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It has been observed that the grain size of cadmium is considerably reduced by the
passage of direct electric current during the process of solidification. The observed effect has
been attributed to the increased lattice vibrational frequency caused. by electron-phonon
interaction. The enbanced lattice vibrational frequency increases the rate of nucleation

and hence reduces the grain size.

Considerable work has been done on the growth of metallic crystals from melts using
various types of crystal seeds and employing different types of temperature gradient fur-
naces. The grain size of matals is very important because many of their properties such as
tensile strength, hardnese, ete. depend directly on it. Langenberg, ef. al.! have succeeded
in reducing the grain size of iron ignots using a moving magnetic field. Other investigators?3
have studied the process of solidification of melts under the influence of electric fields with a
view to study the segregation and desulphurisation of iron. However, the effect of clectric
current on grain size during the process of solidification does not appear to have been
studied so far. This has been investigated in this paper. :

EXPERIMENTAL PROCEDURE

Cadmium metal was melted in nitrogen atmosphere in a Pyrex glass tube (Fig. 1)
specially designed for this purpose. Two tungsten electrodes (2 cm. apart) were inserted in
this tube. The main tube (length 5 cm., dia. 7 mm.) in which solidification take: place was
connected to another tube (dia. 25 mm.) in which nitrogen atmosphere is maintained. The
temperature of liquid cadmium was raised to 400°C by Flacing the tube in a furnacs, without
any temperature gradient. Direct current of 15 amperes was passed in the mels during
the entire period of solidification. After solidification some samples were slowly cooled
and others quenched. The samples thus prepared were hand polished, etched with chro-
mium trioxide and studied under a Vicker’s projection microscope.

Two representative microphotographs obtained by using yellow-green filter with magni-
fication 40 are shown in Fig, 2 and Fig. 8. They show grains of a slowly cooled sample -
Fig. 2 represents the region through which no current was passed and Fig. 3 the region
through which current was passed. These figures show that the grain size is congiderably
reduced by the passage of electric current. Similar results were obtained twith quenched

samples also.
DISCUSSION

It is not possible to treat this problem in the light of any rigorous theory, since we are
dealing with melts in rapidly changing solid-liquid phase. However, a qualitative explana-

tion of observed experimental results is given below ;
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The rate of nusleation from a ligquid metal is given by*

_ * * : ) 1
I=Nsev;n(l) ¢ (AGD—I_AQ/K?‘ ‘ , @

where  I=Rate of nuéleation
Ns=Number of atoms of the liquid in ‘contact with the solidifying nucleus
n(I)=Number of atoms in supersa,tﬁ:i‘abe&'@haSe
v; =Lattice vibrational frequency"
¢ =Probability of-a given atom to join the solidifying nucléns
AGp —Froe encrgy of activation in diffusion which is usually of the onder of KT
and  AG =136%L’;'% .

In the 'expressioni for Aé,')’m and AGy stand for' the interfa.cia.l free energy between melt
and crystal, and the thermodynamical free energy respectively.

Equation (1} shows that the rate of nucleation de-
dsupon two factors (@) Lattice vibrational frequency

—~(0dp + Al

v and (b) The exponential term ¢

leNLET - = NEZ:OUTL‘E‘T‘ pen

‘ H L Lattice vibrational. frequency . ,

Tt is well known that there is a _strong interaction
between: free electrons and phonons in metals, Consider-

. ing ‘the -effect of electrons upon ionic motion. in.the
Fermi-Thomas approximation, Staver & Bohm® have
treated the phonons and electrons as a set of ‘coupled
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Fie. 1—Pyrex glass tube Fié. 2—Region through which no current was passed.
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plasmons, The frequency of lattice vibration. in-this theory is given by8 -

YV = m
! \/3M

where % =Lattice vibrational frequency -
M =lonic mass '
m =Mass of electron
v =Velocity of electrons

and K =Wave -vector -

With the application of the electric field the velocity of free electrons increases thereby
increasing the lattice vibrational frequency. However, the change in velocity of free elec-
trons cannot be calculated accurately as the ensrgy states are not normalizable ir electric
field and thus are not stationary?. As an approximation we can apply the free electrcn theory

-of metals to determine the velocity of elsctrons. This theory® gives the veloc1ty of electrons
~ at the Fermi surface as : .
| | .v’ = 'MT (3)
where K, is the wave vector at the Fermi.surface. Under the influence of the electric field,
~ the wave.vector in the direction of the field increases. To calculate this increas>; we ta,lxe
"récourse to the concept of Brillovin zones in metals. :

In the case of cadmium the first Brillouin zone is completely full WT)lle the second is
partly full and partly empty. It may be assumed, as a first approximation, that by the
application of the electric field the wayve vector changes from /g tO 271/0, and hence the
average velocity of free electrons ¢an be expec’ced to increase from v 'to ¢’ (approximately
upto 2v). This increase in the velocity of electrons will increase the lattice vibrational
f;teqjgency from v .to ¥y (approximately upto 4y ) as can be seen from (2) and (3).

Z’]m exponential . function.

In the exponential term AG”; is constant and is of the order of KT while AG* is

proportional to 1/ AG 2 which is a function of lattice vibrational frequency as shown
below :

The Helmholzt free eﬁergy 18 written

as?
Je3N 3Nhy,
= Nlw— vy & _y
kvl /KT
— 3 NKT Zog Jm v (4).

Fra 3—Region through which current was passed.
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In the above equation N is the number of atoms per gm. Other symbols have their usual
meaning. : i '

Calculation shows that free energy is about —4-151 10° ergs/gm in cadmium near the
melting point. As shown earlier the effect of electric current is to increase the lattice vibra-
tional frequency. Substituting its increased approximate value in (4), we get free energy of
the order of —3-229% 10° ergs/gm. Thus by passing the current the height of the free

energy barrier is rednced.

Tt has, therefore, been seen that both these factors, which determine the rate of
nucleation, increase when electric current is passed during the solidification of the liquid
melt. With the increase in the rate of nucleation it is possible to explain the reduction of the

grain size observed experimentally.
CONCLUSION

- Similar worlk on some other metals such as tin and bismuth is being done. Preliminary
recults show that by the passage of electric current grain size is reduced in these metals also.
Tt may be possible to increase the hardness and strength of metals by reducing the grain

size by this method.
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