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The dis in tegra t ion  of s tee l  t a rge t s  by h igh-ve loc i ty  concent ra ted  p l a s m a  je ts  is analyzed.  
The ef fec ts  of carbon content, heat t r e a t m e n t ,  and spec imen  t e m p e r a t u r e  on the d i s in te -  
grat ion pa t te rn  a re  r evea led  as a resu l t .  

Concent ra ted  ene rgy  s o u r c e s ,  among them high-ve loc i ty  p l a s m a  je ts ,  have r ecen t ly  found increas ing  
appl icat ions in var ious  methods of mate r ia l  t r ea tmen t .  According to [1, 2], the bas ic  mechan i sm of metal  
d is in tegra t ion by superson ic  p l a s m a  jets  is mel t ing and subsequent  sweep of the liquid l aye r  by the on-  
coming p l a s m a  s t r e a m .  In o ther  words ,  ma te r i a l  is r emoved  by the je t  immedia te ly  af ter  the metal  t e m -  
p e r a t u r e  has r eached  the mel t ing point. It would be of in te res t  to explore  a lso  other  f ac to r s  affect ing the 
mechan i sm of metal  d is in tegra t ion  by h igh-ve loc i ty  je t s ,  and this is the object  of the following r epo r t .  

The authors  studied the effect  of 30-35 k m / s e c  p l a sma  jets  on s tee l  t a rge t s .  The p l a s m a  je ts  were  
genera ted  he re  by d i scha rges  of a capac i to r  bank within a confined space ,  with the p l a s m a  products  of r e -  
sult ing explosions fed into the na r row bore  of a gun [3, 4]. The capac i to r  bank was ra ted  for ~60,000 J 
ene rgy  at 5 kV. 

The highest  values  of p l a s m a  je t  p a r a m e t e r s  we re  measu red  d i r ec t l y  at  the gun throat .  The mean 
densi ty  of p l a s m a  beams  was es t ima ted  a t  10 -2 g / c m  3 on the bas is  of the mass  of the burs t ing  meta l  foil,  
the loss  of e lec t rode  m a s s ,  and the loss  of d ie lec t r i c  mass  ha the bu r s t  region.  The mean power  densi ty  
of a p l a s m a  je t  moving at an ave rage  ve loc i ty  of 18-20 k m / s e c  is of the o rde r  of 5 �9 101~ W / c m  2. The 
veloci ty  p a r a m e t e r s  of a je t  were  measu red  by h igh-speed  photorecording  with a model SFR-1 appara tus  
the expansion of a p l a s m a  beam trader vacuum.  A jet  acted on a t a rge t  for  70 #sec .  This  t ime  was m e a -  
su red  by the length of the t r a ce  lef t  by a p l a sma  jet  on a disk  rota t ing at 16,000 rpm.  

When a concent ra ted  p l a s m a  jet  acts  on a metal  t a rge t ,  it p roduces  a c r a t e r  as shown in c ro s s  s e c -  
tion in Fig. 1. C h a r a c t e r i s t i c a l l y ,  the c r a t e r  depth is s m a l l e r  at  the center  than around the pe r iphe ry .  
This  convexity r e l a t e s  to the flow pa t te rn  of  a n o r m a l l y  incident p l a s m a  jet  at a solid b a r r i e r .  At the cen-  
t e r  of the hear th  the je t  ve loci ty  is pe rpend icu la r  to the plane of the ta rge t ,  which makes  the r emova l  of 
l iquefied and vapor ized  m a t e r i a l  more  difficult .  Meanwhile,  both the t e m p e r a t u r e  and the p r e s s u r e  be -  
come highest  here .  The p r e s s u r e  causes  the p l a s m a  together  with liquefied and vapor ized  t a rge t  ma te r i a l  
to expand rad ia l ly  into the f ree  space .  At the s a m e  t ime ,  s ideways f rom the center  the re  appea r s  a l a rge  
tangential  ve loc i ty  component  pa ra l l e l  to the su r face .  It produces  l a rge  fr ict ion fo rces  between the ex-  
panding s t r e a m  and the t a rge t ,  ensur ing  that most  of the mass  wea r  occurs  around the hear th  p e r i p h e r y  
and the c r a t e r  will a s s u m e  its pecu l i a r  shape.  

In view of the different  d is in tegra t ion pa t t e rns  at the p e r i p h e r y  and at the center ,  we will analyze  
the effect  of some  fac to r s  which de t e rmine  the hear th  depth at both locat ions.  Our concern he re  is,  spec i f -  
ical ly,  how the carbon content,  the heat  t r e a tmen t ,  and the initial t e m p e r a t u r e  of s tee l  spec imens  affect  
the i r  r e s i s t a n c e  to d is in tegra t ion  - the c r a t e r  depth se rv ing  as a m e a s u r e  of  this r e s i s t ance ,  tn our t e s t s  
we used spec imens  of carbon s tee l  in the shape of disks 12 mm thick with a base  50 mm in d i ame te r  s u s -  
cept ible  to jet  action. The carbon content va r i ed  f rom 0.2 to 1.2%. The spec imens  were  init ially annealed 
or  hardened.  
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Fig. 1. Prof i le  view of a hea r th  produced by a p l a s m a  jet  in a s tee l  t a rge t .  

Fig. 2. C r a t e r  depth (a) at  the p e r i p h e r y  L 1 (ram) and (b) at the cen te r  L 2 
(ram), as function of the carbon content (%) in s tee l  spec imens .  

The study has shown that  the r e s i s t a n c e  to d is in tegra t ion  inc reases  with a higher  carbon content and 
�9 depends on the heat  t r ea tmen t .  Hardened spec imens  appea r  more  r e s i s t a n t  than annealed ones.  The c r a t e r  
depth L1 at the p e r i p h e r y  is shown in Fig.  2a as a function of the carbon content in hardened and in an-  
nealed  s tee l  s p e c i m e n s .  Evident ly ,  the depth L 1 d e c r e a s e s  with inc reas ing  carbon content and, m o r e o v e r ,  
the curve  for  hardened s teel  (2) l ies  below the curve  for annealed s teel  (1). The effect  of changes in the 
carbon content or  in the heat  t r e a t m e n t  is much weaker  at the hea r t h  center .  Here ,  according  to the curves  
in Fig. 2b, the depth L 2 is not so  much di f ferent  for  hardened and annealed spec imens ,  r e spec t ive ly ;  it 
a l so  d e c r e a s e s  l e s s  with increas ing  carbon content.  The d i f ference  between L 1 and L2, however ,  is g r e a t e r  
in annealed than in hardened spec imens .  

On the bas i s  of  these  data ,  one may  conclude that  the r e s i s t a n c e  of meta ls  to dis integrat ion by high-  
veloci ty  p l a s m a  jets  depends not only on the mel t ing  point and other  t h e r m a l  c h a r a c t e r i s t i c s  of  the metal .  
Indeed, with a h igher  carbon content the melt ing point of s tee l  drops  only slightly; the t h e r m o p h y s i c a l p r o p -  
e r t i e s  of s tee l  a r e  a lso  a l m o s t  unaffected by hardening.  The t e s t  data can be in te rpre ted  with the a s s u m p -  
tion that  the r e s i s t a n c e  of meta ls  to ablat ion is de te rmined  by the i r  mechanical  s t rength ,  mainly  by the i r  
r e s i s t a n c e  to p las t i c  flow. 

This  hypothes is is conf i rmed ,  f i r s t  of al l ,  by an inc rease  in the mechanical  s t rength  of s teel  as a 
r e s u l t  of hardening and a higher  ca rbon  content; secondly,  the effect  of these  fac tors  is manifes ted  mainly 
at  the c r a t e r  p e r i p h e r y ,  where  the apprec iab le  wear  of mass  may  be at t r ibuted to l a rge  fr ic t ion forces  be -  
tween the p l a s m a  s t r e a m ,  the liquid phase ,  and the solid t a rge t  ma te r i a l .  In the case  of ve ry  fas t  and 
dense  p l a s m a  je ts ,  the s t r e s s e s  may  become  suff ic ient ly  high to cause  p las t ic  flow in the solid phase.  The 
more  intensive d is in tegra t ion  at  the c r a t e r  p e r i p h e r y  may  then be a t t r ibuted to the flow and the wear  of 
solid metal .  

One can t e s t  the poss ib i l i ty  of such a mechan i sm by es t imat ing  the viscous fo rces  genera ted  in the 
liquid as the l a t t e r  flow along the solid su r f ace .  This  force  is ,  pe r  unit a r e a ,  
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L e t  us a s s u m e  that  sol id mate r i a l  at the so l i d - l i qu id  in te r face  will begin to flow swept  by  the liquid 
as  soon as the viscous  force  T becomes  equal to the c r i t i ca l  shea r  s t r e s s  T 0 at which p las t ic  flow of the 
solid occurs .  F r o m  this we e s t ima te  the th ickness  of the liquid l a y e r  capable  of sweeping away solid m a -  
t e r i a l :  

Av 
5z 0 = ~ - -  

% 

A gas  je t  and liquid drople ts  c a r r i e d  by it leave  the hear th  in a t a rge t  at a ve loci ty  of ~10 k m / s e c ,  
as  the s e p a r a t e  t r a c k s  of drople ts  on the pho tograms  in our h igh- speed  t e s t  with the SFR-1 c inematograph  
indicate.  We may,  then, e s t ima te  the veloci ty  of the liquid to be 10 k m / s e c  at t h e U q u i d - g a s b o u n d a r y  and 
ze ro  at  the l i q u i d - s o l i d  boundary.  The v i scos i ty  of molten s tee l  is W = 2 �9 1 0  -2 P [5] and ~0 will be  taken 
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Fig.  3. C r a t e r  depth (a) at  the 
p e r i p h e r y  L t (mm) and (b) at the 
cen te r  L2 (mm),  as a function of 
the initial t e m p e r a t u r e  T (~ of 
s t ee l  spec imens .  

as e q ~  to ~ae y{eld poi~it of s~eel or ~i0 ~ d}~x/cm ~. With ~hese 
values ,  we have Az~ ~ 0.2 f;,, 

A meta l lographic  examinat ion of a crater c ros s  sect ion has 
conf i rmed this e s t ima te .  The white unetched zone emerg ing  as a 
r e s u l t  of c rys ta l l i za t ion  f rom the liquid phase  [6] indicates what the 
th ickness  of the liquid l aye r  may  be at  var ious  locat ions within the 
hear th  region.  The analys is  has shown that the white zone is ~50/~ 
thick at the c r a t e r  cen te r ,  but l e s s  than 1 tz thick or more  often s o  
sma l l  as to be undetectable at  the c r a t e r  p e r i p h e r y  (where the c r a t e r  
is deepest) .  This indicates,  in accordance  with the given e s t ima te ,  
that  conditions a r e  rea l i zed  under which wear  of solid t a rge t  m a -  
t e r i a l  can occur .  

Apparent ly ,  this  appl ies  only to the case  of v e r y  fast  and dense  p l a s m a  je t s ,  when the r a t e  of mass  
wear  is so high tha t  the f i lm of molten metal  between the t a rge t  and the p l a s m a  s t r e a m  becomes  ve ry  thin. 
Con t ra r iwi se ,  the ve loc i ty  gradient  would not be suff ic ient ly  high to ensure  a sweep of solid m a s s .  

As this mechan i sm becomes  effect ive,  the role  of the mechanica l  s t reng th  of the t a rge t  becomes  
obvious.  The higher the r e s i s t a n c e  to p las t ic  flow T o is,  the higher  a veloci ty  g rad ien t  ~ v / & z  is requ i red  
to at tain that  s t r e s s  level  T o . 

Into this conception of the p rocess  fit a lso  the data per ta in ing  to the effect  of the initial spec imen  
t e m p e r a t u r e .  The c r a t e r  depths L t and L 2 in annealed spec imens  a r e  shown in Fig. 3 as functions of the 
t e m p e r a t u r e .  We see  that  L 1 d e c r e a s e s  with lower  t e m p e r a t u r e s ,  a drop  in the t e m p e r a t u r e  being known 
to inc rease  the r e s i s t a n c e  to p las t ic  flow. At the s ame  t ime,  L 2 iS a l m o s t  independent of the t e m p e r a t u r e ,  
within the sp read  of t e s t  va lues ,  inasmuch as  the fr ict ion forces  a r e  l ess  effect ive at  the c r a t e r  center .  

Lt 
L2 
T 
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N O T A T I O N  

is the c r a t e r  depth at  the pe r iphery ;  
is the c r a t e r  depth at the center ;  
is the v iscous  fo rce  (per unit area) ;  
is the dynamic v iscos i ty ;  
is the ve loc i ty  gradient ;  
is the c r i t i ca l  shea r  s t r e s s ;  
is the th ickness  of liquid l aye r  under which flow s t r e s s  is produced in the solid phase .  
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