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1 Ú ó

�á�gdL¡É�rÀÂ1Ö�, Ï~¬u
)���y�, =Ü©Ô�±�p�Ýølá�g
dL¡½ÄN�	��. ���´á�CL¡«�
��«AÏ»�/�, Ù/¤L§�¹
CL¡�
«�"��ªºÝuÐ, ¿�á�Ä�Ô5���
'. ù�y�3ÃõrÀÂ!p�-E�ó§+�
ïÄ¥Ók­�/ , Ï
Ty�g�uy [1] ±
5BÚå<��4�'5 [2] .

®kïÄL², K�á����A5�Ì�Ï
��)L¡�"��¤ [3−5]!ÀÂ\1Øå�Å
/ [6,7]!á�rÝ��1Lz [8] �A��¡; �
,, ØÓá����A5��3²w�É [9], Ó�
á�3ØÓÀÂrÝe���Å��k��Cz,

¦�����þÑy�ã5Cz5Æ [8]. 7áL
¡ (Å\ó) ��Ñ±±Ï5�ø(��Ì�/m
A�, ù«(�~���ïÄ���Å��Ì��
.��. 3�rÀÂeù
�øò�-¹
�)�
�6, l
�¤��Ô���Ì�5
Å�. Ïd,

<�Äu�ø�¬ºYmÐ
�þ�¢�ÚnØ
ïÄ. X: {I Asay � [3] 3 20 ­V 70 c�mÐ

�X�7á¾ÚY��ø�¬����¢�ïÄ,

¼�
��6�þ9���Ý��ø�Ý�Cz
5Æ, ¿��½~�6nØ(J����; IS, ¸
�) [9] Äu½~�6nØ, í�Ñ����	.
øL¡����þ��²�)Ûúª; Cc5, ·
��é�ø�.���y�mÐ
?�ÚnØï
Ä [10], �)��6/¤^�, \1Åc÷°Ý�A,

��6��øY��'X, ��.

I��Ñ, DÚ�¢�Ú²;nØÌ�´éy
�÷*�A��	Ú©Û, É�.9Ùëê�Ï
��K�, ÷*ê��[�J±�Ñ����[�
ÔnL§. ²;�©fÄåÆ (molecular dynamics,

MD) ´Äu�f�g�(½5�[�{, nØþ�
±�Ná�C/�»�L§��ÜÔn[!. �X
Cc5O�ÅEâ���uÐ, MD �[Åì¤�
���ÅnïÄ��«Ì�ê�Ãã. 2002 c, �
�� [11] æ^ MD �{�[
ü¬Ô�ø��6
��*L§, ©Û
�øY����K�; 2003 c,
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��âº�Ú�Ý�©Ù [12]; 2005 c, �Ù¸�Ä
u MD �[©Û
7áÔÚ¾����þ��ø
�ÝÚÀÂrÝ�Cz5Æ [13]. ù
ïÄ?�Ú
�«
L¡�ø/¤���Å�Ú5Æ. ,
, �

¢�(JL², ÀÂ½�1Lz�Ñyòé��
��þ9Ù©Ù�)wÍK�, 8c, éù�y�
��'Å�@£�¿Ø�ß.

�©±7á¾�~, ÏLÚ\U
�N¾pØ
Lz�i\�f³, éÙL¡�ø�.���6
��y�?1
X��[ïÄ. ïÄ(J¼�

��6/�!ÞÜ�Ý9��Xê3�°Øå�
��Cz5Æ, ¿�Ñ
�1Lzé��6�K�
©Û.

2 �.��{

2.1 ���fffmmm���ppp���^̂̂³³³

²; MD �[5½¤kâfÑ��ÅÚîå
Æ½Æ, �fm�p�^³K´K� MD �[(J
�'�ÔnÄ:. 8c<�¦^�³¼ê�õ´²
�½�²��, ³¼ê�äN/ªÚëêI��â
ïÄ�äNÔ�ÚäN¯K5(½.

i\�f{ (embedded atom method, EAM) ´
Äu�Ý�¼nØ��«õN³¼ê/ª [14,15],

·Üu£ã7á9Ü7��fm�p�^. EAM

³�oUþ�L«�

Utot = (1/2)
∑

i,j(i 6=j)

φ(rij) +
∑

i

F (ρi), (1)

ª¥�Òmý φ(rij) ��f i � j �m�üN³
U, F (ρi) ��f i i\dXÚ¥¤kÙ¦�f�
¤�>f��Ý ρi ¥¤I��Uþ. ��[ó�
æ^ 1992 cd Mei Ú Davenport uL�'u7á
¾� EAM ³ [16], ÙüN³ φ(r) /ª�

φ(r) = − φ0

[
1 + δ

(
r

r0
− 1

)]
× exp

[
− γ

(
r

r0
− 1

)]
, (2)

>f�Ý¼ê ρi �/ª�

ρi =
∑
j( 6=i)

f(rij), f(r) = ρe

5∑
l=0

cl

12

(
r0

r

)l

, (3)

i\U F �/ª�

F (ρ) = − Ec

[
1 − µ

ν
ln

(
ρ

ρe

)](
ρ

ρe

)µ/ν

+
1
2
φ0

3∑
m=1

sm exp[−(
√

M − 1)γ]

×
[
1 +

(√
M − 1

)
δ −

√
M

δ

ν
ln

(
ρ

ρe

)]

×
(

ρ

ρe

)√
Mγ/ν

. (4)

T³¼ê3�°Øå��S�Ñ�ÀÂ��Ý'
X�¢�êâ�C, 
��±£ã7á¾�ÀÂL
zy�.

2.2 ���[[[���{{{

Ð©�.��� 13[100] × 160[010] × 120[001] �
¬��¤�¡%á�ü¬¾, ��¹ 100 ���f.

� x, y, z ¶©O÷ [100], [010], [001] ¬�. 3�¬
mýL¡���Ý� 120◦ Ú�Ý� 10 nm ��ø,

Xã 1 ¤«. \1cò�¬Ð©§Ý�� 0 K, ¬�
ëê� a = 4.05 nm, ÷ x, y ��æ^±Ï5>.
^�, ÷ z ¶����gd>., ?1¿©µþ. æ
^Äþ���{ [17] l z ¶�ýL¡\1m1ÀÂ
Å. �f$Ä�§æ^�Ý Verlet �{ [18] ?1È
©, �mÚ�� 0.001 ps.

10 nm

120O

ã 1 �¬Ð©�.

�f?AåÜþ�â�p½n?1O�, äN
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O�úª��� [19,20]

σαβ =
1
V

( ∑
i

miviαviβ +
∑

i

∑
j>i

rijαfijβ

)
, (5)

ª¥mý1��Ú1��©OL«�f�Äþ
6Ú�p�, Ù¥ m ��f�þ, v ��f�Ý,

f KL«�f i, j m��p�^å, α, β L«�
I¶. �dÓ�, 7á��5C/ÚLz��*
L§ÏL�f¥%é¡ëê ci 5£ã, ÙO�ú
ªXe [21]:

Ci =
∑
(j,j′)

|Rij + Rij′ |2, (6)

þª¥, (j, j′) L«±�f i �¥%¥¥%é¡� 6

|�C��fé, Ù¥�C� 12 ��fdÐ©�
��¡%á�¬��Ñ. ���¹e, ¬�:
n
�üÙ� Ci ��", 
�¬�u)ÆC� Ci �ò
�k×�O\. dd, (Ü Ci ��CzN´éÑu
)�5C/½Lz�«�.

3 (J�©Û

3.1 ÀÀÀÂÂÂ������ÝÝÝ'''XXX

Äuþã�.Ú�[�{, ·�é7á¾ü¬
�¬?1
ØÓrÝ (÷ [001] ¬�, ¹líÄ�
Ý 1.5—5.0 km/s) ÀÂL§�ê��[. �âÅ

¡�c?�Ý¼�
ÀÂÅ�Ý (D) �Å�âf
�Ý (up, =¹líÄ�Ý) �éA'X, æ^�p
½nO�Ñ
Å�Øå (p) �NÈ (V ) �éA'X,

O�(J�ã 2(a) Ú (b), ã¥ V0 �Å�NÈ V

SÔ�éA�Ð©NÈ. ã 2(a) (Jw«, 3�[
�Øå��S D-up �±
�Ð��5'X, ��
©z [22] ¥�¾�¢�êâ�C; �A�, ã 2(b)

¥ p-V 'X�ÚO(J��¢�êâ�C. ù
(
JL², �©¤æ^�³¼ê�.3�°Øå��
S´�é·Ü�.

� � � � � �� � � � �� � �� �	 �� �� �
���
�� �
 �� � � � � � � � � � 	 � � � � �� � � � � � � � � ���  ! " # $ " " # % " " # & "' � ' (
ã 2 (a) ÀÂÅ D–up 'X; (b) Å� p-V 'X

3.2 ������666���þþþ©©©ÙÙÙ999������XXXêêê

ã 3(a) Ú (b) ©O�Ñ
��6�þ (mj)  
� (r) ©ÙÚ��6�þ - �Ý©Ù (vz). �©±
�é�þ (mj/m0, �ã 3 ¥�p�I) 5?Ø��
6�þ©Ù. Ù¥, , �� mj �´±T ��
¥%�ü �Ý (∆r) S�Ô��þ, 
 m0 K�é
A�ü �Ý�¢ÄN�Ô��þ. lã 3(a) ¥
(JN´uy, ��6�þ©ÙÄ�þÑ¥yÑÞ
Ü��!¥m[�Ú�ÜÐ°�©ÙA�. éu$
ØÀÂ\1 (XÀÂØå� 34.5 Ú 42.3 GPa, éA
ã 3(a) ¥ up = 1.7 km/s, up = 2.0 km/s ­�), ��
6�Ü�þ mj/m0 ��3 0.1 �m; �XÀÂØå

,p, �Ü�þÅìO\, �ÀÂØå�� 112 GPa

� (éAã 3(a) ¥ up = 4.0 km/s ­�) ���6�
Ü�þ mj/m0 ®�L 0.2. lã 3(b) ¥(J�±w
�, 3��6�þ - �Ý©Ù­�þ½kaqCz,

�pØ��Ü&Ò®²J±l­�þ��E@. ù

(JL², �ÀÂØå�p���6/� (AO
´�Ü) òu)wÍCz, e©�©Û�Ñ, ù�C
zÌ�´dL¡«���1Lz¤��.

�âþã�þ©Ù, ·�ÚO
��Xê (�
�6�þ��ø"�éA�þ�'�) Ú��6Þ
Ü�Ý�Å�âf�Ý�Cz, �ã 4(a) Ú (b). Ú
O(JL², ��Xê3Lzc�Å�âf�Ý�
5O\; ��1Lzu)� (ã 4(a) ¥ M :), ��
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Xêm©×�O\; �ÀÂØåUYO\, �1L
zu)�ØåOp��Ý\¯, ¦���6/¤L
§Ì�3��e?1, d���6���Xê2g
LyÑ�Å�âf�Ý��5O\'X. 
ã 4(b)

¥(JKw«, ��6ÞÜ�Ý�Å�âf�Ý3
�[�Øå��S©ª�±�Ð��5'X, �1

Lz�u)¿�UCù��5Cz; �Ò´`, �
�6ÞÜ�ÝÌ��ûuÀÂÅrÝ, 
�1Lz
KÌ�K���6�Ü�/�. ù�(J��'¢
�*	Ä���, X Frachet ��Ñ	/�øL¡
â������Ý�gd¡�Ý�'��~ê, ¿
�Ñ
Ù��ø�Ý�Cz [23].� � �� � �� � ��� �� � �� � �� � ��� � �� � ��� � �� � ��� � �� � � 	 � 
 � � � � �� �� �� � � � � 
 � � 
� � � 
 � � � � � � � � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � � � � � �� � � � � � � � � � � � 
� � � � � 	 � � � �� � � � � 	 � � � �� � � � � � � � � �

ã 3 (a) ��6�þ -  �©Ù­�; (b) ��6�þ - �Ý©Ù­�

3

5

7

1

V
h
/
(k
m
/
s)

1.6

2.0

1.2

0.8

0.4

2.0 2.4 2.8 3.2 3.6 4.01.6

R

(a) (b)

Up/(km/s)

1.5 2.0 2.5 3.0 3.5 4.0

Up/(km/s)

M

ã 4 ��6��Xê (a) Ú��6ÞÜ�Ý (b) �Å�âf�Ý�Cz

3.3 ������666///¤¤¤LLL§§§���ÔÔÔnnnããã���©©©ÛÛÛ

�â¥%é¡ëê�Cz, ·�©Û
ØÓ
ÀÂØåe7á¾L¡��6/¤L§��*Ô
nã�. ã 5 �Ñ
;.$ØÀÂe���6L
§ (ÀÂØå� 42.3 GPa, up = 2.0 km/s), Ù¥¥%
é¡ëê� C 6 4 ��5C/, 4 < C < 32 ��
5C/«�, C > 32 ��¬�«�. lã 5 ¥��
*ã��±uy, �ÀÂÅl�ø9¡�1�, Ä
kpu�ø±>��þ�5C/ (�Ú«�), ¿3
�ø.Ü�)ÛÜ�¬�«� (f�Ú«�); ��,

�5«��7áSÜ�*Ð, �ø.Ü�¬�«�
ÅìO\¿÷Ì¬.�7áSÜ'ß, Ó�3�¬

�«�Ñy��6Ö/ (9 ps); 3�Y�1L§, �
¬�«�*ÐØ2²w, �¬�Ô�3�ÝFÝe
ÅÚ/¤[���6/� (� 30 ps ã�). ã 6 �Ñ

;.pØÀÂe (�1Lz) ���6L§ (ÀÂ
Øå� 91.8 GPa, up = 3.5 km/s). �$Ø\1�¹
ØÓ�´: duÀÂÅ�®�CÀÂLzG�, �
*	�²w���½Ì¬��5C/; �ÀÂÅ3
�ø.Ü�1�, pu
wÍ��¬�Cz (7 ps);

�¬�«�×��7áSÜ*Ð, ¿Ñyl�¬L
¡u)��1Lz (9 ps); �ª�¬CL¡?\�
�LzG�, ��6�Ü²wC°, ¿3�øe�
DÕÅ���«�Ñy��É (30 ps). �?�Ú`
²�1Lz�K�, ·�òþãü«;.Øåe�
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��6ã�?1
é' (�ã 7), ÏL�ö�é'
uy, $Øe��6.Ü�3�þ��ÚÌ¬(�,

=3�ø±>«�Ñy�¬�; 
pØedu�1

Lz�u), ��6.ÜA���?\LzG�.

ù7,���1Lz���6±>«��Ô�6
Ä\r, l
¦���6�Ü�éLzc²wCo.� � � �� � � � � � � � � � 	 � �

ã 5 �1Lzc (2.0 km/s) ��6/¤��*L§� � � �� � � � � � � � � � 	 � �
ã 6 �1Lzu)� (3.5 km/s) ��6/¤��*L§� � � �

ã 7 Lzc���6/¤L§é', �ý: up = 2.0 km/s, t = 12.6 ps; mý: up = 3.5 km/s, t = 9.0 ps

Äuþã�*L§, ·�ÚO
÷\1���
�ÝÚ§Ý©Ù, �ã 8, ã¥ç�J�L«��
6�ä �, Y²J�KL«�©³¼ê�Ñ�7
á¾3"Øe�L:. lã 8 ¥(JN´uy, �

�6Ô��§Ýw,Ñpu"ØL:, ùÒ¿�X,

ØØL¡´Äu)�1Lz, ��6ÞÜo´?u
LzG�, ùÒ¦���6ÞÜ�ÝÉ�1LzK
�Ø²w, 
Ì��ûu\1ÀÂÅ�rÝ; ,
,
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ü«ÀÂØåe��6�ÜNC«��§Ý©Ù
kX���É: pØe7áSÜ§Ýþ²wpu~
ØL:, =�1L§7,u)�1Lz, Ï
\�

CL¡Ô��6Ä; 
$Ø\1e��6�Ü�
�§Ýþ$u~ØL:, ¦��Y���6/¤Ì
�
g�ø.Ü�ÛÜ�¬«�; ù�ª��
p
Øe��6oþ (cÙ´��6�Ü�þ) �Lz
ck²wO\.

1.6

1.2

0.8

0.4

1000

2000

3000

0

T
/
K

ρ
r
/
ρ


-20 -10 0 10 20 30

r/nm

2.0 km/s,t=10 ps
3.5 km/s,t=8 ps

ã 8 Lzc���6/¤L§��Ý (þ) Ú§Ý (e) ©Ù

3.4 ������666������XXXêêê���²²²���LLLããã

�â 3.1 ¥�ÚO(J, 3�1Lzc½Lz
�Ý�p�, ��6��Xê�Å�âf�Ý�±
�5O\'X, = R = k ·up (Lzc) Ú R′ = k′ ·up

(Lz�Ý�p�); éu�1LzÚå���Xê
�×�O\, (Ü 3.2 ¥�Ônã�©Û, ¿b�
d�1LzÚå���XêOþ��1Lz�
Ý (Dm) ¤�', = ∆R = k1 · Dm; 
ê��[w
«, �1Lz�Ý½�CqL«� Dm = k2up. d
d, ·��ò�©ê��[(Jæ^Xe¼ê/ª
?1[Ü:

R = k · (up − uc) + k1 · k2 · H(up/um − 1), (7)

þª¥, uc Ú um ©OL«��6Ð©/¤Ú�
1LzÑy�¤éA�Å�âf�Ý. Tªò��
6��XêCz{z��Å�âf�Ý��5O

\ (ê�(Jw« k ≈ k′) Ú�1LzÚå���
XêOþüÜ©�U\. ª¥ um, k2 �ûuá�á
5, uc Kdá�á5Ú�ø�Ý�Óû½, up ��
L\1rÝ; k Ú k1 �ê��[¼��²�ëê,

�©�Ñ k = 0.57 s/km, k1 · k2 = 0.528. æ^ (7)

ªé��Xê�[Ü(JXã 9 ¤«, Ù¥, �L
z�Ý Dm pu(��LzL§Úå���Oþ
KÃL2�Ä.� � �� � �� � �

�� � � � � �� 	 
 � � 
 
 � �
ã 9 ��Xê�[Ü(J

4 ( Ø

�©Äug1ï�� MD3D �[§S, ÏL
Ú\U�N7ápØLzL§�i\�f³, é7
á¾L¡�ø�.����y�?1
X��[
ïÄ. ïÄ(J�Ñ
�°Øå��S���6/
�!ÞÜ�ÝÚ��Xê�Cz5Æ, 9�A��
þ - �m©ÙÚ�þ - �Ý©Ù�ÚO(JCz;

(Ü�*(�ÚåÆþ©Û, ?Ø
Lz�Aé�
�6�K�Å�, �Ñ
�¹Lz�A���6�
�Xê�ÐÚL�ª. �©(J��'¢�¥*	
�����y�A��Î [8,24], �z
ÀÂ1Öe
7áL¡���5Æ�nØ@£. �,, �©O�
�.'�{ü, 
¢�(JK´�¹
õ«Ï��
nÜ�^(J, 'u\1Å/!L¡/mÚ"�º
Ý�A�ÃõÏ��é���K�Å�ïÄ�k
�?�ÚmÐ.
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Microscopic simulation on shock-induced micro-jet
ejection from metal Al surface∗
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Abstract

Via molecular dynamics simulations employing an embedded-atom-method potential, we investigate the microscopic process and

dynamical properties of shock-induced micro-jet from a grooved aluminum surface. For a large range of shock pressure, we obtain the

micro-jet morphology variation, its mass spatial distribution and mass-velocity distribution. The amorphous state and release melting

during the jetting are both analyzed using the central symmetry parameter, where the effect law of release melting on the micro-jet is

obtained. It is found that the micro-jet mass keeps a linear increase with the piston velocity prior to release melting; the micro-jet mass

is enhanced evidently after release melting; while the velocity of release melting is above a threshold, the jetting mass shows a linear

increase with the piston velocity again, where the strength of material can be neglected.

Keywords: micro-jet, molecular dynamics, shock

PACS: 47.15.Uv, 47.11.Mn, 62.50.Ef

* Project supported by the Foundation for Development of Science and Technology of China Academy of Engineering Physics, China (Grant No.
2009A0101007).

† E-mail: shao jianli@iapcm.ac.cn

184701-7


