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c�÷7 (HMX) 3§Ý�^e, ¬u)9)ä!�=C!9©)�Ôn!zÆCz, ��3á�SÜ�)�
þ"�, ?¬éÙ÷*5UE¤²wK�. �
�\
)9�ú HMX SÜ�"�üz, �©æ^ X ����
Ñ�Ú�fåw�EâïÄ
9�ú HMX �SÜ"�. (Juy HMX 3 180 ◦C �CL§¥Ñ��k²w
�Cz, �âSÜ)¤
�þ 10nm �m��É, �X\1�mò�, Ùº�O�� 25nm, êþ²wü$. � HMX

3 190 ◦C!200 ◦C �§ 5h �, du HMX 9©)SÜk#"�)¤, ��Ñ�uyÙº��� 5 � 8nm, �X\1
§Ý,p, ÙêþO\.

'�c: ��Ñ�, HMX, �=C,��É

PACS: 61.10.Eq, 61.43.Gt

1 Ú ó

c�÷7 (HMX) ´�«pU�Xa¿�, Ï
ÙûÐ��ñ5U3�¯þA^2�. HMX ä
k α, β, γ, δ �¬., Ù¥ β-HMX äk�p��Ý
9½5, Ï~¿���¥� HMX Ñ� β �. 3	
.�¸§Ýe-e, HMX ¬u)9)ä!β-δ �=
C!9©)�Ôn!zÆL§ [1,2], ��á�¥)
¤�ÉÚ�«, E¤
á�aÝ,p9Ù§÷*5
UUC [3,4]. ÏdL�§ÝÚå� HMX "�Cz
éïÄ9�ú HMX á�÷*5Uäk�¿Â.

�Ý�ü{Úw��{´L� HMX ¬N"
��~��{ [5−7], ��ö�©EÇØp, ·Üÿ
þºÝ3��þ?�"�. ×£>ºÚ�fåw�
º (AFM) �±¼�á�B�º��(�, �´ÿþ

(JÛ�5ér, ØUéÐ�Ná���N(�.

��Ñ�Eâ (SAS) �±��"�êþÚº�©
Ù&E, äkÚO5Ð!�¬��{ü!Ã�uÿ
�`:, 8cIS	®kA^ SAS EâïÄ¹Uá
��(���� [8−12]. Peterson � [13] ÏL1Æw
��{(Ü X ����Ñ� (SAXS) ©Û
 HMX

Ä PBX á�3§Ý\1^�e��(��ú, �
Ñ
 PBX á��É�²þº�!êþ�\1§
Ý�Cz5Æ, é9�úÚå�"�üzÅnï
Ääk�¿Â. �´ PBX á�¤©E,, á��
|©éSÜ"���zÿØ�Ù, HMX �� PBX

�Ì�¤°, ©ÛÙ"�3§Ý\1¥�Cz�
±� PBX 9�ú�AïÄJø�êâ. �©æ
^ SAXS Ú AFM EâL�
9�ú HMX �B�
ºÝ�*(�, ©Û
 HMX SÜ"�3§Ý\1
��üzA�.
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2 ¢ �

2.1 ��� ¬¬¬

p¬�üa HMX ¬N�âd¥Ió§Ônï
Ä�zóá�ïÄ¤Jø, �âº��u 420 µm,

©O3 160 ◦C �§ 1 h, 3 h, 180 ◦C �§ 1 h, 3 h,

5 h, 190 ◦C Ú 200 ◦C �§ 5 h, ,�3�í¥g,
e%. æ^ X ��û� (XRD) ©Û
�§��¬
��=C�¹, ¿^ AFM *	§Ý\1Úå��
(�Cz.

2.2 ������ÑÑÑ���EEEâââ

SAXS 3þ°ÓÚË� (SINAP) ��Ñ�¢�
ÕmÐ, \� X ��Å� λ = 0.1239 nm, �¬�
&ÿì�ål� 5.1 m, HMX �¬^ 3M ��µC
3þÝ� 2 mm �»� 5 mm ��¬¿¥. X ��
²�¬Ñ���&ÿìP¹���êâ, ÏL^
� (MySAS)[14] �±��Ñ�rÝ�, �Ä�¬
¿�Ñ�!�.9ßLÇ?�, X�¬�Ñ�&Ò
�±UXeúª?� [15]:

Is =
I1

K1
− I2

K2

Ù¥ I1 ��¬Ú�¬¿�oÑ�rÝ, I2 ���
¬¿Ñ�rÝ, K1, K2��A��iÀìOê.

HMX �¬SÜ�É� HMX ¬N�m�3>
f�Ý�, l¦\� X ��u)Ñ�, Ñ�r
Ý I(q) ´¥þ q = 4π sin θ/λ �¼ê, Ù¥ λ� X

��Å�, θ� 1/2 Ñ��Ý. Ø�Ä�É�m��
p�^, ¿b½�ÉCq�¥/, KäkØÓº�
©Ù��ÉÑ�NXÑ�rÝ� [16,17]:

I(q) =
(4π

3

)2

N0∆ρ2

∫ ∞

0

f(R)R6F 2(q,R)dR,

F (q,R) =
sin(qR) − qR cos(qR)

(qR)3
,

Ù ¥ R �Ñ � â f � », ∆ρ L « Ñ � â f
> f � Ý �, F (q,R) �ü â f / G Ï f, f(R)

�Ñ � â f � º � © Ù, N0 �ü N È S Ñ
� â f o ê þ, Ï  � »� R � � É ê þ ©
Ù N(R) = N0f(R). þãO�b½
�¬SÜ
=� HMX Ú�Éü�NX, ¢Sþ HMX 3§
Ý\1L§¥�3�=C, ¿Ø´X{�ü�N
X, ÏLO�uy δ-HMX � β-HMX m�>f�Ý

� (3.25 × 1022/cm3) =� β-HMX ��Ém�>f
�Ý� (5.90 × 1023/cm3) � 5.5%, Ï¢�¼��
Ñ�&ÒÌ�5gu�¬SÜ�"�.

3 (J9©Û

3.1 XRD ÚÚÚ AFM ©©©ÛÛÛ

XRD ÿþ(JXã 1 ¤«, 160 ◦C �§ 3 h �
�¬û�Ì��©�¬Ä��Ó, L²3 160 ◦C

� HMX �¬�vk�=Cu). 3 180 ◦C �
§ 5 h ��¬Ñy
 δ �û�¸, Ó� 200 ◦C �
§� HMX �k²w� δ �û�¸, `²3ùü�
§Ýe, �¬u)
²w� β → δ �=C. 180 ◦C,

200 ◦C ?n���¬¥Ek β �û�¸�3. Saw

�<é 100 µm � HMX \§¢�uyÙ3 165 ◦C

�§ 4 h �±u)��� β → δ �=C [18], ��â
�� HMX �=C�Ç�¯. �¢�À^� HMX

�âº�3 420 µm ±þ, �\1§Ý�p, Ïu
)
����=C, í{� β �u�¬3¿§�
��� δ → β ��_=C [19,20].

ã 1 HMX �¬3ØÓ§Ýe� XRD Ì

HMX � ¬ Ð © G ��� ß ² � â, 
3 180 ◦C \9��, =C¤
Øß²�xÚ�
â, Ù�Ï´du HMX 3§Ý\1L§¥SÜ
(��»�, �)
�þ�É!�«(�. ù«
(��úÓ�u)3á�SÜÚL¡, �
�*
/�Ñ HMX �(�»��¹, ·�^ AFM *ÿ

 HMX L¡(�, Xã 2 ¤«, ã¥±ÚÌ�N
�¬L¡pÝ, ²�«��àåVÚ«�L«
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]�½�É. HMX �©�¬L¡�â�é�5
�, �ÉÚ�«�é��,  180 ◦C �§� HMX

�â»�!Ñy
�þ��É9�«, `² HMX

3 180 ◦C §Ý\1�m©Ñy²w�(��ú.

200◦C �§ 5 h �¬�"�º��é��, `²d
��á�»��î.

ã 2 HMX �¬�3ØÓ\9§Ýe� AFM ã (a) HMX ��; (b) 180 ◦C �§ 3 h; (c) 200 ◦C �§ 5 h

3.2 ������ÑÑÑ���©©©ÛÛÛ

3.2.1 HMX �=CL§¥�"�Cz
Xã 3 ¤«, HMX 3 180 ◦C �§ 1 h Ú 3 h �

�¬Ñ�rÝ� 160 ◦C �§��¬²wO\, Ó
�Ñ��Ñy
àå, àå«��X�§�mO
\ $ q  £. �â��Ñ�nØ, �¬Ñ��
Cz�N
�¬SÜ�(���É, ¢�À^éê
��©Ù[Ü
 160 ◦C, 180 ◦C �§ 1 h Ú 3 h �
¬�Ñ��. ã 3 ¥�¢��[Ü�, (Jw
«[Ü��¢�êâÎÜ�éÐ. ©Û����É
ëê�L 1, (JL² HMX �¬3 160 ◦C �§�
SÜ�Éé�,  180 ◦C �§��¬SÜÑy

�þ�É, Ù²þº��� 12 nm, O\�§�m
� 3 h �, Ù²þº�O\� 13.5 nm. I�`²�
´3 160 ◦C �§� HMX �¬��Éº�é�, 
¢��ÿþ��ØU���AÙ(�&E. ÏLT
©Û�±é 160 ◦C �"�¹þ?1µ�, ¿�Ì�
��(�Czõ3 160 ◦C ±þ�§��), Ï©
Û(J� �é�ª�(ØK���.

�â XRD �ÿþ(J, HMX 3 180 ◦C ¬u
) β → δ �=C. éu β-HMX, a = 0.654 nm, b =

1.105 nm, c = 0.870 nm, éu δ-HMX a = 0.771 nm,

b = 0.771 nm, c = 3.255 nm[21,18,19]. 3 c ���
º��É¦��=CL§�3²w���É5)
ä, á�SÜAåO�, E¤¬N»�, U¬�

)�þ��ÉÚ�«. ã 2(b) � AFM *ÿ(Ju
y HMX 3 180 ◦C �§�á�k²w�(��ú,

Glascoe �<�×£>º(J�uy HMX Ä PBX

3 180 ◦C \9 3 h k²w�á�»�y� [22]. Ï
3 180 ◦C �)�"�Ì�5u HMX d β � δ

��=CL§.

L 1 160 ◦C � 180 ◦C �§ HMX "�é'

§Ý^� R/nm N0 SV

160 ◦C 1 h 84. 5 1 238

160 ◦C 3 h 85. 6 2 360

180 ◦C 1 h 12. 0 561 665

180 ◦C 3 h 13. 5 668 1477

ã 3 160 ◦C, 180 ◦C �§?n� HMX �¬� SAXS �
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3.2.2 9©)L§¥�"�Cz

180 ◦C, 190 ◦C, 200 ◦C �§ 5 h � HMX �
¬Ñ�rÝ�\9§ÝJpÅìO\, Xã 4 ¤
«. 3 180 ◦C �§ 5 h ��¬Ñ�rÝÑ$uã 3

¥ 180 ◦C �§ 1 h Ú 3 h ��¬. �éu 180 ◦C �
§ 5 h ��¬, 190 ◦C, 200 ◦C �§ 5 h � HMX �
¬Ñ�rÝqm©O�, Ù¥ 200 ◦C �§ 5 h ��
¬Ñ��3 q = 0.2 nm−1 ?Ñyàå. HMX Ñ
���CzL²k#�"��), (Ü�=CL
§�)�"�, ùpæ^V©Ù�.[Ü�¬�,

[Ü���"�ëê�L 2. (Jw«á�SÜ�
��Éº���� 25—30 nm, �X§ÝO\, º�
O�, êþ~�; ��Éº���3 5—8 nm �m,

�X§Ý,p, Ùº�O\, êþOõ.

ã 4 180—200 ◦C �§ 5 h ��¬� SAXS �

�â 3.2.1 !©Û, HMX �=Cp��"�º
��X�§�mò�O�; Brando ^�  AFM

�*ÿ�
 HMX 3�=C�L¡"�O��
y� [23]. Ï 180 ◦C, 190 ◦C, 200 ◦C �§ 5 h

� HMX �¬¥���ÉA���=CL§p��
)�, Ù3ð§L§¥�)�!Ü¿)¤
���
�É, ¤±[Ü(Jw«��É¹þ~�. HMX á
�3\§� 182 ◦C �¬u)9©)�A, )¤ N2O

Ú CH2O �íN [24,25], 9©)íN�Ô�O\¦
á�SÜØåO�, ?�)#�"�. \9§Ý
�p, 9©)�A�Ç��, �Ó�mS)¤�9
©)íN��õ. Ïd, #�)� 5—8 nm �º�
"�5gu HMX �9©)L§.

nÜ HMX 3�=C±99©)L§¥��É
©Û(J, ã 5 ò��¬��Éêþ©Ù�
é'.

ã 5(a) ��º��É©ÙéAá�3�=CL§

¥�(��ú, Ù3 180 ◦C �§ 1 h Ú 3 h m©Ñ
y, ��§�mO\±9§ÝJp�, Ùº�d
�A nm O����A nm, �ÉêþKÅìü
$. ã 5(b) ��º��É©Ù�á�9©)���
úk', lãþ�±wÑ�\9§ÝO\, Ùº�
O�!êþOõ.

L 2 �§ 5 h ��¬"�é'

§Ý^� R1/nm N1 R2/nm N2 SV

180 ◦C 5 h 25.0 24 5.9 258 918

190 ◦C 5 h 29.9 23 6.6 644 1497

200 ◦C 5 h 30.8 18 8.3 1398 1339

ã 5 ØÓ\§^�e HMX �¬��Éêþ©Ùé' (a) �
º��É©Ù; (b) �º��É©Ù

3.2.3 � HMX Ä PBX �ÉCz�'�

PBX 9501 ´± HMX�Ì�¤©�Å(J.
¿�. Peterson �<uy PBX 9501 3 175 ◦C �m
m©Ñy 10 nm �m��É [13](ã 6), §Ý,p
� 190 ◦C �, �Éº�O�� 20 nm �m, �Éê
þ%²w~�, ·��ïÄ(J��aq. `²9
�ú PBX á���(�CzÌ�uSÜ HMX.
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duÿþ���É, Peterson �<vk�Ñ�º�
�É&E, �¢�(JL²p§\1� PBX �(
��m©Ñy#�Cz. Xã 6(a), 6(b) ¥��Þ¤
«, PBX 3\1§Ýpu 190 ◦C ��Éº�Ø2
O\, �Éêþ�Ø2÷vü$�5Æ, Ù�Ï
�Uu HMX �9©)L§. lL 2 (J�±w
Ñ 190 ◦C Ú 200 ◦C �§ 5 h � HMX �¬�º�
�Éêþk²wO\, ÏE¤
�É²þº�e
ü, ²þêþOõ.

ã 6 HMX Ä PBX �¬§Ý\1L§¥�ÉCz (a) PBX S
Ü²þ�É�»�\1§Ý�Cz; (b) PBX ¥�é�Éêþ�
\1§Ý�Cz

�¬Ñ��3p�Ý÷v Porod[16,17] ½
Æ, I(q) = I0q

−4, Ù¥ I0 = 2π∆ρ2SV, ∆ρ ´�
�� HMX m�>f�Ý�, SV ´ü NÈS�

"�L¡È, ©Û(J�L 1!L 2. ÏL'�u
y HMX �â�¬3\§L§¥�²þ"�êþ
9SL¡ÈCz�ÌÝÑ�²w�u PBX á�,

PBX á�3\§L§¥�ÉêþO\
�� 104

� (ã 6b),  HMX �¬\§c��ÉêþCz�
u 103, Ó� PBX �SL¡ÈCz��u HMX �
â. PBX SÜ� HMX 3��L§¥)¤
éõd
3�ú«�, 3§Ý\1L§¥ù
«�du�A
å�pÏ�N´u)�ú»� [26], Ï PBX á
�3\§L§¥)¤�"��õ.

nþ¤ã, ¢�uy 180 ◦C �§� HMX m
©)¤�þ�"�, (Ü XRD ±9 AFM �*ÿ
(J�±wÑ HMX 3�=CL§¥�3²w�
(��ú,  HMX 9©)�'�á��úé�¬
Ñ���z3 180 ◦C, 190 ◦C, 200 ◦C �§ 5 h �
��¬¥m©wy. ©Ûù
"��º�9êþ
Cz5Æ, �±� HMX �9�úÅnïÄJøë
�. HMX �â� PBX 9501 á�äk�q�"�ü
z5Æ, <y
 PBX á��(�CzÌ�uS
Ü HMX[27]. ¢�é HMX �¬9©)L§¥��
º��É�©ÛkÏu)º PBX á�p§\1�
�"�Cz.

4 ( Ø

�©|^ SAXS Eâ©Û
 HMX 3ØÓ§Ý
\1^�e�SÜ"�. (JL² HMX 3 160 ◦C

�§��"�Czé�, `²9)äéá��»�
�é��. HMX 3 180 ◦C �§�u)
 β → δ �
=C, �=CL§¥���É5NÈ)ä3á�¥
p�Ñ
#�"�, SAXS [Ü(JL²Ù)¤

� 10 nm �m��É, �X�§�mO\, �Éº
�O�� 25 nm, �Éêþeü. 190 ◦C, 200 ◦C �
§ 5 h � HMX �¬SÜ9©)íN�ÔO\, �
�á��)#�"�, Ùº��� 5—8 nm, �X\
1§Ý,pÙº�O�, Ó�êþ�3ØäO\.

©Û HMX 3§Ý\1L§¥�"�º�ÚêþC
z, é9�ú HMX Ú HMX Ä PBX �5Uµ�ä
k�½¿Â, Ó���� HMX ��úÅnïÄJ
øë�.
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Abstract

The defects in HMX, induced by thermal expansion, phase transition and chemical decomposition, have large effects on the

performance of HMX. In this work, the defects of HMX samples under heat treatment are characterized by small angle X-ray scattering

(SAXS) and atomic force microscopy. A large number of pores with an average size of 10 nm are found during the β-δ phase transition

of HMX (180 ◦C), and the pores increase in size and decrease in number with time increasing. A new population of small pores with

sizes of 5—8 nm are produced in HMX during the thermal decompositions (190 ◦C and 200 ◦C). The size and the number of the small

pores increase with temperature increasing.

Keywords: SAXS, HMX, thermal insult, pores
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