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In calculat ions of the in teract ion between r a r e f a c t i o n  waves  leading to breakdown of the ma t e r i a l  (frag= 
mentation) a hydrodynamic  equation of s ta te  is genera l ly  used. Such calculat ions a r e  requ i red ,  for  example ,  
with de te rmina t ion  of the value of the f ragmenta t ion  s t r e s s e s  by a c a l c u l a t i o n a l - e x p e r i m e n t a l  method over  the 
th ickness  of the fo rming  r e a r  f r agm en t  in the sample .  At the s a m e  t ime,  f r o m  exper imenta l  work [1-3] it fo l -  
lows that,  the reg ion  of p r e s s u r e s  up to ~. 1 Mbar,  the behavior  of many  meta l s  differs  cons iderab ly  f r o m  hydro-  
dynamic:  The c r i t i ca l  shea r  s t r e s s e s  behind the f ront  of a c o m p r e s s i o n  shock wave,  de te rmin ing  the ampli tude 
of the e las t ic  unloading wave,  can have an apprec iab le  effect  on the c h a r a c t e r  of the flow fo rming  (for example ,  
the so -ca l l ed  , ,nonhydrodynamic,  at tenuation of shock waves) .  The value of the c r i t i ca l  shear  s t r e s s  (r .  for 
me ta l s  depends on the p r e s s u r e  in the shock wave and r e a c h e s  a value of ~ 100 kbar .  The re fo re ,  it is of in- 
t e r e s t  to Consider the fo rma t ion  of f r agmen t s  taking account  of the effect  of shear  s t r e s s e s  behind the f ront  of 
the shock wave.  

Let us consider  the s i m p l e s t c a s e  of the fo rmat ion  of a f r agment  with the impact  of a p l a t e - s t r i k e r  on a 
s amp le  (the s t r i k e r  and the sample  a r e  made of the s a m e  mater ia l ) .  The scheme  of the interact ion between 
unloading waves  is shown in Fig. 1 in the coordinates  x - t  (pa th - t ime)  and in Fig. 2 in the coordinates  p - u  
( p r e s s u r e - m a s s  velocity).  The points designated by number s  in Fig. 2 (in p - u  coordinates)  de te rmine  the 
s ta te  of the subs tance  in reg ions  of the flow in the plane x - t  (Fig. 1) having the s a m e  n u m e r i c a l  designation. 

With the ref lec t ion  of c o m p r e s s i o n  shock waves  f r o m  the f r ee  su r faces  of the s t r i ke r  and the samlSle, 
unloading of the subs tance  f r o m  the s ta te  1 takes  place  f i r s t  in e las t ic  1 - 2  and 1 - 4 ,  andthen  in p las t ic  2 - 3  
and 4 - 5 ,  r a r e f ac t i on  waves  [the designat ion 1 - 2  co r r e sponds  to a wave conver t ing the ma te r i a l  f r o m  s ta te  1 to 
s ta te  2 (see Fig. 2), co r respond ing  to reg ions  1 and 2 (see Fig. 1), etc.]. 

In the case  where  the unloading shock wave 1 - 2  f r o m  the side of the s t r i k e r  does not over take  the com-  
p re s s ion  wave in the sample ,  with in te rsec t ion  of the shock waves  1 - 2  and 1 - 4 ,  the m a t e r i a l  is unloaded in the 
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TABLE 1 

hi t.F xor I tdJ 
p = t00 hp = --15,7 Pa = 45,6 Pmax = --66,7 

420,4521t,4500,7023,7980,9310'5280,6232,421!10,8070'484 3,096t'032 I 0'5i40,8343,2271'179 I 0'5490,9390'71510'12410'0422,4550,2640,014 

p = 200 Ap ~ --21,3 Pa ~ t12 Pmax~ --i13,5 

210,405't,50910,491"0,532'0,41411,090[0,45311,304'0,5060,5980,096[0,030. 
3 0,512 2,692 0,683 ] 1,390 ] 0,552 2,180 0,587 2,372 I 0,693 1,431 0,150 0,020 
4 0,619 3,875 0,87512,24710,690 3,270 0,720 3,440,0,879 2,264 0,202 0,008 

p = 300 Ap = --24 Pa = t85 Pmax= --t49 

3 0,466 2,74210,649 t,293 0,4921 0,52912,471 0,65611,3~ 0,t2610,0t4 

p = 400 Ap = --26 Pa = 262 Pmax = --178 

20,34411,59610,44210,41110,3381t,t5710,383 i,4320,45310,4580,07710,022 
3 0,427 2,797 0,622 I 1,218 0,45t 12,314 0,487 2,540 0,627 1,241 0,t20 0,010 

TABLE 2 

p = t00 Ap = --27 Pa =22 Pmax = --74 

2 ]0,664'1,3i610,736'0,70810,7t3'0,9860,7381,0710,76610,805'0,14810,066 
4 1,0583,54i t,2752,528 t,t882,957 t,2tt 3,0371t.2952,5940,3060,040 
6 1,4525,768 i,8134,3471,6644,929 t,68515,002118244,3820,4660,022 

p = 200 Ap = --39 pa = 70 Pmax ~ --132 

2 5 I 0,610t,t32 ]14,793t,483 t i , 3 8 6  0,698 0,635 ] 0,634 I 4,1181'029 0,6741,301 I 1't764,241 0,7221,4913,3170'714 3,290,1,268 I I 0't280'048 0,238 0,0t6 

p ----- 300 Ap = - -43  Pa ~ t38 Pmax~ --200 

2 0,566 i,449 I 0,66610,573 I 0,576 i,065 I 1,2550,6870,6420,120 
4 0,876 I 0,96t 3,i95 i,O01 3,355 i,187 I I 0'042 3'76211"7812'3~ o,626 2,333 0,250 0,018 

plastic waves 2 - 6  and 4 - 6  to some pressure  character ized by the point 6 (see Fig. 2). Then, with interaction 
between the plastic waves 2 - 6 ,  2 - 3  and 4 - 6 ,  4 - 5 ,  there are  two regions 7 and 8 with a negative pressure ,  de- 
termined by the amplitude of the unloading shock wave, i.e., by the value of the cr i t ical  shear s t resses .  After 
this,  with interaction of the waves 6 - 7  and 6 - 8 ,  there  ar i ses  a region of maximal negative s t r e s ses ,  in which, 
as is usually assumed, the breakdown of the mater ia l  takes place. 

Thus, up to the s ta r t  of the action of the maximal elongational s t r e s ses ,  determined by the amplitude of 
the compression shock waves, in two cross  sections of the sample,  elongational s t r e s ses  act for a certain 
period of t ime; the value of these s t resses  is determined by the value of the cr i t ical  shear  s t r e s ses  with a 
given pressure  in the compression shock wave, i.e., it can be ra ther  large. The character is t ic  t ime of the 
action of the elongational s t r e s ses  in regions 7 and 8 (see Fig. 1) can be evaluated f rom the distance f rom the 
point a up to the f i r s t  charac ter i s t ic  curve, departing f rom the point d(At=2(td-ta)}.  

Let us evaluate the parameters  of an elongational pulse in these c ross  sections of the sample for copper 
and aluminum, using known data on the equation of state of these metals [4] and the dependences of the cri t ical  
shear s t r e s ses  on the p ressure  at the front of the shock wave [2]. 

We assume that at the shock adiabatic 

p~ : p ~' (2/3)~., 

where Pn is the p ressure  of the shock compression,  normal  to the front of the shock wave; p is the hydrodynamic 
pressure .  The cr i t ical  shear s t ress  is defined as equal to 
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~, = IP= . - -  P~I, 

where  p~ is the p r e s s u r e  pa ra l l e l  to the f ront  of  the shock wave. The value of (r ,  is usual ly  calcula ted under 
the assumpt ion  of the cons tancy  of the Poisson coefficient  v. If it is postulated that the value of or, with c o m -  
p re s s ion  is equal to a .  with elongation, then, for  the case  of the propagat ion of a shock wave,  we have 

(~, = (p,/2) [(l--2v)/(l - -  v) ], 

where  p .  is the ampli tude of the unloading shock wave.  

F igure  3 i l lus t ra tes  the a r r a n g e m e n t  of  the shock adiabat ic  I, the curve  of the hydrodynamic  c o m p r e s s i o n  
H, and the cu rve  of the p las t ic  unloading ItI. The t rans i t ion  f r o m  s tage  1 to s t a te  2 takes  place along the curve  
of the e las t ic  unloading. 

At the cu rve  of the p las t ic  unloading, the following re la t ionship  is sa t i s f ied :  

p -  = p - (2/3)~,. 

Knowing the values  of or. co r responding  to the p r e s s u r e  of the shock c o m p r e s s i o n  Pn, the cu rve  of the plas t ic  
unloading p_ can  be cons t ruc ted .  

In the p re sen t  work,  the cu rve  of p_, plotted f r o m  exper imenta l  data,  was approx imated  in the region of 
pos i t ive  s t r e s s e s  by a function of the f o r m  p_ = [A0+A 1 (5 - i ) ]  (5 - 1 ) ,  and in the region of negat ive  s t r e s s e s  by 
a function of the f o r m  p_ = A0(5 "1 ) ,  where  5 =P/Po is the compress ion .  

To solve the p r o b l e m  of the impact  of a p l a t e - s t r i k e r  on a sample ,  the method of c h a r a c t e r i s t i c s  is ap-  
plied to the equations of motion of a continuous medium,  wri t ten  in Lagrangian coordinates .  

The pr inc ipa l  r e s u l t s  of the calculat ions a r e  given in Tables  1 and 2, where  p is the p r e s s u r e  in the com-  
p r e s s i o n  shock wave; Ap is  the p r e s s u r e  in reg ions  7 and 8 in Fig. 1; Pa is the p r e s s u r e  in region 6 
in Fig. 1; Pmax is  the m a x i m a l  elongational  s t r e s s  (p r e s su re  e v e r y w h e r e  in k i lobars) ;  h is the th ick-  
ness  of the sample ,  r e f e r r e d  to the th ickness  of the p l a t e - s t r i k e r ;  t, x a r e  the coordin tes  of the points 
denoted by l e t t e r s  in Fig, 1 (the l e t t e r s  with them cor respond  to the notation in Fig. 1; if  the th ick-  
ness  of the p l a t e - s t r i k e r  is  1 ram,  then x is  m e a s u r e d  in m i l l i m e t e r s  and t, in mic roseconds ;  for  
other  th icknesses  of the p l a t e - s t r i k e r ,  the spat ia l  coordinate  and the t ime  v a r y  proport ional ly) ;  At 1 is the 
c h a r a c t e r i s t i c  t ime  of the act ion of the elongational s t r e s s e s  in region 8 n e a r  the f r ee  su r face  of the sample ;  
At 2 is the c h a r a c t e r i s t i c  t i m e  of the act ion of the elongational s t r e s s e s  in region 7. 

Table  1 gives the r e s u l t s  of ca lcu la t ions  fo r  a luminum,  and Table  2 for  copper ;  it can be seen that  the 
negat ive  s t r e s s e s  in reg ions  7 and 8 be fo re  the action of the max imal  elongational s t r e s s e s  a r e  comparab l e  to 
the value of the spl i t t ing s t rength  of the m a t e r i a l  [2]. 

One of the spec ia l  c h a r a c t e r i s t i c s  of  the flows under d iscuss ion is the fact  that the c h a r a c t e r i s t i c  t ime  of 
the ac t ion  of the negat ive  s t r e s s e s  in the region located inside the forming  r e a r  f r agmen t  is apprec iab ly  g r ea t e r  
than the t ime  of the action,  equal in value,  of the elongational  s t r e s s  in the r ema in ing  par t  of the sample  (near 
the impact  sur face) .  Since the value of these  s t r e s s e s  is on the o rde r  of magnitude of the f ragmenta t ion  s t rength  
of the meta l  under these  conditions,  then, in accordance  with exis t ing concepts  with r e s p e c t  to the dependence 
of the b reak ing  s t r e s s e s  on the t ime  of their  action, in both reg ions  a ce r ta in  pulver iz ing  of the meta l  is to be 
expected (the appea rance  of m i c r o c r a c k s ,  not fo rming  a fa i lu re  surface) .  Here  the degree  of pulver iz ing (the 
number  of  m i c r o c r a c k s  pe r  unit of surface)  in the spl i t t ing pa r t  of the sample  should be  g r e a t e r  than in the r e -  

maining par t .  

Exper imen t s  w e r e  made in which a copper  s amp le  with a d i ame te r  of  90 m m  and a th ickness  of 10 m m  
was loaded by the impact  of a copper  pla te  2.5 m m  thick, a cce l e r a t ed  to a ve loci ty  of 500 m / s e e .  Under these  
c i r c u m s t a n c e s ,  the p r e s s u r e  at the f ront  of the shock wave was 100 kbar .  In the exper imen t s ,  the r e a r  f r a c t u r e  
was r ecorded .  O1 the microphotos  of a sect ion of the s amp le s  at some  dis tance  f r o m  the impact  su r face ,  i .e.,  
approx ima te ly  in region 7 (see Fig. 1), t he re  can be seen  a s e r i e s  of individual m i c r o c r a c k s ,  which can point to 
the fact  of the exis tence  of s h o r t - t e r m  negat ive  s t r e s s e s  in this section.  The network of m i c r o c r a c k s  over  the 
th ickness  of the fo rming  r e a r  f r agment  is cons iderab ly  denser ,  which is a lso  in ag reemen t  with the r e su l t s  of 
an ana lys i s  of the flows. 
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S T U D Y  O F  M A X I M U M  S T R E S S  F I E L D  A L O N G S I D E  C R A C K S  

E M E R G I N G  F R O M  C O N T O U R S  O F  O P E N I N G S  I N  A P E R F O R A T E D  

P L A T E  

V.  M. M i r s a l t m o v  UDC539.375 

A cons iderab le  number  of pape r s  have appeared  in r ecen t  y e a r s  (see the r ev i ews  [1, 2]) in which the 
s t r e s s  s ta te  alongside c r acks  emerg ing  f r o m  the contour of a s ingle opening was investigated.  The analogous 
p rob l em of the s t re tch ing  of a plate  with a s ingle opening was the subject  of [3]. 

w 1. Let t he re  be  a doubly per iodic  a r r a y  of c i r cu l a r  openings having a rad ius  h (h < 1) and cen te r s  at the 
points 

Prn, = rae01 q-no% (m, n == 0, q-i ,  ___2 . . . .  ), 0)1=2 , c% =2/e ~, / > 0 ,  Im0)~>0.  

Symmet r i c  l inear  s l i t s  or ig ina te  f r o m  the contours  of the openings (Fig. 1). The contours  of the c i r cu l a r  open-  
tags and the edges of the s l i ts  axe f r ee  of loads.  We cons ider  the p rob l em of the s t re tch ing  of such a p e r f o r a t e d  
plate  by constant  f o r ce s  cr 2 = ~.~. in a di rect ion perpendicular  to the line of the s l i t s .  Because  of the s y m m e t r y  
of the boundary conditions and~he g e o m e t r y  of the region D occupied by the plate  ma te r i a l ,  the s t r e s s e s  a r e  
doubly per iodic  functions with fundamental  per iods  ~ l  and t02. 

To solve the p rob l em  in r easonab le  fashion,  we combine the method developed for  the solution of a doubly 
per iodic  e las t ic  p rob l em  [4] with the method for  plotting [5, 6] in explicit  f o r m  the Kolosov-Muskhe l i shv i l i  
potentials  cer tes 'pending  to unknown normal  d i sp lacements  along the s l i ts .  

Fig. 1 

Lipetsk.  T rans l a t ed  f r o m  Zhurnal  Prikladnoi  Mekhaniki i Tekhnicheskoi  Ftziki ,  No. 2, pp. 147-154, 
March-Apr i l ,  1977. Original a r t i c l e  submi t ted  J anua ry  30, 1976. 

This material is protected by copyright registered in the name o f  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part [ 
of  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, ] 
microfilming, recording or otherwise, without written permission o f  the publisher. A copy of  this article is available from the publisher for $ Z 50. [ 

263 


