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Neer Coarsening Mechanisms for spinodal Decomposition Hawing Droplet Pattern
in Binary Fluid Mixture: Collision-Induced Collisions
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The elementary process of droplet coarsening has been studied for phase-separating binary liquid
mixtures. For a slightly asymmetric quench, we have found two new types of coarsening behavior: (1)
a muttipte collision caused by the coupling effect between the shape relaxation after binary collision
and the geometrical configuration of neighboring droplets and (li) a collision indu-ced collision likely
caused by collision-diffusion coupling. For a nearly symmetric mixture the droplet density is so high
that we probably need to consider new mechanisms of droplet coarsening unique to Quid systems,
which originate from the coupling be@veen concentration and velocity fieLds

PACS numbers: 64.75.+g, 05.70.Fh, 61.25.Hq, 68.10,—m

In the late stage of spinodal decomposition, the mor-

phology of phase-separated structure can be grouped into
two types in terms of the composition symmetry [1]: an
interconnected structure for a nearly symmetric quench
and a droplet structure for an ofF-symmetric quench. The
coarsening mechanisms proposed for droplet phase sep-
aration have so far been (i) evaporation-condensation
mechanism [1,2] and (ii) collision and coalescence be-
tween droplets caused by the free, thermal diffusion of
droplets without any interaction [1,3]. The former is
known as the Lifshitz-Slyozov-Wagner (LSW) mechanism
and the latter as the Binder-StaufFer (BS) mechanism.
It is mainly dependent on the volume fraction of the
droplet (minority) phase, C~, which mechanism plays a
dominant role. Both mechanisms give the power law of
Ra = k(kBT/Seri)t for the evolution of the mean droplet
radius R in three dimensions (3D). Here k is a constant,
T is the temperature, ks is Boltzmann's constant, rl is

the viscosity, and t is the phase-separation time. For the
LSW mechanism k = 0.053 and for the BS mechanism
k = 124~ [4]. These relations were experimentally con-
firmed for C& ( 0.15 by Wong and Knobler [5] on the
assumption R q

i (q~: peak wave number of scat-
tering intensity). However, this assumption is question-
able since it is inconsistent with the experimental rela-
tion R ) q

i [6]. Thus k could be larger than 12O& [7].
For larger C~, Wong and Knobler [5] found the increase
of the time exponent from 3 to 1 with an increase in
the composition symmetry. This phenomenon was ex-
plained in terms of the intermittent cooperation between
Brownian coagulation and hydrodynamic coarsening [4)

by Furukawa [8].
So far little attention has been paid to the elementary

process of droplet coalescence, partly because scattering
techniques have been mainly used for experimental stud-
ies. From the theoretical viewpoints, deep considerations
on the problem were given by Siggia [4], Furukawa [8],
and Ohta [9]. In any studies, however, only the simple
Brownian coagulation based on binary collisions without
any interaction have been considered to account for the
elementary process inducing droplet collisions. In this

Letter, we demonstrate unusual elementary processes of
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FIG. 1. Pattern evolution during spinodal decomposition
in OCL/OS (35/65). (a) 2 s, (b) 9 s, (c) 60 s, (d) 120 s, (e)
1110s, and (f) 3210 s after the quench from 151.0 to 131.0 'C.
The bar corresponds to 40 pm.

droplet growth for near-symmetric fluid mixtures, which
cannot be explained by the conventional theories.

The samples used were a mixture of styrene oligomer

(OS) and e-caprolactone oligomer (OCL). This mixture
has an upper critical solution temperature (UCST)-type
phase diagram. The critical, symmetric composition of
the mixture was OCL/OS (2/8). The molecular weights
of OS and OCL were 1000 and 5000, respectively [10].
The mixture studied had an ofF-symmetric composition
of OCL/OS (35/65) and its phase-separation tempera-
ture was 150.0'C. The mixture was sandwiched by two

glass plates whose gap was several pm. Spinodal decom-
position was triggered by a temperature quench.

Figure 1 shows the phase-separation behavior observed
in a OCL/OS (35/65) mixture. For this mixture the
OS-rich phase forms a droplet. The coarsening is dom-

inated by direct collisions, and not by the evaporation-
condensation mechanism. Figures 2(a) and 2(b) indicate
the time evolution of the interface pattern for 131.0'C
and 119.8'C, respectively. Here C& = 0.27 for 131.0'C
and Cg = 0.35 for 119.8'C. The interface pattern was

extracted from the original images by a simple black and
white operation of digital image analysis (DIA) [10,11].
It should be noted that there was little macroscopic flow.

Figure 3 shows the temporal change in the droplet den-
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FIG. 2. Time evolution of interface pattern in OCL/OS
(35/65) after the quench from 151.0'C. The interface patterns
are superimposed every 6 s from 60 to 180 s. (a) 131.0'C,
(b) 119.8'C. The side length corresponds to 60 pm.

sity N and R. In regions I and II R ~ ti/s, while in
region III the coarsening rate slows down. It should be
noted that in region I the relation svrRsN = const does
not hold, while it becomes constant in region III. This
implies that the compositions of both droplets and ma-
trix are still changing in region I, which is consistent with
the following Fig. 5.

It is clearly demonstrated by both Figs. 2(a) and 2(b)
that a droplet experiencing a collision has a much higher
probability of a subsequent collision: Some droplets grow
very rapidly by experiencing a number of collisions dur-
ing the observation period, while the other droplets never
collide with the neighboring droplets during the same pe-
riod and do not grow in size. There is a striking differ-
ence in the coarsening rate between the droplets experi-
encing collisions and the droplets experiencing no colli-
sion. We call this unusual phenomenon collision-induced
collision (CIC) [12]. The translational motion of the
droplet can also be seen in Figs. 2(a) and 2(b). The
motion is directional and much faster than that expected
for the thermal diffusion of the droplet. The diffusion
length L of a droplet of size R during a period of St
is L (D~bt)i/2, where DIr is the diffusion constant
of the droplet and Dtt = k~T/5xrIR. In our mixtures
where rl ~ 1 P around 120'C, for example, L ~ 1 pm
for R 1 ym and 6't 300 s, which is consistent with
the motion of small droplets experiencing no collisions in
Figs. 2(a) and 2(b). The fact that large droplets (R ) 3
pm) sometimes move directly toward their neighboring
droplets over a few pm during bt = 120 s and collide
with each other [see Figs. 2(a) and 2(b)] [13] can never
be explained by the conventional BS mechanism, where
collisions are assumed to be induced by the free, ther-
mal Brownian motion of droplets. The large coarsening
rate is also qualitatively consistent with the prediction
of the intermittent cooperation of Brownian coagulation
for droplet pattern and hydrodynamic coarsening for bi-
continuous pattern [8]. However, the elementary coars-
ening behavior described above cannot be explained by
the simple cooperation of the two mechanisms since this
intermittency itself does not acct the droplet motion.
For our mixtures (C'q = 0.2—0.3), further, the intermit-
tency plays few roles since we never see the coex3.stence
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FIG. 3. Temporal change in N and R. Open and filled
circles are N's at 119.8 and 131.0'C. Open and filled squares
are R's at 119.8 and 131.0'C. The solid and dashed lines have
slopes of —1 and 3, respectively.

of droplet and bicontinuous patterns (see Figs. 1 and 2).
In addition to the above indirect CIC, we have also

found another kind of CIC, which is more direct and
apparent. Figure 4 shows such an example observed in

OCL/OS(35/65). Two droplets coalesce by collision to
form a new droplet and the droplet changes its shape
with time. In this shape relaxation process, it collides
with the neighboring droplet again simply because of the
geometrical configuration. This is also an important pro-
cess when the droplet density is very high. This clearly
indicates that the volume fraction of drop/ets is beyond

the range urhere only binary collision can be assumed as
in the conventional Brownian coagulation model. Both
types of CIC could seriously affect the coarsening dy-
namics. In the following we consider mainly the physical
mechanism of the indirect CIC since the mechanism of
the direct CIC is rather clear.

First we discuss the wetting effects on the interdroplet
interaction since the system is in a quasi-2D configura-
tion. When the minority phase is more wettable to glass,
phase separation is strongly affected by wetting phenom-
ena and the attractive interaction between droplets is
induced via the wetting layers by capillary instability
[14,15]. In our mixtures, however, the minority phase
(OS-rich phase) is less wettable to glass. For such a case
we have experimentally confirmed for both 1D and 2D

FIG. 4. Collision-induced collisions observed in OCL/OS
(35/65). (a) 855.0 s, (b) 956.6 s, (c) 968.4 s, and (d) 991.4 s
after the quench from 151.0 to 135.5 'C. The bar corresponds
to 20 p,m.

1703



VOLUME 72, NUMBER 11 PHYSICAL REVIEW LETTERS 14 MARCH 1994

capillaries that there is no confinement effect other than a
simple dimensional crossover [15]. The phenomenon can-
not be explained by the van der Waals interaction, either,
as estimated by Siggia [4]. Further, the phenomenon can-
not be explained by the evaporation-condensation mech-
anism since this mechanism alone does not cause direct
collisions [1].

We should also consider the efFect of a hydrodynamic
interaction between droplets. There is a hydrodynamic
flow field around the droplet which is caused by the
interface-tension driven shape relaxation after the col-
lision. Since the lifetime of the velocity field is short, a
subsequent collision can be regarded to occur after the
complete decay of the hydrodynamic flow, which has been
experimentally confirmed. Thus the phenomenon cannot
be explained by the hydrodynamic flow induced by colli-
sion.

Thus none of the above mechanisms ean account for
the phenomenon. Before discussing a new mechanism,
it is noteworthy pointing out the essential difFerence be-
tween solid and liquid systems: For a solid system the
gross variable is only the composition P, while for a fluid

system they are P and the velocity field u. Thus the
kinetic equations for classical binary fluids are [1]

local equilibrium could cause the concentration gradient
Vbg around a droplet. This situation is likely caused by
an interface quench egect which is described later. Fur-
ther, it should be stressed that for fluid systems such a
situation could also be realized even for the evaporation-
condensation mechanism for large 4g where the depletion
layers could be overlapped with each other. For the latter
case, we have the relation 6P;„q —

4& &„&&(+ + & )
near an interface from the Gibbs- Thorrison relation. Here
o is the interface tension, b,sty[= (r/u)i~z] is the final
equilibrium concentration for an infinite domain size, and
Ri and Rq are the principal curvatures. For both cases,
the asymmetry in the spatial distribution of the neigh-
boring droplets could cause for large 4g the imbalance of
Vbg (or flux) around the droplet and thus the imbalance
of the force against the droplet, which likely leads to the
translational hydrodynamic motion of the droplet and fi-

nally to the collision with a neighboring droplet. The in-

homogeneous droplet distribution suggests the existence
of the inhomogeneity in 6P of the matrix in a spatial scale
beyond R. For a solid system an interface can move only
by concentration diffusion, while for a fluid system it can
moue by the translational motion of droplet.

Finally we propose here a new effect unique to droplet
phase separation of a fluid system, in relation to the
above mechanism. In the conventional theories, the re-
laxation of the concentration field is assumed to be suf-
ficiently fast so that the difFusion field can be approxi-
mated by a solution of the Laplace equation. This quasi-
stationary approximation is valid only for a small dR/dt
Near the symmetric composition close to the percolation
threshold, the droplet density is high enough to cause a
direct, hard collision by Brownian motion in the early
stage of phase separation. Since the shape relaxation
after the collision is a hydrodynamic process and thus
dR/dt is large, the quasistationary approximation could
be violated severely. In this competitive regime, we prob-
ably need to consider the coupling between the collision
and the concentmtion dQfusion. Collision quickly reduces
the local interface energy of the droplet since the lo-

cal curvature of the droplet is rapidly decreased by co-
alescence. The interface reduction leads to the change
in the local-equilibrium concentration difference between
the two phases and the boundary condition. Thus there
is a relaxation process of the local concentration field to
follow this quick change in the local equilibrium caused
by the droplet collision.

Next we estimate this coupling effect (interface quench

effect) The local-eq. uilibrium concentration b,P~& for a
domain size of R can be roughly estimated from the local

energy minimum condition as follows, provided that the
concentration profile can be approximated by the trape-
zoidal shape with an interface width of ( in Eq. (3) and
R&& t,"

2bF
t

= —V. (Pv)+IoV +8,

W

dr --P +-P + —(VP)2 .
2 4 2

(4)

Here II is the stress tensor caused by the fluctuation of P.
p is the density, pi is a part of the pressure, and rl is the
viscosity. 8 and ( are random forces. The characteristic
feature of the fluid system is that the velocity field v(r, t)
strongly affects the dynamics.

In the conventional theories of droplet phase separa-
tion, this important characteristic of fluid systems, which
is known to play a significant role in bicontinuous pattern
[1,4], has not been considered so far. On the basis of the
above fluid model, the phenomenon of collision-induced
collision could be explained as follows. The most irnpor-
tant point is that the spatial variation (fluctuation) in P
causes the stress tensor II, or the force density I'y against
the fluid. Here Fy = —V II = —QV[T-] 2rPVbg, —
where bg is the deviation from the equilibrium concen-
tration. For small 4p, the local equilibrium is likely es-
tablished and Fy = 0 except at the interface of domains
since the chemical potential is constant except at the in-
terface, where the well-known Laplace law is satisfied.
Thus there is no velocity field and the coarsening pro-
cess is purely governed by diffusion mechanisms includ-

ing BS snd LSW mechanisms. This is consistent with
the conventional understanding of the late-stage droplet
phase separation. For large 4g, however, the overlap
between the diffusion fields and the deviation from the
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FIG. 5. Plot of Ep'd/b, pb against R/( based on Eq. (4) for
1Cg —~.

where g is the correlation length, d„is the spatial dimen-
sionality of the domain, b,Ps, and hP~ are the concen-
trations of the droplet and the matrix phases measured
from the average one, respectively (b,P = —[@s/(I—
Cd)]hpd). Here the relation (2 = K/2r is used. Fig-
ure 5 shows the plot of b,Psi/APb against R/( based on
Eq. (4) for 4~ = 2i for the sake of simplicity. In a phase-
separation process, b,pd/Apb changes with r = t/(( /D)
through the dependence of Rj( on r. Here D is the dif-
fusion constant and D = k~T/Srrrl(. For LSW mech-
anism (R/()s = 0.053r [4], while for BS mechanism
(R/()s = 124'gr [4]. In our case, however, collision in-
duces the jump in R/(, which causes the jump in b,

Qadi

(see Fig. 5). Since the difFusion cannot follow this rapid
hydrodynamic process, it is expected that the local equi-
librium is violated by the interface quench due to colli-
sion. The same idea could be applied for the collision-
induced change in bP;„t.

To check the above possibility, we have to study
whether the concentration diffusion can follow this quick
collision-induced change in b, P~z and bg;„tor not. The
shape relaxation time for a domain of size R is estimated
as r = crIR/o (c: a constant), while its characteristic
time of concentration difFusion is given by r~ R2/D.
Thus r /rD = cDrl/oR c(/SR from a = 0.2k~T/(
[1.]. For r & r~, the concentration deviates from its
local equilibrium value by collisions and thus the inter-
face quench effect is likely important. This condition

(r & rD) can be easily satisfied for the so-called late
stage. During this relaxation process characterized by
re which likely continues about r, ~ 5rri, there is a dif-

fusion field around a droplet experiencing a collision. It
should be noted that r, is very long for a semimacro-
scopic droplet. In our mixtures, for example, ~, 60 s
for R= 2 pm and ('= 10 nm, while r & 1 s [16].

The interaction strength is likely dependent on the
strength of the difFusion Ilux. Thus the strength of the
interaction decreases with time for the interface quench

sects since Ep's/Apb and bp;„tbecome insensitive to the
change in R with an increase in R (see Fig. 5). Thus the
conventional BS and LSW mechanisms probably domi-
nate the coarsening in the very late stage instead of the
CIC mechanism, which could lead to the slowing down
of the coarsening. The effective interaction range can be
regarded as the droplet radius. This leads to the con-

elusion that CIC could be important for most droplet

spinodal composition (s & 4?g & 2).
In summary, we have found unusual droplet coarsen-

ing behavior, namely, direct and indirect collision-induced

collisions, under a slightly, off-critical quench condition.
Collisions between droplets during phase separation are
not random, in contradiction to the conventional model.

Droplets are likely interacted with each other via the cou-

pling between diffusion fields around the droplets. The

local structure of droplet arrangement and the coupling

bettveen concentration and velocity fields should be taken
into account for large C'd. Since our experiments have

been performed in quasi two dimensions, the effect of the
dimensionality should be clarified. Further theoretical
and experimental studies including the estimation of the
coarsening rate for 3D are highly desirable to clarify the
mechanisms of collision-induced collisions.
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