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Abstract

The phase separation kinetics in a ferro#uid made metastable by a strengthening of an external magnetic "eld has been
studied theoretically at the nucleation, intermediate and Ostwald ripening stages of the phase transition. ( 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

In magnetic #uids a unique type of concentra-
tional phase separation is experimentally observed
[1,2]: `ferrocolloidal gas}ferrocolloidal liquida
phase transition induced by an external magnetic
"eld. During this process the ferro#uid with initial
ferroparticle concentration u

0
separates into two

phases (I and II) of the concentrations u
I

and
u
II
(u

I
(u

0
@u

II
) [3]. In real situations the highly

concentrated phase II is suspended in the diluted
phase I in the form of droplike aggregates, which
typical dimension are of the order of 1}5 lm, i.e. the
number of ferroparticles comprising the aggregate
is approximately 105}107. In what follows, we are
going to present the main results of the kinetic
theory describing the evolution of a system of
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droplike aggregates in a magnetic #uid containing
identical spherical ferroparticles. The ferrocolloid is
supposed to be thermodynamically stable in the
absence of a magnetic "eld. But if a weak uniform
external "eld H is applied, a macroscopically ho-
mogeneous state of the magnetic #uid becomes
unstable and the phase separation process is bound
to start.

2. Nucleation kinetics

The nucleation kinetics essentially depends on
the shape of emerging nuclei. It is well known [1,2]
that the shape of a droplike aggregate with good
accuracy may be approximated by an ellipsoid of
revolution, the elongation of which is dependent on
the aggregate volume <, on the interfacial tension
p, on the magnetic permeabilities of phases k

I
,

k
II

and on an external "eld strength. The
analysis made in Ref. [4] shows that in the
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presence of a weak-to-moderate magnetic "eld
(H&10}100 Oe) the droplike aggregates may be
regarded as highly elongated ellipsoids, and the
relationship between the aggregate volume and
semiaxis ratio c takes the form
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In the case of highly elongated ellipsoids the
problem of an aggregate growth rate in super-
saturated ferrocolloidal environment can be solved
analytically under the assumption that this growth
is limited by a di!usional transport of ferroparticles
to the aggregate surface [4]:
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Here v and D are the ferroparticle volume and
di!usion coe$cient, S is an ellipsoid surface,
D"u!u

I
stands for a ferro#uid supersaturation

and is de"ned as a di!erence between the actual
value of the ferro#uid concentration u and the
concentration of the diluted ferro#uid phase I.
Parameters <H and cH have the meanings of the
critical aggregate volume and the corresponding
value of the semiaxes ratio (cH;1): in the case
<'<H the aggregate grows, otherwise <(<H it
dissolves.

By using expressions (1)}(3) both the spontan-
eous origination of initial aggregate nuclei can be
treated quite similar to the classical Volmer}Fren-
kel}Zel'dovich theory of nucleation. According to
this, an in#uence of the supersaturation on the
nucleation rate J is governed by the exponential
factor [5]

J&D exp[!E(D)], E(D)"
p4

12cH A
p

k¹B
3

A
u
I
v

u
II
DB

2
.

(4)

Taking into account the dependences of u
I
, u

II
, cH,

D on a magnetic "eld within the equilibrium phase
separation conditions [3], the analysis of Eq. (4)

comes to the conclusion that the nucleation rate
J increases sharply under the strengthening of an
external "eld. In other words, the process of phase
separation in ferro#uids goes on more rapidly in
the presence of a higher magnetic "eld.

3. Intermediate stage

The further evolution of a system of droplike
aggregates at the intermediate stage of phase
transition is investigated under the conditions
when both the reduction in metastability and the
continuing initiation of new nuclei are taken into
account [5]. The aggregates are distributed over
volume and the distribution density f (t, <) is gov-
erned by the kinetic equation
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with account for a requirement of conservation of
the overall number of ferroparticles in the system
under study:
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The method of solving the boundary problem
(5)}(7) was described in Ref. [5]. The solution is
applicable down to the begining of Ostwald ripen-
ing and de"nes the diverse characteristics of distri-
bution density which gives the total information
about the evolution of the aggregate system. Fig. 1
demonstrates the characteristic time dependence of
the dimensionless supersaturation and the mean
aggregate volume. The evolution of the dimension-
less distribution density is presented on the Fig. 2
where curves 1}3 correspond to the increasing time
moments. The time evolution of the magnetic,
rheological and other properties of magnetic #uids
under the phase separation process may be pre-
dicted with the help of the known aggregate volume
distribution density (some examples one may "nd
in Ref. [5]).
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Fig. 1. Dimensionless time dependences of the dimensionless
supersaturation (curve 1) and the mean aggregate volume
(curve 2).

Fig. 2. Aggregate distribution density vs. dimensionless aggreg-
ate volume at the increasing time moments (curves 1}3) during
the intermediate stage of the phase separation process.

4. Ostwald ripening kinetics

The "nal stage of phase transition corresponds to
the Ostwald ripening process when the dependence
of the critical aggregate volume on supersaturation
(3) is of primary importance but the origination of
new nuclei almost ceases and may by safely over-
looked. A mathematical model includes the kinetic
equation for the aggregate distribution density (5),
the mass balance equation (7) and the aggregate
growth rate (2), which is dependent both on the
aggregate volume and on the volume of the critical
aggregate.

On the basis of the classical method of Lifshitz
and Slyozov [6] we "nd that the model demon-

Fig. 3. Self-similar aggregate distribution density as a function
of the dimensionless aggregate size during the Ostwald ripening
process.

strates the self-similar solution for the aggregate
distribution density as a function of the self-similar
variable u"<1@3/<1@3H of a form

f (t, <1@3)&P(u)(ln t)8@9t~14@9, tPR. (8)

The self-similar function P(u) is plotted in Fig. 3.
The Lifshitz}Slyozov method of attacking the

problem also allows us to construct the asymptotic
time dependences for the critical aggregate volume
<H, for the absolute supersaturation *, for the mean
number of droplike aggregates per unit volume
N and for the mean aggregate volume S<T:

<1@3H (t)&t7@18(ln t)~2@9, *(t)&(lnt)5@18t~1@3,

tPR, (9)

N(t)&(ln t)2@3t~7@6, S<(t)T&t7@6(ln t)~2@3,

tPR. (10)

We would like to remind that according to the
classical case the similar laws for spherical new
phase elements have the following scaling forms:
<1@3H &t1@3, D&t~1@3, N&t~1, S<T&t. Our
asymptotics (9) and (10) di!er from the classical
results and coincide with the conclusions of the Ref.
[7]. During the analysis of the Ostwald ripening
kinetics, the author of Ref. [7] has neglected the
logarithmic dependence and has obtained the self-
similar solutions as the power functions. The point
is that the exponents for the time evolution of the
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drop concentration (&t~7@6) and of the mean drop
volume (&t~7@6) coincide with expressions (10)
with the logarithmic accuracy.

5. Conclusion

To sum up we are able to describe by analytical
methods the evolution of the system of droplike
ellipsoidal aggregates in a ferro#uid under the pres-
ence of an external magnetic "eld during all the
stages of the phase separation process. As com-
pared with the growth of the spherical new phase
elements, the magnetic "eld-induced phase separ-
ation in ferro#uids is essentially controlled by the
mutual relation between the volume of the droplike
aggregates and their shape. An ellipsoidal shape of
the aggregates leads to the non-classical relation for
the critical aggregate volume which is dependent
not only on the ferrocolloid supersaturation, but on
the critical aggregate semiaxis ratio as well. This
special feature results in the self-similar time-evolu-
tion laws which di!er from the classical theories.

The general conclusion is that the system of highly
elongated ellipsoidal aggregates evolves faster in
comparison with the system of spherical drops.

Acknowledgements

This work has been carried out with the "nancial
support of the Russian Basic Research Foundation
(Grants No. 96-15-9604 and 98-01-00031).

References

[1] A.F. Pshenichnikov, I.Yu. Shurubor, Bull. Acad. Sci. USSR,
Phys. Ser. 40 (1987) 51.

[2] J.-C. Bacri, D. Salin, J. Magn. Magn. Mater. 48 (1983)
39.

[3] Yu.A. Buyevich, A.O. Ivanov, Physica A 190 (1992) 276.
[4] A.Yu. Zubarev, A.O. Ivanov, Phy. Rev. E 55 (1997)

7192.
[5] A.O. Ivanov, A.Yu. Zubarev, Physica A 251 (1998) 348.
[6] I.M. Lifshitz, V.V. Slyozov, J. Phys. Chem. Solids 19 (1961)

35.
[7] A.O. Tsebers, Magnetohydrodynamics 1 (1994) 3.

A.O. Ivanov, A.Y. Zubarev / Journal of Magnetism and Magnetic Materials 201 (1999) 222}225 225


