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Fig. 1. Structure models of -TiAl: (a) The L1, face-cen-
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JT;

ter tetragonal unit cell; (b) the least tetragonal unit cell; (c)
the unit of Spy(TigAlg).
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Fig. 2. Structure models of 4-TiAl including O (TigAlO): (a) Spg.oa; (P) SPo-ob; (¢) SPo-oc; (d) SPe-oq-
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(a) Spo.om (Ti;1AL); (b) Spy.gar (TisAl;L)
Fig. 3. Typical structure models of 4-TiAl including Ti or
Al vacancy:  (a) Spo.gom (TizAL); (b) Spegar (TisAlLD).
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oA @Y @si

Bl 4 Si 1Y BB A A-TiAl R & [ 8L B 25 g A AL (a) Sdy, (TigSiYAlg); (b) Sdy (Ti;YALSi); (c) Sdy (Ti;SiAl;Y); (d)
Sd,(TigAlgSiY)
Fig. 4. Typical structure models of Si and Y co-doping 7-TiAl: (a) Sd;, (TigSiYAl); (b) Sdy (Ti;YALSi); (c)Sds (Ti;SiAl;Y); (d)
Sd,(TigAlsSiY).

1 @A @Yy e@si €0

B 5 SiAY B W AE 2% A-TiAL & S ik R B LRI S5 BE A (a) Sdy,0q (TigSiYALO); (b) Sdyoa (TirYALSIO); (¢) Sdsyoa
(Ti;SiAl;YO); (d) Sdy, 0q(TisAlSiYO)

Fig. 5. Typical structure models of Si and Y co-doping 7-TiAl including O: (a) Sd;,.0q (TigSiYALO); (b) Sdy,.0q (TizYALSIO); (c)
Sdy.0q (TizSiALYO); (d) Sdy, 0q(TisAlSiYO).

O Ti

B 6 Si Y B WIBAR -TiAl &2 iR R IR ZEF B (a) Sdy,.om (TisSiYOAL); (b) Sdoyry (TigYIALSI); (¢) Sdaprs
(TieSiALY); (d) Sdy,pomi(TizALSTY); (€) Sdy,par (TigSiYAL); (£) Sdyepar (TirYALSiO); (g) Sds.ma(TigSiAlgY); (h) Sdy,man
(TigAl;SiY )

Fig. 6. Typical structure models of Si and Y co-doping ~-TiAl including vacancy: (a)Sdy,.r (TisSiY[JAL); (b) Sdy,.oms
(TigYOIALSD); (c) Sds,.gmi(TigSiALY); (d) Sdapgmi(TiALSIY); () Sdip.gar (TigSTYALLD); (£) Sdy,.par (Ti;YALSIO); () Sdsepa
(Ti;SiAlYD); (h) Sdy, an(TigALSIY).
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Wi 2.0 x 10° eV /atom; R F1EH J1i% 2 0.05
eV /nm; (w2 0.0002 nm; B S1fR# 0.1 GPa.
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Table 1.  Energy properties of pure 1-TiAl and Si
and Y co-doping ~-TiAl systems.
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C14Cos — Cag” > 0

Cay + C33 —2C53 > 0

Ci1 + Caa + C33 +2(Cr2 + C13 + Coz) >0 ©)
C22(C33C55 — C35”) + 2C23Ca5C5

— 0932055 — Co5°C3 > 0

2u — v+ Cssw > 0
u = C15Ca5(C33C12 — C13C23)
+ C15C35(CaaChs — ChaChs)
+ C35C35(C11Ca3 — C12C113)
v = C152(CaaCs3 — Cas?)
4 Cy52(C11C33 — C13%)
4 C35%(C11Ca9 — C12%)
w = C1109C33 — C11Ca3% — CpC3°
— C33C12% + 2C12C13Co3
KRR Sd, M1 Sds J& TR &, w40t
EER NG 3 g, S5 REM, BT SRR Y
W 1R E PR, B eI AT R e A

(10)

2 HiATIAVRRY Si MY AU A-TiAL PR 05 i 2R R FRE

Table 2.  Elastic constants of tetragonal systems in pure v-TiAl and Si and Y co-doping 7-TiAl systems.
R&R C1/GPa Cy5/GPa Cy3/GPa Cy3/GPa C,4/GPa Css/GPa
Spo 232.2438 39.8470 69.3592 196.4413 112.3486 44.8147
Sdy, 130.8671 75.6434 87.7505 134.2535 70.0558 46.6357
Sdy3 136.8296 75.1812 86.9261 134.1158 64.9601 49.0225
Sdyy 180.5075 43.1529 81.6884 138.5193 73.0642 19.7364
Sdys5 136.6952 74.6364 84.6822 128.5797 67.3934 47.4253
Sdyg 160.1225 90.0601 87.6092 137.2518 106.8941 43.0277
Sdyg 130.8850 74.3862 78.7846 125.4646 68.9906 56.7747
Sdyi 132.4566 95.9060 -40.8881 351.4524 24.8135 42.5965
Sdy 174.4526 59.4503 76.4982 151.9303 82.9168 12.5223
3 SUMY BAINUEA - TiAL KR Sdy7, Sdy Fl Sd f3PE 4
Table 3.  Elastic constants of Si and Y co-doping -TiAl systems Sd,7, Sdy and Sdj.
K% C},/GPa C1,/GPa C3/GPa Ci5/GPa Cyy/GPa Cy3/GPa Cy5/GPa
Sd;; 174.0489 51.0128 78.8477 - 178.6799 73.6936 -
Sdy 177.5408 69.1504 69.7969 -3.6774 172.7134 65.2400 -1.6610
Sds 158.9597 58.6004 72.7099 -10.1161 160.3606 73.2300 -0.1101
&% Cy3/GPa Cy5/GPa Cu/GPa C,4/GPa Cs5/GPa Cys/GPa
Sdy; 117.2748 - 59.8220 - 64.1452 10.4758
Sd, 170.8100 —1.4732 77.8416 -1.2719 78.4798 38.6156
Sdj 139.6061 ~1.4377 67.2411 0.7657 67.6317 26.4129

196101-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 19 (2019) 196101

3.3 SifY BAXSFERMNFBRBEXTHT
SR I

Y-TiAl 55 4 b} 2 T 480 P JE 1Y) 32 B2 A S
TiO, Fl a-Al,O,, Hrh TiO, FHiBiFs B 5 TH17%,
ERAAEAT T ME O JFIERFR MY #; o
AL O, HEEEUR HREE 5B HES A, B A
AN O JFF A S Y. B, B0 -
TiAl & & MR BT A, 2R E AL
il a-AlLOy, M TiO, B K. M A-TiAl
G e R X & A A B RS O 5
T LT BB Y BORN T J5F- . AL R L
T A B SRR T2 AR 0/ IV A 2 3 ] i i 1 A
SR NFRZ S, T4 e R A IO S 2R
25 6 BIL A SE B . BIFSE Si ALY B A AR A% -
TiAL R R PR, 1 T 2oy L & 4
R NIRRT

3.3.1 WL O R-F 897 mk A AT 4 A AL 8%
v

1) 4 FIAUIB 2% - TiAl t& 2 ] B O J5 Ty
(AR ORE AR p- Al

TE TiAl A4 i AL g A rp ) ARk i A
B2 O T (BF) &l (e Bl iE, AWy s
SRR, NI A it — 2 k.

H TR O JEF7E +-TiAl {R &R il Bz
B2 e RSO T R A 4l A-TiAL
AR R R B AR T RE, andk 4 Frg,
Hrra, b, ¢ 1 d 435143 O JEF A MEIBRALE .

Fa 4 TIALER S SR R R M5
Table 4. Energy properties of pure 7-TiAl and the

systems including O.

At 1T
IR E, /eV Et eV
Spg -13283.2619 —0.3579
SPo-0a —13718.1429 -0.0716
Spo.on 13720.0413 0.1832
SPo-0ec —13720.6086 —0.2166
SPo-0d -13720.9863 -0.2388

3% 4 AT, 4 -TiAl K & Sp, WRE R FE E
PRI AR O JRF )5, 4l -TiAl & E ik R
R TP BIE B RE 3 T i | AR PR RG24
O JEF0r T/ AR a B, 1% & E K R 1Y 1-F

YPIE i Re fc i A0 T /NI B d I, 3208 U 2R
4 BT 0 B RE B MG X AR O JRUF7E A
S UK A VW R 1] N DA RS N e R IR
-TiAL K F Spy, O 5T e RKMERAE /AR BR
i d 5ETEE A

N TR, T S Y BB 2 -
TiAl &R R, & LEP O JH+HTE siie &)
1

E'(0) = —
no

[Ei(Sdo) — Ex(Sd) — E(0)], (11)

(11) X 1, E(Sdp), E(Sd)#l E(O) 7 %l % /R
SiFlY B BB 4-TiAl SRR . Si Y B
B AR -TiAl R R A O JEFRIRER; no KR
H O JEF IR, AT IT A SRR R A —
A O JET, 8 ng A 1; 2l -TiAl & B RN
B AR ZR R A L.

[ BR O Ji 776 & AR R i T8 B Re R &7, L
HEA A=TiAL FE 5T 4 B0 E B SRR 251, A 1 b,
ANE RN T B PR AL R, I, O R+
P EUR ZR T HCRE 70 55 R Y SR AR AT
AALRE S AR K. X TFARER Spo.oa, O RFHY
W fig Ef(Oa)= 4.5099 eV; i X 4 & Spo.oa,
E(0d)=1.6665 eV. Rl Ef(Oa) B KT EI(Od).
XA, [ R O JRFFE Spo.o. I WA MEE L 7E
Spo.oq PR, BIZEPUA4E -TiAl &R R T, O J7
T T /N E AR B B a i, Spy BT E AL I fE f i
O JR T F /N AR E B d B, Sp, 4T 48 Ak P fE
2.

BATLMAZR Sdy; A1 Sdyy RH, AT O i+
AR R T T RE S BR O, B IO R. THAZ
FFW, AR Sdyyoq M1 Sdypoq Y, O T HIFE AL
e 23 9 1.8160 F1 0.3252 eV; T EK F Sdyy o,
M Sdyyo, H, O J5 T B fE 23 51 9 1.7961 Fil
0.3259 eV, ¥ 1 HE 22 {H 53 7 7 -0.0199 F1 0.0007
eV. MFERFR Spy HY, O JETFHIIE i RE 22 (B ] =k
2.8434 eV. XKW, O JFF7E +-TiAl & Y fa]
WL B X AR 2R Spy Y Al P TR I 55 i X A
% Sdy; Al Sdy, M BERPE T mWAR/N, JLT- ] LA
W& PRI, 7R 5 2 X SRR, £
BEIER O BT B T4l -TIALE R St MY B
WA -TiAl PR Z B9/ PR IEI B d Ab. 78 L 3R
I, RS RN B EIR R A I R R P, T
H 540 ~-TiAl R H B S8R R AR PR BT T3 1,
SRR O JRF AT EE.
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2) Si fI'Y BB AR - TiAl &% O KR fE
Einiil

R AN T SiH Y BALIE S 4-TiAl &4
R O TP HE.

#£5 S Y BB AR -TiAl FE K FR HH
Bt O JET B i

Table 5. Formation energies of interstitial O atoms

in Si and Y co-doping 1-TiAl systems.

et o
HR
E(Sdo)/eV  E, (Sd)/eV  E0)/eV
Speod  -13720.9863  -13283.2619 1.6665
Sdy1.0q -10812.9929 -10375.4180 1.8160
Sdizoq  -10813.0355  —10375.3811 1.7365
Sdisoa  -10813.1059 103754175 1.7025
Sdisoq  ~10813.0129  ~10375.3088 1.7768
Sdigos  ~10813.0989  ~10375.3983 1.6903
Sdiroq  —10813.1600  —10375.5782 1.8091
Sdigos  ~10813.0084  ~10375.3125 1.6950
Sdipos  10813.0341  -10375.3121 1.6689
Sdyi0q -12361.2419 -11923.1797 1.3287
Sdyoq 123611030  ~11923.1797 1.3776
Sdaz 04 -12361.2834 -11923.1797 1.2872
Sdgoq  -12359.6285  ~11921.0891 0.8515
Sdsy.0q —12360.0430 -11921.0891 0.4370
Sdszoq  -12350.9518  —11921.0891 0.5282
Sdios  -13907.6183  —13468.5526 0.3252
Sdpoqs  ~13906.9550  —13468.5526 0.9885
Sdisos  ~13906.7798  —13468.5526 1.1637

HEMGE N, R 5 F&AEIB O g
W2 TR 7 b fEE 5 MR 7 AT AL, 5 Spgoq #H
b, & Sdy,0q O JEFIIE RREY T, st
& O R AL AT B B YERE RS K. B Si iR
TR Y JEF R A T R B DU Je ik & nf
DIAE—E R LAl [ B O Ji 76 v By 97 1.
TEAR R Sdy, 04, Sdz0a F Sdy,0q 1, EIB O J5F
FTE REXI ARG, XK A, KR Sd,y, Sds FI
Sd, FOFAY S AR T el R BT A AL R RE .
3.3.2 TiZFA4afe Al B4z 69 & Ak 3t 30 &

AR
25 AR B YA JC ) ) — i L
G RS S A b B, MR N ER A 4 8
Sl A (B UL H) AR

=

S
T

2.5
2.0t
> 15t
~ vV,
) >
B 1.0F e TigAlO >
TigSiYAlg
v Ti;YALSiO
0.5 TizSiAl;YO
> TisAlgSiYO >
ol v v

Bl o7 SiAY BB IR A-TiAL & &R R 1 B O JF T
HIE i g
Fig. 7. Formation energies of interstitial O atoms in the Si

and Y co-doping 1-TiAl systems.

FFiRmE, NS O JRF454, kAdt—L A1k,
TE -TiAl L5 &b FZAFAE Ti A AL ZS AL
Ti a5 I AE AR R, Ti SR Famad 25 7 HL 9 i 2]
MRS O FFLE M TiO, FIMERE B, XA
FIF TiO, B Al ZS (I BUAERRAIR, AL R+
BRI BRI S O JR T4 a-AlO4 BIMERE /N,
XA T a-ALOs A, MITHEK a-ALOs FESA
AR BT 5 1 L, 190 AR 0 3508 B L e
T CE R T SA A TR RE. Ti(sk AL 256 1B
BRE R Ry 129)

E'(OX) = o [F(Sdax) - B(S4) + EX)], (12)

(12) 2, XU Ti gk Al E(Sdhy), Ei(Sd) Al
E(X) 43R Si Al Y BB 4-TiAl &2sf
K&, SiALY B0 B 4% - TiAL 1k & Fil Ti(ak
Al) JEF R RE R no R IR F s i i 8. A3
JiA &SRR S/ — AL, ) n o 1. 4 y-
TIALARVENB IR R R, £ 651 T
Si Fl'Y RUBZR A-TiAl &2 Ak & K e

N TETEHWIT, $34 6 has A Ti = A0
AL Z O RTE RES T 8 . H & 6 A&l 8 m]
X4l v-TiAl R &R, EY(OAL) > EY(OTi), B Ti
Z3 i b AL 236 B4 5 iE A SR AP R IEA T H.
LR, FEM B R, TiO, b a-ALO, B 25 5 4=
. SRR Spo oL, Si Y XWIB LRSI Y BT
AIEFR T AL ZS AR RE I REAIG. X R W], Al %5
ik A Si ALY BB S A-TiAL R R i i
MERE I S8 N, XA AT AE BT a-ALOs.
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6 Si MY MBI -TiAl FaER R f Ti 250 Al 28 IE LA
Table 6. Formation energies of Ti and Al vacancies in Si and Y co-doping -TiAl systems.
N E, (Sd)/eV E, (Sdja1)/eV E, (Sdpy) /eV E! (OAl)/eV Ef (OTi)/eV
Spo.0 -13283.2619 -13224.0362 -11678.3061 2.6764 1.8132
Sdy1.o -10375.4180 -10317.9824 —8770.2288 0.8863 2.0466
Sdi5.0 -10375.3811 —10317.9645 —8770.1941 0.8673 2.0444
Sdiy -10375.4175 -10317.9637 ~8770.2884 0.9045 1.9865
Sdy5.0 —10375.3988 —10317.9620 —8770.2113 0.8875 2.0449
Sdy6.0 -10375.3983 -10317.9032 -8770.2649 0.9098 1.9908
Sdi7.o —10375.5782 —10317.4973 —8770.0900 1.5316 2.3456
Sdyg. -10375.3125 ~10318.4246 —8770.2557 0.3386 1.9143
Sdi10.0 -10375.3121 -10318.0212 —8770.2609 0.7416 1.9086
Sdy -11923.1797 ~11865.3646 -10317.9810 1.2658 2.0561
Sds. —11921.0891 —11865.3095 —10317.6100 —0.7697 0.3365
Sdy —13468.5526 —13409.4369 —11865.3562 2.5664 0.0538
307 $ar; i H A Ti 23 LI BRR1UN 0.0538 eV, it
25f > IET M5 Spp.otlt Ti 2 (1 HAE 1.8132 eV, i
Lo 200 v WR, KRR Sd A Y K o o6 F 2 b 4a b
=L, ] PERMH ARG, B A-TIAL 4 4 B AL
S top PERE, NSRSl R R Sdy PRI A AR
5 o5l aman oAl gr L FTR, A O J5F B B T
T of vnivALS: v TS > AL 75 (30 TR R B 5 ARG T %5 6.6 T L
05F L T ARSY b TLALSH TR A AR R LA Y =
~1.0 . BVEEMGE - TiAl BEA S bt s ek ae, L2k

S Sy Sy Sy Sy Sy Sy Sy Sy Sy Sy S,
%%, 5,5, 5, 5, 50,5, %, %, 5, %,

System
Bl 8 SiMlY M 4B A% A-TiAl &% %5 A 4 & b Ti % iz Al
A1 {iz T W A
Fig. 8. Formation energies of Ti and Al vacancies in Si and
Y co-doping ~-TiAl systems.

5K R Spy ol e, K& Sdy, of1 Sdy,. o

Ti 25 6 T L RE X . X R B, Ti & ik A

Si FlY B 7 X AB 2% A-TiAl 1K 2 v 4™ B A xi Ji 1

K, TiO, MAEREZEIE]. JFH, 4% Sdy,.0, Sdoq

i Sdy o Ti 207 AE BRER & T AL 25 2 B A

e, RIfE X IR AL 2S00 5 T4 8. dat

JEUL Al R 5 5 Tl ad 25 WL B sh T i A R

R .5 ORTEA. XA, 7EM BT AR o

ALO; b A il TiO, 45 5y . X KW, KR Sd,,,

Sdy, F1 Sdy R R S M AT B F s AR PR

FEPERG. X 5 Nb $#82% ~-TiAl fR & 7 Ti A1

BUAR AL P R & Sdy ot ALZS 47 198 1 BE A

2.5664 eV, 51K R Spo.oH Al 2 NI K REN N

TERA R SR — N, L 58— R s =
AFE. LG LB 2 e M Ak
[ Sdy, Z2 51 14 454 Ha) U 357 [ B0 A2 3 = > L 4 5
TR ZR Sd, [RIEHH AL 5 WA (R FR Sdy HLl 5
TANHE; KRR Sdy AN AR AT HE . SOk
Ui, B Si A1 Y BB AR I - TiAL (A &R
PP E M. X5 SiB 2% TIAl &M Y B4
TiAl & &5 8| LR A5 R 28 A . AR
S 2O SO 2 B St I A TiAl & 4 RJZ P
R AN /N B ALY MTIA O, i SR B
ALO; [F4ETTE 17 N B R FEAL, NIRRT &
SRR, RS P RIE, 78 TiAl hise
10% 19 Si J, g i) Az iL%E 22305 1 AL O
P, H Si 5 Ti i R AR AT DA R AR
Ti B F1% B FHAT Ti B 7 M 4M 8. Zhao 55 17
T L S UF SEAE R Y 1T U] Ti0,. {2t
ALOg A, MM E A A BT ALrE. Ji e
e Y IR HE T 802 PO B B AR Y
o ALO, 2, Bl T BRI L & Ti
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BN U K TiO,. ARIEA SIS S5 Rt v]
X XUAB 800 T A 7 B 451 B 4 TU R BB AL
NN A BARRE. h T SiF Y BRALAUE
ZelE - TiAl B A S PUA T RE RSN BE R b 2,
T PP A 55, (A 400 ST Y[Rl L
Ti, A& K ELHIRY Sd,, 251 (TigSiYAlg) k%l
AR

N
it

i

LA LA EXS Si Y BB AR - TiAl B2 G
SRemAE M, S RE tE, PR O R+ Ti 254
AL ZS (B BLRE T 5 B 43T, 7T DA LA
T4

N

Tg:
1) AW IB 2% +-TiAl h R A EAT R I BE &
ek, FE TR AT DL & AR e A

2) A ZR Sdyy I Sdyg(TigSiYAlg) 4, 44X
B A y-TiAL R Z 0 o 5 B e ) 2 R
Zftk;

3) X R ) 2F R AR SR Y B
WiBE v-TIAVR R, L5 G B O Jii+ . Ti zs i fl
Al A BRE Y A0 BT 45 28, BLR Fildl: Si Y 3
L Ti A IR R TigSiYAlg, X% 4-TiAl 5
GamnyiEb R VAR Y B AL T H S
Al IR & Ti;YALSi, Si# 7 Ti H Y # 1
Al A R Ti,SiALY, Xk - TiAE S 4
PraEAetE A AR et SiRY B AL A
BUPIR FR TigAlgSiY, AF T ek - TiAES 411
oAb v 7E S5 g v 0 O A ] A S5 R, 4 ST A
Y [A] B B A Ti, PAAE R R Y Sdy, & B
(TigSiYAlg) #48Y, ffi5 G Ak SR 3l Ti i+
[ FMBOFI B O JF-1a] R4 8 A 1T ALJE
T ARy, MR EE G 4 3R 10 5 T4 lUEBUE
) a-Al,04 5 3 F YA LR,

S 30k
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Abstract

Improving the oxidation resistance of TiAl-based alloys at high temperature has great significance for
expanding their application fields. Adding ternary and quaternary elements is one of the effective ways to solve
the oxidation problem of this kind of alloys materials. The first-principles method based on density functional
theory was used to study the Si and Y substitution co-doping effects on the oxidation resistance of 1-TiAl based
alloys from the aspects of atomic average formation energy and elastic constant of system, as well as the
formation energies of interstitial O atom, Ti vacancy and Al vacancy in the system. The results indicate that
the atomic average formation energies of the Si and Y dual-doped systems are all negative, which imply they
possess energy stability and can be prepared by experiments. In addition, the elastic constants of most Si and Y
substitution co-doping ~-TiAl systems satisfy the mechanical stability criterion. For the mechanical stable
systems, the analysis results about the formation energies of the interstitial O atom, Ti vacancy and Al vacancy
reveal that the TizSiYAlg series, in which both Si and Y substitute Ti, have obvious promotion effect on the
improvement about oxidation resistance; system Ti;YAl;Si, in which Y substitutes Ti and Si substitutes Al, and
system Ti;SiAl;Y, in which Si substitutes Ti and Y substitutes Al, have uncertain influence on improving
oxidation resistance; system TigAlzSiY, in which both Si and Y substitute Al, is harmful to the improvement
about oxidation resistance of the -TiAl based alloys. Therefore, the preparation conditions should be controlled
moderately so that both Si and Y substitute Ti at the same time to form a large proportion configurations of
TigSiY Alg series in the materials. In these configurations, the outward diffusion of Ti atoms and the inward
diffusion of interstitial O atoms are suppressed, meanwhile the outward diffusion of the Al atoms is facilitated.
In this way, the production of a-Al,O5 is promoted and that of TiO, is weakened on the surface of co-doping -
TiAl based alloys. Thus, a scale rich in a-Al,Os, i. e., a continuous, dense, and protective oxide scale can be
grown on the surface of Si and Y substitution co-doping 1-TiAl alloys.

Keywords: co-doping -TiAl, stability, oxidation resistance, first-principles
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