Thermal and electrodynamic effects in melting current-carrying conductors
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This work studies dynamics of melting in current-carrying conductors. It is shown that during
equilibrium melting, when the dynamics of a phase-transition front are determined by a heat
balance, there exists a single-valued correlation between the rate of inductance change and a
temperature at the phase-transition front. It is demonstrated that, although surface melting begins at
temperatures less than the melting temperature of the current-free conductor, corrugation of a
phase-transition front occurs at this temperature. It is shown that the nucleation rate of nuclei
flattened in the direction normal to a conductor’s axis is negligibly small. Current dynamics at the
stage of melting are analyzed for the case of a fixed external voltage. It is demonstrated that there
exists an instability stage at which an excitation of the electric current occurs. Conditions for the
experimental observation of the predicted phenomena are discussel@9@®American Institute of
Physics[S0021-89786)02313-4

I. INTRODUCTION equations of thermodynamics and chemical kinetics which
. . _ describe the phase transition. In our previous investig4tion,
In our previous studiés we demonstrated that first- we demonstrated that the contribution of the magnetostatic

order phase transitions in current-carrying conductors are eggfects can also be neglected. All these simplifications allow

sentially different from phase transitions in current-free con- ¢ apply a circuit formulation in order to describe the

ductors. Phase transitions in current-carrying conductors ar, stem rather than to use a continuum electromechanical for-

accompanied by a number of new phenomena, e.g., shift g : )
o : . mulation. We show that when a strong superheating of a
the critical temperature of a material and its dependence

upon the magnitude of the electric curréteduction of the melting front is feasible, a sharp increase in the magnitude of

melting temperature during surface meltityoccurrence of electric current due to a_high rate of the deg_rea_lse of i”‘?'“C'
the temperature range where both phases are thermodynaﬁﬂ—nce may occur at the final stage of an equilibrium melting.
cally metastable and the material phase composition be- Since a strong superheating is required at the final stage
comes heterogeneobs. of surface melting, the phase-transition front becomes un-
The cause of all these effects is that electric currentstable with respect to a corrugation instability. Internal pan-
prevent those processes which reduce the inductance of tisdaped nuclei of a new phase which become supercritical at
system. In order to support melting at the stage when theonsiderably lower superheat, provided that they are flat-
inductance of the system is reduced, it is necessary to ovetened in the direction of a conductor’s axis, are formed at this
heat the phase transition front in comparison with its meltingstage of melting. In this study, we determine the minimum
temperature in a current-free state. Similarly, at the stage ofuperheat which is required for corrugation of a melting front
melting when the conductor’s inductance increases, meltingnq for formation of internal nuclei in current-carrying con-

can occur in an underheated state. . ductors. A rate of formation of the nuclei flattened in the
Under high electric currents, the rate of 'nd“Ctancedirection of a conductor's axis is determined

changel. becomes comparable with the ohmic resistaRce

: . ) ) i The article is organized as follows. Thermodynamic as-
and the total damping resistarice+ R is essentially different

pects of the problem and zero-dimensional model of melting
from R. ) . . .
are presented in the second section. Detailed analysis of non-

The goal of this study is to develop a zero—dimensionae uilibrium melting for the case when the characteristic
model which allows us to investigate thermal and electric q 9

phenomena in conductors at different stages of surface melghemical and thermal relaxguon tl_me_s of a phase—trgnsnmn
ing. Here, similar to our previous investigatioh, the in- front towards thermodynamic equilibrium are close, is pre-

ductance effects caused by a hydrodynamic flow are nesénted. In the second section we also present a theory of
g|ected_ Since7 during me'ting, the density Change§qu|llbr|um melﬂng when the chemical relaxation of a
insignificantly, i.e.,Ap/p~10"2, the induced flow velocity is phase-transition front proceeds much faster than its thermal

negligibly small, and inductance effects caused by the inrelaxation.

duced flow can be neglected. All the inductance effects in  Electrodynamic aspects of the problem are considered in

this study, as in our previous investigations, are considerethe third section. An “adiabatic” model is developed which

to be caused by motion of the front with a jump in electric allows us to study the electrodynamics when the inductance

conductivity. The velocity of this front is determined by the changes. Direct relation between the superheat temperature
and inductance change rate was determined in the framework
dElectronic mail: elperin@menix.bgu.ac.il of the adiabatic model.
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In the fourth section of the article the minimum tempera-where
ture required for internal melting is determined. We show
that the superheat which is required for formation of the
flattened pan-shaped nuclei is lower than that which is re-
quired for the nuclei with other shapes. However, the rate o
formation of such flattened nuclei turns out to be negligibly
small due to surface tension.

In the fifth section of this study we investigate current
dynamics in melting conductors. It is demonstrated that there g
exist critical currents or voltages at which a sharp increase of -5 [(1-B)c
the magnitude of electric current can occur at the final stage
of surface melting.

J
B
(Nhen the temperature of the phase-transition froptre-

mains constant during melting, the following condition can
be imposed

X(B)=\A+——[(1-B)csTs(B) + B TL(B)]. (B

sTs(B)+Be.TL(B)]=0. (6)
When the temperature of the phase-transition frdpt,

is constant, conditioi6) becomes an identity in the limit of

an ideal thermal conductivity whehs=T, andcg=c, . If

the temperature of phase-transition front changes the condi-

tion (6) is unphysical. However, in the approximation of an

Il. HEAT BALANCE AND TEMPERATURE OF A
MELTING FRONT IN CURRENT-CARRYING

CONDUCTORS infinitely high thermal conductivity, we can assume that

A system of equations governing phase transitions in To=T =T. )
current-carrying conductors is formulated under the assump- 5 - °F
tion that, without phase transition, the characteristic time otind rewrite Equatiorf5) in the following form:
an electric current variatiom is much larger than the char-
acteristic time of electric current diffusionr,, i.e. N 0 =— —

. . v AN=N+—cCTg, c=cg(l—B)+c.B. 8

7> 7= (4mop3)/c?, whereo is the electric conductivity; B~ s1=p)+ep ®

is the speed of light, anglis the radius of the conductor. The Equation(8) determi th lizatigoh f th
latter inequality allows to neglect skin effects in a conductor quation(8) determines the renormalizati¢ohangg of the

Assume also that the characteristic spatial scale of a corliatent heat of phase transition caused by the change of the

ductivity variation is the smallest characteristic length in thephase transition front temperature. In the case of infinitely

problem. Then the conductivity can be represented as a st igh thermal conductivity which is considered here, this tem-
function erature coincides with the temperature of the whole conduc-

tor.

In a case of a nonequilibrium phase transition, the heat
conduction or heat balance E@) must be supplemented
with the macroscopic kinetic equatiofsee, e.g., Ref. 6,
Chap. 12, Sec. 101

D

where og and o, are conductivities of solid and liquid
phases, respectively. Functiofig and 4, equal unity inside
domains occupied by phasess™ and “L,” respectively,
and vanish outside these domains.

Hereafter we use volume averaged variatf|laghich are
determined as follows:

! f F(F.t)dV
N7 rl 1
Vi ly,

where indexi equalsS or L.

The heat conduction equation with a Joule heat source
and with standard boundary conditidiyields the heat bal-
ance equation during phase transition

0'20'305+(T|_0|_,

P

X = /.
B
The equation for the free energy(B) of the conductor in the

regime when the magnitude of electric current is constant,
reads(see, e.g., Ref. 7, Chap. 4, Sec) 33

L(B)I?
2

fi=

)

P(B)=Do(B)—

whered, is the Gibbs potential of a current-free conductor,

(1-B)(csTs— Qs>+ﬂ(cLT"L—QL>=B(csT_s—cLT_L—x>i3)

In Eq. (3) B and(1— ) are volume fractions of phasésand

S, respectively,Tg and T, are temperatures averaged using

Eq.(2), Q; = (j2v)/oy, v is a specific volume which is as-
sumed the same for both phasesandc, are specific heats
of phases at constant pressure per unit mass of mateiisl,

L is inductance and is the total electric current. At this
stage we neglect the contribution of the surface tension.
Then the equation for relaxation of the phase-transition front
reads

u 12 oL

B T, | #smmt o 7)) ©

a latent heat of phase transition and the dot denotes tim@here N, is the number of moles in the relaxing system,

derivative.
Since B varies monotonically with time, E(3) can be
rewritten as

(1-B)Q«(B)+BAL(B)
X(B) ’

B= (4)

J. Appl. Phys., Vol. 80, No. 1, 1 July 1996

u=Ny/7is a relaxation rat€/u]=mol/s) which is a constant
in the theory developed her&y is the phase-transition tem-
perature in a current-free conductor, apd and w_ are
chemical potentials of the solid and liquid phases, respec-
tively.

Hereafter we preserit(8) in the following form:
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with ohmic resistance, capacity, and inductance, lansl an

|
L(B)=Lo= zz f(B.x), (10 instant inductance of a conductor at a given location of the
_ _ . phase-transition front. _
where the functiorf(B,«) is determined by the geometry of In the adiabatic approximatioh can be determined

the conductor and the geometry of the melting zoges,the  through the rate of change of geometrical parameters char-
fraction of volume melteds=0 /o5 is the ratio of conduc-  acterizing a location of a phase-transition front inside a con-
tivities at the phase-tranSition front, ahg is inductance of a ductor. In order to validate such an approach consider a
homogeneous unlayered conductor. o straight conductor with length and radiusp, which is sub-
As can be seen from E(P), the equilibrium temperature jected to a time-dependent voltagé(t). In this case the
of the phase-transition front is determined by the equation cjrcuit Eq. (13) is replaced by the following equatitin
of .
Mms— L —Pmv—5 =0, (11 U(t)  j(po)
(913 | B (0o}

JE

ap

: (14)

P=Po

+Ppo

wherep,,=1%/(pp3c?) is a magnetic pressure apg is the
radius of the conductor which is assumed here to be of §herea(p,) andj(p,) are an electric conductivity and elec-

cylindrical shape. Linear extrapolation of E@) yields the  yic current density at the conductor's surface, respectively,
equation for the instant temperature of a phase-transmoandp is a geometry factor. In the case of an exploding wire

front Te(B(1),1) p=In(blpy), whereb is the radius of a metallic cylinder in
ToB which the electric explosion is performetbr details see
TELAWO =T+ (35 Ref. 8.

Equation(14) provides a boundary condition to the prob-
whereAS=S, —Ss is the difference of specific entropies in lem of determining the distribution of electric current across
the liquid and solid states at temperatufg(8) which is  the conductoij(p,t) subjected to a time-dependent voltage.
determined from Eq(11). The first and the second term in this equation describe con-

Hereafter we assume that the following conditions,tributions due to the ohmic resistance of the conductor’s sur-
which assure the fast chemical relaxation of a phaseface and inductive voltage due to temporal variation of an
transition front, are satisfied external magnetic flux, respectively. The second term is de-

T B ﬂ - termined by the rate of change of the total electric current in

L<T8(ﬁ), Lot the conductor. Provided the magnitude of the total electric

uas UAS Ao currentl is given, motion of the phase-transition front does
where), is the latent heat of transition at the phase-transitionot affect the second term, i.e.,
temperature of a current-free conducigy. When the latter
conditions are satisfiedT(8(t),t)=T2(B) and Eq.(11) Po(
yields

THB) _,, P O

JE

P% ) =Lol, (15

P=Po

L (120  Wherel,is an inductance of a homogeneous conductor pro-
To Ao 9B vided that the skin effect is small. The voltage associated

Equation (12) allows one to express the equilibrium with the inductance change due to the motion of the phase-
phase-transition temperature in a current-carrying conductdfansition front is given by the first term in E(L4). In order
through the phase-transition front temperature in a currentt® obtain an explicit expression for this term we assume that
free conductoiT,. In the following section we study current the liquid phase is located near the surface and consider the
dynamics in a melting conductor. The main goal of thisaverage values of electric currerjts and js [see formula
analysis is the investigation of the effect of the inductance1)]. Then, assuming that these values are close to the mag-
Change upon the current dynamics_ In order to achieve th|§|tudes of the electric current at the surface and at the axis of
goal we must determine the inductance of a conductor with he conductor, respectively, and using the equalionE

conductivity jump at a moving front. =—(1/e)(dH/at), we find that

L is 1 (rodH 11 9Py,
I1l. INDUCTANCE OF A HETEROGENOUS —_—— == s p=— T ot (16)
CONDUCTOR WITH A MOVING PHASE-TRANSITION oL 0s ClJo ¢
FRONT AND EQUATION FOR CURRENT . . . —
DYNAMICS The magnetic fluxd;, is a function ofj, , js and g,

_ o o ~and it can be determined by solving the equatiorH
Equation for current evolution in a circuit with varying =[(4x)/c]j. The functionsd; /9t must be calculated for the

conductivity reads given value of the total electric curreht Therefore
LI+1(R+L)=U, 13 — —
( ) (13 Py _[—— djL dis—
whereR is an ohmic resistance of a conductor undergoing g \ods ﬁ' ﬁ’l'ﬂ('g) '

phase transitionU is an effective electric driving force
which can be expressed as an external electric driving forcerhere the functior is determined by the geometry and
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|
| =—2=iB+]s(1-B). (17 30
I
. . . — 25 1 —«x=0.20
Using Eqgs.(16) and (17) in order to eliminatejg, we l
arrive at the differential equation fgg which has the fol-  >% 29 2-x=0.05
lowing form: e /
— = 15
i 2L 5 as) =0 189 = 2 /
LJL,(?,B,B,Bﬂ,J . .10
=
The explicit expression fdf, depends upon the geometry of e 5 1
the problem. Determining the solution of this equation \//
i L=i.B:B(B),j] and taking into account Eqg14) and 0 S
(15) allows to derive an equation describing the time evolu-
tion of the electric current. -5
However, there are some difficulties in accomplishing 0.2 0.4 B 0-6 0.8 !

the above program. In this study we have chosen a simpler

method which employs the adiabatic approximation and is

elaborated in the following: FIG. 1. Temperature at a phase-transition front vs volume fraction of a
Sincead,,/atx B, in the zeroth approximation in this pa- 'a|1d Phase.

rameters, Eq. (16) yields

L ) peagiop a9 o r o
o, os O’ L s ' where\ is determined by formulés) and the magnitude of
in the first approximation in a parameterv/\, is given by

the following formul&:

L_ 2T -To 22

Substituting Eqs(15) and(19) into Eq.(14) we arrive at the
equation for a circuif13) with L=L, andL=0.

In the same approximation it is possible to determine N=Xg+(c0—c?) pLUT ‘9_f
®,,=D,,(j,B.x), where as in formuld10) k=0 /os. Since R YT

in this approximationb;, varies linearly with electric current  \yherec? andcl are specific heats of corresponding phases at
I, we can define internal inductandg, by the formula  temperaturer,.

(23

®in=Lin(r,8)I . Substituting the latter formula into E¢L6) Equation(22) implies that if inductance increases during
and using the zeroth approximation fpf o's in the param-  mpelting, then the temperature at the phase-transition front
eter B (19), we find that Te(B)<T,, i.e., melting can occur at temperatures lower
— = than the melting temperature of a current-free conductor. The
Q:J__+”‘_m (20) latter phenomenon was discussed for a special casé in,
L O I where we determined an initial temperature of a surface

melting Te(0) and showed that this temperature is lower
thanT,.
The dependence of

Equations (14), (15, and (20) vyield Eg. (13
(L=L;j,+Lg). Since formally this approach is not self-
consistent its accuracy cannot be evaluated. The more con-
sistent analysis based upon solving Etf) essentially does N[ Tr(B)—To] _ ot
not simplify the solution of the problem in comparison with Tgpmvo - IB
the analysis of the system with distributed parameters. MoreénB in the case of a cylindrical conductor with a concentric

over, the Igtte_r approach considerably cor_npll_cates the phys(l:'ylindrical phase-transition front is shown in Fig. 1. In this
cal analysis since it does not allow to define inductance as

. &ase the formula fof () readd*
parameter depending only on the geometry of a conductor

and on an electric conductivity distribution. Hereafter we use ~ f(B)=&(1-B)[(1-B)In(1-B)+(1+a)Bl, (24
the above described adiabatic approximation which is oftefvherea=1/(x—1) and é&=1/(8+a). In a rangex<1—B<l1,
used in boundary value problems with moving boundériesf(ﬁ):ln(l—ﬁ) and in a range 4 B<<k<1,

in spite of the lack of its formal justification. 1-8\2 1-8 1-8\2
Thus the inductancek is determined by Eq(10). Then f(lg):(—) In(1—B)————+2 _) ]
sinceL=(dL/dB)B and using Eq(4) allows to determine a K K K
relation between the rate of inductance chahgend ohmic Figure 1 and Eq(12) show that when the conductivity
resistanceR changes strongly, i.ex<1, high superheating of the phase-
, transition front is required in order to attain surface melting
L pmv of inside a conductor. However, strong superheating of the
B aa @D hase-transition front inside th ductor initiat lter-
R N 9B phase-transition front inside the conductor initiates an alter
native process of the internal melting. In Ref. 3 we demon-
Combining Egs(12) and(21) yields strated that the internal melting is inhibited inside a conduc-
J. Appl. Phys., Vol. 80, No. 1, 1 July 1996 Y. Dolinsky and T. Elperin 41
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tor except for the case of formation of nuclei flattened in the  Hereafter we assume that the corrugation of a phase-
direction normal to a conductor’s axis. Therefore the pan+transition front corresponds to the formation of ellipsoids
shaped nuclei could be formed if it were not for a surfacewith coordinatesp,=py(1—8). Thus Egs.(25—(27) can be
tension that prevents the nucleus from flattening. Since thased for determining the minimum temperature required for
surface energy depends upon the nucleus shape, there exiatsorrugation of the phase-transition front and for estimation
an optimal shape and corresponding minimum superheatingf the minimum temperature required for nucleus formation
temperature for a given volume. In the next section we dein the vicinity of a conductor’'s axis. For given values of
termine the optimal shape of nuclei which are supercriticaklectric current, liquid phase volume fractioB correspond-
for a given volume under the minimum superheat and calcuing to a surface melting and parameterthe magnitude of
late the time required for their formation. the superheating caused by presspfgis determined by
parameteré(n,), where Gsn,<1. In the case when param-
eterx<1 which is considered in this study,,>0 and attains

IV. MINIMUM TEMPERATURE OF INTERNAL its minimum value whem,—1 andg,«>1. _
MELTING AND NUCLEATION RATE IN CURRENT- Since in a rang@,«x<1, py, is not sensitive with respect
CARRYING CONDUCTORS to the depolarization factar,, nucleus deformation does not

. o . reduce the required superheating. Provided that the volume
In order to determine a minimum temperature for inter-of these nuclei is sufficiently large, so tat> ps, the for-

nal melting, we can use a version of HdJ1) which takes  myla for the minimum overheat temperature rédds
into account the work of the surface tension forces. Thus we _
obtain for the minimum overheat required for the internal AT PV

melting To. Ao (28)

AT v(PmtPs) In systems with high magnitudes of electric current

To Ny AT/Ty=10"1. When the nuclei are strongly flattened in the

~ . . L irection of the conductor's axi®,=1—[n/(2¢)], where
wherep,, is an effective pressure caused by the variation ofd z Ll(2€)]

. . . o Pe=[(r2/r2)—1]Y%>1 andr is the half length of an elliptical
t_he magnetic flux during nucleus formapon apgithe addi- cross section any, is the radius of its circular cross section.
tional pressure caused by surface tension.

. . o For these nuclei the formula fqr,, reads
Equation (25) determines the minimum temperature P

(29

which is required for formation of an overcritical nucleus - Ym -k

with a given volume. In the derivation of E¢25) we ne- Pn="r  Ym=Puli(B) 4 (29
glected the energy of elastic deformation due to formation of

a liquid nucleu$ since elastic pressure is negligibly small Surface tension pressure prevents the unlimited increase

when compared with a characteristic presgue-1 kbar in  0f € and corresponding temperature decrease. In a given vol-
electrically exploding conductor.Without losing general- umeV for e>1, the formula for a surface tension pressure
ity, we can solve this problem for the ellipsoid of revolution reads

with an axis parallel to the axis of the conductor and use 4m\ 13 4
directly the results of our previous study. Ps=vs€2, s <?) VL (30

Assume that a nucleus is formed inside a solid phase
with conductivity Og and volume fraction 18 and that the where«a is the coefficient of surface tension.

electric conductivity of a liquid nucleus, equals the con- A minimum superheating occurs for an optimal nucleus

ductivity of a liquid shell with a volume fractiorB, i.e.,  shapee* which is determined by the following equation:
o,= 0 . Under these assumptions the formula gy reads

~ ~ JPs N Pm| 0
Pm=Pmél1(B), (26) el \ae )T
where . .
The latter equation yields
"‘f‘zl_—K B :L 3 3/5
2B P, o=z @D
n, is the depolarization factor of an ellipsoid of revolution _ -ys _
which is an explicit function of its eccentricity.” The for- Combining Eqs(25), (29—(31) we arrive at the follow-
mula for functionI',(g) reads ing formula for the minimum overheat temperature:
2a 4z,(1—2,) P2 ATmin 5X2Y%2 0 0 o0
_ _la —_mn_ — . 32
I'v(B) at g In( pr: + pr: T, 6 ag s Im (32
pi The above analysis shows that deformation of the nuclei
+§(,3)(B ,7+(1—B)|ﬂ(1—,3)”, (270 becomes an effective mechanism for phase-transition tem-
0

perature reduction only iEx>1. According to the formula
wherez, and p, are cylindrical coordinates of a center of (31) the latter condition can be met only for large volumes,
mass of the nucleus. ie.,

42 J. Appl. Phys., Vol. 80, No. 1, 1 July 1996 Y. Dolinsky and T. Elperin
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a the flattening of the nuclei, are still valid when this flattening
V3> PR is taken into account. Since internal melting begins at a rela-
Pml 1K . . g -
tively strong superheatind T/T,~10" -, it proceeds in an
From Eq.(32) it follows that AT =T,V > Therefore  explosive regime similar to an explosive boiling of the su-
the supercriticality of the nuclei with large volumes can beperheated liquid?
attained at negligibly low superheating. Obviously this does  While compliance with the conditio(28) is a necessary
not imply that internal melting at low superheating occurs incondition of an internal melting, corrugation of the surface of
reality. This mode of melting occurs under the condition thatthe formed melt occurs practically immediately upon reach-
its characteristic time must be of the order of a characteristiing the melting temperatur€,. At this temperature, as can
time of a surface melting inside a conductor. In order tobe seen from Eqg21), (22), and Fig. 1, the volume fraction
analyze this problem we estimate the characteristic time off a liquid melt is quite high due to surface melting. Equa-
internal melting as a function of a superheating taking intotions (31) and (32) determine the optimal parameters of the

account the possibility of formation of flattened nuclei. pan-shaped perturbations formed at the internal surface of
The probability of nucleus formation is given by the fol- the melt.
lowing formula: Obviously such a corrugation mechanism also causes the
* transversal stratification of phase composition and must be
AD ; ; X .
Poexp — , taken into account together with other mechanisms which
kT cause a similar effe¢t*

where A®* is the work of formation of a flattened nucleus

with .shape and size determined by E2p) at a given super- V. PECULIARITIES OF ELECTRIC CURRENT

heatlngAT/TO. Independent of the nucleus Shape, the WorkDYNAN”CS IN MELTING CONDUCTOR

of its formation A®* can be represented asd* =W*/3,

whereW* is a surface energy of a critical nucleus. When a  Inductance variation during melting changes the current
nucleus is an ellipsoid of revolution dynamics, and under certain conditions these changes can be
W* = ¢S= aF(e)(V*)ZB, whereV* is the volume of a criti-  Significant. Inspection of Eq21) shows thatR+L can be-

cal nucleus andF (e) is a geometrical factor. Usin@5), the ~ come negative. In the case of a cylindrical conductor this can

surface energy of a critical nuclet®* can be written as occur inside a conductor in the vicinity of a point where
3 afl9B is maximum. For small values of the magnitude of

W*=f o3 F (f) :A_Ti dflap is large and the effect of “negative” damping is

9 (6-pw’ To vo’ strong. Equation(22) shows that for attaining negative

Consider first a case when superheating is very small Sdamplng, the magnitude of superheating must be large,

— =1. it -
that conditions for supercriticality are met for a large nucleus: F To)/Te=1. Naturally, under these conditions the cor

; . - . rugation of the phase-transition front and internal melting
which can overcome the ponderomotive presqydy their S
i . . may strongly inhibit this effect. Nevertheless, the effect of
own deformation. Since such nuclei are strongly flattened

hegative damping has certain qualitative peculiarities which

e1, . .
warrant more detailed analysis.
3 (4q7\18 2metal Using formulas(4) and(21) Eq. (13) can be rewritten as
Flo=5|—%] € andwW=——-. follows:
213 (€0—ym) '
N . o : 12 of
The latter formula implies that in the range-1 the mini- Lol + Ryl +R(ﬁ)|( _ _2_) =u, (34)
mum W* is attained ate=e,=2y,,/6. Therefore the mini- I5 9B

mum magnitude of a surface enerfly* at a given super-

Lo : whereL is inductance of a circuit with a melting conductor,
heating is given by the following formula:

Ry is an ohmic resistance external with respect to a melting
327.,6”,ﬁ1 yﬁ] region, R(B) is the electric resistance of a melting region

msz—ZWZ; 7z (33)  associated \/2vit2h~its inductance change according to(EZ4.
andl, = (mricn)lv.
whereW§ = (16ma®)/6? is the surface energy of a critical Hereafter we neglect the inductance of a melting region
nucleus in a case of internal melting in a current-free conand the dependence of the external resistéRg@pon the
ductor. electric current. Therefore the valueg andR, are assumed

Since usually the magnitud&f /T, is rather larggsee  constant. We assume also thgtdoes not depend upaf,
Ref. 11, Chap. 7, §)3the conditiony,/6=1 is sufficient to  i.e., thatA(B)=N\,.

provide a zero nucleation rate. In the new notation Eq4) can be rewritten as
Equation(28) shows that wheny,,,/6<1 the nucleus be- C a2 1

comes supercritical already fer<1. In this case the nucle- B=—> ) (35)

ation rate of the spherical nuclei is maximum, Tlx 1= B(1—x)

F(e)=3[(4m/3)]"* andW* = (167 a®)/(6— D) - Combining Eqs(34) and(35) yields

Thus, although supercritical nuclei exist at any super-

L ; = ox I
heatmgZ mterngl melting occurs only WhGIJPpm: Therefore 2y mgxmexd, x=—, (36)
the earlier obtained resutts which did not take into account B s
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where 1

172
X1(B)= (_) yi(B), i=1,23,

3m
1-B(1— 0,
T~ 4L, [ p=0l= Y1(B)=—(cos+V3 sin ¢),

Y,(B)=V3 sin ¢—cos ¢,

Ro [
my=—— 71— B(1l—«k)]+ —=>0,

4L LoC _
’ ° y3(B)=2cose,

et where o(8)=1 cos X(—d/2), ml6<g(B)=<i3.
¥ Loc® 9B’ For small values ofl with the accuracy of order-d?
andl is the length of a melting region. Current dynamics are my(3)
determined by Eq(36) and differ qualitatively depending XaB)= m.(B)

not only upon the ratios of parameters ) o
and it continues to decrease at the initial stage urftibs

Mo _ U Ro ms _ ﬂ R(B)+Ro 37) remains so small that a negative contribution into a damping
m; I*RyRy+R(B)’ my dB8 R(B) '’ resistance caused by inductance decrease cannot compensate

whereR(8) = R(0)[1— B(1— x)] "%, but also upon the mag- the increase of ohmic resistance caused by melting. At the

nitude of electric current at the moment when melting begins— f|nal stage of meltinge,(8) increases. Thus, in contrast to
5=0. y,(8), which increases monotonicaliy,(8) has a minimum
Therefore in order to elucidate the behavior of the cur-2t the |nter\_/al,6’1<ﬂ<ﬂz iy . .

The point 8, where conditiond=2 is satisfied is the

rent dynamics we restrict our analysis to the most general
5 critical point of the current dynamics. At this poi@ the

regularities® Note first that with respect to a current dynam- repelling curvexy(8) and attracting curveg(8) merge into
ics x(B), the interval Bs3<1 can be divided into four char- peting 3B 9 2B 9

acteristic subintervals with different stationary curve§s) one neutrally stable s.,tatiolnary poir_lt. Thus in the interval
whereby the rate of electric current variatiox/dB=0. B2=B<Ps, where a poinf3; is determined by the same con-
The first interval 8<B<g, is determined by a condition dition as a poinig,, i.e., d(B;)=2, solutionx(B) always in-

0fl9B<<0. At this interval the damping resistance increases’ caoes: At the fourth interv@il<j<1, which exists ifd(1)

and there exists only one stationary attracting cuyes), <2, the following condition is satisfied,(B3) =Xs(85). If

: X(B3) >X,(B3) =X3(B3), then solutionx(B8) continues to in-
;?é)ix(xﬁ )(/Z’f <‘|9h\év?§rnn)1(l(1|[;) Z)r(;((,IBB)) ;nednﬁfég ggﬁ =0 when crease until melting is completed since it is located beyond
1 ' 1

the repelling point.

m, |2 If x(B3)<X3(B3), dynamics are determined by the curve
X1(B)= 3my| ya(d), X ,(B). Since in this intervalix,/dB<0, then in the case
when x(83) <x3(83) an interval with current increase may
d? v (g2 vz g|us occur at the final stage of melting.
yud)=\5+| 7 +1 Wzt T3 Thus a conditiord>2 is a critical condition for a melt-
ing process and when this condition is met during melting
where there occurs a stage at which the electric current increases.
3%2mg|m5| 2 3/2( of ) vz y RoRY4 B) The latter condition determines the magnitude of the critical
d(B) —mflz_ 98] Rol, (R(B)+Ry)¥? current or critical voltage. If these values are attained during

melting, an instability stage arises whereby excitation of

of solutionx(g) in this region is determined by the following electric current oceurs. NQFe tha_t this Increase of the gle.gtrlc
current may be quite significant in a wide range of the initial

conditions. When sigax/dB=sign (9x,/dB), the curvex(B)

conditions.
andx,(f) do not intersect. In the opposite case, the curves In the experiments with electrically exploding wires the
X(B) andx,(p) may intersect and derivativex/d changes amplitude of electric current attains the magnitude

its sign. However, except for the latter very special situation
the characteristic behavior of electric current at this interva?O U/[Ro + Ry(0)] ~ I,/ /10. Therefore, in order to satisfy
the conditiond>2, a Iarge difference between electric con-

is to decrease without intersecting the curyég).
In the vicinity of the pointg, wheredf/38=0, with the ductivities of solid and liquid phases is required, ie=1.
accuracy of~d?

moi,g; (39 In this study we performed a general analysis of thermo-

electrodynamic peculiarities occurring during melting of
The next intervalp; <8<, is determined by conditions current-carrying conductors.

ofl9p=0 andd=<2. At this interval there exist three station- It is shown that during equilibrium melting when the

ary curvesx,(8) <x,(8)<x3(8) whereby at their intersec- dynamics of a phase-transition front is determined by a heat

tion dx/9B=0. The curvesx,(B8) and x5(B8) are repelling balance, there exists a single-valued correlation between the

while the curvex,(B) is an attractor. Formulas for the solu- rate of inductance change and a temperature at a phase-

tions x;(8), x,(B), andx(B) read transition front. It is demonstrated that, although surface

In this intervalox,(B)/dB<0. The characteristic behavior

VI. CONCLUSIONS
X1(B)=
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