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An osci l loscope  is used to m e a s u r e  e lec t r ica l  r e s i s t ance  as a function of enthalpy in copper  
and gold during the p roce s s  of e l ec t r i ca l  explosion of wire  samples .  The enthalpy at the 
initial  point of the explosion p r o c e s s  was g r e a t e r  in value than at the mel t ing  point of the 
meta l .  The e lec t r i ca l  explosion phenomenon is cons idered  f rom the viewpoint of the k i -  
net ics  of the l i q u i d - m e t a l - v a p o r  t rans i t ion  under impulse -hea t ing  conditions. The "de-  
generation, '  of the initial point of the e lec t r i ca l  explosion for l iquid-phase heating over  
per iods  l ess  than 10 -7 see  is explained by disrupt ion of the s tabi l i ty  of homogeneous -vapor -  
nucleus format ion .  

E lec t r ica l  explosion of a conductor occurs  upon heating by a powerful  cur ren t  pulse .  The re  is no 
unified opinion as to the nature  of th is  phenomenon. It was proposed  in [1] that  the p r o c e s s  might  be ex-  
plained by pecu l ia r i t i es  of the kinet ics  of  the l i q u i d - m e t a l - v a p o r  t rans i t ion .  It is thus of in te res t  to m e a s -  
ure  the the rmophys ica l  p rope r t i e s  of the liquid me ta l  in the s ta te  p reced ing  the e lec t r ica l  explosion. Use 
of a pu l s e - r eco r d i ng  osc i l loscope  makes  poss ib le  such m e a s u r e m e n t s  of e lec t r i ca l  r e s i s t ance  and enthalpy. 

This p re sen t  study invest igated e l ec t r i ca l  explosion of Cu (99.99%) and Au (99.99%) wires ,  using the 
technique desc r ibed  in [2]. A capac i tor  of 100 p f  charged to 3 kV was d i scharged  through a wire  spec imen 
0.3 m m  in d i a m e t e r  and 50 m m  long, located in a i r .  The d ischarge  p r o c e s s  was r eco rded  by a two-beam 
osci l loscope,  producing two synchronous o sc i l l og rams  of cur ren t  I through and voltage V a c r o s s  the spec i -  
men (Fig.  1). Using a Minsk-22 e lec t ronic  computer ,  the osc i l l og rams  were  p r o c e s s e d  to de te rmine  t h e  
dependence of re la t ive  meta l  r e s i s t a n c e  R /R  0 on mo la r  enthalpy H =I-I T -  H 0 (Fig.2 for  Cu, Fig.  3 for  Au) 
(R 0 and H 0 r e f e r r e d  to a t e m p e r a t u r e  T = 298~ The calculat ions were  p e r f o r m e d  with the fo rmulas  

_it / Bo ---- (U - -  L d I  / dr) / HoI (1) 
t 

H = f IUdt  - -  X/2LI2 (2) 
o 

where  L is the inductance of the spec imen  (L< 2.5 "10 -? H), t is t ime .  On the voltage ose i l l og rams  and R/R 0 
ve r sus  H curves  points cor responding  to the commencemen t  (index 1) and complet ion (index 2) of the me ta l  

p r o c e s s  were  de te rmined .  The commencemen t  of the e lec t r i ca l  explosion 
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(index 3} was m a r k e d  by a sharp  r i s e  in voltage a c r o s s  the specimen;  a f te r  
this point the osc i l loscope  beam record ing  the voltage moved so rapidly  
that it left  p rac t i ca l ly  no t r a c e  upon the f i lm.  Mathemat ica l  p roces s ing  of 
the ose i l l og rams  was p e r f o r m e d  only up to this  point. The heating t ime  of 
the liquid phase  T ( f rom point 2 to point 3} for  Cu was 1.6 ~ sec,  for  Au, 
7.7 ~ sec,  which co r r e sponds  to heating r a t e s  of 25" 108 deg / sec  for  Cu and 
4.4 "108 deg / sec  for  Au. Mean-square  random e r r o r  in de terminat ion  of 
R2/R 0 was 2.4%; fo r  H2, 2.5%; for  R3/R0, 2.8%, for  H3, 3%. The max imu m 
poss ib le  sys t emat i c  e r r o r  did not exceed 10% for  R /R  0 and 15% for  H; these  
e r r o r s  were  genera ted  bas ica l ly  by nonl inear i ty  in osc i l loscope  deviation 
and dis tor t ions  introduced by the voltage divider .  
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TABLE 1 

Cu 

Au 

R,/R, 

5.70 

6.00 

R~/R, 

t i  .3 

13.1 

R,/Ro 

25 

27 

~, ~ J 7 " ~  

H1 Ht 

30 45 

29.6 43.3 

Ha 

i52 

129 

Values of R/R 0 and H for  the charac te r i s t i c  
points, taken f rom the data of four experiments for  
each metal,  a re  presented in Table 1. (Initial r e s i s -  
tivity at 298~ for  Cu was 1.77 #~ .cm,  for  Au, 2.39 

~). cm.) The values of RI/R0, Hi; R2/R0, H 2 agree 
sa t is factor i ly  with corresponding data for  res is tance  
[3] and enthalpy [4] of the solid and liquid phases at 
the melt ing point. Comparison of the enthalpy at the 

initial point of the e lect r ical  explosion H 3 with its es t imated value tt b at the boiling point T b under 1 atm 
p r e s s u r e  [4] shows that for  both metals  H 3 great ly  exceeds Hb. In Figs.  2 and 3 the index b denotes the 
normal  metal  boiling point. 

In analyzing this experimental  fact it must be kept in view that in heating a wire with a powerful c u r -  
rent pulse there  a r i ses  an internal p r e s s u r e  produced by magnetic compress ion  of paral le l  cur rents ,  so that  
p r e s s u r e  tends to zero  at the wire surface.  The p r e s s u r e  produced by inert ia  of the wire mater ia l  during 
rapid thermal  expansion in the radial  direction behaves analogously. Based on these facts,  it can be a s -  
sumed that during the p rocess  of pulse heating in open a i r  the surface layer  of the meta l  is under a p r e s su re  
close to a tmospheric ,  and so the inc rease  in H 3 as compared  to H b observed in the experiments  cannot be 
explained by an increase  in l iquid-metal  boiling t empera tu re  under the action of p re s su re .  The difference 
can be explained by pecul iar i t ies  of the kinetics of the l i qu id -vapor  phase t ransi t ion under impulse-heat ing 
conditions. We will consider  the peculiari t ies  encountered under the conditions of the present  experiment.  

The smooth course  of the osc i l logram up to the initial point of e lect r ical  explosion (Fig. 1) indicates 
that af ter  melting the liquid specimen p re se rved  its form,  not disintegrating under the action of gravity and 
magnetic forces .  Upon reaching a t empera tu re  T b in the surface layer  of the liquid metal  there  begins 
heterogeneous formation and growth of vapor nuclei, which develop on existing centers  (for example, gas 
inclusions).  However, at a high heating rate,  where T =~ 1 p sec, the effect of these nuclei on l i qu id -vapor  
t ransi t ion will be insignificant, since they a re  few in number  because of the limited number of existing cen- 
t e r s ,  and the mean velocity of interphase boundary displacement for Cu and Au according to the H e r t z -  
Knudsen equation [5] is N 1 m / s e c .  For  the same reason evaporat-ion through the specimen surface  may be 
neglected. ~ Under conditions of impulse heating at ra tes  of ~ 109-101~ deg / sec  superheating of the liquid 
metal  above T b must occur .  

In the superheated liquid homogeneous formation of vapor nuclei is possible,  due to fluctuations. 
The formation rate of such nuclei J (number of cr i t ical  nuclei ar is ing in unit volume per  unit time} under 
stable conditions at a t empera tu re  T is determined by the expression [5] 

] = B exp [-- Wc / kT] (3) 

where B is a function which in compar ison to the exponential t e r m  is weakly dependent on T; k is Boltz-  
mann ' s  constant, and W c is the change in f ree energy upon formation of a cr i t ica l  nucleus. Upon increase  
in the degree of superheating T = ( T - T b ) / T  b, W e decreases .  In the f i rs t  approximation for a spherical  nu- 
cleus W c may be connected with T by an expression 

Wc = i6 ~ 8  / 3p~L27~ (4) 

where a is the surface tension coefficient, p is vapor density, and X is the specific heat of vapor formation.  
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For  an unstable process ,  after  momentary  attainment of a t e m -  
pera ture  T the homogeneous nucleus formation ra te  J(t) is re lated to 
J [see Eq. (3)] as 

J (t) ---- J exp [-- 0 / t]l (5) 

where 0 is the "relaxation" t ime for establishment of the stable regime.  
According to the theoret ical  evaluations of [5], 0 =10-~-10 -8 sec.  

From Eqs. (3) and (4} it follows that J is a rapidly increasing func- 
tion of ~, and to attain values J =  1 cm -3" sec - I  significant superheating 
of the metal  is necessa ry .  Thus, for example, calculations show that 
for liquid cesium at p =1 atm in 1 cm 3 during 1 sec there develops one 
cr i t ica l  nucleus for a superheating ~ = 0.80; with fur ther  increase  in 
superheating to 7 =0.89, J increases  to a value J=4.1028 em -3.  sec -~. 
The lat ter  T value corresponds  to the limiting case of superheating of 

liquid cesium Ts, determined by the spinode, calculated with a formula  f rom [6]. This curve is the limit 
of thermodynamic  stability of the phase and satisfies the condition (~ p/~ V) T = 0. Experiments [7] have 
shown that explosive boiling of a number  of organic substances upon heating by a current  pulse 10-5-10 -6 
see in duration occurs  in the vicinity of spinode. There  is thus basis to assume that the initial point of 
e lec t r ica l  explosion at which the wire  res is tance  increases  sharply corresponds  to explosive boiling of the 
superheated metal, which is in a state close to the limit of stability determined by the spinode equation. 
This is a valid assumption if the duration of liquid-phase heating T is so short  that the effect of he tero-  
geneous nuclei on the metal  evaporation process  is insignificant, while at the same t ime ~ must  be much 
smal le r  than 0 [see Eq. (5)], since in the opposite case the stability of the homogeneous-nucleus-format ion 
p roces s  will be disrupted, andexplosive boiling of the liquid metal will occur at higher tempera tures  T > T s 
(T s is the sptnode temperature)  in the region of unstable liquid-phase states.  The effect of magnetohydro-  
dynamic instability of the liquid cylinder on the heating p rocess  must be excluded. In our experiments on 
copper, deviations from these conditions were evidently insignificant. Comparison of the present  data with 
that of [8] will support such a position. 

Figure 4 shows R/R 0 as a function of H, the curves  being constructed f rom the data of [8]. For  these 
curves the points 1, 2, and 3, have the same meaning as in Figs .  2 and 3, while ~ values are:  4) 0.10; 5) 
0.07; 6) 0.05; 7) 0.02; 8} 0.01 p sec; the dashed line is a continuation of the initial l inear portion of the curve 
R/R 0 versus  H for the liquid state, where curves 4-8 coincide. At 7=0.1 psec  the commencement  of e lec-  
t r ica l  explosion is denoted by the sharp inflection in curve 4. F o r  this point [8] determined the values 
R3/R0=23, H 3 =2.5 kJ/g =159 kJ /mole ,  which agree well with the data obtained herein.  Thus, for change in 
T f rom 0.1 to 1.6 psec ,  H.~ for  Cu undergoes prac t ica l ly  no change, which is explained by the strong de- 
pendence of J on T [Eqs.(3), (4)] With increase  in the heating rate (decrease in ~) in [8] a gradual degen- 
eration of the e lect r ical  explosion commencement  point (Fig. 4) was noted, reflected by the fact that after  
the point R J R  0 =23, H 3 = 159 kJ /mole  the curve of R/R 0 versus  H inflects upward less sharply, with the 
curvature decreas ing with increase in heating rate.  Thus, at heating ra tes  g rea te r  than 1011 deg/sec  the 
energy introduced into the copper exceeds the enthalpy value at the initial explosion point and does not 
uniquely define the e lectr ical  res i s tance .  This anomalous phenomenon was noted in [9], but no detailed ex- 
planation was offered. In light of Eq. (5}, it could be proposed that in this case there  occurs  a t ransi t ion 
f rom stable to unstable homogeneous-nucleus generation, which leads to reduction in J at a given t empera -  
ture.  For  T <0 the liquid phase under pulse-heating conditions evidently may be p rese rved  for T > T s, but 
these states (the branches of curves  5-8 to the right of point 3 in Fig. 4) should be considered as absolutely 
unstable [the condition (ap/~ V) T > 0 must  be fulfilled]. 

H igh- speedx- ray  techniques indicated the presence  of a " layered s tructure" in the liquid cylinder in 
this region [10], and so it can be assumed that the unstable states can be achieved only in individual zones, 
not over  the entire specimen volume. The agreement  of R3/R 0 and H 3 values of the present  study and [8] 
indicates good reproducibi l i ty of the initial point of the e lect r ical  explosion, and also indicates that at suf- 
ficiently high heating ra tes  a " layered s tructure" does not develop to the left of this point [10]. This, inturn, 
demonstrates  the feasil i ty of employing e lect r ical  explosion of wires in studies of metal  proper t ies  near  
the limits of thermodynamic stability of the liquid phase.  

If it is assumed that the values obtained for H 3 for  Cu and Au are  close to the value H s for  the limit 
of a stable state at p =1 atm, theymay  be used to evaluate the cr i t ica l  t empera ture  of these metals .  As cal-  
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culation by a formula  f rom [7] indicates,  the spinode equation for  ces ium in coordinates  p - T ,  to an accuracy  
sufficient for  in terpreta t ion of the resu l t s  obtained, may be represen ted  in the form 

P ~ / P c  ~ i0T, / T~- -  9 (6) 

where the index s r e f e r s  to the spinode and c to c r i t ica l  p a r a m e t e r s .  This equation is sat isfied by exper i -  
mental  data on the spinode for  a number  of organic  liquids [6];itherefore, it may  be expected that spinodes 
in other  liquids will sat isfy the law for  corresponding s ta tes .  Since under our  exper imental  conditions 
Ps =1 atm<<Pc, f rom Eq. (6) we obtain 

T0 = 10/9 r0 = 10/, r ,  = 10/9 [r~ + ( ~ , -  we) /c~]  (7) 

where T 2 is the melting t empera tu re  of the metal,  T 3 is the t empera tu re  at the commencement  of e lec t r ica l  
explosion, c 2 is the mean value of l iquid-metal  heat capacity over  the range T 2 to  T3, which, consider ing the 
data of [4], m a y b e  equated to the heat capacity at T 2 (for Cu, 31.4 J /mo le  �9 deg; for  Au, 29.3 J / m o l e  .deg). 
According to the data obtained for H 2 and H3, using Eq. (7) for  Cu and Au, wehave  T c = 5390 and 4820~ 
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