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�©æ^©fÄåÆ�[�{é%B�+ - à¯LEÜá��.¡åÆA5?1
�[Ú©Û. ÏLéü9%
B�+lÃ½/à¯L¥ÄÑL§?1�[, ïÄ
.¡}�Aå�%+w£�Ý!à¯L©fó�Ú%B�+
+»�m�Cz'X, ¿é.¡�w£Ån?1
?Ø. �[(Juy, �XàÜÔ©fó��O\, .¡�.}�
AåkwÍO�, 
w£}�AåÑwO\; .¡�.}�AåÚw£}�Aå�X%B�++»�O�
²wO
\. �©Ó�é.¡Aå�CzÅn?1
�[Ú?Ø.
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1 Ú ó

%B�+äkép��5�þÚ.�rÝ, ¤
±´�Ep�àÜÔEÜá��n�ÀJ [1]. C
5, %B�+ - àÜÔEÜá�®²3¢�¿¥�
EÑ5 [2], ¿éÙåÆÚ9Æ5U [3] ?1
ÿÁ
±&¢Ù����B�á��d� [4,5]. ù
EÜ
á�Pkép��5�þ, ù�ý«X§�7,ú
��
«É1Ö�A^ [4−8]. éuEÜá�
ó,
.¡1ÖD4�~­�, ïÄ%B�+ - àÜÔE
Üá�¥�.¡1Ö��éuJp%+ - àÜÔE
Üá��rÝÚMÝäk­��¿Â. 8céuà
ÜÔÚ%B�+�.¡A5�vk²(�½Â, ¤
±�©æ^©fÄåÆ�{, ÏLO�%B�+ -
àÜÔ�.¡�p�^5ïÄ.¡1ÖD4�Å
n, ¿&?A«ëêé.¡1Ö�K�.

3án�EÜá�¥, Ny��«1Uå�.
¡}�rÝ®²3¢�¥ÏLn�ÄÑ½öíÑ
�{ÿÁÑ5 [9,10], �¢�®²y¢%+ - àÜÔ

EÜá�¥�.¡1Öéf, �Ï3u.¡?%+
ÚàÜÔ�méJ)¤zÆ� [4,8,11,12]. Ïd, E
Üá�.¡?3vk©fóë���¹e, %+Ú
àÜÔ�m��p�^�´±��uå�Ì. ,
,
3¢�¥éJÿÑ.¡��^Ån, ¤±©fÄå
Æ�{3ïÄ%B�+ - àÜÔEÜá��.¡1
ÖD4Ånu�
­���^ [13,14].

�n�ÄÑ¢�aq, ©fÄåÆ�{��±
�[%B�+làÜÔ
�¥ÄÑ�L§, ±d5
&�àÜÔ.¡�\rÚ��Ån. �c�ïÄ
¥, �é (10, 10) %B�+3Ã½/àÜÔ¥��
¹, æ^©fÄåÆ�{®²ýÿÑÙ�.}�A
å�����3 18—135 MPA[15]. (Jw«.¡
(ÜUÚ�Þå3.¡3.¡rÝ¥�u�
é
���^, 
àÜÔ¥�Ú^G©fóé%B�+
��KÚ�7�±é�§ÝJp%+ - àÜÔE
Üá��åÆ5U. %B�+ - à�¯LEÜá�
�åÆ5U�©fÄåÆïÄ®²y¢, 3.¡?
vkzÆ��3��¹e, .¡1ÅNåÌ�5

u��uå��^ [16]. ,
, zÆ�3.¡?«ú
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1Ö��^�ØN�À, ®kïÄ(JL²%B�
+ - àÜÔEÜá��.¡1Ö«ÉUåÚEÜ
á���5�þÑ�X¤�©fó�O\
²w
Or [17], ¤±%B�+ÚàÜÔ.¡?�zÆ�
Ü©«ú1ÖD4��^. XJæ^ÚîS�Þ½
Æ5£ã%B�+3	å�^e���ÄÑL§
¥�.¡wÄ [18], .¡}��^å�wÄ�Ýò
Cq¤�5'X, ��5'X��Ç=�k�Å5
Xê. àÜÔ
��Ý!¤�©fó±9%B�+
AÛá5�ëþé.¡1Ö��kX²w�K�,
�.¡?�3¤�©fó�¹e�.¡}�Aå
�puØ�3.¡¤�©fó��¹, 
%B�+
���Ê� - Ô�"�é.¡}�Aå�K�Ø
� [19]. 3ê��[�{�ÿÐ�¡, Liu � [20] Ä
u©fÄåÆ�[�{, �é%B�+ - àÜÔÅ
NÃ�.¡�.JÑ
�«#�>.��{, ¿�
y
T>.��{�k^5Úk�5, ýó
T�
{�±���«3�ºÝþïÄ%B�+ - àÜÔ
EÜá��¯�ê�óä. �[(J�¢�(J�
é'�¡, Gou � [21] æ^©fÄåÆ�{ýÿ

Äuv���ä��.e%B�+��EÜá�
�.¡�Ü�^, uy%+ÄÑL§�[¤�Ñ�
l��ä��%B�+�k�1ÖD4(J�¦
��¢�(JÎÜ. d	, Wei[22] æ^©fÄåÆ
�{ïÄ
%B�+àÜÔEÜá��§Ý�6
ÅN1�, uy��u�^|�e�.¡}�Aå
�X%+¶��\�.�AC�5O\, 
�X§
Ý�,p
ü$.

nþ¤ã, éõïÄö�é%B�+ - àÜÔ
EÜá��.¡åÆA5?1
ïÄ, �Ä
àÜ
Ô/�!XÚ§Ý!%B�+ - àÜÔ�m�¤�
©fóÚ%B�+�"��Ï�é.¡åÆA5
�K�. �´du¢��¡���, 8céu%+
ÚàÜÔ.¡?�^�ª9Ån�vk²(�.
½. Ïd, �©UYmÐ%B�+ - àÜÔEÜá
��.¡åÆA59�^Ån�¡�©fÄåÆ
ïÄ, Ì�ÏL%+3Ã½/à¯L¥�$Ä�[,
&?%B�+ - àÜÔEÜá�¥à¯L©fó
�!%B�++»9�[º��K�.

2 �{Ú�.

2.1 ³³³¼¼¼êêê���ÀÀÀJJJ

�©æ^²;©fÄåÆ^� LAMMPS[23]

é % B � + - à Ü Ô E Ü á � ? 1 � [, ¦
^ Velocity-Verlet OK)Úî$Ä�§, �mÚ�
� 10−16 s. æ^ Brenner ³ [24] 5£ã%B�+¥
% - %�f�m��p�^, ?� AMBER ³ [25]

5£ãà¯L©f�m9©fSÜ��p�^. �
½à¯L©fXÚo³U� Etot, §�)��.�
U Ebs!�­U Ebe!Û=U Eto ÚÃzÆ��^
���u³U EvdW, äNL�/ªXe:

Etot =Ebs(r) + Ebe(θ) + Eto(φ)

+ EvdW(r̄), (1)

Ebs(r) =
∑
atom

[kr(r − r0)], (2)

Ebe(θ) =
∑
atom

[kθ(θ − θ0)], (3)

Eto(φ) =
∑
atom

[V1 cos φ + V2 cos 2φ

+ V3 cos 3φ + V6 cos 6φ], (4)

EvdW(r̄) =4ε[(σ/r̄)12 − (σ/r̄)6], (5)

Ù¥, Ebs ´±�� r �¼ê��N³, ²ï�
� r0 = 0.1533 nm, kr ���.�fÝ; Ebe ´�
�� θ Cz�nN³, θ0 = 109.5◦ ´²ï��,
kθ = 56.25 kcal/mol ´��­fÝ (1 cal = 4.18 J).
Eto ´��¡� φ Cz�oN³, EvdW ´�XÃ
�âfmå r̄ Cz�,���N³, ε �³²�
Ý, σ ���u"³Uål. Ù¥, ��u³U�
�) EvdW = EvdW PE + Eint, EvdW PE L«à¯
L©fó�m��p�^, Eint L«à¯L©f
�%B�+þ%�f�m��p�^. à¯L³
¼ê/ª9ëê��ëì©z [19], %B�+ - à
ÜÔ.¡�p�^ëê©O� ε = 0.4492 kJ/mol
Ú σ = 0.401 nm [26].

2.2 %%% BBB ��� +++ - ààà ¯̄̄ LLL EEE ÜÜÜ ááá ��� ��� ...
���ïïïááá

�©æ^��.´��ü9%B�+i\�
Ã½/à¯L¥, %B�+�à¯L©f�mÃz
Æ��^, Xã 1 ¤«. 3 x(%+¶���) Ú y

ü���þ¢�±Ï5>.^�, z ��à¯L>
.��½ (ã 1 ¥þe^/µ¥Ü©), XÚ§Ý
�±3 300 K, ¦%B�+÷ x ��!�$Ä, l

ïÄ.¡åÆA59>.?à¯L©f��*
�.. %B�+ - à¯LEÜá��.�ïáL
§Xe:
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1) ï á Ã ½ / à ¯ L � .: æ ^ � Å Ú
1 { 3 fcc ¬ � ¥ � Å � ) à ¯ L © f % ó
¥ � � % � f � � I � � Ã ½ / à ¯ L Ð ©
�. [27].

2) ¼�Ã½/à¯L�²ï�.: rÐ©�
.3§Ý 300 K eæ^ NPT Xntµ 1000000 �
©fÄåÆ�mÚ, ��SÜØåCq�"�²
ï�..

3) ) ¤ � Î / � É: æ ^ � � � Î / ê �
Ø Þ � � 3 � [ Ý f � ¥ %   �, � Î ¥ ¶ �
� x � � � �. T ê � Ø Þ � ê � � . �, ?
3 � Î � É Ü   � à ¯ L © f Ñ ò É � � �
� F (r) = −k(r − R)2 ��^å, Ù¥ k �Éå
rÝXê, r ´Éå«���^�», R = RCNT +
Rcutoff , RCNT �%+�», Rcutoff = 2.5 σ ´�ä
�».

4) ïá%B�+ - à¯LEÜá��.²ï
�.: rÉÃ«.ü9%+����Î�É¥, æ
^ NPT Xn²ï 500000 ©fÄåÆ�mÚ, §Ý
©ª�±3 300 K, ù�Ò��
%B�+ - à¯
LEÜá�²ï�..

ã 1 %B�+ - Ã½/à¯LEÜá��.. Ù¥, z �
�þ�ü�>. (=^/µS��f) ��½>., x Ú y

ü���þ¢1±Ï5>.^�

��²ï�.��, rXÚ§Ýl 300 K ü
� 0 K, ^d�{5�Ø%+3à¯L¥wÄL
§¥9��é.¡åÆA5�K� [19]. �©�[
¥, %B�+3à¯L¥w£�Ý���´ 10—
100 m/s, �wÄL§¥%B�+Ñw�´f5�,
Ï�%B�+�fÝ��uà¯L©fìq�f
Ý, ¤±é.¡åÆA5�ïÄ(JØ¬E¤é�
K� [20].

3 (J�?Ø

3.1 %%%BBB���+++wwwÄÄÄLLL§§§¥¥¥���UUUþþþCCCzzz

Äk·��é��ÉÃ«. (10, 10) ü9%B
�+3à¯L¥�wÄL§?1�[, Ù¥à¯L
�.� 100 �©fó, ó�� 200 �üN (—CH2—
½ —CH3)/ó (�©¥, üN/ó{�� mpc). .¡
}�Aå (ISS) �±ÏLúª τI = FCNT/2πrL O
�, Ù¥ FCNT ´%++9	L¡¤É��}�å,
��÷X%+¶���, r ´%B�+��», L ´
i\3à¯LSÜ�%+��Ý. 3O�¥, T}
�å�%+þ¤k%�f¤É��}�å�oÚ.
ã 2 �Ñ�´.¡}�Aå3ØÓw£�Ýe�
X%+ £�Cz, lã¥�±wÑ, ��wÄL
§¥.¡}�Aå�CzÌ��±©�n��ã:
1) �5O��ã, d�ã��5�A�ã, %+�
.¡?�à¯L©fvk�é$Ä, .¡?�©f
ó�X%+�å£Ä, ��}�AåO�����
.:, =�..¡}�Aå (CISS); 2) ¯Ñ�ã, �
��.}�Aå��, à¯L©f�%+�mm©
u)wÄ, }Aå×�eü¿u)Ø5K��; 3)
­½w£�ã (½­½ÅÄ�ã), ¯Ñ�ã��,
%+�à¯L©f�m�±­½�w£�Ý, .¡
}�Aå�ªu­½ÅÄ�ã. 3­½w£�ã¥,
.¡}�Aå¬Ñy±Ï5ÅÄ, �ÅÄ±Ï�%
B�+�¶�(�±Ï��, Xã 2 ¤«. Ïd, %
+9¡�±Ï(�´��.¡}�Aå±Ï5Å
Ä��Ï [28], =�X%+�!�wÄ, .¡?�à
¯L©fl%+L¡���±Ïü�aÄ�e�

ã 2 ÉÃ«. (10, 10) ü9%B�+3ó�� 200 mpc!
©fê� 100 �Ã½/à¯L¥±ØÓ�$Ä�ÝwÄ
�, %B�+ - à¯L.¡}�Aå�X%B�+ £�C
z'X
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�±Ïü�. .¡w£}�Aå (SISS) ´��­½
wÄ�ã�.¡}Aå²þ�, lã 2 ¥�±wÑ
.¡�.}�AåÚw£}�AåÑ�X%B�
+w£�Ý�,p
O�.

�
?�Ú&¢.¡}�Aå�CzÅn, ±
%B�+± 10 m/s ��Ý3à¯L¥wÄ�L§
�~, ã 3 ¥�Ñ
%B�+3à¯LS��w£
L§¥��«³U (=�§ (1) ¥o«³U/ª) �
Cz. lã¥²w�±wÑ, �k.¡³U Eint 3
Ñy�éwÄ�cÅì,p, 
?\­½wÄL§
���±3��­½�, 
Ù¦£ãà¯L�A«
³Uvk²wCz. ù`²��[XÚ¥éEÜá
�.¡�Aå|��^�´%B�+Úà¯L�
m���uå��^.

ã 3 ÉÃ«. (10, 10) ü9%B�+3ó�� 200 mpc!
©fê� 100 �Ã½/à¯L¥± 10 m/s �ÝwÄ�, �
«³U�éuÐ©²ï��UþOþ�X%B�+ £�
Cz'X

3.2 ààà¯̄̄LLL©©©fffóóóóóó������KKK���

�
&¢à¯L©fó�é%B�+ - à¯
LEÜá�.¡}�Aå�K�, ·�©Oéó�
� 100 mpc, 200 mpc Ú 300 mpc ��¹e%+3Ù
SÜ!�wÄ�.¡}�AåCz?1©Û. �

Äk�ØXÚ�[º��A�K�, ·��±à¯
L¥o�üNê8 100000 ØC, ¤±n«�¹e
©fóê8©O� 1000,500 Ú 333. d	, �
�
y·��Ñ�(JÕáuÃ½/à¯L�Ð©©
füÙ, ·�éuz�«�¹3ØÓÐ©üÙ�¹
e�1ng©fÄåÆ�[, ,�éng��[(
J?1²þ. (Juy, .¡�.}�AåÚw£
}�AåÑ�Xó��O�
O�, �´�.}�

Aå�O�§Ý�w£}�AåO�§Ý²w, X
ã 4 ¤«. ó�O���.¡}�AåO���Ï
´du���à¯L©fó¬���\E,�©
fó�7, =z�©fóò¬��õ�©fó�7,
ù�¬��Ã½/à¯Lá����MÝOr, ¤
±.¡}�Aå���O�. T(J� Hossain �
< [29] �©fÄåÆ�[(J��.

ã 4 �±à¯L�oüNê8ØC, ØÓó��¹e, É
Ã«. (10,10) ü9%B�+3à¯L¥wÄ�� (a) .¡
�.}�AåÚ (b) .¡w£}�Aå�%+w£�Ý�m
�Cz'X. N chains M mpc L« N ^à¯L©fó, z^
©fó¥�üNê8� M , mpc L«z^©fóþ�üN
ê (monomer per chain)

3.3 %%%BBB���++++++»»»���KKK���

�
ïÄ%B�++»é%+ - à¯LEÜ
á�.¡}�Aå�K�, ·�©Oæ^ÉÃ«
. (5,5), (8,8), (10,10) Ú (15, 15) ü9%B�+i\
�ó�� 100 mpc �Ã½/à¯L¥, ¿3ØÓ�
wÄ�ÝeïÄ
.¡�.}�AåÚw£}�
Aå�Cz. ã 5(a) Ú (b) ©OÐ«
ØÓ%++
»�¹e.¡w£}�AåÚ.¡�.}�Aå
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�X%B�+w£�Ý�Cz. (Juy, .¡�
.}�AåÚw£}�AåÑ�X%B�++»
�~�
O�, ØÓ�´, .¡�.}�Aå�X
%+w£�Ý�O�
Cq�5O�, 
.¡w£
}�Aå�X%+w£�Ý�O�
��5O\
¿�ª����­½�. ã¥�
¼���O(�
(J, z�êâ:Ñ´�1 5 g©fÄåÆ�[(
J�ÚO²þ�. �
UY&¢TEÜá�.¡}
�Aå����, ·��
%++»�Ã¡���
¹, =ü��$¡i\�TÃ½/à¯L¥?1w
Ä�.¡}�Aå��, Xã 5 ¤«, .¡�.}
�Aå��u (15,15) ü9+��¹
.¡w£}
�Aå�3�p�w£�¹e²w�u (15,15) ü
9+��¹.

�
UY&?%++»K�e�.¡}�A
å�CzÅn, ·�xÑ
ØÓ+»�¹e%B�
+þ�ü�%�f�à¯L©fu)�p�^�
��«¿ã, Xã 6 ¤«. Xc¡J��.¡}�
Aå�O��{´ τISS = FCNT/Aint (Aint �%B
�+�	L¡È), éu%+þ�ü�%�f
ó,
¤Ók�L¡È´��~ê�Ø�6u%B�+
+», ¤±.¡}�Aå�z�%�fþ¤É��
}�å¤�', 
T}�å�'u²{�Ó £�
¹e�.¡�p�^U, Ïd, .¡}�Aå�'
u%+þü�%�f�à¯L©f��p�^U.
lã 6 ¥�±wÑ, �X%B�++»�O�, ã
¥IÑ�%�f�à¯L�p�^�«�Åì~

�, =�p�^³U3Åì~�, ¤±.¡}�A
å�X%++»�O�
Åì~�.

ã 5 %B�++»l (5,5), (8,8), (10,10) O�� (15,15),
$��+»4����¹ — %¡� (Graphite) 3Ã½/à
¯L (100chains 200 mpc) ¥wÄ�, (a) .¡w£}�Aå
Ú (b) .¡�.}�Aå�%+w£�Ý�m�Cz'X.
ã¥ CNTn, n L« (n, n) %B�+

ã 6 ØÓ%++»�¹e, %B�+þ�%�f�à¯L�^«�«¿ã
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4 ( Ø

�©�é%B�+ - Ã½/à¯LEÜá��
.¡åÆA5?1
©fÄåÆO�Ú©Û. ÏL
éü9%B�+lÃ½/à¯L¥ÄÑL§��
[, ïÄ
%B�+w£�Ý!à¯L©fó�Ú
%B�++»é.¡�.}�AåÚw£}�A
åK�, ¿l³UCz��Ýé.¡�w£Ån?
1
©Û. (Juy, �XàÜÔ©fó��O\,
.¡�.}�AåkwÍO�, 
w£}�AåÑ

wO\, �Ï3uó��O\¤Úå��õ�à¯
L©fó�7��Ã½/à¯LåÆ5Uk
²
wOr. .¡�.}�AåÚw£}�Aå�X%
B�++»�O�
²wO\, ¿l%�f�à¯
L©f�m��p�^�Ý©Û
%++»é.
¡}�Aå�K�Ån. �,�©��[(JJp

é%B�+ - à¯LEÜá��.¡1ÖD4Å
n�@£, �´�©¤���(JÚ(Ø�k7�
3ò5�¢�ó�¥?�Ú�y.
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Abstract
In this paper, the interfacial mechanical properties of carbon nanotube-polyethylene (CNT-PE) composite are investigated by

using classical molecular dynamics simulation. Basd on the simulations for the CNT pulling-out process from the PE, the influences
of the CNT sliding velocity, the chain length of PE and the radius of CNT on the interfacial shear stress are explored. As the chain
length of PE increases, the critical interfacial shear stress increases remarkably while the sliding shear stress increases slightly. Both the
critical shear stress and the sliding shear stress increase with the radius of CNT enlarging. Moreover, the mechanism for the variation
of interfacial shear stress is analyzed and discussed.
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