
CHARACTERISTIC BEHAVIOR WHEN SURFACE HEAT 

PULSE ACTS ON METAL 

A.  G.  G o l o v e i k o  UDC 53'7.52:536.3 

The powerful  t he rm a l  effect  exe r t ed  on a meta l  by a heat  pulse is cons ide red  as a funct ion of 
the pulse  in t roduct ion  t ime,  fo r  f ixed s u r f a c e  dens i ty .  

A powerful  t he rm a l  act ion on meta l  will  exci te  v igorous  s u r f a c e  evapora t ion ,  with rap id  mot ion  of the 
evapora t ion  f ron t  into the meta l .  When a moving coord ina te  s y s t e m  a s s o c i a t e d  with the evapora t ion  f ront  
is employed ,  a s a t i s f a c t o r y  approx ima t ion  to the p r o c e s s  o c c u r r i n g  under  such condi t ions  is given by the 
fol lowing fo rmu la t i on  of the p r o b l e m  [1]: 

c)T (x, t) c)2T (x, t) [ r m - c3T (x, t) . 
Ot a Ox"- + v~ k T (0, t) Ox ' 

OT(oo, t) OT(O, t) _ (acv)_l ~ [ T,~ ]} (1) 
Ox 0; Ox ' F - -  v~ T(O, l) ' 

O..(.x.~oo; 0 : ~ t 4 t a :  T(x, 0 ) = T  o. 

C o m p u t e r  so lu t ion  of this e s sen t i a l ly  nonl inear  p rob l em has shown that the p r o c e s s  spl i ts  into two 
s t age s :  t r ans i en t  and s t e a d y - s t a t e  [1, 2]. In the s teady  mode ,  the p r o c e s s  is gove rned  by the fol lowing 
equat ions  [11: 

F = v [r r + c t, (T - -  To) ] = v o (Ag -+- B)/g exp g, (2) 

a T -- T o a exp y In T,~ - -  ToY x m = %--- In - (3) 
Trn-- To v o (Tm - -  To) Lj' 

whe re  

g =  T~/T;  v = v o e x p ( - - y ) ;  A = r  v - c v T o ;  B = @ T m .  (4) 

The dura t ion  of the t r ans i en t  s tage  lies within the e s t ima te  [2] 

t o = al'v 2 = (alv2o) exp 2g, (5) 

while the i n c r e a s e  in e v a p o r a t i o n - f r o n t  ve loc i ty  dur ing  the t r ans i en t  can be app rox ima ted  s a t i s f a c t o r i l y  as 

v (t) = v er[ (2t/to), (6) 

which y ie lds  the s teady  ve loc i ty  value when t ->- t 0. 

If the heat  pulse  is spec i f i ed  by the r e s t r i c t e d  s u r f a c e  dens i ty  

W = rt ,  (7) 

then when W = cons t  we find a ve ry  unique re la t ionsh ip  between the path t r a v e r s e d  by the evapora t ion  f ront ,  

t 

xlv = j" v (t)dt (s) 
0 

and the mel t ing  i s o t h e r m ,  

Xm = Xev + Xm (9) 
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Fig.  1. Genera l  view of the r e l a -  
t ionship be tween the mot ion  of the 

! 
evapora t ion  f ront  (Xev) and the m e l t -  
ring i s o t h e r m  (x~)  and t ime at which 
the pulse  was in t roduced  into the 
me l t ing  me ta l  fo r  a spec i f i ed  r e -  
s t r i c t e d  s u r f a c e  dens i ty  ene rgy .  

and the t ime at which the pulse  was  in t roduced .  The m a c h i n e - s o l u -  
tion data  [1] have been  used  to r e p r e s e n t  this r e la t ionsh ip  in gene ra l  
f o r m  (Fig.  1); we have shown s e v e r a l  of the m o s t  c h a r a c t e r i s t i c  
points  1, 1 ' ,  2, 2 ' ,  3, 3 ' ,  4, and 5. Knowing thei r  coo rd ina t e s ,  we 
can s a t i s f a c t o r i l y  c o n s t r u c t  the en t i re  f igure  for  any spec i f ied  value 
of W. Each  of these  points  c o r r e s p o n d s  to quite definite t h e r m a l -  
effect  m o d e s ,  which we shal l  hence fo r th  t rea t  as being the m o s t  
c h a r a c t e r i s t i c .  Let  us look at these  points  s epa ra t e ly .  

Poin t  1. F o r  a v e r y  high f ront  ve loc i ty ,  the p rob l em (1) b e -  
c o m e s  app rox ima te  [3], so that it is des i r ab le  to r e s t r i c t  v 1 to s o m e  
value subs tan t ia l ly  less  than the speed  of sound,  such as v 1 = 10-1v0, 
which c o r r e s p o n d s  to 

F~ = v o (A In 10 + B)/ln 10 exp (ln 10); to1 = l0 s a/v2o . (10) 

F o r  values of W that lie within the range  of p r a c t i c a l  i n t e res t ,  103- 
108 J / m  ~, the t ime fo r  which the pulse  ac t s ,  

t 1 = W / F ,  = In 10 exp (In 10) W / v  o (A In 10 + B) (11) 

c o n s i d e r a b l y  exceeds  the t r ans i en t  t ime tot, which makes  it poss ib le  
to d e t e r m i n e  the path 

zl' ev = vlt l  = In l0 exp (1 n 10) W/10 (A In 10 + B) (12) 

t r a v e r s e d  by the f ront  without  r e g a r d  to the dura t ion  of the t r ans i en t .  In such a c a s e ,  the coord ina tes  of 
point 1 a re  uniquely d e t e r m i n e d  by (11) and (12). 

Point  1' F o r  this point ,  it is suf f ic ient  to d e t e r m i n e  the d e p r e s s i o n  in the mel t ing  i s o t h e r m  with r e -  
spec t  to the f ront  on the bas i s  of the s t e a d y - m o d e  condit ions (3): 

10a In (T,,/ln 10) - -  T O (13) 
xm = 75 r m - T o  ' 

s ince  F~ and t~ have the s a m e  values  as for  point  1, i .e . ,  F~ = F 1 and t~ = t I. Thus one of the coord ina tes  of 
1'  is found f r o m  the e x p r e s s i o n  

xi~ = xlev + xl:~ (14) 

in a c c o r d a n c e  with (12), (13), while the o ther  is found f r o m  (11). 

Point  2. If fo r  W = cons t ,  the t ime fo r  which the pulse  acts  i n c r e a s e s  f r o m  t 1 to t2, this entai ls  a r e -  
duct ion in F ,  v, and T f r o m  the values  F1, vl,  and T 1 to the values  F2, V2, and T 2. In addit ion,  the dura t ion  
of the t r ans i en t  r i s e s  f r o m  t0~ to t02. Let  t 2 > t02, i .e . ,  a s s u m e  that the p r o c e s s  has  en te red  the s teady phase .  
In this ca se ,  in a c c o r d a n c e  with (6) and (8), we can wr i t e  

toz t2 

x'z ev = !' v2e r f (2 t / t o2 )d t+  j' v~dt, (15) 
0 to2 

w h e r e  it is no longer  poss ib le  to neg lec t  the dura t ion  of the t r ans ien t .  Calcula t ion of the f i r s t  t e r m  yie lds  
0.875v2t02; then f r o m  (15) we have 

x~ ev  = vz ( h  - -  0 , 1 2 5  to2 ). (16) 

Now s ince  v2 = v0exp (-Y2), to2 = a / v ~  = a /v~exp  2Y2, and in a c c o r d a n c e  with (2), (7) 

t z = W / F  z = W v  o (Ay  z + B ) / y  z exp Yz, (17) 

we can wr i t e  (16) as 

x2 ev = [Wg2/(AY2 + B)] - -  CB exp Y2, (18) 

w h e r e  C is d e t e r m i n e d  by the cons tan t s  of the me ta l  

C = 0,125 a/voc v T ,  n. (19) 
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It f o l l o w s  f r o m  (18) that the path t r a v e r s e d  by the front depends on 
Y2 = TIn/T2 ,  and for a cer ta in  va lue  of Y2, x~ ev  w i l l  reach  a m a x i m u m .  
M a x i m i z i n g  (18), w e  find 

C (Ay 2 + By exp 92 ~ W. (20) 

Thus the c o o r d i n a t e s  of Point  2 are  d e t e r m i n e d  by (17) and (18), w h e r e  y~ 
m u s t  f i r s t  be c o m p u t e d  f r o m  the t r a n s c e n d e n t a l  equation (20). 

Po int  2'.  F r o m  this point,  w e  need  only d e t e r m i n e  the dip in the 
m e l t i n g  i s o t h e r m  with r e s p e c t  to the front ,  us ing  the s t e a d y - m o d e  cond i -  
t ions (3),  

a exp .q2 lrl Tm - -  Tog2 (21) 
X2m - v o ( T i n - -  To) Y2 ' 

w h e r e  Y2 is a l so  f i r s t  found f r o m  the t r a n s c e n d e n t a l  equation (20). As a 
c o n s e q u e n c e ,  one of the c o o r d i n a t e s  of 2' is  d e t e r m i n e d  by the e x p r e s s i o n  

~;~ = ~;~v + ~ (22) 

in a c c o r d a n c e  with (18), (21), and the s e c o n d  f r o m  (17). 

Po int  4.  This  point is  o b s e r v e d  when condi t ions  are  such  that 
evapora t ion  can be n e g l e c t e d .  In this c a s e ,  the p r o b l e m  (1) b e c o m e s  a 
s i m p l e r ,  l i n e a r  p r o b l e m :  

OT (x, t) O~T (x, t) . 
0 ~ - -  = a Ox 2 , 

O T ( ~ ,  t) _ 0; OT(O, t) ='aCv~-~F,t , 
Ox Ox 

(23) 

0 . < x ~ o o ;  0 - ' ~ t - ~ t n ;  T(x, O ) = T o ,  

which has the f a m i l i a r  so lut ion  

T (x, t) = T O + (2F~-[-/c v V" a) ierfc (x/2 ~ ) ,  (24) 

w h e r e  i e r f c u  is a tabulated function [4]. 

F o r  the g iven  point ,  at t i m e  t = t4, x = X4m , T(x4m , t4) = Trn , F = F 4 
= W / q ;  then f r o m  (24) w e  have  

ierfc (x,,.a/2 V at, ) = cv ( T  - -  To) V ~ [ J 2 W .  (25) 

F o r  a g iven  W, we  can ca l cu la te  X4m f r o m  (25) as a t i m e  funct ion,  X4m 
= X4m(t). We use  the m a x i m u m  value  of this function to find the d e s i r e d  
va lues  X4m, t4, and F 4. The appropr ia te  ca l cu la t i ons  show that the m a x i -  
m u m  o c c u r s  when 

Xkra--  = 0 .45 ;  Cv ( T i n  - -  To) ~' at~ = 0 .225 ,  (26) 
2 V ~  2iv 

and thus w e  can find the coord inate  of Po int  4: 

t~ = 0:2 W~/ac~ (T m --  To) ~, (27) 

x~: m = 0,4 W/c v (Tin  - -  To). (28) 

Point  S. The g iven  point does  not l ie  on the t i m e  ax is  t, but only 
approaches  it a s y m p t o t i c a l l y  as t i n c r e a s e s .  This  o c c a s i o n s  a cer ta in  
i n d e t e r m i n a c y  in the c h o i c e  of a c r i t e r i o n  for  e s t i m a t i n g  i ts  pos i t i on .  It 
is  r e a s o n a b l e  to r e q u i r e  that X~e v << X~e v and, in addit ion,  that the t i m e  t a 
c o r r e s p o n d i n g  to this point f o r m s  but a neg l i g ib l e  part  of the t rans i ent  
durat ion  t03. On the b a s i s  of t h e s e  c o n d i t i o n s ,  as ca l cu la t i ons  s h o w ,  t 3 
approaches  t4, and thus it is  be s t  to take ~3 = t4 and F 3 = F4, which is 
equiva lent  to combin ing  Po int  3' with Point  4,  and Point  3 with the p r o j e c -  
t ion of Point  4 on the t i m e  a x i s .  
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The s t eady  mode  is na tu ra l ly  not r e a c h e d  when t 3 = t4, but in a c c o r d a n c e  with the data  for  this mode  
(Y3 = TIn/T3) ,  we can wr i t e  

F~ = v o ( Ag 3 4- B)/g 3 exp g3 (29) 

in a c c o r d a n c e  with (3). On the o ther  hand,  in a c c o r d a n c e  with (7) and (27), we can wr i te  

F~ = ~ /t4 = 5ac~ (T m - -  To)VW" (30) 

Since we have taken F S = F4, it follows f r o m  (29) and (30) that 

(Dr3 exp V3)/(Avs + B) = W, (31) 

w h e r e  D is d e t e r m i n e d  by the cons tan t s  of the meta l ,  

D = 5ac~ (T m - -  To)2/v o. (32) 

F r o m  the data  for  Y3, ca l cu la t ed  f r o m  (31), we can d e t e r m i n e  the t r ans i en t  dura t ion ,  

to3 -= a/v~ = (a exp 2y3)/v~, (33) 

fol lowing which the s teady  mode  can se t  in fo r  a heat  flux F 3 = F 4. We can now also  e s t ima te  the f r ac t i on  of 
this dura t ion  that is r e p r e s e n t e d  by t3, 

t3 14 o,2 [ oW ~ v )-I (34) 
a - -  to 3 -- to 3 l. acv(Tm--T0) j 

As the ca lcu la t ions  show, fo r  va r ious  m e t a l s ,  ce amounts  to about 10 -2 o r  l e s s .  In such ca se ,  we can wr i t e  

X3ev' =t,.,. v3er[(2t/tos )d t  ~ ( " I ] "  (35) 
8 .  lO -~ vo ~3 v /  - ' 

6 ] / ~  . a expys ! cv ( T ~ - - T o )  

Thus X~e v << X~e v, and in addit ion,  X~e v << X4m, which c o r r e s p o n d s  to the c r i t e r i o n  for  de t e rmina t ion  of the 
coord ina t e s  of the given point.  

Poin t  5. This point c o r r e s p o n d s  to the t ime t~ at which,  fo r  a given W, the mel t ing  point T(0, is) 
= T m is r e a c h e d  at the s u r f a c e  of the meta l .  Le t t ing  x = 0 and t = t 5 in (24), we find the coord ina te  of the 
given point ,  

t~ = 4W~/Jtac~ (T m -- To) ~. (36) 

In none of these  ca lcu la t ions  have we al lowed fo r  the heat  of fusion L V. If  we do, then Eq. (3), which 
e x p r e s s e s  conse rva t i on  of e n e r g y  for  the s teady  mode ,  will  take the m o r e  gene ra l  f o r m  

F = v [ r  v + L  v + c  v ( T - -  To) ] . (37) 

Since L V << r v ,  a l lowance fo r  it will  not no t iceably  change the values  computed  above for  Poin ts  1, 2, and 3. 
The dip in the me l t ing  i s o t h e r m ,  i .e . ,  the pos i t ions  of Poin ts  1 ' ,  2 ' ,  4, and 5, can be af fec ted  no t iceab ly  when 
we take L V into account .  R igorous  inves t iga t ion  of this p rob l em r e q u i r e s  fo rmu la t i on  and solut ion of the 
Stefan p r o b l e m ;  we can,  h o w e v e r ,  cons ide r  only app rox ima te  e s t i m a t e s  fo r  the posi t ions  of these points ,  
us ing the r educed  me l t ing  point  

T m =  Tm 4- Lv /cv (38) 

in the ca lcu la t ions .  T h e r e  is such a way of a l lowing fo r  the heat  of fus ion [5], and although it is not t e r r i b l y  
a c c u r a t e ,  the computed  r e su l t s  r e p r e s e n t  b e t t e r  the actual  p r o c e s s  than when the hea ts  of fusion a re  n e -  
g lec ted .  Thus the pos i t ions  of 1 ' ,  2 ' ,  4, and 5 should  be found f r o m  the r educed  mel t ing  point ,  which can be 
done by r ep lac ing  T m by T~n in (13), (21), (27), (28), (31), (35), and (36), 

The evapora t i ng  a toms ,  leaving the evapora t ion  f ront  at high speeds ,  exe r t  a s t r ong  effect ,  which e n -  
tai ls  the appea rance  of c ons i de r a b l e  r e a c t i v e  p r e s s u r e ,  whose  values  can be found f r o m  the fol lowing e x -  
p r e s s i o n  [6]: 

P -~ Pc [exp (--  g)/l/-y], (39) 

w h e r e  

Pc = 2yNlv  V ~ / A *  v ~. (40) 
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Fig. 2. React ive pressure (P, bar) ,  d i s -  
placements of evaporat ion front (Xev , #), 
and melting isotherms (x m, g) as func-  
tions of the time (t, sec) at which a heat 
pulse is introduced into ameta l  (copper) 

We need only consider  the react ive p re s su re  for the 
charac te r i s t i c  points d iscussed above, i.e., at time t~, t2, t 3 - t4, 
and t 5, when y = Tm/T(0 ,  t) takes on the respect ive  values 

y~ = T m / T  1 = In 10, (41) 

y; = y; = T m / T  (0, t,) = T~/[  T O + t2 (Tm --  To)/V-O-/-~I} ,  (42) 

Y5 = T m / T  (0, Q) = Tm/Trn , (4a) 

while Y2 = Tm/T2 is found from (20). Here Yl and y~ c o r r e -  
spond to the s teady-mode conditions, when yl and Y's cor respond 
to the final instant of introduction of the given pulse W for the 
nonsteady, t ransient  stage of the process .  This is important 
by virtue of the fact that in the steady phase,  the p res su res  Pl 
and P2 act throughout almost  the entire pulse, while for  the non- 
steady phase, P4 and P5 appear only at the end of the pulse. 

Table 1 shows the computed results  for  the basic  quan- 
tities at the charac te r i s t i c  points for cer tain metals .  Figure 2 
graphical ly i l lustrates  the relationship between these quantities 
and the time for which the given impulse acts,  in the ease of 
copper.  

for a fixed surface  density W = 1 J / m m  2. As we see from Fig. 2, in the steady phase of the p rocess ,  
as the pulse introduction time increases ,  i.e., as we go from 

Point 1 to Point 2, the amount of liquid phase r ises  (x m increases  f rom 0.54 to 62.1 #) while the react ive 
p r e s s u r e  drops sharply (from 8~ to 1 .07 .10  z bar).  At Point 3, it has dropped to about 1 bar  (~ 1 atm); 
it then drops to values that are of no pract ical  importance.  It is c lear  f rom the graph that the react ive 
p r e s s u r e  can become a very  important  factor  in the evacuation of liquid metal ,  but only in the shor t -pulse  
region. As the pulse duration increases ,  there is an increase  in the amount of liquid phase,  and this is ac -  
eompanied by a loss of react ive  p re s su re .  

cV 
r v  
V0 

LV 
a 

m ,  

N 
g 

Tm 
k 
-y 
t 
F 

N O T A T I O N  

is the specific bulk heat capacity;  
is the specific bulk heat of evaporation; 
is the speed of sound in metal ;  
is the specific bulk heat of fusion; 
is the thermal  diffusivity; 
are the mass  and vibration frequency of the atoms of the metal ,  respect ively;  
is the Avogadro number  and atomic weight; 
is the energy of the atomic bond; 
m the charac te r i s t i c  tempera ture  for the given metal ,  found from the condition kT m 
~s the Boltzmann constant; 
is the density of the metal ;  
m the time for which the heat pulse acts;  
is the density of the heat flux acting at the evaporation front. 

=g ;  

1, 

2. 

3. 
4. 
5. 
6. 
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