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é7á�$ØÀÂ γ→α �C?1
ê��[ïÄ. ÀÂ\1¢���Ý¿¡(JL², ��$Ø�CL§¥

ü��m�=���1w,Ã²wmä, Ù�CL§�3Ä�Ï�.ÏL©Û7á�$ØÀÂ\1Ú�1e�;.

ÔnL§, éá���'X!Hugoniot 'XÚ�C�_�CL§?1
nØïÄ. ¼�
�$Ø�Cc����'

X9G��§, ¿ïá
�²ï�CnØ�.. ê�O�(J�²¡ÀÂ¢�ÎÜ�Ð, L²T�CÄ��.U


�Ð/£ã��$ØÀÂ\1Ú�1L§.
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1 Ú ó

��õ/�Cá���«, 7á� (Ce) �>f
��~N´Ñy�[, �Ùäk�~´L��C&
E. 3~§O·�\1e, �Øå�� 0.7 GPa �,

Ce á�¬Ñy γ→α ��=C, NÈCz� 15%.

éuÀÂ\1Ú�1, á��CòC��\E,,

¿��56ÄL§ÍÜ, Ù�CL§��@�Ø2
´²ïL§, 
�\1´»�'. I�ÏL¢��
ê��[�p(ÜâU�Ð/)ºá��$Ø�
CL§.

ÀÂ\1e, õ/�Cá��ÄåÆ�A��
´ÀÂÄåÆ9á��Æ�­�SN. é Fe, Bi,

δ-Pu �á��ÀÂ�CÚLzL§®²?1
é
õnØ9¢�ïÄ [1−8], 3á��ü��G��
§!�CL§�nØï��¡��
éõ¤J,A
O´©fÄåÆ�O�(JL² [9−11], �1��

_�CL§  �\1���CØÓ. El’kin � [12]

l·åÆêâÑu, ïÄ
7á Ce �$Ø�C
9LzL§, ��
$Øe Ce ���/ªG��
§ (0< p < 5 GPa, 300 K < T < 1000 K), �T�§
�Ä��CØå: $ (0.75 GPa, ¢� 0.9 GPa),

Hugoniot 'X�¢��k l.

þãïÄõ8¥u�pØå��C1�ïÄ,

é$Ø�CL§½öïÄ��, ½öæ^�Ôn�
.��{ü, vk[��Äá���5�A�K�,

�kH�Å� [13] 3ïá Fe-Ni Ü7ÀÂ�C��
�, �Ä
 Aå9·YØ��ÓK�. éu Ce �
$Ø�C, ÙAå þ�·YØ�'Ø��Ñ, d
�5C/Úå��OÚ§,�K�á���CL
§, ��, á��Cc�¬N(��Cz�¬UC
á��rÝ9(�, Ïd3 Ce �$Ø�CL§¥
I��Ä��5�K�. ,	, Ce �²¡ÀÂ¢�
L², Ù γ→α ��=C�~1w, �²ï�C�£
ã�3²w�É, I��Ä�C��²ïL§, =
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�C�Ä��A.

�©ÏL²¡ÀÂ¢�, ¼�
ü��$Øå
: (1.32 Ú 1.16 GPa) �ÀÂ\1¢�êâ,ÏL©
ÛÀÂ\1Ú�1e Ce á�SÅ�(�9$Ä
L§, é Ce á�$ØÄ��A¥�n�­�¯K,

=á���'X!$Ø Hugoniot 'XÚ�C�_
�C?1
�\�©Û, ¿�ïá
�C�Ä�n
Ø�., ²¡ÀÂ�-9�-¢��ê�O�(
JL², TÔn�.�±��Ün/£ã Ce �À
Â γ→α �CÚ�1_�CL§.

2 Ce á�ÀÂ�CnØ�.

Ce 3$ØÀÂ\1Ú�1e¬u) γ→α �
�=C9_�C. ��;.� Ce ²¡ÀÂØå¿
¡Xã 1 ¤«.

ã 1 Ce á�ÀÂ\1Ú�1�Øå¿¡

dã 1 ��, ��;.�$Ø�Cá�Øå¿
¡�¹
±en�­�L§.

1) �5Å E1 ÚO�5�1Å R4. E1 �N

á�\1����'XA�, Ù²��L«á�
��5 Hugoniot 4� σHEL, l¥�±J��5(
�!
¼�þ!Ð©¯ÑrÝ�&E. R4 �N

á�u)�C��1���'X�Cz, �¹
p
Å(�!}��þ�&E.

2) ²� H3 ´á�� Hugoniot Øå²�, �N

á��ÀÂ Hugoniot 'X, �¹
ÀÂÅ��Ý
ÚØå�&E.

3) �CÅ PT2 Ú PR3 �N
á��C9_�
CL§, �¹
�CNÈ!�CØåÚ�C´»

�&E.

±þn�­�L§©O�L
á����'
X!$Ø Hugoniot 'XÚ�C�_�CL§, ùn
�'X´�Cá�$ØÄ��A�­�¯K, Ün
£ãùn�¯K´Ônï��'�.

2.1 $$$ØØØeee Ce ááá������������'''XXX

Ï~@�á�u)�C�, Ù·Ü��¯Ñr
ÝÚ}��þd�ü�¤Ó°��²þ¤�, �©
æ^õ� SCG (Steinberg-Cochran-Guinan) ���
. [14−16] ã�Cá����'X:

µ =
∑

i

θiµ0i

[
1 + bi

(p − p0i)

(v0iρi)
1/3

+ hi(T − T0i)

]
,

(1)

Y = min[Y0(1 + β(ε + εi))n2 , Ymax]

×
∑

i

χiθiµ0i

[
1 + bi

(p − p0i)

(v0iρi)
1/3

+ hi(T − T0i)

]
,

(2)

Ù¥eI i L«�ü�, θ L«�þ°�, Y L«á
��¯ÑrÝ, µ L«}��þ, p L«·YØ, v L
«'N, ρ L«�Ý, T �§Ý, Y0 Ú µ0 L«Ð©
¯ÑrÝÚ}��þ, Ymax L«��¯ÑrÝ, β,

n2 �á��\óMzXê, χ, b, h�á�~ê, v0

L«Ð©NÈ, T0�Ð©§Ý, p0�Ð©Øå.

d ² ¡ \ 1 ¢ � � � σHEL = 0.15 GPa,

q Y0 =
1 − 2ν

1 − ν
σHEL, ν ´Ñt', � ν = 0.23,

�� Y0 = 0.1 GPa. \óMzëê β, n2 �d Ce �
©lª¿ÊÜØ\ (SHPB) ¢���, ùp� β =

142, n2 = 0.2519. � Ce u) γ→α �C�, �C
c�á�¬N(�Ä��Ó [17], ùpb��Cc
�á�rÝØu)Cz, = χi = 1. dê��[²
¡ÀÂ¢���Ñ�ü��}��þ, γ � µ0γ =

10 GPa, α � µ0α = 16 GPa, ·�¢��Ñ� µ0γ =

12 GPa, µ0α = 16 GPa[18], üö(J���C.

d (1) Ú (2) ª�±£ã Ce á�u)\1�
���'X, 
�á�u)�1�, Ù��5�A
�\1�¿Ø�Ó, ²¡¢�¥¬�)O�5�
1Å, Ù¥��56ÄÅnÿØ�©�Ù [19−21].

Steinberg � [14] Ú\á�� Baushinger �A)ºù
�y� [22], =á��}��þ¬�X�1�Ý�
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UCu)Cz, � (3) Ú (4) ª:

µeff = φµSG, (3)

φ =


f1 +

s1

s1 max
(1 − f1) 0 6 s1 6 s1 max,

f1 −
s1

s1 max
(f2 − f1) − s1 max 6 s1 < 0,

(4)

Ù¥, µSG d (1) ªO���; µeff L«�1��k
�}��þ; s1 L«\1���Aå þ, s1 max

L«��Aå þ; f1, f2 ��NXê,ÏLê�O
� Ce �²¡¢��uy, f1 = 0.9, f2 = 0.02 ·Ü
�õê��¹.

2.2 $$$ØØØ Hugoniot '''XXX

ÏL±þØã��, $Øe�ÀÂ Hugoniot '
X�Ä Aå�K�, ÙÀÂÅc�'X� (5)—

(8) ª:

[u] = ρ0D [v] , (5)

[σx] = −ρ0D [u] , (6)

[E] = −1
2

(σx + σx0) [v] , (7)

σx = −p + sxx, (8)

Ù¥ [ ] L«ÀÂÅc�Ôn��, σ L«Aå, p

L«·YØ, s L«Aå þ, v L«NÈ, u L«�
/�Ý, D L«ÀÂÅ�Ý, E L«ü �þSU.

¦) (5)—(8) ªI���á��G��§Ú��'
X.

Duvall Ú Graham[5] JÑ
�«²�õ�G�
�§�/ª, �ü��G��§X (9)—(12) ª:

p = pci +
(γ

v

)
i
Cvi (T − T0i) , (9)

E = Eci + E0i +
(γ

v

)
i
CviT0i (v − v0i)

+ Cvi (T − T0i) , (10)

S = S0i + Cvi ln (T/T0i) + Cvi

(γ

v

)
i
(v − v0i) ,

(11)

G = E + pv − TS, (12)

Ù¥ pc L«eØ, Ec L«eU, Cv L«'9, γ

L« Grüneisen Xê, S L«�, G L«3Ùdg
dU. 3�$Øåe Ec åÌ��^, ùpeU Ec

� Vinet /ª [23], � (13) ª:

Ec =
9B0v0k

η2

{
eη(1−ϕ1/3)

[
η

(
1 − ϕ1/3

)
− 1

]
+ 1

}
,

(13)

Ù¥ ϕ = v/v0i, v0i L« T = T0, p = 0 ��NÈ,

B0 L« T = T0, p = 0NÈ�þ, η = 1.5 (n − 1),

n = dB/dp, L«NÈ�þ�Øå��ê.

ü��m3�.þI÷v [5](14), (15) ª:

ST
2 − ST

1 =
(
vT
2 − vT

1

) dp

dT
, (14)

ET
2 − ET

1 = −pT
(
vT
2 − vT

1

)
+ TT

(
sT
2 − sT

1

)
.

(15)

Ce á�G��§ (EOS) ëêÀ��Ä��
{´, γ ��d·pØ¢� [22] �Ñ, α ��d
pØ Hugoniot 'X [24] �Ñ. å©�C:Ú�>
. dp/dT , �(Ü²¡ÀÂ¢��½, äN�ëê
�L 1.

L 1 Ce á�G��§ëê

γ � α �

B0 /GPa 19.1[22] 44.6

n –10.0[22] 3.60

v0/cm3·g−1 0.14954 0.12048

T0/K 300.0 300.0

S0/J·g−1·K−1 0.0 –0.094

E0/J·g−1 0.0 –8.0

γ/v/g·cm−3 3.27 7.1

Cv/J·g−1·K−1 0.177 0.2

pT/GPa 0.8 0.8

TT /K 307 307

dp/dT /GPa·K−1 0.004 0.004

��5¿�´, Hugoniot 'X�ïáI�âÀ
Â\1eá�S�ÅX(�(½. ®� Ce á��
XØå,p, Ø��5Å	, �5Å¬u)lüÅ
�VÅ2üÅ�=C, 3�E Hugoniot 'X�, 7
L�Äù�Cz. ��VÅ(��, A��Cå©
:�Ð©G�:, XJ´üÅ(�, K��5Å�
G��å:. nþ¤ã, æ^g1�E�õ�G�
�§9��'X, O���
 Ce � Hugoniot 'X,

�ã 2.

dã 2 ��, �3 Hugoniot 'X¥�Ä
 A
å�K��, O�(J�¢��\�Î. 3��A
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Ce, d�5ÆCÚå��O�±L«� [25]

TdSp = Sxxv0

(
dεx − dτ

µ

)
=

4
3
v0τ

(
dεx − dτ

µ

)
, (16)

Ù¥ Sp L«d}�C/Úå��O, τ L«}�
Aå, εx L«AC. ²©Û��, á��}�Aå�
¦�CÜ©�§ÝJp 4%—6%, �Øå < 2 GPa

�, }�AåÚå��OÓo��O°���, é
u Hugoniot 'X�K���²w.

ã 2 6NÚ��5�.©OO�¼�� Ce � Hugoniot 'X
(a) D-u; (b) p-u

2.3 ���CCC���___���CCC

Ï~b�á���CL§�²ï�C, =á
��CL§¥, ü��3ÙdgdU��. �\
1�Ý'��ú�, ü��±/¤²ïG�, 
�
\1�Ý�¯�, �CL§5Ø9/¤²ïG�,

AO´éuÀÂ�C
ó, \1�ACÇ�±�
� 105 s−1, �C�Ä�L§AO²w, ²¡ÀÂ¢
�(J®L² Ce á���C�U�3�²ïL§.

��C��²ï�C�, 3ÙdgdUØ2��,

�CL§dü��3ÙdgdU�íÄ [3,6]:

dx

dt
=

k

T
(Gγ − Gα)

(
0 6 x 6 1, p > pT

)
, (17)

Ù¥ t ��m, x � α ��þ°�, k �~ê, ù
p k = 0.0014 g·J−1·K−1·s−1, pT ´�Cå©Øå.

±þé�CÄåÆ¥��'X!$Ø Hugo-

niot 'XÚ�C�_�C�n�'�¯K?1

©ÛÚnØï�, Áã��Ün/£ã Ce á��
Ä��CL§, �.�Ün�ÄI�ÏL¢��
±u�.

3 ¢ �

ÀÂ\1´ïÄá�Ä��C�;.\1
�ª. Ï~²¡ÀÂ¢���Ý­��±¼�
ÀÂ\1e Ce ��CÚ��'X�ÍÜ&E.

�©ÏL ² ¡ À Â \ 1 ¢ � � - E â ¼ � 


ã 3 Ce á�$Ø²¡ÀÂ¢��Ý­� (a) �-; (b) �-
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Ce á � (1.32 GPa) � g d ¡ � Ý ± 9 Ce/Z-�
�=I��Ý, ¿ÏL�-Eâ¼�
 Ce á�
(1.16 GPa) ��1�Ý, ¢�(JÚëê�ã 3 Ú
L 2.

L 2 Ce á�$Ø²¡ÀÂ¢�ëê

¢�Ò �¡ q� �¡�Ý/m·s−1 Øå/GPa

1 Z-��= Ce/Z-��= 197.3 1.32

2 Z-��= Ce 197.3 1.32

3 Ce Z-��= 230.3 1.16

d ã 3 � �, d u Ce á � γ � �(
∂2v/∂p2

)
s

< 0, ÏdÃ{/¤ÀÂÅ, �U/
¤��Ø Å, �-¢���Ý­�*	�
ù�
y�. Ce á���Cå©Aå��´ 0.9 GPa. ÃØ
\1�´�1L§, �C�=�'�1w, ü��
5Å�mØ�3²w�mäL§, ùL² Ce á�
� γ↔α �C�3�²ïL§. l±þ¢��±¼
� Ce á� γ↔α Ä��C�¯õ&E,�Ä��C
�nØ�.Jøëê±�Ð/)º Ce á�$ØÄ

��AL§.

4 O�(J

æ^±þ�E��CÄ��.é²¡ÀÂ¢
� 1, 2, 3 Ú 56-04-15 ¢� [22] ?1
O�, ¿�
²ï�C¤�O�(J?1'�. ùp Z-��
=�G��§æ^ Mie-Grüneisen /ª, Ù¥ c0 =

6296 m/s, s = 1.61[26], γ0 = 1.0. äNO�(J�
ã 4.

dã 4 ��, �Ä�C�Ä��A�, O�¤
�\�1Å��Ý±9ÀÂÅ²�þ�¢��Î.

�'²ï�CO�(J, \1L§¥, �CÄ��
.O���C=�­��\1w, �¢�(J�Î.

�1L§¥, Bauschinger �AÚ�²ï�C�éÜ
¦^, ¦�á�O�5�1Å�O��\Ün, á
��1­���¢��\�Î. æ^�CÄ��.
O�²¡¢� 1, Ce �¬S,�ü�Øå!§ÝÚ
��°��Cz(J�ã 5.

ã 4 �ÄO�5�1Ú�²ï�AO�²¡ÀÂ¢� (a) ¢� 1; (b) ¢� 2; (c) ¢� 3; (d) ¢� 56-04-15
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ã 5 Ce �¬SÔnþCz (a) p-t, x-t; (b) p-T

dã 5(a) ��, Øå3 0.8 GPa �, γ→α �C
m©, �Øå�� 1.17 GPa �, �C°��� 50%,

��Øåü$, ?\�1Ú_�CL§. dã 5(b)

��, duæ^�´�²ï�C�., Ù\1Ú�

1L§¿Ø­Ü, �'\1L§, �1L§¥u)
�_�C l�½��.��. O�¥�L², �
1L§��'X�£ãéu_�CL§K���.

5 ( Ø

1) 3�$Øåe, Ce á����51�Ø�
�Ñ, }�C/Úå��Oé§Ý9 Hugoniot 'X
þk�½K�. |^ Ce á�$Ø^�e� Hugo-

niot êâ:, �ÄAå þ�K�, ­#�E
$Ø
e Ce á�� γ Ú α �G��§. Ce á��ÀÂ\
1¢��O�(JL², TG��§�.��Ð/
2yÀÂ\1¢�¥�ÅX(�9ÀÂÅØå.

2)ÃØ´ÀÂ\1�´�1, Ce � γ↔α �C
=�L§þ'�1w, Ù�1L§¥�CNÈ�\
1�3²w�É. æ^�CÄ��.�±�Ð/£
ã Ce á�$ØÄ�\1e��CA5, AO´�
�Ä
á�� Bauschinger �A�, á��1�Ý
¿¡�£ã�\Ün, Ù�1´»�\1´»�3
�½�É.

a�oÈr!o=X!�=Ú
Ãé��ó��|±

Ú?Ø.

[1] Andrews D J 1971 J. Comp. Phys. 7 310

[2] Andrews D J 1973 J. Phys. Chem. Solids 34 85

[3] Hayes D B 1975 J. Appl. Phys. 46 3438

[4] Boettger J C 1997 Phys. Rev. B 55 2840

[5] Duvall G E, Graham R A 1977 Rev. Mod. Phys. 49 523

[6] Kamegai M 1975 J. Appl. Phys. 46 1618

[7] Chen Y T, Tang X J, Li Q Z 2011 Acta Phys. Sin. 60 046401 (in

Chinese) [�[7,/��, o�§ 2011ÔnÆ� 60 046401]

[8] Tan Y, Yu Y Y, Dai C D, Tan H, Wang Q S, Wang X 2011 Acta

Phys. Sin. 60 106401 (in Chinese) [ �, |�L, �ª�, u,

��t,�� 2011ÔnÆ� 60 106401]

[9] Shao J L, Wang P, Qin C S, Zhou H Q 2007 Acta Phys. Sin. 56
5389 (in Chinese) [
ïá, ��, �«Ü, ±ör 2007ÔnÆ
� 56 5389]

[10] Shao J L, Duan S Q, He A M, Qin C S, Wang P 2009 J. Phys.:

Condens. Matter 21 245703

[11] Shao J L, Duan S Q, He A M, Wang P, Qin C S 2010 J. Phys.:

Condens. Matter 22 355403

[12] El’kin V M, Kozlov E A, Kakshina E V, Moreva Yu S 2006 Phys.

Met. Metallogr. 101 208

[13] Guo Y B, Tang Z P, Xu S L 2004 Acta Mech. Solida Sin. 25 417

(in Chinese) [H�Å, /�², Mt� 2004 �NåÆÆ� 25
417]

[14] Steinberg D J, Cochran S G, Guinan W W 1980 J. Appl. Phys. 51
1948

[15] Cox G A 2006 AIP Conf. Proc. Baltimore USA, July 31–August

5, 2005 p208

[16] Song H F, Liu H F, Zhang G C, Zhao Y H 2009 Chin. Phys. Lett.

26 066401

[17] Decremps F, Belhadi L, Farber D L, Moore K T, Occelli F, Gau-

thier M, Polian A, Antonangeli D, Aracne-Ruddle C M, Amadon

B 2011 Phys. Rev. Lett. 106 065701

[18] Voronov F F, Goncharova V A, Stalgorova O V 1979 J. Exp. Tech.

Phys. 76 1351

[19] Fowles G R 1961 J. Appl. Phys. 32 1475

[20] Barker L M, Lundergan C D 1964 J. Appl. Phys. 35 1203

[21] Dwivedi S K, Asay J R, Gupta Y M 2006 J. Appl. Phys. 100
083509

206401-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 20 (2012) 206401

[22] Singh A K 1980 High Temp. High Press. 12 47

[23] Vinet P, Rose J H, Ferrante J, Smith J R 1989 J. Phys.: Condens.

Matter 1 1941

[24] Jensen B J, Cherne F J, Cooley J C, Zhernokletov M V, Kovalev

A E 2010 Phys. Rev. B 81 214109

[25] Lee E H, Liu D T 1967 J. Appl. Phys. 38 19

[26] Li X M, Yu Y Y, Li Y H, Zhang L, Ma Y, Wang X S, Fu Q W 2010

Acta Phys. Sin. 59 2691 (in Chinese) [oÈr, |�L, o=u,

Ü�, ê�,��t, G¢¥ 2010ÔnÆ� 59 2691]

Numerical study of shock-induced phase
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Abstract

The dynamic responses of cerium under low pressure, including γ→α phase transition, are numerically studied in this paper.

The velocity profiles of shock experiments show that the transition process between the two phases is smooth and there is no obvious

disconnection between the two plastic waves of the particle velocity profiles. Three important problems in the dynamic response,

including constitutive model, Hugoniot relation and phase transition/reversal, are discussed. A multi-phase equation of state and

constitutive model of Ce are presented in this paper after analyzing the typical wave configuration of cerium under the shock loading

and releasing. The dynamic phase transition model is built for the non-equilibrium course in the phase γ→α transition induced by

shock wave. The numerical results accord with the experimental data of the plane impact tests, indicating that the dynamic phase

transition model can describe the dynamic response under low pressure of cerium more reasonably.

Keywords: phase transformation, shock wave, constitutive equation, cerium
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