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The  t e m p e r a t u r e  d i s t r i b u t i o n  du r ing  me t a l  hea t ing  by a c o n c e n t r a t e d  s u r f a c e  heat  sou rce  is  

found n u m e r i c a l l y .  The shapes  of the me l t ed  puddles  a re  ana lyzed ,  and dependences  a r e  
c o n s t r u c t e d  connec t ing  the quant i ta t ive  c h a r a c t e r i s t i c  of m e t a l  r u p t u r e  to the hea t  s o u r c e  
p a r a m e t e r s .  

The effect  of c o n c e n t r a t e d  hea t  f luxes  on v a r i o u s  m e t a l s  is  f r equen t ly  e n c o u n t e r e d  in  e n g i n e e r i n g .  
M a t e r i a l  r up tu r e  is  a r e s u l t  of such an effect .  The r e g u l a r i t i e s  of such cap tu re  have been  s tudied by m a n y  

i n v e s t i g a t o r s  for  d i f fe ren t  p u r p o s e s  [1-4]. 

In c e r t a i n  c a s e s  i t  is su f f ic ien t  to so lve  a o n e - d i m e n s i o n a l  p r o b l e m  to d e s c r i b e  the heat  p r o c e s s  [5- 
7]. However,  if the deg ree  of p ropaga t ion  of the h e a t p r o c e s s  iS equal  to or exceeds  the t r a n s v e r s e  d i m e n s i o n s  
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Fig .  1. Deve lopmen t  of the me l t ed  puddle in a m e t a l  with t i me :  a) for  
qB = 4.17 �9 109 W / m 2 ;  R 0 = 10 -2 m;  t 1 = 9.6 �9 10 -5 sec ;  t ime  i n t e r v a l  b e -  
tween c u r v e s  3 �9 10 -5 sec ;  b) for  qB = 12.5.1011 W / m 2 ;  R 0 = 10 -6 m;  t 1 
= 2 �9 10 -9 sec,  t i m e  i n t e r v a l  2 �9 10 -9 sec .  

F ig ,  2, T i m e  dependence  of the ra t io  be tween  the depth of the me l t ed  
puddle  and i ts  d i a m e t e r  for  d i f f e ren t  qB and R0: 1) qB = 12.5 �9 10 it W 
/ m 2 ;  R o = 10 -5 m;  2) 4.17" 10 li and 10 -6 r e s p e c t i v e l y ;  3) 12 .5 - 10  n d  
10-6; 4) 4.17"103 and 10,4; 5) 4.17"109 and 10 -3 . 
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F i g .  3. T i m e  d e p e n d e n c e  of the  
m a s s e s  of m e l t e d  (1-4) and e v a p -  
o r a t e d  (5-7)�9 m e t a l  fo r  d i f f e r e n t  

qB and R0: 1) qB = 4 .17"  10 9 W 
/ m 2 ;  R 0 = 10 -3 m;  2) 4.17 "10 9 

and 10 -4 r e s p e c t i v e l y ;  3) 12.5 
�9 10 8 and 10-3; 4) 12.5" 1011 and 

10-G; 5) 4 . 1 7 . 1 0  9 and 10-3; 6) 
12.5" 1011 and 10-6; 7) 4.17.1012 
and 10 -6 . 

of the hea t  s o u r c e ,  the o n e - d i m e n s i o n a l  a p p r o x i m a t i o n  i s  i n -  
a p p l i c a b l e � 9  

The  t h r e e - d i m e n s i o n a l  p r o b l e m  of h e a t  p r o p a g a t i o n  i s  s o l v e d  
h e r e i n  and the r e g u l a r i t i e s  of m e t a l  r u p t u r e  a r e  a n a l y z e d .  Me ta l  
e v a p o r a t i o n  and mo t ion  of the  e v a p o r a t i o n  f ron t  deep  in  the m e t a l  
a r e  hence  t a k e n  into accoun t .  The  f lux  d i s t r i b u t i o n  o v e r  an a r e a  
of r a d i u s  R 0 was  a s s u m e d  u n i f o r m .  The  c o m p u t a t i o n  was  c a r r i e d  
out on a d i g i t a l  c o m p u t e r .  

F o r  the  a x i s y m m e t r i c  c a s e  the h e a t  conduc t ion  equa t ion  in 
c y l i n d r i c a l  c o o r d i n a t e s  is  (for  z > 0) 

or  (027" 1 or  02T ) 
- -  = a  + - - - - - +  . ( 1 )  
Ot \ Or ~ r Or ~z ~ ] 

The  so lu t i on  was  c a r r i e d  out u n d e r  the  fo l lowing  b o u n d a r y  c o n d i -  
t ions :  fo r  0 -< r ___ r 0 the f lux b a l a n c e  on the m e t a l  s u r f a c e  is  

0T T 
q~ = - -  L Ozz z=n +'qeva(Iz=n), (2) 

and fo r  r > r 0 

0 T  z ~ l  0 = - -  k + qeva(T]z=n), (3) 

and the equa t ion  of e v a p o r a t i o n  f ron t  m o t i o n  i s  
l 

6 + k - -  - -  

drl _ V / -  M 10 rl~=n 
~ -  2~R 760Tlz=n ' (4) 

T(t, ~ ,  z ) = T 0 ;  T(t, r, o o ) = T  O . (5) 

The  c o e f f i c i e n t s  k and l w e r e  t a k e n  f r o m  [8]. The  i n i t i a l  cond i t ion  was t aken  as  

T(0, r, z)= To. (6) 

The  t e m p e r a t u r e  d e p e n d e n c e  of the  t h e r m o p h y s i c a l  p a r a m e t e r s  was t aken  into accoun t  in c o m p u t a t i o n s  with 

(1)-(4)�9 

The  R i e s m a n - R o c k f o r d  m e t h o d  [10] was  u sed  fo r  the  n u m e r i c a l  so lu t i on  of (1). By knowing  the t e m -  
p e r a t u r e  d i s t r i b u t i o n  at  the  t i m e  t, the t e m p e r a t u r e  at  the  t ime  t + 7- can  be found f r o m  the  r e l a t i o n s h i p  

T(t  + ~ ) - -T ( t )  : a  [h,,T(t + g)+ hzT(t)] , (7) 
T 

,) (1) 
1- -~r  f ( r - -p) - -2f ( r )+ lq--~r [(r+9) 

h:f (z) ---- [ (z - -  h) - -  2[ (z) -q- [ (z + h) 
h 2 

w h e r e  

and 

A r e l a t i o n s h i p  of the f o r m  

T it + 2g) - -  T (t + x) 
= a [ArT (t § x) + A:T (t + 2 x ) ]  (8) 

was  u sed  to f ind the  t e m p e r a t u r e  at  the t i m e  t + 2~'. It  i s  e a s y  to s e e  that  (7) and (8) r e d u c e  to the  s o l u -  
t ion  of s y s t e m s  of l i n e a r  equa t i ons  with t r i d i a g o n a l  m a t r i c e s ,  w h e r e  T{t + 7-) i s  the unknown in (7), s a y .  
E a c h  such  s y s t e m  c a n  be s o l v e d  by the f a c t o r i z a t i o n  me thod  [11]. The  a d v a n t a g e  of th i s  me thod  i s  that  i t  
i s  s t a b l e  fo r  any r e l a t i o n s h i p s  be tween  7-, D and h.  The  e r r o r  i s  0(7- + h 2 + p2). 

The  t e m p e r a t u r e  d i s t r i b u t i o n ,  and t h e r e f o r e ,  the l o c a t i o n  of the  m e l t i n g  and e v a p o r a t i o n  b o u n d a r i e s  
fo r  c o p p e r  at  d i f f e r e n t  t i m e s  w e r e  ob ta ined  in the  c o m p u t a t i o n .  The  d e v e l o p m e n t  of the  m e l t e d  pudd l e s  in  
the  m e t a l  i s  shown in F ig .  1, and the t i m e  d e p e n d e n c e  of the  r a t i o  b e t w e e n  the pudd le  dep th  and i t s  d i a m e t e r  
in  F i g .  2. 
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The shape of the mel ted  t r ace  in the meta l  is de te rmined  by the s ize of the source ,  and heat  flux, and 
the effect ive t ime.  P r o c e s s i n g  the resu l t s  of the computat ion showed that the melt ing i so the rm can have 
both a c o m p r e s s e d  shape cha rac t e r i s t i c  for  one-d imens iona l  heat  propagat ion  (Fig. la) and a m o r e  c o m -  
plex cu rv i l inea r  shape (Fig. lb) for  different  heat  source  p a r a m e t e r s .  To desc r ibe  the meta l  rupture  p r o -  
ce s s  for  the p a r a m e t e r s  cor responding  to Fig. la ,  it is sufficient to solve the heat conduction p rob lem in a 
one-d imens iona l  approximat ion.  If the melt ing i s o t h e r m s  have a complex shape (Fig. lb), it is then neces -  
s a r y  to solve the th ree -d imens iona l  heat propagat ion p rob lem.  

It follows f rom the r e su l t s  of computing the th ree -d imens iona l  p rob lem taking account of evaporat ion 
that the one-dimensional  approximat ion is applicable under  the condit ion R 0 ___ 4Cat. The conditions of the 
source  s ize  hence exceed the degree  of melt ing by an o rde r  of magnitude and m o r e .  

The dependences connecting the quantitative c h a r a c t e r i s t i c s  of meta l  rupture  (the m a s s  of the mel ted 
and evapora ted  metal)  to the heat  source  p a r a m e t e r s  a r e  quite impor tan t  f rom the viewpoint of the tech-  
nological  applicat ion of concentra ted  heat  f luxes.  

T ime  dependences of the m a s s  of mel ted and the m a s s  of evapora ted  meta l  a re  shown in Fig. 3 for 
different  heat sou rces .  The influence of the radius of the heat  source  on the m a s s  of mel ted  meta l  can be 
r ep re sen ted  by comparing curves  1 and 2 in Fig. 3 for  the s ame  flux 4.17.109 W / m  2. Fo r  a g r e a t e r  
radius,  the specif ic  wear  exceeds  the wear  at the l e s s e r  radius  somewhat .  This  can be explained by the 
fact  that the shape of the hole at the l e s s e r  radius  is approx imate ly  hemi sphe r i ca l  and high heat  los ses  
occur  because  of fluxes in the radia l  direct ion.  

The computat ions c a r r i e d  out showed that the t e m p e r a t u r e  dis t r ibut ion is nonuniform within the source  
for  ce r t a in  s izes  of the heat  source  and fluxes, although the heating is accompl ished  for  a uni form flux d i s -  
tr ibution.  The cathode spot of an e lec t r ic  a rc  is a heat  source  with a flux on the o rde r  of 12.5 �9 1010 W / m  2 
and a ~10 -5 m radius  [9]. Under such heat source  p a r a m e t e r s  the t e m p e r a t u r e  dis t r ibut ion is nonuniform 
and, consequently,  the e lec t ron  current ,  the ion cur ren t  de te rmined  by the quantity of evapora ted  a toms,  
and other  quantities will be nonuniformly dis t r ibuted.  This  means  that both the cur ren t  and the heat  flux 
probably  va ry  within the cathode spot.  
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N O T A T I O N  

is the t empera tu re ,  ~ 
is the coefficient  of t empe ra tu r e  conductivity; 
a re  the coordinates ;  
is the coefficient of heat  conductiVity; 
is the heat  flux, W/m2;  
is the heat  flux due to evaporat ion;  
is the densi ty  of e lec t rode  ma te r i a l ;  
is the molecu la r  weight; 
is the un iversa l  gas  constant;  
a re  the evaporat ion constants ;  
is the initial  t empera tu re ,  ~ 
is the t ime;  
is the depth; 
is the radius of the domain on which the heat flux acts ;  
is the coordinate of the evapora t ion  front;  
is the e lec t ron  charge ;  
is the heat  going into heating.  
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