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Table 1 Parameters''* of Griineisen equation of state

Material oo/(g/cm®)  Cy/(km/s) s r ky/(GPa) ky/(GPa) ks /(GPa)
Aluminium 2.73 5.3 1. 34 2.00 79.0 132.5 213.0
Copper 8.93 3.9 1. 49 1.99 138.0 274.9 511.3
Steel 7.90 4.6 1. 49 2.17 164. 8 312.4 564.9

Uranium 18. 95 2.5 1. 56 2. 20 117.2 236. 8 453.5




108 BmoOOE B B ¥ iR 519 %
% 2 Steinberg-Guinan Z&#j 77 18 & # '
Table 2 Parameters''s) of Steinberg-Guinan constitutive model
Material Y/(GPa) Y o/ (GPa) B n b* h Too G, /(GPa)
Aluminium 0.29 0. 68 125.0 0.1 8.0 6. 210! 1.22X10° 27.6
Copper 0.12 0. 60 36.0  0.45 3.0 3.8X10 1.79%10° 47.7
Steel 0. 34 2.0 40.0  0.35 3.0 4.5%10 1. 93X 10° 69. 0
Uranium 0. 80 1.7 2.7 0.26 1.0 8.1x10 2.42X10° 84. 4
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Fig. 2 Comparison of stress record from manganin gage

in PMMA behind copper with computed stress

(Example 2:

1. 59 mm thick copper-target with PMMA buffer was

impacted by 0. 62 mm thick copper plate at velocity of 0. 159 km/s)
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Fig.1 Comparison between model and experimental
free surface velocity histories

(Example 1:9 mm thick copper-target was impacted by

2 mm thick copper plate at velocity of 0. 185 km/s )
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Fig.3 Computed and observed damage in copper

(Example 2:1. 59 mm thick copper-target with
PMMA buffer was impacted by 0. 62 mm thick

copper plate at velocity of 0. 159 km/s)



5 2 R R A A8 - — TRl BT A ABE 5 1 )= 2R Y 109

S 3

1. 14 mm JERH K L3 JE 0. 129 km/s #hifi 3. 18 mm JERHHE , 75 8 )5 & PMMA 7 PMMA
FEHE-PMMA FL 1 0.5 mm Ab B 4G 1310 B 4 R 1 AT i A i 18 g D7 sl DL R FRATT 8 AR
BN Sy 7 s, Horp B S=1. 3 GPa, D, =0. 20, & 4 P E/R T RAH NAG BB H LR, B 5 %
7N T TERE Y 2 2D S 8 1 40 A DL S FRATT A BB 45 1 TR 5 Pl R OR TR NAG B8 H58
SHEE

0.5 10°
E 8 4 New model
0 o 8o e NAG
0.41 NAG =107 Lo © Experiment
=k S * oo
= New model E ©
S ol Sl o g 00
& 0.3 Experiment 2 10 e g% o8 8
= > o ® Se8
: —9 80 8 A (€]
£ 02 £ 10°k ’
a o f At ® 8o
2 r A
< r o
0.1+ = 10*45- .
0 J 107‘:’- I I I L]
1 2 3 0.10 0.15 0.20 0.25 0.30
Time/(us) Distance from impact interface/(cm)
B4 1.14 mm B4 A LL 0. 129 km/s Y3 B 5 1.14 mm B8 R LL0. 129 km/s A
Pty 3. 18 mm JEL4REE 1 52 00 S FE Y it 3. 18 mm JE T 19 S 5 1T
PMMA H i i ) J7 58 L3R (2401 3) J2 B R A 3 23 A (S 3D
Fig. 4 Comparison of stress record from manganin gage Fig.5 Computed and observed damage in copper
in PMMA behind copper with computed stress (Example 3:3. 18 mm thick copper-target with
(Example 3:3. 18mm thick copper-target with PMMA buffer was PMMA buffer was impacted by 1. 14 mm thick
impacted by 1. 14 mm thick copper plate at velocity of 0. 129 km/s) copper plate at velocity of 0. 129 km/s)
S 4

3mm JERH A DI 0. 153 km/s
it 6 mm JE A AR & 6 KR T
S 5 R B0 A H TR g R, AO(E
B B S =2.0 GPa. D, =0.25, &
WE R T KA Cochran-Banner J§ 44 4 %l
RN

0.161
0.14r

0.12F
0.10r

Experiment

E
S 5 ;S 0’08__ New mode{
8 0.06f o
1.5 mm BEBMMN KA LL 0.5 km/s & ug L
FEded 3 mm FEMRIE IR T RR 5 ]
(£ BRI ET ST S
AT I S=2. 4 GPa, D, =0. 17, 0001
Sl 6 e T B
6.35 mm JEME KR LL0.99 km/s Time/(s)
HRJE VT 12,7 mm SERFRAET L (8 R 6 3 mm S4B 0. 153 km/s B9HE phifi 6 mm )5
AR5 TSGR A ol T L R0 0 55 5T 0980 o I S B 52 )
{EHF I S=1. 2 GPa,D,=0. 25, Fig. 6 Comparison between model and experimental
FF S kR, @ﬁé{ﬁﬁj U\ﬁiﬁqzﬁ free surface velocity histories

R EU2 2L B T R kR (Example 4:6 mm thick uranium-target was impacted by
AH-PMMA R0 5 B AEE. F-A] 3 mm thick uranium plate at velocity of 0. 153 km/s)



110 = H L7 i 2 Eild %19 %

X X % 0 D 2 B T © AT T RIS . FER IR (R D L T A N AR
Xt T B e Gl

GF:%(25—ZW)UmE.X—%@ﬁZw)Umm (23
XJ N By s G TED
GF:%(Zs/zw71)0'max7%(25/zw+1)Glni11 (24)

A Z Gl L Z, O PMMAD J #0465 5 5 o A0 SR AR . 4 SR A Rk g 07 2% 93 P8 S 9042 S 4 0
L A SRR RO R AR A R IR B

New model
0.5+ —— Experiment r New model
’ 1.0r —— Experiment
>z @ L IS
£ o4r E ogl =
2 R
3 030 S 0.6
8 0.2t § 0.4+
€ g |
z 2 02b
o 0.1F o
=] E 3
=
o- 7
O- 1 1 1 1 1
I- 1 I- 1 I- 1 2 3 4 5 6
0 0.5 1.0 1.5 2.0 2.5 3.0 Time/(us)
Time/(us)
7 1.5 mm BT LLO.5 km/s 453 B K8 6.35 mm JEH TR LLO0.99 km/s B HJE
thiti 3 mm JEEHF T A S 5 T thifi 12,7 mm AR 5200 5 15
B F I EE D A B R (SE A 5) H T RE S LA (SR 6)
Fig. 7 Comparison between model and experimental Fig. 8 Comparison between model and experimental
free surface velocity histories free surface velocity histories
(Example 5: 3 mm thick steel-target was impacted by (Example 6: 12. 7 mm thick aluminium-target was impacted by
1. 5 mm thick steel plate at velocity of 0. 5 km/s) 6. 35 mm thick aluminium plate at velocity of 0. 99 km/s)

1 Hugoniot LML (FELR ML . JZ M E MG R LR E 24, X F— B 0, 1k A Newton-
Raphson SKfif, QAR BT K )72 24 7 I8 BE N T A6 582 2458 B2 0 52 e, 9 S I U 2, 73X IORPE TR A
ME% 3197,

KT Do B3I, AT E i R 2% 45 A 6 Il Y SOOI X R 2 2 L R B D,
=0.1~0. 3,

SRIM .2 5 Do B Ee 288 , Nzl i BUE B L, R % 3 D, #iH 50 B s R s -PMMA [ J)
P Gy 5 R AR S, RECRAIRC RV, L5 E 75 200 0E 19 2 2R 8 3 JF R 2 e
B T I 72 A8 R RE A B eR VB DI S5 Dyt H— A R R B . TR AT T 5 A
FETFAEAAARAT A, T Hy A (0] A ) | 320 (8 P) R 1, DRt B4 i AR AR AR 5 3 & D, I AE B4 R
WRC bl I BUZ RS E . RATE R, BUEE SR T 3 & D, BUSHE L &00R , i 2
Py B 5T, A AT RE 5 U7 R (7)) I8 Y L T R st R BRI EICA O L X SR FRATT 7 B — 2D WIS Y ) R

4 #& &
(1) $H T—Fh B E Cochran-Banner J2 2R, T 7 58 SR 7, 410 75 45045 1] 6 1A 159 R T 6 45 1%
5T 2 S F (R ot R SRR L A K 500 10 R A O R L AR IR 7S 7 R DA R K R 4

ARG 7 B AR W) I 2 0F R L 100 B PR AL L TR SN 4 4 18 Ak O AR L A R T — BT A J= R
AL AL & IS8 S F D, 7T LAGH I S2 50 45 R 0 7E



5 2 R R A A8 - — TRl BT A ABE 5 1 )= 2R Y 111

(2) N S22 W], JE 19 Cochran-Banner Jz= 2868 B AT LAY 200 75 SRS Al Ay 1 3l 32 T o

FE R BELCRA A ST g 13 3 S i LT R AR 2 XA R A

(3) BEMUEE RN T 3 M D, i BUENE LU BGR 7T RE R W BESL 5T, o mT BE 5 15 1 F4 ot B4 45 1 pR 5

AR, XIE T — LA FHIT R,

References:

(1]

[2]
[3]

[4]

(5]

[6]

7]

(8]
(9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]
[17]

[18]
[19]

Curran D R, Seaman L, Shockey D A. Dynamic Failure of Solids [J]. Phys Rep Rev Sec Phys Lett,1987,147(5-6) ;
253.

Johnson J N, Addessio F L. Tensile Plasticity and Ductile Fracture [J]. ] Appl Phys,1988,64(2):6699—6712.
Rajendran A M, Dietenberger M A, Grove D J. A Void Growth-Based Failure Model to Describe Spallation [J]. ]
Appl Phys,1989,65:1521.

Addessio F L,Johnson ] N. A Constitutive Model for The Dynamic Response of Brittle Materials [J]. ] Appl Phys,
1990,67:3275.

Nemes J A, Eftis J, Randles P W. Viscoplastic Constitute Modeling of High Strain Rate Deformation, Material
Damage and Spall Fracture [J]. ] Appl Mechan,1990,57(2) :282—291

Eftis J, Nemes J A. Modeling of Impact-Induced Spall Fracture and Post Spall Behavior of a Circular Plate [J]. Int
J Fract Mech,1992,53(4) :301—324.

Cortes R. Dynamic Growth of Microvoids under Combined Hydrostatic and Deviatoric Stresses [J]. Int ] Solids
Struct,1992,29(13):1637 —1645.

Addessio F L,Johnson J N. Rate-Dependent Ductile Failure Model [J]. ] Appl Phys,1993,74(3):1640—1648.
Nemes ] A, Eftis J, Randles P W. Viscoplastic Constitutive Modeling of High Strain-Rate Deformation, Material
Damage and Spall Fracture [J]. ] Appl Mech,1990,57:282.

Thomason P F. Ductile Spallation Fracture and the Mechanics of Void Growth and Coalescence under Shock-Ioad-
ing Conditions [J]. Acta Mater,1999,47:3633— 3646

Tonks D L,Zurek A K, Thissell W R. Void Coalescence Model for Ductile Damage [ A]. Furnish M D, Thadhani N N,
Horie Y. Shock Compression of Condensed Matter-2001 [CJ. New York: American Institute of Physics,2002. 611
—614.

Grady D E,Kipp M E. Dynamic Fracture and Fragmentation [ A]. Asay ] R, Shahinpoor M. High-Pressure Shock
Compression of Solids [ C]. New York: Springer-Verlag Inc,1993. 267.

Cochran S,Banner D. Spall Studies in Uranium [J]. ] Appl Phys,1977,48.:2729.

Wilkins M L. Calculation of Elastic-Plastic Flow [ A]. Alder B. Methods in Computational Physics(3) [C]. New
York: Academic Press,1964.211—263.

Steinberg D J,Cochran S G,Guinan M W. A Constitutive Model for Metals Applicable at High-Strain Rate [J]. ]
Appl Phys.1980,51:1498— 1504,

Rajendran A M. High Strain Rate Behavior of Metals [R]. AD-A252979,1992.

Chen D N, Al-Hassani S T S,Sarumi M,et al. Crack Straining-Based Spall Model [J]. Int J] Impact Eng,1997,19:
107—116.

Morris C E. Los Alamos Shock Wave Profile Data [ C]. California: University of California Press,1982. 70.

Chen D N,Yu Y Y.Yin Z H,et al. On the Validity of the Traditional Measurement of Spall Strength [J]. Int J Im-
pact Eng,2005,31:811—824.



112 = H L7 i 2 Eild %19 %

A New Conceptual Model to Describe Spallation

CHEN Da-Nian, YU Yu-Ying, YIN Zhi-Hua, LIU Guo-Qing,
WANG Huan-Ran, XIE Shu-Gang

(Mechanics & Materials Science Research Center s Ningbo University s Zhejiang 315211 ,China)

Abstract: A new conceptual model to describe spallation was presented basing on the original Cochran-
Banner spall model. The strength function given by Cochran-Banner was maintained using the rede-
fined damage.and the correction concerning the volume of the mesh cells was realized considering it
unnecessary to expect that it is much easier to open microcracks once they are formed than to strain
the solid further. Once the spall strength was reached, the damage in the new conceptual spall model
would be only determined by a series of closed equations including the stress relaxation relationship
given by the strength function,the energy conservation equation,the equation of state,and the consti-
tutive equations for the damaged aggregate. The new conceptual spall model contains only two param-
eters;the spall strength and the critical damage,the determination of which should make the computed
results of spall tests under the appropriate initial and boundary conditions consistent with the experi-
mental free surface velocity profile of target or the stress profile of interface between target and low
impedance buffer and the observed damage at spall plane for spall tests. It is worth to note that choo-
sing a strength function or a stress relaxation equation provides a possibility of determining the dam-
age and excludes any extra equation of damage evalution.

Key words: spall model;spall strength;strength function;critical damage



