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Results  are  shown of a study concerning the penetration of fine par t ic les  (size range f rom a 
few microns  to a few tens of microns)  moving at a velocity up to 16 k m / s e c  into b a r r i e r s  
made of plast ic mate r ia l s  (thickness up to a few microns) ,  bri t t le  mate r ia l s ,  or  soft m a -  
t e r i a l s .  

Many studies have been made concerning the penetration of fast moving bodies into various b a r r i e r s  
( e .g . ,  [1-6]). 

For  ta rge ts  made of plastic mate r ia l s ,  assuming that the energy expended on forming a c r a t e r  is 
proport ional  to the kinetic energy of the par t ic le  and that the c ra t e r  is a lmost  spherical  in shape, we have 
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(it will be assumed here and subsequently that the velocity vector  of a par t ic le  is normal  to the target  su r -  
face).  

In mos t  experimental studies the tes t  data have been evaluated in t e r m s  of a power law, which for 
the general  case can be written as 

h ~ z 8 ~ r n  
--const(P~ I [ - - ]  . (i) 
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/-/ere e = 00v~/2 and co is some mechanical  strength pa rame te r  of the target  mater ia l  (E, G, B); according 
to the data in [3-5], n = 1/3 and m = 1/3 .  

TABLE 1. Compilation of Resul ts  Per ta ining to the 
Penetrat ion of Pa r t i c l e s  into Plas t ic  Targets ,  ac -  
cording to Various Semiempirical  Relations (~ (h/Do) 
= c~ V20/3 , V 0, kln/sec)  

Particle 
materi_~l 

Target 
_mat erfi_al 

Formulas 
(4), (6) 

[3] 
]4] 
[51 

Chromium 

AMG-6 { D-16-T 

0,93 
0,76 
1,1 

1,1 I 0,83 

Corundum 

AMG-6 ] D-16-T 

0,16 
0,55 
0,77 

0,55 I 0,43 
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F i g .  1. P h o t o g r a p h s :  (a) of s p h e r i c a l  g l a s s  
p a r t i c l e s ,  (b) of a n o d i z e d  s u r f a c e  of a D - 1 6 - T  
t a r g e t  b e f o r e  i m p a c t ,  (c) of c r a t e r  in a t a r g e t  
(corundum p a r t i c l e s ,  D o = 60 pro,  v 0 = 4.7 k m  
/ s e c ,  D = 132 gm,  h = 22 # m ) .  

The r e l a t i v e  depth  of p e n e t r a t i o n  into  b r i t t l e  m a t e r i a l s  of low s t r e n g t h  i s ,  a c c o r d i n g  to [6], a l i n e a r  

func t ion  of  the  v e l o c i t y  

h 
(Vo- v,). 

Do 

H e r e  v ,  i s  the  m i n u m u m  v e l o c i t y  a t  which  a c r a t e r  wi l l  f o r m .  Th i s  r e l a t i o n  can be  d e r i v e d  f r o m  the  
equa t ion  of m o t i o n  f o r  a s p h e r i c a l  p a r t i c l e  in a m e d i u m  

_ _  dv C~ or2 S = ~ m - - ,  

2 dt 

i f  we l e t  C x =a/v~ t h e n ,  

_~h = 4 . P0 (Vo__V,). (2) 
D O 3 a p 

When a p a r t i c l e  m o v e s  at  a h igh  v e l o c i t y  in a sof t  m a t e r i a l ,  o r  in a l iqu id  o r  g a s ,  then i t  m a y  be  
a s s u m e d  tha t  C x = c o n s t .  In t h i s  c a s e ,  f r o m  the  equa t ion  of mot ion  we o b t a i n e d  fo r  a s p h e r i c a l  p a r t i c l e  
(when no ab l a t i on  o r  f r a c t u r e  o c c u r s )  the  r e l a t i v e  depth  of p e n e t r a t i o n :  

h 4 Po in v~ 
D O 3 C~ p v. 

wi th  v .  de f ined  a c c o r d i n g  to  the  r e l a t i o n  

2 p v. 
2 = O'p. 

(3) 

T A B L E  2.  C o m p i l a t i o n  of  R e s u l t s  P e r t a i n i n g  to the  
P e n e t r a t i o n  of  P a r t i c l e s  in to  Soft T a r g e t  M a t e r i a l s ,  a c -  
c o r d i n g  to  T h e o r e t i c a l  and S e m i e m p i r i c a l  R e l a t i o n s  

(8) 
(3) 

9,3 
3,3 

v,, 
km/sec 

1,3 
0,1 

v o (km/sec) equal to 

5 I iO 1 t5 
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12,5 [ 19 22,7 
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Fig .  2. Ratio of c r a t e r  depth (a) and of c r a t e r  d i a m e t e r  (b) 
to the initial pa r t i c l e  d i ame te r ,  as  a function of the veloci ty,  
for  p las t ic  (coated) and br i t t le  m a t e r i a l s :  ch romium pa r t i c l e s  
with D o = 5.3 pm and t a rge t  m a t e r i a l  AMG-6 (1), D-16-T(2) ,  
quar tz  (3), ch rome  yel low (4); corundum pa r t i c l e s  with D o 
= 60 pm and t a rge t  m a t e r i a l  AMG-6 (5), D-16 -T  (6), quar tz  
(7), ch rom e  yellow (8). In Fig. 2a: curve  I according  to 
fo rmula  (4), curve  II according  to fo rmula  (6). In Fig.  2b: 
curve  I accord ing  to fo rmula  (5), curve  II according  to f o r -  
mula  (7). Velocity v (km/sec ) .  
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Fig. 3. Ratio of crater depth to init- 
ial particle diameter, as a function of 
the veloci ty,  for  soft t a rge t s  m a t e r i a l s :  
rubbe r  t a rge t  and g lass  pa r t i c l e s  with 
D o = 250/~m (1), 420 ~m (2), 500 #m 
(3); fel t  t a rge t  and g lass  pa r t i c l e s  with 
D O = 250 pm (4), 420 ~m (5), 500 pm 
(6). Curve I according to fo rmula  (8); 
cu rve  II according  to fo rmula  (9). 
Velocity v (km/sec ) .  

These  express ions  (1)-(3) have been used in the eva lua-  
tion of our  t es t  da ta .  

In o r d e r  to impa r t  high veloci t ies  to pa r t i c l e s  in this 
exper iment ,  the authors  acce le ra ted  them with a p l a s m a  
je t  f rom a coaxial  pu l se - type  in jec to r .  The m a x i m u m  e r r o r  
of a veloci ty m e a s u r e m e n t  was 200/0. 

The exper imen t  was p e r f o r m e d  with ch romium pa r t i c l e s  
(average d i a m e t e r  D o -- 5.3/~m) as  well as with corundum 
and g lass  pa r t i c l e s  (average d i a m e t e r  D o ~- 60 ~m).  The 
g lass  pa r t i c l e s  (Fig. 1), which had been produced and sor ted 
out by a special  method,  were  a lmos t  spher ica l  and the i r  
d imensions  did not deviate f r o m  the ave rage  by m o r e  than 
!0%; the ch romium and the corundum p a r t i c l e s  had also been 
sor ted out according to s ize,  but we re  i r r e g u l a r  in shape and 
yet  nea r ly  enough spher ica l .  

As t a rge t  m a t e r i a l s  we used a luminum g rades  AMG-6 
and D - 1 6 - T  (anodized with sulphuric acid), grade  KV quartz 
g la s s ,  g r ades  108 and 208 chrome yellow, g rade  OM-12 
rubber ,  and fel t .  

A c r a t e r  was photographed (Fig. 1) and i ts  depth as 
well as mean  d i a m e t e r  w e r e  m e a s u r e d  under  a model  MIM-7 

meta l lographic  m i c r o s c o p e .  The c r a t e r  d i ame te r s  were  m e a s u r e d  at the level  of the t a rge t  su r face ,  the i r  
depth were  m e a s u r e d  f rom that  same  level  down (during the m e a s u r e m e n t  of penetra t ion depths into soft 
m a t e r i a l s ,  the l a t t e r  were  dis tor ted by s t re tching) .  There  was a 200/0 m e a s u r e m e n t  e r r o r .  

Several  c r a t e r s  were  selected and m e asu red  on the t a rge t  in each t es t ,  and the final resu l t  was  
based on the i r  ave rage  depths and d i a m e t e r s  r e spec t ive ly .  

The tes t  r e su l t s  for  p las t ic  and br i t t le  t a rge t s  and for  ch romium and corundum pa r t i c l e s  have been 
plotted in Fig .  2 in h/D0, D/D 0 = f(v0) coordinates  (the ave rage  values  h e r e  a r e  based on seve ra l  t e s t s  at 
the same ve loc i ty ,  with the ex t r em e  deviat ions a lso  shown). 

The depths and the d i a m e t e r s  of c r a t e r s  in AMG-6 and D - 1 6 - T  t a r g e t s  were  r e spec t ive ly  equal,  
with all other  conditions the  same ,  and a combined evaluation of the r e su l t s  by the method of l eas t  squares  
yielded: 
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1) for chromium par t ic les  (D O = 5.3 ttm, v 0 = 6-15 km/sec)  

2 
h 

= 0.93v 0 , 
Do 

2 
D ~- 

- -  = 4 , 1 v  o , 
Do 

(4) 

(5) 

2) for corundum par t ic les  (Do = 60 #m, v 0 = 2-10 km/sec)  
2 

h 0,16 Vo5- ' 
Do 

(6) 

2 

D 0.95 Vo $- (7) 
Do 

(v 0 in kin / see) .  

A compar ison of these resul ts  with cer tain known semiempir ica l  formulas  [3-6] (Table 1) shows an 
acceptable agreement  for  chromium par t ic les  but l a r g e  d iscrepancies  in the case  of corundum par t i c les .  
The la t te r  are ,  evidently, related to the f rac ture  of corundum par t ic les  during impact  against a target ,  
in which case these relat ions do not apply. 

Unlike in the case of plast ic target  ma te r i a l s ,  the appearance of c r a t e r s  and the overall  surface 
damage to t a rge t s  of bri t t le  ma te r i a l s  (quartz, chromium) were  charac te r ized  by chips and cracks;  here  
a c r a t e r  had mos t  often an i r r egu l a r  shape. Some data on the penetrat ion into bri t t le  mate r ia l s  are  also 
given in Fig. 2a, b. 

Test data on the penetration depth of glass particles into soft materials (OM-12 rubber, felt) are 

shown in Fig. 3 in h/D 0 = f(v0) coordinates. 

An evaluation of these test data according to Eq. (3) has yielded the following relations: 

a) for a rubber target and glass particles (D o = 250-500 pro, v 0 = 6-16 km/sec) 

h _ 9.31n ( ~ 3 )  ' (8) 
Do 

b) for  a felt ta rget  and glass  par t ic les  (D O = 250-500 #m, v 0 = 6-16 km/sec )  

v-? (9) 

(v0 in k m / s e c ) .  

The values of h/D 0 calculated according to formulas  (8) and (3) for  ON[-12 rubber  are  shown in 
Table 2 (with P0 = 2.5.103 k g / m  3, p = 103 k g / m  3, ~p = 0.5 "107 N/m 2 at Re > 103 and Ma > 3 C x = 1 in Eq. 
(3) so that fl = 4/3C x "p~/p = 3.3 and v.  = 0.1 k m / s e c ) .  

These resu l t s  conf i rm the proposit ion that it is possible,  at least ,  to evaluate the data on the p ierc ing  
of soft t a rge t s  in t e r m s  of relation(3) when h/D 0 > 10. 

h is the path, depth, m (gm) 
D is the d iameter ,  m (ttm) 
S is the area,  m2; 
m is the mass ,  kg 
t is  the t ime,  sec (~sec) 
p is the density,  kg/m3; 
E is the modulus of elast ici ty,  N/m2; 
G is the modulus of shear ,  N/m2~ 
B is the Brinell  hardness ,  N/m2; 
Crp is the ul t imate strength; 

NOTATION 
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C x is the resistance coefficient; 
Re is the Reynolds number; 
Ma is the Mach number.  

S u b s c r i p t s  

0 re fe rs  to a particle; 
no subscript for a target or  for  space coordinates. 

1, 
2. 
3. 
4. 
5. 
6. 
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