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Transition of Liquid Metals into Vapor in the 
Process of Pulse Heating by Current 1 

M. M. Martynyuk 2 

The peculiarities of a liquid metal's nonequilibrium phase transition into vapor 
in the process of heating metallic wire samples by current impulse at the rate of 
10 8 to 101~ K.  s-1 are examined. A review of works by the article's author about 
a liquid metal's superheating up to the vicinity of the spinodal and explosive 
boiling under these conditions is given. In addition, the possibility of getting 
beyond the spinodal, realization of the unstable phase and its spinodal decay 
under the rate of heating of more than 10 tl K.  s i is analyzed. 

KEY WORDS: explosive boiling; exploding wires; phase transition; pulse 
heating; spinodal; spinodal decay; superheated liquid. 

1. I N T R O D U C T I O N  

In the process of a metallic sample's heating by a microsecond current 
impulse with a density more than 106A .cm -2 and energy adequate for 
the metal's evaporation, the phenomenon known as exploding wires is 
observed [1, 2]. Lebedev and Khaikin [3,4] examined this process for the 
first time by an oscillographic method. In the oscillograms of current and 
voltage on the wire, they registered the characteristic points defining the 
metal's phase boundaries in the process of its heating (Fig. 1 ). In particular, 
it was established by them that the first two points correspond to the 
beginning (tl) and the end (t2) of the wire's melting. After point t3, a sharp 
rise of the liquid metal's electrical resistance begins. The exploded wire's 
photographs, obtained by high-speed photography using X-ray impulses, 
showed [-5] that, after point t3, intensive expansion of the wire begins. The 
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Fig. 1. Osci]logram traces of current, /, and volt~ 
age, U, for a copper sample (wire) in the process of 
electrical explosion in air. 

initial stage of its destruction is fixed in the vicinity of the voltage peak 
point t 4. After point t3, current in the conductor sharply decreases, practi- 
cally to zero, as a result of which, pause of the current sets in (period t5 
to /6). During the secondary current impulse, in the interval from t 6 tO tT, 

the wire material is in the plasma state. Temperature measurements by a 
high-speed optical pyrometry method showed [6-8 ] that the liquid metal's 
temperature in the vicinity of point 13 is much higher than its normal 
temperature of boiling. 

In the initial stage of the electrical explosion, transition of the liquid 
metal into the vapor phase plays the basic role. In the case of microsecond 
current impulses, the metal's rate of heating reaches values of 108 to 
101~ .s -1, and the current density reaches 106 to 1 0 7 A - c m  -2. So this 
transition has a sharply expressed nonequilibrium character. As the 
evaporation rate and the usual heterogeneous boiling rate are relatively 
small under these conditions, the liquid metal should be superheated above 
the phase equilibrium point until another, more intensive transition of 
the liquid into the vapor phase begins. Such a mechanism is explosive 
boiling, in which the homogeneous formation and growth of vapor bubbles, 
occurring in density fluctuations in the superheated liquid, take place. The 
concept of the liquid metal's superheating and explosive boiling (phase 
explosion) under the conditions of electrical explosion was expressed by 
Chace [9] and developed in the works of Martynyuk et al. [10-13], and 
Seydel et al. [-6]. Further development of this concept is given in this work. 
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2. T H E R M O D Y N A M I C S  A N D  K I N E T I C S  OF T H E  
L I Q U I D - V A P O R  P H A S E  T R A N S I T I O N  

Teaching about thermodynamic equilibrium and the stability of phases 
underlies the phase transition theory [-14]. The phase equilibrium line 
(binodal) is defined by the equality of the Gibbs free energy for the liquid 
and vapor phases: 

GI(P, T )=  Gz(P, T) (1) 

Thermodynamic stability of the phase is characterized by positive 
values of the derivatives (stability coefficients): 

- ~-~ > 0, 0 (2) 
T p Cp 

where T is the temperature, P is the pressure, V is the volume, S is the 
entropy, and Cp is the isobaric heat capacity. The phase stability boundary 
(spinodal) is defined by the vanishing of the stability coefficients: 

0VJr ' or = - - = 0  (3) 
p Cp 

For the calculation of the spinodal we use the generalized van der Waals 
equation 

R T  a 
P - (4) 

V - b  V" 

examined in Ref. 15. Here, R is the gas constant, a, b, and n are constants 
calculated through experimental data. From the equation of state (EOS), 
Eq. (4), it follows that parameter b is equal to the molar volume Vo of the 
condensed phase at T=  0, P = 0: 

b--Vo (5) 

The sublimation heat A o of this phase at T= 0 is given by 

i 
~ a 1 a 

Ao = ~ dV 
vo n - 1  

therefore, 

(6) 

a =  ( n -  1) AoV~ -1 (7) 
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At the critical point we have 

=o, , v2j 0 (8) 

Applying these conditions to the EOS, Eq. (4), produces two equations in 
V~ and To. Eliminating Tc between them gives the critical volume: 

n + l  
Vc = Vo (9) 

n - 1  

Back substitution in the two equations then gives the critical temperature: 

4Ao n(n- 1)" 
Tc= ~ -  (n+ 1)n+l (10) 

Substitution of Vc and T~ in the EOS gives the critical pressure: 

A 0 ( n -  1) "+2 
P c -  Vo (n+ 1) n+l (11) 

The critical compessibility ratio Zo = Pc Vo/RTo is given by 

n2--1 
Zo = (12) 

4n 

Using the formulae for parameters a, b, To, Pc, and Vc, we may write the 
EOS, Eq. (4), in reduced variables, -c = T/Tc, re= PIPe, (~ = V/Vc: 

8 2 -- 1 v 8o 
= - -  - -  ( 1 3 )  

8o 9-1/6o  ~ 

where 60 = VffVo= (n+ 1) / (n-1) .  Equations (4) and (13) described well 
the thermophysical properties of alkali metals (Cs, K, Rb) with the value 
n = 1.46. For the spinodal, we then want 

c~P = 0  or = 0  (14) 
T �9 

We thus obtain the equation of the spinodal m z, q9 coordinates 

/'6oq~- 1"~ 2 1 
z = (  6o-1 ) ~"+' (15) 
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Substitution of Eq. (15) in the EOS, Eq. (13), then gives the equation of 
the spinodal in n, ~0 coordinates 

n(6oq)- 1) 6o 
~ =  ~on+ 1 q~n (16) 

Equations (15) and (16) may be solved parametrically with r ranging as a 
parameter between 0.593 and 1.00, with n = 1.46 to give the spinodal in 
n, r coordinates. The phase diagram in n, r coordinates is shown in Fig. 2 
for alkali metals. In this figure, 1 is the binodal, according to experimental 
data for cesium [16], and 2 is the spinodal for the liquid phase, calculated 
according to Eqs. (15) and (16) with n =  1.46. The binodal 1 and the 
spinodal 2 merge at the critical point K. To the left of the binodal is the 
region of stable liquid. The region of metastable (superheated) liquid is 
located between the binodal and the spinodal. According to Eqs. (15) 
and (16), under zero pressure, the liquid phase's superheating limit 
(temperature at the spinodal) is equal to %0 = Tso/Tc = 0.902. The volume 
of the liquid at this point is equal to q)so = Vso/Vc = 0.593. Under a pressure 
increase, the temperature and volume on the spinodal increase up to their 
values at the critical point. Line 3 is shown in Fig. 2. At the intersection 
of this line anomalous change in the stable liquid metal's properties is 
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Fig. 2. Pressure-temperature phase diagram 
of a metal in the liquid-vapor transition 
region. 
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observed. Line 3 is the locus of points where the onset of rapid increase 
occurs for the specific resistance for mercury, the heat capacity of cesium, 
and the specific volume for cesium and rubidium [13 ]. It is defined by 

~3 = ~ =  0-095 (ffc) + 0.78 (17) 

Line 3 is extrapolated to the region of metastable states. Such an extrapola- 
tion's validity is confirmed by the experimental data for properties of stable 
and superheated liquids [17]. Anomalous change of the metastable liquid's 
properties to the right of the line 3 is defined by a drastic decrease in its 
thermodynamic stability while approaching the spinodal 2. 

Vapor bubbles can arise only in superheated liquid. Superheating is 
necessary for reducing the work of critical bubble formation. In the usual 
process of heterogeneous boiling, bubbles form at the ready-made centers 
(bubbles of dissolved gas in the liquid, suspended hard particles, admixture). 
As the work of formation of such bubbles is small, heterogeneous boiling 
takes place under small superheating. The concentration of ready-made 
centers in liquid is comparatively small, so the intensity of such boiling is 
small. Under a sufficiently high rate of heating, the part of the liquid 
evaporating through its free surface and through bubbles which formed at 
ready-made centers, is not significant. As a result, the great bulk of the 
liquid is superheated much higher than the binodal points. 

Under higher superheating, homogeneous formation of vapor bubbles 
is possible at any point of the liquid volume, induced by density fluctua- 
tions. According to the classical theory developed by Volmer, Becker, 
Doring, Frenkel, and Zeldovich, for a stationary process, the frequency of 
homogeneous formation of vapor bubbles at temperature T is equal to 
1-18] 

/ dG k'] 
Jo = n B  exp [ - 

\ 
(18) 

where n is the number of particles of liquid in unit volume; k is the 
Boltzmann constant; 3Gk is the work of formation of a critical bubble, 
which is expressed by the approximate formula 

16zoo -3 
3Gk - 3 E(Pb - -  P ) ( 1  - D2/D~)] 2 ( 19 )  

in which a is the surface tension of the liquid; P is the pressure in the 
liquid; Pb is the pressure on the binodal at temperature I ,  and D l and D2 
are the densities of the liquid and vapor on the binodal. 
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Value B in Eq. (18) is a function which weakly depends on temperature 
and pressure, compared to the exponential term. According to a theory 
of Kagan [19], for liquids with lower viscosities (for example, for liquid 
metals), this value is equal to 

=/~ ~ (2o) 
~/ rE/, 

where fi is the coefficient of evaporation, No is Avogadro's number, and/~ 
is the molar mass of the liquid. 

Equations (18) to (20) express drastic dependence of Jo on T. Results 
of calculations using these formulae (with fl = 1) for cesium are presented 
in Fig. 2. On line 4, the nucleation frequency J0 = 1 cm -3. s -1, and on line 
5, Jo  = 10 26 c m  - 3 -  s -1 .  The second value of the frequency corresponds to 
the conditions of electrical explosion, when metal is transformed into vapor 
within the time of 10 - 7  S by the mechanism of homogeneous nucleation of 
vapor bubbles. Line 5 is located nearer to the spinodal 2. The position of 
line 4 shows that under zero pressure, homogeneous nucleation practi- 
cally starts under superheating of the liquid to the temperature 0.84 To; 
under further superheating, to a temperature of 0.88 To, the frequency of 
nucleation increases by a factor of 10 26. 

These calculations thus show that the region of intensive homogeneous 
nucleation of vapor in superheated liquid metal is located in a narrow 
temperature interval, resulting in explosive boiling. This region is located 
to the right of line 3. As a result, it can be assumed that the explosively 
boiling liquid metal has anomalous properties: higher values of heat 
capacity, compressibility, and coefficient of volumetric expansion. 

3. CONDITIONS FOR THE REALIZATION OF MAXIMUM SUPER- 
HEATING AND EXPLOSIVE BOILING OF LIQUID METALS 

In the process of the wire's heating by current impulse, there are a 
number of factors which can lead to its destruction before the liquid metal 
is superheated to the vicinity of the spinodal. Evaporation of the metal and 
development of different disturbances (instabilities) of the wire's form relate 
to these factors. Study of these processes gives the possibility of minimizing 
their impact in experiments with superheating of liquid metals. 

From the theory of the kinetics of the liquid's evaporation [20], the 
maximum rate of evaporation with fl = 1 may be expressed by the formula 

U = ~ a s e x p  - (21) 
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where as is the sound velocity in the liquid, T is the temperature of its 
surface, A is the molar heat of evaporation, and R is the gas constant. 
Proceeding from Eq. (21), for a liquid wire rate of heating E=dT/dt ,  the 
condition for which evaporation from its surface will be insignificant up to 
temperature T 3 on line 3 (Fig. 2), is obtained in [21] 

2U3RT3(  T3 - 7"2) 
E ~ E m - (22)  

xroA 

where U3 is the rate of evaporation at temperature T3 according to (11), 
T2 is the melting temperature, r 0 is the wire's radius, and x is the maximum 
allowed fraction of the metal evaporating in the process of heating from 
temperature T 2 to T 3. 

Apart from the evaporation from the wire's surface, the evaporation 
inside the heterogeneous vapor bubbles should be taken into account. 
Accurate account of such evaporation is impossible owing to the lack of 
knowledge of the concentration of centers in which these bubbles originate. 
In any case, estimates show [6, 10, 11 ] that the evaporation of metal inside 
these bubbles is not more than the evaporation from the surface of the 
liquid. 

Under heating of the liquid wire with radius ro by current Io, the wire 
is compressed by magnetic pressure, whose mean value over the cross 
section is equal to 

/~o Io 2 (23) 
(Pro) = 87~2 r~o 

where #o=4~ x 10 -7 H-m 1. 
At the points of the wire where the radius is less, the magnetic pressure 

is greater. This is the reason for the development of magnetohydrodynamic 
(MHD) instabilities of the wire's form. From the theory of this process, it 
follows that [22] in the case of the form's smaller changes, the time 
dependence of the disturbance's amplitude Ar is expressed by the formula 

Ar = Aro exp (24) 

where Aro is the initial amplitude, and 27 m is the time constant of MHD 
instabilities' development: 

2 x/~u~ (25) 
27m~ 7 
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where i is the mean current density in the wire, and D is the density of the 
metal. Proceeding from Eqs. (24) and (25) at /='Cm, the heating rate for 
which the wire's form does not change considerably while heating up to 
temperature T3 was obtained: 

E >/E m = ]t~ cp(T3 - T2) 2 (26) 
4p 

where Cp and p are the mean values of the specific heat capacity and the 
specific resistance of the metal in the temperature interval from T2 to T3. 

The value of the minimum rate of heating E m in Eqs. (22) and (26) is 
related to the corresponding values of the heating current's density i m and 
to the time /23m of the wire's heating from the melting point T2 to 
temperature T3, by the following expressions: 

EmcpDt23 m = c p D ( T  3 -  T2)  = i2mpt23m (27) 

Apart from MHD instabilities, the electrothermal instabilities becoming 
apparent in the development of temperature disturbances may also be the 
reason for the wire's destruction. For smaller periodic temperature changes 
along the wire's length, the amplitude of the temperature change AT 
changes with time by the law [23] 

(.ai 2 47z2a~ 
dT=zJToexP\cp D 22 j t  (28) 

where AT o is the initial amplitude, 2 is the period of the disturbance, a is 
the thermal diffusivity of the metal, and ~ = dp/dT is the temperature 
coefficient of the metal's specific resistance. Temperature disturbances 
dissipate from the mechanism of heat conduction under the condition 

~i  2 4 / r2a  

--CpO < 2 ~ (29) 

For liquid metals in the interval from T 2 to T3,  ~ is small. So under 
current densities of i=  106 to 107A .cm -2, 2<  1 mm, this condition is 
fulfilled. However, after point T~, ~ drastically increases, which leads to 
violation of the condition given by Eq. (29) and to the destruction of the 
wire by electrothermal instability. Hence, temperature T 3 on line 3 (Fig. 2) 
is the maximum temperature up to which the wire's uniform heating by 
current is practically possible. 

From Eqs. (22) and (26) it follows that for different metals with 
x = 0.01, ro = 0.2 mm, the minimum value of the heating rate E m is located 
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in the limits Em = (4 to 10)• 108K-s 1. According to Eq. (17), for this 
value of Era, we have i m = (2 to 8)x 1 0 6 A  �9 c m  - 2  and t23 m = (1 t o  20) / tS .  

Knowledge of the path of the liquid metal's heating on the diagram of 
states (Fig. 2) is necessary for interpreting results of the experiments. While 
constructing this path in the high-temperature region, apart from external 
pressure, it is necessary to take into account the action of the scattering 
metal vapor's pressure on the wire surface. According to a calculation of 
Nite [24], under the scattering of monatomic vapor in vacuum, this 
pressure is equal to Pr = 0.55 Pb, where Pb is the saturated vapor pressure 
for the temperature of the evaporating surface. Proceeding from this, it can 
be assumed with pulse heating of the wire in air that a thin subsurface layer 
of metal is under pressure P =  0.55 Pb + Pat ,  where Pat  is the atmospheric 
pressure. Inside the wire, magnetic pressure is acting in addition. 

Line 6 for heating under P = 0.55 Pb + Pat  is shown in Fig. 2. In the 
high-temperature region, P < P b ,  SO that heating proceeds into the 
region of superheated liquid. Line 6 intersects the line of anomaly 3 at the 
point T3 = 0.80To, and the line of intensive explosive boiling 5 at point 
T5 = 0.92Tc. In the process of the wire's explosion in air, under the obser- 
vance of conditions given by Eqs. (22), (26), and (29), the temperature 
T 3=0.80To of the liquid metal's superheating in the diagram of states 
(Fig. 2) corresponds to the time moment t3 in the oscillograms (Fig. 1). 
After point T3, the condition given by Eq. (29) is violated and electro- 
thermal instability is developed in the wire. Owing to this, explosive boiling 
takes place not through the whole volume of the wire, but in regions of 
development of electrothermal instability. 

The above-stated interpretation of point t3 (Fig. 1) differs from the 
interpretation given in our earlier works [10, 11], where this point was 
identified with the spinodal point, which was not fully correct. For this 
reason, our first estimates of the critical temperatures of metals from the 
enthalpy at point t 3 [25] were understated compared to the latest more 
accurate estimates [21]. 

4. ANOMALOUS ELECTRICAL EXPLOSION AND 
SPINODAL DECAY 

Kvartskhava and others [26] measured the dependence of the relative 
resistance R/R o of copper wire on the introduced energy W at the rate of 
heating of more than 101~ - s -1 and t23 less than 100 ns. Under such con- 
ditions at higher values of energy, the dependence of the wire's resistance 
on the rate of heating was discovered. The nonunique dependence of R/Ro 
on W under such anomalous explosion was later confirmed in the experi- 
ments of Bennett and others [27] for copper and in the experiments of 
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Tucker [28] for gold. In the regime of anomalous electrical explosion, 
considerably more energy than the heat of sublimation A 0 is introduced to 
the metal. At this time, the liquid metal's enthalpy at point T3 constitutes 
only 40 to 55% of Ao [10]. 

The concept that anomalous electrical explosion is accompanied by 
entering beyond the spinodal into the region of the unstable phase and its 
spinodal decay was expressed by us [12]. For analyzing this concept, we 
examine the temperature T-entropy S diagram of states for a single-com- 
ponent substance (Fig. 3). In this diagram K is the critical point, curve kKl 
is the binodal, and curve mKn is the spinodal. The critical isobar Pc passes 
through the critical point K. For subcritical isobars P <  Pc, the van der 
Waals loop acedb and also the path aeb for transitions of liquid into vapor 
are shown. For this isobar Tb is the temperature on the binodal (boiling), 
Ts is the temperature on the spinodal, and $1 and $2 are the entropies of 
the liquid and vapor, respectively, at the boiling point Tb. The region of 
existence of superheated liquid is located between the branch kK of the 
binodal and the branch mK of the spinodal. Between branch IK and branch 
nK is the region of supersaturated vapor. The binodal kKl bounds the 
region of two-phase states. For pressures P >  Pc, the liquid-vapor trans- 
ition takes place continuously without decay of the system into two phases. 

s, 
Entropy, S 

Fig. 3, Temperature-entropy phase diagram 
of a single component material in the liquid- 
vapor transition region. 
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The spinodal mKn bounds the existence region of unstable states, for 
which, in distinction from Eq. (2), stability coefficients are negative: 

\av/T 0; =-<0cp (30) 

Zeldovich and Todes [29] for the first time indicated that under 
negative heat capacity Cp of the unstable phase in Eq. (30), its thermal 
diffusivity a also should be negative. It leads to the sign change in the heat 
transfer equation 

aT [ '632T 32T a 2 
~ = a ~ff~-x2 + 0 ~ + ~ - z  2T ) (31) 

Then from Eq. (31), with a <0, solutions with an exponential increase in 
temperature difference are obtained. This means that an accidental local 
increase in the temperature in the unstable phase does not dissipate, but 
spontaneously increases. According to [29], the unstable phase decays into 
regions of size I, in which the temperature difference A T originates. The 
time of the phase's decay r s is equal to the time of increase At: 

I2 
% = -- (32) 

a 

The spinodal decay of the unstable phase is the nonactivation process 
of transition, owing to thermodynamic instability, into a continuous non- 
uniform system consisting of regions of dense and rarefied substance with 
large temperature difference. As the surface tension is zero for the unstable 
phase, these regions are not limited by surface partition. Under further 
development of spinodal decay, the system gets out of the region of 
unstable states (Fig. 3) and spinodal decay is replaced by the formation 
process of the new phase's bubbles, limited by surface partition. In this 
process, equalization of the temperature between the phases takes place. 
The process of the unstable phase's spinodal decay is experimentally 
observed in metallic alloys and glasses [30]. 

In the process of the liquid's pulse heating with P <  P~ (Fig. 3), its 
superheating up to the vicinity of the spinodal curve takes place. Here, 
owing to the homogeneous formation of vapor bubbles, the liquids explosive 
boiling takes place. This process, however, is not established at once. From 
theory it follows that [18] after the liquid's instant superheating, the 
dependence of the nucleation frequency J on time t is expressed by the 
formula 
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where Jo is the frequency for a stationary nucleation process, expressed by 
Eq. (18), and zN is the characteristic time of establishment of the stationary 
process. By theoretical estimates zN = 1 to 10 ns [18]. 

For getting beyond the spinodal, the realization of the unstable phase 
and its spinodal decay in the process of the metal's pulse heating, it is 
necessary for the heating time Ats to the vicinity of the spinodal to be less 
than each of the characteristic times in Eqs. (32) and (33): 

A t s < ~ s ,  A l s < ~ N  (34) 

In the experiments with anomalous electrical explosion [26-28 ], these 
conditions seem to be fulfilled as time A ts is around 1 ns. Proof of spinodal 
decay in these processes may be the registration of multicharged ions and 
characteristic X-ray radiation from the region of anomalous electrical 
explosion. Ions and X-rays can be radiated from the high-temperature 
regions, originating in the process of the unstable phase's spinodal decay. 

REFERENCES 

1. W. G. Chace and H. K. Moore (eds.), Exploding Wires, Vol. 1 (Plenum Press, New York, 
1959). 

2. W. G. Chaee and H. K. Moore (eds.), Exploding Wires, Vol. 2 (Plenum Press, New York, 
1962). 

3. S. V. Lebedev and S. E. Khaikin, Zh. Exp. Theor. Fiz. 26:629 (1954). 
4. S. V. Lebedev, Zh. Exp. Theor. Fiz. 32:199 (1957). 
5. K. S. Fansler and D. D. Shear, in Exploding Wires, Vol. 4, W. G. Chace and H. K. Moore, 

eds. (Plenum Press, New York, 1968), p. 185. 
6. U. Seydel, W. Fucke, and H. Wadle, Determination of Liquid Refractory Metals 

Thermophysical Data by Pulse Heating Experiments (P. Mannhold, Dfisseldorf, 1980). 
7. G. R. Gathers, Rep. Prog. Phys. 49:341 (1986). 
8. G. Pottlacher and H, Jfiger, Int. J. Thermophys. 11:719 (1990). 
9. W. G. Chace, in Exploding Wires, Vol. 1, W.G. Chace and H. K. Moore, eds. (Plenum 

Press, New York, 1959), p. 9. 
10. M. M. Martynyuk, V. I. Tsapkov, O. G. Panteteyschuk, and I. Karimhojaiev, Investigation 

of Metal's Physical Properties by Pulse Heating Method (People's Friendship University, 
Moscow, 1972). 

11. M. M. Martynyuk, Zh. Tekhn. Fiz. 44:1262 (1974). 
12. M. M. Martynyuk, Fiz. Gorenia Vzriva 2:213 (1977). 
13. M. M. Martynyuk, Zh. Fiz. Khim. 57:810 (1983). 
14. V. K. Sementchenko, Selected Topics of Theoretical Physics (Prosveschenie, Moscow, 

1966). 
15. M. M. Martynyuk, Zh. Fiz. Khim. 65:1716 (1991). 
16. S. D. Gupta, V. S. Bhise, D. W. Stuteville, J. W. Chung, and C. F. Bonilla, in Proceedings 

of the 6th Symposium on Thermophysical Properties (ASME, New York, 1973), p. 387. 
17. V. P. Skripov, E.N. Sinitsyn, P.A. Pavlov, G.V. Ermakov, G.N. Muratov, N.V. 

Bulanow, and V. G. Baidakov, Thermophysical Properties of Liquids in Metastable State 
(Atomizdat, Moscow, 1980). 

840/14/3-9 



470 Martynyuk 

18. V. P. Skripov, Metastable Liquids (John Wiley and Sons, New York, 1974). 
19. U. Kagan, Zh. Fiz. Khim. 34:92 (1960). 
20. D. Hirsh and G. Pound, Vaporization and Condensation (Metallurgia, Moscow, 1956). 
21. M. M. Martynyuk, Parameters of Metal's Critical Point (People's Frienship University, 

Moscow, 1989). 
22. K. B. Abramova, N. A. Zlatin, and B. P. Peregud, Zh. Exp. Theor. Fiz. 69:2007 (1975). 
23. P. A. Pavlow, in Thermophysieal Properties of Liquids and Explosive Boiling, V.G. 

Baidakov, ed. (Ural Scientific Center, Sverdlovsk, 1976), p. 72. 
24. Ch. J. Nite, Paketn. Tekhn. Kosmonav. 17(5):81 (1979). 
25. M. M. Martynyuk and I. Karimhodzaiev, Zh. Fiz. Khim. 48:1243 (1974). 
26. I. F. Kvartskhava, A. A. Plutto, A. A. Tchernov, and V. V. Bondarenko, Zh. Exp. Theor. 

Fiz. 30:42 (1956). 
27. F. D. Bennett, G. D. Kahl, and E. H. Wedemeyer, in Exploding Wires, Vol. 3, W. G. Chace 

and H. K. Moore, eds. (Plenum Press, New York, 1964), p. 55. 
28. T. J. Tucker, J. AppL Phys. 32:1894 (1961). 
29. Ia. B. Zeldovich and O. M. Todes, Zh. Exp. Theor. Fiz. 10:1141 (1940). 
30. V. P. Skripov and A. V. Skripov, Yspekhi Fiz. Nauk. 128:193 (1979). 


