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Äu1�5�n�³²¡Å�{ïÄ
Ü7�� Ti, C, N é α-Fe Ä>f(�9�Ü5��K�, O�

¹ Ti, C, N � Fe Ä�MN�oUþ!(ÜU, ©Û
��Ý!>ÖÙØê!�UÙØêÚ>Ö�Ý, lnØþ)
º
3 Fe Ä¥�M Ti, C, N �Ù5UUõ��Ï. (JL², �X Fe Ä�MN¥ Ti(0—12.5 at%), C(0—11.11 at%),
N(0—11.11 at%) ¹þO\, (ÜUÑkO\; Ti, C, N ��M¦� Fe Ä�MN3¤�U??r�¤�, (ÜUåO
r, ¿�3¤�U?NCÑy�UY, L²�MN¥7á���d���; �X Ti, C, N ¹þ�O\, C, N ©O� Ti,
Fe �m��d�(ÜrÝ\r, Ü© C, N �f¬� Ti �f(Ü/¤ TiC, TiN �â, å��È��âr>z�^.

'�c: α-Fe, Ü7z�A, 1�5�n, �Ü5�

PACS: 71.15.Mb

1 Ú ó

Ti, C, N ´c¥��Ü7��, V\�þ�
Ü7��Ò¬éc�Å�5UÚÔnzÆ5U�
)é��K�. Ti ÏUUõ7á(�¿�O\Ü7
�rÝÚF@¡5�2��A^, Ù¥êz«g
cÑò Ti ��Ü7V\J. Umemoto � [1] *	�
3 1173 K §Ýe, �'%N¥�, 5 at%� Ti, Ti
�'%N¥� C /¤ TiC, �k�{�Ü7¥'%
N�/¤. Wang � [2] æ^®"�7Eâ, ^·Ü
þ!� Fe, Ti Úç(®"��Ñäk TiC �ârz
�^� Fe ÄEÜá�. 4ÿ±� [3−5] æ^�lf
'ÛEâ3$%gL¡?1 Ti, N ���'/¤E
Ü'Û� (TiN �È� +TiN ÛÑ� +Ti, N *Ñ�),
Ü7L¡MÝÚF�5��
é��J,. Peng
� [6] ÏL�Aí�{� Fe-N Ü7æ�¥�, Ti
5{�c��zÔ�/¤, Jp
 Fe-N æ��
½5. Ti é C, N �¯õ��äkp��Ú5, Ti 3

gc¥¬/¤JM�%zÔ!�zÔ9Ù%�z
ÜÔ, �gc¥¹k Ti �, Ï~´b� Ti � C, N
�mäk���(ÜU, �ù�´�«oÑ�Cq
�O [7,8], ¢��U�ä�Ü7��3 Fe Ä¥�L
Þ�, Ã{?�Ú(½�AÅn, Ïdl�f©f
Y²þ©ÛÜ7�� Ti, C, N �Mé Fe Ä>f(
�Ú�Ü5��K�w�c��.

�©æ^1�5�n�³²¡Å�{é¹ Ti,
C, N � Fe ÄÜ7?1oUþ!(ÜU�O�, l
�f©fY²þ©Û Ti, C, N é Fe ÄÜ7½5
�K�, ¿ÏL��Ý!>ÖÙØê!�UÙØê
Ú>Ö�Ý�©Ù?&? Ti, C, N é Fe ÄÜ7
��*�^Ån.

2 O��{�O��.

2.1 OOO������...

�©±LÞx7á α-Fe �é�, Ù+�m�
á�¬X I−m3m, ¬�ëê�¢�� 2.8664 Å. é
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u Ti, C, N 3 Fe Ä¥�Ó �¹, ©z [9] @� Ti
�f�»Ñ�u Fe �f�», 3 Fe Ä¥����
M, C, N �f�»��, 3 Fe Ä¥�mY�M; q
du C, N �f�Mul¡NmY���C� Fe
�fkü�, 3o¡N¥��C� Fe �fko�,
£Äo��f¤I��ACU��u£Äü��
f�ACU, ¤± C, N �f`k�3u α-Fe ¬N
�l¡NmY. l¡NmYdü���C Fe �f
Úo�g�C Fe �f|¤, �?�Ú(½ Ti, C,
N �,�f��é �, �©± Fe24 �Ä©OO
�
 (a)Ti ��� C, N ��C Fe �f; (b)Ti ��
� C, N g�C Fe �f; (c) Ti ��� C, N �fØ
�� Fe �fn«ØÓÓ Ü7�oUþ. 3dn
«Ó e Fe23TiC �oU�g� −21659.5541 eV,
−21660.1513 eV, −21660.2387 eV; Fe23TiN � o
U þ � g � −21776.6176 eV, −21777.9694 eV,
−21776.7940 eV. duoUþ�$�.(��
½, Ü7����������é����m��
Ü�^?1'�©Û, Ïdæ^ b Ó �ª. âd
�©òïÄ Ti, C, N �Mu Fe Ä�/¤�MN�
5�, ¿��

) Ti, C, N Ü7��ßÝé Fe Ä
�MN�)K�, �ï
 Fe(2 × 2 × 1), (2 × 2 × 2)
Ú (2 × 2 × 3) n����., Xã 1 ¤«. ã¥ Ti
�fz©¹þ©O� 12.5 at%, 6.25 at%Ú 4.17 at%,
C ½ N �fz©¹þ©O� 11.11 at %, 5.88 at%,
4 at%. Äu Ti, C, N 3 α-Fe Ä¥�MÝ�� [7,8]

ÚO�^���, 3O�Uå���S�e
±þ
n«�., �,�.�MÝk¤ �, �EUéÐ
��A Ti, C, N �Mé Fe Ä>f(�Ú�Ü5�
�K�.

2.2 OOO������{{{

� © æ ^ Materials Studio 4.4 ^ � ¥
� CASTEP (Cambridge Serial Total Energy Package)
�¬ [10,11] ?1O�. T�¬Äu�Ý�¼nØ
µee�²¡�³�{, òlf³^�³�O, >
fÅ¼ê^²¡ÅÄ|Ðm, >f – >f�p�
^���Ú�'³d2ÂFÝCq (GGA) ?1

��. Ù¥¤k�f�³æ^�^ (ultrasoft) �
³, >fÅ¼ê��äU 300 eV. 1�Ù�«¥
��. k :©�:��� Fine °Ý. ���'¼
êæ^ GGA-PBE 5��, 3O�5U�cþæ
^ BFGS �{é��?1AÛ`z, �Äg^4z,
±¦��Û�½(�. SCF �Ø���� 1 ×
10−6 eV. gT$�L§(å�oUþÂñ� 1 ×
10−5 eV/atom. z��fþ�å$u 0.03 eV/nm,
ú �   £ � u 1 × 10−4 nm, A å   � �
u 0.05 GPa.

ã 1 O��¬��.

3 O�(J�?Ø

Äkæ^À½�ëêé α-Fe ü�?1(�`
z¿O�Ù5U, α-Fe �¬�ëêXL 1 ¤«.

L 1 α-Fe �¬�ëê

ü� �{ a = b = c/Å

α−Fe

�©O� 2.8355

¢� l[12] 2.8665

CASTEP-GGA[13] 2.8506

VASP-GGA[14] 2.8220

L 2 ��,���.�oUþ!��¥¤¹�ü��ê n!ü�UþÚ k :

��, Fe Ä�. oUþ E/eV n ü�Uþ ∆E/eV k :

Fe2(1 × 1 × 1) −1730.5147 1 −1730.5147 10 × 10 × 10

Fe24(2 × 2 × 3) −20766.2200 12 −1730.5183 4 × 4 × 3

Fe16(2 × 2 × 2) −13844.1439 8 −1730.5180 4 × 4 × 4

Fe8(2 × 2 × 1) −6922.0735 4 −1730.5184 5 × 5 × 7
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lL 1 �±wÑ, O��ü�ëêÚ¢���
��, ��¦<�O�(J�Ð�ÎÜ, `²�©
À��O��{´�&�. Ó�, ����. k :
©�:����â�g�¬�º�?1N� (�
L 2), O�(JL²��.¥|¤���ü�U
þ ∆E Ä���, =��. k :���´�&�.
Ïd, 3�©�ïÄó�¥æ^þãëêO�¹ Ti,
C, N � Fe ÄÜ7�oUþ!(ÜU!��Ý!>
ÖÙØê!�UÙØêÚ>Ö�Ý.

3.1 (((ÜÜÜUUU

¬N�(�½5�Ù(ÜU���'. ¬N
�(ÜU´gd�f(Ü�¬N¤º��Uþ, =
¬N©)¤ü��f�	.¤��õ. (ÜU�ý
é���, /¤�¬N�½ [15−17].

(ÜUO�úª�

∆E =
1

NFe + NTi + NC + NN

× (Etot − NFeE
Fe − NTiE

Ti

− NCEC − NNEN),

ª¥, ∆E �(ÜU, Etot �Ü7�oUþ, EFe,
ETi, EC Ú EN ©O��á�f Fe, Ti, C Ú N
� U þ, 3 � O � ¥, � á � f Fe, Ti, C Ú N
�Uþ©O� −855.5088, −1596.4518, −145.6694
Ú −262.7374 eV. NFe, NTi, NC Ú NN ©OL« Fe,
Ti, C, N �f3Ü7¥��f�ê.

d L 3 � �, � Ü 7 ( Ü U þ � K �,
` ² § � / ¤ � ( � þ  ½, ± e � M
N ( Ü U ý é � � g 4 O,  ½ 5 O �:
Fe8C<Fe16C<Fe24C, Fe8N<Fe16N<Fe24N, Fe7Ti<
Fe15Ti< Fe23Ti, Fe7TiC<Fe15TiC<Fe23TiC, Fe7TiN
<Fe15TiN<Fe23TiN, Fe7TiCN<Fe15TiCN <Fe23TiCN,
ÏL ' � u y, � X Ti(0—12.5 at%), C(0—
11.11 at%), N(0—11.11 at%) ßÝ�ØäO�, Ü
7�(ÜU��O�, (�½5k¤ü$, ��
�MNEU�±½. ù´du Ti, C, N 3 α-Fe Ä
¥�MÝ'��, �¹þ�p�, �U¬�)Ù¦
Ü7�, ¿� Ti, C, N �¹þ�p, ¬�u)ÆC�
�, ¬��Ø½.

3.2 ������ÝÝÝ

�
?�Ú
) Ti, C, N 3 Fe Ä¥�p�^,
�©©OO�
��,� Fe Ú Fe15TiCN ���
Ý¿éÙ?1'�, Xã 2 ¤«.

L 3 ØÓÜ7�oUþÚ(ÜU

Ü7|¤ oUþ/eV (ÜU/eV·atom−1

Fe −1730.5147 −9.7486

Fe24C −20920.8738 −9.7197

Fe16C −13998.6886 −9.6987

Fe8C −7076.6246 −9.6539

Fe24N −21037.4868 −9.7015

Fe16N −14115.3277 −9.6735

Fe8N −7193.0701 −9.5847

Fe23Ti −21505.5919 −9.6849

Fe15Ti −14583.2269 −9.6339

Fe7Ti −7660.8087 −9.4744

Fe23TiC −21660.1513 −9.6531

Fe15TiC −14737.8828 −9.5821

Fe7TiC −7815.6275 −9.4383

Fe23TiN −21777.9694 −9.6831

Fe15TiN −14854.7166 −9.5959

Fe7TiN −7932.6525 −9.4335

Fe23TiCN −21931.7421 −9.6224

Fe15TiCN −15009.2622 −9.5429

Fe7TiCN −8087.7704 −9.4350

dã 2 �� Fe15TiCN ¥ Ti, C, N Ú Fe �f
��p�^Ì�Ly�¤�U?NC� Ti3d, C2p,
N2p, Fe3d ;��m��p,z, ¿�3¤�U?
e�$U??'��, Fe õü�¤�¸. C2p ;
�' N2p ;�Ñ��C Ti3d Ú Fe3d ;�, ùL
² C �f� Ti, Fe �f�(ÜUåÑ��u N �
f. lã¥�±²wwÑ Fe15TiCN �UY�Å�
?u¤�U?, Fe ��Ý¥¤�U?��CÅ¸,
ùL² Fe15TiCN ¥Ó��3�þ��d�Ú7á
�, ��,� Fe ¥±7á��Ì��3�þ�
�d� [18,19].

oNw5, Ti, C, N ���\\¦ Fe Ä�MN
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3¤�U??>f¤�¸Oõ, (ÜUåOr; �
�,� Fe ±7á��Ì, ¹k�þ��d�, � Ti,
C Ú N �M�, �UYÅ�?u¤�U??, �M
N¥�d�O\, 7á�~�.

ã 2 �Ü7��Ý

3.3 >>>ÖÖÖÙÙÙØØØêêê

�
?�Ú?Ø Ti, C, N ��3 Fe ÄN¥�
�^, O�
 Ti, C, N �f3 Fe Ä¥�½Ó 
�¹e��f� Mulliken >Ö����¹ [20−22],
(J�uL 4. lL 4 ��, 3 Ti �fO� Fe Ä
� Fe0 �f�, Ti �f���� 0.64 e, �>fU
åru Fe0, ±� Fe �f���õ>f, Ti �±�
�C� Fe �f(ÜUåOr; 3 Ti �f� C ½ N
�fÓ��M�, C, N �f���þ>f, Ti �f
�>fê~�, Fe1 �f�>fê~�, `² C, N
�f¤���>fd Fe � Ti �Ó�z, �Ü7�
�;��mu),z, (ÜUåOr, ¿� Ti, C(N)
±� Fe �f s ;�>fl 0.66 ~�� 0.39 (0.42),
p ;�>fl 0.72 O\� 0.75 (0.76), d ;�>f
l 6.62 O\� 6.68 (ÃwÍCz),ÏL'�uy�
�MN¥ Fe1 �f;��CzÌ�� s ;��~
�. du s ;�äk¥é¡5, p ;���5ér, s
;�>f�~�, p ;�>fO\éJpá�MÝ
k|, ¤± Ti, C, N ßÝ�� Fe ÄN�MN�MÝ
ÚF�5��, �A�>5�$.

3.4 ���UUUÙÙÙØØØêêê

�UÙØê (overlap population) ´L��f�

m�p�^�Ônþ, �UÙØê��, L²�f
�m��d��^, ê����d��r; �UÙ
Øê�K, L«�f�m/¤��, �UÙØê�
", L«�f�m/¤lf� [18,22]. ã 3 �Ñ
�
Ü7����C Fe �f��UÙØê.

��Ð©Û Ti 3 Fe Ä¥��Ü5�, �©O
�uy Ti ¹þ� 2.8 at%(Fe Ä�. 2×3×3) � Ti-
Fe �UÙØê� 0.01, (Üã 3 ��, �X Ti 3 Fe
Ä¥�Mþ�O\, Ti �f��C� Fe �f��
UÙØê~�, =�d�Ú7á�~�, ��O\,
¦Ü7½5ü$, �(ÜUO�(J���. C,
N �f� Fe, Ti �f�m�UÙØêÑ��, =±
�d��Ì, ��wù� [23] �ïÄ(J���. �
X Ti(0—6.25 at%), C(0—5.88 at%), N(0—5.88 at%)
¹þ�O\, C, N �f� Ti, Fe �f��UÙØê
¿Ã²w�Cz, � Ti(6.25—12.5 at %), C(5.88—
11.11 at%), N(5.88—11.11 at%) ßÝUYO��, C,
N �f� Ti Ú Fe1 �f��UÙØê×�O�,
3 Fe7TiC �MN¥�, C � Ti ��UÙØêE
�u C � Fe1 ��UÙØê, �%�u C �Ù±
�Ù¦ Fe �f��UÙØê, `²Ø Fe1 	 C ¬
`k� Ti (Ü. 3 Fe7TiN Ü7¥, N �f� Ti �
f��UÙØê�u N �f� Fe �f��UÙØ
ê, = N � Ti ��d�rÝ�u N � Fe ��d�
rÝ, N � Ti �(ÜUå�r. Ïd, � Fe Ä¥ Ti,
C, N �ßÝ'���, Ü© C, N �f¬`k� Ti
�f(Ü/¤ TiC Ú TiN �â, lk��{� Fe
Ä¥'%N½'�N�/¤, �c< [1−8] �ïÄ
(J���.

ã 3 �Ü7�UÙØê�'� (a) Fe24X; (b) Fe16X; (c)
Fe8X; (d) Fe23TiX; (e) Fe15TiX; (f) Fe7TiX; (g) Fe23Ti; (h)
Fe15Ti; (i)Fe7Ti; (j) Fe23TiCN; (k) Fe15TiCN; (m) Fe7TiCN

127101-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 127101

L 4 �Ü7�.��M�f��C�f��fd;� Mulliken >Ö *

�. �f s p d oÙØê >Öê

α-Fe Fe0 0.66 0.72 6.62 8.00 0

Fe23Ti Ti 2.56 6.10 2.66 11.31 0.69

Fe1 0.63 0.71 6.62 7.96 0.04

Fe15Ti Ti 2.56 6.11 2.66 11.33 0.67

Fe1 0.63 0.71 6.62 7.96 0.04

Fe7Ti Ti 2.51 6.20 2.65 11.36 0.64

Fe1 0.60 0.73 6.61 7.95 0.05

Fe23TiC(N) C 1.50 3.20 0 4.70 −0.70

(N) (1.69) (3.99) (0) (5.68) (−0.68)

Ti 2.50 6.31 2.64 11.45 0.55

(Ti) (2.50) (6.31) (2.64) (11.45) (0.55)

Fe1 0.52 0.75 6.64 7.92 0.08

(Fe1) (0.53) (0.75) (6.63) (7.92) (0.08)

Fe15TC(N) C 1.50 3.21 0 4.70 −0.70

(N) (1.69) (4.00) (0) (5.69) (−0.69)

Ti 2.48 6.34 2.64 11.46 0.54

(Ti) (2.48) (6.33) (2.64) (11.46) (0.54)

Fe1 0.51 0.75 6.64 7.90 0.10

(Fe1) (0.52) (0.75) (6.63) (7.90) (0.10)

Fe7TiC(N) C 1.50 3.22 0 4.71 −0.71

(N) (1.68) (4.04) (0) (5.72) (−0.72)

Ti 2.39 6.47 2.63 11.49 0.51

(Ti) (2.38) (6.47) (2.62) (11.47) (0.53)

Fe1 0.39 0.75 6.68 7.82 0.18

(Fe1) (0.42) (0.76) (6.60) (7.79) (0.21)

∗Fe0 �� Ti �fO�� Fe �f, Fe1 ���M� Ti �fäk�ÓÓ � Fe �f (�ã 1); )ÒSê�� N �f�M��>Ö
ÙØê.

3.5 >>>ÖÖÖ���ÝÝÝ

�
��*�n) Ti, C, N �Mu Fe Ä�,
é>Ö�Ý�K�, ã 4 �Ñ
 Fe15Ti, Fe15TiC,
Fe15TiN, Fe23TiCN, Fe15TiCN, Fe7TiCN � (100) ¡
�>Ö�Ýã. ã¥ôÚ�f�«�>f�Ý�,
�Ú«�>f�Ý�.

lã 4(a) �±wÑÜ7�� Ti �M�, Ti �
f�±��C� Fe �f�m�>Ö�Ý' Fe �

f� Fe �f�m��, `² Ti-Fe äk�r�(
ÜUå; dã 4(b), (c) �±wÑ C, N �f±�>
Ö�Ýé�, C, N �f�3u Fe, Ti �f|¤�l
¡NmY¥, ¬�u)ÆC, Fe, Ti �f�m�>Ö
�Ý~f, (ÜUå~f, mY¥� C, N �f��
C� Fe, Ti �f�(ÜUååÌ��^; dã 4(d),
(e), (f) �±wÑ, Ti, C, N ¹þ��, Fe-Fe �m>Ö
�Ý~�, Fe Ä�(ÜUåÅì~$, =½5Å
ìü$, �(ÜUO��(Ø���.
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ã 4 �Ü7 (100) ¡�>Ö�Ý (a) Fe15Ti; (b) Fe15TiC; (c) Fe15TiN; (d) Fe23TiCN; (e) Fe15TiCN; (f) Fe7TiCN

4 ( Ø

1. � X Ti(0—12.5 at%), C(0—11.11 at%),
N(0—11.11 at%) �ßÝØäO�, Ü7�(ÜU
ÑkO\, (�½5k¤ü$, ���MNE�
±½.

2. Ti, C Ú N 3�M Fe Ä�, Fe(3d), Ti(3d),
C(2p), N(2p) ;�þ�>f3¤�U??�p,
z, (ÜUåOr; ��,� Fe ±7á��Ì, ¹
k�þ��d�, � Ti, C Ú N �M�, �UYÅ

�?u¤�U??, �MN¥�d�O\, 7á�
~�.

3. O� Fe �f� Ti �f��C� Fe �f�
(ÜUåru Fe �f� Fe �f�(ÜUå. Ti, C,
N ��M�±Jp Fe Ä�MN�MÝÚF�5.

4. C, N � Ti, Fe �m��^±�d��Ì. Ti,
C Ú N 3 Fe Ä¥�ßÝ'���, C, N �f� Ti
�fkép��d�rÝ, ¿�Ü© C, N �f¬
� Ti �f(Ü/¤ TiC Ú TiN �â, lå��È
��ârz�^.
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Abstract
The electronic structures and the bond characters of bulk α-Fe with Ti, C, N additions are studied using the first-principls pseu-

dopotential plane-wave method. The total energy and the cohesive energy are calculated, and the Mulliken population, the overlap
population, the density of states and the charge density are also analyzed, which can give a microscopic reason why the mechanical
property is improved after the infiltration of Ti, C, N into bulk Fe. The calculated results show that with the alloying element Ti(0—
12.5 at%), C(0—11.11 at%), N(0—11.11 at%) contents increasing, the cohesive energy of alloy increases slowly and the structure
keeps stable. The additions of Ti, C, N into the alloy enhance the reciprocal hybridization in Fermi energy level, and the binding
abilities of Ti, C, N, Fe become stronger. The pseudo-gap near the Fermi energy level means the coexistence of covalent and metallic
bonds in alloy. With the contents of alloying elements increasing, the covalent bondings between C, N and Ti, Fe become stronger, and
part of C and N atoms will be bound to Ti atoms and form TiC and TiN particles, thereby strengthening the dispersion.
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PACS: 71.15.Mb

* Project supported by the National Natural Science Foundation of China (Grant Nos. 20976115 and 20906066), and the Outstanding Innovation
Team Support of Shanxi Province Universities in 2011.

† E-mail: lyplr@163.com

127101-8


