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We study phase-separation behavior of an off-symmetric fluid mixture induced by a “double temperature
quench.” We first quench a system into the unstable region. After a large phase-separated structure is formed,
we again quench the system more deeply and follow the pattern-evolution process. The second quench makes
the domains formed by the first quench unstable and leads to double phase separation; that is, small droplets are
formed inside the large domains created by the first quench. The complex coarsening behavior of this hierar-
chic structure having two characteristic length scales is studied in detail by using the digital image analysis. We
find three distinct time regimes in the time evolution of the structure factor of the system. In the first regime,
small droplets coarsen with time inside large domains. There a large domain containing small droplets in it can
be regarded as an isolated system. Later, however, the coarsening of small droplets stops when they start to
interact via diffusion with the large domain containing them. Finally, small droplets disappear due to the
Lifshitz-Slyozov mechanism. Thus the observed behavior can be explained by the crossover of the nature of a
large domain from the isolated to the open system; this is a direct consequence of the existence of the two
characteristic length scales.
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I. INTRODUCTION

Phase separation is one of the most fundamental phenom-
ena responsible for the formation of heterogeneous structures
in condensed matter[1,2]. It is commonly observed in vari-
ous kinds of condensed matter including metals, semicon-
ductors, simple liquids, and complex fluids such as polymer
solutions, colloidal suspensions, emulsions, and protein solu-
tions. Generally, the dynamics and morphology of phase
separation is strongly dependent upon the quenching condi-
tions. From this standpoint, phase-separation phenomena are
classified into nucleation-growth(NG)-type and spinodal-
decomposition(SD)-type in the mean field picture[1,2]. Fur-
thermore, SD-type phase separation is grouped into bicon-
tinuous and droplet SD. So far most of studies on phase
separation have been focused on the ordering process accom-
panied by a single rapid temperature quench from a one-
phase to a two-phase region[1,2]. Kinetics of phase separa-
tion induced by a single temperature quench has reasonably
been understood by intensive researches[3–7].

A quench condition including the composition and tem-
perature of a mixture is one of the key factors that determine
how the phase separation proceeds. There is a possibility that
a variety of interesting phase-separated patterns are created
by complex temperature modulations. One of such examples
is periodic spinodal decomposition, which was theoretically
predicted by Onuki[2,8] and experimentally studied by
Joshuaet al. [9] and also by us[10]. Effects of the thermal
cycle on a gas-liquid transition was also investigated[11].

Here we focus our attention on the simplest multiple quench,
namely, a double quench[12–14], which is composed of the
first quench from a one-phase to a two-phase region and the
second quench within the two-phase region. Although the
final equilibrium state is determined solely by the final tem-
perature, the process is strongly affected by the quench his-
tory. Thus, it is important to clarify how the quench history
affects the kinetic pathway of phase separation. Here we con-
sider this problem for a simple double temperature quench,
where the second quench is a deeper one. Although the sec-
ond quench can be a shallower one[14,15], we do not con-
sider such a case in this paper.

The pattern evolution caused by this type of double
quench has been studied experimentally and numerically by
several groups[12–20]. In these studies, the structural evo-
lution has been mainly analyzed in the wave-numbersqd
space. Here we aim at elucidating the characteristic feature
of the pattern evolution induced by a double temperature
quench by combining bothreal srd and wave-numbersqd
space analyses. On the basis of these analyses, we propose a
simple mechanism for domain coarsening of a hierarchic
phase-separated structure.

The organization of this paper is as follows. In Sec. II, we
describe the details of the experiments. In Sec. III, we de-
scribe the process of double phase separation induced by a
double temperature quench. In Sec. VI, we analyze the pat-
terns produced by double phase separation and their tempo-
ral change quantitatively. In Sec. V, we discuss the coarsen-
ing mechanism of double phase separation. In Sec. VI, we
summarize our paper.

II. EXPERIMENT

Samples used were binary mixtures ofe-caprolactone oli-
gomer(OCL) and styrene oligomer(OS). The OCL had the
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weight-averaged molecular weightMw of 2000 and its ratio
of the weight-averaged to the number-averaged molecular
weight Mw/Mn was 1.20. For the OS,Mw=1000 and
Mw/Mn=1.04. The samples were sandwiched between the
two cover glasses and the sample thickness was,3 mm. We
measured the binodal and spinodal temperatures of this sys-
tem in various compositions by direct observation with phase
contrast microscopy and determined the phase diagram with
an upper critical solution temperature(UCST), as shown in
Fig. 1. The sample temperature was controlled with a reso-
lution of 0.1 K by a temperature-controlled hot stage
(Linkam TH-600 RMS). The maximum rate of the tempera-
ture change was 1.5°C/s.

We analyzed the structural evolution, which was observed
with phase contrast microscopy, by using the digital image
analysis(DIA ) method[21]. For example, the structure fac-
tor Ssqd can be obtained by calculating the power spectrum
of an image with the help of fast Fourier transformation
(FFT). We use the zero-filling method to avoid the effect of
leakage. We add the 20 areas with a value of zero about one
direction around the original image, setting the average of
the background level of the original image to zero. Then, the
2D-FFT of the whole image is processed. We also apply the
smoothing operation for the 2D power spectrum to obtain a
smooth structure factor. This operation is particularly useful
for a small image, whose size is only several to ten times
larger than the periodicity of the structure.

Various analyses in real space can also be made. This is a
great advantage of DIA over the conventional scattering
techniques.

III. PHASE-SEPARATION BEHAVIOR AFTER A DOUBLE
QUENCH

A. Pattern evolution

First we describe the overall features of pattern evolution
after a double temperature quench by demonstrating a typical
example.

At the time t=0 we quench a OCL/OSs30/70d mixture
from the stable to the unstable regionsT=T1=132 °Cd. After
this first quench, spinodal decomposition takes place. In the
late stage, droplets of the minority phase(the OCL-rich

phase) are formed and coarsen with time. We call this struc-
ture formed by the first quenchthe first-order structure.

Then, we applied the second quench to the system att
= t0=2048 s; the temperature was further changed toT2
=130 °C. The pattern evolution of the system after this sec-
ond quench is shown in Fig. 2. The time evolution inside a
large OCL-rich droplet after the second quench can be seen
in Fig. 3.

After the second quench there appeared small OS-rich
droplets in the OCL-rich droplets formed by the first quench.
We call this structure inside large droplets thesecond-order
structure. First this subsystem coarsens with time mainly by
the Brownian-coagulation mechanism[23–25] accompany-
ing direct droplet collisions and coalescence. However, the

FIG. 1. The phase diagram of the OS/OCL mixture. The solid
and dashed curves are the binodal and spinodal lines, respectively.
The dashed line is the composition symmetry line.

FIG. 2. Pattern evolution of the system after a double quench.
[OCL 2000/OS 1000s30/70d, T:132 °C→130 °C→130 °C, t0
=2048 s]. The second quench induces the phase separation of each
phase. The phase with a dark contrast is the OS-rich one. The small
droplets formed in the dark OCL-rich matrix phase disappear very
quickly due to the wetting effects since they favor the glass walls
and thus are very difficult to be observed. The secondary OS-rich
droplets formed in the OCL-rich droplets, on the other hand, can be
clearly seen since they are almost free from wetting effects[22].

FIG. 3. Temporal change of the pattern inside a large OCL-rich
droplet after the second quench. The size of an image corresponds
to 25325 mm.
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small droplets near the interface of the large OCL-rich drop-
let starts toevaporateand disappear. Eventually all the small
OS-rich droplets disappear. This disappearance of the smaller
droplets is controlled by the Lifshitz-Slyozov mechanism
[23,26], as will be discussed later in detail. The qualitative
feature is the same as that reported by one of the authors
(H.T.) previously [14]. In the following section, we make
quantitative analyses by using DIA.

B. Wetting effects on pattern evolution

Since OCL is more wettable to glass than OS, phase sepa-
ration is affected by wetting phenomena in a particular man-
ner characteristic of this configuration[22]. It is worth men-
tioning that wetting effects can be strongly delocalized by
hydrodynamic effects for fluid mixtures[22] and thus they
do seriously affect phase-separation behavior even for a mac-
roscopic sample. In relation to this, it is one of the advan-
tages ofr-space observation overq-space one that we can
directly see how wetting effects affect the overall coarsening
behavior. In our study, for example, we focus on the coars-
ening process of the second-order structure(small OS-rich
droplets). This is because the coarsening behavior of small
OS-rich droplets, which are less wettable to glass than the
matrix phase, is not affected by wetting effects[22] (see also
below). Since it is not the aim of this paper to study the
wetting effects on phase separation and furthermore we are
mainly interested in the effects of the second quench on pat-
tern evolution, we do not dwell into the problem of wetting
effects in this paper.

C. Characteristics of q-space andr-space analyses of patterns
using DIA

DIA is a very powerful method[21] to study the pattern
evolution after a double quench. After the second quench a
substructure is formed inside each droplet created by the first
quench. Light scattering experiments provide the structure
factor of the entire structure in the scattering volume. The
structure factorSsqd calculated from the patterns observed
with phase-contrast microscopy, is essentially the same as
that obtained by light scattering[21]. The top figure of Fig. 4
shows such a structure factor calculated by using DIA. This
structure factor contains information on both large and small
droplet structures, which give rise to the two scattering
peaks. The small shoulder inSsqd in the top figure of Fig. 4
reflects the spatial distribution of small droplets. However,
the peak from the larger structure is much stronger than the
one from the smaller structure and furthermore the separation
of the two peaks is not so large. These facts make it difficult
to obtain the precise information on the secondary(small)
droplets, or the second-order structure, from the overall
structure factor in light scattering experiments, although use-
ful physical information can be extracted by careful analyses,
as demonstrated by Hashimoto and co-workers[17,18].

In the case of DIA, on the other hand, a subimage that
contains only the second-order structure can easily be ob-
tained just by cutting an image. By applying the Fourier
transformation to the subimage, a local structure factor can
be calculated(see the bottom figure of Fig. 4). So the tem-

FIG. 4. Structure factor of the whole system(top) and the
second-order structure only(bottom).

FIG. 5. Temporal change inSsqd obtained by DIA. A system is
OCL/OSs31/69d. The mixture is quenched from the homogeneous
state to the unstable statesT1=130 °Cd at t=0 and again quenched
into the lower temperaturesT2=125 °Cd at t= t0=1800 s. When the
peak intensity ofSsqd becomes maximum just after the second
quench, we can clearly see the shoulder, which reflects the spatial
correlation of small second-order droplets.

FIG. 6. Temporal change in the peak intensitySsqpd of the struc-
ture factor.Ssqpd abruptly increases just after the second quench.

COARSENING MECHANISM OF PHASE SEPARATION… PHYSICAL REVIEW E 70, 051504(2004)

051504-3



poral change of the second-order structure formed by the
second quench inside the first-order structure(large droplets)
can precisely be analyzed using DIA, as will be shown be-
low.

Similarly, we can apply variousr-space analyses to either
the first-order or the second-order structure.

IV. QUANTITATIVE ANALYSIS OF PHASE-SEPARATION
PATTERNS INDUCED BY DOUBLE QUENCH

Here we analyze the pattern evolution induced by a
double quench in detail by using DIA. As a typical example,
we analyze phase separation of OCL/OSs31/69d, which is
quenched from the homogeneous state to the unstable state
sT1=130 °Cd at t=0 and again quenched into the lower tem-
peraturesT2=125 °Cd at t= t0=1800 s.

A. Coarsening of the first-order structure

1. q-space analysis

In Fig. 5 we show the time evolution of the structure
factor Ssqd of the first-order structure. The peak intensity of
Ssqd decreases before the second quench, but it abruptly in-
creases by the second quench, as shown in Fig. 6.

Figure 7 (top) shows the temporal change in the peak
wave number of the structure factor corresponding to the
first-order structure. After the first quenchqp decreases, re-
flecting the coarsening of the first-order structure. The tem-
poral change ofqp is described by the power lawqp~ tD (D
=−0.20 in this case). After the second quenched att= t0, the

FIG. 7. Temporal change in the peak wave numberqp of the
DIA structure factor for the first-order structure(top). In the bottom
figure, qp is plotted againstt− t0 instead oft. D is the exponent of
the power law;qp~ tD.

FIG. 8. Top figure: Temporal change in the number of the first-
order droplets. Bottom figure: It is plotted againstt− t0 instead oft.

FIG. 9. Top figure: Temporal change in the number-averaged
radius of the first-order droplets. Bottom figure: It is plotted against
t− t0 instead oft.
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coarsening rate is accelerated. The time dependence ofqp no
longer obeys the power law there. However, if we replot it
againstt− t0 instead oft, we recover a power law[17,18] but
with a different exponentsD=−0.16d as shown in Fig. 7
(bottom). Since the coarsening is accelerated after the second
quench, the memory of the system evolution up to timet0 is
soon lost.

2. r-space analysis

Here we describe the results of the real-space analysis of
the pattern evolution. Figures 8 and 9 show the temporal
changes of the number and the number-averaged radius of
the first-order droplets, respectively. Since the process of the
coarsening of the first-order(OCL-rich) droplets is affected
by the wetting effects, no distinct scaling laws are observed.
For example, the flow from the wetting layers to droplets
bridging them apparently violates the in-plane conservation
law [27,22]; this leads to the violation of the simple scaling
law for the late-stage coarsening.

B. Evolution of the second-order structure

Next we examine the temporal change of the second-order
structure in detail.

1. q-space analysis

In Fig. 10 we show the time evolution of the local struc-
ture factor of the second-order structure. From this we can
extract the temporal changes in the peak wave number and
peak intensity, which are shown in Fig. 11.

Evidently there exist three time regimes for the time evo-
lution of the local structure factor(see Fig. 11). In regime I,

the peak wave numberqp decreases with time, while the
peak intensitySsqpd increases. In regime II, which starts at
t= t1, this tendency stops and bothqp and Ssqpd are almost
constant with time. Finally, in regime III, which starts att
= t2, qp starts to decrease again whileSsqpd keeps stagnating
[it finally decays(not shown), reflecting the disappearance of
small droplets]. The coarsening of the second-order droplet
is much slower than that of usual droplet phase separation
induced by a single quench. This regime III continues until
the second-order structure completely disappears.

2. r-space analysis

Next we show the results of the real-space analysis of the
second-order structure. Figure 12 shows the temporal change
in the total volumeV of the OS-rich phase(the phase making
up the second-order droplets) in a first-order droplet(more
precisely, in an area, which almost covers a particular first-
order droplet and amounts to 9390mm2). In regimes I and II,
V is constant with time, while in regime IIIV decreases with
time obeying a power law. We also analyzed the temporal
change in the number of the second-order dropletsnS in the
same first-order droplet as well as that in their number-
averaged radiusRS; the results are shown in Figs. 13 and 14.
The growth rate of the second-order droplets is much slower
than usual phase separation, as mentioned above.nS de-
creases with time, whileRS increases with time. For both
cases, the rate of the change increases with time.

FIG. 10. Temporal change in the structure factor of the second-
order structure alone.

FIG. 11. Temporal change in the peak wave numberqp (s) and
the peak intensitySsqpd (P) of the local structure factor.

FIG. 12. Temporal change in the total volume of the OS-rich
phase inside a first-order droplet, whose area is 9390mm2.

FIG. 13. Temporal change in the number of the OS-rich small
droplets in the first-order droplet, whose area is 9390mm2. The
slope of the solid line for regime III is −1.
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V. DISCUSSION

Here we discuss the mechanism of the pattern evolution
after a double quench on the basis of the above results. Let
us consider the meaning of the key timings separating three
regimes I–III. First we consider the meaning of the timet1.
There are two coarsening mechanisms in the late stage of
droplet phase separation. One is the Brownian-coagulation
mechanism and the other is the evaporation-condensation
(Lifshitz-Slyozov) one [1,2,23]. Both processes give the
same power lawqp~ t−a (a=1/3 for three dimensions)
[1,2,4,6,23,25]; in real space,R3=kdskBT/5phdt, whereh is
the viscosity andkB is the Boltzmann constant. For fluid
mixtures both mechanisms are operative. Although the expo-
nent is the same for both mechanisms, there is a crucial
difference in the prefactorkd between them: the prefactor of
the Brownian-coagulation mechanism is proportional to the
volume fraction of the minority phaseFV skd=6FVd, while
that of the evaporation-condensation one only weakly de-
pends upon itskd,0.053d. The prefactor becomes compa-
rable whenFV is around 1%. We note that the volume frac-
tion of the minority phase in the first-order droplet, which is
estimated fromV (see Fig. 12), is just around this value.

Soon after the second quench(in regime I), the dominant
coarsening mechanism is the Brownian-coagulation one,
which we confirmed by the direct observation of the collision
and coalescence process. At timet1, however, the dominant
coarsening mechanism switches from the Brownian-
coagulation to the evaporation-condensation one. The above
crossover was directly confirmed by microscopic observation
of the elementary process of the droplet coarsening. Since

the droplet size is too small in regime II, here we show in
Fig. 15 a typical elementary coarsening process of the
second-order small droplets due to the evaporation-
condensation mechanism, which was observed in regime III.
Note that it takes about 103 s for the evaporation of the small
droplet. Because of this slow coarsening kinetics of the
evapolation-condensation process, the domain coarsening
apparently looks as if it completely stops att1. Although the
exact mechanism of this crossover and the difference in the
coarsening speed are not clear at this moment, we speculate
that this crossover behavior is induced by the rapid decrease
in the droplet number density and/or the dimensional cross-
over from three to quasi two dimensions due to the finite
thickness effect. Further theoretical studies are necessary to
clarify the physical mechanism of the switching of the rel-
evant coarsening mechanism.

Next we consider the meaning oft2. From the fact that the
total volume of the secondary droplets starts to decrease
from the timet2 (see Fig. 12), we can conclude thatt2 is the
time when the second-order system starts to lose the OS
component due to its flux toward the interface of the large
droplet; aftert2, the conserved nature of the coarsening be-
havior inside the first-order droplet starts to be violated “lo-
cally.”

To understand this phenomenon, it is important to recog-
nize the special situation of the intradroplet subsystem. The
Lifshitz-Slyozov process arises from the fact that the smaller
a droplet is, the higher the concentration of the component
that is rich in the droplet phase at the matrix-side boundary
of the droplet is. It should be noted[14] that the interface of
the first-order droplet should be regarded as the boundary
with a negative curvature for small secondary droplets. So
the concentration near the inner boundary of the first-order
OCL-rich droplet,fL, should be lower than the final equilib-
rium value of the OCL-rich phase,f0.

The Gibbs-Thomson relation[2] tells us that the concen-
tration just inside the interface of the large OCL-rich droplet,
fL, is given by

fL = f0 − Df
2d0

RL
, s1d

whereRL is the radius of the first-order droplet andDf is the
concentration difference in the coexisting phases. Hered0 is
the so-called capillary length, which is give by[2]

d0 =
sj2

2kBTDf2 , s2d

where s is the interface tension andj is the correlation
length, or the interface thickness. On the other hand, the
concentration just outside a small secondary droplet of radius
RS is given by

fS = f0 + Df
2d0

RS
. s3d

Equations(1) and(2) immediately tell us thatfS.fL. This
suggests that OS component, which is rich in the second-
order droplets, is transferred via diffusion to the outside ma-
trix OS-rich phase. Accordingly, the second-order droplets

FIG. 14. Temporal change in the number-averaged radius of the
OS-rich small droplets inside the first-order droplet. The growth of
the droplet size is quite slow.

FIG. 15. The elementary process of domain coarsening due to
the evaporation-condensation mechanism observed in a first-order
droplet in regime III. The images correspond tot− t0=1448, 1722,
2048, and 2436 s, respectively. The image size corresponds to 5
35 mm.
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evaporate and eventually disappear completely.
However, it takes some time for this diffusion process to

be really operative.t2, which separates regime II and III, can
be regarded as the time required for the Lifshitz-Slyozov
mechanism to be operative in the inner region of the large
OCL-rich droplets. It is the characteristic diffusion time over
the size of the large droplet and estimated as

t2 , RL
2/Dc. s4d

HereDc is the mutual diffusion constant given by[2]

Dc =
kBT

6phj
. s5d

Let us estimate the value oft2. According to the mean-field
theory

j = bÎ 1

f
+

1

1 − f

12S 1

NAf
+

1

NBs1 − fd
− 2xD , s6d

whereb is the bond length,NA and NB are the degrees of
polymerization of the two components, andx is the interac-
tion parameter. Here we use the relationx~T0/T (T0 is a
constant temperature); T0 is determined asT0=22 K from the
critical temperature of our system. We also assume that the
viscosity of the system is the simple weighted average of
those of its components. The viscosities of OCL and OS
were measured using a rotational viscometer, from which we
got h=0.090 Pas. With these values andNA =106,NB=18.5,
b=0.153 nm, and T=125 °C, we obtain Dc=5.7
310−12 m2/s from Eqs.(5) and (6). By using RL =60 mm,
we estimatet2 as t2=630 s from Eq.(4). This is very much
consistent with the experimentally determined value oft2
,650 s.

Here we summarize the physical scenario of the pattern
evolution of the second-order structure(see Fig. 16). The
second quench brings the intradroplet system into the un-
stable region and causes its spinodal decomposition into the
two phases. When the process enters into the late stage of
second spinodal decomposition, the Brownian-coagulation
mechanism becomes the dominant coarsening mechanism
(regime I). This mechanism keeps operative until the number
density of the small droplets becomes too small for it to

work. Then the dominant coarsening mechanism switches
from the Brownian-coagulation mechanism to the
evaporation-condensation one. This can be explained as fol-
lows. Both mechanisms are operative for fluid mixtures.
However, since the latter depends on the droplet density less
significantly than the former, the latter becomes more domi-
nant than the former in the late stage, reflecting the decrease
of the droplet density with time. This switching of the
mechanism causes the drastic slowing down of the droplet
coarsening(regime II). During regimes I and II, a subsystem
can be regarded as an isolated system. However, this is no
longer true in regime III and a subsystem(or a small droplet)
starts to fully interact with the outer matrix phase. In other
words, in regimes I and II small secondary droplets does not
feel the concentration at the inner boundary of the first-order
droplet, but at timet2 they start to feel it and all small sec-
ondary droplets start to evaporate in regime III, since they
evaporate and condensate onto the matrix phase surrounding
the first-order droplet.

Finally, we point out that the characteristic timest1 andt2
are dependent upon the domain size of the first-order droplet
R. Thus, the domain-size distribution that intrinsically exists
in the first-order structure makes the crossover behaviors ob-
scure, even though the individual domain has its unique and
distinct crossover behavior. This is another merit of DIA
analysis over the scattering techniques in revealing the
physical mechanism.

VI. CONCLUSION

In this paper we study the late stage of the phase-
separation behavior of a binary mixture after a double
quench using DIA method. We clarify the physical mecha-
nism governing the complex phase-separation behavior. In
particular, the secondary phase separation caused by the sec-
ond quench can be separated into three characteristic re-
gimes. In the first two regimes, a subsystem inside a large
first-order droplet can be regarded as an isolated system,
while in the last regime it can no longer be regarded as an
isolated one and it strongly interacts with the surrounding
matrix. This peculiar coarsening behavior is a direct conse-
quence of the existence of the two characteristic length
scales for double phase separation.

The phase-separation phenomena under a multiple quench
is quite rich and interesting from both fundamental and ap-
plications viewpoints. For example, a multiple quench can
transiently induce a hierarchic phase-separation structure. We
also note that double phase separation can be induced even
by a single quench[28] when the diffusion cannot catch up
with the fast hydrodynamic coarsening. Further studies are
highly desirable for clarifying the mechanism dominating hi-
erarchical phase ordering under various multiple quenches
and applying the phenomena to the structural control of ma-
terial.
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FIG. 16. Schematic figure describing the pattern evolution after
a double quench. The thick black arrow indicates the diffusion flux
induced by the concentration gradient.
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