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Äu�Ý�¼nØ, æ^ÝKM\Å�{éØÓØå^�e β �c�÷7 (β-HMX) ��5~ê?1
O�.

O���"Ø^�e β-HMX �N�5�þ� 12.7 GPa, }C�þ� 4.4 GPa, �¢�ÿþ(J�C. é β-HMX �
5~êØå�A�©ÛL², �X	ÜØåO\, ¬N�N�5�þÚ}C�þÅìO\. �	ÜØå�� 7 GPa �
¬�m©÷}AC��ÑyØ­½5, �.ùÑ�¢�(J�Î.

'�c: β �c�÷7, �5~ê, 1�5�n, >f(�

PACS: 62.20.D–, 62.20.de, 62.50.–p, 63.20.dk

1 Ú ó

p à Ô Å ( ¿ � (polymer bonded explosive,
PBX) äkS�5UÐ!Å�rÝ�Ú´u\ó
¤.�wÍ`:, 3I�ÚI¬²L�Nõ+��
���5�2��A^ [1,2]. PBX ��O��Ì�
�)pUÄ¿�±9äk`É�Å(rÝ�åÆ
5U�p©fÅ(á��ÀJ�', Ï~þI²�
þýÀ���åÆÚ.¡�5U�¢ÿ
\±ç
À, ¤åÑ�jS�, ½�Ï��'�nØ�[(
J5\±��.

c�÷7 (octahydro-1, 3, 5, 7-tetranitro-1, 3, 5,
7-tetrazocine, HMX) ���«5U`É�¹Uá�
3ó�ÚI�ï�¥��
2��A^ [1−3]. Ï
d, éu HMX ¿�±9�'pàÔ�åÆ5��
ïÄäk­��¿Â. 3ØÓ�	.§Ýe, HMX
äk β, α, δ n«­½�ü� [4−6]. ~§~Øe,

HMX õ± β ��/ª�3. éu¬N5`, �5~
êé	.Øå��A´(½á�G��§���
'�­��á�Ô5ëê. ù��¡�nØO��
±�Ï·�k�/ÝºØÓØåe HMX ��5C
z��*[!, Ïdäk���¢S¿Â.

3 HMX �55��¢�ïÄ�¡, Stevens
Ú Eckhardt[7] æ^Ùp�Ñ��{ÿ½
~§~
Øe HMX ��5~ê, ù�(½O��{Ú(J
���5Jø
ë�. du HMX �¬N(�'�
E,, é HMX �55���[ïÄ8cÌ�8¥
u�fºÝ�©fÄåÆ�[. ù��{�`:´
�±'�N´/�Ñá��9�Ç [8,9]!�55
� [10−12] �9åÆëê, ":K´O��6u�f
m�p�^³�À�, J±�ÑØÓØåe��(
Uþ­¡. ©z [7] Qò Sewell � [10] �©fÄå
ÆO�(J�¢�(J [7,13] ?1
'�, (JL
²©fÄåÆ�Ñ�}C�þ�¢��ké��
å. ��u©fÄåÆO�, �Ý�¼O�Ï~Ñ

* I[g,�ÆÄ7 (1OÒ: 10875083)!I[g,�ÆÄ7�
¬�¥Ió§ÔnïÄ�éÜÄ7 (1OÒ: 10976004)!¥Ió§Ôn
ïÄ�uÐÄ7 (1OÒ: 2011A0101001, 2010A0201008)!I�Ä:�ïOy (1OÒ: B1520110002, 9140C6901031004) Ú�¿�Æ�
EâI[­:¢�¿ (�®nó�Æ)(1OÒ: KFJJ11-2M) ]Ï��K.
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¤ã�, ��±�Ñ	ÜØåeXÚåÆ5��O
(£ã. 8cÄu1�5�n�{épØe HMX
ü¬�åÆ5��ïÄ��. Ïd, 3�©|^1
�5�népØe HMX ü¬��'åÆ5�mÐ

O�ïÄ, ¿(Ü>f(��O�Ú¢�(J5
é'©ÛpØe HMX ü¬�5�.

2 nØ�{�O��.

éu��¬N, Aå�ACd�5Üþ (�5
~ê) �^ÝÜþ�éX

σij = Cijklεkl,

εij = Sijklσkl,

Cijkl = S−1
ijkl, (1)

(1) ª¥�Üþ�¢é¡Üþ, Ó�é�ÓeIg
Ä¦Ú; ij, kl ©OL«AåAC���. �5å
Æ¥S.þUì Voigt L«5I5þª¥��Ü
þeI, �
Ú�, e©¥�æ^ù��{5IP
�Üþ.

d (1) ª, �5~ê�dACÜþ9AåÜþ
O���. O�¥AåÜþd�Ý�¼§SO��
�, AC��AC��þ����5AC. d (1) ª
)��5~ê�, U¬�é¡5�z��é¡z�
�5~ê. ��ÏLACUAC'XO��5~ê
��{, ù��{�±;�[ÜUþ-AC'X, �
±~��Ü©O��m, ":´��Âñ�AåÜ
þI����²¡Å�ä.

¢S¥¦^���Ó5�õ¬þ�d��É
5�ü¬�5~êU�½�{²þ�¼�. �©
æ^ Voigt ²þ�{ [14], l�5~êÑu5O��
õ¬þ.

d Voigt �{�Ñ�N�5�þ KV �}C�
þ GV �

KV =
A + 2B

3
,

GV =
A − B + 3C

5
,

A =
C11 + C22 + C33

3
,

B =
C23 + C13 + C12

3
,

C =
C44 + C55 + C66

3
. (2)

d}C�þ�N��þ�±?�Ú��
¼�

þ E �Ñt' ν:

E =
(

1
3G

+
1

9K

)−1

,

ν =
1
2

(
1 − 3G

3K + G

)
. (3)

β-HMX ¬Näkü�(�, é¡+� P21/c,
z � ¬ � ¹ k 2 � HMX © f, 56 � � f, o
� k 13 � Õ á � � 5 ~ ê. ¢ � ¬ � ë ê [5]

� a = 6.5347 Å (1 Å = 0.1 nm), b = 11.0296 Å,
c = 7.3549 Å, β = 102.69◦, α = γ = 90◦ (ã 1).
3�©�O�¥, ¦^¢�¬�ëê��Ð©O
��., nØO���~Øe β-HMX �¬�~
ê� a = 6.6160 Å, b = 11.3550 Å, c = 7.7239 Å,
β = 102.67◦, �¢�¬�ëê��é �� 1.2%,
2.9%, 5.0%, 0.01%.

ã 1 β-HMX ¬N(�

1�5�nO�¦^
 Vienna ab-initio sim-
ulation Package (VASP)[15]. O�L§¥¦^
M
\²¡Å (PAW) �³ [16,17] £ã�>fÚd>
f�p�^, ��'é/ª� PBE (Petdew-Burke-
Ernzerhof) �¼ [18], ²¡Å¼ê�Uþ�ä��
� 600 eV, K : � � � 5×5×5, U þ Â ñ I O
� 1.0×10−6 eV, åÂñIO� 0.01 eV/Å. �5~
êO�¥òë��IX�� x, y ¶÷¬�� a, b

¶�, z ¶÷ c∗ (R�u ab ²¡) ��. zgO�c
Ñ3�½	Øeµþ(��²ï �.
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3 O�(J�?Ø

3.1 """ØØØ^̂̂���eee β-HMX ���555555���

L 1 ¥�Ñ
O����"Ø�5~ê±
9 Sewell � [10] �©fÄåÆO�(J, Ó��Ñ

 Zaug[13], Stevens � [7] �Ùp�Ñ�¢�(J±
9 Sun � [19] �óÀÉ-9Ñ�¢�(J. lL 1
w, �¢�(J�', O����Ì¶©þØ C33

Ú C66 	� Stevens ��¢�(J �Ñ3 16%±
S, �é����¢���C. C33 �O�(J�C
u Zaug Ú Sun ��(J, �±@�´du¢�^
���É
E¤� �. C66 K� Stevens ��¢
��k 45%� �, ��Cu Sun ��¢�(J±
9 Sewell ��O�(J.

L 1 "Øe β-HMX �5~êO�(J�¢�

9©fÄåÆ(J'�

�5~ê/GPa O�(J ©z [13] ©z [7] ©z [19] ©z [10]

C11 16.51 20.8 18.41 20.58 22.2

C12 10.75 4.8 6.37 9.65 9.6

C13 13.09 12.5 10.50 9.75 13.2

C15 0.31 –0.5 –1.10 –0.61 –0.1

C22 12.26 26.9 14.41 19.69 23.9

C23 10.23 5.8 6.42 12.93 13.0

C25 0.86 –1.9 0.83 4.89 4.7

C33 17.10 18.5 12.44 18.24 23.4

C35 –0.27 1.9 1.08 1.57 1.6

C44 4.98 4.2 4.77 9.92 9.2

C46 2.31 2.9 2.75 4.42 2.5

C55 4.96 6.1 4.77 7.69 11.1

C66 8.12 2.5 4.46 10.67 10.1

dL 1 êâ±9 (2), (3) ª�±¦�"Øåe
NX�N�5�þ KV , }C�þ GV , 
¼�þ E

±9Ñt' ν, L 2 ¥�Ñ
©z [7, 13, 10, 19] �
O�(J. lL 2 �±w�: �Ý�¼O�(J�
�C Stevens � [7] �¢�(J, 
©få|�{�
Ñ�(J [10] �¢��� �, AO´}C�þ�
' Stevens � [7] �¢��9�Ý�¼O�� �
C��, ��Cu Sun � [19] �(J.

3¢S�1�5�nO�¥, Ì��Ø�5

�±©�ü��¡: Äk´��æ^�Û���
'é$�
©fm��§�p�^, ùé©f¬
N�(ÜU(Jk�½K�, ùaØ�Ï~K��
�; ,�´À^���'é/ªé¬�(ÜU�O

� �, ��@� PBE �¼¬$�¬�(ÜU, Ï
dO�Ñ5��5~ê¬�ý¢�¹ “ ^”, ù
´O��Ì�Ø�5
. nÜL 1, 2 5w, ��Ä
u²�å|�©fÄåÆO�, �©l�Ý�¼n
ØÑu���O�(J�¢��k�Ð���5,
Ïdknd@��©¤æ^��{U
k�/£
ã β-HMX ��55�.

L 2 "Øe β-HMX �55�O�(J�¢�

9©fÄåÆ(J'�

O�(J ©z [7] ©z [13] ©z [19] ©z [10]

KV /GPa 12.7 10.2 12.5 13.6856 15.7

GV /GPa 4.4 4.3 5.4 7.4013 8.3

E/GPa 11.8 11.2 14.2 18.8126 21.2

ν 0.34 0.32 0.31 0.2709 0.27

3.2 			ÜÜÜØØØååå^̂̂���eee β-HMX ���(((���999���
555555���

���«¹Uá�, β-HMX 3	ÜØåe�
­½5��´ïÄö¤'�'%�¯K. Ïd3"
ØO��Ä:þ, ·�?�ÚO�
ØÓ	ÜØå
^�e�XÚ�­½�.±9�Ü 13 ��5~ê
�	ÜØå�Cz�¹.

ã 2 �Ñ
Ü©¬�~ê�Øå�CzL§,
du©z [20] ÿþ��� c ¶�Ý�·�æ^�
Ð©¢�ÿþ(J [5] k��XÚ� �, �U´
¢�ÿþØ�, Ïd·�U�\Øå�¹eü¢�
����é©z [20] �¢�(J?1
I½.

ã 2 ¬�ëê�üzL§ Ñ:ã�©z [20] �¢��, ¢
��O��, J��I½��¢��

lã 2 w, a, b, c ¶�Ý�Øåüz�¢�(
J���C, �N�üz´± y ¶ (b ¶) �Ø �
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Ì. (Üã 1 5w, ù�L§éAu HMX ©f y �
�þmå�~�.

ò O � � � � P -V ' X � Olinger � [21]

9 Yoo Ú Cynn[20] �¢�(J?1
'� (ã 3).
ã 3 L²���ÓNÈØ Ç¤I��Øå��
u¢ÿ(J, =¬��¢S�¹ ^, ùp¡�U
�¹¢�ÿþÏ� (ë�cã¬�üz©Û) Ú�
Ý�¼O��Ø�.

ã 3 P -V 'XO�(J±9¢�(J [20,21]

O�����Øåe�Ü 13 ��5~êX
ã 4, 5 ¤«.

lã 4, 5 ¥�±�Ù/w�, éu¶ACÚ}
AC, �5~êäkØÓ�Czª³. �Au¶A
C, C11, C12, C13, C23 �	ÜØå¥�5Cz, C22,
C33 K3 5 GPa ��k��åÏ, Ù{�}C©þ
Ñ3 7 GPa NC l�5'X.

du�5~ê©þ�õ��p�6, =dþã
©Û�J±'��Ù/w��Øåe}AC©þ
��AC©þé�5'X�g� l�¹. 
d}
C�þÚN�5�þÑu5?1©ÛK�±�Ð
/)ûù�¯K. Ïd·�?�Úd (2) ªO��
�
N�5�þ KV �}C�þ GV �Øå P �
Cz'X (�ã 6).

lã 6 �±w�, P -K ­�Ä�¥�5Cz,

3 7—10 GPa «m, P -G ­�é�5'XkwÍ
 l. ù�cãd�5~ê�©þ©Û���(J
´���. �ØÓØåe�¬��­½5�I?�
Ú�©Û.

�â Bohn �â [22], én�¬N, ¬�­½�
¿©7�^�´é?¿�5AC, ¬�ACUð�
��. e·��Ñ¬�S�f��é £
��Ä
¬�AC, Kd2Â��½Æ, ¬�ACUXeª

¤«:
E ∝ 1

2
V

∑
i,j⊂(1,2,··· ,6)

Cijεiεj , (4)

Ïd¬�­½^��¦þª���½��g.,
�=�5~ê�������. ÏLO��Øå
e�5~ê����, uy�5~ê3 P = 7.0
Ú 9.0 GPa �äkK���, Ïd(�þ´Ø­½
�. L 3 �Ñ
�5~ê�������¥.

ã 4 �5Üþé���Øå�Cz

ã 5 �5Üþ�é���Øå�Cz

ã 6 N�5�þ�}C�þ�ØåCz'X
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L 3 K���9�A���¥

P /GPa ��� xx yy zz yz zx xy

7.0 –0.4538 0 0 0 0 0.7163 –0.6978

9.0 –17.8936 0.6159 –0.4488 –0.3141 –0.5661 0 0

lL 3 w, 3 7 GPa �¬��Ø­½AC� x

¶�éu y, z ���}AC. �Øå?�ÚO\
� 9 GPa �, Ø­½AC=C�¶AC±9 y ¶�
éu z ¶�}AC. �lf¬N¥��5Åäk�
(ÆÅ�/ª, e�5ÜþØU�±�½, K(Æ
(f3,
Å¥þòäkJª. d�5~ê¿ØU
©Û1Æ(fé(�­½5�K�, ùI�?�Ú
�(fÌO�5\±©Û. duO�NX�¹ 56
��f, �k 168 �(f�ª, Ó��I��Ä�
���då, ÙO�JÝ��, 8cÿ�k�'�
O�(J��, ù�ò´·�e�ÚïÄ���.
ØLe�5~ê©ÛL²NXØ­½, K(fO�
�AT�����(J.

l±þ©Û�±wÑ β-HMX �¬�3 7 GPa
�C�Ø­½, �U�)gu�}�C/, ��­
#­½. 3ù�L§¥, Cij ����d��K, Ù
éA�}��Ä�ª��, éA��ÄgdÝC
�©f�S��Ä�ª. Ïdù´ β-HMX 3pØ
e�(f^zL§. Yoo Ú Cynn �¢� [20] ïÄ

 HMX �·�\1L§, �âØÓ�\1��, ^

.ùÑ�Ìÿ��(f^z:©O3 6 Ú 12 GPa
�m, Ú�©�O�(J��.

©z [23] JÑÀÂÅÚå�¬�}�AC
´ HMX �Ð©å�L§¥���­��åÆÅ
�, l�©O�(J5w, �,¢S��²ï\1
L§�¤O��²ïL§k�½«O, �´E,�
±w�	.ØåO��, Ø­½5ÄkÑy3}A
C��, Ïd·��O��±Ü©|±þã*:.

4 o (

�©3�Ý�¼nØeæ^ÝKM\Å�{
O�
ØÓØåe β-HMX ��5~ê¿3dÄ:
þO�Ú©Û
N��þ!}C�þ!Ñt'�
�55�±9�Øåe�¬�­½5. O����
"ØeN��þ� 12.7 GPa, }C�þ� 4.4 GPa,
��'¢�ÿþ� [7,13,19] �Î, L²¤æ^�{
�±�(£ãO�NX��55�. l}C�þ�
Øå�Cz'X�±wÑ¬�3 7 GPa �m÷}
C��äkØ­½5. �â�5~ê�O�(J,
uy β-HMX 3 7 GPa ?k(f^zu), ¬��
U�)gu}�C/, C/� HMX ©fòu)­
ü. ^z��.Øå:Ú®k¢� [20] ��, }�C
/��Ú©f­ü�ªKI�?�Ú�¢�u�.
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Elastic properties of β-HMX under extra pressure:
a first principles study∗
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Abstract

The elastic properties of the β-HMX under an extra pressure are studied from density functional theory calculations using the

projector augmented wave method. The calculated bulk modulus and shear modulus under zero pressure are 12.7 GPa and 4.4 GPa

which are in good agreement with the available experimental results. A detailed analysis of the pressure-dependent stiffness tensor

shows that the bulk modulus and shear modulus both increase as the pressure increases. As the pressure goes up to 7 GPa, the lattice is

unstable along the direction of the shear strain. This result agrees well with the results of Raman scattering experiment.

Keywords: β-HMX, elastic constants, first principle, electronic structure
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