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Shock-wave attenuation in meta ls  is studied in a number  of papers [1-8] in o rde r  to obtain information 
about the strength of substances behind a shock front.  A number  of experiments  on the high-veloci ty de fo rma-  
tion of metals  are  not successfu l ly  deser ibed within the f ramework  of an e l a s t i c -p l a s t i c  model with constant 
yield point, and dislocation models [9-13] are  relied upon for the interpretat ion of experimental  data. 

The strength proper t ies  of an aluminum alloy D16 under shock compress ion  p r e s su re s  f rom 8 to 20 kbar  
are  investigated experimental ly  and numerical ly  in this paper.  The possibili ty of descr ib ing experimental  r e -  
sults on the damping of an elastic fo re runner  and a plastic wave on the basis  of the model of an e l a s t i c - p l a s t i c  
body and a model based on the representa t ions  of dislocation dynamics  is investigated. 

1.  F o r m u l a t i o n  o f  t h e  T e s t s  a n d  M e t h o d o l o g y  

o f  t h e  E x p e r i m e n t  

Plane shocks were  produced in ta rge ts  of l =1-40 mm thickness by coll isions with a A = 0.9-ram-thick 
impactor  at a velocity of w=275 m / s e c .  The spread in the quantity w f rom test  to test  was 10% on the average.  
The impactor  and target  were fabricated f rom a D16 alloy as delivered.  The coll isions were  executed in a 
ball ist ic shock tube analogous to that descr ibed in [14]. The pa rame te r s  of the one-dimensional  shock in the 
t a rge t  were studied by the method of capacit ive [15, 16], quartz [17], and Manganin [18, 19] t ransducers .  The 
divers i f icat ion of the coll isions in the 7 0 - m m - d i a m e t e r  domain.did not exceed 0.13 #sec,  and ~0.02 ~see in 
the domain of t r ansducer  mounting. 

Quartz disks of 10 and 20 mm diameter  and 2 and 4 mm thickness were used to record  the p res su re  pro-  
file. The quartz  t r ansduce r  was hooked up in a shor t -c i rcu i t  loop with the R =91-~2 load res is tance .  The r e c o r -  
ding t ime was 0.35 and 0.7 psec,  and corresponded to the t rans i t  t ime T of an elastic shock over  the quartz 
thickness.  The piezomodulus of the X-cut  quartz was taken to be 2.04.10 -8 C /kbar . cm 2 for  p n l -  < 6 kbar  and 
2.15"10 -8 C / k b a r ' c m  2 in the 9 -16-kbar  range [20]. Records f rom the quartz t r ansducer  c a r r y  information 
about the p r e s s u r e  distribution in the wave ~, 0.03 #sec with a t ime resolution, which permits  clarif icat ion of 
the e l a s t i c - p l a s t i c  wave s t ructure .  

Fig. 1 
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The Manganin p r e s s u r e  t r ansduce r  was a plane rec tangular  grat ing wound f rom 0 .05- ram-d iamete r  
Manganin wire  (mark lVINMtSZ-12 All-UnionState Standard (GOST) 492-52) on a 10 x 10 mm area.  The t r ans -  
duce r  thickness was 0.15 ram, which cor responds  to a t ime resolution of 0.25 psec.  The piezores is t ive  coef-  
f icient  of Manganin was taken to be 2.3"10 -3 kbar  -1 for  Pn -< i5 kbar,  and 2.7.10-3 for  Pn > 15 kbar  [19]. 

Recording of the instantaneous velocity of the specimen f r ee - su r f ace  motion was by a capaci tor  t r ans -  
duce r  of 0 .78-cm 2 a rea  hooked up in a sho r t - c i r cu i t  loop (R = 98 fl). 

Osci l loscopes  with a passband ~ 20 MHz were used to record  the e lec t r ica l  signals f rom the t ransducers .  

2 .  T e s t  R e s u l t s  a n d  D i s c u s s i o n  

Osc i l lograms  i l lustrat ing the p r e s s u r e  change in the shock (Fig. la ,  quartz  p r e s s u r e  t ransducer ,  l = 10 ram, 
t iming m a r k e r s  0.1 #sec,  T = 0.7 #see) and the specimen f r e e - s u r f a c e  motion velocity (Fig. lb ,  c,  capac i tor  
t r ansduce r s ,  l= 5 and 30 ram, respect ively ,  t iming m a r k e r s  1.0 #see) are presented  in Fig. 1. 

The experimental  compress ion  wave profi les recorded  by a quartz p re s su re  t r ansducer  (averaged f rom 
the resul ts  of three to four tests) are  presented in l~ig. 2 (solid lines). The profi les recorded have a two-wave 
configuration. The f i r s t  wave is elastic and propagated at the speed c e =6.2 + 0.1 k m / s e c ,  and the second, 
plast ic ,  wave has the velocity c w =5.3 :~ 0.2 km/sec  in the domain under investigation. 

The experimental  resul ts  i l lustrat ing the change in p r e s su re  Pel (points 1) and mass  flow rate Uel 
(points 2) on the elastic wavefront  a re  presented in Fig. 3 as a function of target  thickness.  A substantial  
diminution in the p r e s s u r e  amplitude is detected in the elastic wave f rom 12 to 2 kbar  as the specimen thick- 
ness  increased f rom 3 to 10 ram. Attenuation of the elastic p r e c u r s o r  was observed ea r l i e r  in aluminum [21], 
A r m c o  iron [22], and silicon [23]. Let us note the well-defined spread in the experimental  points that is poss i -  
bly associated with the high sensi t ivi ty of the p r e c u r s o r  amplitude to the mater ia l  mic ros t ruc tu re .  

The plastic wavefront being recorded (Yig. 2) is noticeably smoothed out. For  l =10 mm the time of 
wavefront  r ise  is ~ 0.2 #see,  which agrees  with the resul ts  in [5] obtained by a l ase r  in t e r fe romete r  method : 
for  aluminum under shock compress ion  to 21 kbar.  
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The two-wave s t ruc ture  of the unloading wave is fixed on the p(t) profi les for  l --10 mm. According to 
the model of an ideal e l a s t i c - p l a s t i c  medium, the amplitude of the elastic section of the unloading wave ~p  
should be twice the amplitude of the elastic p r ecu r so r .  In experiments ,  the quantity was A p -  ~ 1.3Pc !. It can 
be assumed that one of the possible reasons  for  such a d i sc repancy  could be the Bauschinger  effect for  shock 
compres s ion  and the subsequent plastic unloading [5]. This effect can be explained f rom the aspect  of d is -  
location theory; in fact  the finite velocity of the motion and multiplication of dislocat ions and its associated 
delay in fluidity resul t  in the dynamic yield point in a plastic compress ion  wave being severa l  t imes g rea t e r  
than its static value. At the same t ime, an increase  in the number of dislocations in the compress ion  wave 
resu l t s  in the r eve r se  passage f rom elast ici ty to plast ici ty proceeding at a significantly lower tangential s t r e s s  
during expansion of the shock compressed  mater ia l .  

Data on the damping of the plastic wave amplitude as it moves over  the target  are  presented in Fig. 4 
curve  a gives resul ts  of measurements  by the Manganin t ransducer ,  and curve b by the quartz t ransducer) .  
P r e s s u r e  pulse propagation cannot be descr ibed f rom the viewpoint of a hydrodynamic approximation (curve 1, 
computed by the method in [4]). Shock attenuation turns out to be s t ronger  than follows f rom the hydrodynamic 
model.  Curves 2-4 cor respond to plastic wave damping by the model of an e l a s t i c - p l a s t i c  medium [1] with 
elast ic unloading wave amplitudes of 3, 4, and 5 kbar ,  respect ively .  Comparing curves  2-4 with the resul ts  of 
the experiment  shows that the damping of the plastic shock in the 8-20 kbar  range is descr ibed by the model 
of an e l a s t i c - p l a s t i c  medium with an elastic unloading wave amplitude Ap=3-5  kbar,  where the amplitude of 
the elastic section of the unloading diminishes as the wave propagates .  

Extrapolation of the experimental  resul ts  to l = 0 (see Fig. 4) yields Pn = 23-24 kbar for the initial p r e s -  
su re .  The initial shock amplitude, computed by the formula  Pn =P 0Ce u is ~ 22 khar.  It is therefore  impossible 
to exclude that a purely elast ic ,  o r  an a lmost  elastic,  nature of the coll ision is real ized in the initial instant 
[23, 24]. 

3 .  M o d e l  o f  a M e d i u m ,  R e s u l t s  o f  C o m p u t a t i o n s  

In the in te res t  of compar i son  with the experiments  descr ibed,  computations were per formed on an 
e lect ronic  computer  fo r  a complicated model of a medium based on the representa t ions  of dislocation dynamics.  
The problem of the coll ision of two plates under uniaxial s t ra in -s ta te  conditions was examined. The equations 
of motion have the fo rm 
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dx d p _  au du i a p  2 as (3.1) 
d--~ = u, -~- -- - -  p-~-, ~ : p Ox ~- 3p ax' 

where  x is  the Euler ian  coordinate  of the pa r t i c le ,  u is the veloci ty,  p is the densi ty ,  p is  the hydrodynamic  
p r e s s u r e ,  and s is  the intensi ty of the s t r e s s  t enso r  devia tor .  Le t  us note that p n f p  - 2/3s. 

The s y s t e m  {3.1) is  c losed by equations governing the p r o p e r t i e s  of the medium.  

The equation 0f s ta te  was taken in the f o r m  

P~ ---P '~-- l 

with the following va lues  of the p a r a m e t e r s :  p 0 =2.7 g / e ra  3, c0 =5.3 k in / s ee ,  and n =2.5. The governing re la t ion-  
ships  fo r  the s t r e s s  dev ia to r  w e r e  taken in the f o r m  

. 0 6  p ds = 2G 08 __ ~ - ~ s g n s ] ;  (3.3) 
d-i" - ~  

as----P = b u . N  exp [--2~, / I  s I]; (3.4) at 

~v asp (3.5) 
- ~  = m - ~ ,  N ( O ) =  No, 

where  G is the s h e a r  modulus,  0e/Dt = a u / a x  is  the to ta l  s t ra in  ra te ,  2 a c P / S t  is the plast ic  s t ra in  ra te ,  N 
is the dens i ty  of mobi le  d is loca t ions ,  N o is the init ial  densi ty  of the mobile  d is locat ions ,  m is the mult ipl icat ion 
fac to r ,  b is  the B u r g e r s  vec to r ,  ~', is the c h a r a c t e r i s t i c  s h e a r  r e s i s t ance ,  and u ,  = ( G / p ) ~ / ~ i s  the shea r  speed 
of sound. 

The plast ic  s t ra in  ra te  is de te rmined  by the  in terna l  d is locat ion p a r a m e t e r s  jus t  until it b ecomes  equal 
to the to ta l  s t r a in  r a t e  accord ing  to {3.4). Af t e rwards  it is na tura l  to a s s u m e  that the plast ic  s t ra in  ra te  equals 
the total  shea r  s t ra in  r a t e  (or is l e s s  if hardening is introduced).  It is  a s sumed  that  2a r P/a  t =8 r  t if 

Oe/Ot ~ 2 b u , N  exp [--2~,/Is[]. (3.6) 

Then d s / d t  = 0 and s =cons t .  

F o r  I s! < Ys it  is  a s sumed  a s  P / 0 t = 0 .  The behav ior  of the medium is pure ly  elast ic  here ,  being sub-  
j ec t  to Hooke ' s  law in d i f fe ren t ia l  f o r m  

ds/dt -~ 2Gas/or. (3.7) 

The unloading was also cons ide red  e las t ic .  The shea r  modulus was calcula ted by the fo rmula  

C = 3p~ ( 1  - -  2v) (3.8) 

The method of pseudoviscos i ty  was used to compute  the shocks.  The countable b lur r ing  of the shocks 
can re su l t  in addit ional mul t ip l icat ion of the d is locat ions  on the front  of the elast ic  p r e c u r s o r .  In this connec-  
t ion, mul t ip l icat ion of the d is loca t ions ,  defined by (3.5), was  allowed in the computat ion scheme  only behind 
the elast ic  wavefront ,  and the f ront  local izat ion was made  by means  of the posit ion of the f i r s t  m a x i m u m  of 
the countable  v i scos i ty .  

The following were  taken as  d is locat ion p a r a m e t e r s :  b =2.86"10 -8 cm,  N o =2-106/cm 2 [21], u .  =2.8 kln/  
sec ,  m =40.109/cm 2. It was a s s um ed  that  Ys =0.5 kba r ,  the coeff icient  T.  was se lec ted  numer i ca l ly  f rom a 
c o m p a r i s o n  between the computa t ional  and expe r imen ta l  data.  The bes t  a g r e e m e n t  was reached for  7 ,  =1 
kba r .  

The behav io r  of a m a t e r i a l  subject  to the equations of the medium (3.2)-(3.8) during shock c o m p r e s s i o n  
and subsequent  expansion is shown schemat ica l ly  in Fig. 5 in the coordina tes  Pn, the c o m p r e s s i v e  s t r e s s  in the 
s t r a i n  d i rec t ion ,  and the c o m p r e s s i o n  e. Here  OA is the e l a s t i c - s t r a i n  section,  AF is the "yield lag" section,  
YB is  the plas t ic  loading sect ion,  BC is the e las t ic  unloading curve ,  CD is the plast ic  unloading curve ,  and OE 
is the hydros ta t ic  c o m p r e s s i o n  cu rve .  

This  model  d i f fe rs  f r o m  the ideal  e l a s t i c - p l a s t i c  med ium [4, 26] in the p re sence  of the yield lag section 
when the densi ty  of the mobi le  d is loca t ions  is not enough to t r a n s f e r  the m a t e r i a l  into the flowing state.  The 
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dynamic yield point at which the ma te r i a l  a r r i v e s  is de termined  by the magnitude of this section which can be 
var ied  for  different  p roces se s .  The d iagram is nonsymmetr ic  re la t ive  to the hydrostat ic  compress ion  curve .  
This  a s y m m e t r y  diminishes  as the wave advances and at tenuates.  

The sys tem (3.1)-(3.8) was solved numer ica l ly  by finite d i f ferences .  The computation method based on 
split t ing according to physical  p r o c e s s e s  is elucidated in [27]. The size of the calculation cel l  is 9 .05-0 , i  mm~ 

The computed prof i les  of Pn(t) a re  denoted by dashes in Fig. 2. Let  us note the good cor respondence  be-  
tween the computed and exper imenta l  cu rves  fo r  l = 10 ram. The amplitude of the elast ic  unloading wave 
measured  in tes t  was 3.5 kbar  fo r  this specimen thickness,  which cor responds  t o  the es t imate  obtained for  the 
quantity Ap obtained f rom an analysis  of shock attenuation according to [1]. 

The computed curve  obtained for  attenuation of the elast ic  wave amplitude is presented in Fig. 3. The 
location of the p r e c u r s o r  was de te rmined  in the numer ica l  computation for  a compar ison  with the exper imental  
da ta  by means  of the local  minimum of the slope Pn(X). Qualitative agreement  between the exper imenta l  and 
computed data on elast ic p r e c u r s o r  attenuation can be a s se r t ed ,  while the quantitat ive cor respondence  can be 
acknowledged as sa t i s fac tory .  

The computed curve  for  attenuation of the plastic wave amplitude is presented in Fig. 4 ~urve 5). 
P las t ic  wave attenuation is t ransmi t ted  well enough in the computation.  

It can the re fo re  be concluded that the plastic deformat ion model cons idered  mainly re f lec t s  the singu- 
l a r i ty  in the behavior  of aluminum under shock compress ion  to 20 kbar  and subsequent unloading. 
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S I M I L A R I T Y  A N D  T H E  E N E R G Y  D I S T R I B U T I O N  

I N  A N  E X P L O S I O N  IN A N  E L A S T I C - P L A S T I C  M E D I U M  

P .  F .  K o r o t k o v  a n d  B.  M.  P r o s v i r n i n a  UDC 539.3 

An exact  solution of the p rob lem of an explosion in a solid medium where  la rge  s t r a ins  occur  is poss ible  
by using n u m e r i c a l  methods  [1., 2]. Results  of computa t ions  of s epa ra t e  ve r s ions  of s t rong explosions a r e  
p resen ted  in [3-9]. The sphe r i ca l ly  s y m m e t r i c  explosion is invest igated in a medium which d i f fe rs  min imal ly  
in complex i ty  of the descr ip t ion  f r o m  an e las t ic  med ium but an impor tan t  p rope r ty  of a medium subjected to 
l a rge  s t r a ins ,  the capac i ty  to plas t ic  flow, is taken into account  for  a detailed ana lys i s  and to obtain genera l  
r egu l a r i t i e s  in this paper .  Such an ideal  e l a s t i c - p l a s t i c  medium di f fers  f rom the elast ic  by one excess  p a r a -  
m e t e r ,  the yield point. The p rob lem of an explosion in such a medium was approx imate ly  solved e a r l i e r  for  
s impl i fy ing  a s sumpt ions ,  and a detai led s u rve y  is  found in [10-14]. 

The equations of motion continuity and energy  in Lagrange  va r i ab les  for  the nonsta t ionary  motion of a 
cont inuous med ium with spher i ca l  s y m m e t r y  have the f o r m  

P00v aa~ a r -  o~ 
V 0t ='~7 "'I'2 'r ' 

i av i 0 _ P o  
T 0-7 = 7 " ~ 7  ( r 'u) '  Y - T '  

OE OV I Oe r Oe~ 
Po'57 = --P ~7" -}- V ( S,--~-}- 2S~-~  ), 

Oe r Ov Oeq~ v 
o-7 = - ~ '  -M - =  "7-' ~ , =  - - p - k S , ,  o~=  - - p - b  S~, 

where  v is the veloci ty,  p i s t h e  densi ty  of the medium,  p 0 is the initial  densi ty ,  p is the p r e s s u r e ,  cr r and (r~ 
a r e  the rad ia l  and tangent ia l  s t r e s s e s ,  S r and Sr a r e  s t r e s s  dev ia to r  components ,  E is the in ternal  ene rgy  of 
the medium pe r  unit m a s s ,  and e r and e r  a re  s t ra in  t en so r  components .  

The re la t ionsh ips  between the s t r e s s e s  and s t r a in s  fo r  an e las t ic  m a t e r i a l  a r e  used in the f o r m  

Moscow. Trans la t ed  f r o m  Zhurnal  Pr ikladnoi  Mekhaniki i Tekhnicheskoi  ]~iziki, No. 2, pp. 143-152, 
M a r c h - A p r i l ,  1980. Or ig inal  a r t i c l e  submi t ted  Apr i l  9, 1979. 
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