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ABSTRACT The oxidation energies of Al2O3 and TiO2 containing different transition metal alloying
elements were calculated by using a first–principles plane–wave pseudoptential method, the effect of
alloying on the relative stabilities of Al2O3 and TiO2 was also analyzed. The results showed that
almost all the alloying elements increased the oxidation energies of Al2O3 and TiO2, i.e., destabilized
both Al2O3 and TiO2. Comparing the oxidation energies of Al2O3 and TiO2, it was foud that, W,
Mo, Re, Nb, etc., decreased significantly the stabilities of Al2O3 relative to that of TiO2, indicating
that these alloying elements may hamper efficiently the inner oxidation of Al in the γ–TiAl matrix so
as to increase the high–temperature oxidation resistance of γ–TiAl.
KEY WORDS first principle, γ–TiAl, alloying, oxidation energy, relative stability, internal oxidation
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!3 [5,6] 4!, ����"� γ–TiAl � ���

�=7##). $*>*+!3,-���5�. TiAl

 ����67, %& 1 '(. !+, Nb, Mo, W �

Re[7−11] 5�!'�Æ"����� ���, Mn �

Cu[9,11,12] 8,���� ���. �/, )*!3��

8)-�67$���, ���,9��� .-0�$

�1�!�/67��� ��?, *2%+�!3,,

2�0�:3�*.. /%, �!3 [13] ,-, Cr ���

&����-�"� γ–TiAl �� ���, " Shida �
[11] 8,-+0�13". .* Ag, Hf, Ta �5�, ;�

:214�!3*3 [7,11,14].

&52!3<3�46., <3=.���67 γ–

TiAl ��� �>����!>+/0. /%, 1? [4,
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@ 1 �	�
� TiAl ��

	�� [7−11,13,15]

Fig.1 Overview of the effects of the alloy elements on the oxidation resistance of γ-TiAl[7−11,13,15]

9-11] "9, ���63 γ–TiAl ��� ����!�

A$:4: ��5�,�+ Al & TiO2 8�47�; B8

Al �5566; 9: O �55, 6C7 �����. )

*78�;D�, ;!3<�9<2�8:�9;�*.,

%�;=:�=3"�$�. &�.., ;<. γ–TiAl

8����Æ!E��F>�A�<3,-, /%, 1?

[16, 17]<3+ O & γ–TiAl (111) �<>, 1? [18—

20] <3+ Si, O �& γ–TiAl � �-=�. GF<3

5��5���. �?=?@�67, .�7 TiAl �

 ����A#3". %�, )* Ti - Al >� �@�

��5� [4], AH& TiAl � (  �!, TiAl ���

 ���!?.?=* �!�BI�>=�-,���
[4,11]. $�, �7���. TiAl  ���67C@��

=&*D(���. �!�?�67. ;<, GA ?

@+�.<3,-.

TiAl � %�( #+,�� Al2O3 $ !�

A$�, Ti - Al >��J@����5� [21,22],  

���8 TiO2 K Al2O3 AL�#, *2 �!Æ�

9M�!B*B ()A�7NB� TiO2/Al2O3/TiO2+

Al2O3/α2+δ/γ–TiAl). $�, �..E, %3"���

B@6� Al2O3 K TiO2 �:.>=�, &�=��.

!CF �!*B, BO TiAl �� ���. 4*G�

CD, ÆG3D"4*��EH�>�A�A<, <3+

���. Al2O3 - TiO2 :.>=��67, F.��

�. TiAl � ���67!>+0..

1 CDEFG
1.1 HIJ

G�C M � �3!�

mM+
n

2
O2 → MmOn (1)

DIE PΔV P2�FG-, 3!��8�2��
� (H>�I�J ,.K) �

ΔHMmOn = (EMmOn −mEM − n

2
EO2)/

n

2
(2)

E8, EMmOn , EM � EO2 .H� �F��CI?�
O2 ��2; ΔHMmOn � �3!� ��, �J�KQ,

�KG3!.  ���5P!'"�L2 �LF>=�

���:  ��J.Q�5,  �F>=���.

8H�J��AK X IM �F8��CAK M ,

 ���

ΔHMn−1XOn = [EMn−1XOn −mEM−EX − n

2
EO2 ]/

n

2
(3)

E8, EMn−1XOn �N��AK�78�>�2, EX �

��AK&I?BJ-��2.
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1.2 LMNO
ÆG3D">�A�H QPKA< (VASP[23,24]

LP:) QM78�2. .*N��AK�78, .HY

Z 2×2×3� 72AK TiO2 RPS (Ti24O48)� 2×2×2

� 80 AK Al2O3 �RPS (Al32O48), 08�J Ti �

Al AKT��AK X IM. ��AK X :45�QQ
�8> 3, 4 � 5 QQ8�'��UR5�. O2 ��2N

�R�J O2 K[& 1 nm×1 nm×1 nm �SK8QM
2�. '�AK>D"OVK projected augment wave

(PAW) PK [25,26]. TM�R�" PBE \] [27] �U^

P��Q (generalized gradient approximation, GGA)

SR. .H Q�20W- k XSV!>+TT�YU,

=SYV0W� 650 eV. . TiO2 � Al2O3 RPS k X

SV.H" 6×6×7 - 8×8×8 !>QM. .RPS�*

BZW-AKX[!>+��, *0>�2�AKW�.
HTT� 10−5 eV � 0.1 eV/nm.

2 TUVW
2.1 XYZ[

�+34QM�\;�, YZ. TiO2 � Al2O3 U

7!>+QM, 2� TiO2 � Al2O3 �PVZW, .H%

� 1 � 2 '(, 0[�.QM�!3*3 [28−33] ;V*

�8. !+, ÆG3*3K!3*3-E��QM*3X
��Y. QM2��PVZWE5*!3Q, G7#�)
* GGA �QÆ\�]0'I �.

2.2 HIJ
QM2�� Al2O3 � TiO2 � ��.H�−11.11

] 1 TiO2 [WZXÆ\^__`a[Y`Z[\a]^[]_
Table 1 Calculated equilibrium lattice parameters of TiO2 in

comparison with experimental and other theoretical

data

a, nm c, nm

Present 0.4655 0.2972

GGA–PBE[28] 0.4629 0.2963

GGA–PBE[29] 0.4650 0.2970

Exp[30] 0.4594 0.2959

] 2 Al2O3 [WZXÆ\^__`a[Y`Z[\a]^[
]_

Table 2 Calculated equilibrium lattice parameters of Al2O3

in comparison with experimental and other theoret-

ical data

a, nm α, deg

Present 0.5182 55.31

GGA–PW[31] 0.5195 55.32

LDA–HL[32] 0.5123 55.43

Exp[33] 0.5136 55.28

Note: α—angle between lattice vectors

� −10.12 eV, K!3Q −11.58 � −9.78 eV X��Y.

Al2O3 � ��E�* TiO2, �9 Al2O3 ^ TiO2 >

=.

& 2a - b .HM(+8H��AK` Al2O3 �

TiO2  �����. !+, J5_.��AK>*2
Al2O3 � TiO2 � ��B8. b^��AKbWB5,

Al2O3 � TiO2 � ��_ac�,  �F>=�,�.

��AK. Al2O3 - TiO2  ���67, K��5�

Æ\� ����. ��5�Æ\ �F� ��D�*

Al2O3 � TiO2, �,� Al2O3 � TiO2 � ��. /%,

Zr � Hf � ��.H� −11.41 � −11.86 eV, �*

TiO2 � �� −10.12 eV,$�, Zr- Hf���,�+

TiO2 � ��. Richardson& [34] >*+�8V�C�
 ��. Al2O3 - TiO2 � ����, b� Richardson

&�`_, J5�W�C� ���* Al2O3 - TiO2.

GF!3*3;K Wang � [35] - Martinez � [36] �

>�A�QM*3�,.

�Ca���. Al2O3 - TiO2 :.>=��67,

QM+ TiO2 � Al2O3  ��0Qb��5����, %

& 3 '(. ΔH �5, Al2O3 :.* TiO2 �>=��

�. )& 3 !+, 3 JQQ��AK X . ΔH 67�c

7\K�Q: X ;QQ�)`de, ΔH YZB8, d d3

Rb�=5, �`9Pd d10 R. 08> 3 QQ Cr -

d8 R (Ni, Pd, Pt) E-]c7\K. +�7R��AK

@ 2 �	�� Al2O3 c TiO2 ��
	��
Fig.2 Effect of alloying on the oxidation energies of Al2O3

(a) and TiO2 (b)
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@ 3 �	�� Al2O3 
 TiO2 	����
	��

Fig.3 Effect of alloying on the relative stability of Al2O3

and TiO2

X aQQ�).,-, ΔH B8. > 3 QQ5_.��A
K,� ΔH , > 4 QQ d2 d d5 -> 5 QQ d2 d d6

R5�MÆB8 ΔH , d*2 Al2O3 :.* TiO2 �>

=�MÆ,�.

3 bcdef
3.1 ghij

& 4 8�J��^fM(, Al2O3 � TiO2 ec7
#) O p f-k , / Al s, Al(p) � Ti(d) 87#d
dec. QM2�� Al2O3 � TiO2 ��e.H� 5.6

� 1.7 eV, P*!3Q 8.7 � 3.2 eV, G�)* GGA Q

M�e-P'I �. Al2O3 � TiO2 J��8��e)
Al–O - Ti–O WVKJ�geD�( , �e�_gf

^VKD���`,  �F�>=. Bader Vh��.g

(� 3) �9, Al2O3 8 Al c�]Vh +2.481, O c�K

Vh −1.654; TiO2 8� Ti c� +2.280 �Vh, O c

� −1.136 �Vh, �9fge=A, Al2O3 � TiO2 8
;N�]K= .. GK Sousa � Illas[37] - Marquez

� [38] �QM*3�,.

��7���. Al2O3 - TiO2  ���67, Q

M+%+��5�. Al2O3 � TiO2 VK*B�67. )

*ÆG3)-���5���, GaYVW� Cu�g�

!>0.. & 5a � b M(+%+�U�CAK (W/Cu)

gI Al ` Al2O3 �J��. h8��5�`, Al2O3 �

ce89h+��hD�i, GF�iih9bi�i�.

biJ��QM�9, ��i7#�a��AK-0�c
O �j?. ��i�jH, 9P+ Al2O3 ��e, ;ge

D����d, G*2 Al2O3 �>=�,�, K ��Q

M*3�,. ; Bader Vh.g�d, j W � Cu Vg

Al`, 0Vh.H� +1.825� +1.301,j*@���k

Al �Vh (+2.481), e W/Cu =�c O �cV9M9

Æ (-1.547/-1.465), "Ql Al �Vhf�MÆ��. $

�, W/Cu Vg Al `, 78]K=��,�, *2 Al2O3

>=�,�, K ��QM*3�,.

@ 4 Al2O3 c TiO2 	lmgk

�n�mgk
Fig.4 Total and atomic projected densities of Al2O3 (a)

and TiO2 (b)

] 3 W/Cu klml Al2O3 [ TiO2 mmnnk[lm
Table 3 Effects of W and Cu on the charge transfer in Al2O3

and TiO2

Phase Condition Ti/Al O W/Cu

Al2O3 Undoped +2.481 -1.654 -

W-doped +2.478/+2.480 -1.545/-1.549 +1.825

Cu-doped +2.482/+2.482 -1.464/-1.464 +1.301

TiO2 Undoped +2.280 -1.136 -

W-doped +2.195 -1.123 +2.785

Cu-doped +2.250 -1.043 +1.395

& 5c � d M(+%+�U�CAK (W/Cu) g

I Ti ` TiO2 �J��. K Al2O3 %+, ��AKF
f�&cehjHbihD�i. 8H W `, TiO2 �

ce (1.7 eV) 4Æf���, " Fermi �ind3=J

hi, d_.3=JTVKoi, *278�2.c, >=

�-,. Cu 9M9P TiO2 ce (1.5 eV), $�, ;/

,�0ge=��-0>=�. Bader Vh.gM(, W

& TiO2 8�Vh� +2.785, �*0Vg� Ti �Vh

(+2.280). W �c O AK�KVh (−1.123) K@hD

k (−1.135) :^, E�-,. +k, W hD*20Ql
Ti(+2.195) �Vh9j. $�, �� W–O ]K=�!�
^@hD Ti–O =�, " W �c� Ti–O ]K=3"9
Æ, *2 W &�=��.!,� TiO2 �>=�. K W
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@ 5 � W 
 Cu 	 Al2O3 c TiO2 	mgk
Fig.5 Density of states of Al2O3 and TiO2 alloyed with W and Cu

(a) Al31WO48 (b) Al31CuO48 (c) Ti23WO48 (d) Ti23CuO48

%+, Cu & TiO2 8�Vh� +1.395, 9M�*0V

g� Ti �Vh (+2.280), +k, 0�c O �KVh

(−1.043) 9j, Cu–O ]K=��MÆÆ* Ti–O =.

Cu �c Ti �Vh��%5, ")*0�c O �KV

h�9j, :! Ti–O =��p9Æ. $�, ;]K=�
�<��d, Cu hD/^ W oMÆn,� TiO2 8�]
K=��- TiO2 �>=�. .R*3K ��QM*3

�,.

3.2 opIq TiAl HIrJstu
jW���. TiAl  ���67�^�qpqI

�kr�, D��5�B8 Al2O3 :.* TiO2 �>=

�, 8�l* Al2O3 �( , *247�  �F!8
Al2O3 k.B8, �!�B8���� ��. 4*G�

qIkr, )& 3 !+, Co, Ni, Cu � Zn �)*B8

+ Al2O3 �:.>=�, !�"� TiAl �� ���,

/ Nb, Mo, W � Re �MÆ,� Al2O3 �:.>=�,

!* TiAl �� ���,�. �/, )& 1 !+, G�o

.K!32�����. TiAl � ����*3mY:

3. ^�& 1 � 3 �h, ,� Al2O3 :.>=����

5�,,�"� TiAl �� ���, B8 Al2O3 :.>

=���5�3%. nrK.RqIkr:3, "���

. Al2O3 � TiO2 :.>=��67K0. TiAl � 

��67�.!�8p�o&.

G4 �F:.>=�K TiAl � ���.!�

87#�)*���67+��78�7 ���. 7 

� [34] � 2 4'.k.���78 ����A#k 
_., s& ���8, O 55���477, K��8�
@ok5��3!, &��7_/p� �  �F. .

* γ–TiAl ��, )* Al2O3 ^ TiO2 >=, d Al ^

Ti @o, pv��7 ��qP. 52�!3G31pa
� Al 7 ���� [4,7,9−12,14,15]. Shida � Anada[10]

- Shigeji � [14] N�!3�h, &��7 ��FG-,

&��477_q�� q( Al2O3. 7 �� �

Al2O3 rq*� /pH>*� �# (& 6a), G4�
#kE%l*( #+� Al2O3 !, %�( �Æ� O

55t�, 9<6C ��!�&��. &%��7 �

�FG-, � q� Al2O3 u^s tv�# (& 6b),

!( #+� Al2O3 !, ( �Æ� O 55t�. $�,

Al �7 ��6�( $ �#+ Al2O3 !�7#A

@ 6 ���srr� Al2O3 	wssxt
Fig.6 Schematic morphology of Al2O3 in different growth

model

(a) internal oxidation

(b) external oxidation
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$, 6C7 �����"� γ–TiAl � �����=

$�.

Nb, Mo, W � Re �MÆ,�+ Al2O3 �:.>

=�, *2477 Al �7 �t", yO+ Al2O3 rq

*� �#, t!#+ Al2O3 �( , $�, �"� TiAl

�� ���. i!3 [11] ,-, Mo �3"P* W �

Nb, )& 3 ;!'d9, Mo . Al2O3 :.>=��6

7P* Nb � W, K!3*3X��Y. <3 [7,14] �h,

&u2h8�FG-, Ta � Hf �3"vd^ W u#9

M.

Pt, V ���5�;�,� Al2O3 �>=�, $�,

GF��5�;!"� TiAl �� ���. "!3�h,

[*.� ����1v67%5. 07#A$!��
Ti Æ\& Al2O3 8����47� [4], d*&%N0[

��5�k, Ti Eu,�+ Al2O3 �:.>=� (& 3).

$�, wj0[��5�^ Ti oMÆn,� Al2O3 �:

.>=�k, u/"� TiAl �� ���. Pt, V �5

�. Al2O3 :.>=��67M�f� Ti MÆ, $�,

[*. TiAl �� ����1v67%5.

).R0.!+, ��5�. TiAl � ����6

7K0. Al2O3 :.* TiO2 �>=�v:�. �/, v

zww, TiAl � ���Jpx;D�F��J��, )

-$�w�. ��5�6� O 55Kw-x)�&47

- �F8�-=�>�!�.� ���L�67. /

%, Ta � Hf w&j2h8�FG-MÆ"� TiAl ��

 ���, �2h8867%5, G�!�x[*&47

8�-=��. yA, j��5�N2R�0& Al2O3 v

TiO2 8�y4�k, ��5�Æ\;!�(  �F, /

py4� Al2O3 v TiO2 8. G4FG;%&ÆG3'
0.�yl7. $�, �!�&�7���. TiAl � 

����67, {#xoxHy,�<3.

4 Vf
N�>��A�>�QM�h, z{'��UR��

5�1B8 Al2O3 � TiO2 � ��, *2z=�>=

�-,. Nb, Mo, W � Re �MÆ,� Al2O3 :.*

TiO2 �>=�, yO γ–TiAl 8 Al k.�7 �, �y
*7! Al2O3 tv�#, ( #+,�� Al2O3 !, �

Æ$ ��, "� γ–TiAl �� ���.
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