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A^�5�©fÄåÆ�{, �[
äkØÓ�f?o÷/m�ü«f5¥/&Þ��5²¡ÄN�ÅN�
>1�. ïÄ
1Ö�ý¢�>¡È!�>.¡ü½å�ý¢�>¡È, ±9ÅNå�ý¢�>¡È�m�'X.

©f�[���1Ö�ý¢�>¡È�'X, �ëYåÆ�>nØýÿéÐ/½5��. ÃØ´�f?1w&Þ�
´o÷&Þ, ÅN�>e�ü½å�ý¢�>¡È�'X, Ñ�ÃÅN�>��5Æ���, =ÅNåé�>1�
�K��^, �±���N\3ý¢	1ÖÄ:þ�J[1Ö, òéÅN�>1��©Û=C�ÃÅN�>©Û.

ü«&Þ�ÅNå�ý¢�>¡ÈÑ¥�¼ê/ª�O�, �´, �f?1w&Þ���ê�u 1, 
�f?o÷&
Þ���ê�u 1.

'�c: �>1�, L¡ÅN, ©fÄåÆ�[

PACS: 62.20.Qp

1 Ú ó

@3 1882 c, Hertz[1] JÑ
1��þ�!�
�Ó5!��5¥N�ÃÅN�>�., §L²
ý¢�>¡È´1Ö� 2/3 g�. ù��uÐ�
õ��.Ñ�Ä
L¡ÅN�^. �âL¡�^
å§�§¤Úå�5C/��é��!�>1
��©�ü«4à�/: ��éuÚå��5C
/, L¡å�á§�^� (~X, R5á�!rÅ
N�^Ú����>N�»), �>1�d Johnson-

Kendall-Roberts (JKR) �. [2] £ã; ,��4à (~
X, f5á�!fÅN�^Ú����>N�»)

d Derjaguin-Muller-Toporov (DMT) �. [3] £ã.

Maugis-Dugdale (MD) nØ [4] ·u£ã JKR �.
Ú DMT �.�m�=CG�, 
�ª�¦^. ¤
kù
üo÷¸nØ��ÓA�´, ý¢�>¡
È´1Ö�æ�5¼ê. ,��¡, Greenwood-

Williamson (G-W) �. [1]!Persson �. [5,6] �o
÷�>nØ��uÐå5, §�Ñýÿý¢�>¡
È�1Ö¥�5'X. ù
ëY�>nØ, ��þ

/A^u©Û¢�Ú�[¤���1Ö - �Þåê
â, ±�«�Þå��>¡È�S3'X.

�X MEMSN/EMS �FÃ�.z, ��'�
¯K´ëYnØ´Ä·^uB�ºÝ�>. A^
©fÄåÆ�[, Luan Ú Robbins[7,8] ïÄ
äk
ØÓo÷/m�¥/&Þ�¬N²¡ÄN��5
�>, uy�f?o÷/m���>1�²w/
 l
1w�>�. (Hertz �.!M-D �.). Mo

Ú Szlufarska[9,10] �[
�¬�%&Þ�7f�Ä
N��>!�Þ1�, ¦�uy�f?�õàNA
5®UC
�>�ÔnÅ�, ÙÃÅN�>1��
o÷�>�. (G-W �.!Persson �.) �ýÿ�
��. ù
ïÄÌ��«
L¡o÷/m����
>1�=C.

,��¯K´, L¡ÅNXÛ���>1�
�=C? JKR �.Ú DMT �.©O��ÅN�
>�ü«4à�/, §�ÄuØÓ�cJb�Ú
í��n, �3���O�úª¥k�q�?.

3 JKR �.¥, �>�» a �1Ö P �'X�:

a = ((R/K)(P +3πγR+
√

6πγRP + 3πγR)2))1/3,
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Ù ¥ R � ­ Ç � », K � � � � 5 � þ, γ �
Å X õ. 3 DMT � . ¥, � A � ' X �: a =

((R/K)(P + 2πγR))1/3. ù ü � ú ª Ñ � w ¤
´ Hertz �. (a = (RP/K)1/3) �Ä:þ, 31
ÖÜ©V\
��. �´, vkïÄ�²ù�V\
�Ú�>.¡ÅNå�'X. ·��¯K´, ÅN
å�K��Ä���N\3ý¢	1ÖÄ:þ�
J[1Ö.

�©A^�5�©fÄåÆ�{, �[
f5
¥/&Þ��5²¡ÄN�B�ºÝ�>1�, K
�Ï��)äkØÓ�f?o÷/m�&Þ, ±9
&Þ�ÄN�mØÓ§Ý�ÅN�^. ·�'51
Ö�ý¢�>¡È�'X, �>.¡ü½å�ý¢
�>¡È, ±9ÅNå�ý¢�>¡È�m�'X.

ïÄ
lÃÅN�ÅN^�e&Þ�ÄN�m�
�>1�=C.

2 �[�{

�
�[Ñ&Þ�ÄNL¡�mØÓ§Ý�
ÅN�^, ·�æ^
�ä Lennard-Jones (LJ) ³¼
ê:

E = 4εi

[(σ

r

)12 −
(σ

r

)6
]

(r < rcut), (1)

Ù¥, rcut ��ä�», =�ü��f�m�ål
�u rcut �, �fm�^å�". ò£ãÄN�f
�m�^� LJ ³Uþëê!�ÝëêÚ�ä�»
©O�� 1.0ε, 1.0σ, 1.5σ. éu&Þ�f�ÄN�
f�m��^, ÏLN� rcut Ú εi ���, 5¼�
L¡mØÓ§Ý�ÅN�^. � rcut �� 21/6σ �,

�ä LJ ³�£ã
�fm�ü½å, Ï
&Þ�
ÄNL¡mvkÅN�^. � rcut �� 1.5σ �, &
Þ�ÄNL¡m�3ÅN�^, ?
ò εi/ε ©O�
� 0.2, 0.5, 1.0, ±�[L¡mØÓ§Ý�ÅNå.

ÄNL¡d¡%á�¬N� (001) ¡�¤,

¬ N � f � � C � m å � 21/6σ. Ä N º �
� 79.4σ × 79.4σ × 47.6σ, � 305000 ��f. �

�ØXÚ>.é�[(J�K�, 3ÄN��
>L¡æ^gd>.^�, 
3ÄNo±L¡þ
æ^±Ï5>.^�. ·��[
äk�Ó¶Â�
» (�»� 23.8σ, � 7.1 nm) �ü«&Þ: �f?
1w&ÞÚ�f?o÷&Þ, §���f�.«u
ã 1. �f?1w&Þ´ò�¬¡%á�¬N�­
¤¥/��; �f?o÷&ÞK´l�¬�N¬¥
��Ñ¥/��.

ã 1 &Þ��f�. (a) �f?1w&Þ; (b) �f?o÷&Þ

3�[¥, Äk4&Þ�ÄN�ål�u rcut.

,�, �&Þ�\��é��1Ö, ¿�±&Þ3
Y²��� �ØC. ÅgO\�\3&Þþ�
1Ö, ¦XÚ3z�1Öe¿©µþ, 3��²ï
���, J�Ñ��1Öe�L¡�^åÚ�>¡
È, l
�[��&Þ�ÄN�m��>L§. æ
^
 Langevin �{?1�§, ¦�§�§Ý�±
3 0.0001ε/kB NC, Ù¥ kB ´ Boltzmann ~ê. �
[¦^�´d{I Sandia I[¢�¿mu��5
�©fÄåÆm
�è^� LAMMPS[11].

3�fºÝþ, é�f½�N�m��>vk
�����½ÂIO [10,12]. ·�æ^�fmål
?1�ä, XJÄN�f?u?Û��&Þ�f�

ü½åå§ (ùp� 21/6σ) ��S, ù��f�½
Â��>�f. ?
, ò&Þ�ÄNm�ý¢�>
¡È Areal ½Â�: Areal = NatAat, Ù¥ Nat ��
>�fê, Aat �ü��f�²þL¡¡È. Aat �
��dÄNL¡¡ÈØ±ÙL¡�fê��.

3 (J�?Ø

3.1 BBB������>>>111������ëëëYYY���>>>���...

·�©O�[
ÃÅN!ØÓ§ÝÅN�
^ (εi/ε = 0.5, 1.0) e��>1�, ã 2 �Ñ
ü
«&Þ�1Ö - ý¢�>¡È­�. éu�f?
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1w&Þ (ã 2(a)), Ï�Ù�>1��±^üo÷
¸nØ��£ã, ©OòÃ/kÅNe��[êâ
� Hertz �.Ú M-D �.?1
[Ü. du M-D

�."y���>¡È�1Ö�)ÛL�ª, ·
�A^
d Carpick, Ogletree Ú Salmeron (COS) u
Ð���úª [13,14]. [Ü­�Xã¥J� (Hertz

�.) Ú¢� (M-D �.) ¤«, �[êâ��
A�ëY�.éÐ/���. Hertz [Ü����
��5�þ� 46.5ε/σ3; COS [Ü���.lå
� 65.52ε/σ, Maugis =Cëê� 0.06. ·��(J
� Luan Ú Robbins[8] 'u�­�¡Ú��¡&Þ
�ïÄ(J���. ¦+¦�æ^�´�â�>Ø
åO�¶Â�>¡È, du�f?1w&Þ��>
�f©Ù�ëÏ!Cq�/�«�, ü«�{O�
����>¡È��ÃA.

ã 2 ý¢�>¡È�1Ö�'X (a) �f?1w&
Þ; (b) �f?o÷&Þ

éu�f?o÷&Þ (ã 2(b)), ©OéÃ/kÅ
Ne��[êâ?1
�5[ÜÚ COS [Ü. ù
p·�æ^�5¼ê, ´Ï� G-W �.Ú Persson

�.�o÷L¡�>nØ, Ñýÿ1Ö�ý¢�>
¡È�m��5'X. [Ü­�Xã¤«, �[ê
â��A�ëY�.éÐ/��. COS [Ü���
.lå� 39.52ε/σ, Maugis =Cëê� 0.03. ·�

æ^���� L-J ³, y¢
 Mo Ú Szlufarska �(
Ø [10], =�¬�&Þ¤äk��f?o÷/m, U
C
�>C/Å�, Ù�>1�AT^o÷�>�
.5£ã. �´, �f?o÷&Þ�ÅN�>1�,

E�1wL¡ÅN�> (M-D) �.���. ù´Ï
�L¡ÅN�O�, ��u�>u)3��	1Ö
�^e, �>1�Ì�dÄN�N�5�¤û½,

l
L¡/m�K�Ø2äkû½5�^.

3.2 üüü½½½ååå������>>>¡¡¡ÈÈÈ���'''XXX

·�ò�>.¡þ�L¡�^å©)�ü½
åÚÅNå, }Á©OïÄ§���>¡È�'X.

L¡å�©)/�
 Mo Ú Szlufarska ��{ [9],

ÏLeãO���: Äk, ��ÅN^�e�XÚ
²ï��f�.; ò LJ ³¼ê� rcut ~�� 21/6σ,

­#O�T²ï��.�L¡�^å. ù��L¡
åÒ´kÅN^�e�>.¡þ�ü½å; ü½å
�ÅNå�ýé���Ò´	1Ö���dd�
±O�ÑL¡ÅNå.

ã 3 ý¢�>¡È�L¡ü½å�'X (a) �f?
1w&Þ; (b) �f?o÷&Þ

æ^þã©)�{, òã 2 êâ^L¡ü½å
�ý¢�>¡È�'X5L«, «uã 3. ã¥©O
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�Ñ
ÃÅN!ü«ÅN§Ý (εi/ε = 0.5, 1.0) e
� 3 |êâ. ·�é�f?1w&Þ��[êâ?
1
 Hertz [Ü (ã 3(a)), é�f?o÷&Þ�ê
â?1
�5[Ü (ã 3(b)). ÃØ´�f?1w&
Þ�´o÷&Þ, 3 |�[êâÑLyÑ�Ó�C
z5Æ, þ�[Ü­�ÎÜ�éÐ. (JL², ÅN
�>e�ý¢�>¡È�ü½å�'X�ÃÅN
�>��5Æ���, �âL¡o÷Ý�ØÓ, ©
O� Hertz 1w�>�.Ú G-W (½ Persson) o÷
�>�.. Ï
, L¡ÅNåé�>1��K��
^, �±���N\3	1ÖÄ:þ�!�ÅNå
�����J[1Ö, òéÅN�>1��©Û=
C�ÃÅN�>©Û.

�±òÅNå��^���J[1Ö, L²
ÅNåvk¦ÄNu)wÍC/, ÄKØÓ�
� ^ å � � ¬ � � Ø Ó � C / � J. ù � : �
�
[Ü Maugis =Cëê�y¢, §�Ñ3 0—

0.1 ��S, `²·���~é�Cu DMT �..

3 DMT �.¥, �>�» a �1Ö P �'X�:

a = ((R/K)(P + 2πγR))1/3, ÙV\� 2πγR �
L¡m.lå. éuC/é��Cf5ÅN�
>, .lå�±Cq��>L§¥�ÅNå. ·
���[L², éu�5ÅN�>, 3�½^�e
�±òÅNå��N\�J[1Ö, A^� Hertz

O�úª¥.

3.3 ÅÅÅNNNååå������������>>>111���===CCC

ã 4 ©O�Ñ
 3 «ÅN§Ý (εi/ε = 0.2, 0.5,

1.0) e, ÅNå�ý¢�>¡È�Cz. ÃØ´�
f?1w&Þ�´o÷&Þ, 3 |êâÑ¥yÑ�
q�Cz5Æ, ·�é�[êâ?1
��ê[
Ü. éu�f?1w&Þ (ã 4(a)), [Ü�����
êÑ�u 1, ­�¥].O�; éu�f?o÷&
Þ (ã 4(b)), ��êÑ�u 1, ­�¥à.O�. �
f?o÷/m��É, Ø=��
ÃÅN�>1�
�ØÓ, ���
�>L§¥ÅNå�O�ª³ä
kØÓ�5Æ.

ã 4 L¡ÅNå�ý¢�>¡È�Cz (a) �f?1w&
Þ; (b) �f?o÷&Þ

ã 5 L¡ÅN����>1�=C (a) �f?1w&Þ; (b)

�f?o÷&Þ

016201-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 016201

�
w«ÑÅNåé�>1��=C�^, ·
�ò�ý¢�>¡È�éA�1Ö!ü½åÚÅ
Nå�3�å, «uã 5. du1Ö!ü½åÚÅ
Nå�m�éX, ü½å�ý¢�>¡È�'X
ÚÅNå�ý¢�>¡È�'X, üö�Úû½

1Ö�ý¢�>¡È�'X. éu�f?1w&
Þ (ã 5(a)), ü½å´ý¢�>¡È� 3/2 g� (ã
¥��), §� Hertz �.���. ã¥n��L�
ÅNå�ý¢�>¡È¥��êO�, ùp��ê
�u 1. ùüö�U\, �¤
1Ö�ý¢�>¡È
�m���5'X (ã¥�¬), §Ñl M-D �..

Ó�/, éu�f?o÷&Þ (ã 5(b)), ü½å�ý
¢�>¡È�m��5'X, �ÅNå�ý¢�>
¡È���êO�5Æ, �Óû½
1Ö�ý¢�
>¡È�m� M-D �>1�.

4 ( Ø

A^�5�©fÄåÆ�{, �[
f5¥/
&Þ��5²¡ÄN�m�B�ºÝ�>, ïÄ

äkØÓ�f?o÷/m�&Þ, ±9&Þ�
ÄN�mØÓ§Ý�ÅN�^. ·�'51Ö�

ý¢�>¡È�'X. ©f�[���1Ö�ý
¢�>¡È�'X�÷*nØýÿéÐ/½5�
�. 3ÃÅN^�e, �f?1w&Þ�ÄN�m
�ý¢�>¡È�1Ö� 2/3 g�, Ñl Hertz 1
w�5�>�.; �f?o÷&Þ�ý¢�>¡È
�1Ö¤�5'X, �o÷L¡�>�. (G-W �
., Persson �.) �ýÿ���. 3ÅN^�e, ü
«&Þ��>1�ÑÑl M-D 1wÅX�>�.,

ý¢�>¡È´1Ö���5¼ê. ·��(J©
O� Robbins Ú Szlufarska �(J [7−10] ���.

ÏLò�>.¡þ�L¡å©)�ü½åÚ
ÅNå, ïÄ
ü½å�ý¢�>¡È!ÅNå�
ý¢�>¡È�m�'X. ÃØ´�f?1w&Þ
�´o÷&Þ, ÅN�>e�ü½å�ý¢�>¡
È�'XÑ�ÃÅN�>��5Æ���, =ÅN
åé�>1��K��^, �±���N\�ý¢
	1ÖÄ:þ�J[1Ö, òéÅN�>1��©
Û=C�ÃÅN�>©Û. 3ÃÅN�>1��Ä
:þ, ÅNå�ý¢�>¡È�Cz'X, û½

ÅN^�e��>1�. ü«&Þ�ÅNåÑ�ý
¢�>¡È¥�¼ê/ª�O�, �´, �f?1
w&Þ���ê�u 1, 
�f?o÷&Þ���
ê�u 1.
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Transition of contact behavior induced by
interfacial adhesion∗
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Abstract

Large-scale molecular dynamics simulations are performed to study the adhesive contact between a rigid spherical tip and an

elastic flat substrate. We focus on he relations between the real contact area and the external load and between the repulsive force and

attractive force on contact interface. The simulated results are consistent with the corresponding continuum contact theories, which are

Hertz model, Ggeenwood-Williamson (or Persson) model and Maugis-Dugdale model according to surface roughness and interfacial

adhesion. We show that there are same relations between the real contact area and the repulsive force for both non-adhesive and adhesive

contact, which means that the effect of adhesion on contact behavior can be equivalent to that of a virtual load. We demonstrate that

the attractive force on contact interface increases with the real contact area in a power-law function, with a power exponent larger than

1 for the atomic-scale smooth tip and with a power exponent smaller than 1 for the atomic-scale rough tip.

Keywords: nanoscale contact, adhesion, molecular dynamics simulation
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