS) . HLf 4
A%, 1RSSR BT S T S .

3 HR5T#
3.1 @RIFJUAERFERE

A4k 75 2 /9 Tiy_,LagAl, TiAli_,La, (z =
1.85 at.%, 2.78 at.%, 4.17 at.%, 6.25 at.%, 8.33 at.%,
12.5 at.%) & &ML ~-TiAlA R KIS S8 230
TR RN 1.

#1578, TijLaAlys, TijpAljLa, TisLaAlg
N TigAlsLa #& R 1) 22 BN Pmmm, J& T 1IEA2 &
F. JEH 2R B Tifo Al (B TigAlg) #8 M k%
Z 5N 3ay M1 2by, 578 Ja 7R F IR0 BRI 26 S8 K AR
M. CNET R, RO H P S MER
K 5% 2 B9 A S y-TiAl 5 /N 857 5.0 %) B 1)
B2H. WETEZX@MAPANMR, 28I Sa
AR IR ZE /N T 3.6%, LLE 40U 7 it R A, RE
TR, s SE RIHILL R(R N L1y 45t 1)
IS S oo 5 ap 2 ) HFTFE 1.

066103-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 F W)

Acta Phys. Sin.

Vol. 66, No. 6 (2017) 066103

#1 LaBi540 - TiALK R 1L 52 B
Table 1. The geometrical properties and densities of La-doped and pure v-TiAl systems.

k% x/at.% a/nm b/nm c/nm 7 TE p/g-cm™3 ik
~v-TiAl 0 0.2819 0.2819 0.4119 P4/mmm 3.8154 1.0332
1.85 0.2853 0.2853 0.4101 P4/mmm 3.8938 1.0164
2.78 0.2866 0.2866 0.4109 P4/mmm 3.9325 1.0138
4.17 0.2898 0.2881 0.4108 Pmmm 3.9930 1.0024
Ti;_zLagAl
6.25 0.2911 0.2911 0.4148 P4/mmm 4.0734 1.0076
8.33 0.3033 0.2926 0.4085 Pmmm 4.1244 0.9524
12.5 0.3049 0.3049 0.4090 P4/mmm 4.2642 0.9485
1.85 0.2855 0.2855 0.4082 P4/mmm 3.9446 1.0110
2.78 0.2862 0.2862 0.4107 P4/mmm 4.0046 1.0147
4.17 0.2872 0.2906 0.4099 Pmmm 4.0868 1.0092
TiAl;_,Lag,
6.25 0.2942 0.2942 0.4055 P4/mmm 4.2060 0.9746
8.33 0.2959 0.2986 0.4054 Pmmm 4.3371 0.9688
12.5 0.3050 0.3050 0.4045 P4/mmm 4.5397 0.9378

miE S Ep S Laik o K R il 28 W & 3
i, 55K 35F 1 55 % Ti_.La,Al f1 Ti-

Al La, R, ftESE ol BHERE, K&
KGN 8.16% 1 8.19%; ¢ lifi 2 AL E /N, B
KB A AN 23 518 0.70% A110.18%. X — I 5t
KW, LaB A T HIE B 4 -TIAVE RIVHILL R
WA .

0.42

@ a1
-O- a2

ALY

1
o 1 2 3 4 5 6 7 8
z/at.%

9 10 11 12 13

3 (MTIBL) La B2 v-TiAl fh 2 p-o 2k
Fig. 3.
~v-TiAl systems.
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REEFAEM
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RET RN
B _ E' —mEBr; ;VnEAl — lELa’ (1)
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—1603.0999, —56.3896 Fl1 —862.4466 ¢V; m, n, [ 4%
Il 27 d i e Ti, ALFI La (R 7% N 2y g o
R a L RAE (1) R EA RS AME R R T
ST R, W 2 BT A

&2 5 A, %4 Las 3 y-TiAlE R 1 86
BAEF PR A U, RS EA K
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#2 LaBi5al-TiALK R IR MER
Table 2. The energy properties of La-doped and pure
~-TiAl systems.

System z/at.% Et/eV Efjev
~y-TiAl 0 —13282.7868 —0.4341
TiggLaAlay 1.85 —44087.9146 —0.4139
TiijzLaAl;g 2.78 —29144.3615 —0.3946
Tii11LaAli2 4.17 —19182.0844 —0.3693
TirLaAlg 6.25 —12540.5814 —0.3324
TisLaAlg 8.33 —9220.1945 —0.3259
TigLaAlsy 12.5 —5899.4873 —0.2728
Tio7AlggLa 1.85 —45633.4442 —0.3921
TiigAli7La 2.78 —30690.0202 —0.3653
TiioAl1La 4.17 —20727.4894 —0.3149
TigAl7La 6.25 —14085.8493 —0.2423
TigAlsLa 8.33 —10765.3869 —0.1994
TigAlzLa 12.5 —7444.6867 —0.0840

UF I RE R AR E P, BITE — & SR8 25 1 F Ty, Lay,-
Al, TiAlL_,La, (z = 185 at.%, 2.78 at.%,
4.17 at.%, 6.25 at.%, 8.33 at.%, 12.5 at.%) 7k &R
Py AT DASEEG 1] £ HF Be AR AR TE . BEAE 2 KR E
0, Lats 4 y-TIAVE R 1 JEF-F 5T B ae Tt =
RemAeE MERRAR. X B A MK La 8 78 1-TiAl
P R ) £ AR BONHT 2. A8 R — 2 R JE oo 15 4L
T, Ef(Ti,_,La,Al) < E(TiAl,_,La,). X%,
Tiy—, La, AL R RE R A E M= T TiAl _,La, 74
R, Bl La [ 7B A0 240, B8R Ti JE 7 IR K
TEMRAUE T2, F52 F, Laffii T 848 Ti
JEF (R B 5 AT e A R AT R, Tih La
JRF A 242 (L. = 0.169 nm, 773 = 0.136 nm)
Hi I, B2 51 R 1) A WA BN MR, ALJEF
M EAE (rar = 0.118 nm) Bh, La B ALE T
23 FIRREK 1 A% B AR, (44 2R 11 A% Re B
e e VEFRAR. 53 505 La AT AR B 23 (0 BES
P63/mm, 1551 AL @A 1S [ B 8 FM3M, H
La Fll Ti fe 782 T 8035 8 2, 11 AL F iR =
THCON 3. LA E, La BHH T B Ti 1120
AFEHLERFT R Z AR TR e (23] %8 Fi4R La A
B TisAls KRR AL T, 48R, 78— 2 IRk E
THILN, La 78 56 0 2 BRI — Fh oo & A7) 75 Se 90 i
FERAIN; B LI SRS AL R

FAL|PSE S

3.3  ET it FO3E AR S AT TR

Kawabata %5 [ #f 7t & L y-TiAl 5 & 4 1) 4E
PERT LRSI RRAE. R B3k T 1, @ik E AR
PIXSRRVE R R U 1, MR R EE S, & &M
MIRE PR A . R 2R 1 A i il L P 2 1) R-o il 2%,
W 4 fro~. Hod Ry XM Tiy_,Lay Al 241, Ry Xf
M. TiAly _,La, 5751.

1.04

1.02

1.00

0.98

i<

0.96

0.94}F *

3 S S S S
o1 2 3 4 5 6 7 8 9 10 11 12 13
x/at. %

B4 (MTET) La Bt -TIALARK R-z ihZk
Fig. 4. (color online) The R-z curves of La-doped
~v-TiAl systems.

Bl4w, PiskiiZeh R« 138 2 F
s, HHAE2A T 4.0 at.% 7.0 at.% X [H],
ML S5 R = 1HZLMA. BPX Ti_,La Al
TiAly_,La, &5, B b5 AFTE— AR EE 201 A
T WEEHAMR = 1. IR RGN
SEJTEER. A AR TR 1) [ P R R, R A AN
AL 2 T 22 5/, B La 35 4 0k & 1 e PRl
y-TiAl #5235 0

HMEAESEH, BRKETE1.85 at.%—
7.0 at.% X, Ti_,La, AlYK R 1 R $20E T
1, BirnfaABEmEdE RE BRKEE
1.85 at.%— 5.25 at.% X3, TiAl _, La, & &1
RWZEFIET 1, WWUR AR RIEME. S5 RK
& o Hid 8.33 at.% B, A &k & 1l BH B 0w 25
T 1, AFIF S S e .

W IR B 1) SR, A ST A R AN BE R A R
A 5 1 (g s 08 4 Bk AT L . A AT 8 R,
0.2 at.% 1.5 at.% i La 7] LR /& TiAl & 4 10 98
FE, T % E PEANAE La 5 28 0.5 at.% LA R I A 2L
HAVEH, BAELaRE 0.2 at. % 4b, &4 TN
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TiAl gt — 5 2. (HALATTI SE 0 RE 52 2 U
TiAl &4, B T 32 M 4-TiAl sk, &6 as-TigAl A,
FRF ST DL R A 2 T, B AR ARG 8 T = O 55
HAT LA &, & BB A Laxt T 003 TiAl & 4 ek
BRMAEH.

i DL TS M AT S, Tipi LaAlys 1R &R 4l
bU B B2 T 1. X el i PR B A R, 9F LS AN
3.993 grem ™3, ZEFEAE S H AT LA {8 A TiAl

HEMEE (3.7-3.9 gem™3) BIMZEAR K.
I, BAF % Tiyg LaAly 4 R MR, I 540
y-TiAVA R BEAT XS E A3 #T

83 TH 515 3 Tig LaAls 1 Tija Al 7K & (1)
WM EB G5G/BMEWMERIFY. AR
W, e L G/B = 0.5, AlERPRLE P 1) F
W, G/B N, FEHZE B r 2529] Tip LaAl,
R G /B 7 0.485, it /N T 4l -TiAl & & 1)
G/B(0.716). X3 ] Tij LaAlyo 14 5 1 4E 1V B 2

LT 4liA-TiAlR R, XM 55— 4E TRk T
Tiq; LaAlys 7 R B A BT 2.

# 3 TinLaAlp M Tijo Al R RISIESEL
Table 3.
TijgAlj2 systems.

Elastic parameters of TijjLaAljs and

Elastic parameter

System
B G G/B
Tij;LaAljo 99.04 48.05 0.485
TijoAli2 111.01 79.48 0.716

3.4 TijyLaAli; #TijAly, R Z Ry
DA p-d FE Rk

N T HRZE Tiyg LaAly o 74 & I8 1% B8 B ORI
fi, Vl' ﬁ 'EH TiuLaAhQ *D T112A112 {z[g :% '4:' JE\ % E‘J
Mulliken HLfif AT & 4, W3k 4 Fr 4.

# 4 TipLaAljg Al TijaAlyo MR R F ) Mulliken A7 & 51
Table 4. Mulliken populations of atoms in Tij;LaAlj2 and TijaAlj2 systems.

Mulliken 1fi 54 /e .
AR JiF CEREIRA
S P d Total

Al(1, 2, 4,5, 7, 8,10, 11) 1.03 2.12 0.00 3.15 —0.15

Al(3, 6, 9, 12) 099 211  0.00 3.11 —0.11

Ti(5, 8) 2.50 6.72 2.78 12.00 0.00

Ti(10, 11) 2.43 6.76 2.80 11.99 0.01

Tiy1LaAl2 Ti(7, 9) 2.39 6.80 2.80 11.99 0.01
Ti(1, 3) 2.35 6.78 2.85 11.98 0.02

Ti(2) 2.40 6.74 2.82 11.96 0.04

Ti(4, 6) 237 674 282 11.94 0.06

La 1.22 5.62 2.77 9.61 1.39

Al(1—12) 0.99 2.13 0.00 3.12 —0.12

Tii2Ali2

Ti(1—12) 2.32 6.73 2.83 11.88 0.12

PR T TR FH A 2 AR ECX 1 3d LT
AR T A 1A KRB 1 3p BT, EA113A R
()5 H At F PR 4. TE Tip Al R R, %
METRE E T SRR T HRAKER. &
hE, AR 7315012 e, TiFT2%£0.12 e. Al-
s (AR T 3s i) £ 2 1.01 e, Al-p3EJiH1.13 e;
Ti-s (TiJR ¥ 1) 4s i) 2k 2 1.68 e, Ti-p (TiJf T
) 3p HLIE) B 0.73 e, Ti-dHn0.83 e. JFFE -

Tipo Al PR RHAFLE T LA L 45 J5 T3S 15 I L
BER, AL AR 75 H 8/ i & Ti Ji 1
() p-d BUIE 24 A EAT o3 A T BAE ), AL
Rt 2 5 p-d BB R IE 1A Al-p T A1 24
Ti-d B F, T /& 2.13 4~ Al-p H T 5 2.83 4> Ti-d H,
T, BT RE A 4.96 M T2 5B R . Xk
T Ti5 AL p-d $E 2 A LA B o 2 s 5 0t
[EI, BEAS ALR BT A4 4.96 A HLT 4% p-d #LiE 24

066103-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 66, No. 6 (2017) 066103

R4k, R, 546 y-TiAl & & P AR B
T 1E 7S T A4 565 71 2607 191 1 Al-p 5 Ti-d $1UiE 2% k.
Greenberg 25 POV i\ Ny, J7 [ MBS 5R 1) p-d B1LiE 241k
BETIAIAEBMN FEERz — 2kl 25
BUE AR IR s T A R 2 BAR TR
TE R4 @ B B H R k>, S B s i, X
A&k SR AT LS AR 4 5 B 5 O] g s i 4 i 4
B, WA IS P g kb e 21k,

% TipLaAlip 8 &, La BN 5] 2 %N i 7
Bl LB IR A NE TR, 04 Ti
MALR 795, i 5 fos. Sk B, LaJf 72k 2
1.39 e. AIEF A7 LR 2238 1) 5 Lakb T il
AR AL (1, 2, 4, 5,7, 8, 10, 11) S A R1550.15 e,
Al-sKk20.97 e, T Al-p £33 1.12 ¢; 2) JERITARH
Al (3,6, 9, 12) S A%A35)0.11 e, Al-s k2 1.01 e,
MALp AR 111 e. Ti JEFAHABEFHERLLEE
B, WAL R 42K 1) Ti (5, 8) BRI H T
%, Ti-s /> 1.5 e, Ti-p F Ti-d 43 5 H00.72 e Fl
0.78 e; 2) Ti (7, 9, 10, 11) B4k %k £ 0.01 e, [FAH,
Ti-d B h110.8 e; 3) Ti (1, 3) B4k 2k 1 0.02 e,
Ti-d 34011 0.85 e; 4) Ti (2) FTi (4, 6) &4k 512K
2:0.04 e f10.06 e, Ti-d3#h10.82 e. ZE &M E, La
BR TR G, et 78 (T) 20T, 15T
T AR ALR T 15 20 7 I B /38 5, RIS B
Ti Ji-F 52 it i 1 e 1R 55.

27

(a) TilQAllQ

18

9

o

7

—10 -5 0 5
§ Ti-PDOS
@
% 10
:
o
>
-g 0
q:)flg -5 0 5
A

Al-PDOS

[=2]

Energy/eV
sum p
s d
6

5 Tip Al 1 R A HE, TipLaAls 78 & o B
Ti(1, 3) M 3d FLIEH IN0.02 e #b, HATiE 71
3d BB LB La 1) 5d BB 2.77 e, Bkl
HUARH) Ti-d 321 0.06 e; &A™ Al-p B HL 7205 F I
A AR B AT LI, Tig LaAly, & & Pl $24t 5
5 p-d B A A0 1 B H b

0Al @Ti @La
El5 (MTI#E) TinnLaAlye AP RETFALE
Fig. 5. (color online) The positions of atoms in

Tij;LaAljs systems.

Kl 6% ) T TijeAljo A1 Tij LaAlis 18 & 1) B
T DOS. HE G (a) AT &0, TijpAlys & R I DOS H
DY AN BB Ve, AE g AN EBAK B AT e N
Ap(0.5—1.5 eV), Bo(—=1—0 &V), Co(—2——1 eV)
M Fo(—5.5——4.5 eV). @il %4k R Ti F1 Al E-F1
ST EE (PDOS) Al A, Ao Ml B I3 F A K

-—B
b) TiyLaAl Cy 1
18 () 1i1laAl;s DOS
9 Ay
0
—10 -5 0 5
20
B Ti-PDOS
|
T 1 V\
]
~
wn
Q
% 0
10 -5 0 5
s 9
2 6 Al-PDOS
2
A 3
0
—10 -5 0 5
0.9
La-PDOS
0.6
0.3 A
0 /?cﬁ/
~10 -8 -6 -4 -2 0 2 4

Energy/eV

(MFIE ) TiroAli2 M TirLaAlie R K DOS

Fig. 6. (color online) The DOS of Tij2Al12 and TijjLaAljs systems.
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& Ti-d i1 /D& Al-p B -7 ITHR, BI Ap A1 B,
U = BN Ti—Ti 8¢, R IEBA >R I AL-Ti
g, Co g ZA Ti-d M Al-p BT 5T#R, BI, Co
Uy p-d BILTE 440 Fo 0 B AR 70 s Flp
TR, B Fo U6y Al—AL$#0&. [F2E Ti;LaAls 4
A DOS TEAH R RES HBL 7 BBEIE A, By, Cy
FF;. 5 TipAl AW ZRIFR T TifALR 7%
HUIE T IR S AN, I /D& La-d (La i
T 5d BUE) BT TRk

Xt 6 (b) 5 B 6 (a) AT A, TiggLaAl & &
1) Al-p 5 Ti-d i) 73 3% & % FE 39K T Tip Al 14
%, S TijLaAls 7K &1 p-d HUE 4 (L& (Cy,
21.91 eV YK T Tij Al 7 R (Co, 24.06 eV 1),
B Tiy1LaAly ¥ & I p-d 18 2% 1k 8 5% B (R T
Tije Al R R, %4518 5 Mulliken H 4 7 & 4 AT
REER—EL, R T AT A B

3.5 RRFEFSHIEWMREFEINEEER
POFIR:DEAD)

B G IV T -5 L PR 0 A 2 1 1 5 DDA K.
i ) Fy B 28 A1 AT DA IR B S - R A AH
HAERMR P EEAARECNIE, FoRRT 2
BRALAN AR B, HAUE ORI s, S
i JBHON S, Fon R 2 0T U B, 5 -2 [A]
FHEHE. Ting LaAlyo M 58 08 14 535 5038 A0 2% it Ji7
TSI AR T A AR AR F 2 AN AT 4. R 5 45 H
T 40 La R -5 F 5 A1 R 72 0] (1 2 2 A JB 4L

HESAH, LaB R TiJR F#B2&)5, Tis La
J& 2 [a) ) B S A JE 0y —2.37, B % 2 [
T . R AT, E Tig LaAlp K & A, Ti
5 La i 735 0 2 7 BOA IE B 1, B 28 5

FEIER ST HE R, ZWENE TR T 2 [
BB, WTi 5 La Ji 7 2 A1 A A RRAE. X E
K6 (a) A 6 (b) AT 1, TipLaAl, 8 R I HE T3
AR 0.5—1.5 eV U A kg Ay RIS, Hix
U LT A B E B Ti-d B 55 La-d HLT STk, 1
Tipp Al PR RAE 0.5—1.5 eV 3 Fl {0 el Ag A
B, # Tip; LaAly 78 R7E 1% X % Ti-d—La-
d BBV, 27 BRTHN, La 5 i AR Ti Ji -1 2 (8]
(AR ELAE P AR 4l 4 v 57 (A A AE ELAE T 2R L. 1X
XA ER RN S B S WA B TTR.

£5 W La Ji 75 H RO 405 ¥ 10 55 A7 B 4L
Table 5. Overlap populations between La and its near-

est neighbor atoms.

TijLaAlro TijoAl12
st EEAmEK fezst ERAE
Ti—La —2.37 Ti—Ti 0.11
Al—La — Al—Ti 0.07

[ FE, H #4750, 78 Tij LaAl & R, La
JEF I LI R BE B 44, ALJE 73R 15 71 %
BB R B 2R 5 T N A R | T T
BRI RS T, R S PR S H 2 RN E S AR
. H4E Morrinaga B¢ P, Al-p 5 Ti-d B
S it B BRI MM, X2 FEUTIALIE S &0
PEMIARAS R K. La 248 Ti 5 7 )5, A — 00 B 1 5
FeT7 1AV SR I Al-p—Ti-d SEA0 8, #4087 F i
(1 Al—La & T 8. XEWAA TiLaAlis R 1 E
PRl ~-TiAl 2B B, 7 FR i TieAls 5
Tiyi LaAlyo db AR (3 0 2) 0 ) HL A7 25 B2 & AT LA
BB IR — iR .

- 2.500x10!
- 1.875x10!
- 1.250x 10!

- 6.250 X102

-0

(b)

7 (MTPER) (30 2) MIEAIEMZEER  (a) TilzAli2; (b) TiziLaAljs

Fig. 7. (color online) The charge density maps of (3 0 2) crystallographic plane: (a) Tii2Ali2; (b) Tiji1LaAlja.
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¥ B 7 (b) 5B 7 (a) X E AT %, TiygLaAlyg
F P Ti 4 La 2 8] 1 A 2 FERCK. T B R 5 AT,
Ti 5 La Z A A S5 A4, B Ti5 La 2 (8] 1)
LT A A0 B SR 4 1, T 2 E OE B La Al
EETF T, RIE2E&RENTEA. Al5La
2 ) ) LT B P AL/, R 5 R, Al 5 La 2 [
AR, GER 4, La NIEE T, Al NGB T,
AT, B AL La 2 A0 F B8 1.

3.6 RESIEAEHTRBUFEINEMNLS
3e3: DA

BARH T La 5 H A 48 Ti, AL 535l T Bl
&Rt BT HA8 N8 Ti-Ti, Al—Al
MAL-Tifh G F LS. BT AFRASE R ALM
Ti Ji W AT A 2 R OK, S ELAL—AL Ti—Ti
MAL-Ti#MESMAERAEZHEME N THE
Tortr, KRB SE AT 70 i, TEWLER 6.

XF L5 2% BT 5 A 48 1) B B AR JE BT N, La
BAL TR T B RSk R P AL-ALL 7
Y508 B R 99; Al Ti A1 Ti—Ti SL 4 57 2 5 i 1
BN T R A YR T, A 3 AL-AL
FSCBEE & T PR 22 53 H i 25 ] (181 8 ) P R i 2 B 1]

(E9). B8 a2 A2 |, AR REMHBET
280 AT B I PIAS AL T[] (1 o 3 X 3 (Ul
). XM T I HIE TiAL &, AlS Al
JE 2 RV T i A S

%6 TiriLaAlip Ml Tito Ay 7K R B E BAT 5 4L
Table 6. Overlap populations of TijjLaAl;2 and
TijgAlj2 systems.

Ti1LaAlis Ti1oAlr2
st EEAE st EEAE
Al—Al 0.49 Al—Al 0.72
Al—Ti 0.19 Al—Ti 0.07
Ti—Ti 0.48 Ti—Ti 0.11

NTETHRIR, % DR A Diay 704l
7-TiAl 5 Tij LaAl, A&k &P T4 Al 5 Al
JE 72 B A . AT EEE 9 (b) 59 (a) 7T
LA, DA > Dipap BP4liy-TiAl A &1k &
H AL—ALE A 45 5 5 R T Tipg LaAl, 18 & o
Al-AVEM 45 G5, B2, LaJi 752
JEAEAR R AL AL B R B RS, xR 5
BATERE RSB

-2.0x10-2
-1.0x102
-0

- —1.0x10-2

- —2.0x102

lg 8 (WH:IJ;EZ@) ﬁﬁ%%%ﬁ;@ (a) Ti12A112 ’legxzf:‘, (b) TillLa.Al]_Q »fz!g/%:.:

Fig. 8. (color online) The maps of the charge density difference: (a) Tij2Alj2 system; (b) TijjLaAlj2 system.

-2.500x10!

-1.875x10-1

-1.250x10"1t

-6.250x 102

-0

(b)

F9 (MTIEM) &R (a) TiigAlis #%R; (b) TiijnLaAlis R &R

Fig. 9. (color online) The maps of the charge density: (a) TiigAli2 system; (b) Tij1LaAlia system.
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FEh, R 3.5 WPTIR, 44k Zh Al-p—Ti-d $LiE
FAL R KN R ON: Al-p—Ti-d (Tip;LaAls)
< Alp—Ti-d (TippAlyp). {HHE & A7 i B R
Al—Ti (Ti;;LaAlyp) > Al—Ti (Ti;;LaAlyp). H
I F WL TiALG 4 1 & ALS Ti g+ 2 8] ) 3
Mg b 25K 1k Al-p—Ti-d —Fh, A BEFEAE Al-s(Bk
p)—Ti-s(Ep B d) HArée.

ERE SR R I A 2 33 AL-AL
Al—Ti, Ti—Ti =P 25 1) o BE 72 e FE R A AR
b, A E i LaAly, fA& & b = Fh L4 o o [ 22
FHEMKT TipAl KR, XERHLaB RS54
Tk Z AL A Al—Al, AL—Ti, Ti—Ti 55 B 5
e, 2% A RR RS BB T 4l A-TiALR R 5%
) [ PERR L. BRI AR 2R 0 & o) [RI PR AR BBk vy, A1k
A 1200 DR T T LaAlyo A 2R (¥ 4E 1 5 40
7-TiAl k&,

4 % B

ZE 4 DL B X 4l 4-TiAlL TiAl_,Lag M Tiq_g-
La,Al (z = 1.85 at.%, 2.78 at.%, 4.17 at.%,
6.25 at.%, 8.33 at.%, 12.5 at.%) & &k R EE
P B L it A 5 A4 R AE P ) T B AR A A, R
1) 247 La (IR JE o < 12.5 at.%, $MERH EA
BAF R Re R AR e M, BITE — @ & N e AT A
SEIG I ; BEE La ik E I IN & &R RN EER
FOE PEFRAIG; 2) La BRIKEE (2 < 6.25 at.%) B 4%
fifi & Gk RIS LR 4l ~-TIAL B2 T 1, X%
S0 MR ZE VR A A R, A Tig LaAlys 75 &
[ bl e e 3 T 1, TR LAV B £ La W B2 I
8.33 at.%, A& ML B RS T 1, BARF ik
AR IEE.

3 3% Tigq LaAlys M Tipgo Alyo 7K 2 A5 J5 55
HL ] 25 P R A B T S i S He AR, R
La B Ti i ¥ 32 Tip LaAlio A R I TR
Tip Al KR KAECL IR 1) AEm RN Ti-d
TE RN Al-p HUIE 19 B80T p-d 22 e iuiE
JRAL I FL 08 p-d B0 AL R FE BRI, A7
BB BN 190, T Tigy LaAl o 1 R FEESS
DA R 035 2) La 5 A 48 AL T2 (8] 35 T Bk
B, TS AR AR TR 2 A A i 4 e
1K e, g ) SN PR R i R 1) AL—T0i A1 Ti—Ti B
W59, SHEENE B, W iZEE S

FEVER LA EE; 3) 52k &R b Al ALSE (1) T35 i
PRk S5, Al—Ti 48 A Ti—Ti i -F 3 s i om, =
R 2 e B R IRD, AR RS R & a) R i R
BEAG, AT IZ 286 PRI e PR A3 DLk
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Abstract

Because of the low density, high specific strength and excellent performance at high temperature, -TiAl based
alloy has become a new generation of materials in the aeronautic field. However, its poor ductility at room temperature
set a limitation to its wide applications. In this paper, the crystal structures, stabilities and ductilities of La-doped
~v-TiAl systems are investigated by using first principles method based on density functional theory, in which Ti or Al is
substituted by La and the impurity content values are 1.85 at.%, 2.78 at.%, 4.17 at.%, 6.25 at.%, 8.33 at.% and 12.5 at.%,
respectively. The results show that all of the La-doped alloys have good energy stabilities, namely they can be prepared
experimentally, when the impurity concentration x of system is less than or equal to 12.5 at.%. And the density of the
La-doped system is less than 4.6 g-cm™3. La doping induces the lattice parameters and the axial ratio of the alloy system
to change. The axial ratio of La-doped system with low impurity concentration (z < 6.25 at.%) is closer to 1, which
is very beneficial to improving the ductility of the materials. It is predicted that the system Tij;;LaAl;s would have
the best ductility among those of the investigated systems, for its axial ratio is the closest to 1. The electronic effect
about the ductility of La-doped system is discussed through the comparisons of the populations, charge densities and
densities between the states of systems Tij1LaAli2 and TijoAljs. It is found that the system Tij1LaAli2 presents a state
of electron redistribution in valence electron orbitals of Al and Ti due to an atom of titanium substituted with that of
lanthanum. The charge numbers of Ti-d and Al-p orbitals and the numbers of electrons can be delocalized by reducing
the p-d orbital hybridization. Thus, the intensity of p-d orbital hybridization is weakened, the resistance of dislocation
movement is reduced, and the ductility of TiAl systems can be improved. Actually, the new electron redistribution
shows different properties of some chemical bonds, in which some of covalent Al—Ti bonds are replaced by ionic Al—La
bonds and some of covalent Ti—Ti bonds are replaced by metallic Ti—La bonds. Therefore, the covalent and directional
properties of chemical bonds are reduced distinctly while the metallic properties of materials are strengthened. The
average intensity of Al-—Al bonds decreases and those of Al-—Ti and Ti—Ti bonds are increased in the La-doped ~-TiAl
system (Ti;iLaAli2). As a result, the differences between the three kinds of chemical bonds diminish and the degree of

isotropy of the crystal structure increases, which can greatly improve the ductility of v-TiAl alloy.

Keywords: La-doped ~-TiAl, crystal structure, ductility, electronic property
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