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Ar t ic les  [1-3] d i scuss  a number  of the p rob lems  of h igh-speed  impact ,  solved on the basis  of expe r i -  
menta l  data obtained for the impact  of s tee l  pa r t i c l e s  on different  b a r r i e r s .  In the p resen t  work, this i n fo rma-  
tion is analyzed with application to the conditions of a coll ision,  more  exact ly  model l ing a me teor i t i c  impact  
(the impact  of g lass  pa r t i c l e s  s imulat ing stony me teo r i t e s ) .  

For  the acce le ra t ion  of spher ica l  g lass  pa r t i c l e s ,  a method was developed on the basis  of the well-known 
pr inciple  of a cumulat ive explosion [4]. A dec r ea se  in the densi ty of  the gas cumulat ive jet  in compar i son  with 
the s chemes  o rd inar i ly  used [4] has made it poss ib le  to conserve  the integri ty of glass  pa r t i c l e s  with a c c e l e r a -  
tion up to 8 km/sec  or  more .  The p a r a m e t e r s  of the pa r t i c les  used in the work  are  given in Table ] (d is the 
d i ame te r  of  a par t ic le ;  P0 is its density;  and v 0 is the impact  velocity).  The accuracy  in m e a s u r e m e n t  of the 
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velocity in all the experiments  was not worse than 5%; the e r r o r  in measurement  of the part icle size (after 
ablation with acceleration) was not more  than 3-5%. The mater ia ls  used for the ba r r i e r  were aluminum alloys, 

coppe r ,  and stainless steel.  We note that individual data on through penetration with the impact of glass pa r t i -  
cles are  given in [1]; there are no sys temat ic  data in the l i terature ,  which is obviously connected with the 
lack of a method of accelerat ion.  

The f i rs t  se r ies  of exper iments  was made using mass ive  targets ,  in which edge effects exert  no appre-  
ciable influence on the final resu l t  of the collision. Such targets  have received the name of semiinfinite. 
Cra te r  formation in a semiinfinite ta rge t  has been the most  studied in the region of high-speed impact, both 
exper imental ly  and theoret ical ly .  A descr ipt ion of the physical  scheme of the p rocess  and a correlat ion of the 
principal  resul ts  of var ious methods can be found, for example, in [5, 6]. 

With the impact of a high-speed par t ic le  on a semiinfinite target ,  a charac te r i s t ic  c ra te r  is formed, 
whose volume, as a resul t  of plast ic flow of the mater ia l ,  can considerably exceed the volume of the particle 
itself. A search  for the laws connecting the pa ramete r s  of the par t ic le  and the ba r r i e r  with the cha rac te r i s -  
t ics of the c ra te r  is important  both for study of the phenomenon of high-speed collision and for evaluating the 
surface damage (erosion) of a construct ion.  The applicability of the data obtained for such evaluations is p ro-  
moted also by the fact that, with the variat ions of various investigators with respec t  to the dimensions of the 
str iking par t ic les ,  over a wide range (from hundreths to tens of mil l imeters)  no appreciable scale effect was 
observed (at least  for impact velocit ies v 0 > 3 km/sec ) .  

The resul ts  of the experiments  are given in Fig. 1 in the form of dependences of the ratio of the cra ter  
P to the diameter  of the par t ic le  d on the impact velocity;  ] cor responds  to an impact on a target  made of D- 
16AT; 2, of AMG-6; 3, of AD-]M; 4, of steel Kh18NIOT; and 5, of copper M1 (the designations are used in all 
subsequent figures).  The final pa rame te r s  of the c ra te r  are strongly affected by the strength charac ter i s t ics  
of the mate r ia l  of the target ,  which, in the later  stages of the process ,  are comparable to inertial  forces,  which 
is confirmed by the data obtained. While the depths of the c ra t e r s  in targets  made of D-16AT and AMG-6, 
which are very  close in their  strength charac te r i s t i c s ,  are described by pract ical ly  the same dependence;with 
these same impact velocit ies,  the values of P in the less s t rong AD-1M are considerably lower. 

In engineering pract ice ,  a number of empir ica l  and semiempi r ica l  relat ionships connecting the depth of 
the c ra te r  with the pa rame te r s  of the par t ic le  [5-9] are used. This is due to the complexity of making calcu- 
lations within the f ramework  of sufficiently exact theoret ical  models .  A compar ison of the data obtained with 
these dependences showed that the resul ts  of the impact of glass par t ic les  on targets  made of aluminum alloys 
are descr ibed sa t i s fac tor i ly  by the H e r m a n - J o n e s  formula  [8]; there is no agreement  between the remaining 
experimental  data and these dependences.  

It is usually assumed that c r a t e r s  forming with high-speed impact in isotropic plastic ba r r i e r s  have a 
form close to hemispher ica l .  Under the conditions of the experiments  set  up, where the impact velocity is 
still re lat ively small ,  this law can break down. The charac te r i s t i cs  of the form of a c ra te r  is the ratio of the 
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depth of the c ra te r  to its d iameter  D, measured  at the initial level of the surface of the bar r ie r .  Values of 
this rat io as a function of the impact velocity are shown in Fig. 2. In targets  made of aluminum alloys, whose 
yield points are considerably lower than the corresponding charac te r i s t i cs  of steel or  copper, the c ra t e r s  be- 
come hemispher ical ,  even for impact velocit ies of N1 km/sec.  In copper and steel ba r r i e r s ,  over pract ical ly  
the whole investigated range of velocit ies,  P <D/2. The resul ts  differ f rom the data of [5], where,  in aluminum 
bar r i e r s ,  there  is an anomalous deviation of the form of the c ra te r  f rom hemispher ical .  In [5] this is in ter-  
preted as a conseauence of a definite orientation of the grains in the rolled plates used as a ba r r ie r .  A com-  
par ison of all the data shows that, in the f i rs t  approximation, in the range of impact velocities under consider-  
ation, the form of the c ra te r  is determined by the rat io of the densities of the plate and the bar r ie r .  A devia-  
tion of this rat io f rom unity leads to corresponding deviations of the form of the c ra te r  from hemispher ical .  

The c ra te r  in the target  is formed as a resu l t  of the development of shock-wave and inertial  p rocesses ,  
accompanying the interaction between the str iking part icle  and the bar r ie r .  The pa ramete r s  of these p rocesses  
are determined above all by the velocity of the par t ic le  and the rat io pO/Pl (Pl is the density of the mater ia l  of 

the bar r ie r ) .  Figure 3 gives a compar ison of the depth of c ra t e r s  formed by the impact of glass and Pyrex (6 
indicates data of [10]) par t ic les  on ba r r i e r s  made of an aluminum alloy and of pure aluminum. The resul ts  
pract ica l ly  coincide in an overlapping range of velocit ies.  Thus, the resul ts  obtained can, with sufficient just i -  
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f ication,  be ex t rapola ted  to impact  ve loci t ies  of v 0 - 15 km/sec .  The dimensions  of the Pyrex  pa r t i c l e s  were  
tenths  of  a m i l l i m e t e r ,  which is m o r e  than an o r d e r  of  magnitude tess  than the d imensions  of the glass  p a r t i -  
c les ,  i .e. ,  the weak effect  of the sca le  fac tor  is conf i rmed also in these  exper imen t s .  

The second s e r i e s  of expe r imen t s  was made using b a r r i e r s  whose th ickness  was comparab le  with the 
d imensions  of the c r a t e r s  fo rmed  in them.  As a r e su l t  of the in terac t ion  between a h igh-speed  par t ic le  and 
such b a r r i e r s  (called b a r r i e r s  of finite th ickness) ,  wave p r o c e s s e s ,  accompanying the a r r i va l  of the shock 
wave at the r e a r  f ree  sur face ,  exe r t  a g rea t  effect .  Under these  c i r c u m s t a n c e s ,  the su r face  is deformed;  the 
outer  l ayer  of  the b a r r i e r  f requent ly  spl i ts  off [Fig. 4, a ) b a r r i e r w i t h  a th ickness  of 5 = 7 m m ,  v 0 =4.4 km/sec ,  
d=2.35 m m ;  b) d = 7  ram,  v0=7.8 km / s ec ,  d=1 .3  m m ; c )  6 =5.5 mm,  v0=5.4 km/sec ,  d = t . 4 5 ,  all  b a r r i e r s  of 
AD-1M; d) 6 =5.3 m m ,  v0=7.8 kra /sec ,  d=1 .3  ram, b a r r i e r  of M1]. By the l imit ing th ickness ,  penet ra ted  by a 
h igh-speed  pa r t i c l e  50, the re  is unders tood the m a x i m a l  th ickness  of the b a r r i e r  for which the re  is a through 
breakdown,  even if e x p r e s s e d  by a s y s t e m  of unseal ing c racks  [1]. The l imit ing th ickness  is not such an ex-  
actly fixed quantity as the depth of the c r a t e r  P and in expe r imen t s  is de te rmined  by the choice of the th ickness  
of the b a r r i e r .  The pr inc ipa l  f ac to r s  leading to a l imit ing breakdown are  analyzed in [1]. These  a re  e i ther  
joining of the c r a t e r  to the spl i t t ing cavi ty  and the f r ac tu re  of the layer  spli t t ing off o r  f r a c t u r e s  of the bridge 
between the bottom of the c r a t e r  and the r e a r  su r face  of the t a rge t  with its p las t ic  deformat ion .  

The va r i e ty  of the obse rved  types  of l imit ing penet ra t ion  is due to di f ferent  combinat ions of the above 
fac to r s .  With the penet ra t ion  of b a r r i e r s  made of a luminum alloys by s tee l  pa r t i c l e s ,  spli t t ing phenomena are  
only weakly exp re s sed .  On the con t ra ry ,  with the impact  of  g lass  pa r t i c les ,  the l imit ing thickness  is main ly  
de te rmined  p r e c i s e l y  by spli t t ing ef fec ts .  This d i f ference  is eas i ly  explained, a s suming  that the ampli tude of 
the shock wave,  a r r i v ing  at the r e a r  f ree  sur face  of the b a r r i e r  l imit ing pene t r a t i on  by a g lass  par t i c le ,  is 
g r e a t e r  than with the impact  of a s tee l  pa r t i c le .  The max ima l  intensity of the shock wave formed at the initial 
momen t  of the col l is ion can be evaluated,  a ssuming  the coll is ion to be plane and the shock adiabats  of the 
m a t e r i a l s  to have the fo rm 

u s : a - ~ - b u p ,  

where  u s is the ve loc i ty  of the shock wave; Up is the m a s s  velocity;  and a and b a re  constant  quant i t ies .  For  
the invest igated m a t e r i a l s ,  with a good degree  of exac tness ,  we can set  

Up _____ ~'/"o, 

where  k < 1 is a constant  quantity for  a fixed pa i r  of m a t e r i a l s .  Then the ra t io  of  the initial  p r e s s u r e s  at the 
front  of a shock wave,  propagat ing  in a b a r r i e r  with the impac t  of pa r t i c l e s  of d i f ferent  densi ty  (P0~ and p~) 
with an identical  veloci ty,  has the fo rm 

po__Xl ,.~ ~1 (al § Xlb,vo) (1) 
Po~ - -  ~ ' 2  (a~ ~ ~.2b~vo) 

(k~, kS, a l ,  a2, bl, b2 are  the cor responding  values  of k, a, b). To desc r ibe  the damPing of the ampli tude of the 
shock wave we use the known law for  s t rong shock waves  [] 1]. In the given case ,  it can be wri t ten in the fo rm 

p -= pol(rld)~, 

where  p is the p r e s s u r e  at the front  of the shock wave; P0 is the initial value of p; r is the d is tance  t r a v e r s e d  
by the wave; and v =cons t .  The ra t io  of  the p r e s s u r e s  with the a r r i v a l  of the shock waves at the sur face  in the 
case  of a l imit ing penetra t ion,  taking account of (1), is equal to 

P...2_l ,~ ~'1 (al + ~qb~v0) [rio, ~v 

where  601 and 602 are  the cor responding  values of the l imit ing th i cknesses .  Using the fo rmula  for the depen- 
dence of the l imit ing thickness  of the b a r r i e r  on the p a r a m e t e r s  of the coll ision f rom [1], we obtain 

6o~/6ol ~ (po~/pol) v3, 
whence 

Let  us now compare  the values of the p r e s s u r e s  for  the case  of the impact  of glass  (subscr ipt  ]) and s teel  (sub- 
s c r i p t  2) sphe res  on b a r r i e r s  made of a luminum al loys.  In this case ,  XI-~ 0.47, ~.2~- 0.63, a I =5 km/sec ,  b~--- 
] .35, a~ =3.8 km/sec ,  and b2--1.58; for the spher i ca l  case ,  v=3 .  In the range  of veloci t ies  1-10 k m / s e c ,  Pl/P2 
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-+ 2.25-2.  Of course ,  the value v=3 in the case  under d iscuss ion  is too nigh; however ,  even in the case  v=2, 
in the indicated range  of ve loc i t ies ,  Pl/P~ --- 1.55-1.35, i .e. ,  even such an evidently low evaluation shows that  
pi exceeds  P2. 

Data on the dependence of the l imit ing th ickness  on the impact  veloci ty  a re  given in Fig. 5. Using the 
example  of  b a r r i e r s  made of  a luminum al loys,  the weak dependence of the value of 50 on the s t rength  of the 
b a r r i e r  is demons t r a t ed  once again. 

In spi te  of  the fact  that  the m e c h a n i s m  of a l imit ing penetra t ion va r i e s  cons iderably  as a function of the 
ra t io  of the p r o p e r t i e s  of the m a t e r i a l s  of the b a r r i e r  and the pa r t i c le ,  a common approximate  descr ip t ion  can 
be found for  all  the known expe r imen ta l  data  [1, 2].  I n  the ve ry  s imple  f o r m  proposed  in these  a r t i c l es ,  the 
dependence of the l imit ing th ickness  on the p a r a m e t e r s  of the pa r t i c l e  and the b a r r i e r  has the fo rm 

8o/~+ --  t . i5  [ (+,ov~/p.,) '.'~ - -  0.71<~os~'=, (2) 

where  ~ is the angle of deviat ion of the t r a j e c t o r y  of the pa r t i c l e  f rom a no rma l  to the b a r r i e r .  The re la t ion-  
ship (2), as well  as a number  of analogous re la t ionsh ips ,  is cons t ruc ted  under the assumpt ion  of the exis tence  
of  a functional connection between the value of the l imit ing th ickness  and the specif ic  kinetic energy  of the 
pa r t i c l e ,  which is a na tura l  development  of the hypothesis  of the approximate  propor t iona l i ty  of  the volume of 
a c r a t e r  in a semiinf in i te  t a rge t  to the kinet ic  energy  of the s t r ik ing  body. The fo rmula  does not contain any 
of the s t rength  c h a r a c t e r i s t i c s  of the m a t e r i a l  of  the plate;  the weak effect  of  the s t rength  on the value of:50 
has  been noted repea ted ly .  The appl icabi l i ty  of  (2) in the case  of  the impact  of g lass  pa r t i c l e s  is i l lus t ra ted  
in F ig .  6, where  the expe r imen ta l  data obtained are  given in the coordinates  50/d , x = (P0v~/pt)t/3 ; the solid line 
co r r e sponds  to (2). The deviat ion of the expe r imen ta l  data  f rom dependence (2) does not exceed the exac tness  
of  the fo rmula  with r e s p e c t  to the data using which it was cons t ruc ted .  

Ar t ic le  [2] gives the fo rm of the dependence of the l imit ing thickness  on the conditions of  the coll ision,  
in which, as the p a r a m e t e r  de te rmin ing  the phenomenon,  t he re  is taken the ra t io  of the specif ic  kinetic energy  of the 
pa r t i c l e  to the initial  level  of  the p r e s s u r e  in the b a r r i e r ,  z = (p0v~/PlUsUp)1/3 The dependence desc r ibe s  all  
the exper imen ta l  r e su l t s  known to the authors ,  but its appl icabi l i ty  is p resen t ly  l imited to impact  veloci t ies  
v0+- 15 k m / s e c .  The question of the poss ib i l i ty  of  ext rapola t ing  this dependence r e m a i n s  open. Data obtained 
for  the impac t  of  g lass  pa r t i c l e s  a re  well  desc r ibed  by this dependence.  A compar i son  is given in Fig. 7 (the 
s t ra igh t  line co r r e sponds  to a dependence f rom [2 ]). 
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For evaluations of the limiting thickness the following relationship is sometimes used: 

8 0 ~ kP, (3) 

where k=const .  It has been shown that, in the case of the impact of steel particles on bar r ie rs  made of alu- 
rainum and its alloys, such an approximate connection actually exists.  For the impact of glass particles on 
aluminum alloy s in the investigated range of velocities, (3) is satisfied even for v 0 > 1 kin/see (Fig. 8); here 
k - 1.5. For ba r r i e r s  made of other materials ,  k is not a constant quantity, and evaluations made using (3) 
~we inaccurate. 

The authors wish to express their gratitude to V. P. Urushkin for his participation in carrying out the 
experiments with glass part ic les .  
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