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Résumé - Avec un canon à gaz léger une série d'expériences a été réalisée 
afin de déterminer les positions relatives de l'hugoniot et de quelques 
isentropiques de détente du cuivre. 

Les instants de fonctionnement des soixante douze sondes utilisées 
à chaque expérience sont enregistrés par un multichronomëtre digital. 

Dans le domaine expérimental couvert 70 GPa - 150 GPa les résultats 
des points de l'isentropique du cuivre , dans le plan pression - vitesse 
matérielle, obtenus pour l'aluminium et le magnésium se situent "au-dessous" 
de la polaire de choc du cuivre du projectile. 

Lorsque la pression de choc dans le cuivre augmente - de 70 GPa 
à 150 GPa - l'écart - en vitesse matière - entre, ces deux courbes décroît 
régulièrement de 100 m/s à 15 m/s. 

Abstract - With a two stage light gas gun* experiments have been performed 
in order to compare the hugoniot curve and some isentropic release curves 
of copper. 

The working times of the seventy two pins used at each shot are 
recorded with a digital multichannel chronometer. 

In the 70 GPa - 150 GPa experimental range, the isentropic results 
from Al and Mg targets , in the pressure - material velocity diagram, 
are "under" the copper shock polar of the projectile. 

In this range, when increasing the copper shock pressure, the material 
velocity discrepancy (between the two curves) decreases from 100 m/s 
to IS m/s. 

1. INTRODUCTION 

To compare, with great accuracy, the shock polar curve and some isentropic 
release curves in copper, we designed experiments to measure, on the same shot, 
four points on each of these curves in the pressure - material velocity diagram. 

The principle of these experiments is shown on fig. 1. A copper projectile 
impacts a target made of two groups of sectors (fig la). The first group consists 
of three sectors Al, Mg and Cu, and the second one of six sectors. With each 
shock pressure induced in each of these sectors can be associated a point in 
the pressure * material velocity diagram (fig lb). 

As everyone knows, the discrepancies between the points 2 and 6 (on Mg 
shock polar), 3 and 5 (on Al shock polar) are very small, but more important 
between 1 (projectile velocity) and 7 (free surface velocity). 
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2. EXPERIMENTAL DESIGN 

2.1 - The launcher  - The two stage l i g h t  gas gun used f o r  these exper iments 
i s  l o c a t e d  a t  t h e  Centre d lEtudes de Vaujours.  I - t s  p r o j e c t i l e  v e l o c i t y  range 
i s  f rom 1,5 t o  5  km/s w i t h  he l i um as p r o p e l l a n t  gas. The f r o n t  f a c e  o f  t h e  
p r o j e c t i l e  - 80 mm c a l i b e r  - i s  a  copper d i s c  ( 0  77 mm, 10 mm t h i c k ) .  

2.2 - The t a r g e t  - For  t h e  f i r s t  group o f  sec tors ,  t h e  th ickness,  depending 
on t h e  shot,  i s  about 7,5 mm. F o r  t h e  second group, t h e  t h i ckness  i s  4,5 mm. 
A l l  t h e  p ieces a re  c o n t r o l l e d  a f t e r  l app ing .  The th i ckness  accuracy i s  b e t t e r  
than n '2 pm. 

I n  these exper iments,  copper used i s  
e l e c t r o l y t i c  OFHC (99,95 % Cu), A1 i s  pure  
aluminium (A9 - 99,99 % ) .  Mg i s  almost pure  
(99,3 % Mg - 0,6 % Z r ) .  

2.3 - Tne measurement method - i t  has been 
desc r i bed  i n  [I]. Seventy two s h o r t i n g  cap p i n s  
a re  coup led w i t h  an e l e c t r o n i c  d i g i t a l  m u l t i -  
channel chronometer. (80 channels t 100 p s )  
a t  each shot .  F i g u r e  2  shows t h e  genera l  a r ran -  
gement o f  t h e  p ins .  (Leve ls  1 - 2 4  Vp ; Leve l s  3-4 
-- i) shock v e l o c i t i e s ) .  

3. THE DATA ANALYSIS 

LEVEL 4 ,  

P I N F O R Y O I O  - \ . - ,  

JOlCWllC UKlUlnG "I l l f t  rRRGt7  ~ 0 C R l i O n  OF PINS OF THE TARGET 

F i g u r e  2 

Using t h e  same l e a s t  squares method as i n  [l] , we get  t h e  p r o j e c t i l e  
v e l o c i t y  w i t h  t i l t  ang le  and a l l  the  rough shock v e l o c i t i e s  i n  a l l  t h e  sec tors .  
Ref inements t a k i n g  i n t o  account t h e  d i s t o r s i o n  o f  these shock f r o n t s  ( fes toon,  
horse saddle shape) g i v e  t h e  c o r r e c t e d  v e l o c i t i e s .  D e t a i l e d  comparisons between 
va r i ous  c a l c u l a t e d  d i s t o r s i o n s  p rov ide  a  s t r o n g  a n a l y s i s  on t h e  r e a l  shape 
o f  t h e  shoclc f r o n t  and a  c o n t r o l  o f  the  c a l c u l a t i o n s ,  b u t  f o r  t h i s ,  an impor tan t  
work i s  needed. 

Fo r  Cu, A1 and Mg, t h e  shock p o l a r s  used i n  t h e  c a l c u l a t i o n s  a r e  deduced 
f r o 3  t h e  l i n e a r  r e l a t i o n s  U(u)  shock v e l o c i t y  - m a t e r i a l  v e l o c i t y  : 

The accuracy o f  t h i s  t y p e  o f  exper iments g e n e r a l l y  i s  b e t t e r  than 1 %. 
But, l o c a l l y ,  t h i s  accuracy i s  s t r o n g l y  dependent on t h e  d i s t o r s i o n s .  A f t e r  
a  d e t a i l e d  ana l ys i s  o f  these d i s t o r s i o n s  t h e  f i n a l  coherency i s  i n  t h e  range 
1 %o - 8  %, f o r  a l l  t h e  r e s u l t s  a l though i t  doesn ' t  f o l l o w  f rom any s tep  
o f  t h e  method. Table 1 r e p o r t s  these values. 

6 t i l t  angle ( i n  degrees) - V projec t i l e  ve loc i ty  (m/s). Numbers near V ,Cu, Al, P P 
Ng, u,, rerer t o  points on diagram f i g  l a ;  P pressure ( i n  GPaIju rnass velocity (mls) 

Table 1 - Experimental re su l t s  



4. DISCUSSION OF THE RESULTS 

assumptions on 1, , Poisson 's  r a t i o  : a)  u i s  a  f u n c t i o n  of p ressure  [ 5 ]  , 
b)  t h e  v a r i a t i o n  o f  amma-GruneTsen c o e f f i c i e n t  i s  a  f u n c t i o n  o f  dens i t y ,  
g i ven  by po. v 0  = p .  pf5] .  

Us ing these assumptions f o r  r u s s i a n  experimental r e s u l t s  [ 6 ]  [7] on 
copper, a  l i n e a r  v ( P I  r e l a t i o n  i s  obta ined,  i n  very  good agreement w i t h  
each o f  t h e  r e s u l t s  

U = O  , 3445 + 7,5317.10-~ P. (GPa) 
( T h i s  r e l a t i o n  g ives ,  f o r  u = 0,5 t h e  va lue  o f  206,4 GPa (2,064 Mb), t o  compare 
w i t h  U r l i n  m e l t i n g  c a l c u l a t i o n s  (205 GPa) [8] 

4.1 - The d iscrepancy between p r o j e c t i l e  shock p o l a r  and r e l e a s e  curves. 
Th is  t y p e  o f  exper iment i s  n o t  s e l f - c o n s i s t e n t .  So, o t h e r  d a t a  and assump- 

t i o n s  a re  necessary t o  d i scuss  these r e s u l t s .  
From Table 1, a l l  t h e  A1 (ivlg) p o i n t s ,  i n  p, u, diagram, on t h e  r e l e a s e  

curves o f  copper avec l o c a t e d  "under" t h e  cor respond ing copper shock p o i n t ,  
on t h e  A l  (Mg) shock po la r .  Secondly, t h e  d i s t a n c e  between each coup le  o f  
p o i n t s  on t h e  A l  (ivlg) shock po la r ,  decreases 

About t h e  m a t e r i a l  v e l o c i t y  jump cor respond ing t o  t h e  e l a s t i c  
re lease  A  ue, t h e  s imp les t  assumption 3s t h a t  t h i s  jump i s  smal l  enough t o  

oe chosen equal  t o  zero.  ( F i g u r e  4  - F i r s t  assumption). Table 2  g i ves  t h e  
t h e  so ob ta ined  r e s u l t s ,  ( r u s s i a n  r e s u l t s  a re  a l s o  repo r ted ) .  

These r e s u l t s  f o r  A P  and Y a re  t o o  smal l  i n  comparison w i t h  [6] and 
[7). So i s  i t  necessary t o  make o t h e r  assumptions t o  c a l c u l a t e  t h e  A u  jump 
d u r i n g  t h e  e l a s t i c  re lease  (second assumption F i g .  4b)  : 

- o r  u s i n g  t h e  r e l a t i o n  A p  = p .  Ce . A U  ( p i s  t h e  dens i t y ,  and Ce t h e  

when t h e  copper shock pressure  increases,  

e l a s t i c  wave v e l o c i t y ) , t h e  r e s u l t s  f o r  AP and Y a r e  t o o  impor tan t .  

A p  

And f i n a l l y ,  t h i s  d i s t a n c e  seems almost a 
t h e  same f o r  a  same re lease  wave (compa- 
r i s o n  between n u  ( A l )  and A U  (big) f rom 
a  same s h o t ) .  I n  conc lus ion,  f r om these 
r e s u l t s  t h e  copper r e l e a s e  curves have 
t h e  shape shown on f i g .  3. 

I n  o rde r  t o  improve these comparisons, 
t h e  d iscrepancy A u  between t h e  r e 1  ease 
wave curve and t h e  p r o j e c t i l e  shock p o l a r  
was c a l c u l a t e d  f o r  a  same pressure.  Three 
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ways were used each o f  them ob ta ined  f rom 
an independant experimental 9 b u t  COMPARISON BETWEEN SHOCK POLAR AND ISENTROPIC RELEASE CURVES 
u n f o r t u n a t e l y  t h e  accuracy o f  these r e s u l t s  IN THE PRESSURE - ~RTERIAL VELOCITY DIAGRAM 

i s  v e r y  bad, decreas ing as A u  decreases. 
Only, one can say t h a t  t h e  values o f  A u  
bear o u t  t h e  p rev ious  r e s u l t s .  F i g u r e  3  

4.2 - How t o  e x p l a i n  these r e s u l t s  ? 
Several  models may be suggested t o  e x p l a i n  these r e s u l t s  such as c l a s s i c  

e l a s t i c - p l a s t i c ,  e l a s t i c  v i s c o p l a s t i c ,  w i t h  t i m e  r e l a x a t i o n ,  w i t h  temperature,  
v i s c o s i t y  o r  s t r a i n - r a t e  dependance .... 

As f i r s t .  approximat ion,  w e ' l l  try t h e  c l a s s i c  e t a s t o - p l a s t i c  model, 
on A1 r e s u l t s .  

nssuming, as f i r s t  approx imat ion  t h a t  a )  t h i s  e l a s t i c - p l a s t i c  behav iour  
obeys t h e  Von Mises c r i t e r i o n  b )  A U  i s  t h e  consequence o f  an e l a s t i c  un- 
l o a d i n g  stage o f  copper c )  t h e  p l a s t i c  re lease  curve can be deduced f rom 
t h e  p r o j e c t i l e  shock p o l a r  by a  t r a n s l a t i o n  o f  A u , i t  i s  p o s s i b l e  t o  c a l c u l a t e  
t h e  pressure  jump ~ p  between t h e  shock pressure  i n  copper and t h e  beg inn ing  
of t h e  p l a s t i c  re lease  wave i f  one knows t h e  m a t e r i a l  v e l o c i t y  jump correspon- 
d i n g  t o  t h e  e l a s t i c  re lease  [4]. 

The y i e l d  s t r e n g t h  Y i s  c o r r e l a t e d  t o  A P, w i t h  ou r  assumptions, by 
t h e  r e l a t i o n  AP = 2 ( 1  - o )Y. To c a l c u l a t e  Y,  i t  i s  necessary t o  make some 

1-2~ 
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- o r  u s i n g  t h e  volume jump d u r i n g  t h e  e l a s t i c  re lease,  and i n t r o d u c i n g  
t h e  Young modulus ( E l .  To g e t  r e s u l t s  i n  accordance w i t h  t h e  pub l i shed  r e s u l t s  
needs t o  m u l t i p l y  E by a f a c t o r  3 o r  4. 

So ou r  suggest ion  i s  ( F i g .  4.3 t h i r d  assumption) t h a t  t h e  e l a s t i c  r e l e a s e  
n e c e s s a r i l y  beg ins  w i t h  a decrease o f  p ressure  w i t h o u t  a s i g n i f i c a n t  m a t e r i a l  
v e l o c i t y  jump. As example, a rough c a l c u l a t i o n  f o r  t h e  p o i n t  near 85 GPa g i v e s  
a pressure  decrease o f  3,8 GPa ( N ~ P / 4 )  w i t h  no m a t e r i a l  v e l o c i t y  jump assump- 
t i o n .  

u calculated from 

independent ways. 

Table  2 

FIRST ASSUMPTION SECOND ASSUMPTION THIRD ASSUMPTION 

d u e  = o 
THREE ASSUMPTIONS FOR THE BEGINNING 

OF THE RELEASE CURVE IN THE (P.u) DIAGRAM 

F i g u r e  4 

5. CONCLUSION 

The r e l e a s e  curves i n  copper between 70 GPa and 150 GPa a r e  under t h e  
Cu p r o j e c t i l e  shock p o l a r  f o r  A 1  and Mg impacts.  As a suggest ion  t o  i n t e r p r e t  
these r e s u l t s ,  a pressure  decrease c o u l d  t a k e  p lace  b e f o r e  t h e  e l a s t i c  re lease .  
But  o t h e r  exper iments w i t h  o t h e r  m a t e r i a l s  a r e  needed t o  c o n f i r m  these f i r s t  
r e s u l t s .  
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