
EFFECT OF THE PRESSURE OF SHOCK COMPRESSION 

ON THE CRITICAL SHEAR STRESSES IN METALS 

S. A. Novikev and L. M. Sinitsyna 

The critical shear stresses or, behind the leading edges of shock waves were studied in alu- 
minum at pressures of 300 and 650 kbar, copper at 240 and 550 kbar, and lead at 460 kbar 
by carrying out explosion experiments. The quantity in question was estimated by comparing 
the experimental data characterizing the fall in pressure at the leading edge of the shock 
wave (arising from load relaxation) with the results of calculations. 

1. It was  shown exper imenta l ly  in [1, 2] tha t the  value of the c r i t i ca l  shea r  s t r e s s e s  or, in meta l s  in-  
c r e a s e d  substant ia l ly  with inc reas ing  hydros ta t ic  p r e s s u r e .  In shock c o m p r e s s i o n  the magnitude of the 
c r i t i ca l  shear  s t r e s s e s  de t e rmines  the ampli tude of the e las t ic  re laxat ion  wave in the substance  p rev ious ly  
c o m p r e s s e d  by the  shock wave.  The change in the s t r e s s e d  s ta te  during shock c o m p r e s s i o n  and subse-  
quent expansion of an infinite medium is  i l lus t ra ted  schemat ica l ly  in Fig. 1, whe re  ABC is the curve  of 
shock c o m p r e s s i o n  (shock adiabatic) ,  CDE is  the curve  of expansion, CD is  the e tas t i c  sect ion (expansion 
taking p l ace  in the e las t ic  re laxat ion  wave),  DE is  the  sect ion of p l a s t i c  re laxat ion,  and AF is the curve  of 
hydros ta t i c  c o m p r e s s i o n .  

The  magnitude of the  c r i t i ca l  shea r  s t r e s s e s  r  at which the r e v e r s e  t r ans i t ion  f r o m  e las t i c i ty  to 
p las t i c i ty  t akes  p lace  during the expansion of the s h o c k - c o m p r e s s e d  m a t e r i a l  is a s soc ia ted  with the ampl i -  
tude of the p r e s s u r e  in the re laxa t ion  wave P_ in the following way.  

P _  I - -  2p~ (i) 

w h e r e  tt is the  Po i s son  coeff icient  of the m a t e r i a l  for  the p a r t i c u l a r  p r e s s u r e  of shock compres s ion .  

In calculat ing the c o m p r e s s i o n  of me ta l s  by s t rong  shock waves ,  one f requent ly  neglec ts  the s t rength  
chaxac te r i s t i c s ,  s imply  cons ider ing  the  me ta l  as a liquid (hydrodynamic theory) .  Allowance fo r  the m e -  
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Fig. 1 

chanical  s t rength,  i .e . ,  for  the e las t ic  sect ion on the expansion curve,  subs tant ia l ly  
a l t e r s  the yield {flow) p ic tu re  during shock c o m p r e s s i o n  [3]. 

It was  f i r s t  demons t r a t ed  exper imen ta l ly  in [4] that,  when the p r e s s u r e  of  
the  shock compres s ion  equalled 100 kbar ,  the role  of the s t rength  f ac to r  in a lu -  
minum was  v e r y  cons iderable ,  the c r i t i ca l  shear  s t r e s s e s  being 28.5 kbar .  Th is  
r e su l t  was  suppor ted  in [5] in expe r imen t s  with a luminum al loys:  For  shock-  
c o m p r e s s i o n  p r e s s u r e s  of 110 and 345 kbar  the c r i t i ca l  shea r  s t r e s s e s  w e r e  
8.6 and 22 kbar ,  r e spec t ive ly .  * The r e su l t s  of some  n u m e r i c a l  computat ions 
allowing for  the  effect  of e las t ic  re laxa t ion  on the propaga t ion  sad  attenuation of 
e las t i c  waves  in sol ids  w e r e  p r e s e n t e d  in [6]. 

*Thes e  va lues  of the c r i t i ca t  s t r e s s e s  w e r e  obtained f r o m  the va lues  of p r e s -  
sure  P_ de t e rmined  in [5] for  tt =0.31. 
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As in [4, 5 ], our present  es t imates  of the value of a ,  were  based on a compar ison of the calculated 
and experimental  relat ionships charac te r iz ing  the fall in p r e s s u r e  at the leading edge of shock waves in 
metals,  attributable to the overtaking wave of elast ic  relaxation. 

2. In o rde r  to determine the cr i t ica l  shear  s t r e s se s  behind the leading edge of the shock waves, we 
studied the attenuation of the p r e s s u r e  at the leading edge of the shock wave produced by the impact of a 
plate of the same mater ia l  on the tes t  sample. To descr ibe  the method, let us consider the success ive  
reduction in the p r e s s u r e  at the leading edge of the shock wave ar is ing f rom its interaction with the wave 
of elast ic  relaxation in x, t (path-time) coordinates ,  as indicated in Fig. 2, where A is the striking plate 
and B is a semiinfinite sample. 

When the plate s t r ikes  the sample,  two shock waves 1 and 2 are  formed in the sample. A relaxation 
wave 3,overtaking the leading edge of the compress ion  shock wave, is formed when the shock wave 1 is r e -  
flected in the plate f rom the free surface  of the latter.  The metal  f i rs t  re laxes  in the e las t ic  relaxation 
wave 3 and then in the plast ic  relaxation wave 4 until ze ro  p re s su re  is reached (these correspond to the 
curves  CD and DE in Fig. 1). The veloci ty  of the elast ic  relaxation wave is g rea te r  than the velocity of the 
p las t ic  wave. When the elast ic  relaxation wave interacts  with the shock wave, the p r e s s u r e  at the leading 
edge of the wave falls by an amount determined by the amplitude of the elast ic  relaxation wave, i.e., by the 
magnitude of the cr i t ical  shear  s t r e s ses .  A weak elast ic  compress ion  wave 5 propagates  to the left along 
the sample. Then this wave in teracts  with the plast ic relaxation wave, and an elast ic relaxation wave 6 
again propagates  to the right, overtaking the leading edge of the shock wave, and so on. The p rocess  is 
repeated until the p r e s s u r e  at the leading edge of the shock wave falls to zero.  

Thus the p r e s s u r e  at the leading edge of the shock wave falls in jumps as the wave passes  through 
the sample.  The veloci ty  of the mater ia l  (mass velocity) changes co r r e spond ing ly -  i.e., the velocity u be- 
hind the leading edge of the shock wave; so does the velocity of the free surface w as the shock wave passes  
out through it. 

3. In our experiments  we studied samples  of the aluminum alloy D1, copper M1, and lead in the a s -  
supplied state (without additional heat t reatment) .  The experimental ly measured  quantity was the velocity 
of the free t e s t - s ample  surface w. 

The ar rangement  of the experiment  is i l lustrated in Fig. 3, where 1 is the sample, 2 is a foil, 3 and 4 
a re  plates of tes t  mater ia l ,  5 is an explosive charge with a plane detonation wave, 6 is a block of organic 
glass  record ing  the flight of the foil by a photochronographic method. The w =w(x) relationship was de te r -  
mined in experiments  with samples  p repared  in the fo rm of wedges. The use of samples shaped in this 
way yielded the w =w(x) relat ionship over the whole range 0 < x < h in each of the experiments  (where h is 
the maximum sample thickness).  The shock wave in the sample was excited by the impact of a plate 4 made 
of the same mater ia l ,  2 mm thick. In order  to eliminate the influence of the p r e s s u r e  f rom the explosion 
products  on the propagation of the shock wave in the sample,  a second s imi lar  plate 3 was placed between 
the s t r iker  plate and the explosive charge, and this was accelera ted  by the explosion. 

When the plates  collided, the plate 4 acquired a velocity equal to that of the plate 3, while the la t ter  
s tar ted  moving much more  slowly. An a i r  gap of 5 mm was allowed between the explosive charge and the 
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plate 3 to eliminate chipping. The velocity at which the plate 4 struck 

the sample was measured in special experiments. The velocity was 
varied by using explosive charges of different compositions. In order 
to measure the velocity of the free surface we used photochronographic 

and electrical-contact methods, such as were described, for example, in 
[7]. In this way we recorded the time intervals between the instant at 
which the shock wave emerged at the free surface and that at which it 
reached the contacts (or the block of organic glass when using the photo- 
chronographic method), situated at 3-4 mm from the sample surface. 
In order to eliminate the influence of chipping on the experimentally 
measured velocities, an aluminum film 2 some 0.2 mm thick was fitted 
firmly to the surface of the aluminum samples i. The correction for the 
change in the velocity of the free surface associated with chipping in the 
experiments with copper samples was based on experimental data [8]. 

4. The yield (flow of material) behind the leading edge of the shock 
wave was calculated with due allowance for interaction with the over- 
taking waves of elastic relaxation by using the known equations of State of 
these metals presented in [9]. The experimental and calculated w =w(x) 
relationships for aluminum with P =680 kbar and lead with P =460 kbar 
are given in Fig. 4a and b respectively. The shaded regions 2 are deter- 
mined by the scatter of the experimental data in each series of similar 
experiments. The broken curves i are the calculated relationships for 
(~, = 0 (hydrodynamieal theory); continuous lines 3 and 4 (Fig. 4a) are the 
calculated relationships for P_ =70 kbar and P = i00 kbar. In carrying 
out the calculations, as in [4], no allowance was made for the change in 

the Poisson coefficient with pressure; the values of t~ were taken as 
equal to 0.31, 0.34, and 0.44 for aluminum, copper, and lead respectively.* 

We note that on none of the experimental curves is there a sudden 
fall in the velocity of the free surface. This is evidently because in the 

expansion of shock-compressed metals the transition from elasticity to 
plasticity takes place along a smooth curve and not a curve with a sharp break (CDE in Fig. I). We should 
expect this kind of behavior of the metals on passing from elasticity to plasticity from the results of [i0]. 

Three or four similar experiments were carried out for each metal with the same relative velocity 
of the striker plate. 

As the critical shear stress corresponding to a particular pressure behind the leading edge of the 
shock wave, we took that value of ~, for which the computed w =w(x) relationship best described the experi- 
mental data. 

As the error in determining ~, from the comparison between calculation and experiment, we took 
the interval between the values of or, for which the calculated w =w(x) curves touched the upper and lower 
boundaries of the shaded region. 

We see from Fig. 4b that the experimental w =w(x) relationship for lead closely follows the calculated 
curve based on the hydrodynamic theory ( ~, = 0). 

The following table represents the estimated values of ~, so obtained mad also the corresponding 
pressure amplitudes in the elastic relaxationwave P (kbar) for a shock-wave pressure P (kbar) in the 
three test metals: 

P ~, P 
A1 300--680 t7--29 60--i00 
Cu 340--860 25--4i 90--i50 
Pb 460 o o 

*Al lowance  fo r  the  dependence  of the  P o i s s o n  coef f ic ien t  on the p r e s s u r e  in the shock  wave  m a y  change the  
va lue  of a ,  s l ight ly .  
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5. Comparison between the calculated and exper imental  resu l t s  shows that s t rength plays an impor -  
taut  par t  in the range of shock compress ion  p r e s s u r e s  studied for  aluminum and copper (up to 680 and 860 
kbar respect ively) .  

The  values  of or, here  obtained for  the mater ia l s  under considerat ion a re  shown in relat ion to the 
p r e s s u r e  behind the leading edge of the shock wave in Fig. 5- the points 33 4, 5 cor respond  to aluminum, 
copper,  and lead. The same figure i l lus t ra tes  the resul ts  of analogous measurements  ca r r i ed  out ea r l i e r  
for  aluminum [4, 5] (points 1 and 2). The figure also p resen ts  data relat ing to the effect of hydrostat ic  
p r e s s u r e  on the value of ~ .  in aluminum, copper,  and lead: points 6 and 8 for aluminum and lead [1] and 
point 7 for  copper  [2]. The aluminum data fall  c losely on a common curve.  

As the p r e s s u r e  of the shock compress ion  inc reases ,  so does the t e m p e r a t u r e  behind the leading edge 
of the shock wave. The effects  of these  two factors ,  t em p e ra tu r e  and p re s su re ,  on the cr i t ica l  shea r  
s t r e s s e s  a re  d i rec t ly  opposed. It is evident that for  a shock-compress ion  p r e s s u r e  corresponding to the 
melt ing of the metal  the value of cr. will be prac t ica l ly  zero .  Thus the e ,  = e ,  (1~ relat ionship should have 
a maximum for  shock compress ion .  

According to the resu l t s  of var ious  theore t ica l  and exper imenta l  investigations [11, 12], aluminum 
mel ts  behind the leading edge of a shock wave for  p r e s s u r e s  of 1050-2020 kbar,  copper  for 2050-2550 
kbar,  and lead for  410-1240 kbar.  

The fact that according to our  exper iments  the value of a ,  for  lead at a p r e s s u r e  of 460 kbar  was 
prac t ica l ly  zero  conf i rms i ts  melting behind the leading edge of the shock wave at this  p r e s su re .  
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