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RksumC - L e s  probldmes  s p k c i f i q u e s  p o s e s  p a r  l 'essai d e  t r a c t i o n  a g r a n d e  
v i t e s s e  s o n t  d ' a b o r d  examines,  a i n s i  que l e s  d i f f k r e n t s  p a r a m d t r e s  mesurant  
l a  d u c t i l i t k .  Des r k s u l t a t s  expkr imentaux  r e l a t i f s  3 un c u i v r e  d e  h a u t e  
p u r e t k  s o n t  e n s u i t e  p r e s e n t &  pour  i l l u s t r e r  l ' a c c r o i s s e m e n t  t y p i q u e  d e  l a  
d u c t i l i t k  dynamique a v e c  l a  v i t e s s e  de dgformat ion .  E n f i n ,  l e s  p r i n c i p a u x  
f a c t e u r s  s u s c e p t i b l e s  de d e t e r m i n e r  l a  d u c t i l i t e  s o n t  s u c c e s s i v e m e n t  
a n a l y s k s .  O n  e n  c o n c l u t  que le  p r i n c i p a l  phenomdne est l ' a u g m e n t a t i o n  de l a  
s t a b i l i t . 6  a v e c  l a  v i t e s s e  d e  d k f o r m a t i o n ,  q u i  elle-mbme p e u t  r e s u l t e r  de 
l ' a p p a r i t i o n  d ' u n e  l o i  de comportement l i n k a i r e  e t / o u  d e s  e f f e t s  d ' i n e r t i e .  

A b s t r a c t  - The s p e c i f i c  problems i n v o l v e d  by h i g h  s t r a i n  r a t e  t e n s i o n  tests 
a r e  f i r s t  examined,  as w e l l  as t h e  v a r i o u s  p a r a m e t e r s  d e s c r i b i n g  d u c t i l i t y .  
Some e x p e r i m e n t a l  d a t a  r e l a t i v e  t o  a h i g h  p u r i t y  copper  t h e n  i l l u s t r a t e  t h e  
t y p i c a l  i n c r e a s e  o f  dynamic d u c t i l i t y  w i t h  s t r a i n  r a t e .  F i n a l l y ,  t h e  main 
f a c t o r s  which a r e  e x p e c t e d  t o  d e t e r m i n e  d u c t i l i t y  a r e  reviewed.  I t  is 
concluded  t h a t  t h e  dominant f a c t o r  is t h e  i n c r e a s e  o f  s t a b i l i t y  w i t h  s t r a i n  
r a t e ,  which i n  t u r n  may r e s u l t  from t h e  o c c u r r e n c e  o f  a l i n e a r  f l o w  r u l e  
and/or from i n e r t i a  e f f e c t s .  

I - INTRODUCTION 

Behaviour  o f  m a t e r i a l s  a t  h i g h  s t r a i n  r a t e s  h a s  been t h e  s u b j e c t  of  an i n c r e a s i n g  
number of  s t u d i e s  d u r i n g  t h e  l a s t  y e a r s .  I n  p a r t i c u l a r ,  i n v e s t i g a t i o n s  on d u c t i l i t y ,  
f i r s t  e s s e n t i a l l y  m o t i v a t e d  by m i l i t a r y  a p p l i c a t i o n s  (e.g. shaped  c h a r g e  j e t s ) ,  a r e  
now n e c e s s a r y  i n  a l o t  of  e n g i n e e r i n g  a p p l i c a t i o n s .  For  i n s t a n c e ,  @ i g h l s t r a i n  r a t e s  
are i n v  l v e  i n  metal-working p r o c e s s e s ,  such  a s  e x t  u s i o n  ( C  = 1 0  s- ), machin ing  $ (i = loe 8'1, e x p l o s i o n  o r  m a g n e t i c  forming  ( 6  = 10 s-'1. S a f e t y  problems are a l s o  
concerned  by h i g h  s t r a i n  r a t e  d u c t i l i t y ,  f o r  i n s t a n c e  shock a b s o r b e r s  i n  t h e  c a r  
i n d u s t r y ,  r e s i s t a n c e  o f  n u c l e a r  v e s s e l s  t o  o v e r p r e s s u r e ,  e t c .  
The dq a i n  o f  s t r a i n  r a t e s  c o n s i d e r e d  i n  t h e  p r e s e n t  p a p e r ,  i.e. lo3 s-I 6 k < 
3 5 x 1 0  s ,  is o f t e n  r e f e r r e d  t o  a s  "dynamic range" because  i n e r t i a  e f f e c t s  a r e  
e x p e c t e d  t o  be n o n - n e g l i g i b l e  a t  s u c h  r a t e s  which i n v o l v e  s h o r t  times and l a r g e  
a c c e l e r a t i o n s ,  whereas t h e  l a t t e r  are v e r y  weak a t  low s t r a i n  r a t e s  ( " q u a s i s t a t i c  
range") .  O t h e r  f e a t u r e s  c o n t r i b u t e  t o  c h a r a c t e r i z e  t h e  dynamic range ;  some o f  them 
w i l l  be c o n s i d e r e d  below, such  a s  a d i a b a t i c  h e a t i n g ,  s p e c i f i c  f low r u l e ,  etc. Two 
problems a r e  t o  be  d i s t i n g u i s h e d  f o r  c l a r i t y :  
( i )  The comparison between d u c t i l i t y  a t  low and h i g h  s t r a i n  r a t e s :  a c c o r d i n g  t o  
Kawata e t  a l . / l / ,  d u c t i l i t y  is l a r g e r  a t  h i g h  s t r a i n  r a t e s  t h a n  i n  t h e  q u a s i s t a t i c  
r a n g e  f o r  f c c  m a t e r i a l s  a t  room t e m p e r a t u r e ,  and c o n v e r s e l y  f o r  bcc s t r u c t u r e s .  I t  
is a l s o  s u g g e s t e d  t h a t  t h e  behaviour  o f  hcp m e t a l s  is s i m i l a r  t o  t h a t  o f  f c c  o n e s  
when t h e  r a t i o  c / a  of t h e  l a t t i c e  p a r a m e t e r s  is c l o s e  t o  t h e  t h e o r e t i c a l  v a l u e  1.63,  
whereas  it is ana logous  t o  t h a t  of  bcc  m a t e r i a l s  when c / a  is f a r  from 1.63. 
( i i )  The second problem, which w i l l  be c o n s i d e r e d  i n  t h e  p r e s e n t  a r t i c l e ,  c o n c e r n s  
t h e  e v o l u t i o n  of d u c t i l i t y  w i t h i n  t h e  dynamic range:  t h e r e  a r e  very  few r e f e r e n c e s  
o n  t h e  s u b j e c t  and t h e y  w i l l  be  a n a l y z e d  below. 
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I n  s e c t i o n  2 ,  t h e  methods f o r  measur ing  d u c t i l i t y  i n  u n i a x i a l  t e n s i o n  a t  h igh  s t r a i n  
r a t e s  a s  well a s  some r e l a t e d  problems w i l l  be examined. S e c t i o n  3 w i l l  t h e n  p r e s e n t  
some t y p i c a l  d a t a ,  c o n c e r n i n g  e s s e n t i a l l y  t h e  d u c t i l i t y  o f  p u r e  copper  deformed a t  
room t e m p e r a t u r e  and 500 O C  /2-5/. F i n a l l y ,  t h e  main f a c t o r s  which a r e  l i k e l y  t o  
d e t e r m i n e  t h e  d u c t i l i t y  l e v e l  and its e v o l u t i o n  i n  t h e  dynamic range  w i l l  be 
reviewed and d i s c u s s e d  i n  S e c t i o n  4. 

I 1  - EXPERIMENTAL METHODS AND PROBLEMS 

Although o n l y  u n i a x i a l  t e n s i o n  tests w i l l  be d e a l t  w i t h  i n  t h e  f o l l o w i n g ,  it is 
worth t o  n o t i c e  t h a t  some i n v e s t i g a t i o n s  on d u c t i l i t y  a t  h i g h  s t r a i n  r a t e s  have been 
performed u s i n g  t h e  method o f  expanding  r i n g s  / 6 / .  Dynamic t e n s i o n  t e s t s  may be  
c a r r i e d  o u t  u s i n g  a s p l i t  Hopkinson bar  /7,8/ o r  a l t e r n a t i v e l y  an impact  t e s t i n g  
machine /9,10/ .  S i n c e  t h e  l a t t e r  d e v i c e  was used i n  t h e  e x p e r i m e n t s  r e p o r t e d  
below, it w i l l  be  d e s c r i b e d  i n  g r e a t e r  d e t a i l .  
Each t e s t  s u p p l i e s  two d iagrams,  namely t h e  l o a d  ( a t  t h e  f i x e d  e x t r e m i t y )  vs. t i m e  
and e l o n g a t i o n  vs.  time c u r v e s .  I n t e r p r e t a t i o n  of  such  e x p e r i m e n t s  r i s e s  a  number o f  
s p e c i f i c  d i f f i c u l t i e s ,  which have been d i s c u s s e d  f o r  i n s t a n c e  i n  /11/. I n  
p a r t i c u l a r ,  t h e  s t r a i n ,  s t r a i n  r a t e  and s t r e s s  a r e  inhomogeneous a t  t h e  b e g i n n i n g  o f  
t h e  t e s t  ( s e e  s e c t i o n  1V.la) .  The local v a r i a b l e s  s t r a i n  and s t r a i n  r a t e  can  be 
measured by u s i n g  a h i g h  speed  camera,  b u t  a t  t h e  p r i c e  of  v e r y  l o n g  and d e l i c a t e  
e x p e r i m e n t s  /lo/. The o v e r a l l  s t r a i n  r a t e  can be deduced from t h e  e l o n g a t i o n  vs .  
tlme diagram a t  any g i v e n  time. I n  p r a c t i c e ,  however, e a c h  exper iment  is 
c h a r a c t e r i z e d  by a nominal  s t r a i n  r a t e  g i v e n  by i = ALF/(At~Lo) ,  where ALF is 
t h e  e l o n g a t i o n  a t  f r a c t u r e ,  Lo t h e  i n i t i a l  gage l e n g t h  and A ~ F  t h e  d u r a t i o n  o f  t h e  
t e s t .  S i n c e  t h e  rate of e l o n g a t i o n  ( i . e .  t h e  v e l o c i t y  o f  t h e  mobile head o f  t h e  
specimen) i s  a p p r o x i m a t e l y  c o n s t a n t  and e q u a l  t o  b L F / ~ t F ,  t h e  above e q u a t l o n  
g i v e s  t h e  i n i t i a l  o v e r a l l  s t r a i n  r a t e  and it should  be n o t e d  t h a t  t h e  i n s t a n t a n e o u s  
o v e r a l l  st-ate d e c r e a s e s  d u r i n g  t h e  t e s t .  Moreover, s i n c e  t h e  l o a d  vs. time 
diagrams e x h i b i t  an i n i t i a l  peak,  t h e  o n s e t  of  p l a s t i c  f low is d i f f i c u l t  t o  
d e t e r m i n e  a c c u r a t e l y ,  such  t h a t  t h e  d e t e r m i n a t i o n  o f  A ~ F  and B is st111 
q u e s t i o n a b l e .  
Var ious  p a r a m e t e r s  can  be employed t o  c h a r a c t e r i z e  d u c t i l i t y  ( F i g . 1 ) :  

NECK 

Fig .  1 - Schemat ic  r e p r e s e n t a t i o n  of a  broken specimen.  

( i )  The t o t a l  e l o n g a t i o n  a t  f r a c t u r e  eF = AL;/LU h a s  t h e  drawback t o  i n c l u d e  
both  t h e  homogeneous and t h e  necked p a r t  of  t h e  specimen,  bu t  its measurement can  be 
made e a s i l y  on t h e  broken  specimen. 

( i i )   he e l o n g a t i o n  a t  t h e  maximum o f  t h e  l o a d  vs.  time diagram eH. A t  t h i s  s t e p  
of t h e  e l o n q a t i o n ,  t h e  specimen c r o s s - s e c t i o n  is g e n e r a l l y  still ( m a c r o s c o p i c a l l y )  
un i form,  such  t h a t  t h e   homogeneous) a s s o c i a t e d  t r u e  s t r a i n  EM = l n ( l  + eM) c a n  
be r e a d i l y  c a l c u l a t e d .  I n  a r a t e  i n s e n s i t i v e  m a t e r i a l ,  t h e  l a t t e r  is g i v e n  by t h e  
Cons iddre  c r i t e r i o n  EM = a l n a / a l n c  where a ( & )  is t h e  s t r a i n  h a r d e n i n g  law o f  t h e  
m a t e r i a l .  The v a l u e  of  eM can  be de te rmined  from t h e  l o a d  and e l o n g a t i o n  diagrams.  

( i i i )  By u s i n g  a shadow p r o j e c t o r ,  t h e  a v e r a g e  c r o s s - s e c t i o n  AH of  t h e  
homogeneous p a r t  of  t h e  specimen c a n  be measured. From AH it is p o s s i b l e  t o  deduce 
an " e l o n g a t i o n  o f  t h e  homogeneous p a r t "  eH. I t  can  be e a s i l y  shown t h a t  eH = 
Ao/AH - 1, where Au is t h e  i n i t i a l  c r o s s - s e c t i o n .  eH is normal ly  e q u a l  t o  eM 
i n  t h e ,  c a s e  o f  r a t e  i n s e n s i t i v e  m a t e r i a l s  o r  g r e a t e r  t h a n  eM due t o  s t r a i n  r a t e  
e f f e c t s  /12/; i n  some c a s e s ,  however, v a l u e s  of eH ' lower  t h a n  e~ have been 
o b s e r v e d  /13/. 



( i v )  F i n a l l y ,  the leng th  and volume o f  the  neck can be determined w i th  the shadow 
pro jec to r ,  as w e l l  as the  cross-sect ion a t  f r a c t u r e  AF. When the l a t t e r  i s  very 
reduced, i t  can s t i l l  be measured by using the scanning e lec t ron  microscope. 
A f u l l  understanding o f  d u c t i l i t y  (i.e. the necking and f r a c t u r e  processes) requ i res  
some mic ros t ruc tu ra l  i nves t iga t ions  concerning f o r  example the  inhomogeneities o f  
deformation a t  the  g r a i n  scale and the f r a c t u r e  surfaces. The l a t t e r  are r e l a t e d  t o  
damage, which has been measured i n  some cases from broken specimens /2/. 

111 - SOME TYPICAL DATA 

The f low r u l e  and d u c t i l i t y  o f  OFHC and h igh p u r i t y  coppers have been extens ive ly  
inves t iga ted  at var ious temperatures over the range o f  low and h igh s t r a i n  r a t e s  
/2-5/. As an example, the  dependence o f  d u c t i l i t y  on s t r a i n  r a t e  i n  the  dynamic 
range i s  represented i n  Figs.2a and b i n  the case o f  a  99.999 ?L pure copper a t  20 O C  

and 500 O C, respect ive ly .  
A t  room temperature (T  = 0.22Tm), d u c t i l i t y  remains almost constant a t  low s t r a i n  
rates,  such tha t  the dynamic data can be e a s i l y  compared w i t h  the  quas is ta t i c  ones. 
The values eF = 53 % and eH = 47 % measured a t  low s t r a i n  r a t e s  are 
s i g n i f i c a n t l y  lower than i n  the dynamic range. Wi th in  the  h igh s t r a i n  r a t e  range, 
eF and eH increase continuously, the  average slopes being near ly  the  same. eM 
increases very s l i g h t l y  i n  the  same i n t e r v a l .  
On t h e  other  hand, a t  500 O C  (T * 0.57 T,) d u c t i l i t y  exhibit; la3ge changes i n  the 
q u a s i s t a t i c  range /2,3,14/: a t  very low s t r a i n  rates ( E  = 10- s- 1, i t  i s  s t rong ly  
reduced by in te rg ranu la r  b r i t t l e n e s s ;  moreover, f o r  h - 5 x 1 0 - ~  s-' i t  goes through a 
maximum, which i s  a t t r i b u t e d  t o  the  e f f e c t  o f  dynamic r e c r y s t a l l i z a t i o n  /2/. For 
these reasons the coppa3son between quas is ta t i c  and dynamic data i s  d i f f i c u l t .  
However, i f  i * 5x10- s- , which f a l l s  a f t e r  t h e  above mentioned peak, i s  chosen as 
a reference s t r a i n  r a t e  f o r  the  q u a s i s t a t i c  range, the corresponding d u c t i l i t y  ( e ~  
= 57 %, eH = 42 X and eM = 20 X) are again lower than i n  the  dynamic range. The 
dependences of eF, eH and eM w i t h i n  the i n t e r v a l  o f  h igh  s t r a i n  ra tes  are 
q u i t e  s i m i l a r  t o  those observed a t  20 O C .  However, the d i f fe rence  between eF and 
eH, which corresponds roughly t o  the  e longat ion o f  the neck, i s  la rger  at  500 O C  

than at room temperature. 
The cross-sect ion AF s f  the  neck a t  f r a c t u r e  i s  very low at  both 20 O C  (AF/Au = 
0.04) and 500 O C  (AF/Au = 0.02) and does not vary s i g n i f i c a n t l y  over the dynamic 
range, which suggests t h a t  the  growth o f  damage dur ing s t r a i n i n g  i s  low. A l l  the 
f r a c t u r e  surfaces are o f  the  d u c t i l e  type a t  both temperatures and whatever the  
s t r a i n  r a t e  /2,3,14/can be. 
Q u a l i t a t i v e l y  s i m i l a r  observat ions have been made on OFHC coppers (99.99 % Cu) 
12-5/. Although the  general trends, described above, are always present,  the  
q u a n t i t a t i v e  va r ia t ions  o f  d u c t i l i t y  appear t o  be very s e n s i t i v e  t o  the nature and 
amount o f  impur i t ies.  Other inves t iga t ions  c a r r i e d  out  on copper /15,16/, aluminum 
/17/ and a u s t e n i t i c  s t e e l s  /18/ genera l ly  show tha t  d u c t i l i t y  increases s lowly w i t h  
s t r a i n  rate,  although few data are ava i lab le  i n  the dynamic range at  elevated 
temperatures. Steels  w i t h  bcc s t ruc tu res  /18,19/, as w e l l  as other bcc m a t e r i a l s  
such as tantalum /13.20/, lead t o  more con t rovers ia l  resul ts .  Nevertheless, i t  seems 
t h a t  the  most f req"ent ly  observed behaviour w i t h i n  the  dynamic range i s  t h a t  
i l l u s t r a t e d  i n  Fig. 2a and b, i.e. a  slow increase o f  d u c t i l i t y  w i th  s t r a i n  rate.  On 
the other  hand, the o v e r a l l  d u c t i l i t y  l e v e l  a t  h igh s t r a i n  r a t e s  can be lower than 
i n  the  q u a s i s t a t i c  range i n  some cases, e.g. tantalum a t  20 O C /I ,2,4,13/. 
One o f  the  main features o f  dynamic behaviour, which w i l l  be p a r t i c u l a r l y  re levan t  
i n  the  fo l low ing  discussion, i s  the  f low r u l e  o f  the  mater ia l .  A common 
c h a r a c t e r i s t i c  which has been reported by severa l  authors ( f o r  a  review, see /2/), 
i s  the occurrence i n  the  dynamic range o f  a  l i n e a r  r e l a t i o n s h i p  between the  s t ress  
( a t  a  constant s t r a i n )  and the s t r a i n  r a t e  o f  the type u = ou+ p t ,  where uu and f3 
are funct ions o f  s t r a i n .  Such a f l ow r u l e  has been f i r s t  associated w i t h  the  
mechanism o f  d i s l o c a t i o n  damping, w h i m  was expected t o  be r a t e  c o n t r o l l i n g  i n  t h e  
dynamic range /21/. More recently,  i t  haa been proposed t h a t  t h e  observed law could 
r e s u l t  from a combination o f  the thermal ly  ac t i va ted  processes (e.g. the overcoming 
o f  the d i s l o c a t i o n  fo res t  i n  copper) which are predominant a t  low s t r a i n  r a t e s  and 
the  mechanism o f  d i s l o c a t i o n  damping /2,22/. However, very recent r e s u l t s  suggest 
t h a t  s t r u c t u r e  evo lu t ion  w i t h  s t r a i n  r a t e  could be a lso a dominant fac to r  /23/. 
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Fig .  2 - Strain  ra te  dependence o f  the  d l j c t i l i t y  o f  high purity  copper a t  20 O C  (a)  
and 500 OC (b). 



I V  - REVIEW OF THE FACTORS DETERMINING DUCTILITY 

The parameters which are l i k e l y  t o  determine d u c t i l i t y  dur ing h igh  r a t e  tens ion can 
be a t t r i b u t e d  t o  th ree  o r ig ins :  ( i )  dynamic e f fec ts ,  v iz .  i n e r t i a  e f f e c t s  and 
adiabat ic  heating, which are s p e c i f i c  o f  deformation a t  h igh  s t r a i n  rate.  Although 
they are no t  independent o f  the  f l ow r u l e  and microst ructure of the  mater ia l ,  these 
mani festat ions are e s s e n t i a l l y  r e l a t e d  t o  t h e  cond i t i ons  o f  t h e  tes t ;  (ii) 
rheo log ica l  e f fec ts ,  i.e. the  in f luence  o f  t h e  m a t e r i a l  f l ow r u l e  and (iii) 
m e t a l l u r g i c a l  e f fec ts ,  i n c l u d i n g  microscopic inhomogeneities and dynamic softening. 
Furthemore, each o f  the  above parameters can act  e i t h e r  on the development o f  damage 
dur ing  p l a s t i c  s t r a i n i n g  ( i n t r i n s i c  d u c t i l i t y ) ,  on the e longat ion s t a b i l i t y  o r  
poss ib ly  on both. However, i n  most cases, i t  i s  known t h a t  d u c t i l i t y  i s  e s s e n t i a l l y  
c o n t r o l l e d  by t h e  e longat ion s t a b i l i t y ,  which i n  t u r n  i s  determined by the  m a t e r i a l  
f l ow r u l e  and by i n e r t i a  e f f e c t s  (see below). On the other  hand, m e t a l l u r g i c a l  
e f f e c t s  are expected t o  mostly a f f e c t  the damage and f r a c t u r e  processes and w i l l  
therefore have a minor in f luence  on the  o v e r a l l  d u c t i l i t y  (except i n  a few cases 
where i n t r i n s i c  d u c t i l i t y  i s  the c o n t r o l l i n g  parameter /2/). For c l a r i t y ,  the above 
various e f f e c t s  are now discussed i n  two par ts ,  according t o  whether they are 
expected t o  decrease o r  t o  enhance d u c t i l i t y .  

I V . l  - Factors decreasing d u c t i l i t y  

a) Macroscopic inhomogeneities: a t  the  beginning o f  a dynamic tens ion t e s t ,  the  
s t r a i n  and s t ress  are inhomogeneous w i t h i n  the specimen /lo/.' This e f f e c t  i s  due t o  
i n e r t i a  and more p rec ise ly  t o  the f i n i t e  v e l o c i t y  o f  e l a s t i c  and p l a s t i c  waves. It 
has been f i r s t  i nves t iga ted  t h e o r e t i c a l l y  by von Karman and Duwez /24/ and then by 
severa l  authors. I n  a recent paper, Regazzoni e t  a l .  /25/ have simulated numer ica l ly  
the  t e n s i l e  t e s t  o f  an i n i t i a l l y  c y l i n d r i c a l  and homogeneous bar. They have shown 
t h a t  the inhomogeneity i s  reduced by s t r a i n  hardening and s t r a i n  r a t e  s e n s i t i v i t y ,  
as w e l l  as by an increase o f  the  f l o w  stress. Conversely, i t  i s  enhanced by an 
increase o f  the m a t e r i a l  densi ty  and a la rger  e longat ion r a t e  o r  accelerat ion. As a 
consequence, a t  very h igh  s t r a i n  rates, f r a c t u r e  may occur a t  the v i c i n i t y  o f  t h e  
impact head o f  the specimen before homogeneous deformation i s  reached. This 
phenomenon i s  commonly observed and r e s t r i c t s  the  s t r a i n  r a t e  range o f  i n t e r e s t  o f  
the  dynamic tens ion t e s t  (about 3x10~ s-' i n  t h e  case o f  copper). 

b)  Adiabat ic  heating: the  durat ion o f  a dynamic tens ion t e s t  ranges from 0.1 t o  1 
ms such t h a t  it can be considered as adiabat ic  t o  a f i r s t  approximation. Assuming 
t h a t  the e longat ion remains homogeneous, it i s  very simple 'ta get  a rough est imat ion 
o f  the  tempefature increase A8 /2,11/: f o r  a copper specimen s t r a i n e d  t o  E = 0.4 a t  
i = 3000 s- , A 0  = 31 O C  and 16 O C  a t  room temperature and 500 OC, respect ive ly .  
This  s l i g h t  uniform increase o f  temperature i s  not  expected t o  modify s i g n i f i c a n t l y  
the  f low r u l e  o f  the  mater ia l ,  and the t e s t  could s t i l l  be considered as 
isothermal.  On the other  hand, t h i s  holds no more when' a neck i s  growing, s ince 
s t r a i n  and consequently deformation heat ing then concentrate w i t h i n  a reduced 
leng th  o f  the specimen. This e f f e c t  has recen t l y  been taken i n t o  an account by 
Fressengeas and M o l i n a r i  /26/ together w i th  i n e r t i a  ef fects .  The ca lcu la t ions  show 
c l e a r l y  t h a t  ad iaba t i c  heat ing decreases d u c t i l i t y  by a f a c t o r  - 0.2 when the data 
r e l a t i v e  t o  a 304 type s t a i n l e s s  s t e e l  deformed a t  room temperature are used. I n  
addi t ion,  i t  should be noted t h a t  ad iabat ic  heat ing promotes the  formation o f  shear 
bands /27/. 

c )  Microscopic inhomogeneities: i n  t h i s  paragraph, we p o i n t  out a few 
m e t a l l u r g i c a l  fac to rs  t h a t  are known t o  appear a t  h igh  s t r a i n  rates. Although t h e i r  
r e l a t i o n  w i t h  d u c t i l i t y  i s  not  yet c lear ,  they are expected t o  decrease it. 
Experiments c a r r i e d  out on copper s i n g l e  c r y s t a l s  /28/ o r  p o l y c r y s t a l s  /29/ have 
revealed the  occurrence o f  mechanical tw inn ing  a t  h igh  s t r a i n  rates. This deforma- 
t i o n  process, which i s  not  observed i n  copper deformed under q u a s i s t a t i c  condi t ions,  
i s  l i k e l y  t o  induce l o c a l  s t r a i n  inhomogeneities and t o  increase the in te rg ranu la r  
stresses. The l a t t e r  i n  t u r n  can promote b r i t t l e  f r a c t u r e  by cleavage. It should be 
noted, however, t h a t  deformation twins have no t  yet been observed i n  copper 
specimens s t ra ined  i n  u n i a x i a l  tens ion a t  the s t r a i n  ra tes  considered i n  the present 
paper. An other fac to r  which could favour l o c a l  inhomogeneities i s  the anisotropy o f  
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s i n g l e  c rys ta ls .  It has been observed by Chiem /28/ t h a t  s i n g l e  c r y s t a l s  o f  copper 
and aluminum submitted t o  a magnetic impulse e x h i b i t  a considerable anisotropy o f  
s t ra in .  This should no t  be the  case a t  low s t r a i n  rates, according t o  the  c l a s s i c a l  
theor ies  p r e d i c t i n g  the  s i n g l e  c r y s t a l  y i e l d  surface. 
Among t h e  above factors ,  macroscopic inhomogeneities and ad iaba t i c  heat ing are 
expected t o  decrease t h e  s t a b i l i t y  o f  t h e  e longat ion and there fo re  the  uni form 
e longat ion eH. Microscopic inhomogeneities, on the  other  hand, are more l i k e l y  t o  
promote damage i n i t i a t i o n  , i.e. t o  reduce i n t r i n s i c  d u c t i l i t y .  

IV.2 - Factors inc reas ing  d u c t i l i t y  

a) In f luence  o f  i n e r t i a  on n e c k i n 9  a complete study would requ i re  t h e  analys is  o f  
the whole tens ion  t e s t ,  where the v e l o c i t y  prescr ibed t o  the moving extremi ty  o f  the  
specimen increases from zero t o  a steady s t a t e  value. Dur ing t h i s  f i r s t  stage o f  
elongation, which i s  about 10 ps long, mate r ia l  elements are submitted t o  very l a r g e  
accelerat ions, which on t h e  one hand are responsible f o r  the  inhomogeneous 
deformation o f  t h e  specimen and on the other hand can s t rong ly  in f luence  the growth 
and f u r t h e r  evo lu t ion  o f  a p r e e x i s t i n g  defect. However, a numerical s imulat ion o f  
the  whole t e s t ,  extending from t h e  i n i t i a l  s t a t e  (no v e l o c i t y  prescr ibed a t  the  
sample ext remi ty)  t o  t h e  stage where only the  neck deforms would r e q u i r e  very l a r g e  
computing times. 

Nevertheless, some computer ca lcu la t ions  
have been c a r r i e d  out r e c e n t l y  t o  study t h e  
r a t e  o f  growth o f  an i n i t i a l  imper fect ion 
i n  the  case where a constant v e l o c i t y  i s  
prescr ibed t o  t h e  mobi le end o f  the  
specimen. Taylor e t  a l .  /30/ have shown 
t h a t  i n e r t i a  e f f e c t s  decrease the  r a t e  o f  
l o c a l i z a t i o n  w i t h i n  t h e  specimen. This  
t rend  has been confirmed recen t l y  by Huang 
and Lee /31/ and by Fressengeas and 
M o l i n a r i  /26/. Regazzoni e t  a l .  /25,32/ 
have inves t iga ted  i n  greater  d e t a i l  the  
evo lu t ion  o f  a specimen w i t h  an i n i t i a l  

W 
defect  centered a t  the  middle o f  the  

G l a t t e r ,  s t a r t i n g  a t  the p rec ise  t ime where 

m the Considere c r i t e r i o n  i s  v e r i f i e d ,  i.e. 
a t  the  onset o f  macroscopic i n s t a b i l i t y .  

Z - They have shown t h a t  th ree  stages can be 

2 dis t inguished (Fig.3), viz.  ( i )  the s t r a i n  
r a t 6  increases i n  the  defect  whi le  i t  

!3 decreases i n  the  sec t ion  adjacent t o  it; 
(ii) the "uniform" p a r t  i s  progress ive ly  
unloaded s t a r t i n g  from the  neck t o  the ends 
o f  the specimen (Mott-Lee release waves); 
(iii) only  the  neck cont inues t o  deform 
u n t i l  f r a c t u r e  occurs. During stages ( i )  
and ( i i )  the  "uniform" reg ion undergoes a 
post-uniform strain due to  inertia effects.  
Furthermore. the  authors have shown t h a t  
s t r a i n  r a t e  s e n s i t i v i t y  a lso  induces a 

L AGRANGIAN C OORDINATE post-uniform s t r a i n ,  which i s  o f  the same 

Fig. 3 - Typica l  e v o l u t i o n  w i t h  t ime  
o f  the s t r a i n  r a t e  d i s t r i b u t i o n  i n  a 
t e n s i l e  specimen w i t h  an i n i t i a l  
defect  (neck), showing the  th ree  
stages o f  t h e  i n s t a b i l i t y  process: 
case o f  a s t r a i n  hardening r a t e  
i n s e n s i t i v e  m a t e r i a l  /32/. The 
o r i g i n  o f  s t r a i n  r a t e  i s  represented 
by the dashed l i n e .  

order o f  maanitude as t h e  ~ r e v i o u s  one 
(Fig.4). ~ r o m  the  above r e s u l t s ,  i t  can be 
concluded t h a t  i n e r t i a  e f f e c t s  increase 
d u c t i l i t y  (p rec ise ly  the  uni form elonga- 
t i o n )  by delaying the neck growth and by 
c o n t r o l l i n g  the  unloading o f  the uni form 
par t .  
A s i m p l i f i e d  approach t o  the  analys is  o f  
the whole t e s t  has been developed i n  /2/: 
the  sample i s  d iv ided  i n t o  two parts, the  
one w i t h  the  smaller cross-sect ion ("neck1') 



being located a t  the . f i x e d  o r  a t  the  impact head. The v a r i a t i o n s  w i th  t ime o f  the 
cross-sect ions i n  the "uniform p a r t "  and i n  the "neck" have,been ca lcu la ted  by using 
a v a r i a t i o n a l  p r i n c i p l e .  The v e l o c i t y  o f  the moving ext remi ty  o f  the specimen was 
s p e c i f i e d  t o  increase from zero t o  the steady s t a t e  value i n  10 ps. I t has been 
found t h a t  i n e r t i a  reduces the  growth o f  the  defect  when i t  i s  located near the  
f i x e d  end o f  the  specimen, and conversely when i t  i s  loca ted  near the impact head. 
The i n t e r p r e t a t i o n  o f  t h i s  r e s u l t  i s  d i f f i c u l t  because the model combines two 
d i f f e r e n t  e f f e c t s :  on the one hand, the t r e n d  o f  t h e  specimen t o  deform 
inhomogeneously a t  the beginning o f  the tes t ,  and on the other hand the  e f f e c t  o f  
i n e r t i a  on the  growth o f  a defect.  It was shown i n  IV. la  t h a t  the f i r s t  one tends t o  
l i m i t  d u c t i l i t y ;  hence i t  appears t o  be predominant when t h e  defect  i s  loca ted  near 
the  mobile head o f  the specimen. Conversely, the second e f f e c t  i s  a s t a b i l i z i n g  
f a c t o r  as demonstrated above; i t  appears the re fo re  t h a t  i t  i s  the  major f a c t o r  when 
the  defect  i s  located a t  the f i x e d  end. 

b) In f luence  o f  i n e r t i a  on damage: i t  could be thought t h a t  damage can decrease 
w i t h  increasing s t r a i n  rate,  thus p rov id ing  a b e t t e r  i n t r i n s i c  d u c t i l i t y .  Density 
measurements c a r r i e d  out  on copper, however, do not  c l e a r l y  support t h i s  hypothesis 
/2/, or even suggest the opposite /33/. 
Both the i n i t i a t i o n  and growth stages o f  damage could be in f luenced by h igh  s t r a i n  
r a t e  and the  associated phenomena. Concerning the  f i r s t  one, no t h e o r e t i c a l  r e s u l t s  
are ava i lab le  t o  date, t o  the knowledge o f  the authors. However, t h e  s t r a i n  and 
s t ress  inhomogeneities associated w i t h  hard inc lus ions  can be expected t o  be reduced 
a t  h igh  s t r a i n  rates, due t o  the r a p i d  increase o f  the f l ow s t ress  a t  h igh  s t r a i n  
rates,  thus delaying the  i n i t i a t i o n  o f  damage. Concerning the second stage, i t  has 
been shown /34/ tha t  i n e r t i a  e f f e c t s  would reduce the growth o f  spher i ca l  ho les 
dur ing p l a s t i c  s t ra in ing .  It should be mentioned i n  a d d i t i o n  t h a t  one o f  the e f f e c t s  
o f  i n e r t i a  i s  t o  develop a r a d i a l  s t ress  w i t h i n  the specimen /2,26/. It has been 
shown t h a t  the l a t t e r  i s  maximum a t  the specimen ax is  and i s  always compressive 
dur ing a t e s t  a t  constant s t r a i n  r a t e  ( E  = 0). On t h e  other  hand, when E i s  
pos i t i ve ,  the  r a d i a l  s t ress  i s  tens i le .  This  s i t u a t i o n  occurs a t  the  mobile 
ex t remi ty  a t  the beginning o f  the  t e s t  and i n  the.  neck dur ing the i n s t a b i l i t y  
process. A t e n s i l e  s t ress  t h e o r e t i c a l l y  tends t o  increase the  r a t e  o f  growth o f  the 
cav i t i es .  However, the in f luence  o f  the above r a d i a l  stress, i n  p a r t i c u l a r  when i t  
i s  combined w i t h  the three-dimensional s t a t e  o f  s t ress  due t o  s t r a i n  gradients  
(Bridgman e f f e c t )  requi res f u r t h e r  inves t iga t ion .  It can be concluded t h a t  the ne t  
e f f e c t  o f  h igh s t r a i n  r a t e s  on damage dur ing the  tens ion t e s t  cannot be c l e a r l y  
p red ic ted  t o  date. 

c )  Flow r u l e  o f  the mate r ia l :  i t  i s  w e l l  known t h a t  the c o n s t i t u t i v e  equation o f  
t h e  m a t e r i a l  p lays  a predominant r o l e  i n  determining the e longat ion s t a b i l i t y  and 
thus d u c t i l i t y .  I n  p a r t i c u l a r ,  s t a b i l i t y  increases s t rong ly  w i t h  t h e  s t r a i n  
hardening exponent n = a l n a / a l n ~  and w i th  the  s t r a i n  r a t e  s e n s i t i v i t y  exponent 
m = alna/Blni .  
Concerning s t r a i n  hardening, the  few experimental data are not very r e l i a b l e  due t o  
the poor q u a l i t y  o f  the load-time diagrams obtained a t  h igh  s t r a i n  rates/2,13/. The 
measurements made on copper, however, d isp lay values o f  "n" very s i m i l a r  t o  t h a t  
observed a t  low s t r a i n  ra tes  /4/. Nevertheless, an increase of"n"cou1d be expected 
a t  h igh  s t r a i n  ra tes  since dynamic recovery i s  less  e f f i c i e n t  i n  t h a t  range. 
Turning now t o  the s t r a i n  r a t e  s e n s i t i v i t y ,  i t  should be noted t h a t  the  l i n e a r  
s t r e s s - s t r a i n  r a t e  r e l a t i o n  commonly observed a t  h igh  s t r a i n  rates,  i.e. a = a0 + 
$&, i s  associated w i th  a parameter m = p i / ( o o  + P i )  which i s  s t r a i n  r a t e  dependent. 
It p r e c i s e l y  increases w i t h  s t r a i n  r a t e  and thus enhances the e longat ion s t a b i l i t y .  
This e f f e c t  has been numer ica l ly  inves t iga ted  by Regazzoni e t  a l .  /25,32/. It has 
been c l e a r l y  shown t h a t  t h e  r a t e  o f  neck growth i s  reduced when s t r a i n  r a t e  
increases (Fig. 4). For copper, the net  increase i n  uniform e longat ion a t  f r a c t u r e  
has been found t o  be o f  the same order o f  magnitude t h a t  the  increase r e s u l t i n g  from 
i n e r t i a  and t o  be consis tent  w i t h  the experimental resu l t s .  
F i n a l l y ,  i t  could be argued tha t  the  employed m-values are questionable, since the 
l a t t e r  are experimental ly determined from t e s t s  conducted a t  various constant s t r a i n  
rates. I n  fact,  r a p i d  changes i n  s t r a i n  r a t e  can occur dur ing t h e  dynamic t e n s i l e  
t e s t ,  f o r  instance i n  the neck dur ing the f i n a l  stage o f  s t r a i n  l o c a l i z a t i o n .  For 
instantaneous r a t e  changes, the appropr ia te value o f  s t r a i n  r a t e  s e n s i t i v i t y  ms 
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should be determined by s t r a i n  r a t e  jump tests ,  i.e. a t  constant s t ructure.  It i s  
known t h a t  t h e  ms-values obtained t h i s  way are lower than the  above m-values (see 
e.g. /35,36/). I t i s  probable t h a t  the  e f f e c t i v e  r a t e  s e n s i t i v i t y  should be 
in termediate between ms and m /32/. 
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Fig. 4 - S t r a i n  r a t e  dependence o f  the uniform (homogeneous) s t r a i n  i n  tension, 
showing the respect ive in f luences o f  the f l ow r u l e  and i n e r t i a  e f f e c t s  /32/. The 
experimental data are r e l a t i v e  t o  an OFHC copper (99.99 % Cu) s t ra ined  a t  20 OC. 

d) dynamic softening: dynamic recovery i s  always present a t  low s t r a i n  rates, even 
a t  temperatures much l e s s  than 0.5 T,. It reduces t h e  d i s l o c a t i o n  content o f  the 
m a t e r i a l  by the way o f  the a n n i h i l a t i o n  o f  d i s loca t ions  o f  opposite signs. Such a 
mechanism requ i res  extensive c l imb and c ross -s l ip  o f  the d is locat ions.  Since these 
thermal ly  ac t i va ted  processes are t ime dependent, t h e i r  e f f i c i e n c y  a t  h igh  s t r a i n  
ra tes  i s  expected t o  be reduced due t o  the shor t  durat ion o f  the  tes ts .  
There i s  no experimental evidence t o  date tha t  dynamic r e c r y s t a l l i z a t i o n ,  which i s  
present i n  low stack ing f a u l t  energy metals at  e levated temperature (e.g. copper a t  
500 O C )  i n  quas is ta t i c  condi t ions operates a t  h igh  s t r a i n  r a t e s  as wel l .  The s t r a i n  
where dynamic r e c r y s t a l l i z a t i o n  s t a r t s  (which near ly  corresponds t o  the  f i r s t  peak 
o f  the s t ress -s t ra in  curve) i s  known t o  increase w i t h  6 /37/. Ex t rapo la t ion  o f  the  
ava i lab le  data t o  t h e  range o f  h i g h  s t r a i n  r a t e s  suggests t h a t  dynamic 
r e c r y s t a l l i z a t i o n  cannot occur under those condit ions, al though some microscopic 
heterogenei t ies,  such as mechanical twinning, could favour the germinat ion o f  new 
grains. I f  they were present, both the  so f ten ing  processes above would reduce t h e  
d is loca t ions  concentrat ions and hence the l o c a l  stresses w i t h i n  the mater ia l ,  thus 
increasing i t s  i n t r i n s i c  d u c t i l i t y .  

SUMMARY v - -  
The main fac to rs  expected t o  determine d u c t i l i t y  a t  h igh s t r a i n  ra tes  which were 
s tud ied i n  the previous sect ions are repor ted i n  Fig.5. Their dynamic, m e t a l l u r g i c a l  
o r  rheo log ica l  character,  as w e l l  as t h e i r  expected e f f e c t s  e i t h e r  on i n t r i n s i c  
d u c t i l i t y  o r  e longat ion s t a b i l i t y  are a lso  represented schematical ly.  
From t h e  above discussion, some general conclusions can be drawn: 
( i )  d u c t i l i t y  mostly increases w i t h  s t r a i n  r a t e  i n  the dynamic range considered; 
(ii) t h i s  i s  e s s e n t i a l l y  due t o  an increased s t a b i l i t y  o f  the e longat ion process, 
i.e. t o  a slower development o f  the  neck; 
(iii) the l a t t e r  may r e s u l t  a l t e r n a t i v e l y  from an increasing s t r a i n  r a t e  s e n s i t i v i t y  
associated w i t h  the  occurrence o f  the l i n e a r  s t ress -s t ra in  re la t ionsh ip ,  from 
i n e r t i a  e f fec ts ,  o r  from both e f fec ts ;  
( i v )  i t  i s  suggested t h a t  these conclusions ho ld  w i t h i n  the dynamic range f o r  b o t h  
fcc and bcc s t ructures.  



Fig. 5 - Table summarizing the main fac to rs  in f luenc ing  d u c t i l i t y  and t h e i r  
respect ive o r i g i n s  and ef fects .  
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