Vol. 9 No. 4

Trans. Nonferrous Met. Soc. China Dec. 1999

Article ID: 1003 — 6326(1999)04 — 0672 — 05

Electronic structure and physical property of TiAl®

Gao Yingjun! (38 ), Chen Zhenhua® (BRIRE),
Huang Peiyun®’ (¥ 5 %) and Zhong Xiaping' (¥ E )
1. Physical Department, Guangxi University, Nanning 530004, P.R. China
2. Institute of Nonequilibrium Materials Research,
Central South University of Technology, Changsha 410083, P. R. China

Abstract: Using a new developed valence bond theory of intermetallic compound, the electronic structure and
properties of TiAl were analysed systematically. It was determined that the valence electronic structure of Ti
and Al atom in TiAl to be [(4s)%*?(4s.)'%(3d.)% 2% )1, and[ (3s;)% % (3s.)%37(3d,)? %] o, respectively. Ac-
cording to these electronic structure, lattice constant, cohesive energy, potential curve, bulk modulus and
temperature dependence of linear thermal expansion coefficient have been calculated, most of the theoretical
values of these properties are in good agreement with experiment ones.
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1 INTRODUCTION

In recent years, the Pauling’s valence bond
(VB) theory has made a great progress in Chi-
na. First, Yi developed the Pauling’s valence
bond theory and established the EET theory[l],
and then based on the energy-bond theory and
EET theory, Xie produced the one-atom-state
theory'> (OA theory ) of pure metals with the
unity of " shape” and "energy” and then devel-
oped the central atoms model in the statistic
thermodynamics and built the characteristic crys-
tal theory (CC theory Y31 Now the OA theory
has made a new progress and can be applied to

intermetallic compound system'*]

. The purpose
of the present work is to made comprehensively
systematical analysis of TiAl with these new pro-

gresses.
2 BASIC CELL STATE OF TiAl

As far as intermetallic compounds, which
are composed of different kinds of atoms are con-
cerned, the unit that reflects the characteristics
of intermetallic compounds is not the atoms, but
the primary cell or crystal cell, so electronic
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structure for intermetallic compound can be illus-

[4]

trated by one-cell-state Each one-cell-state

¥, consists of some basic cell states( BCS)4,
W, = Do (1)
where the BCS gbg’ell is a composite state!*! com-
posed of some basic-atom states (BAS) of all
atoms which belong to the same cell. The elec-

tron-occupation numbers of each BCS ¢ are

described by QEO!! numbers and can be ex-
plained by the Pauli exclusion principle. In
non-ferromagnetic intermetallic compound, there
are covalent electron n., {ree-electron =n; and

non-valence electron n_ in its atoms. If s p{ and

df denote respectively the number of covalent

electrons of s, p and d shells in £ BCS, d; and
s/ denote respectively the number of non-valence
electrons and free electrons, considering the TiAl
having the L1, type crystal structure, and a
crystal cell containing four atoms, two of them
belonging to Ti atom, others belonging to Al
atom, according to the BCS construction princi-
plet*!, the BCS of TiAl can be written as

szell = [(Sf’ Ses dc)gl“i ¢ (Sf’ Ses pc)%\l] (2)

The state parameters of cell can be obtained
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by the following expressions: AB = R? + R® - ‘ngn;‘\B (4)
3
se! = chk Skre where A, B denote Ti and Al atoms respective-

Ck(Sk c + Sk c) s

Cell . N\ T Al
N = ch(zskj{ + 2Sk, f),
k

N(C:ell — SSEH 4= chell + dgell
NVT — N%” s N&ell

RTi — ZCkRTi*
k
RA] — ZCkRAlv
k
Ri =1.377 - 0.0906}
RM =1.308 — 0.258% (3)
where R} and R are the single bond radius

which can be obtained by modifying Pauling’s
equation.

For a certain cell state, the characteristic
properties{ lattice constant and cohesive energy )
of the corresponding pseudo-crystal can be calcu-
lated by a series of equations presented in the fol-
lowing sections. Because the covalence bonds in
TiAl have a great advantage over ionic bond, so
the charge transfer can be neglected. Table 1
gives some natural BCS and the characteristic
properties of pseudo-crystal of TiAl.

3 MAIN EQUATIONS

3.1 Lattice constant

Supposing that Pauling’s bond length equa-
[1] is suitable to the various bonds in the

pseudo-crystal. Then we have

= 2R% - Blgn?,

tion

r1 = 2R} - Blgn?,

= R} + R} - Blgnt®
r? = 2R3} — Plgn?,
ry = 2R} - Blgn3,
r2¥ = Ry + RY — Blgn3®
r = 2R} - ﬁlgn‘?l,

rs, = 2RY -~ Blgng,

ly; TS r?z and r@f denote the bond length;

nSAl, n22 and né‘aB denote the number of pair of

covalent electrons on the related bond , and 8 is
taken as 0.600 for y-TiAl. From Eqns. (3) and
(4), the following equations can be derived:

ZIA &y ZIBnB + ZIAB AR
= 22(:,2(

Al
+Slz,c+dk,c k,c)

nﬁ: = nf 10(r s )/’B

n = nb 10(rs )8

ng‘;B = pi8. lo(r?B—r:]:)/ﬁ (5)
where | SAI , I ?2 and I ‘%B represent the number of

the same n?l 5 n]i and n‘;:B bond respectively. For

a certain pseudo-crystal, the bond length can be
expressed by its lattice constant:

= GsAla rqu = Gqua
QB = GS’:Ba (6)
To simplify the calculation for 7-TiAl with L1,
crystal structure, (see Fig. 1) takinga = ¢ =

(a +c), 1.e., the crystal cell as fcc structure,
therefore,

Gh = 1/42, =1, G® =1/42,

GS =1, G{*B = 1/(2, G2 = J3/V2,

...... (7)
Combining Eqns. (4), (5), (6), and (7),
we produce
a = B
GAB

A AB A
[ 2048 - 10746, Gy a/8 Ty qgaryya 4
5
1

B

[EISBZ . 1()-((:52--6

%2
— " aA-B_ AB ca A B

[ 2068 107G 6 /R ] otk R/ 8

s,

3

AB, B
e L) a/ﬁ]x 102R,/8 & i,

(8)

Similar to method of Ref. [5], it can be
proved that Eqn. (8) is a convergent transcen-
dental equation of the lattice constant, and there
is a unique lattice constant, namely a unique set
of bond lengths for a certain cell state as forming

a crystal.
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Table 1
pseudo-crystal characteristic properties of TiAl

Natural basis-cell-state and

Basic Electronic Lattice Cohesive energy
State configuration constants/A  /(kJ-mol 1)
el (1, 0, 3)3(1, 0, 2)4  4.0717 331.48
7 (0,1, HRAL, 0, 2)%  4.0047 429.96
¢y (1, 1, 2)1.(1, 0, 2)3  4.1108 344.36
) (1, 0, D30, 1, )4, 4.0047 412.18
¢ (0, 1, 330, L, 2)4  3.9480 557.88
el (1, 1, 2300, &, 2)4  4.0438 426.09
ey (1, 0, 3)3(0, 2, DL 4.1031 387.56
gr (0,1, 33,00, 2, DY 4.0465 504,97
e (1, 1, )30, 2, D3 4.1388 400.72
ol (1, 0, 3)3(0, 0, 3)3  3.9190 402.22
ol (0, 1, 3)3(0, 0, 3)3  3.8624 537.82
e (1, 1, 30, 0, 3)%  3.9615 418.50
o% (0, 2, 2)3,(1, 0, 2)%  4.0438 393.94
ol (0,2, 22400, 1, 2)5  3.9871 49914
el (0, 2, 2)%00, 2, Di 4.0822 483.10
¢l (2,0, 2)3(1, 0, 2)5  4.1929 246.15
el (2,0, )30, 1, 24  4.1495 287.27
el (2,0, 2)3(0, 2, D4, 4.2059 312.98
ely (2,0, 2)3.2, 0, )4 4.3938 275.69
e (1,1, 232, 0, D4 4.2880 280.69
d O
O
[ Y
®
o o
L
- ;
/ ©
e ¢
Fig.1 LI, crystal structure

3.2 Potential function
Combining the calculation formula of cohe-

sive energy E!for intermetallic compound in
Ref. [6] with the potential in Ref.[7], the new

potential function can be written as below:

U(r) = ET
x ?LI‘/(T!*I)
() ()
r r
(9)
where  E7 is the cohesive energy in equilibrium

state, the x and n are constants determined by
experiments. Since the charge transfer in TiAl
can be neglected, the ionic energy and the chem-
ical affinity are not considered here. So ET can
be simplified and written as

ATIA
3 5
T T
El = ba| 25 —afa)t
51 5.0
1B 5t
Ny % %
bg| 2, — B JB|t
s s
2 1.0
ABHAB
e )
EBA}B * .ALB . FAB+
2 %30
, TI;- f‘/
B - L2 (10)
L]

Where b4, b, Bags fas fm,» and f are giv-
en in Refs. [6,8].

4 ELECTRONIC STRUCTURE AND BOND
PARAMETER

Analogous to the OA theorym, equations

(8) and (10) can be considered as one of the two
characteristic properties(a and E!) in potential
energy equation (9) of a pseudo-crystal in equi-
librium. It has been found that a most satisfacto-
ry solution is the combination of ¢4 (Cyy =
0.5839), 02 ( Cy =0.1971) and @1y ( Cyp =
0.2190). The coefficients of this solution, atom
(or cell) state parameters, bond parameters,
theoretical and experimental values of character-
istic properties are listed in Table 2. According
to the cell state parameter in Table 2, the elec-
tronic structure of TiAl can be easily expressed
as below :

TiAl: [ (4s)? (450! 2% (3d)*** ],
and [(3Sf)0.394(SSC)0.584(3pC)2.002]Al
(11)

The electronic structure of pure metals Ti
and Al by OA method are given in Ref. [9,10].
Here we write it out in order to compare with

that of TiAl as below:
Ti: [ (4s0° P (4501 %(3d)*S ], and
Al [(?’Sf)().SSS(38(?)0.546(3pc)1.570:|Al (12)

Comparing Eqns. (11) and (12), we can
see that the free electronic numbers of Al atom in
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TiAl is less about 0.885 —0.394==(.5 than that
of Al atom in pure Al metal, and the free elec-
trons decrease and become the p. orbital cova-
lence electrons of Al atom in TiAl. We can also
see that the d. electron of Ti atom in TiAl is less
than that of Ti atom in pure Ti metal. This can
be explained by the cohesive energy{434 k]/mol)
of TiAl, which is less than the cohesive energy
(468 kJ/mol) of Ti metal, so that TiAl needs
less d, electrons to form strong covalence bond.
Table 2 also shows the Ti-Ti bond ( n; =
0.4918) is greater than that of Ti-Al bond( n,
=0.2330), and the result is agreement with
that of Refs.[11, 14] which give the charge dis-
tribution of Ti atom in TiAl.

5 RELATIONSHIP BETWEEN CRYSTAL
AND ELECTRONIC STRUCTURES

Here we consider lattice constants a = ¢ be-
ing approximately held in order to simplify calcu-
lation, so the L1, structure becomes fcc struc-
ture, but in the latter the Ti atoms alternate
with that of Al atoms. The d, electron of Ti
atom in TiAl should occupy the ¢,, state in order
to form the lobe, i.e., d,, bond state , along
the < 110 > bisectors in atomic layer of TiAl,
where the Ti-Al p-d bond can be formed between
the alternated plane of Ti and Al atom. The
trunk of Al atomic layers is found by the dumb-
bell-cshaped lobe of p electron in TiAl. We can
see from the nearest neighbor coordination
atoms, that there are not only d-d bond but also
p-d bond in environment of Ti atom, therefore
the bond net surrounding Ti atom is unsymmet-
rical distribution. The bond net surrounding Al

atom 1s also unsymmetrical distribution because
of existence of both p-d bond and p-p bond in en-
vironment of Al atom. Table 2 shows that the
Ti-Ti bond {7n,=0.4918) is much greater than
Ti-Al bond(7n,=0.2330). This is the main rea-
son that the two-dimension structure with alter-
nating layer of Ti and Al atom is formed in
TiAl.

The valence electronic bonding state of Ti
and Al atom in TiAl written in formula (11) can
be approximately expressed by following pictorial

formula.
4s 3s
®|@®
il T [ome | -
% e . N L:ip/—/
~NTir T Al

where the symbol <> expresses the p-d bond,
denotes the covalent electron, and ® denotes
that one part of electron is covalent and another
electron is Iree.

6 PHYSICAL PROPERTY OF TiAl

6.1 Potential function and thermal expansion
coefficient
Fig.2 and Fig. 3 show the theoretical po-
tential energy function and theoretical tempera-
ture dependence of linear thermal expansion co-

efficient for TiAl.

6.2 Elasticity
According to the elastic formula given in

Table 2 Cell state parameters and pseudo-crystal properties

Coefficient Cll) =0.2190 C14 =(0.5839 Czo =0.1971
Cell state param- si'=0.416  s"=1.365 d'=2.219 RT=1.327(A) nE=4.00 2%=6.190
eter sM=0.394 M=0.584 pM=2.022 RM=1.140(A) a¥=3.00 a%'=7.00
n;=0.4918 ny,= 0.2330 ny= 0.1132 nys=0.002 1 ns=0.0045

Bond parameter =2 854 8(A)

a=4.031(A)
a=4.037(A)

Theoretical

Experimental{ 16}

ry= 2.8548(A)

E =432.1(kJ/mol) B
E=434.8 (kJ/mol) B

r3=2.8548(A)  r,=4.0373(A)  r5=4.0373(A)
75 GPa

1. a=10.5(10"%/K)
1.71 GPa

a=11.0(10"°/K)
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Ref. [7] and Deybe temperature fr; = 515

(K)['2} we can calculate the bulk elastic module
(K), Young’s E and shear module( G) and
Poisson’s ratio(v). The theoretical and experi-
mental results are listed in Table 3.

Table 3 Elastic module of TiAl
Elasticity/10''"N°m~2 K E G v

Theoretical 1.72 1.72 0.64 0.33
Experimental!'®] 1.71 1.74 0.70 0.25

4

-~ Ti-Al
T 2t

E

50

=

S -2

=

W —4r

~63 3 6 g 10

r/A

Fig.2 Potential energy function
E.=434.8(k]/mol), ro=2.8548(A)

. TiAl

a/(10° K1)

i 1 1l 1
200 400 600 800 1000
T/K

Fig.3 Temp. dependence of coefficient of

linear thermal expansion for TiAl.

M = Experiment values!1?]

Table 3 shows that calculated results of bulk
and Young’s module are in agreement with ex-

periment values , but the calculated results of
shear module and Poisson’s ratio comparing with
the experiment values have some deviations. The
cause is that the many-body pair potential is too
simple to consider the interrelation between the
bond angle. The TiAl has such a system of
stronger covalence bond that the bond angle in-
terrelation can not be neglected. Therefore, the
interaction potential TiAl will be more accurately

described by the BOP!3],
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