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1 Ú ó

Cc5, �>f|��A^�5�2�, ��
º��×�~�,�>f|�¥�Uþ�Ý�:ì
O\, Ñ9¯K¤����>f|�uÐ�Ì�´
¶. %B�+ä�4p�9�Ç!ÕA���Ñ$
(�±9�{�Å�5U,��B>fì��Ñ9
Jø
���å». �c�én�!���ü�
%B�+mÐ
�X�2��\�ó�, Ä�y�
@£!Ä:nØ&¢ÚEâA^ïÄ®��¤Ù.

,, ¢��®y², y¢¥�3�%+(�  
¿Ø�{, %+3��±9|^×£��!�få
w�ºéÙ?1×£©Û�L§¥, ÑJ�/¬é
%+�(��)¢�5K�, /¤(�"�.

�,ïÄö�®m©'5%+¥�"�9Ù
éu%+Ñ$5��K�, �õ´�é�>5�,

é�95U�ïÄ�é��. Che � [1] '�
�

 "�Ú Stone-Wales "�é%+�95U�K�,

(JL²ü«"���3þ¬��%+9�Ç�
eü, Ù¥� "��K���wX. Kondo � [2]

��
 1%�� "�ò��9�Çeü 25%, l
(�½5\Ã©Û¦��uy� ²Lò»?
n¬=C� 5-6 "�, 9�Ç�eüò~�� 4%—

7%. Yao � [3] �ïÄL² 40%—50% 14C Ó �
�,¬��%+9�Çp� 40%�ü$. Bi � [4]

ýÿ 1%� 13C Ó ��,ò��9�Çeü 30%,

 0.25% �� "���9�Çeü 60%. Cum-

mings � [5] ïÄ@� 2 �� "���J�C 1

� Y /(,  1 � Stone-Wales "��5�K��
é�f. Padgett � [6] uy 1.0%��ÄzÆáN
¬��9�Ç�C 1/3 �eü. ��ï� [7] ¦^
���.ïÄ
¹k X /(�%+, uyéAØ
Ó§Ý, (��3¦9�Çòeü 20%—80%. I
S	éu%B�+�95U�¢�ïÄ®²ké
õ [8−15], �´'u"�é%+�95UK��¢
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�ïÄ�8�vkmÐ. Ì�´du%+��±9
%+¥"�ºÝ���, ¢�¥J±þOÚÿþ.

�±wÑ, 'u"�%+9�ÇïÄ�(ØØ
¦Ú�, �É��, 9Ñ$Ån&¢��Ø
. �©
�é¹kØÓa.:"� (� , �,, áN) �%
B�+, ¦^�²ï©fÄåÆ�{�[O�Ù9
�Ç, [æ^��Á��{�O�[�~, ±k�
©Û"�a.!+�!+»�(�Ï��K�Ú
K�å��é��, ¿?�Ú�	�¸§Ý�K�.

Ø©ó�±Ï�%+���!"����ÚA^
Jø�½�nØ�âÚ��.

2 :"��(��

�©ïÄ%+¥~��na:"�: � , �
,,áN (zÆáN).

1) ��%B�+:
(�¥�%�f¡��
�,, ü9%B�+Úõ9%B�+¥Ñ�3�,
"�. �©ïÄ�´' (B)!� (N) ����,.

2) �â	5áN�f½©f�B�%+¥%
�f�p�^���9Ù¤�G�,áN�©�Ô
náNÚzÆáN. �
��,�'�, �©ïÄ
�zÆáN�´' (B)!� (N) ����f. zÆ
áN¬»�
�k� C—C �,áN�fÚ%�f
�m¬u)>Ö=£, ¦�%�f#,z, /¤
#�zÆ�. Ï%+�Ñ$5U�¬��Cz.

3) ¢�*	�%B�+3>f½lf�Ëì
e, Ù¥�%�f¬º�Ñ5, �)� . � ±
��n�]�¥�ü��±�p(Ü, /¤��Ê
>/.

©¥¤k¹"��~�Ôn�.þ@�3%
+gdã�¥m ��3��:"�, du�~¥
%+��ÝÑØ�, Ïd�övk�	"�ßÝé
%+9�Ç�K�. ã 1 ¥Ð«
¹k� Ú�
, B, N �%+�ÛÜ"�(� (�
«¿, òõ�
"�8¥Ð«3�Üã¥, �~¥�"�(�¿
�Xd). ã 2, ã 3 ©O�áN
 B, N �f�%+
�ÛÜ(�.

     

(6,6) (7,7)  (8,8) (9,9) (10,10)

ã 1 ¹� !�, B, N �ÉÃ«.%+ (�Ú�f«��� "�, ��S��f� B �,, n�«�S��f� N �,)

(a) (b)

ã 2 ÉÃ«.%+ (6,6)áN B

(a) (b)

ã 3 ÉÃ«.%+ (6, 6)áN N
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3 %B�+9�Ç�O���~��
��O

3.1 %%%BBB���+++999���ÇÇÇ©©©fffÄÄÄåååÆÆÆ���[[[OOO���

du%B�+¥��9Ì�5gu¬��Ä
��z [1,8,16], Ïd©fÄåÆ�{���«ïÄ
%+9�Ç�k�å»�ïÄö2�æ^. ©fÄ
åÆïÄ%+9�ÇÌ�kü«�{, ©O´Äu
�5�AnØ�²ï©fÄåÆ�{ (EMD) ÚÄ
u{üFp��9�.��²ï�{ (NEMD), �
©æ^�´ NEMD �{.

�²ï©fÄåÆ�[%B�+9�Ç�
Ôn�.¥, %B�+÷¶��©� “�9”!“9
ú”!“gdã” n�Ü©, Xã 4 ¤« (± (5,5) %
+�~). òüà���9, Ù¥¤k�f3��
�[L§¥�±ØÄ, ±��3�[L§¥L¡â
f��u. �Cüà�9�©O´e/9úÜ©, æ
^ Berendsen ð§ø{ [17], ÏLO\IÝÏf�
�TÜ©�f��Ý���§8�, Ù¥eú§Ý
� TC = T − ∇T/2, 9ú§Ý� TC = T + ∇T/2,

T �XÚÐ©§Ý, %+üà/¤§� ∇T . ¥mÜ
©�gdã¥, ©OÚOz�%+ü��Û�§Ý,

�[6²XÚ�96.

ã 4 ü9%B�+�(��.

3 NEMD �[¥, «�S´Ä��
9åÆ
²ïû½u3�½��[�mS´Äkv
�(
f-Eu). �[o�m�� 1 ns, Ù¥c 0.5 ns ¦
XÚ��²ï, � 0.5 ns ^5¦�96²þ�Ú§
ÝFÝ, �mÚ�À� 0.5 fs. �â Maiti[18] �O�
ª, 3�[�m tsim S(f�m-E�gê�:

Nscatt = 3Ns
tsim
τph

, (1)

ª¥, τph ´(fÑ��²þm��m, éü9%
B�+, τph ��� 50 ps; Nscatt ´ tsim �mS, 3
�¹ Ns ��f���ü� (unit cell) S(fÑ�
u)�ogê; � Ns = 40 �, � tsim > 0.5 ns,

K Nscatt ��� 103 þ?, �[(JL² 1000 g
±þ�-E�±�¤«��9åÆ²ï [19]. ,	,

"���3¦�(f-E�\ª�, 4XÚ�\N
´ªu9åÆ²ï.

�©�[ÉÃ«.%B�+, Ù¥% - %�f
m��� 0.142 nm, î�¡+9þÝÀ� 0.34 nm.

éu�[L§¥$Ä�§�¦)Kæ^ýÿ - ��
�{.

XÚ¥96�Ý q(W/m2) �±L«�:

q =
1
A

n∑
j=1

∆E(j)

ts
, (2)

ª¥, A ´R�96���î�¡È (m2), n ��
�«��o�fê, ts ��[o�m (fs), ∆E �l
e/9ú?�Ñ/�\�Uþ (J).

�«��§ÝÚO�{Xeª:

Tk =
1

3nkkB

nk∑
i=1

miv
2
i , (3)

ª¥, nk ´ÚO«���fê, kB ´À�[ù~
ê, mi Ú vi ©O´�f��þÚ�Ý.

��, �â Fourier �9½ÆO�9�Ç:

λ = − q

∇T
, (4)

ª¥, λ�9�Ç (W·m−1·K−1), ∇T �%+�§Ý
FÝ.

3.2 ³³³UUU¼¼¼êêê���ÀÀÀ���

éu©fÄåÆ�[5`, ³U¼ê�À�û
½X�[O��OÝÚ°Ý. �©À��³U¼ê
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�8c2�æ^��A²��S [20] (reactive em-

pirical bond-order, REBO) ³U¼ê£ã�fm�
zÆ��^³, æ^ Lennard-Jones ²�³¼ê [21]

£ã�fm��§�p�^.

Lennard-Jones ³U¼êäN/ªXe:

Φ(r) = 4ε
[(σ

r

)12

−
(σ

r

)6]
(5)

ª¥ r�ü�fmål, ε�³²�, σ��Ýëê.

éuØÓ�� ε, σ æ^ØÓ�ê�.

REBO ³U¼ê�Ðd Tersoff[22] 3 1988 c
JÑ�, ·^u C ���|¤�NX�õN³U¼
ê. 1990 c Brenner ÄuT³U¼êO\
ü�,

©O^u£ãÄ�Ú�Ý�, /¤ Tersoff-Brenner

³U¼ê, q¡� REBO ³U. T³U¼êäk±
e/ª:

Erb =
∑

i

∑
j(>i)

[VR(rij) − B̄ijVA(rij)], (6)

ª¥ rij ��f i Ú�f j �m�ål; B̄ij ´�6
u��Ú�fÛÜ�¸�õN³¼ê; VR(rij) �
¤��fé�ü½³; VA(rij) �¤��fé�Ú
å³.

VR(r) =
fij(rij)D

(e)
ij

(Sij − 1) e−
√

2sijβij(r−R
(e)
ij )

, (7)

VA(rij) =
fij(rij)D

(e)
ij Sij

(Sij − 1) e−
√

2/sijβij(r−R
(e)
ij )

, (8)

Ù¥ D
(e)
ij , Sij , R

(e)
ij ´(½ëê, D

(e)
ij �³¼ê³

²��Ý, R
(e)
ij ´ i �fÚ j �f²þ½ö²ïå

l, Sij Ú bij þ´[Üëê, ù
ëêÚ¤L«�
�fa.�', fc(r) ´�ä¼ê, ^5���d�
�p�^�ål, Ù¼ê/ª�:

fij(r) =



1, r < R
(min)
ij ,{

1 + cos

[
π(r − R

(1)
ij )

R
(2)
ij − R

(1)
ij

]}
/2,

R
(min)
ij < r < R

(max)
ij ,

0, r > R
(max)
ij ,

(9)

ª¥ R
(min)
ij ����ä�», R

(max)
ij ����ä

�».

3.3 ���~~~���������ÁÁÁ������{{{���OOO

%+�9�Ç�K�Ï�Ãõ, �)�¸§Ý,

+�, Ã5, kÃ"�, "�a.±9"�ßÝ�.

éuXdõ�K�Ï�, ïÄö�ÊHæ^�ïÄ
�{´À�Ù¥�«K�Ï�?1üÏ�Á��
[O�½öÀ�Ù¥ü«K�Ï��|Ü?1�
¡Á��[O�, ?©Û�Ï�é%+9�Ç�
K�. ®k��K�Ï�9|ÜïÄó�ë�L 1.

mkïÄöÓ��Äü«±þK�Ï�, �ö@�
ùÌ�dü��Ï��: Äk, �Äü«±þÏ�
  J±«©Ñ=�Ï���Ì�, éu��Ò
¿Ø�õ�%+�9Ån©Û, JÝ\�; Ùg, X
Jæ^�¡Á��O�{, õ�Ä��Ï�O\�
O�þ´ã��, ±�©�~, ��Ä�Ý!+»
Ú"�a.n«K�Ï�, z�K�Ï��Y²ê
� 5, @o�Äü«Ï�I��O5×5 = 25��~,

�Än«K�Ï�KI�5 × 5 × 5 = 125��~.

L 1 ®kïÄ�{

üÏ�Á� ü«Ï�|Ü��¡Á�

�¸§Ý [8,16,23] Ã5�§Ý�|Ü [24,25]

�Ý [1,3,24,26−28] "�a.�§Ý�|Ü [5,7,29]

Ã5 [23,25] Ã5�+��|Ü [24]

+» [23,30] kÃ"��§Ý�|Ü [29]

kÃ"� [29] "�a.�ßÝ�|Ü [4]

"�a. [5,6,31] +��§Ý�|Ü [26]

"�ßÝ [1,2] "�a.�+��|Ü [4]

L 2 ��Á��Ï�ÚY²

Y² �Ý (±Ïê) +» (Ã5) "�a.

1 20 6, 6 �, B

2 30 7, 7 �, N

3 40 8, 8 � 

4 50 9, 9 áN B

5 60 10, 10 áN N

�©Ó��Ä
�Ý!+»Ú"�a.n«
(�Ï�éu%+�9�Ç�K�, �Ä±þü:
�Ï, æ^
��Á��{�O�[ó¹, }Á©
Ûùn«(�Ï�éu¹"�%+�9�Ç��
^5Æ, ¿«©Ìg. ��Á��Ï�ÚY²XL 2

¤«, äN��[ó¹Ú(J�[�uL 3. �é¹
:"��ÉÃ«.%+, 3 300 K �¸§Ýe, À
^ L25 (56) ��L, ©OO��Ï�Y²|ÜeÃ
"�Úk"�%+�9�Ç. ¦^��Á��O�
{Ø�~�
O�þ (^ 50 ��~�O
�¡Á
�� 250 ��~), ¿��k�©Ûn«(�Ï�é
"�E¤�9�Çeü�ÌÝK��ÌgÚª³.
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L 3 ��Á�äNó¹�(J

?Ò �Ý/±Ïê +» (Ã5) "�a.
9�ÇO�(J (W/(m·K)) "�E¤�9�Ç

¹"� ��Ã"� eüÌÝ (W/(m·K))

ó¹ 1 20 6, 6 �, B 52.79 67.16 14.37

ó¹ 2 20 7, 7 �, N 53.76 61.40 7.64

ó¹ 3 20 8, 8 �  54.28 61.08 6.80

ó¹ 4 20 9, 9 áN B 62.44 63.70 1.26

ó¹ 5 20 10, 10 áN N 59.45 61.65 2.20

ó¹ 6 30 6, 6 �, N 74.18 84.32 10.14

ó¹ 7 30 7, 7 �  73.42 81.96 8.54

ó¹ 8 30 8, 8 áN B 79.16 79.42 0.27

ó¹ 9 30 9, 9 áN N 79.70 79.86 0.16

ó¹ 10 30 10, 10 �, B 73.36 77.42 4.06

ó¹ 11 40 6, 6 �  84.57 102.16 17.58

ó¹ 12 40 7, 7 áN B 96.29 100.79 4.50

ó¹ 13 40 8, 8 áN N 95.64 96.33 0.69

ó¹ 14 40 9, 9 �, B 92.56 98.83 6.27

ó¹ 15 40 10, 10 �, N 89.80 95.78 5.99

ó¹ 16 50 6, 6 áN B 114.49 115.11 0.61

ó¹ 17 50 7, 7 áN N 112.50 113.17 0.67

ó¹ 18 50 8, 8 �, B 106.52 111.07 4.55

ó¹ 19 50 9, 9 �, N 107.92 116.10 8.18

ó¹ 20 50 10, 10 �  103.96 111.10 7.13

ó¹ 21 60 6, 6 áN N 125.78 135.31 9.53

ó¹ 22 60 7, 7 �, B 120.79 132.72 11.93

ó¹ 23 60 8, 8 �, N 118.87 129.52 10.65

ó¹ 24 60 9, 9 �  123.11 136.75 13.63

ó¹ 25 60 10, 10 áN B 123.79 124.30 0.51

4 (J�©Û

4.1 ���ÝÝÝ!!!+++»»»éééÃÃÃ"""���%%%BBB���+++���999���
KKK���

O��� 300 K � (10, 10) %B�+9�Ç
��Ý�CzXã 5 ¤«, ã¥Ó��Ñ
.
�À [4]!�©( [27]!Che[1] Ú Lukes[26] �©f
ÄåÆ�[(J. �©��[(JÚ©z�(J
3ê���þ�3�É, �´Czª³�C. ë
� Lukes �©Û, ��[(J�)�É��ÏÌ
�3u: 1) Äk, O�9�Ç�ÀJ�î�¡È
� Ø � Ó, Che À � 
 0.1 nm ��% + � � ¡
9þ, Ù¦À�
 0.34 nm. 2) Ùg, £ã%+
�³U¼ê²LõgU?, ïÄö�ÀJ�Ø
�Ó. 8ckü«��~�/³: Tersoff–Brenner

bond order potential(TB ³)!reactive bond order po-

tential(REBO ³), Ù¥.�À� Che À^�´ TB

³, �©(!Lukes Ú�©ÀJ�´ REBO ³U.

3) ,	, ©fÄåÆ��[�{�Ø�Ó, EMD(²
ï©fÄåÆ)!NEMD(�²ï©fÄåÆ) ±
9 HNEMD(��Ó5�²ï©fÄåÆ) Ñkï
Äö}Á; .�ÀÚ�©¦^
 NEMD �{, �
©(!Che � Lukes K¦^
 EMD �{. 4) ��,

O��.¥�3�Aå���¬K�9�Ç�(
J [32].

lã 5 ¥��±wÑ, 9�Ç�X%B�+�
Ý�O\ÅìO�, ùNy
%B�+�ºÝ�A.

�O��ÝÅì~�, L²
�X+��O\%+
�9d��Ñ$�*ÑÑ$�Czª³ [28].

/Ï��Á�©Û “+�” � “+»” ü�Ï�
éuÃ"�%B�+�9�Ç�K�. Ï�ÚY²
ë�L 2 �1 2 Ú1 3 �; ¢�(J�uL 3 �
1 6 �. ÏLéO�(J�4�©Û, ��XL 4

¤«+��+»�Y²�Y²þ�Ú4�. ã 6 Ú
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ã 7 ©O´�c+��+»Ï��ª³©Ûã, î
�I�Y²�, p�I�TY²^�e¤kO�(
J�Y²þ�. ��, �Xî�I+��O� (20—

60 ±Ï), %+�9�Ç��²wO�; �Xî�I
+»�O� (Ã5 (6,6)—(10, 10)), %+�9�Ç�
Cz5Æ¿Ø²w, ù� Maruyama �< [23−25] �
Ñ�+»éu%+K�5Æ¿Øgñ. 4�©Ûw
«+�Ï��4���u+»Ï�. ù�`²+�
Ï�éu%+9�Ç�K��~ã�, +»Ï��
�^Kvk@o²w.

� � � � � � � � � � � �� �� � �� � � �� � � � ������ 	 
���  � � � � �� � � � �
ã 5 300 K � (10, 10) %B�+�9�Ç��Ý�Cz

L 4 Ã"�%+9�Ç��O�4�©Û

K�Ï� �Ý +»
Y² 1 62.998 100.812

Y² 2 80.596 98.008

Y² 3 98.778 95.484

Y² 4 113.31 99.048

Y² 5 131.72 94.05

4� 68.722 6.762

� � � � � � � � � � � � � � ��� �	 � �	 � �
��
�  ����
ã 6 +�Ï��Y²þ�

� � � � � � � � � � � � � � � � � � � � � � � � � � ��	 �� � �� 	 �
��
�  ����
ã 7 +»Ï��Y²þ�

4.2 :::"""���aaa...!!!+++���ÚÚÚ+++»»»ééé¹¹¹"""���%%%
+++���999���KKK���

é¹"�%+, ��Á� (Ï�Y²XL 2 ¤
«) O\ “"�a.” ù�K�Ï�, O�
¹"�
%+�9�Ç, �Ã"�%+�9�Ç�~, ��
�����Á���ª(J. �3ïÄ"��3é
u%+�9�K�, ¿}Á©Û+�!+»Ú"�
a.ùn«(�Ï���^5Æ.

L 5 ¹"�%+9�Çeü����O�4�©Û

K�Ï� �Ý +» "�a.

Y² 1 6.454 10.446 8.236

Y² 2 4.634 6.656 8.52

Y² 3 7.006 4.592 10.736

Y² 4 4.228 5.9 1.43

Y² 5 9.25 3.978 2.65

4� 5.022 6.468 9.306

XJ��r¹"�%+9�Ç����Á�
�(J^u©Û, ©Û�¬É�+�Ï��Z6,

J±NyÑ"�a.9+»ü�Ï���^. æ^
¹"����%+9�Ç�������Á�(
J, Ø��±�*/NyÑ"��3éu%B�+
9�Ç�K��^, ��±��3"��3^�e,

+�!+»±9"�a.ùn«Ï�éu"�é
9�ÇK���^5Æ, ¿«©Ìg.

L 5 Ð«
�!��Á�n�Ï��Y²þ
�Ú4�. �âY²þ��¿Â, T����LT
Y²éu(J�K�å��, éu�!SN5`,

Y²þ����LTÏ�TY²e"�é9�Ç
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�K��J�wX.

� � � � � � � � � � � � � � ���	 �
��
�  ����
ã 8 +�Ï��Y²þ�

� � � � � � � � � � � � � � � � � � � � � � � � � � ��	� �
��
�  ����
ã 9 +»Ï��Y²þ�

� � � ���� ������ � 	
��
ã 10 "�a.�Y²þ�

"��3Ï~¬�%+��9Ç�5K¡�
^, �©�O�(J�Ø~	. ïÄö�@�, "�
��3  ¬~�(f²þgd§ [6,7], UC%+
(f�, ~�%+¶�Ú»��(f�, lK�
%+SÜ�9Ån [5].

(Ü�!�þ�!SN, ©Û��±e(Ø:

1) Ó�´+�Ï�, �!�þ�!��ü«
��ØÓ�(Ø, Xã 8 ¤«, +�Ï���Y
² (20—60 ±Ï) éu9�ÇeüÌÝ�Y²þ�
vkw«Ñér�5Æ5. kïÄL²"�ßÝ�
� ("��ê�Ó, +��á, K"�ßÝK��),

9�Çeü�õ [1,2]. Ï��%+¥�3õ�"�
�, �"���(f�Ñ�¥%¬u)�p�^;

"�ßÝ�O�ò���õ� U Ñ�¿~�(f
DÑ��¡È, lE¤9�ÇeüÌÝO�. é
uÓ�Ã5�%+, "�êþ�½, +��áK"
�ßÝ��. Ïd, 3"�êþ�½�, %+9�Ç
É"��K�§ÝAT�X+��O\~�. ,
, 3ã 8 ¥ù�5Æ%vk��Ny, ·�@�
´du�©"�%+Ñ�¹��"�, Ø�3"�
m��p�^, Ïd"�ßÝ (½+�) �Czé9
�Çeü�K�Ø²w.

2) éu+»Ï�5`, ã 9 ¤«�+»Ï��
�Y² (Ã5 (6,6)—(10,10)) �Y²þ�L², Ø�
+»� (9,9) ?�:, "�E¤�9�Ç~��Ì
Ý���X+»�O\~�. "�Ø�3�, +
»éu9�Ç�K��^¿Ø²w, �"��3
�, +»�K�NyÑ5, +»��, "�éu9�
Ç�K��r�;

3) �âã 10 ¤«��"�a.�Y²þ�,

�©�� 300 K �¸§ÝeØÓ"�E¤%+9
�Ç~�ÌÝl����^S, �g�: �  > �
, N> �, B>áN N>áN B;

4) ÏLXL 5 ¤«�4�©Û, �"��3é
%+�9E¤K¡�^�, +�!+»Ú"�a.
n«(�Ï�¥K�å���´"�a., +»g
�, +�K���. âw
"�ïÄé%+D9A
^��5.

4.3 §§§ÝÝÝééé¹¹¹"""���%%%+++���999���KKK���

§Ýé(f�9Ån�K�Ø��À, ÄkÀ
�
©z [26] ¥�[ó¹��©�CÃ"�%+
�9�Ç��[(J?1'�, (JXã 11 ¤«.

�©9�Ç�X§ÝCz�ª³�©z��C. �
â(fÑ�Ån, §Ý�,p�%+9�Ç�5
ü«�^: Äk, §Ý�,p¬-u�õ�pª(
f��9�Çþ,; Ó�, §Ý,p�¬-u�
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õ�(fmÑ�, lE¤9{�O\, ³�96
�DÑ. %+�9�ÇÌ�Éùü��^�J�
��K�Ï���Ó��. éÃ"��%+, 3$
§ã, pª(f�X§Ý�,pêþOõ, c�«
�JÌ�, Ïd9�Ç�X§Ýþ,þ,. 3
p§ã, §Ý,p��(fmÑ�, ��«�J¤
�Ì�, ��9�Ç�X§Ýþ,eü. éu¸
� �, 3�
©z¥��3 100 K[16,25], k

3 300—400 K[4,23,26], �8�vk½Ø, ©z [23]

��ö Osman @�¸�� ��%+�+»�'.

�é%+�na:"� (� , �,, áN) æ
^�¡Á��O�{, ©OO�
ØÓ§ÝeØÓ
"��%+�9�Ç, ¿���Ã"��%+9�
Ç?1é', äNó¹XL 6 ¤«.

L 6 ¹ØÓ:"��%+9�Ç�§Ý�CzL

100 K 150 K 200 K 300 K 400 K

�, B 13.21 38.70 69.42 89.80 90.60

�, N 13.97 34.32 68.32 90.65 89.03

�  17.40 43.70 75.49 87.27 88.66

áN B 18.14 39.80 70.13 92.56 91.43

áN N 18.25 42.56 74.84 95.91 93.84

��Ã"� 18.68 44.18 79.75 95.78 92.56

9�Ç/W·m−1·K−1 (Ã5: (10, 10); ±Ïê: 40p)

� � � � � � � � � � � � � � � � � ��� �� �� �� �� � � � 	 
 � �  � � � � � � � � �� 	 
 � �  � � � � ������ � ���� � �
ã 11 %+9�Ç�§Ý�Cz

Xã 12 ¤«�¹�«:"��%+3÷+�
���§Ý©Ù�±wÑ, §Ý3"�?þ�3
XØÓ§Ý�mä5��. ©Û@�, éu%+�
9, Ø
%+>.Ñ�!du¬�(�����ë
Y5�)��=Ñ�	, ¬��"��´Úå(
f·�Ñ�l�)9{��Ï [14]. du%+¬

�¥Ó �!� ±9�,�"�4k�U¤�
#O�·�Ñ�¥%, Úå(f��_L§, ��
(f²þgd§~�, K��Ù§Ý©Ù±9Uþ
DÑ, l¦%+�N9�Çeü. I��Ñ�´,

REBO ³U¼ê^u£ãÉa��� C ��m�
�p�^¿Ø�õ, ù�U�´ã¥�,½áN N,

B �%+3"�?§Ýa�É~��Ï, F"8�
Ué³U¼êmÐ?�Ú�ïÄ, }Á?�.

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

ã 12 300 K �¸§Ýe÷+����§Ý©Ù

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

ã 13 ¹ØÓ"��%+9�Ç�§Ý�Cz

éu¹"�%+, Xã 13 ¤«, Ø
¹� "
��%+9�Ç�§Ý��þ,	, Ù¦a.%+
9�Ç�X§Ýkþ,�eü, ¿3 300 K �m�
�¸�. ØÓ�¸§Ýe, "�é9�ÇK�w,
´ØÓ�. 3 100 K �$§e, A«"�LyÑ�
�É5¿Ø�; �X§Ý�,p, 3 150 K!200 K

ù���¸§Ýe, �,!áNùü«"��K�
�âÑ; �§ÝUY,p� 300 K, 400 K �, � 
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"��K�KwXO\, �,!áN"��K�
%�5��. ©Û�ÏXe: 3$§ã, c�«�^
Ì�, �é� "�, �,ÚáNdu�3XÙ¦
����f, J±-u�õ�pUþ(f, Ïd9
�Çeü�õ; �X§Ý�,p, -upª(f
�K�ü$, � Úå�(fÑ��,!áNÚ
å�(fÑ��J��\wX. � :"���·
�Ñ�Ï�, ¬ü$(f²þgd§, ¤�K�9
�Ç��Ï�.

5 ( Ø

�©±�²ï©fÄåÆ�[�Ãã, æ^�
�Á��{�O�~, :ïÄ
�,, áNÚ�
 n«:"�é%B�+�9�K�, ���Ã
"�%B�+?1'�©Û, &?
"�a.!+
»!+�ÚÃ5�(�Ï��K�9K�å��
é��, ���	
§Ý�K�.

�©Ì�(ØXe:

1)��Ã"�%+�9�Ç�X%+�Ý�
O�O�, �X+»�CzÃ²w5Æ. "��
3¬é%+�9E¤K¡K�, +»��, "�é
u%+9�Ç�K��r�.

2) éu�3"��%+�9, "�a.!+�
Ú+»n«(�Ï�¥K�å���´"�a.,

+»g�, +�K���, âw
"�ïÄé%+
D9A^��5.

3) éuü�%+9�Ç�§ÝCz�5Æ, Ø

¹� "��%+9�Ç�§Ý��þ,	,

Ù¦a.%+9�Ç�X§Ýkþ,�eü, ¿
3 300 K �m��¸�.

4) ØÓ�¸§Ýe, :"�é%+9�ÇK�
Ø�Ó; 300 K �¸§Ýe, ØÓa."���%+
9�ÇeüÌÝl����g�: �  > �, N>

�, B>áN N>áN B.
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Research on the influences of point defects on the
thermal conductivity of carbon nanotube by

simulation with orthogonal array testing strategy∗
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Abstract

In the preparation process of carbon nanotubes, various point defects inevitably come into being in the lattice structures. The

defects strongly affect the thermal transport properties of carbon nanotubes. Thermal conduction in carbon nanotube is simulated

by using nonequilibrium molecular dynamics method with reactive bond order (REBO) potential. Thermal conductivities of carbon

nanotubes with and without defects are calculated for comparison. An orthogonal array testing strategy is employed. In the calculation

it greatly saves the experimental effort and identifies the degrees of influence of such structural factors as defect type, tube length, tube

radius, etc. on thermal conductivity of tube. The effects of three types of point defects: vacancy, doping and adsorption are primarily

studied, and the ambient temperature factor is also analyzed. Simulation results show that the thermal conductivity of carbon nanotubes

with defects decreases significantly due to point defects compared with that of perfect carbon nanotubes. The defect type has the first

greatest influence on the decrease of thermal conductivity, and hvae the second third greatest infuluences respeetively the radius and the

length of carbon nanotubes. The degrees of influence of the above types of point defect are in the order of vacancy>doping>adsorption.

Different types of point defects have different effects on tubes at different ambient temperatures.

Keywords: carbon nanotube, thermal conductivity, defect, orthogonal test
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