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?1
 10—27 GPa Aå��S Zr51Ti5Ni10Cu25Al9 7áÀæ�²¡ÀÂ¢�±ïÄÙpØ - pACÇ\1e
��51�. d�¬gd¡âf�Ý¿¡�©Û¼�
ÀÂ\1L§�¶�Aå, ¿ÏL¶�Aå�·YØ��'
�¼�}Aå. ¢�(JL², ¦+�3²w�tµ�A, � Zr Ä7áÀæ� Hugoniot �54��XÀÂAå�O
\
O\. ,
, �5Å
¡þ�}AåKw«kMz
�^zy�, 
�^z�ÌÝ�ÀÂAå�O\
O\. À
Â\1e Zr Ä7áÀæ�þã}AåCzA��©fÄåÆ�[(J'���, ��Ø}¢�(JÚ��AåÀ
Â¢�(J²wØÓ.

'�c: �51�, ÀÂ\1, 7áÀæ, }Aå

PACS: 62.50.+P, 62.20.Fe, 81.05.Kf

1 Ú ó

7áÀæSÜ�f¥�§ÃSü�G�, ¿�
Ø�¬�Ü7á�@��3 �Ú¬.�"�. �
DÚ¬�Ü7�', 7áÀæù«ÕA�*(�
¦Ùäk�X�`É�åÆ!Ôn!zÆ5U, X
prÝ!pä�>59�5!ûÐ�>^A5!
F@¡5ÚF��5�, Ïd�@�´äk2�
A^cµ�#.(�ÚõUá� [1−3]. IS	é
7áÀæåÆ5U®?1
�þïÄ, Schuh � [4]

Ú Trexler � [5] ©Oé�'ïÄ?1
nÜµã.
o�5w, ®k�ïÄó�Ì�Xúu7áÀæ3
¿§!·Ø!$AC�Ç���åÆ�¸e��
A1�.

Cc5, pØ!pACÇ�4à^�e7áÀ
æ�ÀÂÅ�AA5ÅìÚå­À, 8c®é Zr
Ä7áÀæ�ÀÂý9� [6−8]!��y� [9,10]

Ú��5C/1� [10−15] ?1
�
¢�9nØ
�[ïÄ. 3�5C/1�ïÄ¥, Zhuang � [11]

ÏLÿþ�¬/kÅÀæ.¡âf�Ý¿¡¼�
ü « Zr Ä 7 á À æ Zr41.2Ti13.8Cu12.5Ni10Be22.5

Ú Zr56.3Ti13.8Cu6.9Ni5.6Nb5.0Be12.5 � Hugoniot �
5 4 � σHEL þ � u 0.1 GPa. , 
,Yuan
� [10] ÏL ÿ þ � ¬ g d ¡ â f � Ý ¿ ¡ ¼
� Zr41.25Ti13.75Cu12.5Ni10Be22.5 � σHEL p� 6.15
GPa, � A ¯ Ñ r Ý (2.78 GPa) p u ·�¯ Ñ
r Ý (1.6—1.8 GPa). Turneaure � [12,13] ¢ � ÿ
� Zr56.7Cu15.3Ni12.5Nb5.0Al10.0Y0.54 � σHEL (J
� Yuan � [10] �(JÄ���. d	, Turneaure
� [12,13] ÏLén���5�.�[(J�¢ÿ
Å¿¡'�L², Zr Ä7áÀæ3ÀÂ\1L§¥
�3}AåP~y�. Yuan � [14] �Ø}¢�(J
Kw« Zr41.25Ti13.75Cu12.5Ni10Be22.5 7áÀæ}
Aå¥yn5�5A5, 
vku)MzÚ^zy
�, ¿�¯ÑrÝ�·�^�e�¯ÑrÝÄ��
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�, {�AåÚ·YØåéÙK�é�. �C Ar-
man � [15] é��AC²¡ÀÂÅ\1e��N
X Cu46Zr54 7áÀæ��5!��9�f(�ü
z?1
©fÄåÆ�[. ïÄ(JL², Cu46Zr54
7áÀæ� Hugoniot �54� σHEL � 7.2 GPa, 

�5Å
¡þ�}Aå²{á6Mz�A�u)
P~, 3 60 GPa ÀÂØåe Hugoniot�éA}A
åA�P~�". d	, æ^ Voronoi ©�{©Û

 Cu46Zr54 7áÀæ 7 aØÓ�fìq(�üz,
uyÙ÷*�5C/1���fìq(�üz�
��', XÀÂ\1�^¦ 3 .�fìq (Voronoi
�ê 〈0, 2, 8, 1〉) êþ~�¬��}Aå�Mz; 

�XÀÂØå�O\, äk�r}�|å� 1 .�
fìq (Voronoi �ê 〈0, 0, 12, 0〉) êþ~�l
�
�}Aå�^z.

nþ¤ã, ���«­�åÆ5U, 7áÀæ
Ä��5C/1�®k(Ø¿Ø��, ÿL?�Ú
ïÄ. �©3ÀÂý9�ÿþ¢� [7] ¼���¬
gd¡âf�Ý¿¡Ä:þ,ÏLÅDÂA5©Û
¼�ÀÂ\1L§¥¶�Aå, (Ü·YØ�'�
{¼��5Å
¡þ�}Aå. ±¶�AåÚ}A
å�÷*Ýþ©Û
 Zr Ä7áÀæÄ��5C/
1�.

2 ¢��{

�
;�I�á����5é¢�ÿ�âf
�Ý¿¡�K�, ÀÂ¢��O��¬gd¡âf
�Ý¿¡ÿþ, ¢��nXã 1 ¤« [7]. Ã�Ô�
¡��ÀÂ7áÀæ�¬, 7áÀæ�¬SC3ß
²� K9 Àæ|eþ, ¿3�¬Ú K9 Àæ�.¡©
OÙ� DISAR (displacement interferometer system
for any reflector) XÚ [16]. Ù¥, Ù�3�¬�.¡
� DISAR XÚé�¬gd¡âf�Ý¿¡ ufs(t)
?1ÿþ; Ù�3 K9 Àæ�.¡� DISAR XÚK
é�¡�Ý¿¡ W (t) ?1ÿþ, �â-qc��
¡�ÝâC�±¼��¡-q�ÝÚ-q�m t0.

�â DISAR ÿ���¡�Ý¿¡Ú�¬gd
¡âf�Ý¿¡�±O����¬�5c°Å�
Ý CHEL �

CHEL =
H

t1 − t0
, (1)

Ù¥, H ��¬þÝ, t1 Ú t0 ©O�ã 1 ¤«��
¡-q��Úgd¡âf�Ýåa�� (=�5c

°Å
¡���¬gd¡��). 3{ü¥%ÅCq
�¹e, �Y�5Ø Å�.�KFÅ� C(ufs) �

C(ufs) =
H

∆t(ufs) + H/CHEL
, (2)

∆t �Xã 1 ¤«��Y�5Ø Å��5c°Å

¡ (t1) ��m�. �âA����N'X�±�
��Aâf�ÝéA�¶�Aå σ ÚAC ε,

dσ(ufs) =
1
2
ρ0C(ufs)dufs, (3)

dε(ufs) =
1

ρ0C2(ufs)
dσ(ufs), (4)

Ù¥� ρ0 ��¬�Ý. d (1)—(4) ª�±¼�\1
L§�Aå - AC'X.

t

t0

t

K9

W

W

DISAR

DISAR

Dt

t1

ufs

ã 1 ¢��nã

3¼�AC�Ä:þ�±O����A�·
YØå P (ε) [17] �

P (ε) = ρ0C
2
b

ε

(1 − sε)2
, (5)

Ù¥, Cb ��¬�NÅ(�, s ��¬á�ÀÂÅ
�Ý�âf�Ý�5'X��Ç. �â²¡ÀÂ\
1��ACG�, ÀÂ\1L§}Aå τ �±d¶
�AåÚ·YØ��O���

τ(ε) =
3
4

(σ (ε) − P (ε)) . (6)

ÏLé¶�Aå σ(ε) Ú}Aå τ(ε) �©Û�±ï
Ä Zr Ä7áÀæ�Ä��51�.

¢�^7áÀæ� Zr51Ti5Ni10Cu25Al9(�f
z©'), dM�Tó��Æá��Æ�ó§X
Jø, ²þ�Ý� 6.740 g/cm3. ²�(ÿþÙ~
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ØpÅ(� Cl ÚîÅ(� Ct ©O� 4.820 km/s
Ú 2.193 km/s, �âÿ½�pÅÚîÅ(��±O
���NÅ(� Cb � 4.101 km/s. ÏLé 18—
100 GPa ÀÂAå��SÀÂÅ�Ý�âf�Ý
¢�êâ��5[Ü�� s = 1.051 [7]. ¢�^�
¬\ó¤. Φ20 mm × 3 mm, L¡�1?n, ²1
Ý 2—5 µm.

3 ¢�(J�©Û

3®k 3 u¢� [7] Ä:þæ^ Φ37 mm »�
?1
 1 u 0.843 km/s �ÀÂ¢� (?Ò:BMG04),
¢�ëê�uL 1 ¥. d DISAR XÚÿ�� 4 u
¢���¡�Ý{¤¿¡Xã 2 ¤«. lã¥�
±w�, BMG01—03 ��¡�Ý{¤¿¡�ßw
«
�¡-qc���ÝCz, dd�±¼��¡
-q�ÝÚ-q�m t0. duvkSC K9 Àæ,
BMG04 ¢�==¼��¡�Ý, vk�Ñ�¡-
q�m.

d DISAR XÚÿ � � 4 u ¢ � � � ¬ g
d ¡ â f � Ý { ¤ ¿ ¡ Xã 3 ¤ «. lã

¥ � ± w �, 4 u ¢ � ÿ � � g d ¡ â f �
Ý ¿ ¡ Ñ � ß w « 
 � � 5 V Å ( �, 
 �
? \ � 5 \ 1 c � 5 Å 
 ¡ þ � 3 ² w � P
~, = dã¥ ¤ « � â f � Ý uU

fs ü $ � � 5
\ 1 c � uL

fs. � 5 Å 
 ¡ � P ~ y � 3 Ù
¦ Zr Ä7áÀæ (Zr567Cu153Ni125Nb5.0Al10.0Y0.5

Ú Zr4125Ti1375Ni10Cu125Be225) ²¡ÀÂ¢�¥Ñ
ku) [10,12,13]. lã¥��±w�, ÃØ´ uU

fs �
´ uL

fs Ñ��¡ÀÂ�Ýk', ¿�þ�ÀÂ�Ý
�O\
O�.

ã 2 �¡�Ý{¤¿¡

L 1 ¢�ëê9¢�(J

¢� �¬�Ý �¬þÝ �5Å�Ý ÀÂAå ÀÂØå Hugoniot �54� }Aå/GPa

?Ò ρ0/(g/cm3) H/mm CHEL/(km/s) σH/GPa PH/GPa σV
HEL/GPa τV

HEL τH

BMG01 6.737 3.013 5.056 17.96 15.88 7.71 1.62 1.56

BMG02 6.742 3.012 5.111 20.48 18.24 7.94 1.73 1.68

BMG03 6.737 3.009 5.056 26.64 25.17 10.25 1.95 1.10

BMG04 6.741 3.014 — 10.12 8.10 6.66 1.45 1.52

ã 3 �¬gd¡âf�Ý{¤¿¡ ã 4 ÀÂ\1L§Aå/Øå - AC'X
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�âã 2 ¤«� DISAR ÿ���¡�Ý¿¡
Úã 3 ¤«��¬gd¡âf�Ý¿¡, d (1)—
(5) ªO���
\1L§�Aå σ!Øå P ÚA
C ε. Ù¥ BMG04 ¢�¥�5c°Å�Ý CHEL �
� 5.056 km/s. O�(JL², 4 u¢��ÀÂAå,
= Hugoniot G�¶�Aå σH � 10.12—26.64 GPa,
éA�ÀÂØå PH � 8.10 —25.17 GPa, �[(J
�uL 1 ¥.

ã 5 ØÓÀÂ\1e� Hugoniot �54�

ØÓÀ Â \ 1 e � A å σ/Ø å P - A C ε

'XXã 4 ¤«, lã¥�±�� Hugoniot �
5 4 � σHEL. X c ¤ «, d u � 3 P ~ y �,
Zr Ä 7 á À æ � Hugoniot � 5 4 � ¿ Ø ´ ~
�. ã 5 � Ñ 
 ØÓÀ Â \ 1 e Hugoniot � 5
4 � � � � � σU

HEL(�ã 3 � â f � Ý uU
fs é

A)!��� σL
HEL (�ã 3 �âf�Ý uL

fs éA)
± 9 ² þ � σV

HEL. lã¥ � ± w �, 3 10.12
—26.64 GPa À Â A å e,Zr51Ti5Ni10Cu25Al9 7
á À æ Hugoniot � 5 4 � � P ~ Ì Ý σU

HEL −
σL

HEL ∼ 2 GPa; �´, ²þ Hugoniot �54� σV
HEL

E , � À Â A å � O \ 
 O �. ã 5 ¥Ó�
�Ñ
 Zr567Cu153Ni125Nb5.0Al10.0Y0.5 7áÀæ
� Hugoniot �54�, T�´é�5Å
¡� 10
ns ��S�(J?1ÚO²þ��� [13]. T(J
��©�²þ� σV

HEL (JÄ���.

ÏLé}Aå�©Û�±?�ÚïÄ Zr Ä7
áÀæ�Ä��51�. �âã 4 (J, A^ (6) ª
O����ÀÂ\1L§}Aå τ - AC ε 'XX
ã 6 ¤«. lã¥�±w�, Zr 7áÀæ3²¡À
Â\1e}Aå τ ²{CzE,L§: Äk´du
�5c°ÅP~���}Aå¯�eü; ��²{
MzL§, ¿�MzÌÝ�ÀÂAå�O\
O\;
�ªu)^z, 
�^z�A�´�XÀÂAå�

O\
Or.

Arman � [15] é Cu46Zr54 7áÀæ��AC
²¡ÀÂ�©fÄåÆ�[(J�w«
}Aå
²{Mz - ^zL§. Ù¥, 3 16.33 GPa ÀÂA
åe 2τ ÄklÐ©¯ÑrÝ 2.0 GPa LÀ� 2.7
GPa(=MzÌÝ� 0.7 GPa), 
�Åìtµ� 1.7
GPa; 3 35.57 GPa ÀÂAåe 2τ �MzÌÝp
� 3—4 GPa, w«ÑMzÌÝ�ÀÂAå�O\

O\. Arman � [15] ÏL©Û�fìq(�üz
��Ñ
}Aå²{Mz - ^z��*Ån: }
Aå�Mz�ÀÂ\1� 3 .�fìq (Voronoi
�ê 〈0, 2, 8, 1〉) êþ~�k', T.�fìq�
�K�}�=C«�/Ø; 
�XØå�O\,
äk�r}�|å� 1 .�fìq (Voronoi �
ê 〈0, 0, 12, 0〉) êþ�¬u)~�l
��}Aå
�^z. �,, Øþã�fìqüzÏ�	, §ÝÚ
ý9}��!�«��ú��)��U��7á
Àæ}Aå^z, �(@´Ä�3þãÏ��I?
�Ú¢�ïÄ.

ã 6 ØÓÀÂ\1L§}Aå - AC'X

� âã 6 } A å ( J, ã 7 ¥ � Ñ 
 ØÓ
À Â A å e Zr Ä 7 á À æ � Ð © ¯ Ñ � � }
A å τV

HEL(é A ² þ Hugoniot � 5 4 � σV
HEL)

Ú À Â ª�� } A å τH (é A À Â A å). l
ã¥ � ± w �, 3 10.12—20.48 GPa À Â A å
e Zr51Ti5Ni10Cu25Al9 7áÀæ� τV

HEL � τH Ä
���, ùL²3dÀÂAå��SMz�AÚ^
z�AÄ���; 
3 26.64 GPa ÀÂAåe� τH

�u τV
HEL, 
���u�$ÀÂAåe� τH, ùL

²�XÀÂAå�O\^z�AÅìOr. �u�
pAåe7áÀæÀÂª�}Aå´Äü�"�
I?�Ú¢�ïÄ, I�æ^V¯Ñ¡{éÙ?1
ÿþ [18]. Ó�«uã¥��k Arman � [15] æ^
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©fÄåÆ�[� Cu46Zr54 7áÀæÀÂª��
}Aå (�Ù¯ÑrÝ���). o�5w, ü« Zr
Ä7áÀæÀÂª�}Aå^zª³oN��. �
,, du|©Ø¦�Ó���}Aå�9Ù^zå
©AåÑk�É.

ã 7 ØÓÀÂ\1e�}AåCz

ÀÂÅ�^e7áÀæ�þã�5C/A5
���AåÚØ}ÀÂ�^e��5C/A5�
3²w�O. �þ�·�9O·�¢�L², ��
Aå\1e7áÀæ��56ÄAå¥yn5�
5A5, 
vku)MzÚ^zy� [4,5,19]. Yuan
� [14] �Ø}¢�(J�vk¥yMzÚ^z1
�. Xc¤ã, ��ACÀÂ�^e}Aå²{M
z - ^zy�Ì���'�fìqüzk'. �
,, �'�fìq�üz´3ÀÂAå���½�

� (�u σHEL) â¬²wu). ,
, 8c���A
åÚØ}¢��ÀÂAåÑ'�$, Ïd, ��A
C���Aå!Ø}\1e7áÀæ�5C/A
5��É�U´duØÓ\1�ªeþãA��
fì�ØÓüz¤�.

4 ( Ø

�©?1
 10—27 GPa ²¡ÀÂAå��
S Zr Ä7áÀæ�gd¡âf�Ý¿¡ÿþ¢�.
d�Ý¿¡¼�
ÀÂ\1L§�¶�Aå, ¿Ï
L¶�Aå�·YØ��'�¼�
}Aå. ÏL
é¶�AåÚ}Aå�©ÛL², ¦+ Zr Ä7á
Àæ� Hugoniot �54��3²w�tµ�A, �
oNþ�XÀÂAå�O\
O\; �5Å
¡þ
�}AåKw«ÑMz�A�;�^z�A, 
�
^z�ÌÝ�ÀÂAå�O\
O\. ²¡ÀÂ\
1e Zr Ä7áÀæ�þã}AåCzA��©f
ÄåÆ�[(J'���, ��Ø}¢�(JÚ�
�AåÀÂ¢�(JØÓ, ù«�É�U�ØÓ\
1�ªe7áÀæ,
A��fìq�ØÓüz
k'.

a�M�Tó��Æá��Æ�ó§X!��ÇJø

�¬á�, a�ÜÀ!F¢¥!��t!µ°u!7r!

�j�!��²Ú@mª�3¢�ÿÁÚ$1¥��Ï.
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Abstract

Planar shock compression experiments are performed on a Zr-based bulk metallic glass (BMG), Zr51Ti5Ni10Cu25Al9 at peak

shock stresses from 10 GPa to 27 GPa to investigate its plastic behavior under high pressure and high strain-rate. The particle velocity

profiles measured at the free surface of the samples are analyzed to estimate longitudinal stresses of the Zr-based BMG in the shock

loading process,and then shear stresses are obtained by comparing longitudinal stresses with a hydrostat. Though there is an obvious

relaxation effect after elastic front, the Hugoniot elastic limit of the Zr-based BMG is found to increase with shock stress increasing.

However, the shear stresses across the plastic shock front display stress hardening above the Hugoniot elastic limit followed by a stress

relaxation (softening) to Hugoniot state, and the relaxation level also increases with shock stress increasing. The changes of shear

stresses under planar shock compression are consistent with the results from molecular dynamic simulations, but obviously different

from the pressure-shear impact experimental results or uniaxial stress impact experimental results.

Keywords: plastic behavior,shock loading,bulk metallic glass,shear stress

PACS: 62.50.+P, 62.20.Fe, 81.05.Kf

* Project supported by the National Natural Science Foundation of China (Grant Nos. 10732010, 10972206, 11172281, 10802080), the
NSAF(Grant No. 10776029/A06), the Science and Technology Foundation of National Key Laboratory of Shock Wave and Detonation
Physics(Grant No.9140C6701021102), and the Science Foundation of China Academy of Engineering Physics (Grant Nos. 2010A0101001
and 2010B0101002).

† E-mail: yuyinyu@21cn.com

196202-6


