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The k ine t ics  of in te rac t ion  of the p l a s m a  column with a me ta l  in the p r o c e s s  of cutt ing 
s t a in l e s s  s tee l  is inves t iga ted  by  h igh-speed  photography techniques.  

An i nc r ea s e  in the product iv i ty  and i m p r o v e m e n t  of  the quality of p l a s m a  cutting of m e t a l s  r e q u i r e s  
a detai led invest igat ion of the p r o c e s s  occur r ing  dur ing this  opera t ion .  In [1-3] the ene rge t i c s  of i n t e r a c -  
t ion of the p l a s m a  column with m e t a l s  has  been invest igated and a t he rma l  model  of p l a s m a - a r c  cutting is  
p roposed .  A m o r e  r i go rous  invest igat ion of the m e c h a n i s m  of cutting obviously r e q u i r e s  cons idera t ion  of 
e l ee t rodynamic  fo rces  accompanying  the in te rac t ion  of the p l a s m a  column with the me ta l  [4, 5]. So fa r  
the re  is only one re la t ive ly  comple te  invest igat ion of the p a r a m e t e r s  of the p l a s m a  column as  functions of 
the opera t ing  r e g i m e  of cutting [7], f rom which one can  get some  informat ion  about the k inet ics  of the 
p r o c e s s e s  occu r r ing  dur ing cutting. However ,  the use  of a wa te rcoo led  cyl indr ical  nozzle  instead of the 
cut me ta l  for  s impl i fy ing  the expe r imen t  m a k e s  it difficult  to e s t ima te  the re l iab i l i ty  of the obtained r e -  
sul ts ,  

The p r e s e n t  a r t i c l e  is devoted to the invest igat ion of the kinet ics  of in te rac t ion  of the p l a s m a  column 
with the m e t a l  d i rec t ly  in the p r o c e s s  of cutt ing KhlSN10T s ta in less  s t e e l  by the methods  of h igh- speed  
photography.  

The invest igat ions  were  c a r r i e d  out on OPR-10  p l a s m a  cutting equipment ,  which p e r m i t s  to obtain 
a c u r r e n t  I = 100-300 A and vol tage U = 200 V in the continuous r eg ime .  C o m m e r c i a l  n i t rogen was used 
as  the p l a s m a - f o r m i n g  gas .  F o r  the purpose  of re l iab le  photographic r eco rd ing  of the cutting p r o c e s s  by 
a h igh- speed  c a m e r a  the cons t ruc t ion  for  secur ing  the p l a s m a  cut te r  in re la t ion  to the unit being cut was 
changed.  A PMR-6 cu t te r  was  mounted on a r i d e r  and the unit (a me ta l  s t r ip)  was p laced on a c a r r i a g e  
ensur ing  a un i form d i sp lacement  of the unit with smooth  regula t ion  of the speed in the range  0.25-5 cm 
/ s e c .  The d is tance  between the cut of the cu t te r  nozzle  and the su r face  of the me ta l  1 was  mainta ined 
with an a c c u r a c y  of 0.2 m m .  

The s e p a r a t e  zones  of the hollow of the cut and p l a s m a  column were  photographed with SFR-2m and 
K r a s n o g o r s k  c a m e r a s  in a wide range  of opera t ing  r e g i m e s  of the equipment .  The record ing  of the r a d i a -  
tion by the e x t r a - h i g h - s p e e d  SFR-2m c a m e r a  was  done main ly  in the continuous r e g i m e  f r o m  the end face 
of the cut (Fig. l a ) .  The s l i t  ef  the c a m e r a  was p laced  para l l e l  to the axis  of the p l a s m a  column, which 
made  it  poss ib le  to obtain continuous scan  in the d i rec t ion  pe rpend icu la r  to the mot ion  of the p l a s m a  
s t r e a m s .  The l inea r  speed  of scan  was  375-1500 m / s e c ,  which co r r e sponded  to the t ime  reso lu t ion  of 
the photographic  r e c o r d e r  ~ 10 -~ sec .  F o r  e l iminat ing  the over lay ing  of images  cor responding  to d i f ferent  
ins tants  of t ime  on the fi lm a shut te r  was  placed in f ront  of the c a m e r a .  

Pho tographs  of individual segments  of S F R - g r a m s  a re  shown in Fig. 2 for  different  opera t ing  r e -  
g imes  of the equipment;  cu r r en t  intensi ty  I = 200-300 A, th ickness  of the me ta l  6 = 10-50 m m ,  and the r a t e  
of cutt ing v = 0.3-1.5 c m / s e c .  The dis tance l was  6 m m ,  the d i a m e t e r  of the nozzle  was d = 2.5 m m ,  and 
the consumpt ion of the p l a s m a - f o r m i n g  gas (nitrogen) was RN2 = 3400 l i t e r s / h .  These  photographs  indi-  
cate  that  the p l a s m a  column before  the me ta l  is not a s t a t ionary  p l a s m a  format ion .  The discontinuous 
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Fig.  1. Dividing cut (a) and sliding cut (b). Ar row 
........ shows the-di rec t ion of observat ion ,  

s t ruc tu re  of its photographic scan  is  a r e s u l t  of the exis tence  of s epa ra t e  m i c r o p l a s m o i d s  fo rming  as a 
r e su l t  of d i s c r e t e  p r o c e s s e s  a t  the e l ec t rodes  [8]. The repet i t ion  f requency of these  m i c r o p l a s m o i d s  is 
180 kHz. The discontinuous s t ruc tu re  of the p l a s m a  jet  made  it poss ib le  to de t e rmine  i ts  veloci ty;  for  
I - 200 and 300 A the veloci ty  is p rac t i ca l ly  constant  a long the p l a s m a  column and is equal to 1 and 1.3 
km~/sec r e spec t ive ly .  

In the upper  pa r t  of the hollow of the cut per iodic  enhancements  of b r igh tness  a r e  obse rved ,  which 
we identified as  wakes  of the anode spots .  The width of the wake is 0.1 m m  and m a y  qual i ta t ively c h a r -  
a c t e r i z e  the d imension  of the cen t ra l  zone of the anode spot.  During the cutting of s tee l  of th ickness  5 = 10-  
50 m m  with v = 0.3 c m / s e c  at  cu r r en t s  I = 200-300 A the anode spot descends  into the hollow of the cut not 
lower  than 10 ram.  An inc rea se  of  the cu r r en t  intensi ty of the p l a s m a  cut te r  in the range  I = 200-300 A 
for  v = 0.3 c m / s e c  and 6 = 10 m m  r e s u l t s  in a d e c r e a s e  of the osci l la t ion f requency of the anode spot  fa 
f rom 20 to 12 kHz. The r a t e  of  d i sp lacement  of the spot r e m a i n s  a lmos t  constant  a t  ~ 150 m / s e c .  

The f requency and the r a t e  of d i sp lacemen t  of the spot inside the hollow of the cut depend substant ia l ly  
on the th ickness  6 and the cutting speed v. On inc reas ing  6 f rom 10 to 50 m m  the f requency fa i n c r e a s e s  
f rom 20 to 50 kHz and the speed Va f r o m  150 to 220 m / s e c .  An i nc r ea se  of v f rom 0.2 to 1 c m / s e c  at  I 
= 300 A and 6 = 10 m m  re s u l t s  in an i nc rea se  of fa f rom 12 to 25 kHz and of Va f rom 150 to 300 m / s e c .  
The depth of sinking of the anode spot d e c r e a s e s  f rom 10 to 4 ram.  In Fig.  2 this is i l lus t ra ted  by the 
photographs  of th ree  S F R - g r a m s  cor responding  to different  cutting speeds .  F o r  smal l  v the t r a c e s  of 
the ve r t i c a l  d i sp lacements  of the anode spot a r e  c l ea r ly  r eco rded ,  while a t  the opt imum cutting speed the 
anode spot  does not move  along the ve r t i ca l .  

The r e su l t s  of the ana lys i s  of S F R - g r a m s  ag ree  well  with the o se f l l og rams  of the vol tage a t  the 
p l a s m a  equipment .  The f requency c h a r a c t e r i s t i c s  of the used supply sou rces  we re  inves t igated with the 
use of a constant  act ive  impedance of type RB-300-1 .  I t  was shown that  the supply source  of OPR-10 
equipment  has  a va r i ab l e  component  with f requencies  of 100 and 300 Hz and the depth of cu r r en t  o sc i l l a -  
t ions is  not m o r e  than 5%. In the invest igat ion of the t empora l  e l ec t r i ca l  c h a r a c t e r i s t i c s  of  the d i scharge  
the method of oscf l logra~hing of the voltage was  found to be m o s t  sens i t ive .  An ana lys i s  of the obtained 
o s c i l l o g r a m s  for  the opera t ing  r e g i m e s  desc r ibed  above made  it poss ib le  to es tab l i sh  that  the f requency 
of vol tage osci l la t ions  within the e r r o r s  of m e a s u r e m e n t s  coincides  with the f requency of d i sp lacement  
of the anode spot r e c o r d e d  on S F R - g r a m s .  The ampli tude of the osc i l la t ions  depends on the cutt ing speed 
and for  v = 0.3 c m / s e c  it  is  ~ 1 2 ~ o f  the supply vol tage (I = 200 A, U = 185 V, AU = 20 V; I = 300 A; U 
= 200 V, AU = 25 V), while for  v = 1.5 c m / s e c  it  d e c r e a s e s  by 7-8%. 

These  r e s u l t s  can be obviously explained by the s t rong  influence of the e ros ion  p l a s m a  on the p r o -  
c e s s e s  occur r ing  within the hollow of the cut. In  cutt ing me ta l  with 5 > 10 m m  the e ros ion  p l a s m a  is  
blown downward incomplete ly  and a p a r t  of it r e m a i n s  in the hollow producing favorab le  conditions for  
shunting the p l a s m a  column [6]. A d e c r e a s e  of the c u r r e n t  intensi ty and a lso  an i nc rea se  of the th ickness  
an~ the r a t e  of cutting will lead to a de te r io ra t ion  of the vent i la t ion of the hollow of the cut, i .e . ,  to an in -  
c r e a s e  of the f rac t ion  of the e ros ion  p l a s m a  and thereby  to an i nc rea se  of the r a t e  and f requency of d i s -  

p l acemen t  of the anode spot .  

Below the reg ion  of ex is tence  of the anode spot intense rad ia t ing  p l a s m a  s t r e a m s  a r e  r eco rded ;  
these  a r e  obviously fo rmed  by overhea ted  meta l  d rops .  I t  is  c h a r a c t e r i s t i c  that the veloci ty  of these 
s t r e a m s  is  l a r g e r  than the ve loc i ty  of the p l a s m a  before  the me ta l  su r face  and for  I = 200 A it  r e ach es  
1.5 k m / s e c ,  while for  I = 300 A it  r e a c h e s  2 k m / s e c .  
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Fig. 2. SFR-grams  of the hollow of the cut: a) I = 200 
A, thickness of the metal  5 = 10 ram, cutting ra te  v 
= 0.3 e m / s e c ;  b) I = 300 A, v = 0.3 c m / s e c ,  5 = 10 
m m ;  c) I = 200 A, 5 = 50 mm,  v = 0.3 c m / s e c ;  d) I 
= 300 A, 5 = 10 mm,  v = 0.7 c m / s e e ;  e) I = 300 A, 5 
= 10 mm ,  v = 1.5 c m / s e c .  Scanning ra te  375 m / s e e .  
Reduction • Ar row indicates position of the top s u r -  
face of the metal .  

The SFR-g rams  obtained by us make it possible to obtain information about the interaction of the 
p lasma column in the hollow of the cut only to a depth of 10 ram. I t  was suggested that the disintegrat ion 
of the metal  occurs  to a g rea te r  depth due to other slower p roces se s  accompanying the radiation of the 
p lasma in the spec t ra l  region different f rom that recorded  on SFR-grams .  Therefore  in the subsequent 
investigation of the p rocess  of cutting 16 mm motion p ic tures  were taken with the Krasnogorsk  camera  using 
different  light f i l ters  and were  used for elucidating the nature of the lines forming from the mel ted metal  
on the la te ra l  sur faces  predominant ly  in the lower par t  of the hollow (Fig. 3). The distance between the 
lines is a lmos t  independent of the cutting speed and is ~ 2-3 ram. It  was also shown that these lines are  
in no way connected with the nonuniformity of displacement  of the unit [9]. A model,  the so called "sliding 
cut" was used for the investigation of the line format ion (Fig. lb).  Visual observat ions  and motion picture 
scans  showed that in this case there a re  two anode spots.  The upper anode spot coincides with the pos i -  
tion of the spot r ecorded  ea r l i e r  on SFR-g rams .  The lower spot undergoes a slow ver t ica l  displacement.  
It is cha rac te r i s t i c  to note that it s ta r t s  its motion f rom the lower edge of the metal  s t r ip ,  ascends  gradual -  
ly to the zone of the upper anode spot, and then jumps back to the lower edge. The disintegration of the metal  
occurs  due to the fact that an intense melt ing occurs  along the path of the anode spot. This p rocess  is 
ve ry  o rdered  and occurs  with a frequency ~1-0 .5  Hz. A n e w  line appears  at the la tera l  su r face  for each 
displacement  of the anode spot; therefore  the zone between the lines is obviously the t race  of the anode 
spot. This pa t te rn  is c lear ly  observed visually,  but on the motion pictures  shows up less  c lear ly  without 
using special  light f i l ters  because of different spect ra l  composi t ion of the radiat ion of separa te  zones of 
the hollow of the cut. 

Fig.  3. Photograph of the la teral  surface of 
the metal  s t r ip  af ter  p lasma cutting. 
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Fig.  4. Records  of the hollow of the cut by the Krasnogorsk  mo-  
tion pic ture  camera .  I = 300 A, U = 180 V, RN~ = 3400 l i t e rs  
/ h ,  6 = 50 mm,  v = 0.3 c m / s e c .  Rate of p ic tures  8 f r ames  
per  second.  Reduction x3.  Ar row indicates the position of 
the upper  surface  of the metal .  

In o r d e r  to investigate the desc r ibed  p roces s  d i rec t ly  during meta l  cutting the hollow of the cut with 
the end face (see Fig. la )  was photographed by the Kra snogo r skcamera .  A s tackof  light f i l t e rs  with spec t ra l  
region of t r ansmiss ion  400-500 mm was used. I t i s  evident  (Fig. 4) that the r eco rded  pa t te rn  is v e r y  s imi la r  to 
that obtained in "sliding cut. H Low-frequency displacements  of the anode spot also occur  in the hollow of 

the cut. 

The osc i l l0grams of the d ischarge  voltage were  taken simultaneously with the photographs.  It  was 
found that at  f requencies  ~ 1 Hz the voltage fluctuations a re  random. The i r  amplitude is considerably 
sma l l e r  than the amplitude of the high-frequency osci l la t ions of the upper anode spot and is about 1% of 

the d ischarge  voltage.  

An explanation of the r eco rded  pa t te rn  may obviously be the following. The lower zone of the hollow 
of the cut is cha rac t e r i zed  by the fact that the dynamic thrus t  of the p lasma jet has a ve ry  small  effect  on 
the displacement  of the lower anode spot. The re fo r e  the heating of the metal  in the lower zone should be 
r ega rded  as heating in the s ta t ionary anode spot. The lower edge of the metal  s t r ip  is s c reened  f rom the 
p lasma s t r e am and the anode spot s t a r t s  i ts path f rom below. A large  heat r e l ea se  in the anode spot r e -  
snlts  in a rapid melt ing and outflow of the metal  downward; the re fo re  the anode spot is forced  to ascend 
in such a way that it is sc reened  f rom the plasma s t ream.  When the lower anode spot r eaches  the zone of 
the upper spot the mel ted  connecting p ieces  a re  e jected from the hollow under the thrus t  of the plasma jet  
and the anode spot again jumps into the nshel ter"  at the lower edge of the cut.  It  should be noted that the 
mel ted  connecting pieces  a re  e jected not only downward but also upward. This  is indicated by the l ines 
of mel ted  metal  forming on the upper  surface  of the sample.  The eject ion of the metal  against  the high-  
speed jet  may  occur  obviously only in the case  when the dis integrat ion is of a burs t  type, which happens in 
a s trongly overheated  meta l .  In the presen t  case  this is ve ry  probable,  since the thermal  energy is fed 
to the connecting pieces  f rom both upper  and lower anode spots.  

The investigations ca r r i ed  out he re  indicate that two anode spots a re  formed in the hollow of the cut 
during p lasma cutting of meta l s  in the investigated range of the operat ing reg imes .  The upper spot under -  
goes ve r t i ca l  d isplacements  with a f requency of 15-50 kHz, the lower with 0.5-1 Hz. The eros ion  of the 
meta ls  has a s i ~ f f i c a n t  effect  on the frequency and ra te  of d isplacement  of the upper  anode spot. During 
cutting of meta l  of large  thickness the main mechanism of dis integrat ion of meta l  is the e ros ion  in the 

zone of the s ta t ionary  anode spot. 

N O T A T I O N  
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is the cu r ren t  intensity;  
is the voltage;  
is the distance between the cut of the cu t te r  nozzle and the metal  su r face ;  
is the consumption of the p lasma forming gas; 
is the d i ame te r  of the nozzle;  
is the cutt ing speed; 
is the ra te  of d isplacement  of the upper anode spot;  
is the f requency of osci l lat ions of the upper  anode spot; 
is  the metal  thickness.  
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