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�
l>f�¡�«v¾Ü7p§�z�Ôn��, æ^48{� Castep �(Ü��ª, O�
�fî�U!
�ÚU!(ÜU�>f(�ëê, &¢Ü7�zÅn. ïÄL²: �3v¥k���MÝ, ��f�±3vL¡�Ä
NSà8, ÅÚ���*Ñ. ��vä��r��Úå, U/¤v��z�. vÄN¥¾�fmäk�páÚå, U
/¤¾��fìq. ¾�fìq¥�v�fm�pü½�¾/¤zÜÔ. ¾!v����ÚU�C, Ø´u)¾�
`k�z, 
´Ó�)¤v��zÔÚ¾��zÔ. Al2O3 ' TiO2 �(ÜUÑ$, Ï
�\­½, ¾3 TiO2 ¥k�
���MÝ, UO�Ù¥�v/¤�­½� Al2O3 �zÔ.

'�c: >fnØ, p§�z, v¾Ü7

PACS: 71.15.m, 61.66.Dk, 61.43.Bn

1 Ú ó

v¾Ü7�Ý$!L:p, �äk�p�p§
'rÝ, 3Ê�ÊU!ð�!zó�+�kX2
�A^. ·Ü�E3p§^�eó��"Ü�, X
-íÓÅ�¡!-íµÓX�� [1,2]. da"Ü�
3p§�¸eó�, Ér���z½@¡50��
K�, ÙFp§�z5´û½"Ü�Æ·�'�Ï
�. ïÄL², v¾Ü7p§�z�duØU/¤
ëY� Al2O3 �o�, 3pu 850 ◦C �¸¥|�
z5U�� [3], ¦Ù3p§k��¸¥�A^É
��� [4,5].

8c, 3v¾Ü7p§�z1��Ån�¡®
kéõïÄ¤J [1−5], ù
ïÄó�õ´3¢�Ä
:þ?1�, J±�«Ü7p§�z�Ôn��.
�d, �©(Ü48{ÚÄu�Ý�¼nØ�1�
5�n�³²¡Å�{ (CASTEP), ïÄv¾Ü7
>f(�, l>f�¡&¢Ü7p§�zÅn, �
JpÙp§�z5UJø�Æ�â.

2 O��{��.

± þ f å Æ � Ä : � > f n Ø � { é õ,
CASTEP ^�´8cA^�2�1�5�nO
��{, ÙO�°Ý�p, ��8�äK�å�>
fnØO��{��. ,
, T�{�¦XÚä�
±Ïé¡5, �O�s¤p[, 3)ûÃ±Ï5é
¡5½�.�f(�XÚ�(J��. 48{ØI
XÚä�±Ïé¡5, �ò�O��.�f8ì�
. [6], �48{O�°Ý$, 3éO�°Ý�¦�
p��¹eØ·Ü¦^. v¾Ü7p§�z´��
�~E,�¯K, üÕ¦^þã?Û�«�{ÑØ
T�. �©[ò48{� CASTEP �(Ü, &?v
¾Ü7�p§�z¯K. �|^é°Ý�¦Øp�
>fëê�éê�?15Æ5ïÄ�æ^48{,

3O�p°Ý>f(�ëê½(½^u48{
O���zÔ�¬�~ê�æ^ CASTEP.

2.1 CASTEP ëëëêêê���������OOO������...

CASTEP æ^±Ï5>.^�, ¬NÅ¼êd
²¡ÅÄ|Ðm. O�L§¥��'éUæ^2
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ÂFÝCq (GGA)[7], �³��´�mLã��
^ (ultrasoft) �³ [8]. ÄU�ä:� 380.0 eV, O
� TiO2 � K :��æ^ 5×5×8, Ù{ K :��
�� 6×6×6. æ^gUS� (SCF) {O�oU,
gUO�æ^ Pulay �Ý·Ü{ [9], A^Ä8?
� [10]. O�>fëêck^ BFGS �{ [11] éX
Ú?1AÛ`z, ±¦�Û��­½(�. gU
O��NXoUþ�Âñ�� 5.0×10−6 eV/atom,
�^3z��fþ�å$u 0.01 eV, ú� £�
u 5.0×10−4 Å, Aå ��u 0.02 GPa. ã 1 �ã 2
©O� TiO2 Ú Al2O3 ¬��., Ù¥��¥©O
�L Ti Ú Al �f, ��¥�L O �f.

ã 1 TiO2 ¬�

ã 2 Al2O3 ¬�

2.2 444888{{{

�¦)XÚ�Å½��§, 48{ [12] r£ã
�f(�XÚ�M�îÝ
��gN�C�, ¦
Ùné�z, ¿^né�z�M�îÝ
½Â�

�Ý, O�>fëê. O�¥M�î�é�Ý
�
�� Slater-Koster È© [13], M�îé�Ý
� (�
f;�gU) �g��L [14]. �fd>f|��
� Ti: 4s23d2, Al: 3s22p1, O: 2s22p4. ¬�ëê�
g CASTEP `z(J, Ù¥ Ti: a = b = 2.968516 Å,
c = 4.714671 Å, TiO2: a = b = 4.69848 Å, c =
2.968381 Å. O��.æ^¬�²£¼���fì.

3 Xv��zL§

3.1 ���333XXXvvv¥¥¥���***ÑÑÑ

�v7á���>�L¡¬/¤�z�, ¢�
uy�z�d	�S)�, Ù)�Ì����lL
¡�ÄN*Ñ¢y [3]. �
l>f�¡£ã�3v
¥�*ÑL§�Ån, �©æ^48{O��3v
7á¥��fî�U, ÏL�fî�U�	�3v
ÄN¥�[£1���MUå.

�fî�U�dÄN¥�¹î��f�XÄ
N�f|¤��fì(ÚU½ÂXe:

EEMB = Eemb
bond − Ematr

bond, (1)

Ù¥, EEMB ��fî�U, Eemb
bond �ÄN¥¹î�

�f��fì(ÜU, Ematr
bond �XÄN�fì(Ü

U. �fì(ÜUdeª(½:

Eemb
bond = [Eclus − (n − m)Ematr

iso

− mEedisp
iso − lEevac

iso ], (2a)

Ematr
bond = [Eclus − nEmatr

iso ], (2b)

Ù¥ (2a) ª�ÄN¥¹î��f��fì(ÜU,
(2b) ª�Ø¹î��f�XÄN�fì(ÜU. (2)
ª¥, n ´�fì¥�foê, m ´O ªî��
fê, l ´mYªî��fê. Eclus ´�fìoU,
Ematr

iso ´ÄN�fUþ, Eedis
iso ´O î��fU

þ, Eevac
iso ´mYªî��fUþ. î�U´î\Ä

N¥��fÚå�fì(ÜU�UCþ, w,, �
�fî�U��ê�î\��f¦�fìUþO
\, K�î�UK¦�fìUþü$. Ïd, K��
fî�U¦î\ÄN¥��f­½, î\�f3Ä
N¥k����MÝ. �â��Uþ�n, ÄN¥
�î\�f3�fî�U��°Äe, lp�fî
�U?�$�fî�U?[£.

3 v Ä N ¥ � � m Y ª � f, O � ( Ü U
� (2a) ª¥ m = 0. � l = 1, 2 �©OO���
î�U� –28.27 eV � –54.99 eV. ��, �3v7á
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ÄN¥î�U�K�, L²�3v7á¥k���
MÝ, N´ÏLL¡?\vÄN¥. ��ÄN¥�
�fê8O\, î�UC�, ��N´?\vÄN
�¥. Ïd, �þ��f®83v7áL¡�ÄN
S, ¿�X�mí£, ÅÚ���*Ñ, ��z��
/¤JøÔ�Ä:.

3.2 ������vvv������ÚÚÚUUUååå

3vL¡8à���ÄNv�f�p�^, /
¤zÜÔ (=�z�). �z�/¤Uå�±^�f
m�ÚUïþ, ��Ù¦�fm��ÚU�

Eattr = EO−X − Ematr − EO − EX + Em, (3a)

ª¥ Eattr ��fm�ÚU, EO−X �ÄN¥�¹
�Ú X �f���fìoU, Ematr �XÄN�f
ìoU, EO, EX ©O´��f� X �f�Uþ,
Em �ÄN�f�Uþ. (3a) ª¥e X �ÄN�
f (X = matr), K�fm�ÚUL�ªòz�

Eattr = EO−matr − Ematr − EO. (3b)

d�, ��ÄN�fm�ÚU, Ó�3ÄN¥�î
�U�d (=��ÄN�fm�ÚUê�þ�u�
3ÄN¥�î�U).

e�fì¥¹ü���f (=ü���f�Ä
N�fu)�^), (3b) ª�U�¤

Eattr = E2O−matr − Ematr − 2EO. (3c)

d (3) ª��, �fm�ÚU�N
��Ù¦�f
m�(ÜUå. ��ÚU�Kê, ÄN¥��� X

�fmäk�Úå, ´(Ü)¤�zÔ. ��ÚU
�K, /¤�zÔ�Uå��.

â (3) ªO���v��ÚU� –28.27 eV, L
²��ÄNvä��ÚUå, U/¤�zÔ. ïÄ
uy��vk/¤ TiO, duü���v�m��
ÚU�$ (–54.99 eV), TiO ��z¤pd� TiO2.

4 v¾Ü7��z1�

4.1 ¾¾¾333vvv¥¥¥���©©©ÙÙÙ

�v¥¹k¾�, ¾3v¥�©Ù�¹év
¾Ü7�zL§kXé��K�, �d, �©æ
^ (1) ªÚ (2) ªO�¾©O3vL¡ÚvÄN¥
��fî�U. O�uy¾3vL¡��fî�U
� 5.63 eV, ÑpuÙ3vÄN¥� 5.26 eV ��f

î�Uê�, ùL²¾ØU�vL¡[£¿ à,
éJ3vL¡/¤��� Al2O3 �o�. ��, L
¡��¾�ÄNS*Ñ, 3Ü7L¡E¤«¾�v
L�.

4.2 kkkSSS������///¤¤¤

lþã©Û��, ¾ª�u©Ù3vÄN¥,
du¾3v¥��fî�U���, ¾3vÄN¥
�M¦��fìUþ,p, E¤(�­½5eü,
Ïd, ¾3vÄN¥�M(J, N´ÛÑ/¤Ù¦
�f(�.

vÄN¥�¾lÄNÛÑ/¤zÜÔ�L§
ÚÅn�vÄN¥�¾�fm�p�^�', �£
ãù«�p�^'X, I½Â�fm�p�^U.
�fm�p�^U½Â�

Eact = E(n, 2X) − 2E(n,X) + E(n), (4)

ª¥ Eact ��f�p�^U, E(n, 2X) � n �
�f¥�¹ü��CÜ7�f X ��fìoU,
E(n) �Ø�¹Ü7�f��fìoU, E(n,X) �
¹k��Ü7�f��fìoU. l�fm�p�
^U��KÒ�±�äÜ7´Ä�3kSz (½ì
qz) �ª³, 
�fm�p�^U�ýé�KL
²kSz (½ìqz) ª³�rf. é²w, � Eact

����üÜ7�f X �p�C¦�fìUþ,
p, Ïd�fm�pü½, Ü7äkkSz��, ´
u/¤kS�; ��, üÜ7�f X �p�C¦�
fìUþü$, �fm�páÚ, /¤�fì.

æ^ (4) ªO�Ñ¾3vÄN¥��fm�p
�^U� –1.36 eV. du¾�fm�p�^U´K
�, v�fì¥�¾�f�p�Cü$XÚUþ,
Ïd¾�f�mäk�páÚå. vÄN¥�¾
�f3Úå�^eÅì� , /¤¾��fìq.
�¾3vÄN¥/¤Ãê�¾��fìqÖ/�,
v3¾�fìq¥��p�^1�, ¤�û½v¾
Ü7�f|�(�/ª�Ì�Ï�. �â (4) ª�
O�uy, ¾�fìq¥�v�fm�p�^U
� 2.54 eV, ýé�'¾�fm�p�^U�C�
����w«, d�ìq¥�v�fmäkr��
ü½å, kSz��ép, �ª�¾/¤zÜÔ. 3
¾¹þ�p�ìq¥/¤ TiAl zÜÔ, 
3¾�
é����fìq¥/¤ Ti3Al zÜÔ. w,, ¹
¾þpÜ7¥� TiAl ��õ, 
¹¾þ�$�Ü
7¥ TiAl ��éC�. ©z [15] �ïÄL², ¾
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¹þ� 52 at%—56 at%�Ü7� TiAl ü�|�, ¾
¹þ� 46 at%—50 at%�Ü7� TiAl+Ti3Al/TiAl
V�EÜ|�, ¾¹þ� 43 at%—46 at%�Ü7
� Ti3Al/TiAl �¡�|�. ù��©>fnØO�
�©Û(J��.

4.3 ÜÜÜ777���zzz

¾����ÚU� –30.00 eV, Úv�m��Ú
U –28.27 eV �C, Ï
3�zÐÏØ´u)¾�
`k�z, 
´Ó�)¤v��zÔÚ¾��zÔ.
¾��zÔ Al2O3 ­½, 
v�$dæ­��z
Ô TiO �?�Ú�z¤pd­��zÔ TiO2. d
uv¾Ü7L�´«¾� (� 4.1 !), 3�zÐÏ
Ì�)¤v��zÔÚ�þ¾�zÔ, Ïd�zÐ
Ï�v¾Ü7L¡, ��þv��zÔÚ�N¾�
�zÔ¤CX.

d (2) ªO��fì(ÜUuy,Al2O3 �(Ü
U� –0.86 eV/Å3, TiO2 �(ÜU� –0.81 eV/Å3, �
ö�C, � Al2O3 �$�:, Ï
 Al2O3 ' TiO2 �
­½�
. æ^ (1) ªO��¾3 TiO2 ¥��fî
�UL², ¾3 TiO2 ¥�î�U� –10.48 eV, 3L
¡� –10.49 eV. ÃØ3 TiO2 L¡�´NS, ¾�î
�UÑ´K�, �$u¾3vÄN¥��fî�U,
`²¾3 TiO2 ¥k����MÝ, �±lÄN*
Ñ� TiO2 ¥, ¿O�Ù¥�v/¤�­½� Al2O3

�zÔ. Ïd, �X�zL§��\, �zUe¡Ú
½?1: 1) v¾Ü7ÄN¥�¾?\ TiO2 ¥, ÅÚ
�L¡*Ñ (¾3L¡�fî�UÑ$�
), ¿O
�Ù¥�v/¤ Al2O3; 2) ��¾��	*Ñ, v
¾ÄN��z�.¡�vßÝOp, �¦v�f�
�Ó�	*Ñ, ¿Ú�¾O�Ñ5�v�f�å�
�(Ü)¤#� TiO2; 3) �ßL�z��v¾Ü
7ÄN*Ñ, �v¾Ü7ÄN¥�v!¾)¤�z
Ô. dd��, v¾Ü7��z�©�S)�Ú�
	)��ü«�z�, ¢�¥��Ù/*	�ù«
y�. ©z [3] ��, 	��z�d Al2O3 Ú TiO2

|¤,Al2O3 Ì�©Ù3	��z��Sý.

5 �zÔ>f��Ý

ã 3 � ã 4 © O ´ TiO2 Ú Al2O3 � � �
Ý (DOS), Ù¥ T �Lo��Ý, �©Å��Ý
©O^ M -s, M -p, M -d L« (M �L Ti, Al Ú O).

TiO2 �o��Ýd s, p, d ©Å�¤, Ù¥ d ©Å�
�Ýd Ti �fJø. Al2O3 �o��Ývk d ©
Å¤©, =k s, p ©Å. 3Uþpu –20 eV �«�,
TiO2 Ú Al2O3 � s, p ©Å��Ý�©�q. TiO2

3$U«Ñyü���Ýk¸, ©O u –60 eV—
-55 eV Ú –35 eV— -30 eV �m, ùü�¸�©O
5g Ti � s Ú p ;�>f. Al2O3 =3 –20 eV ±
þUþ«�k��Ý¸, ´ s Ú p ;�>f. 3
–20 eV—0 eV Uþ��, TiO2 Ú Al2O3 �o��Ý
/G�q, 10 eV—15 eV Uþ«� TiO2 Ú Al2O3

�þkaq�>f��Ý, �3 0 eV—10 eV �p
U«, TiO2 � Al2O3 o��Ý��4�. Al2O3 3
ù�«�´vk>fÑy�, � TiO2 3ù�«�
>f%ª�Ñy, dã 3 �±wÑ, TiO2 3ù�«
��>f��ÝÌ�d d ;�©Å�¤.

ã 3 TiO2 ��Ý

ã 4 Al2O3 ��Ý

� 3 TiO2 Ú Al2O3 ¥ � © Å � � Ý � C,
� Ti � Al �©Å��Ý�Oé�. 3 –5 eV—
8 eV Uþ«m, Ti � d ;���� p ;��U, �
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)�d�. 3 –20 eV— -15 eV � –7 eV—0 eV Uþ
«m, �� s � p ;�©O� Al � s, p ;��U,
Ù�U§Ýru Ti � d ;���� p ;��U§
Ý. Ïd, Al2O3 ¥��¾�)��d�ru TiO2

¥��vm��d�. ù´ Al2O3 ' TiO2 ���,
��zUå�r�­��Ï.

6 v¾Ü7p§�zL§

p§ev¾Ü7L¡��¾�ÄNS*Ñ, 3
Ü7L¡E¤«¾�vL�. �3v¥k���M
Ý, �ÏLL¡?\vL¡�¥, �þ��f®8
3vL�, ÅÚ���*Ñ. 3vL¡8à���
ÄNv�f�p�^, /¤zÜÔ, ��vÄk/
¤ TiO, TiO �?�Ú�z¤pd� TiO2.

du¾����ÚUÚv�m��ÚU�C,
�Ü7L�¾¹þ��, Ï
3�zÐÏØ´u)
¾�`k�z, 
´Ó�)¤v��zÔ (TiO2) Ú
�þ¾��zÔ (Al2O3). �zÐÏ�v¾Ü7L
¡, ��þv��zÔÚ�N¾��zÔ¤CX.

¾3 TiO2 ¥k����MÝ, �±lÄN*
Ñ� TiO2 ¥, ¿O�Ù¥�v/¤�­½� Al2O3

�zÔ. Ïd, �X�zL§��\, v¾Ü7ÄN
¥�¾?\ TiO2 ¥, ÅÚ�L¡*Ñ, ¿O�Ù¥
�v/¤ Al2O3. ��¾��	*Ñ, v¾ÄN�

�z�.¡�vßÝOp, �¦v�f��Ó�	
*Ñ, ¿Ú�¾O�Ñ5�v�f�å��(Ü)
¤#� TiO2. �ßL�z��v¾Ü7ÄN*Ñ,
�v¾Ü7ÄN¥�v!¾)¤�zÔ.

7 ( Ø

1. 3vÄN¥��î�U�K�, Ù3v¥
k���MÝ, N´?\vÄN¥. �þ��f®
83v7áL¡�ÄNS, ¿�X�mí£, ÅÚ
���*Ñ, ��z��/¤JøÔ�Ä:. ��
v��ÚUL²��vä��ÚUå, U/¤�z
Ô. ��vÄk/¤ TiO, �� TiO ��z¤�­½
� TiO2.

2. vÄN¥�¾�f�p�Cü$XÚUþ,
Ïd¾�f�mäk�páÚå. ¾�f3Úå�
^eÅì� , /¤¾��fìq. ¾�fìq¥
�v�fm�p�^U���, Ï
ìq¥�v�
fmäkr��ü½å, U�¾/¤zÜÔ.

3. ¾��!v��ÚU�C, �zÐÏØ´
u)¾�`k�z, 
´Ó�)¤v��zÔÚ¾
��zÔ. Al2O3 � TiO2 �(ÜU�C, �' TiO2

$, Ï
 Al2O3 ' TiO2 �­½. ¾3 TiO2 ¥��
fî�U´K�, 3 TiO2 ¥k����MÝ, UO
�Ù¥�v/¤�­½� Al2O3 �zÔ.
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The electronic theory study on high-temperature
oxidation mechanism of TiAl alloy∗

Liu Gui-Li† Li Yong
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Abstract

In order to reveal the physical nature of high temperature oxidation of titanium-aluminous alloy from the electronic level, the atom

embedded energy, affinity energy, binding energy and other electronic structure parameters are calculated by using recursive method

combining with Castep, and the alloy oxidation mechanism is explored. The results show that there is a larger oxygen solubility in

titanium and oxygen atoms can aggregate into titanium matrix near surface, and gradually spread into the deep matrix. Oxygen and

titanium have a strong affinity to form a titanium oxide film. Aluminum can form clusters with mutual attraction between aluminum

atoms in titanium matrix. Titanium atoms in aluminum clusters are mutually repulsive and form chemical compounds with aluminum

atoms. Because of the closing affinity energy between aluminum and titanium with oxygen, the preferential oxidation of aluminum

cannot occur, but titanium oxide and aluminum oxide form. The binding energy of Al2O3 is slightly lower than that of TiO2, therefore

Al2O3 is more stable. Aluminum in TiO2 has a greater solubility, which can replace titanium to form more stable oxide Al2O3.

Keywords: electronic theory, high temperature oxidation, titanium-aluminous alloy
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