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The dependence of the total cur rent  density in the spots on its different components and the 
cur ren t  is examined by considering the energy balance of the electrode sheaths.  The fac-  
to rs  affecting electrode erosion a re  determined.  Results  of measurements  of the cur rent  
density in spots on iron electrodes, in a r c s  with different cur rents  a re  given. 

In [1-3] the determination of the cur rent  density in the electrode spots of an arc between graphit ized 
r e f r ac to ry  e lectrodes  was considered f rom the standpoint of the power balance in the electrode sheaths. It 
was of in teres t  to find out if the resul ts  obtained apply also to metal e lectrodes.  

The cur ren t  density in any steadily burning arc  can be determined by considering the power balance 
of the electrode (plasma) sheath, as was done in [1-3], or the electrode power balance. The variat ion of 
cur ren t  density in the spots in relation to the electr ic  c ircui t  pa rame te r s  was discussed in [1]. 

Since the e lect r ical  energy of the electrode sheath is completely converted to heat and is removed f rom 
it by radiation and convection to the surroundings,  and also by conduction to the electrode, then f rom a con- 
s iderat ion of the power balance per  unit a rea  of the spot we can wri te  

Pel = Prad + Pconv + Pcond. (1) 

The components of the electr ic  power Pel which enter the electrode sheath and a re  converted to heat 
can be expressed  in the form 

Pc1 = aielUel (2) 

In Eq. (2) only the potential drop due to re lease  of heat in the electrode sheath, i . e . ,  due to the ther -  
mal effect, is taken into account.  

Substituting (2) in (1) we obtain af ter  some elementary algebra 

I 
Aiel  = arc Pel = Aira d + Aiconv + Aicond" (3) 

:  e--7 

Expression (3), which connects the conditions of convers ion of electr ical  energy within the electrode 
sheath (left half of equation) with the conditions of removal  of heat energy f rom it (right half of equation), 
indicates the close relationship between e lect r ical  and thermal  effects in an electr ic arc  (law of conse rva-  
tion of energy).  According to this expression, in s teady-s ta te  conditions the mean cur ren t  density, which 
is c losely connected through the tempera ture  with the potential drops at the electrodes [1-3], depends on 
the conditions of removal  of the heat energy f rom the electrode sheaths.  Since the heat energy is removed 
by radiation, convection, and conduction, the total cur rent  density can be regarded  as consist ing of three 
components (Aira d, Aiconv, Aicond). It may be determined mainly by one or other component, depending 
on the conditions. 

As was shown ear l ie r  [1-3] in the case of an arc  between graphit ized electrodes in a i r ,A i r a  d can be 
determined f rom the expression 

T4 
hirad =me--arc 5.67.10 -12, (4) 

Uel 
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where  m and ~ a r e  exponential functions of the a rc  cur ren t  and p r e d e t e r m i n e  the exponential re la t ionship 
Aira  d = f ( Iarc) .  They depend on the e lec t rode ma te r i a l  and the medium in which the a r c  burns  [2, 3]. 

In view of the shor tness  of the region of the a rc  axis occupied by the e lect rode sheaths  we can a s su me  
that approximate ly  half of the i r  radiat ion power (at t e m p e r a t u r e  T a r  c) is d i rec ted  into t he  surroundings,  
and the other half (0.5 Prad)  is d i rec ted  towards the e lectrode,  where  some of it is  absorbed  (0.5 P r a d  ~) is 
Some of the energy (0.5 P rad  e) is ref lected,  and the r e s t  (0.5 P rad  e) (1 - e) is used up on heating the e lec-  
t rode .  

The emiss iv i ty  e of graphi te  and carbon e lec t rodes  is fa i r ly  high {0.8-0.9) and the power spent on 
heating the e lect rode is s m a l l -  0.5 P rad  (1 - 0.9) .0.9 = 0.045 Prad .  In these  cases  the erosion of the e lec-  
t rode  is mainly  due to e l ec t rochemica l  r eac t ions  (on the anode), in accordance  with F a r a d a y ' s  e l ec t rochem-  
ical  laws, and not to melt ing and evaporat ion.  On the other hand, the emiss iv i ty  e of meta l  (unoxidized) 
e lec t rodes  is low {0.15-0.6), the absorpt ion is h i g h -  0.5 P rad  (1 - 0.5) �9 0.5 = 0.125 P rad  and, hence, the 
erosion of the e lec t rodes  due to thei r  mel t ing and evaporat ion is cons iderable .  E lec t rochemica l  reac t ions  
a r e  p rac t i ca l ly  absent,  s ince the a r c  burns  in the e lect rode vapor .  

Using the Four ie r  and Newton-Rikhman  laws we can wri te  the heat  powers  and the corresponding 
cu r ren t  densi t ies  for  heat r emova l  by conduction and convection in the fo rm 

2~ c)T 

o r  On . (5) 
Poond = )~Onn ' Afc~ --0~-el ' 

ctAT 
Pco~v = aAT, aioo~. =u I . (6) 

Since the a rc  t e m p e r a t u r e  does not change much when the cu r ren t  changes,  and the t e m p e r a t u r e  of 
the e lec t rode ma te r i a l  under the spot is c lose  to Tb, it follows f rom Eqs.  (5) and (6) that because  of the com-  
ponents Aiconv + Aicond, which a r e  propor t iona l  to the di f ference in t e m p e r a t u r e s  of the end of the a rc  and 
the e lectrode,  or the end of the a rc  and the medium, the cu r ren t  densi ty in the spots is not g rea t ly  affected 
by var ia t ion  of the a rc  cu r ren t  in a wide range.  If we take into account  the fact that at high cu r r en t s  (much 
g r e a t e r  than the corresponding Aimax) the emiss iv i ty  of the e lec t rode  sheath esh tends to ze ro  [2, 3], we 
a r r i v e  at the conclusion that at high cu r ren t s  the total  cu r ren t  density in the e lec t rode  {anode) spots is de- 
t e rmined  a lmos t  ent i re ly  by the components  Aiconv + Aicond, and it r e m a i n s  constant  in a wide range  of 
cu r ren t .  In the e lec t rode  sheaths in this case  (Aira d = 0, esh = 0) all  the radiat ion is absorbed  internal ly,  
which actual ly  co r r e sponds  to conditions in which the e lec t rode  region is t r a n s f o r m e d  f r o m  a bulk rad ia to r  
to a sur face  rad ia to r  - a black body [2]. 

The graph of Aiel  = f(Iar  c) is  obtained exper imenta l ly  and the sum of the components  Aieonv + Aicond 
is de te rmined  f rom the pa r t  pa ra l l e l  to the Iare  ax is .  t t  is then easy  to find Aira  d max  = A i e -  {Aiconv 
+ Aicond). This  provides  a s imple  method of separa t ing  the components  A i r a  d and'Aiconv + Aicond. 

In the case  of an a rc  burning in a i r  between graphi t ized e lec t rodes ,  the sum Aiconv + Aicond in the 
anode cu r r en t  density is  approx imate ly  80-90 A/cm 2 and at the common max imum of cu r r en t  densi ty is  20- 
25%. These  components  play a much s m a l l e r  role  in the cathode cu r ren t  density [2, 3]. The g rea t  p r e -  
dominance of rad ia t ive  heat t r a n s f e r  in the cathode spot p r e d e t e r m i n e s  the high cu r ren t  densi ty h e r e  in 
compar i son  with the anode spot and the higher t e m p e r a t u r e s .  

In determinat ion of the cu r ren t  density in the e lec t rode spots it  i s  impor tant  to know the magnitude 
{thermal effect) of the potential  drop at  the e lec t rode .  According to invest igat ions [1], the e lec t rode poten-  
t ia l  drop at the cathode is given by the formula  

Vel .  c = Uic  + ~out (7)  

and combined with the t he rma l  effect  it will be NUic. For  an are  with carbon or graphi t ized  e lec t rodes  
burning in a medium which in te rac ts  chemica l ly  with ca rbon  the potential  drop at the anode, according to 
[1], is given by the fo rmula  in [3]: 

Uel. a = UiAgas + ~in, {8) 

If the are burns in the vapor of the anode material, as in the case of metal electrodes, then UiAgas = 0 

- there are no chemical interactions; q~in, however, may not be zero (if the column gas is not the anode 

vapor). 
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Fig. 1. a) Photograph of iron str ip with cath- 
ode spot marks  (current 400 A). Photomicro-  
graphs of anode and cathode spot marks:  b ) c u r -  
rent 300 A, cur rent  density 9500 A/cm2; c) anode, 
cur rent  210 A, cur ren t  density 2800 A/cm2; d) 
anode, cur ren t  300 A, cur rent  density 2380 A 
/cm2); e) photomicrograph of divided cathode 
spot marks  (current 320 A). 

These considerat ions enable us to determine the 
power t r ans fe r red  f rom the electrode sheath to the met-  
al electrode.  Together  with the Joule power (as the cur -  
rent spreads f rom the spot over the electrode) it is 

Pe = 0,5 Prad(l--e) e q- Pcond~- Pl (9) 

It is obvious that this power is expended on erosion 
(melting and evaporation) of the electrodes and is p a r -  
t ial ly removed by heat conduction f rom the spot into the 
electrode 

0.5P:rad(1-- e) e @ Pcond@ P l : Peros -~- Pcond. el" (10) 

The t ransfer  of heat by conduction (Pheat) f rom 
the cathode sheath to the cathode is impeded by the in- 
tense electron flux f rom the cathode into the column. 
This is obviously the reason why the cathode is usually 
eroded more  slowly than the anode. Our experiments  
with iron electrodes  show that the erosion of the cath-  
odes, despite the much higher cur rent  density in them, 
is cer ta inly not g rea te r  than the erosion of the anodes. 

After some very  simple t ransformat ions  of Eq. 
(10) and some feasible assumptions,  we obtain 

Peros = O . 5 P  �9 m~she(1--e)-l-P J ~-C, (11) raG. Kq3x 

where C = P c o n d . s h -  Peond.el ~ const; P j  = Ai2Rel . 
If we assume Rel -~ const for the given conditions, then 
P j  = CAi 2. The specific electrode erosion (referred to 
an area  of 1 cm 2) is proport ional  to Peros  and, hence, 
it follows f rom formula (11) that it depends in a fa i r ly  
complex manner on the arc  cur rent  and has a maximum 
at cur ren t s  corresponding to Aima x (m and r = 1). 

Equation (11) indicates measures  which can be taken to reduce electrode erosion: the operating cur -  
rent of the apparatus must  not be equal to the cur ren t  corresponding to Aimax; the electrodes can be cooled 
ar t i f ic ial ly with water  (or in some other way); the electrode spots should be made to move rapidly over the 
electrode;  the solid e lectrode spot should be broken up into a large number of separa te  spots, which is 
equivalent to reduction of the mean current  density. In general, all measu res  which reduce the mean cur -  
rent density in the electrode spots lead to a reduction of the specific electrode erosion.  The erosion can be 
significantly reduced by an increase  in the specific res is tance  of the electrode mater ia l  immediately under 
the spot, as this leads to a reduction in cur ren t  density [1]. It appears  that this (the change in the state of 
of the electrode surface  immediately under the spot) is the main reason for the change in cur ren t  density 
in the spots when they a re  cooled with water or additionally heated, or in the case of prolonged burning of 
the arc  on one spot. This could account for the spread of the experimental  points for the same arc cur ren t .  

To i l lus t ra te  the above ideas in the case  of a r c s  with metal e lectrodes we made measurements  of the 
cur ren t  density in electrode spots (cathode and anode) on iron (carbon steel 3) e lect rodes .  Since the elec-  
t rode spots on metal  e lectrodes  a re  not bright  enough and it is difficult to photograph them through the bright 
a rc  column (it is  difficult to fix the contract ion of the a rc  at the electrodes) we determined the spot cur ren t  
density, for lack of a more  accura te  method, f rom the marks  left by the arc  oll moving e lect rodes .  

The electrodes  were  iron s t r ips  700 mm long, 90 mm broad, and 2 mm thick. The s t r ips  moved in 
horizontal  guides at a speed of 2.4 m/sec .  The s t r ips  were  moved during the experiment by an asynchro-  
nous motor  through a reducer  and a flexible rod wound on a pulley. The speed of 2.4 m/sec  was chosen to 
ensure the obtention of distinct marks  without significant melting. The arc  burned ver t ical ly .  In measure -  
ments  of the anode cur ren t  density the iron str ip moved in a horizontal  plane in guides and a fixed iron 
cathode (20 mm in diameter)  was mounted ver t ica l ly  over it. The interelectrode gap in all the experiments 
was 1.5"2 era. The arc  was ignited before the s tar t  of the experiment by fine wires .  The arc  left marks  
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Fig. 2. Osc i l lograms  of 
anode (a) and cathode (b) 
potential  drops at cu r ren t s  
of 90 A (bottom curves) ;  up-  
p e r  cu rves  - cu r ren t  t r aces ;  
osc i l lograph speed 50 m m / s  ec; 
a r c  length 1.5 cm.  

on the moving s t r ip  in the f o r m  of a s e r i e s  of spots  (due to shunting) 2-2.5 cm apa r t .  The t ime  of burning 
on one spot was about 0.01 sec,  i . e . ,  long enough for the spot to be  r ega rded  as  s ta t ionary,  i . e . ,  fully 
fo rmed .  

The cu r ren t  during the exper iment  was de te rmined  with an osci l lograph;  the s t a r t  of movement  of the 
s t r ip  was synchronized with the s t a r t  of the cu r ren t  t r a ce  on the osci l lograph.  To de te rmine  the cu r ren t  
densi ty we used only distinct spots of the l a rges t  d i ame te r .  Small ones were  not used in the calculation; 
the i r  format ion was at t r ibuted to splitting of the end of the a rc  or to i ts  unstable burning.  Dist inct  spots  
we re  obtained when the a rc  burned under the fixed e lec t rode .  The s ize  of the spots  was de te rmined  with a 
MI-1 measur ing  m i c r o s c o p e  f r o m  the s ize  of the spot c r a t e r  (which was a s sumed  to be  c i rcu la r ) .  Knowing 
the a r ea  and the cur ren t  f r o m  the osc i l lograph t r ace  we de te rmined  the cu r r en t  densi ty.  

In the exper iments  we used a 500-V, !50 A d c  genera to r  and de welding gene ra to r s  (for cu r r en t s  of 
m o r e  than 150 A). The cu r ren t  was va r i ed  by a ba l las t  r e s i s t o r  and a lso  by a field regu la to r .  Welding 
g e n e r a t o r s  a r e  less  suitable,  s ince the i r  cu r r en t  is l e ss  stable,  which leads to an additional s ca t t e r  of the 
points .  

As examples ,  Fig. 1 shows: a) photograph of iron s t r ip  with cathode spot m a r k s  (current  400 A); b, 
c, d) photographs of anode and cathode spots magnif ied by a mic roscope ,  f r o m  which the cu r r en t  densi ty  
was determined;  ei photograph of divided spot, i l lus t ra t ing that such spots a r e  poss ib le .  F igure  2 shows 
osc i l l og rams  of the anode and cathode potential  drops of an a rc  burning between ve r t i c a l  fixed iron e lec-  
t rodes  in a i r .  These  drops  were  m e a s u r e d  with iron wi res  (probes) 1 m m  in d i ame te r  in an Alundum sheath 
inse r t ed  into the e lec t rode sheaths (the m e a s u r e m e n t s  we re  made  on the bot tom elect rode) .  F igure  3 shows 
the anode and cathode spot cu r r en t  densi t ies  as  functions of the a rc  cur ren t ,  obtained f rom the exper imenta l  
data.  

The osc i l log rams  in Fig. 2 indicate that  if we allow for  the inevi table  e r r o r  of 1-2 V entai led in m e a -  
su r emen t  of the potential  drop in an a rc  column of length equal to the th ickness  of the tube wall  (1.5 ram), 
and a lso  the potent ial  drop in the e lectrode,  the mean value of the cathode potent ial  drop will be  approxi -  
ma te ly  the s ame  as that calcula ted f r o m  formula  (7), i . e . ,  12.6 V (the sharp  dips in the cu rves  co r r e spond  
to contact  of the p robe  with the e lec t rode or to meta l  droplets) ,  and the anode drop, in accordance  with fo r -  
mula (8), is c lose  to zero .  In this case  the e lect rode drops  due to the t he rma l  effect a r e  7.9 V for  the ca th-  
ode and 4.77 V for  the anode (the cathode drop is reduced by the value of the work function and the anode drop 
is inc reased  by this value).  

Examining the re la t ionship Ai a = f{Iar c) (Fig. 3B) we see  that  in the case  of iron e lec t rodes ,  owing 
to contract ion of the a re  at  the e lec t rodes ,  the cu r ren t  densi t ies  in the e lec t rode  spots i n c r e a s e  rapidly  in 
compar i son  with a r c s  between graphi t ized e lec t rodes  [2, 3]. In addition, at high cu r r en t s  (grea te r  than 
the corresponding Alma x) the ro le  of the components  Aiconv + Aicond of the anode cu r r en t  densi ty (horizon- 
tal  pa r t  of curve  in Fig. 3B) in the total spot cu r r en t  density is g r e a t e r  than in the case  of graphi t ized  e lec-  
t rodes ,  reaching 50~0 Alma x, or 2500 A/cm 2 in absolute value (as compa red  with 80-90 A/cm 2 for  a g raphi -  
t ized anode). The inc rease  of Aiconv + Aicond in low-mel t ing meta l  anodes is due to the g r e a t e r  (in com-  
par i son  with graphi t ized  r e f r a c t o r y  e lec t rodes)  efflux of me ta l  gas  (vapor) f r o m  the anode region.  

F r o m  the curves  in Fig. 3 Aimax . ra  d for the anode cu r r en t  density is ~2300 A/cm 2, and for the cath-  
ode cu r ren t  density is apparent ly  about 11,000 A/cm 2 (the ro le  of Aiconv + Aicond is smal l  here) .  Since 
the cu r r en t  density m a x i m u m  due to radiat ion occurs  when m and e = 1 [2, 3], then f r o m  formula  (4) the 
t e m p e r a t u r e  of the anode region (end of a rc)  is 

1512 



Ai c �9 IW " o 
0 

go 
O O O O 

12 v g o  

oo K /0 
8 ~ A 

O 

6 go ,,~ 
~ o~ &La" lO 3 o B 

4, oc ro 4- 7 ~ o 

o ~o,o zoo 3oo ~oo 5o, o 

0 /00 200 300 400 500 600 700 lal, C 

Fig. 3. Relat ionshipAi =f(Iarc) for  cathode (A) and anode 
(B) in an a rc  burning in a i r  between iron electrodes;  arc  
length 1.5 cm. 
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and that of the cathode region is (10,000-11,000)~ These  t empera tu res  a re  c lose to the corresponding 
t empera tu re s  for  graphi t ized e lec t rodes .  Formulas  (3), (4), and the calculation f rom the exper imental  data 
show that the low potential  drops at the e lec t rodes  of a rc s  with metal  e lec t rodes  p rede te rmine  thei r  contrac-  
tion in the e lec t rode  sheaths,  which is responsible  for  the inc rease  in cu r ren t  density and maintenance of 
the concentrat ion of energy and t empera tu re  at the level c lose to that of graphi t ized e lec t rodes .  The ro le  
of the e lec t rode  potential  drops is brought out ve ry  c lear ly  by a compar ison of the anode cu r ren t  density 
on graphi t ized [3] and i ron e lec t rodes .  For  instance, Uea (graphite) = 24.4 V and the maximum density is 
400 A/cm2; for  i ron Uea (iron) = 4.77 V and the maximum cur ren t  density is about 4800 Afcm 2. It is ve ry  
interes t ing that in the case  of high t empera tu re s  the the rmal  conductivity of graphite and iron is approxi-  
mately  the same.  

Since the t empera tu re s  of the ends of a rc s  be tweenmeta land  graphi t ized e lec t rodes  a re  s imilar ,  and 
the t empera tu re  of the e lec t rode spots a re  c lose  to the boiling points (graphite 4200~ iron 3000~ the 
t em pe r a tu r e  drop between the a rc  and the e lec t rodes  in the case  of metal  e lec t rodes  is appreciably g r ea t e r  
than in the case  of graphi t ized e lec t rodes ,  which p rede te rmines  the more  rapid t r ans fe r  of heat by conduc- 
tion f rom the a rc  to the e lec t rodes  and their  rapid erosion.  Both Ai a = f(Iarc) and Ai c = f(Iar c) a r e  of an 
exponential na ture  and can be approximated reasonably accura te ly  by the express ions  obtained in [2, 3] for  
graphi t ized electrodes:  

[ f a'c ] 
/,i c -- 13000 1--exp k2~75]J ' 

Iarc-- 150~ Iarc-35 (12) 
h i a = / 5 0 0 { e x p (  7-5 ] I I - -exp  ( 50 ) ]}+2500 

(at cur ren t s  less  than 150 A the f i r s t  exponential fac tor  is taken as unity). 

The descending branch of the function Ai c = f(Iarc) was not obtained exper imental ly .  The maximum 
cathode cu r ren t  density apparent ly  occurs  at cu r ren t s  around 1000-1200 A, which is higher than the cur ren t s  
attained in our exper iments .  
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NOTATION 

are  the total specific power and current density in electrode sheath; 
a re  the total power and current  density due to radiative heat transfer; 
are  the total power and current  density due to convection; 
are  the total power and current density due to heat conduction from electrode sheath 

to electrode; 
are  the areas  of radiation and current  of spots; 
are  the emissivity and temperature of electrode region (end of arc); 
is the emissivity of electrode material (esh ~ e); 
is the boiling point of electrode material; 
is the electron work function of cathode; 
is the lowest ionization potential of cathode sheath gases with possible excitation taken 

into consideration; 
is the ionization potential of gases rapidly produced at anode due to chemical interaction 

of carbon with gas phase of arc column; 
is the work function for entry of electrode into anode; 
is the lowest ionization potential of column gases; 
is the ionization potential of anode material; 
is the power t ransfer red  from electrode sheath to electrode; 
is the specific power produced by Joule heat when current  spreads over electrode from 

electrode spot; 
is the specific power expended on electrode erosion; 
is the power drawn off from spot into electrode by heat conduction; 
are  the temperatures of anode and cathode regions; 
are  the total anode and cathode current  densities; 

is the potential drop at electrode (anode or cathode) due to re lease of heat. 

1o 

2. 
3. 
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