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The evapora t ion  of me ta l s  i s  analyzed with the e lec t ron  component  of the i r  t h e r m a l  conduc-  
t ivi ty  taken into account.  A " the rmodynamic  sa tura t ion"  of the evapora t ion  p r o c e s s  at  high 
t e m p e r a t u r e s  i s  revealed .  

When a me ta l  sur face  is  heated at  a high ra te ,  then the t e m p e r a t u r e  of the evapora t ing  surface  T is  
above the boiling point  T b and r i s e s  fu r the r  as  the t h e r m a l  flux is  inc reased .  At higher  t e m p e r a t u r e s  the 
t h e r m a l  ene rgy  tends to "conver t"  to kinetic e n e r g y  of the vapor ,  however ,  because  the specif ic  heat  of the 
solid me ta l  is  higher  than that of i ts  vapor .  This ef fec t  l imi t s  then the t e m p e r a t u r e  r i s e  as  well  as  the 
vapor  sa tura t ion  p r e s s u r e  p and evapora t ion  ra te  v depending on it. 

This t rend b e c o m e s  evident  a l r eady  in the der ivat ion of a fo rmula  for  p with the specif ic  heat  of the 
me ta l  lat t ice e and of the me ta l  vapor  Cp a s s u m e d  constant.  E x p r e s s i n g  the f ree  ene rg i e s  of the solid and 
of an ideal  monoatomic  gas  (metal  vapor) as  subject  to the law of equal dis tr ibut ion,  and then equating the i r  
equi l ib r ium p r e s s u r e s ,  t e m p e r a t u r e s ,  and chemica l  potent ia ls  (as in [1], for  example) ,  we obtain ) Cp--C 

p = B exp - -  L + (c~-- c) T b  T-~-" (1) 
R T  

As the t e m p e r a t u r e  r i s e s ,  the power  function T(ep - c ) / R  in (1) l imi t s  the r i s e  in p r e s s u r e  p along 
the act ivat ion exponent,  i . e . ,  the p r e s s u r e  p(T) r e a c h e s  a max imum.  At the boiling point of me ta l s  (A1, 
Cu, Pb) the e lec t ron  specif ic  heat  c e is  8-10% of the lat t ice specif ic  heat  e i and is  usual ly d i s regarded .  
H igh - t empera tu r e  evapora t ion  r e su l t s  in an apprec iab le  exci ta t ion of e l ec t rons  and in an i nc rea se  of the i r  
specif ic  heat  with t empera tu re :  c e = fiT. At a t e m p e r a t u r e  about 10 a ~ on the other  hand, c e i s  approx i -  
ma te ly  equal  to 5070 of c i for  a luminum and app rox ima te ly  equal  to ci for  lead [2]. 

Without cons ider ing  the s t ruc tu re  of the t rans i t ion  l aye r  at  the evapora t ion  sur face  [3, 4] and a s s u m -  
ing the t e m p e r a t u r e  as  well  as  the p r e s s u r e  to be constant  on both s ides  of the boundary,  we write for  the 
total  specif ic  heat  of a meta l :  

~2Vs T + ~T = 3R + ~'T. (2) c : c ~ i + ( % i - - c ~ )  + c~ = 3R + K 

The dif ference between the cons tan t -vo lume specif ic  heat  Cvi and the c o n s t a n t - p r e s s u r e  specif ic  heat  Cpi is  
e x p r e s s e d  here  in t e r m s  of volume expans iv i ty  ~ and c o m p r e s s i b i l i t y  K. The dec r ea se  in the heat  of e v a -  
po ta t ion  with r i s ing  t e m p e r a t u r e  can be de te rmined  accord ing  to the Kirchhoff formula :  

T 

L'(T) ~ L (Tb:) + .t" [%-- c (T)] dT. (3) 
r b 

Inser t ing  (2) into (3) and then integrat ing,  we obtain for  a monoatomic  vapor  (Cp = (5/2)R) 

L ' : :  L - -  ~ ( T - - T b ) t R  -t- ~'(T f-Tb)]. (4) 
2 

The p r e s s u r e  of sa tu ra ted  me ta l  vapor  together  with the t empe ra tu r e -dependen t  specif ic  heat  will be 
found f r o m  the Clapeyron- -Claus ius  equation 

d__p _ L' ( T) 

dT T (V - -  Vs) (5) 
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F i g .  1. Exponen t  z (v) a s  a f u n c -  

t ion  of  the t e m p e r a t u r e  TCK),  fo r  
a l u m i n u m ,  c o p p e r ,  and  l e a d  (u 

= T /Tb) .  

w i th  V deno t ing  the s p e c i f i c  v o l u m e  of  a gas .  

The e q u a t i o n  o f  con t inu i ty  a t  the e v a p o r a t i o n  b o u n d a r y  r e l a t e s  the s p e c i f i c  v o l u m e s  of  both  p h a s e s  to 
the e v a p o r a t i o n  r a t e  v and  the v a p o r  v e l o c i t y  u; in  the o n e - d i m e n s i o n a l  c a s e ,  f o r  i n s t a n c e ,  

v~ = v s u (6) 

E x p e r i m e n t s  wi th  l a s e r  t e c h n i q u e s  of  m e t a l  v a p o r i z i n g  have shown tha t  v<< u, a t  e n e r g y  fluxes up to 10 8 
W / c m  z a t  l e a s t ,  i . e . ,  t ha t  V S << V and  the s p e c i f i c  v o l u m e  of the  m e t a l  m a y ,  to the f i r s t  a p p r o x i m a t i o n ,  
be d i s r e g a r d e d .  

I n s e r t i n g  (4) in to  (5) wi th  V = R T / p  and  i n t e g r a t i n g  wi l l  then  y i e l d  

( - ~ F  ~ r (7) 
p = B e x p  L exp - -  1 R b ~rT~ + ~ ' T  T 

= B e x p i - - ~ ) T  • 

With  the s u p e r h e a t  t e m p e r a t u r e  f a c t o r  v = T / T b ,  A = L / R T b ,  and  z = fi'Tb/2R, the t e m p e r a t u r e -  
d e p e n d e n c e  o f  the exponen t  z ( u )  can  be e x p r e s s e d  a s  

~ (v) = - -  0.5 - -  0 . 5 - : - o (1@v2)  , (8) 
v ( lnv  -i- In Tb) 

and  p l o t t e d  g r a p h i c a l l y  a s  shown in F ig .  1 fo r  a few m e t a l s .  I t  i s  to be no ted  tha t  Y. D. Benne t  in  [5] has  
u s e d  s e m i e m p i r i c a l  c o n s t a n t  n - v a l u e s  f o r  h i g h - t e m p e r a t u r e  e v a p o r a t i o n :  - -1 .2  f o r  i r o n  and  c o p p e r  o r  - - L 0  
f o r  a l u m i n u m  and lead .  I t  i s  not  d i f f i cu l t  to conc lude  f r o m  (8) tha t  such  v a l u e s  f o r m a l l y  c o r r e s p o n d  to high 
t e m p e r a t u r e s ,  66 ,000~  f o r  c o p p e r ,  w h e r e  the  l a w s  of  e v a p o r a t i o n  canno t  be b a s e d  on c l a s s i c a l  s t a t i s t i c s .  

C o n s t a n t  B in (7) i s  d e t e r m i n e d  f r o m  the c o n d i t i o n s  of  the bo i l i ng  poin t :  P0 = 0.1 M N / m  2 and T = T b. 
Then 

P/Po=V-~'/2exp [(A + + ) (  ! -- + ) - - + ( v - -  I)~ 1 (9) 

We wi l l  now d e t e r m i n e  the l i n e a r  e v a p o r a t i o n  r a t e  v f o r  a m e t a l .  In the o n e - d i m e n s i o n a l  c a s e  of  
h i g h - t e m p e r a t u r e  e v a p o r a t i o n  u n d e r  the  Zhuge cond i t i on  that  u = a , =  q-TRT, f o r m u l a  (7) y i e l d s  
v -- pVSV-~- -T .  I n s e r t i o n  into (9) y i e l d s  

[( i vb ~ (v - -  l) ~ v = - -  exp A + - 1 - -  - - - -  
v ' (10) 

w h e r e  v b = P0Vs~- - /R~b  (Table  1). 

G r a p h s  of  func t ions  p(u) (9) and  v(v) (10) f o r  Cu and  A1 a r e  shown in F ig .  2. When the s u p e r h e a t  of 
the m e t a l  i s  low (v _> 1), then the hea t  of e v a p o r a t i o n  A i s  p r e d o m i n a n t .  A s  the s u p e r h e a t  i n c r e a s e s ,  the  
e l e c t r o n  s p e c i f i c  h e a t  a l s o  i n c r e a s e s  whi le  p(u) and  v(u) i n c r e a s e  s l o w e r  un t i l  t hey  r e a c h  a m a x i m u m  a t  
c e r t a i n  v a l u e s  Urea x. A s  the t e m p e r a t u r e  r i s e s  f u r t h e r ,  f o r m a l l y  the e v a p o r a t i o n  r a t e  shou ld  d e c r e a s e .  
The v a l u e s  of  p and  v c a l c u l a t e d  a c c o r d i n g  to t h e s e  f o r m u l a s  wi l l  e v i d e n t l y  be i n c o r r e c t  a t  v > Vmax, how-  
e v e r ,  b e c a u s e  the a s s u m p t i o n  of  a s m a l l  V S r e l a t i v e  to V i s  not  v a l i d  and,  b e s i d e s ,  the p r o c e s s  wi l l  a l r e a d y  
not  be a t  e q u i l i b r i u m .  
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Fig. 2. Saturat ion vapor  p r e s s u r e  p (N/m 2) and l inea r  evapora t ion  
ra t e  v (m/sec)  as  hmct ions  of the d imens ion less  t e m p e r a t u r e  f ac to r  

= T / T  b, fo r  a luminum and copper .  

Fig. 3. Evapora t ion  p a r a m e t e r s :  p r e s s u r e  p (N/m2), ra te  v (m/see ) ,  
and t e m p e r a t u r e  v = T / T  b as  functions of the densi ty  of power  q (W 
/ c m  2) ab s o rbed  by a meta l  (iron, a luminum,  copper ,  and lead). 

H igh - t empera tu r e  evapora t ion  can be r ea l i zed  expe r imen ta l ly  by l a s e r  i r rad ia t ion  of a substance,  
fo r  example .  The equation of ene rgy  conserva t ion  during a s t eady-s t a t e  p r o c e s s ,  in the case  of a luminous 
flux q abso rbed  by a thin surface  l aye r  of meta l ,  i s  then 

T 

Vsq ~ v c (7") dT + L' (T) vRT` b A + 2 

ro (11) 

+-~- +~(1--A~)--3A , 

with A : T0/T b. 

On the bas i s  of Eqs.  (10), (11) one can plot  a curve v(q) of the superhea t  as  a function of the absorbed  
flux and, f r o m  that,  a lso p(q) and v(q) as  shown in Fig. 3 for  four  different  meta ls .  A d i rec t  expe r imen ta l  
ver i f ica t ion  of these  re la t ions  r e q u i r e s  that  the p a r a m e t e r s  of one-d imens iona l  s t eady-s t a t e  h igh - t empera tu re  
evapora t ion  be measu red .  An ind i rec t  evaluat ion of the r e su l t s  can be based  on t e s t  va lues  for  the specif ic  
m o m e n t u m  of the escap ing  vapors .  A calculat ion of the specif ic  (per unit of t he rma l  flux) p r e s s u r e  of meta l  
vapo r  p / q  on the bas i s  of functions p(v) and q(v) shows that  this ra t io  p / q  is  only a v e r y  weak function of the 
t h e r m a l  flux q. As q is  i n c r e a s e d  f r o m  108 to l0  s W / c m  2, p / q  for  a luminum i n c r e a s e s  by 19% at  a constant  
ref lec t ion  fac to r  of the sur face .  Tes t s  p e r f o r m e d  with s e v e r a l  me ta l s  within this range of t he rma l  flux 
have r evea l ed  a r e a s  of a constant  p / q  ra t io  under s t eady-s t a t e  conditions [6]. Since in those t e s t s  the 
re f lec t ion  fac to r  could only dec rease  with inc reas ing  q and the i n c r e m e n t  of p / q  lay within the l imi ts  of 
t e s t  a c c u r a c y  (25%), hence the a g r e e m e n t  between calcula ted and m e a s u r e d  values  is  en t i r e ly  sa t i s fac tory .  

Thus, during h i g h - t e m p e r a t u r e  evapora t ion  of a meta l  without surface  shielding, a ce r ta in  e x t r e m e  
mode will be r e ached  which depends on the p r o p e r t i e s  of the evapora t ing  substance only. The m a x i m u m  
evapora t ion  ra te  is  a t ta ined at  a somewhat  lower  t e m p e r a t u r e  then the m a x i m u m  p r e s s u r e ,  because  the 
f o r m e r  is  more  s t rongly  t e m p e r a t u r e  dependent. The e x t r e m e  values  Vmp and Vmv a re  found f r o m  the 
usual  conditions: dp/dv = 0 and dv/dv = 0. For  example  

1 
v m v  = ~ ( V I  -~ 2~ (1 -k 2A) -k4o ~ -- l ) . 

The ca lcula ted  values  of (urn) i and the cor responding  values  of (Tm) i, (pm)i, (Vm)i a re  given in Table 
1 for  five di f ferent  meta l s .  
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TABLE 1. P a r a m e t e r s  of the E x t r e m e  Evapora t ion  Mode (Maxi- 
m u m  values)  

Vmv m/ v b cm/ Prop"/0"r 
Metal vmv Troy" 10 "a, "K ~eC ~eC ~ - N/I-D_2 

Cu 
AI 
Pb 
Sn 
Fe 

6,4 
5,8 
4,1 
5,0 
3,1 

18,3 100 
15 500 
8,2 20 

12,8 15~ 
10,8 

2,3 ~,2 
4,2 
2,3 

Vmp Tmp'10"a, o K 

7,5 21,5 
6,5 6,9 
4,6 9,1 

10,3 
24,2 

I 

Inasmuch as h igh - t empe ra tu r e  evapora t ion  may  be r e g a r d e d  as  t he rmodynamica l ly  at  equi l ibr ium up 
to u m, the e x t r e m e  mode is  equivalent  to the c r i t i ca l  s ta te  of the substance.  The e x t r e m e  values  T m and 
Pm (Table 1) may  be r e g a r d e d  as c r i t i ca l  only v e r y  approx imate ly ,  however ,  inasmuch  as  two assumpt ions  
have been made here :  equi l ibr ium and a low densi ty  of the vapor .  Le t  us examine  the signif icance of the 
second assumpt ion .  We solve the Clapeyron- -Claus ius  equation with the specif ic  volume V S of the solid 
phase  taken into account. We also note that the ef fec t  of vapor  p r e s s u r e  on the p h a s e - t r a n s f o r m a t i o n  
kinet ics  within the solid has not been cons idered  e a r l i e r .  Taking this ef fec t  into account  now (as in [7], for  
example)  yie lds  an additional t e r m  PVT in the e x p r e s s i o n  for  L ' .  In tegra t ing  Eq. (5) with these c o r -  
r ec t ive  t e r m s  in the case  of a luminum has yielded a more  accura te  value for  p nea r  i t s  max imum,  name ly  
29.108 N / m 2 o r  40% higher  than the e a r l i e r  approx imate  value. At that t e m p e r a t u r e  and p r e s s u r e ,  then, 
the ca lcula ted  vapor  densi ty  (0.74 M g / m  ~) is  equal to 35% the densi ty  of solid a luminum,  with t h e r m a l  
expans iv i ty  taken into account.  

The app rox ima te ly  1 : 3 ra t io  phase  to vaporous  phase  specif ic  volume con f i rms  the p r o x i m i t y  of a 
substance  to i ts  c r i t i ca l  state.  

T 

P 
c 
Cp 

Cpi 
Cvi 
C e  

v 
Vb 
R 
L 
L '  
fl 
V 

VS 
cg 
K 
U 

V 

A, o, ~4, A 

7 = Cp/Cv; 
q 

N O T A T I O N  

is the evapora t ion  t e m p e r a t u r e ;  
~s the boiling point; 
is  the sa tura t ion  vapor  p r e s s u r e ;  
i s  the specif ic  heat  of meta l ;  
i s  the specif ic  heat  of vapor;  
~s the specif ic  heat  of lat t ice at  constant  p r e s s u r e ;  
~s the specif ic  heat  of lat t ice at  constant  volume;  
~s the specif ic  heat  of e l ec t rons ;  
~s the evapora t ion  ra te ;  
~s the evapora t ion  ra te  at boiling point; 
~s the un iversa l  gas  constant;  
i s  the s tandard  heat  of evapora t ion;  
i s  the actual  heat  of evapora t ion  
~s the t e m p e r a t u r e  coeff icient  of e l ec t ron  t he rma l  conductivity;  
~s the specif ic  volume of vapor ;  
is  the specif ic  volume of solid meta l ;  
~s the t h e r m a l  expansivi ty;  
i s  the compress ib i l i t y ;  
i s  the vapor  veloci ty;  
is the d imens ion less  superhea t  t e m p e r a t u r e ;  
a re  the d imens ion less  constants ;  
is  the local  ve loc i ty  of sound; 

is  the densi ty  of abso rbed  power .  

2. 
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