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FEAY {1 204 LK X K-point SZHL Monkhorst-Pack!"*VJ7
RNy, BN RS A I 10X 10X 8, 10X 10X 8
N 8X8X8. HIEMEHTHE 1A = U SIORE B W E
1X10° eV/atom, A& 2 7] 1M B AEH 1T
0.01 eV/nm, AZ BT 5.0X 107 nm, B HWZEN
fikF 0.05 GPa.

K AEfR sl AR RIS TiB,. AIB, PLK TiAl;
()2 25 BE R AR . AR DA B JAC T A AR 5 A ik R 5L
B IR BE (AR AL AT TRETE . 3 R AE T4 Gibbs
B G (V; P, TN HiR AN
G (V;P,T)= E(V)+ PV + Ay, (O(V); T) (1

K ERIR 3 M A SR AR RR R () S R & Ps
VLT 3 s RFRFIREE ;. o) REFRR L
Avip NPRZ) Helmholtz H HAE .
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Avip AT A AR R E R,
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WHL DOITY RIEFERR Y
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Fig. 1 Structural models for TiB,, AIB, and TiAlj
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E2 Lo PIUNIET AL B fERSE BT I 1 i B
EA . EB Y A. B R THILARE: x.
MFRRUEDRIEAF A B ETHIE TG

AlB,. TiB, fl TiAls ) sh A4 S5 14 25 DL il
HEEAREMTI A R 1 . @i bl DU,
FiAS s g 5 Sl R E BN, RARDE LT
KR ESHRE SR

HHEEHRER: TiB,. AlB, LI TiAly TR
BUNGUE, 3R 3 FnAH BT R R TG 7 b SR AR
&, WREAREAT: NEERMITHESRRE, 3
VIR 45 BE AL AHE F K B/MERUCN TiBo TiAlss
AlB,, UM Ti i 75 B [ 745 &R /1 fom, PR

5

=1

TiB, A st 51 o B4, EEE A A AL mT DL IR TiB,
255 R T AIB,, BLHTE AL-Ti-B #1444 TiB,
BINRRE, SOCER23IMIIE AL AR . TS &5
HREMAE RN, 3 P& @ik &Yt e M oK H|
IMEVRCN TiB, TiAlys AlB,.

22 B FEH

N AR TiBoy AIB, M1 TiAlLy (s, ik —
Rt 3 MR R RS e 22, A T 43
THECT 3 FPWAH () 545 % FE (Total density of state, DOS)
14y 5% FZ (Partial density of state, PDOS), &5 il 2
s, B 2R R 9K e (Fermi level).

THETF TiByy AIB, LUK TiAly (SRS S8, TR S 45 A RE LS SRR

Table 1 Calculated and experimental lattice constants, heat of formation and cohesive energy of TiB,, AlB, and TiAl;

Lattice parameter/ nm

AH/(eV-atom ™) E.o/(eV-atom™)

Phase
Calculated Reference Calculated Reference Calculated Reference
a=3.032 a=3.032, ¢=3.2313
: H _ _ [25] . . [25]
TiB, 330 a=3.031, c=3.238%4 3.287 3.196 24.231 26.963
a=3.005 a=3.005, ¢=3.2541%!
AlB ¢=3.294 a=3.003, ¢=3.251% —0.161 B ~17.255 -
a=3.854 a=3.854, c=8.5374
TiAl ’ -1.752 -1.69612" -19.994 -19.736!2"
b =8.645 4=3.846, c=8.59412) 75 696 9.99 9.736
1.5 0.8k
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Fig. 2 Partial and total density of states for phases: (a) TiB,; (b) AIB,; (¢) TiAls; (d) Total
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TiB,+ AlB, 1 TiAly 7E # K R AL IS5 B3R
T 0, BaRAREEREEREE. B 2(a)is TiB, H
B 2s 5 2p WA ERAEEZM A sp &4k, TiJ#
T PDOS 7~ 3d PUETE K BE I 2 80 H PSR
I, 5 3d HUEE A s Al p PUELE FKAEL UL )
AWPERYS, XAEHT Ti3d. 4s 1 4p BLE 2 A 4%
i ™, B 2p 5 Ti 3d BB A5 R &5 H1{E
PORBEL A AT T R R A 24k, FR(EAR TiB, (18
A FAETOKBE R H IR RERR, [BR | TiB, fA1EEL
SEIAN BRI B 2(b)Eor AIB, B 2s 5 2p A% E
FIFEEAERESIS, (B TiB, ML, ESMEEETEH
BNz, T HAEPOKEEG PA 1(0~20 eV)ZHLIE H 1)
BEETE K, XK AIB, FIRBASE R 5—J7H,
Al JRFAESORBEZL LA AR sp A48, 11 H
TE e X I B A A . Ik, ALR-TRI
TXF AIB, M3 B LTI A DTk, AIB, FISA%
FXFFHE, 1 HAE SR BB A A AE I RERR, =k
GRS S REEPUE 2 MR ZE R RV, S
S 5RE L TiB, §9. & 2(c)En TiAl IR A%
FEHTE-10~15 eV FIRERTEME, JF HAEFORAES i
FPAENERERR, R TiAL [FIREEA — 2 P L M BRI
SR BERRTE BI04, ULEH TiAl, BISEAN SRz SS T
FAERIEY). 4T TiAly 19 PDOS AN A% 5
KH Al 3s M1 3p LUK Ti 3d #HUiE A B 7 5Tk (d $hiE R
PDOS NEKIIARE, 1Z4UTE f AT L Rd) . itk
&b, Al 3p 55 Ti 3d 1) PDOS 7E # K RE i kA HEE,
FEAE Al 3s AT Ti 3d A HL T 444k

Mulliken FELFA & 4387 o) DASE SR 3 FhAAH
WIS L, AR R 2 s

MF 2 T LA H, TiB, 71 Ti JR 7% B i1
PIHATECN 116, HRRIHAT EERE Ti T 4s 1
; AlB, F Al JE 752 B JET A ECA 1.29;

%2 TiB,. AIB, 1 TiAl; ff] Mulliken HELAH AT &
Table 2 Mulliken electron occupation numbers of TiB,, AlB,
and TiAl;

Orbit
Phase  Atom Total Charge
s P d

093  2.65 0 3.58  —0.58

TiB,
Ti 1.90  6.21 274  10.84 1.16

089 276 0 3.65 —0.65

AlB,

0.60 1.11 0 1.71 1.29

Al(T) 1.05 1.85 0 2.90 0.10

TiAl;  Al(Il) 1.01 2.06 0 3.08 —0.08
Ti 2.23 6.72 3.00 11.94 0.06

1M TiAly T T Al 3s A1 Ti 3d BUE 124407 A B g
(T R FHBR AL JETRIHBAECN 0.06)5), Al
() sp BLIE Z Ak 45 5y AL JRT 2 18] 7245 0.10 LA
Ry, L RS, 3 PRI T AR, R
Z AR TN A, AR B TR, B
FLUN BTN, B R B MK A TiAls. AlB,. TiB,s
TiB,. AlB, LA TiAly 4 )& V() 7T LAl BL R
T A P15 2]
kgTDy _ 0.026Dp

e Un

S == (n
ne

AP Dy AR BB A B e e 5B S

P AT FE T O R TR B T e T E AR AR (Veen)

HEM BT W) IEARE]: n=NVeas HRSELL K

RS RWE 3 froc. BR 3 WUUEE], TiAL 1 £,

FHXTECR, HUE AIB,, 1M TiB, 14 @ M/

R3I VMTRRIEE T EE.
PEA i St
Table 3 Density of states at Fermi level (Dg), total number of

ST AR ARAREL

valence electrons (N), cell volume (V) and metallicity

parameter (f,) for phases

Phase D¢/ eV N Veon/nm’ fn

TiB, 0.39568  17.99792  0.02572 0.0147
AlB, 0.37170 9.00204 0.02576 0.0277
TiAly 1.89573  20.98997  0.06421 0.1508

23 MIFEMER

Ei&3ETF TiB,. AlB, F TiAl;y K45 KIFa € DL,
HL AR R AR (0 K) A N EAS . AT HE
INFFE SR T 3 FAH AR BRI T, 1EE K
Ve fi 185 7 AR R, ORI ) GIBBS 275t TiB, . AIB,
HTIAL IFATS o 8 S ARICFHETATR 1V 53K
RE o BEIR B AT TR . o R
900~1200 K ¥ EIE A 3 RN 7 28T, 1T
TR X AR SR DA AE =il % ALTi-B a1 421
I ETEHEI(700~9007C) . THE S 2% A % #7(300 K)
%R TiB,. AIB, fl TiAl; &SI & By LA X &
SR B AL BN 4 s, THEERE O R
FSEBHAE R AR T — R B R Al T
JE - T PR AH B4 ik, DRI 3 Rk By OB TS
BN R

Bl 3 B AN REAE T IFE TS TiB,. AlB,
TiAl )5 B BE IR o 500 S £E 0~1200 K Fifi i 5 1)
TR R. B 3(a)BRfEER(G00 K)2&HE T 3 Fmtt
[ cp 53l 48.715. 47.878 F1 84.394 J/(mol-K), B
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&4 TiBy. AlBy Ml TiAly MR E By LA R R 1 —
br3% B’

Table 4 Bulk modulus B, and first derivatives B’ of TiB,,
AlB; and TiAl;

. By/GPa B'
Phase
Cal.” Ref Exp.” Cal." Ref
TiB, 24437 25088 24080 3.9837 3.85!18
AlB, 17895 176.8B1 1708V 3.6761  3.6481
TiAl;  102.86  103P% 42460 4.128%
1) Cal: Calculated; Ref: Reference; Exp: Experimental.
wob— @
——TiB,
—e—AIB,
80 mAL . -
<
T—< 60 I~ 5
g
j\-/ 40+ :M 72.4 53/-/'5/
> _E 72.0 '/-
20+ = 76
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2t &
oF 900 950 1000 1030 1100 1150 1200
1 1 1 1 1 4 1 1
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240 125 = (b)
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200 ' A
Ello /
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40 - —e—AIB,
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3 TiB,. AlB, 5 TiAL IIHE ) 5 S KRR
Fig. 3 Relationships of heat capacity(cy) and entropy(S) of

TiB,, AlB, and TiAl; with temperature

FRETE, 3 FAH R A A A FIFL R 3K
0~300 K MMIRIR &1 R, #0823 d 4 51 R
BN, SOCE LB B 3 FRAR o Bl A 0 RE R FH v i
R, IRMEEFE 75 MIEETHE 300K UL E
B, AERHETF G, B TiAl FFAEIGE TR =
TR TS 2K 2 B AAE i R I A
[, £ 7>1000 K M= XA, 3 FAE i St EE R
W RSB, o BB WRZ I EIE T & B W

Dulong-petit #% R . 7F 0~1200 K &GN, FFH
TR T LG DL F— 3, MIX TR T
FhAE it A 5], PR30 S5 PRI AR 3 4 55 AR BA T 3 s
HE— 4B 52 =R X 15,(900~1200 K), TiB, #1 AIB, fr1#k
REHRBERBELERR, BT EMBBERTEH .

K 3(b)ER HEEZM R TiB,w AlB, 5 TiAl 1
15 S Bt B AR L. TRV HETE 100~500 K i
AR N, TiAL P45 (B BE R ) T s i 2038 K. 24
FEARSE BTFE, s g (n] LATRT 2 5 T
MEJG, BeiBEnE T — MRERME): 11 TiB, #1 AlB,
(VRSB I ROE AL T TiAL, H24 7>200 K J&5, R
HRHEHEE . M 900~1200 K =i X 38 1k 15 ok
&, TiB, FEME KT AIB,, HFMIIMYIRIGEE SR
FEREAR AR AR . 900 K I, TiB,. AIB, Al
TiAL 543 5115 102.367.101.191 £ 187.088 J/(mol-K).

ANFEFE TS TiB,. AlB, A1 TiAl;y FI#CF
ARV SRIEIK R o WE 4 Frc. AE] 4(a)r] A
E i, 3 PR ET A AR B R RE B T R T 22 18
K HIERE THE 300 K LLRA, TiB,. AlB, BLK TiAl;

70
(a)
68
66
E 64 ,
2 —=—TiB2
S 2L —e— AlB2
N —a—TiAl
i M
26|
25 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200
T/K
7
(b)
6F
5k
L4
= 3t
S oL —=—TiB,
——AIB,
L ——TiAl;
0 -

0 260 40'0 6(I)0 8(I)O IOIOO 12b0
T/K

4 TiB,. AIB, Ml TiAly I#CPT AR V 5K R4 o

e UL A2 1

Fig. 4 Changes of thermal equilibrium volume and expansion

coefficient of TiB,, AIB, and TiAl; with temperature
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AR LFASZEE R . 2 T>300 K J&, P9k
SR RBURFFANEIC R, TMAE 800 K PA_E ) il
X3k, TiAly (4R 3G ok b il B2 1 o i A6 BT o I
4(b)BRTE 0~1200 K iR VG, 3 FlAH I AAEZIK
FA IR (3G I G . 2R R B AR (200 K BA
), o BHIGREF GG K. T B A I Ak T
3 MIAHIN o HEIBHNGE, (2 TiAl (1) o $E 5%
TR, Xt AR i R ) AR A 1 A5 2
S IR BB o S BRI 7R SR R )
WIS, SRR R Tt 1) B B R R
o (B, NIRPEH #E e MbkZE . THE R ER 3
MR o KANN agia, > aap, > g, » BIEE TiBy.
AIB, 5 TiAl, (9 #EA R HE B K EAME VN TiBss AlB,.
TiAly. X 5§ SR =3 B0 8 i R 45
K

FHEHIER % ALTI-B I, 420k SR A8
(K, TiF Ml KBF,)2 [8] 5 A2 1) S S LA B f 2445 2 AR
R L CL BTSSR Lo b (RIS SRR, B
HREARSHEN TAL FE—2 i #E A e
B 11 Ko TiFe INERFE A 5 7 B 5 48 K A R 4R B 3F
KEFH, AR R T, AR T KA R
TIALPY, B RBEEAT, WREEZH TR, 248
TR A A RN TIAL REE MR EN S
ISR, AR Ti IR T, SRR
A RKER TIAL PR g SRR, TiAL &
frE R, DERMRIEMRN TIAL 22854 T
Ti G 3 KRS B m AR, AR
FEREE IR

TiB, P S5 E =T AIB,, 45 TiB, (1 H
JE TG, AR SRRV B B S A B TiB,, FI4R 1) KBF,
5 AV &4 AIB,, [FIR, S scF T~ AIB, 1)
PAEMEZET TiB, MAL T WA EIRE, HT Ti KIfF
fE, Ti KB AIB, 1) Al S0 &% ¥ (AL,
Ti, B, E &M EZE TiB,". Hitk, £ w(Ti)/w(B)H
ALTi-B HAEEH AIB, & =ik T TiB, & i&: 7Efil%
ik w(Ti)/w(B) Al-Ti-B(l Al-1Ti-3B)i, ¥ Ti &
XD, B ALGERRINE 2 KBF, J& 351
K, FERFIXIA Ti 2 AE2, Bk, AlB, AgETE
SEEAY, TiB, MIAEAE BB 4 AIB, 7E 5k [ A2 b 47 B T 3k

3 &g

1) RIS 4 &R A R R 3 Fh g 1a]

A AR E M R E)/MKIKCA TiByy AlByy TiAls
TiB, 145 & REfK T AIB,, RIATE AL-Ti-B H & &+
TiB, B NFE5E 5

2) HTEMTRE: 3 MM E TS &R
PEH K EIIMEIRCA TiAls. AlB,. TiB,. TiAl; 5 AlB,
PIEREAREE U TR N T2, T TiB, SEAREELL B 2p
5 Ti 3d JUEA BT 23 3

3) eI AT R TiB,. AIB, Al TiAl,
(1) 58 25 B R A5 55 00 I R P 3 T A [ 82 b 3
AR A RBORIL 3 FHAAR G R E P B R E
IMERCN TiB,+ AlB,. TiAls
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First principle study of AlB,, TiB; and TiAl; in Al-Ti-B alloy

HUANG Yuan-chun'??, SHAO Hong-bang', XIAO Zheng-bing" **, REN Xian-wei', GUO Xiao-fang'

(1. Light Alloy Research Institute, Central South University, Changsha 410083, China;
2. State Key Laboratory of High Performance and Complex Manufacturing, Central South University,
Changsha 410083, China;
3. College of Mechanical and Electrical Engineering, Central South University, Changsha 410083, China)

Abstract: The crystal structure, heat of formation, cohesive energy and electronic properties of AlB,, TiB, and TiAl; in
Al-Ti-B system under 0 K condition were investigated by using first principles based on density functional theory, and the
quasi-harmonic Debye model was performed to calculate the thermodynamic properties of these phases. The results show
that the heat of formation and cohesive energy of AlB,, TiB, and TiAl; are both negative, which indicate that these phases
possess structural stability, and the structural stability decreases in the order from big to little of TiB,, TiAl;, AlB,. The
iconicity and metallicity of these compounds increase in the following sequence from big to little of TiAl;, AlB,, TiB,,
and the dominant bonding in TiAl; and AlB, is ionic, while the bonding in TiB, is mainly covalent. The thermodynamic
calculation results show that the thermal stabilities of the three phases decrease in the order from big to little of TiB,,
AlB,, TiAls;, which can be used to illustrate the reactions between Al melt and fluoride salts when preparing Al-Ti-B by
fluoride salt process.

Key words: Al-Ti-B alloy; first-principles; quasi-harmonic Debye model; structural properties; thermodynamics

properties
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