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The e l a s top las t i c  s t r a in  of m e t a l s  being f o r m e d  when they m e l t  under  the ef fec t  of a point heat  
sou rce  with a pulse durat ion g r e a t e r  than 10 -6 sec  is  cons idered  in this paper .  The t ime  de-  
ve lopment  of the p las t i c  s t r a in  and p r e s s u r e  domains  in the m e l t  is invest igated.  It  is shown 
that  two p las t ic  s t r a in  domains  occur  during the in te rac t ion  under  considerat ion:  a r e l a t ive ly  
b road  domain  of "mechan ica l "  influence and a na r row  domain of " the rma l "  influence. The 
s t r e s s - s t r a i n  d is t r ibut ions  as well  as  the hydros ta t ic  p r e s s u r e  in the fluid a r e  de t e rmined  by 
a quas i s t a t i ona ry  t e m p e r a t u r e  d is t r ibut ion  s t a r t ing  with t imes  co r respond ing  to half  (of the 
quas i s ta t ionary)  the value of the m e l t  rad ius  X ~ 0.5. It is shown that the d imens ions  of the weak 
and s t rong  p las t i c  s t ra in  domains  fo rmed  by heat  and acoust ic  waves  grow continuously to the 
quas i s t a t iona ry  va lues ,  while the hydros ta t ic  p r e s s u r e  in the fluid r eaches  the m a x i m u m  value 
for  X ~ 0.3. . .0.4.  The ra t io  between the rad i i  of the p las t ic  s t r a in  zones and of the liquid bath 
for  a quas i s t a t i ona ry  t e m p e r a t u r e  dis t r ibut ion in the f i r s t  domain l ies  within the range  10-50, 
and does not exceed  1.7 for  Cu, Ni, and Fe in the second. The anomalous  nature  of the develop-  
men t  of  the s t rong  p las t ic  s t r a in  domain in A1, because  of migra t ion  of the me ta l  gra in  bound- 
a r i e s  to r e s u l t  in "co l l apse"  of the domain  for  the va lues  X ~ 0.5 accompanied  by a jumplike 
diminution in the hydros ta t i c  p r e s s u r e  in the fluid,is  noted. 

T r a c e s  of s t rong  p las t ic  s t r a i n  [1, 2] have been detected on me ta l  su r faces  in the domain c lose  to the 
m e l t  subjec ted  to highly in tens ive  pulsed  heat  sou rce s .  It has hence been noted that  the magnitude of the hy-  
d ros ta t i c  p r e s s u r e  in the m e l t  is 10~-106 a rm [1], which subs tant ia l ly  exceeds  the yield point of the ma jo r i t y  
of me ta l s .  T h e r e f o r e ,  i t  is n e c e s s a r y  to cons ide r  the e las top las t i c  deformat ion  scheme  in solving the p rob lem 
of me ta l  s t r a in  under  the e f fec t  of a pulsed heat  source .  

An a t t empt  has  been made  in [3] to e s t i m a t e  the contr ibution of p las t ic  s t r a ins  in the mel t ing  of a meta l  
by an e lec t ron  beam focused under  the me ta l  su r face ,  where  it was  a s s u m e d  that  the kinet ics  of mel t ing  can be 
desc r ibed  in the approximat ion  of a quas i s t a t i ona ry  t e m p e r a t u r e  dis tr ibut ion.  The p r e s e n c e  of one p las t ic  
s t r a i n  phase  was indicated in this paper ,  while two zones a r e  detected exper imen ta l ly  [2], which differ  e s s e n -  
t ia l ly  in the concent ra t ion  of d is locat ions .  Moreove r ,  a s t a t ionary  t e m p e r a t u r e  approximat ion  does not take 
account  of the propaga t ion  ve loc i ty  of the liquid phase  boundary and does not yield a r ep re sen ta t i on  about the 

development  of s t r a i n s  at  the initial  ins tants .  

An analyt ica l  solution of the s e l f - cons i s t en t  Stefan p r o b l e m  in the p r e s e n c e  of e las top las t i e  s t ra in  of the 
solid phase  is  f raught  with g r ea t  m a t h e m a t i c a l  diff icult ies.  Hence, it is in te res t ing  to solve model  p r o b l e m s ,  
whose r e su l t s  p e r m i t  at  l ea s t  a qual i ta t ive examinat ion  of the m e c h a n i s m  of this complex  p r o c e s s .  

An ideal ized p r o b l e m  of the p las t ic  de format ion  of me ta l s  subjected to a point heat  source  whose inten-  
s i ty does not exceed 106 W / c m  2 and which is  within the bulk of the me ta l  spec imen  is considered.  The l imi t a -  
tion on the sou rce  in tens i ty  p e r m i t s  cons ider ing  the main  p r o c e s s  in t r ea t ing  the m a t e r i a l  to be mel t ing  and 
neglec t ing  the contr ibution of d i f ferent  hydrodynamic  ef fec ts .  Le t  the depth at which the heat  source  l ies  s a t -  
i s fy  the condition L >> Vs% where  V s is the speed of sound in the m a t e r i a l ,  and T iS the t ime of pulse  action. 
This  p e r m i t s  cons ider ing  spher ica l  s y m m e t r y  conse rved  in both the heat -conduct ion and the deformat ion  

p r o b l e m s .  
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TABLE 1 

Metal 
_ Parameters of (8), (9) 

cxTwE 1 ~o E 3~T,: 
Roots of 
(9) 

Corresponding value of 
pressure (8) 

l '  % P ,  a r m  

Cu 10.5 35 13~5 2l {; 4.2-10:: 
0 ' )R ")' ') 1.5-1H; 

--1.23 --  --  

N i  18.0 15 ' ' 10 4.11 {.4. lq)' 
t.6 8.0 '2.4.10: 

- -  1 , 3 5  - -  - -  

Fe ,(~3 57 ~ ~ ~- _ . , J  48 7.8 , c iua o .  ~) �9 

1 . 3 8  4 5  2 , 3 . 1 0 4  

- -  1 , 3 3  - -  - -  

AI 4"2 59 1,1 22 [i,2 2,5.103 
o.52 -- -- 

- - 5 2  -- -- 

The . t e m p e r a t u r e  d i s t r i b u t i o n  in the  s o l i d  p h a s e  d e p e n d s  s t r o n g l y  on the  f o r w a r d  v e l o c i t y  of the  p h a s e  
i n t e r f a c e  X = ( 1 - X ) / X  2, w h e r e  X is  the  d i m e n s i o n l e s s  r a d i u s  of the  m e l t  [4], and  c a u s e s  a s t r e s s  s t a t e  which  
v a r i e s  wi th  the  t i m e .  The  d i s t r i b u t i o n  of  the  t h e r m o e l a s t i c  s t r e s s e s  i s  q u a s i s t a t i o n a r y  in the  t i m e  i n t e r v a l  in 
which  Vs>>X , i . e . ,  i s  t i m e - d e p e n d e n t  in t e r m s  of  a p a r a m e t e r .  It can  be shown tha t  the p r o b l e m  of t h e r m o -  
e l a s t i c  s t r e s s e s  and s t r a i n s  can  be c o n s i d e r e d  in a q u a s i s t a t i o n a r y  a p p r o x i r n a t i o n  in the  s t r e s s e s  and s t r a i n s  
when 

X >> (2A)-I(]/t~-~-~A - -  l ) ,  (1) 

w h e r e  A = V~a*/~ 2, a* = Y/2aO?, ~ -- MT, ,  - -  To)/O? a re  c o n s t a n t s ;  F i s  the  p o w e r  of  the h e a t  s o u r c e ,  W; Q is  
the  s p e c i f i c  h e a t  of  m e l t i n g ;  c a l / g ;  Y i s  the  s p e c i f i c  g r a v i t y  of the  m a t e r i a l ,  g / e roS ;  X i s  the  c o e f f i c i e n t  of  
t h e r m a l  conduc t i v i t y ,  c a l / c m ,  s e c  �9 ~ T m i s  the  m e l t i n g  po in t ,~  and  T O is  the  t e m p e r a t u r e  of the  a m b i e n t  
m e d i u m ,  ~ F o r  i n t e n s i t i e s  on the o r d e r  of  105-106 W / c m  2 we have A>> 1. Then the i n e q u a l i t y  (1) i s  r e p r e -  
s e n t e d  a s  X-> A -1/2, which  c o r r e s p o n d s  to t i m e s  on the  o r d e r  of (G*) l /2Vsa/2  sec ,  when d i m e n s i o n a l i t y  i s  t aken  
into  accoun t .  F o r  the  m a j o r i t y  of m e t a l s  u n d e r  c o n s i d e r a t i o n  th is  q u a n t i t y  does  not  e x c e e d  10 -8 s e c  f o r  a 100-W 
p o w e r  s o u r c e ,  wh ich  a l l o w s  q u a s i s t a t i o n a r y  a n a l y s i s  of the  p r o b l e m  of t h e r m o e l a s t i e  s t r e s s e s  and s t r a i n s  o r i g -  
i na t ing  u n d e r  the e f f e c t  of  a hea t  s o u r c e  wi th  a p u l s e  d u r a t i o n  on the o r d e r  of  f r a c t i o n s  of a m i c r o s e c o n d  and 
m o r e .  A p p r o p r i a t e  v a l u e s  of the  m e l t  r a d i u s  do not  e x c e e d  X I =  0.1. 

L e t  us  c o n s i d e r  a s e m i i n f i n i t e  s o l i d  in  which  the b o u n d a r y  s e p a r a t i n g  the l iqu id  and s o l i d  p h a s e s  has  the  
d i m e n s i o n  X (~) (in the  un i t s  o~*/fl) at  a t i m e  ~ [in the  uni t s  (a*)2/f la] ,  and  the  b o u n d a r y  s e p a r a t i n g  the p l a s t i c  
( ad jo in ing  the l iquid)  and  e l a s t i c  d o m a i n s  of  the  s o l i d  has  the d i m e n s i o n  Y(~) ->X(~). Le t  us  u se  the  s c h e m e  of  
an e l a s t o p l a s t i c  body to f ind the t h e r m o e l a s t i c  s t r e s s e s  and the s c h e m e  of  an i d e a l l y  p l a s t i c  body to d e s c r i b e  
the p l a s t i c  p r o p e r t i e s  of  the  s u b s t a n c e .  

By v i r t u e  of  s p h e r i c a l  s y m m e t r y ,  the  r a d i a l  ~ r  and  t a n g e n t i a l  G t c o m p o n e n t s  of  the  s t r e s s  t e n s o r  and the 
c o r r e s p o n d i n g  c o m p o n e n t s  r  and  r of  the  s t r a i n  t e n s o r  a r e  d i f f e r e n t  f r o m  z e r o .  Hence ,  G r a~d G t a r e  c o n -  
n e c t e d  by  the e q u i l i b r i u m  cond i t ion ,  and e r and r by the c o m p a t i b i l i t y  cond i t i on  [5]: 

The  b o u n d a r y  c o n d i t i o n s  a r e  [6] 

d u / d R  - -  2(at - -  %)/R  = O; (2) 

d/dR(Ret) - -  G = O. (3) 

%l~,'-.vr -- - - P ;  
%1~-~ = O; (4) 

ed~=x~) = eo - -  kiP,  

w h e r e  P i s  the  h y d r o s t a t i c  p r e s s u r e ,  a rm,  which  i s  c o n s t a n t  o v e r  the  v o l u m e  of  the  m e l t e d  m e t a l ;  ~0 is  the 
change  in s p e c i f i c  g r a v i t y  of the  s u b s t a n c e  d u r i n g  m e l t i n g ;  and  k 1 i s  the  c o e f f i c i e n t  of f lu id  c o m p r e s s i b i l i t y .  
The  s t r e s s e s ,  s t r a i n s ,  and  d i s p l a c e m e n t s  shou ld  be con t inuous  on the b o u n d a r y  be tw e e n  the e l a s t i c  and  p l a s t i c  
d o m a i n s ;  the  p l a s t i c i t y  c o n d i t i o n s  

403 



(or - -  (r~) : g~(R), X(~) ~ R ~ Y(~) (5) 

should be sa t i s f ied  in the plast ic  domain. 

It should be emphas ized  that  because  of the p re sence  of a t em p e ra tu r e  gradient  in the solid phase,  the 
yield point as(R) of the substance is a function of the t empera tu re  or the running radius,  and its value on the 
boundary between the e las t ic  and plast ic  domains asY di f fers  f rom the yield point a ~ at  a normal  t empera tu re .  
Le t  us use the dependence of the yield point near  the melt ing point [3] by taking account of the dependence of 
the t empera tu re  dis tr ibut ion in the solid phase in the case  of a quas is ta t ionary  t empera tu re  distr ibution [4] 

T(R,  X(D)  = T,,,X(~)/R. 

Then a s ( R ) - a ~  ~ ( 1 - X ( 0 / R )  and a~  can be wr i t t enasasY=a~ Taking account 
of (5) and the connection between the s t r e s s e s  and s t ra ins  in the e las t ic  domain 

!e~ : [(J~ --  2vgt]/E -'k a T ,  (6) 
(et  = I ( l  - -  v)(r ,  - -  v ( r ~ l , ' g  + ~ T ,  

where  v is the Po i s son  rat io;  E is the e las t ic  modulus,  arm; and a is the l inear  coeff icient  of expansion of the 
substance,  (~ - l ,  (2) and (3) r e su l t  in the following equations: 

e las t ic  domain Y(~) -< R < oo 

I'd(J~/dR -- 2(~ t -- (r~)/R = 0, (7) 
[d~t/dR q- (rr t --  cr~)/R =: - -Ea / ( l  -- v) .dT/dR; 

plas t ic  domain X(~) -<R - Y(~) 
d(~/dR : 2% (R) /R .  

It can be shown tha t  tile radial  and tangential  components  of the s t r e s s  and s t ra in  t ensors  in the e las t ic  
domain, which a re  a solution of (7), a re  de te rmined  by the e las t ic  and plast ic  components.  These  la t te r  can 
be neglected in p rac t ice ,  since the yield point at  normal  t empera tu re  a~ is two- three  o rde r s  less  than the 
e las t ic  modulus for  the ma jo r i ty  of meta ls .  The magnitude of the e las t ic  components is de te rmined  by the 
t e m p e r a t u r e  gradient  in the solid phase.  Using the s t r e s s  continuity condition on the boundary between the 
e las t ic  and plas t ic  domains,  we obtain an express ion  for  the hydros ta t ic  p r e s s u r e  in the fluid: 

p _21nX(~)  4 [ 2E~zr, 4 j~ '(D (8) 
277-  " ~(~) ~ ~ 3 (q - -~o  ~ + ~ 7 ~ "  

Since i t  has been obse rved  exper imenta l ly  that  the p r e s s u r e  in the fluid exceeds  the yield point at  normal  
t empe r a tu r e  by severa l  tens of t imes ,  then the p r e s s u r e  is evidently de termined  mainly by the last  m e m b e r  in 
(8). The numer ica l  value of P/2a~ depends on the rat io  between the radii  of the fluid drop and the plast ic  
s t ra in  zone. There fo re ,  the hydros ta t ic  p r e s s u r e  in the fluid is cha rac t e r i zed  for  e las toplas t ic  s t ra in  by the 
product  of the ra t io  between the e las t ic  modulus and the yield point a~ and a quantity cha rac te r i z ing  the in-  
c r e a s e  in the l inear  dimensions during heating to the melt ing point, o r  the quantity 2 E ~ T m / 3 ( 1 - v ) a  ~ It is 
in te res t ing  to note that the express ion  for  the p r e s s u r e  in the fluid during pure  e las t ic  s t ra in  ag rees  with this 
same value, but the product  ~T m must  hence be rep laced  by the value of the change in the specific gravi ty  of 

the substance during melt ing e 0. 

There fo re ,  the quas is ta t ionary  problem of e las toplas t ic  s t ra ins  turns out to be s ta t ical ly  de terminate ,  
since the p r e s s u r e  in the fluid, the s t r e s s  and s t ra in  distr ibution in the e las t ic  domain, and also the s t r e s s  d i s -  
t r ibut ion in the plast ic  domain a r e  de te rmined  in t e r m s  of the p a r a m e t e r  Y(~) without the need to find the s t ra in  
distr ibution in the plast ic  zone. To de te rmine  Y(~), le t  us find the s t ra in  distr ibution in the plast ic  domain. 
Under the assumption that  the s t ra in  is smal l  (ei << 1), the volume meehanieai  p roper t i e s  of the e las t ic  and 
plast ic  zones a re  assumed  identical  [7]. In genera l  form the volume expansion of a solid is desc r ibed  as  

3 e  = e r ~ -  2 e  t : k~(o r ~-- 2~t) =- 3(zT, 

where  k 2 = ( 1 - 2 v ) / E  is the coeff icient  of compress ib i l i ty  of the solid. 

Using (2), the re la t ionships  between the s t ra ins  and displacements  e t = U / R ,  er  =dU/dR [where U(R) is 
the d isp lacement  in the units ~*//~], and also the continuity condition for  the displacements  on the boundary of 
the e las t ic  and plast ic  domains,  let  us wri te  the express ion  for  the displacements  as 

a T  _)'(~)='] ~0( ~:) X(~)]) (.) 
U ( B ) : k 2 R a I . + - F X ( ~ )  3 X ( ~ ) 2 j -  ~- " i - -  y ( ~ ) j - - - - ~ - - ,  
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f r o m  which we obtain by using (4) 

e 0 -- (k~ - -  k~) P = = - - )  3 - -  - : - - - - -  I - -  ~ l  + E ~ ]  2 (;):, 

Assuming  the c o m p r e s s i b i l i t y  coeff ic ients  of  the liquid and solid phases  to be equal k I = k2, we obtain a cubic 
equation to de t e rmine  the ra t io  Y(~)/X(~): 

i i ,9, ~ - -  ( t _ ~ . ) ~  ~ §  ~ = - ( 1  0 ., 
2 s - -  v ) %  ',, -~'o 

Since the va lues  E/o ~ ~ 350 [7], a t e ,  ~ 2- t0 -~, 3~1",~/2% H I  .5. hold for  the ma jo r i t y  of me ta l s ,  and u does not 
e m e r g e  beyond the l imi t  0.3-0.5 in the t e m p e r a t u r e  range  f r o m  zero  to T m,  the approx imate  equation for  the 
ra t io  Y(~)/X(~) can then be wr i t ten  in genera l  f o r m  as 

Y(D~,xtD ~ - ~.s';(D ~ x(D:  + 5.8 = o. (10) 

and the magnitude of the p r e s s u r e  in the fluid as 

P/2o ~ ~ 2aT, ,E/3  (1 -- v) r X (~)~ Y (~) ~ 7.8X (~), Y (~). 

It can be seen that  (10) has th ree  r e a l  roots :  1; 6, 7; - 0 . 8 5 ,  f rom which the f i r s t  t~o turn out to be acceptable  
from physical considerations. Since the problem is practically transformed into a purely elastic problem for 
Y(~)/X(}) ~ 1, the single approximate value of the ratio Y(})/X(~ ) turns out to be the ratio 6.7, to which the 
following hydrostatic pressure corresponds: 

P/a~' ~ 7.8/6.7 = 1.2. 

The re fo re ,  a p las t ic  s t r a in  domain,  whose d imens ions  exceed the me l t  radius  seve ra l - fo ld ,  is fo rmed  
fo r  a quas i s t a t i ona ry  t e m p e r a t u r e  dis t r ibut ion in the solid phase  subjected to a p r e s s u r e  on the o rde r  of the 
material yield point. This agrees with the estimate of the plastic strain domain in a semiinfinite specimen 
subjected to the effect of just hydrostatic pressure (without a temperature gradient). In this case the size of 
the plastic domain is estimated to be 5-6 radii of the spherical cavity and the pressure needed to form it 
to be several magnitudes of or~ s [7]. 

The coefficients of (9) for different metals can be determined by using the data in Table i. The solution 
of the appropriate equations shows that (9) kas two roots which do not contradict the physical sense for the 
majority of metals. The first and greatest root, equal in order of magnitude to 

cot E 
~ r , E  ' 1 ~  " ~  ( 1 1 )  

2 (l -- v) ~' 2 (i - v) c,-'. ~ ' 

is  de t e rmined  by the e las t ic  p r o p e r t i e s  of the m a t e r i a l  and has  va lues  on the o rde r  of s eve ra l  tens,  which c o r -  
responds  to a broad p las t ic  s t r a in  zone whose boundary is found for  v e r y  low t e m p e r a t u r e s  equal to 5, 10, 2, 
and 5% of T m for Cu, Ni, Fe,  and AI, r e spec t ive ly .  The re fo re ,  the root  (11) c h a r a c t e r i z e s  the zone of " m e -  
chanical"  influence and co r r e sponds  to a "weak" p las t ic  s t r a in  wave detached f r o m  the phase - t r ans i t i on  bound- 
a ry ,  in which the yield point of the m a t e r i a l  as(T) ac tua l ly  c o r r e s p o n d s  to the yield point at room t e m p e r a t u r e  
~o. The p r e s s u r e  in the me l t  hence turns  out to be equal to s eve ra l  magni tudes  of ~~ s.  The second root,  equal 
in o r d e r  of magnitude to 

[ ~aE ( 3 a r m / 2 a  o - -  t )  1/2 ~-~ -co - ( 3 -  , 

is de t e rmined  by the ra t io  between the change in the specif ic  g rav i ty  of the substance  during mel t ing a0 and the 
i nc r ea se  in the l inear  d imens ions  during heat ing to T m and has values  somewhat  exceeding one, which c o r r e -  
sponds to a na r row  plas t ic  s t r a in  zone or  a zone of " t h e r m a l "  influence whose boundary is at  significant t e m -  
p e r a t u r e s  equal to 78, 63, and 72% of  T m for  Cu, Ni, and Fe,  r e spec t ive ly .  In this  domain the yield point of 
the m a t e r i a l  as(T) is cons ide rab ly  l e s s  than the yield point at  no rmal  t e m p e r a t u r e  ~o because  of the significant 
t e m p e r a t u r e  gradient .  The p r e s s u r e  in the m e l t  is hence 10-50 magni tudes  of so.  Aluminum has a somewhat  
g r e a t e r  value of ~ c o m p a r e d  to the o ther  m a t e r t a l s ,  and there  is p rac t i ca l ly  no "s t rong  7~ plas t ic  s t ra in  domain 
for  a quas i s t a t i ona ry  t e m p e r a t u r e  d is t r ibut ion there in .  The sharp  dist inction between the nature of p las t ic  
s t r a in  in a luminum f rom that  in o ther  m e t a l s  can be explained by the s t rong migra t ion  of the grain  boundaries  
at  high t e m p e r a t u r e s ,  hindering the development  of a high s t r e s s  concentra t ion [8]. As is seen  f rom (12), the 
m a x i m u m  value  of the roo t  g(~) /X(~)  govern ing  the s ize  of the " t h e r m a l "  influence domain 1.7, co r r e sponds  
to the case  when no change occurs  in the vo lume during mel t ing  (~0 = 0). 
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There fo re ,  a suff ic ient ly  broad  domain of "weak" p las t i c  s t r a in  occu r s  fo r  quas i s t a t i ona ry  melt ing,  in 
which the p r e s s u r e  is  s e v e r a l  magni tudes  of ~~ s.  A na r row  " s t rong"  p las t i c  s t r a in  domain occu r s  n e a r  the 
m e l t  boundary fo r  the m a j o r i t y  of me ta l s ,  where  the yield point is subs tant ia l ly  l e s s  fhan CrOs and the p r e s s u r e  
in the m e t t  exceeds  fro s e v e r a l  tens  of  t i m es .  The total  p r e s s u r e  in the fluid is  the sum of these  two p r e s s u r e s .  
The r e l a t i ve  s i ze  of  the p las t i c  s t r a in  zone is  independent of the sou rce  intensi ty.  However,  the absolute value 
of the rad ius  of the p las t i c  s t r a in  domain  depends on the sou rce  in tensi ty  in t e r m s  of the p a r a m e t e r  X(~) in the 
units F/2~ (T m - T  0) [4]. 

Le t  us cons ide r  the deve lopment  of s t r e s s  and s t r a in  with t ime  by using the t e m p e r a t u r e  dis t r ibut ion in 
the solid phase  [4] co r r e spond ing  to the Stefan s e l f - cons i s t en t  p r o b l e m  with a point heat  source :  

T(R, X) ----(1 -- • --  exp[--~lX(R X)]}, (13) 

where  R and X a r e  the running radius  and the r ad ius  of the fluid drop  in the units a*/~. ~1 - ~,'a, • = r0/rm, a 
is the coeff ic ient  of t e m p e r a t u r e  conduction of the solid phase ,  c m  2 / sec.  

The e x p r e s s i o n  for  the t e m p e r a t u r e  (13) has been obtained in the range  of d i s tances  X -  R-<R*(X), where  
R*[X) c o r r e s p o n d s  to the boundary of the hea t -wave  f ront  tin units ~*//~) and is de te rmined  f rom the condition 
R*(X) = X ( 2 - X ) .  F o r  g r e a t e r  d i s t ances  R->R*(X) the t e m p e r a t u r e  d is t r ibut ion can be desc r ibed  by a depen-  
dence of the f o r m  T(R, X)= T*(R*, X ) R * / R  which a s s u r e s  continuity of  the t e m p e r a t u r e  on the hea t -wave  front,  
where  

T* (X)/Tm -- i --  [(1 -- z)/,ll [X/(i -- X) (2 --  X)I [i --  e - ~ f l - x r x ] .  (14) 

Since ~ = T o / T  m -< 1, the t e m p e r a t u r e  d is t r ibut ion  in the sol id phase  is r ep re sen t ab l e  as  

T(R,  X)/T, .  = i [6(X)~RIIi - - e  -(R-x~.'~Cx~ I. X ~</{ <~ R*(X); (15) 

T(R, X)'Tm = [T*(R*. X)'Tr,  IR*(X):R : A , X ' R ,  R*(X) < R < ~  (16) 

where  G(X) = (.qX)_l = ~_,X~/(i _ X); A1 = T*(R*, X ) / T ~ . R * ( X )  X. It  should be emphas ized  that  the t e m p e r a -  
tu re  d is t r ibut ion in the f o r m  (15), (16) is  cons ide red  s t a r t ing  with t imes  co r respond ing  to va lues  of the me l t  
rad ius  equal to 0.1. As is seen  f r o m  (15), as  the m e l t  radius  tends to the quas i s t a t iona ry  va lue  1, the quantity 
~(X) -* co and (15) becomes  

T(R, x ) ' r m  = (X/ /0 t l  O,5[X/6(X)](R/X --  l)~l. X ~ R ~< R*(X).  (17) 

X - +  i .  

By using (17) we e s t i m a t e  the value of the m e l t  radius  for  which the second m e m b e r  in (17) is much less  
than one and the t e m p e r a t u r e  d is t r ibut ion ove r  the whole solid phase  is quas i s ta t ionary .  It can be shown that  
this condition c o r r e s p o n d s  to the va lues  X 2 - 0 . S v / ( 1 +  0.5~). Appropr ia t e  va lues  of X 2 a r e  0.41; 0.49; 0.51; 
0.67 for  AI, Cu, Ni, and Fe,  r e spec t ive ly .  

Since the boundary of the zone of acous t ic  influence exceeds  the boundary of the hea t -wave  front  R*(X) 
even fo r  smal l  t imes  of act ion on the o rde r  of 10 -6 sec,  then the p las t ic  s t r a in  domain with boundaries  Y(X) 
(in the units o~*/fl) is r e p r e s e n t a b l e  as two domains ,  in one of which (located beside the e las t ic  domain),  T(R,X) 
is  de t e rmined  by (16), and in the o ther  (adjoining the m e l t  zone), by (15), (17). The t e m p e r a t u r e  distr ibution in 
the sol id phase  is  r e p r e s e n t e d  in Fig. 1, where  X(t) is  the boundary of the liquid bath, R*(X) is the boundary of 
the hea t -wave  front ,  and Y(X) is the boundary of the p las t ic  s t r a in  domain.  Then the p las t i c i ty  condition can be 
wr i t ten  as  

(~, - ~ )  - ~ (n )  = o ~ 8 (X)/n [t ~-(~-'~)'~(")], i <~ n ~< R* (X); (18) 

X ~  R ~<R*(X), X ~ I ;  
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(q~  - % )  = c~, (_.'2) = o ~ [ I  - ~'*  ( ~ ' * '  x )  ' " " (20) 

where the value of the yield point on the boundary of the elastic and plastic domains %Y equals ~~ R* / 
TroY) and does not agree with the yield point at a normal temperature ~o because of the presence of the tem- 

perature gradient in the solid phase. The fit and gr in (18)-(20) denote the tangential and radial stresses, re- 
spectively. 

The elastic domain is Y(X) -<R < r In this domain crr and fit, related by the equilibrium condition, and 
the radial ~r and tangential ~t strains related by the compatibility condition, yield the system of equations (7). 
In addition, known relationships between the stresses and the strains (6) as well as condition (20) for R = Y(X) 
and the second condition in (4) hold. 

The plastic domain is X-< R -< Y(X). To find the stresses in this domain, let us use the first equation in 
(7) while taking account of (18)-(20) and the continuity conditions for the stresses on the boundary of the elastic 
and plastic domains, as well as the plastic stress domains with a different temperature distribution. More- 
over, conditions (4) should be satisfied on the boundary with the liquid phase. 

The solution of the equations for the stresses in the elastic and plastic domains results in expressions 
for the radial stresses ~r in the plastic strain domains R*(X)-<R-< Y(X) with a temperature distribution of the 
form (16) and X -< R -< R* (X) (for two time intervals X I = 0.1 -<X -< X 2 and X 2 -< X -< I) with a temperature distribu- 
tion of the form (15), (17), from which it is seen that they are determined by three components. The first are 
due to thermoelastic stresses generated in the elastic strain domain; the second, by plastic stresses in the 
domain R*(X) ---R-< Y(X) which are independent of the forward velocity of the phase interface; and the third, by 
plastic stresses in the domain X-< R-< R*(X), which are dependent on the forward velocity of the boundary of 
the heat-wave front. The latter components tend to zero as X ~ 1 and X I = 0.i. The main contribution to the 
value of the stress is introduced by the first components, in which the term 

s B* (A) Eo:Tn, X 
3 ( l - - v ) c "  ~(-~-) - , 3 ( t - v ) ~ ' ~  ~ (.~)A~ 

plays the main role, where the quantity A I agrees with that in (16), and YCK)/X is the ratio between the sizes 
of the plastic strain and the melting zones. 

To find the changes in the hydrostatic pressure values in the liquid phase with time, let us use the first 
equation in (4) by equating it to the expressions obtained for the stresses in the plastic strain domains with a 
different temperature distribution. Then 

w h e r e  

.TY~,,~ - -  A., -~ h~ -- (21) 

A~ = [ 6 ( X ) , X J ( t  - -  x , ,R*(x ) )  - -  h~ {R*(X):XJ --  T*(R*,  X)/I",,~ + ~/3, 

X~ = 0.t ~ X ~ X2; 

A., = (1 - x . n * ( x ) ) [ i  - o . 5 [ x . 6 ( x ) ] ( l  + n * ( x ) / x ) ]  - [ x . ' a ( x ) ]  x 

; l n [R*(X) :X]  ~- 1 ,3  - -  T * ( B * ,  X)/T, , ,  X 2 ~  X ~ i .  

As is seen from (21), the thermoelastic stresses introduce the main contribution to the magnitude of the hydro- 
static pressure in the fluid P/2(r~ and A2--~ --2/3 for X--1 and (21) goes over into the equation for the quasi- 
stationary temperature distribution (8). At a fixed time the value of P/2ff~ is determined by the product of the 
coefficient A I characterizing the temperature distribution behind the heat-wave front, and the ratio between 
the sizes of the plastic strain and melt domains Y(X)/X. To determine the size of the plastic strain domain, 
let us find the strain distribution in the plastic strain domains with the different temperature distribution. 

From the solution of the general equation for the displacements in the solid phase, obtained under the 
approximation of small strains [7] 

dU/dB 4-  2 U B  = ~-2(3c L. + R.dc~/dR)  _ 3aT.  

we obtain the distribution of the tangential strains e t in the plastic strain domains R*(X) -<R-< YfiK) with a tem- 
perature distribution of the form (16), and X -< R -< R*(X) (for two time intervals X I = 0.i -<X -<X~ and X 2 -< X -< I) 
with a temperature distribution of the form (15), (17). Furthermore, taking account of the third equation in (4)9 
we obtain an equation to determine the ratio Y(X)/X in the two time intervals X i =0.i-<X-<X 2 and X 2 -<X-< I: 
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y3 (x) [ E~Tm ] y'2 (X) eoE [ CxTra ] 
x~ a l t 2 , _ . ) o 2  +1 --~_. -~ ( t -Lo~ [A~'-r;;-t =o.  (22) 

A21 = ~.-~ 1-2~, -r X3 2X \.-~--' --  ,' @" --  

( 6 (.r)~ ] R*X t +  B* ] e-(n*''x-l)/6(x) ' X t  = O" I ~ X ~ X";- 

X3 A1 2 ( l _ v ) ( ~ o - F i  -'fr-_, -~ (l_v)(~o :5h:-.--~-o--t =0,  (23) 

A,~= ( A ~ - - t ) - i ~  _, + 1  + 0 . 5  6 X' - - a , - W + ~  ' 

X , < ~ X ~  1. 

It  is seen f r o m  this  l a s t  e x p r e s s i o n  that  A~ is p r ac t i c a l l y  equal to one during the t ime  in te rva l  X 2 -<X -< 1; 
hence,  the ra t io  Y(X) /X is  cons tant  in this  range,  and (23) goes o v e r  into the equation for  a quas i s t a t iona ry  
t e m p e r a t u r e  d is t r ibut ion (9) a s  X-*  1. The cubic equat ions (22), (23) have two roots  which do not con t rad ic t  
the phys ica l  meaning.  The f i r s t  and g r e a t e r  root  c o r r e s p o n d s  to acoust ic  wave  propagat ion,  o r  propagat ion of  a 
"weak"  p las t i c  s t r a in  wave,  and has  the fo rm 

Y (X) / X N A1EaTm / 2 (1 --  v) os ~ 

f r o m  which it  follows that  the m a x i m a l  ra t io  Y(X)/X c o r r e s p o n d s  to the init ial  t imes .  Appropr ia te  va lues  of 
the s i z e s  of  the p la s t i c  s t r a in  zone Y(X) due to acous t ic  in te rac t ion  a r e  2, 4, 9, and 4 for  Ni, Cu, Fe,  and A1, 
and the t imes  of acoust ic  wave t r a v e r s a l  of these  d i s tances  for  a sou rce  of 100-W power  a r e  2 �9 10-8; 5 �9 10-9; 
2 . 1 0  -? ; and 2 �9 10 -8 sec,  r e spec t ive ly .  

The re fo re ,  the fo rmat ion  of a "weak" p las t ic  s t r a in  domain is due to the t he rmoe la s t i c  s t r e s s e s  o r ig i -  
nating in the sol id phase  because  of a t e m p e r a t u r e  dis t r ibut ion of the fo rm (16). Magnificat ion of the s ize  of 
the "weak"  p las t i c  s t r a i n  domain (or the acous t ic  influence domain) is r e p r e s e n t e d  in Fig. 2 as a function of 
the radius  of the liquid bath X(t) up to the quas i s t a t iona ry  values  of 21, 48, and 22 for  Cu, Fe,  and A1. 

The second and s m a l l e r  root  c o r r e s p o n d s  to the heat wave,  or  ' s trong" p las t ic  s t ra in  wave, and is e x p r e s s e d  
in t e r m s  of 

Y ( X ) / X  N (A1)-w~(2A~--2eo/~T,,)t,"~-; (24) 

Y(  X) /  X ~ (  AI)-I:~-(3A._,.--2eo/aT,,)t i~-. (25) 

As is  seen  f rom (24), (25), the fo rmat ion  of a " s t rong"  p las t i c  s t r a in  domain is due to the change in densi ty  of 
the subs tance  dur ing mel t ing  which occu r s  on the phase - t r ans i t i on  boundary. The change in the boundary of 
the " s t rong"  p las t ic  s t r a in  domain (or the t he rma l  influence domain) is r e p r e s e n t e d  in Fig. 3 as  a function of 
the Iiquid bath rad ius  X(t) for  A1, Cu, and Fe.  As is seen  f r o m  Fig. 3, as  the heat  wave advances  deep into the 
m a t e r i a l ,  the " s t rong"  p la s t i c  s t r a in  domain r eaches  the quas t s t a t i ona ry  s ta te  with rad i i  1.28 and 1.38 for  Cu 
and F t .  However,  the " s t rong"  p las t ic  s t r a in  domain r eaches  the m a x i m u m  value for  AI a t  X ~ 0.5 and not at  
X = 1. Then "co l l apse"  of the " s t rong"  p las t ic  s t rong  domain,  accompanied  by a jumplike diminution in the 
hydros ta t i c  p r e s s u r e  in the fluid, s e e m s  to occur .  The change in hydros ta t i c  p r e s s u r e  in the liquid bath as  a 
function of i ts  rad ius  X(t) is  r e p r e s e n t e d  in Fig. 4 for  A1, Cu, and Fe. The nature  of the change in the "s t rong"  
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plas t ic  s t ra in  domain in A1 can be explained by migra t ion of the metal  grain boundaries at high t empera tu res ,  
which hinders  the development  of a high s t r e s s  concentra t ion in the meta l  [8]. 

The hydros ta t ic  p r e s s u r e  in a fluid is evident ly the sum of two p r e s s u r e s  due to acoust ic  and thermal  ef-  
fects .  A p r e s s u r e  on the o rde r  of severa l  magnitudes of ~~ which is genera ted  because of t he rmoe lec t r i c  
s t r e s s e s ,  does not change in p rac t ice  during the whole per iod  of liquid drop development,  and the p r e s s u r e  due 
to a change in densi ty  of the substance during melt ing de te rmines  the nature  of the p r e s s u r e  change in the l iq- 
uid drop. 

As is seen f rom Fig. 4, the nature  of the change in hydrosta t ic  p r e s s u r e  with t ime is d i s s imi la r  for  dif- 
f e ren t  metals .  However,  the general  tendency to p r e s s u r e  growth f rom the initial value corresponding to the 
mel t  radius XI= 0.1 to some maximum value cor responding  to X ~ 0.2-0.5 is cha rac te r i s t i c .  The maximum 
p re s su re ,  equal to 24, 34, and 16 kbar,  is built up at  mel t  radi i  on the o rde r  of 0.4, 0.25, and 0.5 for Cu, Fe, 
and A1, respec t ive ly .  The p r e s s u r e  inc rease  is hence severa l  yield points of the mate r ia l  at  room tempera -  
ture  g~ s. Af te rwards ,  the p r e s s u r e  in Cu and Fe drops smoothly to the quas is ta t ionary  values  of ].5 and 23 
kbar,  which is l ess  than the initial p r e s s u r e  cor responding  to X l = 0.1. Since Al does not sustain high s t r e s s  
concentra t ions  (on the o rde r  of severa l  tens of the yield point at normal  t empera ture )  because of grain bound- 
a ry  migrat ion,  "col lapse ~ of the ~strong" plast ic  s t ra in  domain seems  to occur  with an appropr ia te  p r e s su re  
drop to the level  charac te r iz ing  the "weak" plast ic  s t ra in  domain and equal to 2.5 kbar.  

There fore ,  an es t imate  of the change in size of the plast ic  s t ra in  domain and of the appropria te  values 
of the p r e s s u r e  with t ime showed that the maximum values  of the hydros ta t ic  p r e s s u r e  originate for  mel t  radi i  
on the o rde r  of 0.2-0.5. This is apparent ly  re la ted  to the fact that this t ime is cha rac t e r i zed  by the :maximum 
volume of mel ted substance responsible  for  the magnitude of the hydrosta t ic  p r e s s u r e .  

The p re sence  of two plast ic  s t ra in  domains with a different  concentra t ion of dislocations and degree  of 
mate r ia l  hardening was observed  exper imenta l ly  during the effect  of pulses of mi l l i second duration on iron [2]. 
A ra t io  Y(~)/X(}) somewhat exceeding one has been obtained exper imenta l ly  in investigations of the s t ra in  of 
beryl l ium m e n , c r y s t a l s  subjected to radiat ion with 30 J energ ies  and 1 msec  pulse durations [1]. An es t imate  
of the size of the plast ic  s t ra in  domain for  Fe is in sa t i s fac tory  conformi ty  with an exper iment  pe r fo rmed  at a 
500 W source  intensi ty  and 3.8 msec  durat ion of the effect  [2]. The exper imenta l  magnitude of the plast ic  
s t ra in  zone is 0.55 and 1.08 mm for  a source  intensi ty of 430 and 1200 W. An appropr ia te  computational e s t i -  
mate  of Y(~) is 0.52 and 1.10 ram. There fore ,  the re la t ionships  obtained a re  in sa t i s fac tory  qualitative co r -  
respondence  with the resu l t s  of exper iments  [1, 2]. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

LITERATURE CITED 

I. L Papirov, S. S. Avotin, ~,. P. Krivchikova, and L. A. Kornienko, "Deformation of Be men.crystals 
subjected to laser radiation," Fiz. I/him. Obrab. Mater., No. 2, 147 (1973). 
V. P. Garashchuk, N. L. Kareta, L V. Molchan, and V. ~. Moravskii, ~Structure of the zone of the hard- 
ening effect of a laser light beam on a silicon iron men.crystal," Fiz. Khim. Obrab. Mater., No. 5, 113 
(1973). 
G. E. Gorelik, N. V. Pavlyukovich, T. L. Perelrman, and G. L Rudin, "On the molting of a serniinfinite 
body under the effect of an internal point heat source," Inzh.-Fiz. Zh., 2_~4, No. 3, 525 (1973). 
Yu. N. Lokhov, G. V. Rozhnov, and L I. Shvyrkova, "Kinetics of liquid phase formation taking account of 
the heat  of phase t ransi t ion under  the effect  of a point heat source ,  ~ Fiz.  Khim. Obrab. Mater . ,  No. 3, 9 
(1972). 
A. Nadai, P las t ic i ty  and F rac tu r e  of Solids [Russian translat ion],  Vol. 2, Mir,  Moscow (1969). 
A. N. Kosevich and L. V. Tanatarov,  "Plas t ic  s t ra in  and i r r e v e r s i b l e  changes in a solid under  local 
mel t ing,"  Pr ikl .  Mat. Mekh., 2_~4, No. 5, 843 (1960). 
R. Hill. Mathematical  Theo ry  of Plas t ic i ty ,  Oxford Universi ty  P r e s s  (1950). 
Mechanical  P rope r t i e s  of Mater ia l s  at  Elevated Tem p era tu r e s  [in Russian],  Metal lurgiya,  Moscow 
(1965). 

409 


