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Presen ted  are  the resu l t s  of an experimental  investigation of the p rocess  of deformation of a 
body as it impacts  and per fora tes  thin plates,  the impact  speeds being in the range f rom 3 to 
9 k m / s e c .  We show that in a f i rs t  approximation the radial  deformation ra te  of the body is 
proport ional  to the mass  velocity determined f rom the impact pa ramete r s ;  we also show that 
the initial stage of the p rocess  can, with sufficient accuracy ,  be descr ibed within the f r ame-  
work of the s implest  hydrodynamic models.  We establish the fact that the body debris  pa r -  
t icles have sizes distributed in accordance  with the R o s e n - R a m m l e r  law and we show that the 
ra t io  of the maximum velocity of these par t ic les  to the impact velocity is a function of the 
geometr ica l  dimensions and densit ies of the body and target .  

In teres t  in the phenomenon of the perforat ion of a plate by a part icle  impacting it at  speeds ranging 
f rom 1 to 10 k m / s e c  is p r imar i ly  associa ted  with the problem of how to protect  space vehicles against  the 
impact  of a meteoroid  by using a shield, i.e., a plate placed in front of the space vehicle, the thickness of 
this plate being less  than the perforat ion limit thickness of the s t ruc ture  being protected.  Numer ica l  ca l -  
culations given in [2], based on a hydrodynamic model of this phenomenon, present  a picture of the initial 
stage of the p rocess  of interation of the body with the plate. A descript ion of the process  based on such a 
model does not permit  an analysis  of the debr is  field behind the shield. An analysis  of this kind is par t icular ly  
important  when the spacing between the shield and the s t ructure  being shielded, i.e., the target ,  is large;  
in this case,  the blow to the s t ructure  resu l t s  f rom individual debris concentrat ions.  Owing to boundary e f -  
fects,  d iscrete  debris f ragments  appear behind the shield even when the maximum increase  in the internal 
energy behind the front of the shock wave in the body and the shield considerably exceeds the heats  of vapor-  
ization of the mater ia l s  involved. A solution of the problem, which takes into account strength proper t ies  
and failure charac te r i s t i c s  of the mater ia ls  in the presence  of a high deformation rate ,  is not available, 
even in the s implest  case when the shield thickness is small  in compar ison  with the size of the impacting 
body. It is therefore  natural  to t rea t  these problems experimentally.  Experimental  data re ta in  their s ig-  
nificance even for the purpose of making approximate engineering es t imates  in the initial stage of defor-  
mation of the body. 

In the present  paper we present  the resu l t s  of an investigation of the impact p rocess  on the basis  of 
experiments  conducted with impact  speeds in the range f rom 3 to 9 km/sec .  Steel spheres  with a diameter  
of 2.5 mm were acce lera ted  by means of an explosive shaped-charge acce le ra to r  (see [3]). P la tes  of steel 
and Duralumin of thickness varying f rom 1 to 3 mm were acce le ra ted  by explosive means,  as were also 

TABLE 1 

Plate 
material 

Steel 

Aluminum 

~, vo, km/sec mm 

i I 4,6_+0,t5 
1 3,95• 
2 3,9• 
2 5,i+_0,i5 

bodies of cyl indrical  shape with height equal to the diameter  (4 ram). The 
method of project ion in this case is c lose  to that descr ibed in [4]. For  
rea l iz ing much higher velocit ies at  impact  we also employed a method in 
which a plate and a body were simultaneously projected toward each other.  
The study of the initial stage of the deformation p rocess  in the body was 
made with the aid of flash x - r a y  pic tures ;  this was done in the case  of the 
project ion of a fiat plate onto a large fixed cyl indrical ly  shaped body 
(usually 10 • 10 mm). The plate pa ramete r s  are  given in Table 1. 
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1. We consider  high-speed impact at speed v0 of a cylinder of height h and 
diameter  d (where h is c lose  to d) onto a plate of thickness 5 (see Fig. la); the den- 
si t ies of the cylinder and of the plate are ,  respect ively ,  P0 and Pt. At the instant of 
impact  shock waves begin to propagate into the cylinder and the plate (these a re  in- 
dicated by a r rows  in Fig. lb). A ra re fac t ion  waves a r i s e s  at the la tera l  surface of 
the cylinder,  causing the mater ia l  to spread out (shown shaded). After the shock 
wave exits at the r e a r  surface of the plate a centered ra re fac t ion  wave propagates  
backward into its inter ior  and the mater ia l  then begins to flow (Fig. lc) .  At a deft- 
nite stage (see Fig. ld) the plate mater ia l  is deformed with the residual  body mater ia l  
into a shroud, which upon rupture resu l t s  in a field of debr is  f ragments .  

The s implest  case to t rea t  is the case  of a thin plate (h >> 5). The problem is 
then reduced to consider ing deformation of a body as the resu l t  of passage through 
it of a shock wave of given strength and duration. A study of the impact- induced 
p rocesses  taking place in the body can be made based on experimental  data re la t ing 
to planar shock waves in metals  [2, 4]. F rom a knowledge of the pert inent shock 
adiabats one can obtain, corresponding to a specified impact speed v0, the mass  vel-  
ocity u D behind the shock front (when the mater ia l s  of the impacting bodies a re  alike, 
Up = v0~2), the speed of the front u s, the compress ion  7 = P*/P0 (P* is the density be-  
hind the front), and the p res su re  p = P0UpU s. Recal l  that we a re  dealing here  with 
the " r e v e r s e "  situation, namely,  the impact of the plate on the body. 

The ra refac t ion  wave, originating at the r e a r  surface of the plate, overtakes the front of the shock 
wave moving in the body at a distance into the body given by 

where c is the velocity of sound behind the front; the pr imes  r e fe r  to the corresponding paramete r s  for the 
plate (they apply when the plate and body mater ia l s  are  not alike). In the experiments  repor ted  here  (see 
Table 1) the value of l varied f rom h/2  to h. 

In rel ieving the p res su re  a r i s ing  at impact an essential  role  is also played by the ra re fac t ion  wave 
emanating f rom the la tera l  free surface of the cyl indrical  body. The distance into. the body at which the shock 
front, as  yet  unaffected by the action of unloading f rom the r e a r  surface of the plate, is f i rs t  attenuated by 
this la tera l  ra re fac t ion  wave is given by 

l 1= d/2 tg a, 

tg ~z = [(c/u~) ~ -- (u s -- up)'2"iu;j~l t/2, 

where c~ is the la teral  unloading angle. In the case  of s t rong shocks, tan a ~ 0.7 over a wide range of p res -  
sures  and for varying mater ia l s ,  i.e., l t ~ 0.7d (see [4]). 

In [2] th e assumption was made that for the purpose of making engineering es t imates  a one-dimen-  
sional model of the impact p rocess  could be used. Simple experiments  show, however,  the substantial role  
playe d by the la teral  ra refac t ion  wave when h N d. To verify this, we recorded  the axial speed vt of a steel 
foil of thickness 5 = 0.3 ram, placed at the r e a r  end face of steel cyl inders  of height h = 10 m m  and of 
d iameters  d = 10 mm and d = 30 mm (these were impacted by a steel plate of thickness 5 = 1 mm at a speed 
of v0 = 4.6 km/sec) .  For  the case  d = 10 mm the shock front was attenuated by the la tera l  ra refac t ion  wave; 
for the case d = 30 ram, a zone of about 15 mm was unaffected by this wave; in each case the unloading con- 
ditions f rom the r e a r  free surface of the plate remained constant.  The resul t s  are  shown in Table 2; they 

show a sharp difference in the values of vt; in view of the small  data base 
TABLE 2 

h, mm d, I] u , vii mm p,  Mbar" k~ / kin/ 
I see SCC 

0f0 i 23t0+ 10 30 1 . 4  [ 2.3 1.9 

the experimental  e r r o r s  are  large,  but not, however,  grea ter  than 15%. 
The values of p and Up given here  a re  those corresponding to the instant 
of impact at the boundary between the plate and the body. In the one-di-  
mensional case the value of vt is close to twice the value of the maximum 
mass  velocity at the end face; it is evident f rom Table 2 that there  is a 
noticeable drop in the mass  velocity (and in the pressure)  over the path 
h, i.e., after  a charac te r i s t ic  time for the wave processes ,  namely, t s ~ 
h /u  s (in order  of magnitude). 
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F i g u r e  2 shows  an x - r a y  p h o t o g r a p h  of a d e f o r m i n g  s p e c i m e n  of  l e a d  2.7 
s ec  a f t e r  b e i n g  i m p a c t e d  a t  v 0 = 5.1 k m / s e c  by an  a l u m i n u m  p l a t e  of t h i c k n e s s  

5 = 2 m m .  F i g u r e  3 i n d i c a t e s  a t  s u c c e s s i v e  t i m e  i n s t a n t s  the d e f o r m a t i o n  
p r o c e s s  o c c u r r i n g  in a s t e e l  body i m p a c t e d  a t  v0 = 3.9 k m / s e c  by  a s t e e l  p l a t e  
of  t h i c k n e s s  5 = 2 m m  (as  deduced  f r o m  f l a s h  x - r a y  p i c t u r e s ) .  In our  w o r k  we 
u s e d  a 4 - f r a m i n g  a p p a r a t u s ,  so tha t  in a g iven  s e r i e s  of t i m e - f r a m e s  an  e r r o r  
of A t  -- 0.2 # s e c  i s  p o s s i b l e  in the  v a r i o u s  e x p e r i m e n t s .  The  d a s h e d  c o n f i g u r a -  
t i ons  def ine  the  s p a l l s  and  d e l a m i n a t i o n s  which  o c c u r  a t  the f r e e  s u r f a c e s .  T o -  
t a l  f a i l u r e  of  the  body was  r e c o r d e d  a t  a t i m e  of  T ~ 18 # s e c  ( c r a c k  f o r m a t i o n  
i s  p o s s i b l e  a t  a much  e a r l i e r  t ime ) ,  i . e . ,  the  t i m e  to c o m p l e t e  r u p t u r e  T >>t s 
( h e r e  u s = 7.1 k m / s e c ) .  In v iew of the  above ,  we can  s a y  tha t ,  in the m a i n  the  
d e f o r m a t i o n  p r o c e s s  t a k e s  p l a c e  a t  a c o n s t a n t  d e n s i t y  P0, i . e . ,  we can  c o n s i d e r  
th i s  p r o c e s s  wi th in  the  f r a m e w o r k  of  a m o d e l  of  an  i n c o m p r e s s i b l e  m e d i u m .  
S i m i l a r  c o n c l u s i o n s  can  be m a d e  in a n a l y z i n g  the  d e f o r m a t i o n s  of b o d i e s  of 
o t h e r  m a t e r i a l  c o m p o s i t i o n s .  

I n i t i a l  c o n d i t i o n s  fo r  the  i n e r t i a l  f low a r e  d e t e r m i n e d  by  the f i e ld  of v e l -  
o c i t i e s  c r e a t e d  in the  body d u r i n g  the i n t e r a c t i o n  of  the  shock  wave  with  the  
r a r e f a c t i o n  w a v e s .  In a n a l y z i n g  the  da ta  of  T a b l e  2, we r e m a r k e d  tha t  the va lue  
of the  m a s s  v e l o c i t y  a t  the  r e a r  end  f ace  of t he  body  was  much  l e s s  than  Up. The  
f l a s h  x - r a y  p h o t o g r a p h s  m a k e  i t  p o s s i b l e  to r e c o r d  the  d i s p l a c e m e n t  of the  op-  

m a g n i t u d e  e s t i m a t e  of  Up in v iew of the  n a t u r a l  d i f f u s e n e s s  of the i m a g e  on the 
x - r a y  p l a t e s .  Such e s t i m a t e s  show tha t  for  t ~ t s the  va lue  of Up i s  s t i l l  abou t  
~ 0.5 Up; they  a l s o  show tha t  the f o r m  of  the  d e c r e a s i n g  f u n c t i o n ~ p / U p  = f ( t )  

i s  s i m i l a r  for  b o d i e s  of v a r i o u s  m a t e r i a l s .  

M o r e  r e l i a b l e  i n f o r m a t i o n  is  g iven  by  a m e a s u r e  o f  the  m a x i m u m  r a d i u s  
r (t) of  the  d e f o r m i n g  body,  a l though i t s  d e t e r m i n a t i o n  i s  c o n n e c t e d  with  an  un-  
a v o i d a b l e  e r r o r  ( s ee  F ig .  2). The  r e s u l t s  of m e a s u r i n g  w r = d r / d t  fo r  t = 5 

g s e c  (which a m o u n t s  to f r o m  3 to 4 t s) a r e  shown,  in t e r m s  of Up, w r ,  in F ig .  4 (the body h e r e  i s  s t e e l  and  
the  i m p a c t i n g  p l a t e s ,  l i s t e d  a c c o r d i n g  to m a t e r i a l ,  t h i c k n e s s ,  and i m p a c t  v e l o c i t y ,  a r e  a s  fo l lows :  1) a l -  
u m i n u m ,  5 = 2 m m ,  v 0= 5 . 1 k m / s e c ; 2 )  s t e e l ,  8 = 2 m m ,  v 0= 3.9 k m / s e c ;  3) s t e e l ,  8 = l m m ,  v0 = 3 . 9 5  
k m / s e c ;  4) s t e e l ,  5 = 1 m m ,  v0 = 4.6 k m / s e c ;  the o t h e r  b o d y - p l a t e  c o m b i n a t i o n s  r e p r e s e n t e d  in th i s  f i g u r e  
a r e  a s  fo l lows :  a l u m i n u m  body  and  a l u m i n u m  p la te  (5) wi th  6 = 2 m m ,  v0 = 5.1 k m / s e c ;  t ungs t en  body (a 
c o l l e c t i o n  of  p l a t e s )  and a s t e e l  p l a t e  (6) wi th  5 = 1 m m ,  v0 = 4.6 k m / s e c ;  l e a d  body and an a l u m i n u m  p la t e  
(7) with 5 = 2 r am,  v0 = 5.1 k m / s e c ) .  The  da ta  Show tha t  for  the v a r i o u s  m a t e r i a l s  t h e r e  i s  a un ique  r e l a -  
t i o n s h i p  be tween  the v a l u e s  of Up and  w r ,  i . e . ,  w r ~ f(Up) (as a r o u g h  a p p r o x i m a t i o n  we can  t ake  w r ~ k u p + b ,  
w h e r e  k and  b a r e  c o n s t a n t s ) .  We  r e m a r k  tha t  for  the  d i m e n s i o n s  in ques t i on  the  va lue  of  w r s t a y s  p r a c -  
t i c a l l y  c o n s t a n t  when t > 5 # s e c .  

In the e x p e r i m e n t s  conduc t ed  h e r e  the body m a t e r i a l s  had  s t r e n g t h s  v a r y i n g  o v e r  an  o r d e r  of  1,.5-2 
( f rom l e a d  to s t e e l ) .  The  in f luence  of  the  s t r e n g t h  c h a r a c t e r i s t i c s  in the  d e s c r i p t i o n  of the  d e f o r m a t i o n  of  
a body fo r  v 0 -> 4 k m / s e c  has  not  been  r e m a r k e d  upon.  T h e r e  is  thus  the  p o s s i b i l i t y  of  u s i n g  th i s  i n f o r m a -  
t i on  to m o d e l  the  d e f o r m a t i o n  p r o c e s s  in t e r m s  of  an  i n c o m p r e s s i b l e  f lu id .  I t  shou ld  be  no ted  tha t  the  
s t r e n g t h  c h a r a c t e r i s t i c s  of a m a t e r i a l  can  have  a s u b s t a n t i a l  in f luence  on the  s i z e  of the  s p a l l  f r a g m e n t s  
tha t  a r e  f o r m e d  in the  f ina l  s t a g e  of  the  d e f o r m a t i o n  p r o c e s s .  

We c o n s i d e r  the  s t a r t  of an  i n e r t i a l  f low in a s e t t i n g  s i m i l a r  to t ha t  a s s u m e d  in [5, 6] in c a l c u l a t i n g  the 
i n i t i a l  s t a g e  of  a d i r e c t e d  e x p l o s i o n .  L e t  the  m a t e r i a l  of  a c y l i n d e r  of uni t  r a d i u s  (h = d) c o n s i s t  of  an  i d e a l  
i n c o m p r e s s i b l e  f lu id ,  and  l e t  the  b o u n d a r y  cond i t i ons  be  

v==-~z-~  for z = O ,  

q~O for z=h, 

~ = 0  " for z = i ,  

(1.1) 
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w h e r e  r i s  the  v e l o c i t y  p o t e n t i a l  and  z and r a r e ,  r e s p e c t i v e l y ,  the  a x i a l  and  r a d i a l  c o o r d i n a t e s .  P h y s i c a l -  ...... 
•y• t h e s e  cond i t i ons  c o r r e s p o n d  to a s s i g n i n g  the v e l o c i t y  on the  b a s e  of  the  c y l i n d e r  and  s e t t i ng  the  p r e s s u r e  
equa l  to z e r o  on the  r e m a i n i n g  s u r f a c e  of the  c y l i n d e r .  T h e  s o l u t i o n  of the  equa t ion  

Or s r Or ' Oz s 

s u b j e c t  to the  cond i t i ons  (1.1) h a s  the  f o r m  

where the Pi are the zeros of the Bessel function of order zero, J0, i.e., J0 (Pi) = 0, ~i = Ji (Pi)/Pi (Jl is the 
Bessel function of the first order). Then 

Vz = ~ z  "~ 2 ~ p i j l  (p~) ch  p l h  

co 

4=I PiJz(Pi) ehp~h 

(1.2) 

If  we l i m i t  o u r s e l v e s  to the f i r s t  t e r m s  of  the  s e r i e s ,  t h i s  c o r r e s p o n d s  to a d r o p  in  the  v e l o c i t y  t o -  
w a r d s  the  b a s e  p e r i p h e r y .  The  r e s u l t s  ob t a ined  in compu t ing  the v e l o c i t y  f i e ld  a r e  shown in F ig .  5 for  
n = 1 and  n = 5 (n i s  the n u m b e r  of  t e r m s ) ;  the v a l u e s  given h e r e  a r e  t h o s e  of v z (r) fo r  z = 0 and z = 1; a l s o  
d i s p l a y e d  a r e  the  v a l u e s  of  v z (z) fo r  r = 1. When z = 2, the  va lue  of  v z ~ 0. The  va lue  of v r for  z = 0 and  

r = 1 i n c r e a s e s  r a p i d l y  wi th  i n c r e a s i n g  n (the s e r i e s  2 ~ = i ~  ( th2pi  ' to  which  the s e r i e s  (1.2) r e d u c e s ,  i s  d i v e r -  

gent) .  Th i s  i s t h e  a n a l y t i c a l a n a l o g  of the  b o u n d a r y  s h r o u d  s een  on the  x - r a y  p i c t u r e s .  I t  c an  be  c o n f i r m e d  
tha t  the  o r d e r  of magn i tude  of the  v e l o c i t y  v r (z) c o r r e s p o n d s  to tha t  o b s e r v e d  in the  e x p e r i m e n t s ,  w h e r e i n  
i t  was  a s s u m e d  tha t  the m a x i m u m  v z ~ 0.Sup in a g r e e m e n t  wi th  the  e s t i m a t e  i n d i c a t e d  above .  

The  m o d e l l i n g  c o n s i d e r a t i o n s  e m p l o y e d  above  a s s u m e  tha t  the  m a t e r i a l  of the  body i s  m a c r o s c o p i c a l -  
ly  con t inuous .  T h e r e f o r e ,  i f  the i m p a c t  s p e e d  i s  v e r y  high (v 0 g r e a t e r  than  10 to 15 k m / s e c ) ,  t h e s e  con -  
s i d e r a t i o n s  a r e  not  a p p l i c a b l e ,  s i n c e  the m a t e r i a l  m a y  beg in  to v a p o r i z e  when un load ing  t a k e s  p l a c e  beh ind  
the shock wave .  The p r o c e s s  b e c o m e s  s i g n i f i c a n t l y  m o r e  involved  and does  not  a d m i t  of  a s i m p l e  a n a l y s i s ,  
even  in the  c a s e  when the p l a t e  t h i c k n e s s  5 ~ h,  s i n c e  then  the f low of the  p l a t e  m a t e r i a l  rfiust a l s o  be  con -  
s i d e r e d .  

2. L o g i c a l l y ,  i t  would be m o r e  s a t i s f y i n g  to c o n s i d e r  not  the  d e f o r m a t i o n  p r o c e s s  in the body,  but  
r a t h e r  to s o l v e  the  c o m p l e t e  p r o b l e m  invo lv ing  the d e f o r m a t i o n  of the body and  i t s  f r a g m e n t a t i o n  into in -  
d iv idua l  d e b r i s  p a r t i c l e s  when i t  i s  s u b j e c t e d  to a s h o r t  d u r a t i o n  shock i m p u l s e .  H o w e v e r ,  to t h i s  t i m e  
t h e r e  e x i s t s  no e x a c t  f o r m u l a t i o n  for  t r e a t i n g  the p r o b l e m  c o n c e r n e d  with  the  f a i l u r e  of a m a t e r i a l ;  one 
r e a s o n  for  th i s  i s  the  l a ck  of i n f o r m a t i o n  c o n c e r n i n g  the p h y s i c o m e c h a n i c a l  p r o p e r t i e s  of a m a t e r i a l  under  
the  cond i t i ons  e x i s t i n g  when the  b o d y - t a r g e t  c o l l i s i o n  o c c u r s .  I t  is  p o s s i b l e  to ob ta in  an  a p p r o x i m a t e  
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TABLE 3 

Vo, km/ ~, mm E(x) s(x) a, A, ~:~ ~o d; mm sec 

0.9 
0.9 
.o.8:i 

5,5 
5,5 
7,5 

it. 0,o 
0,1 

0,i8 I 0,0219 
0,255 0,052 
0,15 0,0i52 

0,00t2 
0,004i 
0,0008 

9,0002 
0,0007 
0,00016 

2,7 
3,t 
2,85 

0,51 
0,487 
0,49 

solution of the problem by stat is t ical ly investigating the pa ramete r s  of the debris  cloud penetrating through 
the target .  Since cur ren t  experimental  techniques �9 make it impossible to r eco rd  each individual fragment,  
an idea of the sizes of these fragments  can be obtained by the dimensions of the cavit ies they make on a 
backup plate behind the target .  A pre l iminary  inspection of the available experimental  data has shown that 
the cavity sizes a re  distributed in accordance  with the R o s e n - R a m m l e r  law (see [7]) 

V(x)= Vo exp [ --(x/xo)m] , (2.1) 

where V 0 is the sum of all the cavity dimensions of the cavit ies on the backup plate; V (x) is the sum of the 
dimensions of all cavit ies with d iameters  la rger  than x; x 0 and m are  constants  determined in the exper i -  
ments.  To co r rec t ly  verify this a s se r t ion  one would need a quantitative indication of how well the hypothetical 
distribution function agrees  with the overal l  experimental  resul ts .  There  are  several  such indicators avai l-  
able, each giving r i se  to a corresponding c r i te r ion  for goodness of fit. We tested and verif ied the hypothe- 
sis advanced above with the aid of the much used X 2 and Kolmogorov c r i t e r ia .  The values of the quantities 
)/2 and #0, calculated f rom the experimental  data, a re  shown in Table 3 (#0 is a parameter  defining the ex- 
tent to which hypothesis and experiment agree  when the cr i te r ion  being used is that due to Kolmogorov). It 
follows f rom the data obtained that the probabili ty of agreement  of the experimental  data with the resu l t s  
predicted by the relat ion (2.1) is at least  95%, i.e., it is pract ical ly  cer ta in  that the distr ibution of the di- 
mensions of the cavit ies formed by the debris  cloud f rom the target  on the backup plate is descr ibed by the 
R o s e n - R a m m l e r  law. 

Let xi, i = 1, 2, 3 . . . .  , N, be a sample of experimental  points (where x i is the diameter  of the i-th 
cavity and N is ttle number of cavit ies measured);  let E (x) and S (x) be, respect ively ,  the mathemat ical  ex- 
pectation and the dispersion of the random variable x. Approximately,  we have 

N N 
--~ ~ x~, S(x)_~ t E (x) N w (x, _ E (x)) 2, 

i=i {~1 

then, in seeking the pa rame te r s  of the distribution (2.1), we can use the following relat ions established in 
[8], namely, 

E (x) __~ Xo, S (~)~.~~ 

Values of the quanti t ies  E (x) and S (x) a re  given in Table 3 along with the 950/0 confidence l imits (A 1 and A2, 
respect ively) .  

In adapting our r e l a t ionsh ips to  the f ragment  dimensions we used the modelling curve given in [9]; 
we also used the fact  that for experimental ly  achievable impact  speeds the cavit ies  crea ted  in the backup 
plate mater ia l s  were close to spherical  in form. The modelling curve,  with good accuracy ,  may be de- 
scr ibed by the relat ion 

L C 1 In 9~ d--~ --~ H--~' c 1 = const, 

where L is a cavity depth; H i is the dynamic hardness  of the backup plate mater ia l .  The data presented in 
Sec. 2, and the resu l t s  given in [10], conf i rm the fact that the dispers ion of velocit ies in the main mass  of 
debris f ragments  is not large and can, in a f i rs t  approximation, be neglected. Taking all these facts into 
account, we obtain 
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here  d i is the diameter  of a fragment .  We can now show that 

[_ 
V(d~) :Voexp[  \ z o )  ], 

i .e.,  the distribution of f ragment  sizes also obeys the R o s e n - R a m m l e r  law, and the pa ramete r s  in the dis-  
tributions for the fragments  and the cavit ies a re  connected by means of obvious relat ionships.  The value of 
V 0 var ies  depending on the conditions of the experiment.  Figure 6 shows how V 0 depends on the plate thick- 
ness  6 (impact speed v0 = 5.5 km/sec ,  do = 0.9 mm). 

3. We re turn  to the question concerning the velocity of the fragments  penetrating beyond the per- 
forated target  (plate). In the experiments ,  the s implest  procedure  is to r eco rd  the maximum velocity in a 
direction normal  to the surface;  this velocity, which we denote by w z (see Fig, 1), will be r e f e r r e d  to hence-  
forth as the res idual  velocity (the fragment  velocity beyond the perfora ted  plate). Let the impacting body 
be a cylinder with h ~ d. It is obvious that for h >> d the value of w z cor responds  to the velocity of the center  
of mass  of the deforming body, and, f rom general  physical considerat ions,  its value is close to the est imate 
obtained f rom momentum conservation,  namely, 

~~ ~ (3 .1 )  
% - -  1 + ~l' 

where t} = ~Pi /hPo ' i.e., the rat io of the masse s  of the t a rge t  and the body per unit surface area .  

If h ~ 6, then, apar t  f rom residual  effects associa ted with wave processes ,  a crude approximation may 
be had by taking the system of pa ramete r s  defining the phenomena to be the following: Wz, v0, P0, Pl, 6, h, 
q, where (r is a strength proper ty  of the target  material .  Then 

v--~- = / ~l, ---6-, -~o ] (3.2) 

(a more  complete sys tem of pa ramete r s  (see [II])  can be written; however,  its analysis  in connection with 
the experimental  resu l t s  is ra ther  involved). We consider below, for h f 6, experimental  resul ts  for spec-  
ific pairs  of materials :  in par t icular ,  we consider  the impact of a steel part icle onto steel and aluminum 
targets .  In each case,  the dependence (3.2) is fair ly strict ,  since all the remaining paramete rs ,  with the ex- 
ception of ~7 and P0v~/e, stay constant.  Measurements  of w z were made with the aid of flash x - r a y  photo- 
graphs of the dispersing debris  cloud. In one group of experiments  steel cyl inders  with h = 3.5 mm and 
d = 4 mm impacted plates of steel and aluminum. The experimental  procedures  varied: in some, bodies 
were projected end-on; in others ,  plates were projected into the bodies, and in still others ,  plates were 
projected toward one another simultaneously (in all cases ,  w z was reckoned with respec t  to the plate). The 
accuracy  in measur ing Wz/V0 was at least 10-12%. The velocit ies achieved experimental ly varied f rom 3 to 
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8 k m / s e c  for 6 - h. A number of experiments  of a s imilar  type were made using bodies and plates of 
t i tanium and tungsten. 

In a second ser ies  of exper iments  steel spheres ,  acce lera ted  by means of an explosive shaped-ehaxge 
acce le ra to r ,  perforated targets  of aluminum and steel. Targe t  thickness were in the interval d < - ~ - ~  60  
(60 is the ball ist ic l imit  thickness of the target ,  (see [1]). The impact speed var ied f rom 5 to 10 km/sec ;  
d o varied f rom 0.75 to 2.3 mm; the accuracy  in determining Wz/V 0 was at least  10%. 

The experimental  resu l t s  a re  shown in Fig. 7, plotted, along wi th the  data f rom [12], in t e rms  of the 
coordinate var iables  Wz/V 0 and a = 1/(1 + ~?) (the data 1 were for the impact of a steel cylinder onto a steel 
plate; data 2 were for the impact  of a steel sphere onto a steel plate; data 3 involved the impact of an a lum- 
inum cylinder into a steel plate;, data 4 involved the impact of an aluminum sphere onto a steel plate; data 5, 
taken from [12], were for the impact of an aluminum cylinder onto a steel plate; data 6 were for impacts 
involving other mater ia ls) .  Of the pa ramete r s  defining the complete sys tem of pa ramete r s ,  one is the body- 
shape pa ramete r  [in the relat ion (3.2) it was taken to be constant]. The experimental  r esu l t s  show that, to 
within experimental  e r r o r ,  the quantity Wz/V 0 is constant if one compares  sphere and cylinder impacts onto 
a given target ,  the impacting bodies having the same mass .  On the strength of this, we have, for a sphere, 

= 6pl/0.875 d0P0. 

As can be seen f rom Fig. 7, when h > 6 the relat ion (3.1) is obeyed sat isfactor i ly  (taking pos s ib l eex -  
per imental  e r r o r  into account). A more  accura te  relat ionship is Wz/V 0 ~ k I a, where kl ~ 0.9 (the dashed 
line in Fig. 7). As 6 increases ,  part  of the momentum of the body begins to be absorbed by the t a rge t  and 
the relat ion (3.1) then ceases  to hold. The target  thickness,  for which a deviation f rom the relat ion (3.1) be- 
gins to be noticeable, is a function of the density of the target  mater ia l .  This can be seen f rom the data of 
Fig. 7 for steel and aluminum targets  in the case of impact by a steel par t ic le ,  where the curve I c o r r e -  
sponds to impact onto aluminum and curve II, to impact onto steel. The difference in these curves  is due 
essent ial ly  to the differing values of the pa r ame te r s  Pl/Po in the relat ion (3.2); it is connected physically 
with a change in the geometry  of the interact ion p roces s  with a change in the ta rge t  density. It is to be ex- 
pected that for much lighter mater ia ls  the depar ture  f rom a linear dependence will occur for large values 
of the pa ramete r  a. In the experiments  with a < 0.5, we used steel ta rge ts  of differing qualities, involving 
roughly a two-fold difference in strength charac te r i s t i c s ;  however,  the resu l t s  a re  well descr ibed by a sin-  
gle curve,  test ifying thereby to the weak influence of the pa ramete r  P0v~/a on the value of w z. A change in 
the scale of the phenomenon (within the l imits pointed out above) also does not lead to noticable deviations 
f rom the observed relat ionship.  The considerat ion here  r e f e r s  to the case in which the res idual  debris  
beyond the perforated target  is in a condensed phase, i.e., the impact speed is insufficient to vaporize the 
target  mater ia l .  

One of the basic pa ramete r s  defining the overal l  resu l t  of a coll ision of a part icle with a ta rge t  is the  
d iameter  of the hole f o r m e d i n  the target .  A detailed analysis  of this problem was given in [13]. 

The authors wish to thank Academician M. A. Lavren t ' ev  for his in teres t  in their  work; theywish  also 
to thank Yu. I. Fadeenko, Yu. N. Rybin, N. S. Titov, and V. P. Urushkin for useful discussions and for help 
with the numerous experiments .  
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