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A CONSTITUTIVE MODEL FOR STRAIN RATES FROM TO lo6 s - l  

D . J .  STEINBERG and C . M .  LUND") 

Lawrence Livermore National Laboratory, PO Box 808, Livemore, 
CA 94550, U . S . A .  

R6sume' - Nous avons de'veloppe's une a m e ' l i o r a t i o n  au modble c o n s t i t u t i f  de 
S t e i n b e r g  e t  Gu inan  p o u r  l ' a n a l y s e  des mate ' r iaux  k t a u x  de de ' fo rmat ion  
u n i t a i r e  e'leve'. Nous avons e'tendus l a  v a l i d i t e '  de ce mod'ele aux re'gimes o'J 
l e s  t a u x  de  d 6 f o r m a t i o n  a p p r o c h e n t  1 0 - ~ s - l  e t ,  en exposan t  du  t a n t a l u m  au  
choc, nous avons r e ' u s s i s  'a r e p r o d u i r e  un nombre de ph6nom'enes dgpendant  au  
t a u x  de d e ' f o r m a t i o n ,  comme l e  p r e ' c u r s e u r  de  rechoc ,  l e  d 6 c l i n  du p r e c u r s e u r ,  
e t  l e  re 'pans ion  d u  choc.  Nous avons a u s s i  c o n d u i t s  une s i m u l a t i o n  2 
p laque-choc  ob une f o r c e  de c h a r g e  de 230 GPa f u t  appl ique'e e t  nous avons 
a u s s i  c a l c u l e ' s  l a  r e l a t i o n  e n t r e  l a  f o r c e - l i m i t e  e t  l e  t a u x  de de ' fo rmat ion  
u n i t a i r e  2 une t e m p e r a t u r e  norma le  i n t G r i e u r e ,  e t  e n t r e  l a  f o r c e - l i m i t e  e t  l a  
t e m p e r a t u r e  > un t a u x  de  1 0 - ~ s - l  . 

A b s t r a c t  - We have d e v e l o p e d  an a d d i t i o n  t o  t h e  S te inberg -Gu inan  h i g h  s t r a i n -  
r a t e  c o n s t i t u t i v e  model t h a t  ex tends  i t s  v a l i d i t y  t o  s t r a i n  r a t e s  as l o w  as 

s - l .  W i t h  t h i s  new model ,  we have s u c c e s s f u l l y  reproduced  a number 
o f  r a t e - d e p e n d e n t ,  shock- induced  phenomena i n  t a n t a l u m ,  such as p r e c u r s o r  on  
r e s h o c k ,  p r e c u r s o r  decay ,  and shock smear ing .  We have a l s o  s u c c e s s f u l l y  
c a l c u l a t e d  a  p l a t e - i m p a c t  e x p e r i m e n t  a t  a  l o a d i n g  s t r e s s  o f  230 GPa as w e l l  
as e x t e n s i v e  d a t a  f o r  y i e l d  s t r e n g t h  vs s t r a i n - r a t e  a t  room t e m p e r a t u r e  and 
y i e l d  s t r e n g t h  vs t e m p e r a t u r e  a t  a  s t r a i n - r a t e  o f  s - l .  

1 - INTRODUCTION 

I n  a  s e r i e s  o f  p a p e r s  /1-3/ ,  S t e i n b e r g  and co-workers  d e s c r i b e d  a  c o n s t i t u t i v e  model 
f o r  use w i t h  hydrodynamic  compute r  codes .  The model ,  v a l i d  f o r  h i g h  d e f o r m a t i o n  
rates, a c c o u n t s  f o r  p r e s s u r e  and t e m p e r a t u r e  dependence o f  t h e  y i e l d  s t r e n g t h  and 
shear modulus,  work  h a r d e n i n g ,  p ressure -dependent  m e l t i n g ,  Bausch inger  and 
s t r a i n - r a t e  e f f e c t s ,  and spa1 1.  

Ste inberg /3 /  has  a l s o  d i s c u s s e d  t h e  m o d e l ' s  m a j o r  d e f i c i e n c i e s ,  such as i t s  f a i l u r e  
t o  p r e d i c t  t h e  e l a s t i c  p r e c u r s o r  seen on  reshock  i n  such m a t e r i a l s  as 
Be /4/ ,  W / 5 / ,  and A1 / 6 / .  A second d e f i c i e n c y  i s  i n  t h e  r a t e  dependence, where t h e  
Stress d e v i a t o r  i s  a  f u n c t i o n  o f  t h e r m a l  energy  ( t e m p e r a t u r e )  and s t r a i n  r a t e .  T h i s  
Par t  o f  t h e  model  r e q u i r e s  t h r e e  p a r a m e t e r s ,  t w o  o f  w h i c h  must  be d e t e r m i n e d  t h r o u g h  
n o r m a l i z a t i o n  a g a i n s t  a t  l e a s t  one shock-wave e x p e r i m e n t .  I n  a d d i t i o n ,  one o f  t h e s e  
Parameters does n o t  have any  o b v i o u s  p h y s i c a l  meaning.  A t h i r d  drawback i s  t h a t  t h e  
Bauschinger model c a n n o t  be  g e n e r a l i z e d  t o  two-  and t h r e e - d i m e n s i o n a l  hydrodynamic 
codes. F i n a l l y ,  t h e  model n e i t h e r  p r e d i c t s  p r e c u r s o r  decay n o r  addresses any  l o w  
s t r a i n - r a t e  phenomena, 

Using t h e  work  o f  Hoge and Mukher jee  / 7 / ,  we have added a  new s t r a i n - r a t e  
m o d i f i c a t i o n  t o  o u r  model t h a t  e x t e n d s  i t s  v a l i d i t y  t o  s t r a i n  r a t e s  as l o w  as 
s- l .  We have s u c c e s s f u l l y  r e p r o d u c e d  d a t a  f o r  t a n t a l u m  showing p r e c u r s o r  decay a s  
wel l  as shock smear ing ,  i . e . ,  t h e  s l o w  i n c r e a s e  i n  s t r e s s  between t h e  P r e c u r s o r  and 
the main shock.  W h i l e  t h e r e  a r e  no  reshock  d a t a  f o r  Ta, t h e  model p r e d i c t s  an  
e l a s t i c  wave p r e c e d i n g  t h e  second shock .  The model a l s o  s u c c e s s f u l l y  reproduces  a  
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p la te - impac t  exper iment  a t  a  l o a d i n g  s t r e s s  o f  230 GPa as w e l l  as t h e  ex tens i ve  data 
o f  Hoge and Mukher jee on y i e l d  s t r e n g t h  Y vs temperature  T a t  a  cons tan t  p l a s t i c  
s t r a i n  r a t e  ip and Y  vs 2 a t  cons tan t  T. The model c o u l d  p r o v i d e  a  b r i d g e  
between t h e  m ~ c r o s c o p i c  s l u d i e s  o f  m e t a l l u r g y  and t h e  macroscopic exper iments  of 
shock-wave phys i cs .  

2 - YIELD-STRENGTH MODEL AND COMPARISON WITH LOW STRAIN-RATE DATA 

We w r i t e  t h e  y i e l d  s t r e n g t h  as 

where YT(; ,T) i s  t h e  t h e r m a l l y  a c t i v a t e d  p a r t  o f  t h e  y i e l d  s t r e n g t h  and i s  a  
f u n c t i o n  OF ip and T. The second. o r  a t h e n a l ,  t e r m  i s  s i m i l a r  i n  f o r m  t o  t h e  
Steinberg-Guinan model /I/, w i t h  f ( c p ) ,  t h e  work-hardening term, a  f u n c t i o n  o f  
t h e  e q u i v a l e n t  p l a s t i c  s t r a i n  cp  and G(P,T), t h e  p ressu re  P  and 
temperature-dependent shear  modulus d i v i d e d  by  t h e  modulus a t  STP c o n d i t i o n s .  F o r  
clase-packed s t r u c t u r e s ,  where t h e  f i r s t  t e r m  i n  Eq. 1  i s  sma l l .  t h i s  r e l a t i o n s h i p  
reduces t o  t h e  Steinberg-Guinan model w i t h  YA equal  t o  t h e  y i e l d  s t r e n g t h  a t  t h e  
Hugon io t  e l a s t i c  l i m i t  Yo. However, f o r  BCC and o t h e r  s t r u c t u r e s ,  t h e  t h e r m a l l y  
a c t i v a t e d  component can be l a r g e .  

F o l l o w i n g  Hoge and Mukhyr jee,  we w r i t e  S p  as 

Here Yp i s  t h e  P e i e r l s  s t r e s s ,  and 2UK d i v i d e d  by  t h e  Boltzmann cons tan t  k  i s  
t h e  energy t o  fo rm a  p a i r  o f  k i n k s  i n  a  d i s l o c a t i o n  segment o f  l e n g t h  L. The 
cons tan t  C2 i s  t h e  drag c o e f f i c i e n t  0  d i v i d e d  by t h e  d i s l o c a t i o n  d e n s i t y  p t imes 
t h e  square o f  t h e  B u r g e r s ' s  v e c t o r  b. The cons tan t  C1 i s  

where a  i s  t h e  d i s t a n c e  between P e i e r l s  v a l l e y s ,  w i s  t h e  w i d t h  o f  a  k i n k  loop,  and 
v i s  t h e  Debye f requency.  F i n a l l y ,  we l i m i t  YT  t o  be 5 Yp. 

Because Y i s  a  f u n c t i o n  o f  tp, and tp i s  a  r e l a t i v e l y  n o i s y  q u a n t i t y  i n  a  
numer ica l  c a l c u l a t i o n ,  we found t h a t  c a r e  was necessary i n  t h e  cho i ce  o f  
f i n i t e - d i f f e r e n c e  equat ions  i n  o r d e r  t h a t  code c a l c u l a t i o n s  be done e f f i c i e n t l y .  
F o l l o w i n g  W i l k i n s  /a/ ,  t h e  s t r e s s  d e v i a t o r s  s i , j  a r e  updated f rom a  
f i n i t e - d i f f e r e n c e  r e p r e s e n t a t i o n  o f  

The v a r i a b l e  t i n  Eq. 4 i s  chosen so t h a t  t h e  s t r a i n - r a t e  d e v i a t o r s  ei,j do 
work a t  t h e  r a f e  Y i p  i n  p l a s t i c  s t r a i n  i f  ii j = 0. The v a r i a b l e  t i n  
Eq. 2 i s  a  p h y s i c a l  s t r a i n  r a t e  de f i ned  i n  thrms o f  g r a d i e n t s  o f  v e y o c i t y .  We 
assume b o t h  i n t e r p r e t a t i o n s  a r e  e q u i v a l e n t  t o  w i t h i n  t h e  accuracy  o f  t h e  model. 

The s t r a i n - r a t e  d e v i a t o r s  6 i  , j a r e  known f rom t h e  a c c e l e r a t i o n  c a l c u l a t i o n s ,  and 
tp i s  determined by  t h e  y i e l d  c o n d i t i o n  s2 5 2/3 ~ 2  and ip 2 0. Denot ing  
v a r i a b l e s  t o  be updated o v e r  i n t e r v a l  a t  w i t h  pr imes. we d i f f e r e n c e  Eq. 4 as 



where i$ i s  eva luated from t h e  y i e l d  c o n d i t i o n  w r i t t e n  i n  terms of t h e  new 
values. Th i s  i s  t h e  same as W i l k i n s ' s  express ion,  except t h a t  Y i s  now a  f u n c t i o n  
of  tp. We found it i s  impor tan t  f o r  numer ica l  s t a b i l i t y  a t  t imesteps l a r g e  
enough t o  r u n  e f f i c i e n t l y  t h a t  t h e  newest va lue o f  tp be used i n  Y .  

A 

AS i s  customary, we i n t r o d u c e  an a u x i l i a r y  v a r i a b l e  s4 . j  de f ined by 

@e notes t h a t  t i  . does n o t  depend on Fp and hencencan be j o l v e d  f o r  before  
cp  i s  known. ~ u r t d e r m o r e ,  s.1, j i s  p r o p o r t i o n a l  t o  s i ,  j, so once 5 i s  
known, one ge ts  s'i ,j by s c a l i n g .  

The sca le  f a c t o r  i s  determined by t h e  y i e l d  c o n d i t i o n ,  b u t  t h i s  i m p l i c i t l y  i n v o l v e s  

ip. A s i n g l e  r e l a t i o n  between Y(k6) and t'p i s  found by  s u b t r a c t i n g  t h e  
equations f o r  '?i,j and di,j, m u l t i p l y i n g  by ~'i,j and summing. Th is  leads t o  

( 8 )  

3G6t 

i f 8 2  > Y(0) .  w h e r e ?  =e. 
This equat ion  can be so lved e f f i c i e n t l y  by n o t i n g  t h a t  Y(cp) mono ton i ca l l y  
increases w i t h  Lp. There fore ,  a  s o l u t i o n  e x i s t s  such t h a t  

Equation 2  g i ves  cp  i n  terms o f  YT,  and Eq. 1  g i ves  Y i n  terms o f  Y T .  
Therefore. Eq.  8  can be regarded as a  s i n g l e  equat ion  f o r  t h e  new YT. Using a  
combination binary-chop/Newtonls i t e r a t i o n ,  we were a b l e  t o  implement an a l g o r i t h m  
on a  Cray XMP t h a t  averaged rough l y  5 ps pe r  zone-cycle w i t h  approx imate ly  f o u r  
i t e r a t i o n s  p e r  s o l u t i o n  t o  f i n d  t h e  s o l u t i o n  t o  w i t h i n  one p a r t  i n  106. 

Equation 2  i s  n o t  o r i g i n a l  w i t h  Hoge and Hukher jee, b u t  f o l l o w s  f rom t h e  work of 
Dorn and co-workers /9-11/. Hoge and Hukher jee g i v e  values f o r  t h e  va r i ous  
d i s l oca t i on  parameters ( t hese  data  a r e  n o t  re ferenced,  b u t  e a r l i e r  unpublished 
versions o f  Ref.  7 do g i v e  some o f  t h e  sources) .  The values a r e  a  .r b=2.86x10-l% /9/. 
L=104b /9/, ~ = 2 4 b  / l o / ,  U ~ / k = 0 . 3 l e V  / l o / ,  D=IO-~O MPa-S /11/, p=lOl l  K2, 
u = 1 0 ~ ~ s - ~ ,  and Yp=l GPa. Th is  imp1 i e s  t h a t  ~ ~ = 0 . 7 1 ~ 1 0 ~ s - ~  and C2=0.012 MPa-s. 

Hoge and Mukher'ee have taken ex tens i ve  data  on Ta, i n c l u d i n g  Y T  vs f rom 
t o  Zx104s-1 a t  T=300 K ,  and Y T  vs T  f rom 23 t o  BOOK a t  i - 1 0 - ~ S - l .  

Figures 1  and 2 compare these data  w i t h  c a l c u l a t i o n s  us ing  E ~ P - 2 .  The va lue f o r  
Yp has been changed t o  0.88 GPa, s t i l l  w i t h i n  t he  unce r ta in t y ,  because i t  gave a  
bet ter  f i t  t o  t h e  Y T  vs t da ta .  I n  a d d i t i o n ,  i t  i s  p r i n c i p a l l y  t he  s i n g l e  
point  a t  23K ( F i g .  2 )  tha! i m p l i e s  Yp=l GPa. Hoge and Mukherjee never r e f e r  t o  
t h i s  p o i n t  i n  t h e  t e x t ,  even d e s c r i b i n g  t h e i r  da ta  as s t a r t i n g  a t  78K. It i s  
possible t o  keep Yp=l GPa and s t i l l  g e t  good agreement w i t h  t h e  data  i f  C1 i s  
changed t o  0 . 2 ~ 1 0 6 ~ - 1 .  However, us ing  t h e  lower  va lue o f  Yp a l s o  produces 
bet ter  agreement w i t h  t h e  shock-wave da ta .  

Considering t h a t  t h e  values f o r  many o f  t he  d i s l o c a t i o n  parameters a r e  n o t  w e l l  
known, i t i s  s u r p r i s i n g  t h a t  Eq. 2 f i t s  t h e  data  as w e l l  as i t  does. Th is  i s  why 
shock-wave data  a r e  impor tan t ;  t hey  can p rov ide  an independent t e s t  o f  t h e  model. 

3  - COMPARISON OF THE MODEL WITH SHOCK-WAVE DATA 

I s b e l l ,  Chr istman and Babcock /12/, d i d  an ex tens i ve  s tudy o f  t h e  dynamic p r o p e r t i e s  
Q f  Ta. I nc luded  i s  a  quartz-gauge s tudy o f  e l a s t i c  p recu rso r  decay. I n  
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F i g .  1. Comparison o f  exper imenta l  
d a t a  and Eq.  2  f o r  YT Vs Lp a t  
T=300 K. 

0.9 - 
0 

- Model 

0.3 - 

0.2 - 

0.1 - 

F i g .  2.  Comparison o f  exper imenta l  
d a t a  and Eq.  2  f o r  YT vs T  a t  
t P- -10-4s-1 . 

t h e  Steinberg-Guinan model /I/, Y o  was determined by n o r m a l i z i n g  t o  t h e  knee o f  
t h e  wave p r o f i l e  measured 15.25 mm f r om t h e  impact  su r face .  Th i s  gave Yo=0.77 GPa. 
The parameter Y A  i n  Eq. 1  can be determined i n  a  l i k e  manner and was found t o  be 
0.375 &Pa, about  one-hal f  o f  Yo. To do t h e  c a l c u l a t i o n ,  we used a  Mie-Gruneisen 
equa t i on  o f  s t a t e  and t h e  Hugonio t  summary o f  McQueen e t  a1 /13/. The o t h e r  
r e q u i r e d  parameters can be found i n  Ref.  1 .  

F i g u r e  3 shows t h e  p r e c u r s o r  decay da ta  a t  1.01, 2.06, 3.01, 6.11, 10.07, and 15.25 
INTI as v e r t i c a l  l i n e s  which express t h e  u n c e r t a i n t y  i n  de te rm in ing  t h e  knee i n  the  
exper imenta l  p r o f i l e s .  The c a l c u l a t i o n s .  u s i n g  Eqs. 1  and 2  w i t h  YA=0.375 GPa. 
a r e  a l s o  shown. To avo id  c l u t t e r ,  t h e  c a l c u l a t i o n s  a r e  d i s p l a y e d  as s i n g l e  values 
r e p r e s e n t i n g  ou r  b e s t  es t ima te  o f  t h e  knee. The u n c e r t a i n t i e s  i n  t h e  c a l c u l a t i o n s  
a r e  l i s t e d  s e p a r a t e l y  i n  F i g .  3. W i th  YA=0.375 GPa, t h e  agreement f rom 1-10 rnm i s  
e x c e l l e n t .  

In t h e  course o f  a  spa11 s tudy.  Banner (unpub l ished)  performed seve ra l  p la te- impact  
exper iments  on Ta. The i n i t i a l  c o n d i t i o n s  f o r  t h e  h i g h e s t  and l owes t  s t r e s s  

I I I I I I I 1 
2 4 6 8 10 12 14 16 

Propagation distance (mm) 

2.8 - 
if 
!2 
4 2 4 - x  
a " - - 
a 
!i 
e 
3 

u - 

g 
u 1.6- - 
Y 

p. I 

P 

F i g .  3. Comparison o f  t h e  exper imenta l  e l a s t i c  p r e c u r s o r  ampl i tude 
and c a l c u l a t i o n  u s i n g  t h e  rate-dependent c o n s t i t u t i v e  model. 

I I I I I I I 

x 1 Data 
x Calculation 

- 
Uncertainty: 

I 
3 - 15 mm: ? 0.05 GPa 
1 - 2 mm: * 0.075 GPa 
0.25 - 0.5 mm: F 0.1 0 GPa - 

I ,  
I 



TABLE I: I n i t i a l  c o n d i t i o n s  f o r  t h e  f o u r  shock-wave experiments and c a l c u l a t e d  maxi- 
mum s t ress .  s t r a i n - r a t e  and temperature increase reached midway i n  t h e  shocked t a r -  
gets. XF i s  t h e  f l y e r  t h i ckness .  VF i t s  v e l o c i t y ,  and Xt t h e  t a r g e t  th ickness.  

X~ Xt v~ a i~ AT 
~xpe r imen t  (mm) - (mm) -- (mm/vs) (GPa) (s-l) (K) Remarks 

~ a n n e r  1  3.005 6.003 0.161 5  5 . 1 ~ 1 0 ~  17 LLNL (1974) 

Banner 2  3.006 6.009 0.232 7.2 3 . 2 ~ 2 0 ~  21 LLNL (1974) 

Taylor 3.05 9.60 0.390 12.1 9 . 4 ~ 1 0  49 

Grady 1.013 1.388 3.5 230 3 . 3 ~ 1 0 ~  7,500 SNLA (1984) 

experiments a r e  g i ven  i n  Table I .  A t h i r d  wave p r o f i l e ,  a t  a  s l i g h t l y  h i g h e r  
i n i t i a l  s t r e s s ,  was taken  from t h e  work of  Tay lo r  /14/. We w i l l  use these p r o f i l e s ,  
i n  p a r t i c u l a r  t h e  shape o f  t h e  l o a d i n g  wave, t o  t e s t  our  model. F i n a l l y .  t o  show 
that t he  model can s u c c e s s f u l l y  hand le  very  s t rong  shocks, we w i l l  compare t h e  data  
of  Grady (unpub l ished)  w i t h  c a l c u l a t i o n  (maximum s t r e s s  equals 230 GPa). 

Figures 4-6 compare t h e  da ta  f o r  t h e  Banner and Tay lo r  experiments w i t h  t h e  
ca l cu la t i ons  u s i n g  Eqs. 1  and 2  and t h e  constants  C1, C 2 ,  UK, Y p ,  and Y A  
determined f rom t h e  p rev ious  data .  The exper imenta l  p r o f i l e s  have been normal ized 

, \ ; I ,  I I 1  I I  

1.5 2.0 2.5 3.0 3.5 4.0 

Tlrne 61s) 

Fig. 4. Comparison o f  c a l c u l a t i o n  and 
experiment f o r  a  Ta t a r g e t  shocked t o  
a  peak s t r e s s  o f  5 GPa. 
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F ig .  5. Comparison o f  c a l c u l a t i o n  and 
exper iment f o r  a  Ta t a r g e t  shocked t o  
a  peak s t r e s s  o f  7.2 GPa. 

F ig .  6.  Comparison o f  c a l c u l a t i o n  
exper iment f o r  a Ta t a r g e t  shocked 
a  peak s t r e s s  o f  12.1 GPa. 
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t o  
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i n  v e l o c i t y  a t  t h e  c a l c u l a t e d  maximum. However, t hese  changes, averag ing 3/4%, are 
w e l l  w i t h i n  t h e  abso lu te  accuracy  o f  t h e  measurement techn iques.  

The parameter YA depends on t h e  p u r i t y  and thermomechanical h i s t o r y  o f  t h e  sample 
m a t e r i a l .  Hoge and Mukher jee g i v e  YA = 0.124 GPa f o r  t h e i r  99.9% f u l l y  
r e c r y s t a l i z e d  samples. I s b e l l ,  C h r i  stman, and Babcock s t a t e  t h a t  . t h e i r  samples are 
99.5% Ta and t h a t  annea l i ng  a t  1200°C f o r  1  h.  d i d  n o t  make a  s i g n i f i c a n t  change 
i n  t h e  s t r u c t u r e  o r  hardness when compared t o  t h e  as- rece ived m a t e r i a l ;  g r a i n  s i z e  
ranged f rom 45-500 pm. Noth ing  i s  known about  t h e  m a t e r i a l  i n  t h e  o t h e r  
shock-wave exper iments .  There fore ,  we have made t h e  assumption t h a t  a l l  samples i n  
t h e  shock-wave exper iments  a r e  s i m i l a r .  

The d a t a  o f  Banner do n o t  show a  c l e a r  e l a s t i c  p recu rso r .  T h i s  c o u l d  i m p l y  e i t h e r  
t h a t  t h e  m a t e r i a l  i s  d i f f e r e n t  f rom t h a t  used i n  t h e  p r e c u r s o r  decay s t u d i e s  o r  
s i m p l y  t h a t  t h e  exper iments ,  which used t h e  f ree -su r face  c a p a c i t o r  techn ique,  were 
unab le  t o  s a t i s f a c t o r i l y  r e s o l v e  t h e  p r e c u r s o r .  Consequent ly,  we normal ized t h e  
c a l c u l a t i o n s  i n  t i m e  t o  t h e  exper imenta l  p l a s t i c  l o a d i n g  wave. 

The agreement between exper iment  and c a l c u l a t i o n  i s  e x c e l l e n t  f o r  t h e  l o a d i n g  
p o r t i o n  o f  t h e  waves b u t  n o t  as good f o r  t h e  re lease  p r o f i l e s ,  p a r t i c u l a r l y  t h e  
T a y l o r  da ta .  However, t h e  da ta  f o r  t h e  two h i g h e s t  s t r e s s  exper iments  c l e a r l y  
showed s p a l l  r e v e r b e r a t i o n s ,  and t h e  s p a l l  may a f f e c t  t h e  shape o f  t h e  r e l e a s e  
p r o f i l e s .  (We have shown t h e  da ta  o n l y  up t o  t h e  pu l l - back  minimum.) 

Fo r  t h e  exper iments o f  Banner, t h e  release-wave t i m i n g  a l s o  shows s l i g h t  
d isagreements.  The c a l c u l a t e d  re lease  wave a r r i v e s  a t  t h e  same t i m e  as t h e  f i r s t  
b reak o r  drop i n  t h e  da ta .  However, t h e  da ta  a l s o  show a  second break;  i t  i s  no t  
c l e a r  what t h i s  means. New exper iments,  w i t h o u t  s p a l l ,  would h e l p  r e s o l v e  whether 
t h e  disagreements stem p r i m a r i l y  f rom exper imenta l  o r  c a l c u l a t i o n a l  shor tcomings.  

F i g u r e  7 compares t h e  l ower -s t ress  exper iment  of Banner w i t h  c a l c u l a t i o n s  done w i t h  
t h e  ra te- independent  model /I/. It i s  c l e a r  t h a t  rate-dependence smooths bo th  t he  
l o a d i n g  and un load ing  p r o f i l e s  and t h a t  c a l c u l a t i o n s  u s i n g  t h e  new model agree much 
b e t t e r  w i t h  t h e  da ta .  

F i g u r e  8 shows t h e  230-GPa exper iment compared w i t h  o u r  c a l c u l a t i o n .  The o v e r a l l  
agreement i s  e x c e l l e n t .  However, t h i s  exper iment i s  a t  such a  h i g h  s t r e s s  l e v e l  

n m e  fps) 

F i g .  7.  Comparison o f  t h e  5-GPa peak 
s t r e s s  exper iment  w i t h  c a l c u l a t i o n s  
done w i t h  t h e  ra te- independent  model. 
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F i g .  8.  Comparison o f  c a l c u l a t i o n  and 
exper iment  f o r  a  Ta t a r g e t  shocked t o  
a  peak s t r e s s  of 230 GPa. 



tha t  i t  i s  n o t  a  s e n s i t i v e  t e s t  o f  t h e  model .  C a l c u l a t i o n s  w i t h  t h e  
rate- independent  mode l ,  i n  c o m b i n a t i o n  w i t h  t h e  Bausch inger  model, p roduce  an 
e q u a l l y  good f it t o  t h e  d a t a  131.  T h i s  i s  because a t  230 GPa t h e  d e v i a t o r  i s  o n l y  - 1% o f  t h e  t o t a l  s t r e s s .  T h i s  i s  t o o  s m a l l  t o  be  c l e a r l y  d i s t i n g u i s h e d  
e x p e r i m e n t a l l y .  

4 - DISCUSSION 

Because o f  t h e  s m a l l  amount of work h a r d e n i n g ,  Ta i s  n o t  expec ted  t o  show a  l a r g e  
~ a u s c h i n g e r  e f f e c t .  T h i s  i s  b o r n  o u t  i n  t h e  r e v e r s e  l o a d i n g  o r  compress ion- tens ion ,  
data i n  Re f .  1 2 .  F i g u r e  7 shows a  c a l c u l a t i o n  w i t h  t h e  r a t e - i n d e p e n d e n t  model p l u s  
the Bausch inger  e f f e c t .  We have used t h e  S i m p l e s t  v e r s i o n  o f  o u r  Bausch inger  model, 
where t h e  B a u s c h i n g e r  e f f e c t  does n o t  commence u n t i l  t h e  h y d r o s t a t  i s  c r o s s e d  on 
release /I/. It i s  c l e a r  t h a t  t h e  a d d i t i o n  of t h e  Bausch inger  model improves t h e  
f i t  t o  t h e  d a t a .  b u t  i t  i s  s t i l l  n o t  as smooth o r  as w e l l  shaped as t h e  c a l c u l a t i o n  
wi th t h e  r a t e - d e p e n d e n t  model ( s e e  F i g .  4 ) .  

Because Y i s  a  f u n c t i o n  o f  t p , . t h e  new model p r e d i c t s  t h a t  an e l a s t i c  p r e c u r s o r  
w i l l  be e v i d e n t  b e f o r e  t h e  a r r i v a l  o f  a  second shock i n  a  double-shock e x p e r i m e n t .  
Figure 9 shows t h e  r e s u l t s  o f  t w o  h y p o t h e t i c a l  e x p e r i m e n t s .  I n  t h e  f i r s t ,  a  Ta 
f l y e r  s t r i k e s  a  Ta t a r g e t ,  so t h a t  b o t h  shock l o a d i n g  and u n l o a d i n g  occur .  I n  t h e  
second e x p e r i m e n t ,  t h e  Ta f l y e r  i s  backed w i t h  i r i d i u m ,  so t h a t  t h e  t a r g e t  undergoes 
a  double shock.  B o t h  t h e  new ra te -dependent  model and t h e  r a t e - i n d e p e n d e n t  model. 
the l a t t e r  w i t h  t h e  B a u s c h i n g e r  e f f e c t ,  were used t o  c a l c u l a t e  t h e s e  h y p o t h e t i c a l  
cases. 

I n  t h e  second e x p e r i m e n t  w i t h  t h e  r a t e - i n d e p e n d e n t  model ,  t h e  Ta i s  f i r s t  shocked t o  
- 11 GPa and t h e n  t o  - 1 3  GPa. I m m e d i a t e l y  a f t e r  t h e  f i r s t  shock, t h e  t a r g e t  i s  
i n  e q u i l i b r i u m  and t h e  s t r e s s  d e v i a t o r  a lways  a t  t h e  y i e l d  s u r f a c e .  There fo re ,  
there w i l l  be  n o  e l a s t i c  p r e c u r s o r .  However, t h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t  when 
the new model i s  used.  Because ; i s  v e r y  l o w  a f t e r  t h e  a r r i v a l  o f  t h e  f i r s t  
shock, YT i s  s m a l l  and s o  i s  Y .  R i t h  t h e  a r r i v a l  o f  t h e  e l a s t i c  p r e c u r s o r ,  YT 
and Y i n c r e a s e  and a  d e f i n i t e  two-wave s t r u c t u r e  becomes a p p a r e n t .  

A rate-dependent  y i e l d  s t r e n g t h  means t h a t  an e q u i l i b r i u m  s t a t e  canno t  e x i s t  and 
t h a t  f l a t - t o p p e d  waves can  n e v e r  be p e r f e c t l y  f l a t .  Tab le  I l i s t s  t h e  c a l c u l a t e d  
maximum v a l u e s  o f  tp  and i n c r e a s e  i n  t e m p e r a t u r e  t h a t  a r e  a c h i e v e d  i n  t h e  f o u r  
shock-wave e x p e r i m e n t s .  The t e m p e r a t u r e s  were c a l c u l a t e d  f r o m  t h e  t h e r m a l  energy  
and a  c o n s t a n t  s p e c i f i c  h e a t  e q u a l  t o  t h r e e  t i m e s  t h e  gas c o n s t a n t .  F o r  s m a l l  
temperatures, w i t h i n  50 K o f  room t e m p e r a t u r e ,  t h i s  c h o i c e  o f  s p e c i f i c  h e a t  i s  q u i t e  
reasonable. 

Grady's e x p e r i m e n t  i s  i n  a  d i f f e r e n t  reg ime o f  T and Lp. The v a l u e  f o r  AT i n  
Table I m e r e l y  shows t h a t  a  230-GPa shock p roduces  v e r y  h i g h  tempera tu res ;  once T  
gets l a r g e  enough, Y T  becomes so s m a l l  t h a t  t h e  e x a c t  v a l u e  o f  T  becomes 
unimportant .  The c a l c u l a t e d  v a l u e  o f  tp i n  t h i s  exper iment  does n o t  r e p r e s e n t  
any t r u e  measure of  s t r a i n  r a t e  because t h e  a r t i f i c i a l  v i s c o s i t y  and z o n i n g  i n  t h e  
hydrocode now d o m i n a t e  any  r e a l  v i s c o s i t y .  There i s  a l s o  ev idence  t h a t  t h e  
a r t i f i c i a l  v i s c o s i t y  has some e f f e c t  i n  T a y l o r ' s  e x p e r i m e n t .  Consequent ly .  w h i l e  
the hydrocode c a n  s i m u l a t e  G r a d y ' s  e x p e r i m e n t ,  t h e  new ra te -dependent  model canno t  
be j u s t i f i e d  p h y s i c a l l y  beyond Lp - lobs-l . 

The maximum v a l u e s  o f  tp  f o r  t h e  t h r e e  low-pressure  exper iments  range  f rom 
5 x 1 0 ~  t o  10%-1. T h i s  i s  t h e  range  between t h e  h i g h e s t  s t r a i n - r a t e  
Hopkinson-bar d a t a  and t h e  b e g i n n i n g  of s t r o n g  shock exper iments ,  o r  where o u r  
understanding i s  p r o b a b l y  t h e  weakes t .  We have used l o w  s t r a i n - r a t e  d a t a  t o  
cons t ruc t  a  model t o  p r e d i c t  shock-wave e x p e r i m e n t s .  It s h o u l d  be p o s s i b l e  t o  
reverse t h e  p r o c e d u r e  and use  q u a l i t y ,  t i m e - r e s o l v e d  shock-wave d a t a  t o  h e l p  improve  
the models and t o  r e f i n e  t h e  paramete rs  f o r  l o w e r  s t r a i n - r a t e  phenomena. 

As an example, F i g .  1 0  shows t h r e e  c a l c u l a t i o n s  o f  t h e  5-GPa exper iment  u s i n g  t h r e e  
d i f f e r e n t  v a l u e s  f o r  D. Because C,, UK,  Yp, and YA c o u l d  be t e s t e d  a g a i n s t  
other  da ta ,  D ( o r  C2) appears  t o  be t h e  l e a s t  we l l - known p a r a m e t e r .  The c e n t r a l  
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Fig .  9. Comparison o f  a p a i r  o f  hypo- 
t h e t i c a l  shock/ re lease and shock/reshock 
exper iments .  

1.5 2.0 2.5 3.0 3.5 4.0 
I 
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Fig. 10. Comparison o f  t h r e e  
c a l c u l a t i o n s  o f  t h e  5-GPa exper iment  
u s i n g  d i f f e r e n t  va lues o f  t h e  
d i s l o c a t i o n  d r a g  c o e f f i c i e n t .  

cu rve  i s  t h e  same c a l c u l a t i o n  as shown i n  F i g .  4 w i t h  0=10-10 MPa-s. The more 
s t e e p l y  r i s i n g  l o a d i n g  cu rve  uses a q u a r t e r  o f  t h i s  va lue,  t h e  more g radua l  curve. 
t w i c e  t h e  va lue .  The parameter  C2 i s  n o t  known t o  a f a c t o r  o f  8, b u t  t h i s  
d i f f e r e n c e  i s  e a s i l y  seen i n  t h e  f i g u r e .  
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