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The mechanism involved in the destruction of various materials under 
the action of supersonic plasma jets is considered. The fundamental 
reason for the destruction of metallic materials is their fusion and the 
subsequent removal of the liquid phase from the damaged area. 

P l a s m a  j e t s  d i r e c t e d  at the  ambien t  a t m o s p h e r e  at  
s u p e r s o n i c  s p e e d  [1-3]  can  be  p r o d u c e d  by m e a n s  of 
s t rong- -cu r ren t  p u l s e  c a p i l l a r y  d i s c h a r g e s .  The v e l o -  
c i ty  of  the  v a p o r s  in the  f l a m e  m a y  e x c e e d  10 k m / s e c  
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Fig .  1. D i a g r a m  of d i s c h a r g e  d e -  
v i c e :  1) Main  e l e c t r o d e s  ( i ron) ;  2) 
k e e p - a l i v e  e l e c t r o d e ;  3) d i e l e c t r i c  
cube;  4) body under  i nves t iga t ion .  

fo r  Mach n u m b e r s  of 2 - 4 .  When s u p e r s o n i c  p l a s m a  
j e t s  imp inge  on a f ixed  b a r r i e r  they  c r e a t e  a s h o c k -  
c o m p r e s s e d  p l a s m a  r e g i o n  in  f ron t  of tha t  b a r r i e r  
[4, 5], and the i n t e r a c t i o n  of the p l a s m a  with  the  b a r -  
r i e r  l e a d s  to i n t e n s i v e  hea t ing  and the d e s t r u c t i o n  of 
the  l a t t e r .  

It was  noted  in [4] that  the  ex ten t  of d e s t r u c t i o n  in 
v a r i o u s  m a t e r i a l s  i s  not g o v e r n e d  by t h e i r  t h e r m a l  o r  
m e c h a n i c a l  s t r eng th .  The hypo thes i s  was  put  fo r th  
that  the p r i n c i p a l  f a c t o r  r e s p o n s i b l e  for  l o s s  of m a s s  
in v a r i o u s  m e t a l s  sub j ec t  to the ac t ion  of s u p e r s o n i c  
p l a s m a  j e t s  i s  the fus ion  and subsequen t  ab la t ion  of 
the  l iquid  p h a s e  by the f r e e  s t r e a m .  However ,  no 
quan t i t a t ive  m e a s u r e m e n t s  c o n f i r m i n g  th i s  v iewpoin t  
w e r e  c a r r i e d  out in [4]. 

S ince  the p r o b l e m  of the  i n t e r a c t i o n  of s u p e r s o n i c  
p l a s m a  j e t s  with b a r r i e r s  i s  of i n t e r e s t  to a number  
of b r a n c h e s  of c o n t e m p o r a r y  eng inee r ing ,  cont inued e x -  
p e r i m e n t a t i o n  a long  th i s  l ine  w o u l d b e  d e s i r a b I e .  In th is  
p a p e r  we t r e a t  the fundamen ta l  quan t i t a t ive  r e l a t i o n -  
sh ips  gove rn ing  the  d e s t r u c t i o n  p r o d u c e d  by the ac t ion  
of  p u l s e - s u p e r s o n i c  p l a s m a  j e t s  i n v a r i o u s  m e t a l l i c  and 
n o n m e t a l l i c  s u b s t a n c e s ,  d i f f e r ing  m a r k e d l y  in t e r m s  
of t h e i r  t h e r m o p h y s i c a t  and m e c h a n i c a l  p r o p e r t i e s .  

To ach ieve  d i r e c t e d  p l a s m a  j e t s  we e m p l o y e d  the 
d i s c h a r g e  d e v i c e  d e p i c t e d  s c h e m a t i c a l l y  in F ig .  1. 
The d i s c h a r g e  took p l a c e  wi th in  the c y l i n d r i c a l  c a p i l -  
l a r y  (~) = 3.5 ram,  h = 6 ram) with an open base .  The 
d i s c h a r g e  r e g i m e  was" C = 200 # F ,  L = 1 #H, U = 3 kV. 
The d i s c h a r g e  was  n e a r l y  a pe r i od i c .  The c u r r e n t  a m -  
p l i tude  va lue  was  1 0 - 1 2  kA. The pu l se  d u r a t i o n  was  
about 120 psec .  The s t ud i e s  we re  c a r r i e d  out in a i r  at  
a t m o s p h e r i c  p r e s s u r e .  

On d i s c h a r g e  a p l a s m a  j e t  c o n s i s t i n g  of e l e c t r o d e  
m a t e r i a l s  and the p r o d u c t s  of the d e s t r u c t i o n  of c a p i l -  
l a r y  w a l l s  a r e  e j e c t e d  f r o m  the open b a s e  of the  d i s -  
c h a r g e  space .  The v e l o c i t y  of the  j e t  was  m e a s u r e d  
by  m e a n s  of a h i g h - s p e e d  pho tog raph ic  t i m e - s c a n  of 
the  glow (with an S F R - 2  c a m e r a ) .  At a d i s t a n c e  of 
a p p r o x i m a t e l y  10 m m  f r o m  the out le t  of the o r i f i ce ,  
the  j e t  ve loc i t y  was  a p p r o x i m a t e l y  equal  to 10 k m / s e c .  
The j e t  t e m p e r a t u r e ,  a cco rd ing  to the da t a  of [5], was  
a p p r o x i m a t e l y  10 000 ~ K and the p r e s s u r e  wi th in  the  
j e t  was  c l o s e  to a t m o s p h e r i c .  The Mach n u m b e r  under  
t h e s e  cond i t ions  was  3 - 3 . 5 .  

The m a t e r i a l s  of the i nves t i ga t i on  exh ib i t ed  f la t  
s u r f a c e s  and w e r e  pos i t i one d  at a d i s t a n c e  of 4.5 m m  
f r o m  the b a s e  of the  d i s c h a r g e  p la te .  Under  t h e s e  con -  
d i t ions ,  the  j e t  i m p i n g e d  aga ins t  the  b a r r i e r  at  s u p e r -  
son ic  speed .  The p a t t e r n  o b s e r v e d  in th i s  c a s e  i s  
shown in Fig .  2 which shows f r a m e s  f r o m  the h i g h -  
s p e e d  pho tog raphy  of the pu l se  j e t s  e j e c t e d  into open 
s p a c e  f r o m  the c a p i l l a r y ,  as  wel l  as  the j e t s  i m p i n g -  
ing  on the sub j e c t  b a r r i e r .  A s h o c k - c o m p r e s s e d  p l a s -  
m a  l a y e r  (H = 1 m m )  is  f o r m e d  on the f l a t  s u r f a c e  of 
the  b a r r i e r ;  the  t e m p e r a t u r e  wi th in  the l a y e r  m a y  r i s e  
to 15 000 -20  000 ~ K, whi le  the p r e s s u r e  m a y  involve 
t ens  of a t m o s p h e r e s  [4, 5]. Convec t ive  and r a d i a t i v e  
f lows a r e  r e s p o n s i b l e  for  the hea t ing  of the sub jec t  
s u r f a c e ,  i t s  d e s t r u c t i o n ,  and the subsequen t  r e m o v a l  
of m a s s .  As  a r e s u l t  of the  j e t ' s  ac t ion  aga ins t  the 
s u r f a c e  of the  body,  an e r o s i o n  hole  i s  f o r m e d .  The 
pho tography  of the e r o s i o n  hole i s  show n in  Fig .  2c fo r  
the c a s e  of lead.  The m e a n  hea t  f lux to the s u r f a c e  of 
the  s t r e a m l i n e d  body i s  d e t e r m i n e d  f r o m  the m a g n i -  
tude of r e m o v e d  m e t a l  m a s s .  This  p r o v e d  to be equal  
to ~ t  �9 10 -5 e a l / c m  z " s e c .  The hea t  a c c u m u l a t e d  by the 
m a t e r i a l  and expended  on v a p o r i z a t i o n  was  not t aken  
into  c o n s i d e r a t i o n .  

The d i m e n s i o n s  and shape  of the e r o s i o n  m a r k i n g s  
w e r e  t aken  f r o m  the p r o f i l e s  of t h e i r  c r o s s  s ec t i ons ,  
r e c o r d e d  by m e a n s  of a c l o c k - i n d i c a t o r  which made  
i t  p o s s i b l e  to d e t e r m i n e  the  depth of d a m a g e  to  an a c -  
c u r a c y  of 0 .0 i  ram.  The m a s s  l o s s e s  w e r e  d e t e r m i n e d  
by weigh ing  the t e s t  m a t e r i a l s  p r i o r  to and a f t e r  the  
e x p e r i m e n t ,  and a l so  by ca l cu l a t i ng  the vo lume  of the 
e r o s i o n  ho les .  
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Fig. 2. Separate high-speed photography frames 

(125 000 frames/sec) of a free-flowing jet (a) im- 

pinging on a flat barrier (b), photography of ero- 
sion hole on a lead plate (c). 
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Fig. 3. Prof i le  of e r o s i on  holes fo rming  in va r i ous  m e -  
ta ls  and nonmeta l s  under  the act ion of supe r son ic  jet: 

1) Sn; 2) A1; 3) Cu; 4) Ni; 5) 

The prof i le  of the e ros ion  m a r k i n g s  left as a r e -  
sul t  of a s ingle  pu lse  a re  shown in Fig.  3. The data  
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Fig. 4. Dependence of meta l  m a s s  
e n t r a i n m e n t  (g) o n f u s i o n  t e m p e r a t u r e  

(~ K). 

on the vo lume of the e ros ion  holes,  as well  as those 
on weight l o s se s  in the tes t  m a t e r i a l s ,  a re  given in 
the table.  Here we also find the fundamenta l  t h e r m o -  
phys ica l  cons tan t s  of the subjec t  m a t e r i a l s .  F i g u r e  4 
shows the m a s s  of r emoved  meta l  as a funct ion of the 
me l t ing  point unde r  the given condi t ions  of the expe-  
r imen t ,  which is a s t ra ight  l ine on a s e m i l o g a r i t h m i c  
scale .  

Our at tent ion is drawn to the fact that all of the 
me ta l s ,  inc luding  even so r e f r a c t o r y  a m e t a l  as tung-  
sten,  are  more  marked ly  affected by p l a s m a  je t s  than 
any of the s tudied nonmeta l s .  The prof i le  of textol i te ,  
m i c a r t a ,  and paper  are  v i r t ua l l y  coincident  with the 
curve  for the i r  su r f aces  p r io r  to the expe r imen t  and 

W; 6) p las t i c ;  7) paper .  

the vo lumes  of e r o s i o n  holes and the m a s s  of m a t e -  
r i a l  e jec ted  f rom the holes  were  the re fo re  not ca l cu -  
lated. 

The degree  of des t ruc t ion  is not iden t ica l  for the 
individual  me ta l s .  The m a x i m u m  e ros ion -ho l e  vo lume 
is  found with t in  (32.1 mmZ), while tungs ten  shows the 
m i n i m u m  (0.7 mmZ). The d ivergence  in the degree  of 
de s t ruc t i on  for  these  me ta l s  amounts  approximate ly  

to 1.5 o r d e r s .  
As we can see  f rom the table,  in  t e r m s  of the de-  

g r e e s  of de s t ruc t i on  the me ta l s  are  a r r anged  approxi -  
ma te ly  in  accordance  with the i r  me l t ing  points .  The 
magni tude  of the e ros ion -ho le  vo lume i n c r e a s e s  as Tm 
of the me ta l s  d e c r e a s e s .  The only not iceable  devia t ion 
is  seen  in the case  of zinc. F o r  the t ime  being,  the 
r e a s o n s  for this  a re  not c lea r .  

No c lose  r e l a t ionsh ip  between Tb and the degree  of 
des t ruc t ion  is  found. This is  p a r t i c u l a r l y  evident ,  for  
example ,  in  one pa i r  of me ta l s  ( t in-copper) .  The i r  
boi l ing  points  a re  approx imate ly  ident ical  (for Cu T b = 
= 2583 ~ K, for  Sn Tb = 2609 ~ K), while the i r  degrees  

of de s t ruc t i on  d iverge  subs tan t ia l ly .  The e r o s i o n -  
hole d imens ions  in the case  of t in  are  g r e a t e r  by a 
factor  of 10 than the d imens ions  of the e ros ion  hole in 
a copper  plate.  

Ana lys i s  of the der ived  data is  in  ag reemen t  with 
the hypothesis  p roposed  in [4] that the fundamenta l  
fac tor  r e s p o n s i b l e  for meta l  des t ruc t ion  is fus ion and 
subsequent  r e m o v a l  of the l iquid phase f rom the d a m -  
aged area .  Removal  of the l iquid phase is  a r e su l t  of 

r e m o v a l  of m a t t e r  by the p l a s m a  flow spread ing  ra-: 

Degree of Destruction in Various Metals by a Supersonic Plasma Jet 

Metals 

Pb 

A1 
Cu 

steel 
N~ 
W 

Tm,~ 

505 
600 
692 
924 
933 

1355 
1671 
1725 
3653 

T b ~ 

2609 
2003 
1181 
1323 
2603 
2583 
2723 
3273 
5643 

Depth of 
damage, 

i mill 3 

0.28 
0,26 
0.095 
0.25 
0.21 
0.085 
0.09 
0.07 
0.03 

Volume of 
hole, mm 3 

32 
27 
6.7 

24.7 
8.8 
3 
4,5 
1,55 
0.7 

Loss of  mass, mg 

by hole i by 
volume [ weighing 

J 
235 'I 90 
300 } 50 
47 I 27 
42 F 18 
24 16 
3I 3.5 
28 4.9 
13 1.2 
1.4 0.6 
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dially, as well as a result  of the strong p ressu res  
exerted by the shock-compressed  plasma layer  on the 
fused metal volume. 

Since the main loss of mater ia l  in a substance sub- 
ject to s treamlining by a supersonic plasma jet occurs  
in the liquid phase, it becomes clear  why the studied 
nonmetals which are destroyed at high temperatures  
as a result  of the sublimation process  will experience 
a reduction in the degree of destruction. 

The weight losses determined from the calculated 
volumes of the erosion holes, as well as by weighing, 
turn out not to be identical. This descrepancy is as -  
sociated with the above-indicated unique features of 
the mechanism of metal destruction. A portion of the 
fused metal in the liquid phase is shifted from the hole 
to the peripheral  zones or to an undamaged part  of the 
surface, cooling there. An embankment of cooled met -  
al forms 'about the hole inthis case, with rays extend- 
ing over the undamaged surface (Fig. 2c). 

The "eroding se r ies"  (a) of metals  determined in 
this paper f rom the action of a supersonic plasma jet 
corresponds basically to the "eroded ser ies"  (b) for 
the case in which electrodes are destroyed by pulse 
discharge [7]: 

a) Sn, Pb, Zn, Mg, AI, Fe, Cu, Ni, W; 

b) Pb, Sn, Zn, Ni, Cu, Fe. 

The metals  in these ser ies  are listed in descending 
order  of erosion stability. The correspondence be-  
tweenthe ser ies  provides a basis for  the assumption 
that the destruction mechanism is s imilar  for the two 
cases. This agrees also with [8], in which it has been 

demonstrated that the fundamental ejection of electrode 
substance in the case of pulse discharge takes place in 
the liquid phase as a result  of the p ressures  developed 
at the electrodes [9, 10]. However, the factor respon- 
sible for  the development of such pressures  is, appar-  
ently, not the same in the two cases. 
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