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Äu�Ý�¼nØ�1�5�n²¡Å�³�{, $^J¬Cq�{O�
 AlN-Al2O3 �M«Sk¬���
�z¾ (Al24O24N8, Al23O27N5 Ú Al22O30N2) Ú α-Al2O3, AlN �åÆ5UÚ>f(�. (Jy²J¬Cq{A^
���z¾(�O�¥´�1�. åÆ~êO�(JÚ�5�þ B, }��þ G, ¼�þ E �N�á�MÝCz
ª³�¢�Ä���¶Al2O3-AlN �M«SÊ«(�þ�y55�� Al23O27N5 y5�$, MÝp!y5$�A
5�N
 Al23O27N5 `É�|�rÝ5U. Ê«(�÷våÆ(�þ�½5, á�k¬����z¾Ly��5
��É5. U�Ú��Ý�O�©ÛL²ùÊ«(�þ���°�Y(�. 3¤�U?NC, ��z¾(�¥Òl
f� 2p �Ú�lf� 3s, 3p �u)
;�,z. nØ(J�¢�êâÄ�ÎÜ, �?�ÚïÄJø
�½�nØ�
{Ú�â.

'�c: ��z¾, J¬Cq, åÆ5U, >f(�

PACS: 71.15.Ap, 62.20.−x, 62.20.de, 71.20.−b

1 Ú ó

AlN-Al2O3 � � � N X ä k õ « � � z
¾ (AlON) ��3, Ù¥k¬�.(�cÙÉ�
<�'5 [1,2]. k¬�. γ-AlON(Al23O27N5) ´�
��� AlN-Al2O3 NX��a���MN, ´�
«�~��1Æá�, N �f�� α-Al2O3 (�
¥� O �f½�3¿¦��É5� Al2O3 8
�(�=C�á�k¬�(�, äk1Æ��Ó
5 [1,2]. p�Ý!p��� Al23O27N5 �±��¤
pß²�>b, äk|�rÝ�!MÝp�`É
�åÆ5U, ´�óß²C`!Fp§ù	I�
Ú�6í�`Àá�, Ïd��´<�ïÄ�9
: [1,3−6]. Al24O24N8 ��Ã"�� “n�” �k¬

�(�, nØþPk`É�0>!^5ÚÙ¦Ôn
5U [3]; Al22O30N2 ¿�É�<��õ�&Ä, �
®kïÄL² Al22O30N2 �U´ Al-O-N NX¥�
�½�zÆOþ� [4,6,7], Ïdäk?�ÚïÄ
�d�.

8 c é Al-O-N N X á � � ï Ä Ì � 8
¥ u Al23O27N5 ® N Ú ß ² > b � ¢ � � �
þ [1,4−6], 'u Al-O-N NX�åÆ5UÚ(�A5
�O���é�, �
åÆþ�¿�O(��. â
·�¤�, �k Chang � [8] ÏL1�5�nO�L
²Òlf¡%�f´Û�, ¿(½ McCauley J
Ñ� AlN-Al2O3 �M«S Fd3m ¬N+�k¬�
(��.��(��.; Onyekwelu � [9] O�
~
êÒlf�.� AlON k¬�(��åÆ~ê, u
y C44 �X N ¹þ�~�~�. ,	, �[� [10]
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®²ïÄ
 γ-AlON �1Æ5�, L²Ù3ù	Ú
Cb	ÅãLy�1Æß². �©$^�Ý�¼n
Ø�1�5�n²¡Å�³�{, ÄuJ[¬N³
¼êCq (virtual crystal approximation, {¡J¬C
q, VCA) �{ïÄ
 Al2O3-AlN �M«Sk¬�
(� Al24O24N8, Al23O27N5 Ú Al22O30N2 9>.
� α-Al2O3, AlN �åÆ5UÚ>f(�, (J�®
k¢�(JÄ�ÎÜ, �?�Ú&Ä AlN-Al2O3 �
M«S�(�9Ù'éJø
�½�nØ�{Ú
�â.

2 Ôn�.�O��{

k¬�� AlON �O�Äu McCauley[7] JÑ
� “~êÒlf” �. Al(64+x)/3¤(8−x)/3O(32−x)Nx

(0 6 x 6 8), � 56 � �NX, ª¥ “�” ��l
f� , ¬�¥ N Ú O Óâ 32 �Òlf �¿�
;�æÈü�, Al lfÓâ
k¬�(�� 8 ¡
NÚ 16 ¡N��lf �. k¬�� AlON ¬N
áuá�¬X, �m+� Fd3m, +?Ò� 227. ¬
�~ê�� a = b = c = 7.950 nm. Ù¥� x = 8
�� “n�” �k¬�(� Al24O24N8; � x = 5 �
� Al23O27N5, ±�� Al lf� � “"�” �
½�3, � �l¡N¥% � (1/8, 1/8, 1/8);

� x = 2 �� Al22O30N2, äkü��lf� , �
 Óâ��l¡N¥% �ÚÙ¦?¿�� Al l
f �. n��k¬�(��.Xã 1(a). Òlf
³¼êæ^ VCA �{, =b� N Ú O ��Uì
�½�'~·Ü�Óâ���f �. ù«Cq
�{��·^uÃSNXÚ�MN(�NX [11],

Winkler � [12] ^ VCA �{ïÄ
 Al/Si ÃS(
�, (JL²^ VCA �{ïÄ Al/Si ÃS(�N
X´�1�; Ramer Ú Rappe[13] ^ VCA �{O�

 Pb(Zr1−xTix)O3 �¬�~ê, O�(J�¢�ê
â��.

� 
 � Ð / ) º AlON ( �, � © O �

 Al2O3-AlN � M « � > . � α-Al2O3 Ú AlN

��'5�, ¿?1'�. α-Al2O3 Ú AlN (�
�.©OXã 1(b) Ú (c). α-Al2O3 ¬Náun
�¬X, ;�æÈ�., �m+� R3C, ¬�~
ê a = b = 0.476 nm, c = 1.291 nm, Ù¥ O �fU
8�;�æÈü�, 6 � O �f�¤��l¡N, Al

�fÓâu 2/3 �l¡NmY �, ©Ù3 O �f
�¤�l¡N� ¥. AlN ¬Náu8�¬X, �
m+� P63mc, ¬�~ê¦^¢�� a = b = 0.311
nm, c = 0.498 nm, O�¥¦^ 2 × 2 × 2 ���..

L 1 �ÑÊ«(�¥ AlN ��¹þ9¬N+�(
�ëê�.

� � �� � �� � �
ã 1 n«¬�(�«¿ã, Ù¥fÚ�f�L Al �f (a) AlON; (b) α-Al2O3; (c) AlN

L 1 Al2O3-AlN �M«Ê«ØÓ¬N(��(�ëê

zÆ|¤ AlN �¹þ/mol% AlN:Al2O3 ¬N+ (�ëê

Al24O24N8 50 8:8 Fd3m a = b = c = 7.950 nm, α = β = γ = 90◦

Al23O27N5  35.7 5:9 Fd3m a = b = c = 7.950 nm, α = β = γ = 90◦

Al22O30N2 16.7 2:10 Fd3m a = b = c = 7.950 nm, α = β = γ = 90◦

Al2O3 0 — R3C a = b = 0.476 nm, c = 1.291 nm, α = β = 90◦, γ = 120◦

AlN 100 — P63mc a = b = 0.311 nm, c = 0.498 nm, α = β = 90◦, γ = 120◦
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�©�1�5�nO�æ^Äu�Ý�¼n
Ø� CASTEP ^��. O�L§¥æ^±Ï5>.
^�, òõ>fNX^²¡Å¼êÐmL«, æ^
�Åð�³ (norm-conserving pseudopotentials) ��
²¡ÅÄ|, À� Al, N, O �d>f|�©O� Al

3s23p1, N 2s22p3, O 2s22p4. >f�>f�m�p
�^æ^2ÂFÝCq (GGA) ¥� Perdew-Burke-

Ernzerhof (PBE) ��'éU¼ê. 3�´� k �
m¥, ²¡Å��U Ecut ÿÁL²À� 700 eV

��`. Brillouin «� k :��¦^ Monkhorst-

Pack �{?1, éu Al2O3, AlON Ú AlN ©Oæ
^ 6 × 6 × 6, 5 × 5 × 5, 5 × 5 × 4 � k :��?1
�5~êÚ>f(��O�. gU|O�A^ Pu-

lay �Ý·Ü{, gU|��z�f 5.0 × 10−7 eV

(P� 5.0 × 10−7 eV/atom) �, O�Ê�¿@�Â
ñ. æ^ Broyden-Fletcher-Goldfarb-Shanno (BFGS)

�{?1�f(��µþ, �fm�p�^å�
u 0.005 eV/Å�, µþ(å.

3 (J�?Ø

3.1 åååÆÆÆ555UUU

�5~ê�N¬N¥Aå�AC�m�'X,

^5£ã¬N�åÆ5�. �Ñ§ÝéNXoU�
K�, 3AC ε é���¹e, �5~ê Cij �±Ï
LéAC�NXoU¼ê��V?êÐm�� (�
Ñ ε ��pg�)µ

E(V, ε) =E(V0, 0) + V0

∑
i

σiεi

+
V0

2

∑
ij

Cijεiεj , (1)

Ù¥, V0 ´¬��C/��NÈ, E(V0, 0) ´AC
cNXoU.

du¬N(�é¡5��É, ØÓa.�¬N
(��3A½��5~ê, ^u£ãá�¬X(
��åÆ~êkn�, � C11, C12 Ú C44¶éu8
�¬N5`, Õá��5~êk 6 �, � C11, C12,

C13, C33, C44 Ú C66
[14].

d�5~ê�±?�ÚO�NÈ�5�þ B

Ú}��þ G. NÈ�5�þ B L«á�NÈ-|
�5C/�Uå, }��þ G �±ïþá�é}�
C/Uå���. �â Hill Cq, NÈ�5�þ B,

}��þ G, ¼�þ E ÚÑt' γ �de��ª
¦� [15]:

B =
1
2
(BV + BR), (2)

G =
1
2
(GV + GR), (3)

E =
9GB

3B + G
, (4)

γ =
3B − 2G

2(3B + G)
. (5)

éuá�¬XÚ8�¬X, Voigt CqÚ Reuss Cq
¥NÈ�þÚ}��þ BV, GV Ú BR, GR �L�
ª©z [16,17] ®�[�Ñ, �©Ø2���Ñ.

L 2 �Ñ
�©O�� α-Al2O3 Ú AlN �5
~ê!NÈ�5�þ!}��þ!¼�þÚÑ
t'��, ¿�®�3�nØ�Ú¢��?1
'
�. L 1 w«, �©O��åÆëê���®�3
�nØ�Ú¢���C, `²�©À^�O��.
9ëê��Ün.

L 2 α-Al2O3 Ú AlN ��5~ê9�åÆþ�

åÆëê
α-Al2O3 AlN

�©O�� nØë�� [18] ¢�ë�� [19] �©O�� nØë�� [20] ¢�ë�� [21]

C11/GPa 528.0 451.5 497 405.9 398 411 ± 10

C12/GPa 153.3 148.4 163 125.4 140 149 ± 10

C13/GPa 82.5 107.6 116 91.7 127 99 ± 4

C33/GPa 540.4 492.5 501 397.0 382 389 ± 10

C44/GPa 129.1 154.2 147 123.3 96 125 ± 5

B/GPa 247.8 259.3 248 202.7 207 210

G/GPa 165.4 165.8 164.7 136.7 — —

E/GPa 405.9 391.6 335 334.8 — —

γ 0.23 0.2356 0.25 0.22 — —
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L 3 Al-O-N Sk¬���(���5~ê9åÆþ�

åÆëê
Al24O24N8 Al23O27N5 Al22O30N2

�© ©z [9] ¢�� �© ©z [9] ¢�� �© ©z [9] ¢��
C11/GPa 399.0 344 — 375.4 345 369[22],387[1] 287.7 330 —
C12/GPa 172.0 179 — 174.8 185 — 142.6 170 —
C44/GPa 245.3 184 — 220.1 173 123[22],129[1] 201.7 146 —
B/GPa 247.7 233 — 241.3 239 214[22],234.3 191.4 227 —
G/GPa 180.2 143 — 137.2 135 128.5[2] 111.5 120 —
E/GPa 435.1 357 — 346.0 340 320.3[1] 280.1 306 —

γ 0.21 0.25 — 0.26 0.26 0.255[22],0.268[1] 0.25 0.28 —

� © O � � Al24O24N8, Al23O27N5 Ú
Al22O30N2 � � 5 ~ ê Ú � å Æ þ (B, G, E,γ)

�O�(JXL 3 ¤«, ¿�©z [9] �O�(
JÚ®k�¢�� [22,1,2] ?1é'. Ù¥�©O
� Al23O27N5 (�� C11 ��¢��ÎÜ�Ð, 
éu C44 �, yk�nØO��þ'¢����.

,	ü«(���åÆ~êÚ Al23O27N5 � C12

�ÿ��¢���. Graham � [22] JÑ Al23O27N5

(�¥��5~ê C12 �dúª C12 = C11−2C44

(½, Onyekwelu � [9] �O�QL²ù´��Ø
Ün���&Ä�, ·��O���y
ù�
:, dþãúª��� C12 ��K�, C12 C�Ã¿
Â. �X"�� ê�O\, �5~ê C11 Ú C44

þLyÑ~��ª³; éu C12 5`, Al24O24N8,

Al23O27N5 Ú Al22O30N2 L y � k O � � ~ �.

Onyekwelu �O��ùn«(���5~êCz
ª³��©O��ª³�Ó. �ØU�½ù´Äd
>f(���ÉE¤.

MÝL��Ná�-|�5Ú�5C/�
Uå, �á���*Ú÷*5�EE�', ¿û
½á��f5!��� êÚp�d�¤©�.

B, G Ú E Ï~�±^5L�á�MÝ, ØÓá
��MÝ'XÚN�!}�!�5�þ�äN
'X�Ø¦�Ó, ���5ù, B, G Ú E ��,

á�MÝ�� [23]. ã 2(a) ±�Ñ^ mol% AlN L
« Al2O3-AlN �M«S�(�� B, G Ú E ��C
z. dã 2 ��, Al2O3-AlN �M«S�(� B, G

Ú E �þ'��, á�MÝ'�p. MÝ��Ly
�: Al24O24N8 > α-Al2O3 > Al23O27N5 >

AlN > Al22O30N2, ( J w « Al24O24N8 M Ý
L�Ø�O(, ÙMÝAT�u α-Al2O3, ù�
U � C44 �   � k '. Ù ¦ � Ú ® � 3 � α-

Al2O3, Al23O27N5 Ú AlN ¢ � ê â [24] � Î Ü.

16.7mol%—50 mol% AlN «S�n«á��X"

�� ê�O\ (mol% AlN ü$), ¬N(�¥�
f�m�²þd�rÝü$, á�é}�/CUå
C�, á�MÝü$.

ã 2 �M«SÊ«ØÓ¬N(��åÆþCz (a) B, G, E

�; (b) B/G �; (c) γ �
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Äu Pugh[25] �²��â, NÈ�þ�}��
þ�'� G/B < 0.5 �, á�Ly�ò5, '�
��ò5�Ð, ��Ly�y5, '���y5�
r. ã 2(b) ^ mol% AlN L« Al2O3-AlN �M«S
�(�� G/B O�(J, Al24O24N8, Al23O27N5,

Al22O30N2, α-Al2O3 Ú AlN þLy�y5á�,

3 0—50 mol% AlN «�S, ü«"�(��y5
�$, ·�@�ù�õ¬á�¥�3�:"�éÙ
ò5äkÈ4�K�k'. �±wÑ Al23O27N5 3
ùÊ«(�¥y5�$. ,	, Ñt'�´£ãá
��51������Ônþ, §�±L�á�
��.�rÝÚ��}�rÝ�', Uìä�1�
��â, γ < 1/3 �á�áuy5á�. ã 2(c) �
Ñ
Ñt'�O�(J� G/B �O�(J��.

AlN-Al2O3 �M«SMÝþ�p, � Al23O27N5 3
ùA«(�¥�y5�$, �±`² Al23O27N5 ä
k'Ù¦A«åÆ(��\`É�|�5U.

á�¬N(�Ú8�¬N(��åÆ½�
äIOX (6) Ú (7) ª£ã:

C11 > 0, C11 − C12 > 0,

C44 > 0, C11 + 2C12 > 0, (6)

C44 > 0, C11 > |C12|,

C33(C11 + C12) > 2C2
33. (7)

k¬��n« AlON (�Ú α-Al2O3 9 AlN þ÷

våÆ½�IO [26], dd�±�äïá�(�
�.´åÆ½�. dá�(����É5Ïf A

�±�ä(���5��É5, L�ª� [27]

A =
2C44 + C12

C12
− 1. (8)

O���, k¬�.n«(���É5Ïf�©O
� 0.66, 0.64 Ú 0.90, þ�¬N(�þ���É5,

¿�þäk�½§Ý�Û.

3.2 UUU���(((���ÚÚÚ������ÝÝÝ

O � � Al2O3-AlN � M « S k ¬ � � n
« AlON ( � Ú α-Al2O3, AlN � U � ã X
ã 3(a)—(e) ¤«, ã 3(a)—(e) �gL« α-Al2O3,

Al22O30N2, Al23O27N5, Al24O24N8 Ú AlN �U�
(�. dã 3 ��, �(�U�¥��.Úd�º
þ3Ó�pé¡: G þ, �²w���°�Y(
�. k¬� AlON n«(�Ú α-Al2O3, AlN �U�
(�þ��²", LyÑlfzÜÔ�A�, ¤�
U?Ñ�BLd��ºÜ, LyÑ;.�ý�NA
�. ,	�±wÑ, ¤�U?NC�U?Ì�8¥
3 −8—0 eV �m. � AlN ¹þ�u�u 35.7%�,

�X AlN ¹þ�O\, ¤�U?NC�U?^êO
\, U��>fk��þC�, �Û�§ÝC2, �
f;��*Ð5Or¶� AlN ¹þ�u 35.7%�,

Czª³��.

ã 3 �M«SÊ«ØÓ¬N(��U�ã (a) α-Al2O3; (b) Al22O30N2; (c) Al23O27N5; (d) Al24O24N8; (e) AlN
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�©O�� α-Al2O3, Al22O30N2, Al23O27N5,

Al24O24N8 Ú AlN � � Y � Eg © O � 6.955,

5.245, 5.230, 6.127 Ú 4.155 eV. O�� Al23O27N5

��Y� 5.230 eV Ñ�u French[28] Q��� X

��1>fUÌÿÑ�¢�� 6.2 eV, ù´du�
Ý�¼nØ���O�Ø�E¤�, ¿ØK�é
>f(��nØ©Û. ã 4 �Ñ
^ mol% AlN L
« Al2O3-AlN �M«S�(��UY�Cz. d
ã 4 ��, 3 0—50 mol% AlN «�S, �X AlN

¹þO\, �Y�LyÑk~��O��ª³,

Al23O27N5 ��Y���, ù� Onyekwelu � [9] �
O�(J��.

� � � � � � � � � � � �� � �� � �� � �� � �� � �� � �� � �� � �� 	
 � �  � � � � �
ã 4 mol% AlN L«� Al2O3-AlN �M«S�(��UY�
Cz

k¬�. Al24O24N8, Al23O27N5 Ú Al22O30N2

���ÝXã 5(a)—(c) ¤«. o��ÝÌ�d Al

�f� 3p, 3s �Ú O, N �f� 2p, 2s ��>f|
¤. dã 5(a) ��, éun�� Al24O24N8, o�
�ÝÌ�©Ù3n�Uþ«m: −18.8—−15.2 eV,

−7.7—0 eV Ú 6.2—9.3 eV. ÏL©Û Al �f� 3p,

3s �Ú O, N �f� 2p, 2s ;�ÝK��Ýã�
�, −18.8—−15.2 eV �m�d�Ì�´d O Ú N

� 2s ;��z, k�þ Al �f� 3p ���u)
,z. ¤�U?NC�d�Ì�d O, N �f� 2p

��z, ,	�kÜ© Al �f� 3p, 3s �, ù`
² AlON �3�½� p-p Ú s-p (Al �f� 3p, 3s

Ú O, N �f� 2p) ;��p�^. ��Ì�d Al

�f� 3p, 3s ��z. ù«�d�Úlf���
�>f(�N´¦á�Pk`É�åÆ5U [29].

ã 5(b) Ú (c) ¤«�Ù¦ü«(� (Al23O27N5,

Al22O30N2) ���Ý©Ù�d�q, ��3�½�
�É. ,	, o��Ýãw«, �Xk¬�(�¥�
 "�êO\, Uþ��/�$Uþà£Ä.

�� �� ���� �� � � � � � � � � � � � � � � � ��� �� � � � �	 
 � �  � � � �
	 
 � �  � � � �

	 
 � �  � � � �
� �� ��  � � � � � � � �	 
 � �	 
 � �

�� �� ���� ��� �� �� �� �� � � �	 
 � �	 
 � � � � � � � � � ��� �� ���� ��� �� � � � �	 
 � �	 
 � �� �� ��  � � � � � � � �
�  !

� � � � � � � � � � � � � � ��  !
� � � � � � � � � � � � � � ��  !

ã 5 k¬�� AlON ��Ý (a) Al24O24N8; (b) Al23O27N5;
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Abstract

Based on the density functional theory within plane-wave pesudopotential method, the band structure and elastic properties of

spinel Al(64+x)/3¤(8−x)/3O(32−x)Nx (x = 2, 5, 8) and α-Al2O3, AlN are calculated. The spinel Al(64+x)/3¤(8−x)/3O(32−x)Nx

(x = 2, 5, 8) are calculated by using the ‘virtual crystal approximation’. The results prove it possible to study the

Al(64+x)/3¤(8−x)/3O(32−x)Nx (x = 2, 5, 8) by this approximation. The calculated elastic constants and hardness features ac-

cord well with the experimental results. The five structures in the Al2O3-AlN solid solution region all show brittle features and the

Al23O27N5 shows the lowest brittleness. High hardness and low brittleness reflect that Al23O27N5 has a great flexural strength. Elastic

property analysis confirms the mechanical stability, it also reveals that AlON has highly elastic anisotropy. Band structure analysis

shows that the spinel AlON and α-Al2O3, AlN are both direct bandgap materials. Hybridizations take place between Al-3p, 3s and O,

N-2p orbitals near the Fermi level in the AlON. The calculated results are consistent with relevant experimental results, which provides

a theoretical method and reference for the further study.
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