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By ana lys i s  of the the rmodynamic  and e l ec t r i ca l  p r o p e r t i e s  of the l iqu id-meta l  phase  during 
continuous change,  it i s  shown that  the m e t a l - n o n m e t a l  t rans i t ion line m u s t  coincide with, 
o r  be in the i m m e d i a t e  neighborhood of, the sp inoda l -quas i sp inoda l  line. The law of c o r r e -  
sponding s t a t e s  is  adequately  sa t i s f ied  for  this line. The dependence of the re la t ive  e l ec -  
t r i ca l  r e s i s t a n c e  R / R  0 on the enthalpy H = H T - H  0 (R 0 and H 0 a r e  the values  at T O = 298~163 
was m e a s u r e d  fo r  Cu, Ag, Au, and AI during heat ing of a wi re  sample  by a c u r r e n t  pulse 
having a durat ion l e s s  than 10 -4 sec  at  p r e s s u r e s  p up to 15 kbar .  The effect  of p r e s s u r e  
on the re la t ive  r e s i s t a n c e  R / R  0 and the enthalpy H of these  me ta l s  in the solid and liquid 
s t a t e s  was studied. It  is  shown that  for  p> (1-3) kba r  the line fo r  the p r e s s u r e  dependence 
of the ini t iat ion of an e l ec t r i ca l  explosion of a conductor  co r r e sponds  to the line for  the 
t rans i t ion  of me ta l  into nonmetal .  The c r i t i ca l  t e m p e r a t u r e  and cr i t ica l  p r e s s u r e  for  Cu, 
Ag, Au, and A1 were  evaluated by using this re la t ion.  

1. E lec t r i ca l  explosion of a conductor  is  cons idered  f rom the viewpoint of the t he rmodynamics  and 
kinet ics  of the t rans i t ion  of liquid me ta l  into vapo r  at high heat ing ra tes .  One can expect  [1, 2] that  dur ing 
heating of a conductor  under  p r e s s u r e  by a cu r ren t  pulse with a durat ion of 10-5-10 -7 sec  the init iat ion of 
an e l ec t r i ca l  explosion,  following which the e l ec t r i ca l  r e s i s t a n c e  of the me ta l  r i s e s  sha rp ly  and a shock 
wave is  p roduced  in the sur rounding  medium,  will be located in the neighborhood of the upper  l imi t  for  the 
exis tence  of the l iqu id-meta l  phase  under  continuous change. This boundary in the v a r i a b l e s  p r e s s u r e ,  p, 
and volume,  V, is  de t e rmined  [3, 4] by the spinodal  

the c r i t i ca l  point 

( o~p ~ >0  for P < Pc (1.1) (-~-)r =~ \~T/r 

ap) = 0 ,  [o~p) = 0  for  P = P c  (1.2) 
T \ OV~/T 

and the quasispinodal  (curve of s upe rc r i t i c a l  t rans i t ions)  

\ov/~P~r < 0 '  {~  - - 0  f ~  P > P ~  (1.3) 
\ OV~/T - -  

(Pc is  the cr i t ica l  p r e s s u r e ,  and T is  t e m p e r a t u r e ) .  Since the der iva t ive  (Sp/0V) is  i n v e r s e l y  propor t iona l  
to the f luctuat ions of the specif ic  volume AV2 [5] 

Op 
_(._~..)T.-~- kT / AV.Z (1.4) 

(k is  the Bol tzmann constant),  the f luctuations r i s e  sha rp ly  upon approach  to this boundary f r o m  the liquid 
side in view of Eqs.  (1.1)-(1.4). This leads to an abrupt  drop in the e l ec t r i ca l  conductivi ty of the liquid 
meta l  because  of the local iza t ion of a tomic  conduction e lec t rons ,  which a r e  in locat ions with reduced den-  
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sity. Another  r e a s on  for  the reduct ion in e l ec t r i ca l  conductivity is  the sca t t e r ing  of conduction e l ec t rons  
by fluctuations of charge  concent ra t ions  in the liquid meta l .  Thus,  during a continuous change in the l iquid- 
meta l  phase ,  the t rans i t ion  into a vapo r  is  accompan ied  by an e lec t ron ic  t rans i t ion  of m e t a l  into nonmetal .  

Sharp i nc r ea s e  of e l ec t r i c a l  r e s i s t a n c e  in liquid m e r c u r y  nea r  the quasispinodal  and cr i t ica l  point 
was conf i rmed expe r imen ta l l y  [6]. As follows f rom Eqs.  (1.15 and (1.4), the i n c r e a s e  in e l ec t r i ca l  r e s i s -  
tance should occur  in the neighborhood of the spinodal but i t  i s  imposs ib l e  to obse rve  this phenomenon 
dur ing slow heat ing of a liquid m e t a l  because  of the difficulty of achieving a l a rge  amount  of superheat ing 
of the liquid phase .  The poss ib i l i ty  of a r r i v i n g  in a region of m e t a s t a b l e  liquid meta l  has been d iscussed  
for  e l ec t r i ca l  explosions  of conductors  in a i r  [2]. 

Calculation of the spinodal for mercury from the formula in [7] and calcu].ation of the quasispinodal 
for the supercritical region from published data [6] show that the spinoclal-quasispinodal line in the re- 
duced coordinates ~ = P/Pc and �9 = T/T c (the subscript c refers to critical parameters) can be represented 
approximately by the straight line 

= 1 1 A  �9 -- 10A (1.5) 

The spinodal calculated from the formula in [7] for cesium, as well as experimental data for the 
spinoda!s of a number of organic liquids [8], are described by the equation 

= t 0 ~  - -  9 ( 1 . 6 )  

which is close to Eq. (1.5). This indicates the satisfaction of the law of corresponding states for the 
spinodal- quasi spinodal line of various liquids. 

Since density fluctuations reach maximum values when crossing the spinodal-quasispinod.al line, 
one can assume this line coincides with the metal-nonmetal transition line, In favor of this assertion is 
the rough agreement of the relative critical density in a number of metals with the density at the metal- 
nonmetal transition point calculated for a model consisting of conducting spheres in a dielectric medium [9]. 

The transition of liquid mercury into the nonmetallic state has been considered [i0] without including 
the effect of fluctuations on the basis of ideas about the zonal structure of this metal. The following ap- 
proximate criterion was established for the determination of the transition point: 

g = N (Eg) / N (Ev)s = '/z (1.7) 

which co r r e sponds  to a specif ic  r e s i s t a n c e  of m e r c u r y  of ~300 ~-1 .  cm-1; N(EF ) is  the densi ty of s ta tes  
a t  the F e r m i  level  in the liquid meta l ;  N(EF) f is  the densi ty  of s ta tes  fo r  the f r e e - e l e c t r o n  model .  If  one 
accep ts  the c r i t e r ion  (1.75, the m e t a l - n o n m 6 t a l  t rans i t ion  line does not coincide with the s p i n o d a l - q u a s i -  
spinodal line for  m e r c u r y  accord ing  to the data published [6]. In the p r e s s u r e  range up to 1.7 Pc, i t  can 
be r e p r e s e n t e d  app rox ima te ly  by a s t r a igh t  line displaced para l l e l  to the line (1.55 toward  lower  t e m p e r a -  
t u r e s  by an amount  0.05 T c. Extension of this line into the region of me ta s t ab le  liquid gives  the point 0.87 
T c at p = 0. Expe r imen ta l  data for  the e l ec t r i ca l  conductivity of po tass ium in the supe rc r i t i c a l  region [11] 
provides  a bas is  for  a s suming  that  the m e t a l - n o n m e t a l  t rans i t ion  line coincides wi ththe s p i n o d a l - q u a s i -  
spinodal line in alkali  me ta l s .  According to Eq. (1.65, this line i n t e r s ec t s  the t e m p e r a t u r e  axis  at  the point 
0.90 T c. These  evaluat ions  indicate  that  the m e t a l - n o n m e t a l  t rans i t ion  point Tt0 at p= 0 is  re la ted  to T c 
by the exp re s s ion  

Tto = bT~ (1.85 

where  b = 0.87 for  s i m i l a r i t y  to m e r c u r y ,  and b = 0.90 for  s imi l a r i t y  to ces ium.  

Based  on these  concepts ,  init iat ion of an e l ec t r i ca l  explosion of a conductor,  following which the r e -  
s i s tance  of a liquid meta l  r i s e s  sharply ,  can be identified with the m e t a l - n o n m e t a l  t rans i t ion  point. Such 
an identif icat ion is  valid under  the following conditions: a5 the influence of the magnet ic  f ie ld of the cu r -  
ren t  on sample  shape m u s t  be e l iminated;  b5 fo r  P<Pc '  the length of the heating pulse m u s t  be so shor t  
that  vapor iza t ion  of me ta l  through the sample  sur face  and through the su r face  of he te rogeneous  vapor  cen-  
t e r s  can be neglected;  at  the s a m e  t ime,  i t  m u s t  not be so shor t  ( l e s s t h a n  10 -7 sec5 as  to violate  the s t a -  
t ionar i ty  of homogeneous nucleation [2]. 

The poss ib i l i ty  of t rans i t ion  of l iquid me ta l  into a s tate  with poor  conductivity during e l ec t r i c a l  ex -  
plosion of a conductor  has  been pointed out [12]. Exper imenta l  conf i rmat ion  of this hypothesis  was ob- 
tained f r o m  explosion of copper  w i r e s  in cap i l l a r i e s  [13] and f r o m  explosion in a p las t i c  med ium under  
p r e s s u r e  [1]. 
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Since for  e lec t r ica l  explosion of a conductor in a i r  there  is the danger of its p remature  rupture by 
the magnet ic  field, and the production of a d ischarge shunting the sample and dis tor t ing the oscil loscope 
t race  is not eliminated, e lec t r ica l  explosion of a conductor in a plast ic  medium under p r e s s u r e  was used 
in the presen t  work, as was done previously  [1], in o rder  to eliminate these factors .  In cont ras t  to [1], 
quantitative resul ts  were  obtained in the present  work because of increased  accuracy  of pulse m e a s u r e -  
ments .  This method provides  an epporamity  to study the effect of p r e s s u r e  on the h igh- tempera ture  prop-  
e r t ies  of meta ls  and to obtain the p r e s s u r e  dependence of the initiation of the e lec t r ica l  explosion, which 
is  compared  with the m e t a l - n o n m e t a l  t ransi t ion line. 

2. By heating a wire  sample (0.2-0.3 m m  in diameter ,  20 mm long) with a cur ren t  pulse lasting 
~ 100 #sec ,  osci l lographic  measu remen t s  were  made of the dependence of the relat ive e lec t r ica l  r e s i s -  
tance R / R  0 on the enthalpy H=H T - H  0 (H 0 and R 0 a re  the values at T o = 298~ for  Cu (99.96), Ag (99.97), 
Au (99.99), and A1 (99.99). F o r  such pulses,  the effect of inductive pickup on the shape of osci l loscope 
t r aces  is insignificant and can be taken into account [14]. A sample enclosed in a pellet  of f luoroplast  3 
(Teflon) was placed inside a steel chamber  of the cyl inder-pis ton type under constant p res su re ,  which 
var ied  over  a range up to 15 kbar  in the different experiments .  Fo r  a given p re s su re ,  the dependence of 
R / R  0 on H [14] was calculated on a Minsk-22 computer  f rom the osci l loscope t r aces  for  sample cur rent  
and voltage; calculat ions were  pe r fo rmed  for t empera tu res  f rom room tempera tu re  (298~ to the ini t ia-  
tion of e lec t r ica l  explosion. 

This relat ion is shown for copper (Fig. 1) and gold (Fig. 2). Similar  curves  were obtained for s i lver  
and aluminum in the p r e s s u r e  range to 15 kbar.  In Fig. 1, curve 1 gives the experimental  resul ts  in a i r  
and curves  2-5, the experimental  resu l t s  in Teflon under various p r e s s u r e s :  curve 2, 0.2 kbar; curve 3, 
3 kbar;  curve 4, 6 kbar;  curve 5, 15 kbar.  In Fig. 2, curve 1 gives the experimental  resul ts  in a i r  and 
curves  2-5, the experimental  resul ts  in Teflon under p res su re :  curve 2, 0.2 kbar; curve 3, 1 kbar;  curve 
4, 3 kbar;  curve 5, 6 kbar. 

In the curves  obtained, the beginning of metal  fusion is determined by the point Rt/R0,  H i af ter  which 
the dependence of R / R  0 on H deviates f rom a l inear  dependence; the end of fusion is marked  by the break 
at R2/R0, H 2. The var iat ion of res i s tance  of the metal  during fusion, R2/R1, and the heat of fusion A = H 2 - 
H i a re  determined f rom these points. 

Exper iments  showed thaV the values of R1/R0, R2/R0, and R2/R I for  a given metal  fell, and those of 
Hi, It2, and A rose ,  in propor t ion to the inc rease  in p ressure .  F o r  exper iments  in Teflon under p r e s su re s  
up to 6 kbar,  the dependence of these quantities on p r e s s u r e  is close to l inear.  The effect of p r e s su re  on 
the e lec t r ica l  r es i s t ance  of liquid metal  is g r ea t e r  than for  the solid metal;  the p re s su re  coefficient of r e -  
s is tance fl = - d R / R 0 d P  near  the fusion tempera tu re  T 2 is a lmost  an o rder  of magnitude g r ea t e r  for  the l iq- 
uid metal  than for the solid metal .  Fo r  the liquid state up to the normal  boiling point T b (the value H=H b 
at T b was taken f rom [15]), t he re  is a slight inc rease  in the quantity fl as the t empera tu re  inc reases .  F o r  
the four meta ls  studied, a sharp inc rease  in fl was observed upon approach to the initiation of an e lec t r ica l  
explosion (Figs. 1, 2). 

The dependence of R / R  0 on H for  a given metal  at a given p re s su re  p is charac te r i zed  by the pa-  
r a m e t e r  

6 = (4 / Bo) (dB / dL-I)~, = ap / C~, (2 .1)  

where ~p = (1/R0)(dR/dT) is the t empera tu re  coefficient of e lec t r ica l  res is tance ,  and Cp= (dH/dT)p is the 
heat capacity at constant p re s su re .  F o r  the solid state, 6 is constant. A s imi la r  relat ionship is observed 
for  the liquid state in the range f rom T 2 to t empera tu res  exceeding T b. F o r  the solid and liquid states,  
the quantity 6 falls as the p r e s s u r e  inc reases .  The effect of the p r e s s u r e  p on the reduction of ~p is 
g r ea t e r  than it is for Cp. 
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TABLE i 

Cu 
hg 
Au 
A1 

t55 
t20 
213 
ti2 

ol-~kbar 

145 1 2.5 ] 5330 
1t0 2.0 41i0 
t96 3.0 7610 
t07 2.2 4140 

Pc, bar 

420 
150 
25i0 
90 

Samples ruptured short ly  af ter  fusion in exper i -  
ments  in air  and in Teflon at low p res su re .  This may be 
caused by the appearance of hydromagnetic  instabil i t ies 
in the liquid cylinder. Values corresponding to a liquid 
state with T> T b are  observed in Cu, Ag, and Au for  p> 
(1-2) kbar and in A1 for p>3  kbar (Figs. 1, 2). Obviously, 
the p r e s s u r e  is sufficient for suppression of instabili t ies 
in the sample when p> 3 kbar.  P r e s s u r e  slows down the 
growth of vapor centers ,  which facil i tates superheating of 
the liquid above its boiling point when p <Pc" Format ion  
of vapor centers  is impossible  when p > Pc. 

The initiation of an electrical explosion of a conductor at the point Ru/R0, Ht, up to which the de- 
pendence of R/R 0 on H was calculated (Figs. I, 2), was marked by a sharp increase in sample voltage and 
a break in the oscilloscope trace for the current following which the current quickly fell to zero. In the 
case of suppression of hydrodynamic instabilities, this indicates a sharp drop in the electrical conductivity 
of the metal after the initiation of an electrical explosion. At this point, a strong shock wave was created 
in the surrounding medium; the shock front was detected by means of an abrupt rise in the voltage on a 
barium titanate piezoelectric detector mounted at the bottom of the high-pressure chamber. The amplitude 
of the shock wave decreased as the pressure increased. 

With suppression of instabiiities in the liquid sample, the electrical resistance Rt/R 0 at the initiation 
of electrical explosion amounted to 30-60 for the metals studied, and the value H t of the enthalpy at this 
point exceeded estimated data for H b at T b [15]. In this case, the dependence of H t on p was nearly linear 
with H t increasing slightly as p increased, 

Ht = Hto Jr 7 P (2.2) 

where p is the p res su re  calculated f rom force on the press  and the c ross  section of the piston of the high- 
p r e s su re  chamber;  Ht0 is the value of H t obtained by l inear extrapolation of the p res su re  dependence of 
H t to zero  value of p. Values of Ht0 and of the derivative T = dHt/dP for the me ta l s  studied a re  given in 
Table 1. 

3. The weak l inear  dependence of H t on p indicates that it may not be s imi lar  to the tempera ture  
dependence of sa turated vapor  p r e s su re  (binodal). This proper ty  of the dependence of H t on p and the 
sharp inc rease  of the res is tance  of the metal  near  this line under the experimental  conditions is evidence 
that it can be compared with the m e t a l - n o n m e t a l  t ransi t ion line; Eq. (2.2) is comparable  with Eqs. (1.5) 
or (1.6). 

This analogy is also confirmed by the value of the specific resistance of the metals studied at the 
initiation of electrical explosion. If one considers that the volume of copper at that point is more than two 
times greater than the volume at T o = 298~ and if one considers that the change in volume of liquid metal 
during a heating pulse occurs only in the radial direction of a sample [16], the specific resistance Pt for 
the metals studied at the initiation of explosion is 60-120 times greater than its value P0 at T o = 298~ 
This ratio agrees in order of magnitude with the value of P/Pc for mercury at the metal-nonmetal transi- 
tion point [6, 10]. 

The value of the enthalpy at the initiation of e lect r ical  explosion when p = 0 is a quantity cha rac t e r -  
izing the thermodynamic  proper t ies  of the exploded metal;  it must  be re la ted to the m e t a l - n o n m e t a l  t r an -  
sition point, which is located in the neighborhood of the spinodal when p = 0. It is impossible  to relate the 
resul tant  value of Ht0 to zero  p re s su re ,  since it was observed that with pulsed heating of a conductor in 
Teflon, the medium crea ted  at its surface an additional p r e s su re  Apd , the effect of which appeared in a 
reduction of R2 /R 0 by AR2/R 0 for exper iments  in Teflon at low p re s su re  (0.2 kbar) in comparison with 
Ra /R  0 for  exper iments  in air .  The additional p r e s s u r e  is associa ted with the effects of inert ial  forces  
which a r i se  during rapid thermal  expansion of a sample in Teflon. The magnitude of APd was est imated 
with the help of the relation APd = ( A R 2 / R o ) / f i 2 ,  where t2 is the value of the p re s su re  coefficient of r e s i s -  
tance of the liquid metal  near  the fusion t empera tu re  for  experiments  in Teflon. F o r  Cu, Ag, and Au, Apd 
is 4-6 kbar,  and for  AI, ~ 2 kbar.  

Including this p r e s s u r e  under the assumption APd remains  constant over  the entire range of the l iq-  
uid state, the value of Ht0 was reduced by an amount AHt0=TAPd , and we thus obtained Ht0* = H t 0 -  AHto 
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(Table 1). Because  of the weak dependence of li t on p, the cor rec t ion  AHt0 was no m o r e  than 8% of Ht0. 
The cor rec t ion  AHt0 obtained in this m a n n e r  was ove re s t ima ted  because Apd d e c r e a s e s  for  some t ime af -  
t e r  the end of sample  fusion. The m e a n - s q u a r e  sp read  of exper imenta l  data fo r  H t in the region of l inear  
dependence of H t on p was  5-6% of Ht0*. 

The value Ht= 152 k J / m o l e  obtained for  copper  [2] in an explosion in a i r  of a copper  wire  by a cu r -  
rent  pulse las t ing l e s s  than 10 # s e c  (heating t ime  of liquid phase At= 1.6 #sec)  a g r e e s  with the p re sen t  
resu l t s ;  i t  fa i ls  between the values  for  tit0 and Ht0*. F o r  Au, H t = 129 k J / m o l e  [2], which was obtained for  
an explosion in a i r  with At= 7.7 p s e c ,  i s  l e s s  than the value of Ht0* in Table 1. This  compar i son  indicates  
that the heat ing ra te  fo r  Cu in [2] was suff icient  to heat the liquid me ta l  to the m e t a l - n o n m e t a l  t rans i t ion  
point before the sample  rup tured  because  of the effect  of the magnet ic  field and the growth of heterogeneous 
vapor  cen te rs .  F o r  Au, the heat ing ra te  in [2] was less  than the min imal  r a t e  which ensu re s  a t ta inment  of 
the neighborhood of the spinodal and the product ion of a s t rong e lec t r ica l  explosion a s soc ia t ed  with the 
t rans i t ion  of m e t a s t a b l e  liquid into a s table  state.  

The s i m i l a r i t y  in reduced coordinates  fo r  the sp inoda l -quas i sp inoda l  line and the m e t a l - n o n m e t a l  
t rans i t ion  line in va r ious  m a t e r i a l s  has been pointed out above [Eqs. (1.5), (1.6), and (1.8)]. If  one a s s u m e s  
that Eq. (1.8) is  sa t i s f ied  fo r  the me ta l s  studied, one can de te rmine  f rom the values  obtained for  Hi0* a 
value of T c, 

To T~0 I [ H *--H~.] ---- --6- ---- -~- T~ -~- to ~ (3.1) 

where  C 2 is the mean  value of the heat  capaci ty  of the liquid meta l ,  which is  taken at the fusion t e m p e r a -  
tu re  T 2 with published data [15] taken into account.  Values of T c obtained for  b=0.87 a r e  given in Table 1. 
The table a lso  gives e s t i m a t e s  of the cr i t ica l  p r e s s u r e  Pc obtained by ext rapola t ion  of the published t e m -  
p e r a t u r e  dependence of the sa tu ra ted  vapor  p r e s s u r e  [15] to T = T c. 

The evaluat ions  show that  under  the exper imen ta l  conditions the l inear  port ion of the dependence of 
Ht on p should be r e l a t ed  to the quasispinodal  and that  the m e t a l - n o n m e t a l  t rans i t ion  line was reached  in 
the region of supe rc r i t i c a t  s ta tes  for  the m e t a l s  studied. At low p r e s s u r e s ,  this  line is  not reached  be-  
cause  of p r e m a t u r e  rup ture  of s amples  through the action of the magnet ic  field or  because of the growth 
of he terogeneous  vapo r  cen te r s .  
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