
M E L T I N G  A N D  E V A P O R A T I O N  OF M E T A L S  

IN AN U N L O A D I N G  W A V E  

A.  A. L e o n t ' e v  a n d  V. E .  F o r t o v  UDC 534.222.2 

The  thermodynamic  s ta tes  resul t ing  in mel t ing and evaporat ion in an isent ropic  expansion 
wave during d issocia t ion  a r e  computed fo r  s ixteen meta l s .  Semiompi r i ca l  equations of s t a te  
of the condensed phase  and tabulated data on the melt ing and evaporat ion ent ropies  a r e  used. 

The rea l iza t ion  of a number  of p r o s p e c t i v e e n g i n e e r i n g p r o j e c t s  and apparatus  ( laser  heating [1], l inear  
pinch [2], magne to-cumula t ive  gene ra to r s  [3, 4], appara tus  for  "sof t"  magnet ic  compres s ion  [5], etc.) is 
based  on the at ta inment  of ex t r ema l  p a r a m e t e r s  by means  of a high energy concentrat ion.  Informat ion  about 
the the rmophys ica l  p rope r t i e s ,  p r i m a r i l y  data about the phase  composi t ion of a subs tance  in an unloading 
wave, is needed to analyze and compute  the hydrodynamic phenomena evoked by the d issocia t ion of such high- 
energy s ta tes .  

The p r o c e s s e s  under considera t ion can be analyzed within the f r a m e w o r k  of the following scheme: 
fas t  energy l iberat ion (in the shock front,  in the skin layer ,  etc.) in the condensed phase  with a subsequent  
expansion of the subs tance  in an isent ropic  unloading wave. In conformity  with this scheme,  the s ta tes  r e -  
sulting in melt ing and evaporat ion of the subs tance  during dissocia t ion a r e  computed on the bas i s  of s e m i -  
empi r i ca l  equations of s t a te  for  the condensed phase.  

H e r e  evaporat ion is unders tood to be  the t rans i t ion of i:he subs tance  into a low densi ty s ta te  p ~ Pc ~ 
1/3Po (Po is the densi ty  of the solid, and Pc is the densi ty  of  the subs tance  at the c r i t i ca l  point). Keeping in 
mind the shock method of genera t ing  h igh-energy  s ta tes ,  which affords the poss ib i l i ty  of conducting an ex-  
perinaental  investigation of the the rmophys ica l  p rope r t i e s  of meta l s  within a wide p h a s e - s t a t e  r ange  f r o m  a 
s t rongly  c o m p r e s s e d  condensed s ta te  to a gaseous  (plasma) domain, the shock p a r a m e t e r s ,  andthe c h a r a c -  
t e r i s t i c s  of the explosive dynamic- loading units permi t t ing  the rea l iza t ion  of the se lec ted  p a r a m e t e r  band 
a r e  computed. 

The  densi ty  range  1/spo ~ p ~ Po is cha rac te r i zed  fo r  me ta l s  by a sma l l  quantity of exper imenta l  m a -  
t e r i a l  and an uncer ta in ty  in the theore t ica l  predic t ions  [6], which does not afford a poss ibi l i ty  of ca r ry ing  
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out d i rec t  calculat ions of the expansion i sen t rope  under  these condi-  
tions. An entropy c r i t e r ion  [7], taking account of the condition of flow 
isentropy in an unloading wave and based  on compar ing  tabulated va l -  
ues [8] of the phase  t r ans fo rma t ion  ent ropies  at a tmosphe r i c  p r e s -  
su re  with khe condensed-phase  ent ropies  of me t a l s  in the high p r e s -  
s u r e  and t e m p e r a t u r e  range  [9], was used in the computat ions.  

The condensed-phase  entropy was computed by using s e m i e m -  
p i r i ca l  equations of s tate,  cons t ruc ted  on the bas i s  of exper imenta l  
r e su l t s  on the shock compres s ion  of me ta l s .  Detailed computat ions 
w e r e  ca r r i ed  out for  AI, Ni, Cu, Pb for  which t he r e  exis ts  the mos t  
developed equation of s ta te  descr ib ing  the data on shock c o m p r e s s i o n  
of continuous and porous  sl~ecimens in a broad  r ange  of densi t ies  and 
having an ideal gas  asympto t ic  at high t e m p e r a t u r e s  [10]. [The u s e  
of the Mie--  Gruneisen equation of s ta te  outside the domain of i ts  va -  
l idity in [11] led the author  to an e r roneous  deduction about the ex i s t -  
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ence of an entropy m a x i m u m  on the single cha rge  line (i.e.,  the in t e r -  
sect ion of the ent ropy and this l ine at two points), which c l ea r ly  con t ra -  
dicts  exper iment  [10].] 

b ~ , , ~T 
p = p .  + ~ pR (T --  T*) + gp-~- m cn--~-, 

b~ ~T 2+z  3 R(T--T*)+--~-lnch b E = E ,  + i--'-4--7-~- 
7 

1RT T* = E o To P ,  = ~ , a ~  ~/8+x, z = ---Cfi-,2 , - -  C--[ 
i 

C*~ :OP*/OP, v :P /Po~ ,  g : - - d i n ~ / d l n p  (1) 

H e r e  p , ,  E .  a r e  the p r e s s u r e  and 
therm,  7 is the Gruneisen coefficient,  fi is the coefficient  of e lec t ronic  
speci f ic  heat, and b, l, a i a r e  empi r i ca l  constants  (see [10]). 

The  equation of s ta te  (1) r e su l t s  in an entropy equation 

S = S 0 + R  3"r+z0 dv th ST dv I t h ~ d T +  i+zo  ; + bg "-g- --~- + b --T-" 
vo vo To 

3 [ ZO--Z T '  (t -~-z0) ] I R T "  
+ ~ - - B  .( t+z)( t+z0) + I n  T~2' (!+z) ' Z0=.C,3 (2} 

internal  energy on the T = 0 i so-  

which was used  to compute  the i s en t rope  in the domain of appl icabi l i ty  of (1). The  values  of the entropy S O 
under  n o r m a l  conditions, as well  as the ent ropies  cor responding  to mel t ing  and boiling (St, $2, $3, S 4 a r e  
the entropies  cor responding  to the beginning and ending of mel t ing  and boiling) at a tmospher i c  p r e s s u r e ,  
a r e  taken f r o m  the handbook [8]. The  entropy at the c r i t i ca l  point Sk was given .taking account of an es t i -  
m a t e  based  on the p r inc ip le  of corresponding s ta tes .  

The  r e su l t s  obtained fo r  A1, Ni, Cu, Pb a r e  p resen ted  in Figs.  1, 2, 3, and 4, where  the Hugoniot adia-  
bats  for  a different  poros i ty  m =Po/Poo (Poo is the m e t a l  densi ty ahead of the shock front}, as well  as exper i -  
men ta l  r e su l t s  [10, 12-14] (1, 2, 3, and 4, respect ively},  a re  shown in addition to the i sen t ropes  St, S2, $3, Sk, 
and S o denoted by dash-dot  lines, in o rde r  of increas ing  p r e s s u r e .  The s ta tes  behind the shock front  which 
or ig inate  during coll is ion between the a luminum pellet ,  a cce l e r a t ed  to a ve loci ty  of co = 5.92 k m / s e c  by the 
explosion products ,  and the t a rge t  a r e  m a rke d  by dots in Figs.  1-4. 

An inc rea se  in the initial poros i ty  at w =cons t  r esu l t s  in a p r e s s u r e  reduct ion in the shock front .  The 
entropy on the s i n g l e - c h a r g e l i n e  grows substant ia l ly  as the poros i ty  inc reases ,  which p e r m i t s  effect ive ex- 
pansion of the p h a s e - s t a t e  domain acces s ib l e  fo r  a dynamic experiment ,  and being l imited to l inear  gen e ra -  
t o r s  of powerful  shocks for  this pu rpos e  [9]. A broad band of p a r a m e t e r s  f r o m  the condensed to the ideal-- 
gas s ta tes  (Fig. 5) including the domain of the c r i t i ca l  point and the dense  s t rongly  nonideal p l a s m a  [15], 
which is not access ib le  to experiment ,  is covered  by the unloading adiabats .  
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Represented  as an example  in Fig. 5 is the phase  d i ag ram of lead (the two-phase  domains are  shaded). 
The  mel t ing curve  8 is shown in conformi ty  with [16]. The shock adiabats  m=1.67 ,  1.25, 1, p resen ted  in 
Fig.  5 and denoted by 4, 5, and 6, respec t ive ly ,  and the i sen t ropes  $4, Sk, and S 3 (curves 1, 2, and 3) w e r e  
computed by means  of (1) and (2). 

The equation of s ta te  [17] based  on exper imenta l  r e su l t s  of shock compress ion  of a continuous m a t e -  
r ia l  and valid only in the neighborhood of the Hugoniot adiabat m = 

P = P .  + 7C~p0k~ (T --  T*) q-l/4pok~.oV~ T ~, (3) 
E = E ,  § C, (T --  T*) + 1/~,(~-"~T2 

G 

- - -7  + + ~. ( - -  To) (4) 
1 

was used in computing the  p a r a m e t e r s  of the r e s t  of the d e m e n t s  cons idered  he re .  

The  r e su l t s  of the computat ion a r e  p resen ted  in Fig. 6, where  1 is the beginning of melting, 2 is the 
end of melting,  3 is the beginning of boiling, 4 is  the c r i t i ca l  point, if2, P2 are ,  respect ive ly ,  the deg ree  of 
compres s ion  and the p r e s s u r e  for  Na, K, Li; 0"2, Pl a re  the degree  of c o m p r e s s i o n  and p r e s s u r e  for  Be; 
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and al, P1 a r e  the degree  of compress ion  and p r e s s u r e  for  the remaining e lements  . It is seen that with the 
exception of the alkaline metals ,  which have re la t ively  low values of the cr i t ica l  pa rame te r s ,  shock genera -  
tors  with sufficiently high p a r a m e t e r s  a re  needed to rea l ized  the states in the n ea r -  and pos t -c r i t i ca l  do- 
mains,  and only application of porous specimens pe rmi t s  the use  of existing l inear  explosive apparatus in 
the experiment .  

The authors a r e  grateful  to L. V. Al , tshuler  and A. N. Dremin for  in te res t  in the r e sea rch  and for  
discussions. 
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