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For nearly symmetric binary fluid mixtures, the coupling between concentration and velocity
fields leads to a quick hydrodynamic coarsening. For bicontinuous phase separation, the pattern
evolution is known to be governed by tube hydrodynamic instability. The interface tension is a

driving force in the hydrodynamic coarsening.

In the conventional theories of late-stage phase

separation, local equilibrium has so far been assumed; however, this assumption might not be valid
for nearly symmetric fluid mixtures even after the formation of a sharp interface. This is because the
interfacial tension probably starts to play a major role in coarsening before the concentration reaches
the local equilibrium concentration. In such a case, there is a possibility that the concentration
diffusion cannot follow this quick geometrical coarsening. This could cause a drastic effect, which
we call an interface quench effect. The interface quench effect could induce spontaneous double phase
separation for bicontinuous morphology, especially under a geometrical confinement.

PACS number(s): 64.75.+g, 68.45.Gd, 68.10.—m, 05.70.Fh

I. INTRODUCTION

Phase-separation phenomena have been extensively
studied by many researchers from both the experimen-
tal and the theoretical viewpoints [1,2]. The phenom-
ena are commonly observed in mixtures of various types
of condensed matter such as liquids, polymers, metals,
semiconductors, and glasses. Phase-separation behav-
ior in these types of condensed matters can be classified
into a hydrodynamic group and a solid group, depend-
ing upon whether hydrodynamics plays a role in coars-
ening or not, respectively. In this paper, we focus our
attention on unique features of the hydrodynamic group,
which is widely known as the dynamic universality class
“model H” in the Hohenberg-Halperin notation [3]. In
the late stage of spinodal decomposition where a sharp
interface is formed, the morphology of a phase-separated
structure can be grouped into two types in terms of the
composition symmetry: a bicontinuous structure for a
nearly symmetric quench and a droplet structure for an
off-symmetric quench. The typical phase-separation pat-
terns (bicontinuous and droplet patterns) are schemat-
ically shown in Fig. 1. The coarsening mechanism for
bicontinuous phase separation has been revealed to be
the hydrodynamic coarsening driven by the capillary in-
stability, which is known as Siggia’s mechanism [4].

In the late stage, the local equilibrium has so far been
assumed to be established and never to be broken for any
mechanism [1,5-8]. Actually, all the coarsening mecha-
nisms for the late-stage phase separation have been based
on the local-equilibrium assumption or more precisely the
fact that the compositions of both phases have their final
equilibrium values [1]. This is the heart of the scaling
concept for the late-stage phase separation. When the
hydrodynamic coarsening plays an important role as in
the case of the Siggia’s mechanism [4], however, it is not
obvious whether we can assume local equilibrium or not.
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In the late stage, the domain size R is much larger than
the interface thickness, or the correlation length £, and
in this regime it has been believed that the concentra-
tion is almost equal to the final equilibrium value and
only the interfacial energy should be considered. This is
obviously true for R > &, however, it is not clear how
large the ratio R/€ should be for the assumption to be
valid. This assumption has been thought to be supported
by the experimental fact of light scattering on phase-
separating symmetric mixtures that the time exponent
for the characteristic wave number gq,,, «, and that for
the scattering intensity maximum I,,, B, are connected
as B = 3a [1,5-8]. In Fig. 8 of Ref. [5], for example, the
quantity ¢3 I, is roughly constant with time. Strictly
speaking, however, it is an increasing function of time.
This indicates that the concentration difference between
two phases slightly increases with time for both isobu-
tyric acid-water and 2,6-lutidine-water mixtures. Since
the interfacial energy should be coupled with the local-
equilibrium concentration through the requirement of the
local free-energy minimum, we cannot neglect the depen-
dence of the local-equilibrium concentration on the do-
main size [9-11] even for R > 10£. On the basis of this
idea, we have recently proposed a concept of “interface
quench” unique to a hydrodynamic group. The scaling
relation 8 = 3« is not likely so sensitive to a slight de-
viation of the concentration from the final equilibrium
one. Recent computer simulation of phase-separating bi-
nary fluids by Shinozaki and Oono [12] seems to support
our idea since it indicates that the concentration does
not necessarily reach its equilibrium value even after the
formation of a sharp interface.

In this paper, we discuss effects of interface quench
induced by the quick hydrodynamic reduction of the in-
terfacial energy, which were proposed in previous papers
[10,11]. Then, we demonstrate the importance of the cou-
pling between the concentration and the velocity fields
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FIG. 1. A schematic phase diagram of a binary fluid
mixture. The two-phase region is divided into metastable
and unstable regions. In the former nucleation-growth-type
phase separation (NG) occurs, while in the latter spin-
odal-decomposition-type phase separation (SD) occurs. From
the morphological viewpoints, further, an unstable, spinodal
region can be grouped into the two regions corresponding to
bicontinuous phase separation and droplet phase separation,
depending upon the composition symmetry. Here, we assume
that the two components are dynamically symmetric for the
sake of simplicity. The coarsening dynamics is closely cor-
related with the morphology. Any asymmetry breaks a bi-
continuous structure and at a certain time there is a transi-
tion from a bicontinuous to droplet morphology. In the fig-
ure, the two bicontinuous regions are drawn for two different
phase-separation times. The brighter region is for the earlier
stage of phase separation, while the darker region is for the
later stage.

due to the quick hydrodynamic coarsening for bicontinu-
ous phase separation near a symmetric composition. The
interface quench effect for droplet phase separation will
be discussed in a forthcoming paper.

II. PHASE DIAGRAM

Before discussing the interface quench effect, the phase
diagram for a typical binary mixture is discussed, focus-
ing on the phase-separation morphology. It has been
known that near the symmetric composition, bicontinu-
ous phase separation proceeds. This bicontinuous phase
separation could, however, be transformed into droplet
phase separation by any asymmetry, such as the com-
position asymmetry [1] and the asymmetry in the vis-
coelastic property between the two phases [13-15]. The
former has been well known and discussed by many re-
searchers, while the latter has been largely unexplored.
Dynamic asymmetry strongly affects both morphology

and coarsening dynamics of phase separation and the
behavior cannot be described by the conventional the-
ories. Thus, in addition to the static composition sym-
metry, the dynamic symmetry reflecting the rheological
properties of the separating phases should be considered
[14,15]). Strictly, the conventional classification of mor-
phology into bicontinuous and droplet patterns, which
is based on the composition symmetry, is valid only for
dynamically symmetric fluid mixtures. For the sake of
simplicity, we consider only dynamically symmetric mix-
tures hereafter.

Here, we show a schematic phase diagram on mor-
phology in Fig. 1. It should be stressed that whether
a phase-separation morphology is bicontinuous-type or
droplet-type is likely dependent on the phase-separation
time and cannot be determined solely by the composition,
as schematically shown in Fig. 1. A slight off-symmetry
could lead to the morphological change from a bicontin-
uous to a dropletlike pattern (see, e.g., Fig. 1 in Ref.
[16]). When the inside-outside symmetry is broken, the
domains have a tendency to have a finite mean curvature
and become spherical and, thus, a bicontinuous pattern
could eventually transform into a droplet pattern. Only
the exactly symmetric mixture could keep a bicontinuous
morphology forever, if the other nonideal effects such as
finite-size effects and gravity effects are negligible. Such
an exactly symmetric situation might be realized only in
a computer simulation. The percolation threshold for
three dimensions has been believed to be A¢ ~ 1/3,
where A¢ is the deviation of the composition from the
symmetric one normalized by the deviation of the equi-
librium composition from the symmetric one. The re-
gion where bicontinuous phase separation is experimen-
tally observed by optical microscopy, however, seems to
be much narrower than this prediction (see Fig. 1 in Ref.
[17]). We believe that this inconsistency between the
percolation threshold theoretically estimated, and that
experimentally determined is due to the invalid assump-
tion of the random distribution of droplets in the theory.
A droplet pattern has some regularity in its spatial dis-
tribution in spinodal decomposition, likely reflecting the
conserved nature of the order parameter and also the
nature of the coarsening due to a droplet collision [18].
This is natural since droplets always accompany the de-
pletion layer, or the surrouding matrix. This regularity
becomes weaker as the coarsening proceeds [18]. If we
take into account the regularity of the spatial distribu-
tion of droplets, the percolation threshold of A¢ would
be estimated to be much smaller than A¢ ~ 1/3. Ex-
perimentally, there remains a slight possibility that this
might be due to the fact that since optical microscopy
observation can be applied only for the late stage, the
crossover from a bicontinuous to droplet pattern could
be finished before the structure becomes observable. We
think, however, that the regularity in a droplet pattern is
the more probable reason for the phenomenon observed
than the nonideality of the experiments. Further experi-
mental and theoretical studies on this problem is neces-
sary. In this paper, we consider the hydrodynamic effect
on bicontinuous phase separation, while in a forthcoming
paper we will consider that on droplet phase separation.
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III. EXPERIMENTAL EVIDENCE

Here, we briefly summarize experimental evidence in-
dicating the effects of the hydrodynamic interface quench
which were partly reported in Ref. [10].

A. Experiment

The samples used were mixtures of poly(vinyl methyl
ether) (PVME) and water and mixtures of e-caprolactone
oligomer (OCL) and styrene oligomer (OS). For a PVME-
water mixture, we used PVME having the weight-average
molecular weight M,, of 98 200. In this mixture, the
water-rich phase is more wettable to glass than the
PVME-rich phase. The critical composition was PVME-
water (7:93) and the critical temperature was 33.2°C.
The phase diagram of this mixture was shown in Fig. 1
of Ref. [17]. For an OCL-OS mixture, on the other hand,
M, of OCL and OS were 2000 and 1000, respectively.
Polydispersity ratios of OCL and OS were 1.2 and 1.04,
respectively. This mixture has an upper-critical-solution-
temperature (UCST)-type phase diagram. The critical
composition was OCL:05(30:70) and the critical temper-
ature was 135 °C. In this mixture, the OCL-rich phase is
more wettable to glass than the OS-rich phase.

A sample mixture was set in a 1D capillary with the
inner tube radius of 79 or in a 2D capillary composed
of two parallel plates with a gap of d. The thickness of
glass plates for a 2D capillary was ~ 100 ym. d was
controlled by using monodisperse glass beads as spacers.
The pattern evolution dynamics was directly observed in
real space with video optical microscopy.

Phase separation in these mixtures was triggered by a
temperature jump from the stable, one-phase region to
the unstable, two-phase region. The temperature of a
sample was changed by using a hot stage (Linkam TH-
600RMS) typically with a rate of —3°C/s. For a very
deep quench beyond several degrees, we transferred a
sample from one hot stage to the other hot stage. This
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method provides us with an extremely high quench rate.
The phase-separation time was measured from the time
when a sample starts to look cloudy, which roughly cor-
responds to the time when the temperature becomes the
final one.

B. Double phase separation for bicontinuous phase
separation in a confined geometry

Double phase separation (DPS) was observed in either
one-dimensional (1D) or 2D capillaries under an influence
of wetting [10]. Here, we demonstrate several examples
of both usual phase separation and DPS under a geo-
metrical confinement (see, also, Figs. 1 and 2 and their
explanations in Ref. [10]).

Figure 2 shows phase-separation behavior of a PVME-
water (7:93) mixture confined in a 1D capillary (ro =
200 pm) at 33.5°C [17]. The quench depth AT was
0.3°C. Since this composition was symmetric, bicontin-
uous phase separation was observed in the initial stage.
Then the wetting layer is very quickly formed by the
hydrodynamic instability unique to bicontinuous phase
separation as already discussed in Ref. [17]. Then the
wetting layer becomes unstable because of the Rayleigh-
like instability and the tube configuration of the wetting
layer is transformed into stable, periodic bridges (bam-
boolike structure). In the case of a shallow quench, we
do not see any indication of double phase separation and
each phase-separated phase is completely transparent.

Figure 3 shows pattern evolution of a PVME-water
(7:93) mixture confined in a 1D capillary (ro = 79 pm)
at 34.0°C. The quench depth AT was 0.8°C. Although
the very initial stage of phase separation is similar to
that in Fig. 2, the retarded, secondary phase separation
was clearly observed inside the macroscopically separated
phases in this case. This can be noticed around 1 s af-
ter the quench due to the fact that the two phases look
cloudy. Then droplets caused by the secondary phase
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FIG. 2. Phase separation in a 1D capillary
for PVME-water (7:93). Photographs corre-

spond to 1.0 s, 1.5 s, 2.0 s, 3.0 s, 4.0 s (left
column); 17.0 s, 57.0 s, 87.0 s, 127.0 s, 147.0
s (right column); from top to bottom, re-
spectively, after the temperature jump from
32.5°C to 33.5°C. The bar corresponds to
200 pm.
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FIG. 3. Phase separation in a 1D capil-
lary for PVME-water (7:93) mixture. Pho-
tographs correspond to 0.3 s,0.8s,1.3s, 1.8
s, 3.8 s, 16.8 s (left column); 22.3 s, 23.8
s, 28.8 s, 88.8 s, 479.0 s, and 3000 s (right
column); from top to bottom, respectively,
after the temperature jump from 32.5°C to
34.0°C. The bar corresponds to 200 pm.

separation grow to become visible around 20 s after the
quench. This unusual phenomenon (DPS) was not ob-
served for a shallow quench (AT < 0.6 K) as shown in
Fig. 2. It should be noted that only the essential differ-
ence between Figs. 2 and 3 is the quench depth.

Figure 4 shows phase-separation behavior of a PVME-
water (10:90) mixture in a 1D capillary. In this partic-
ular case, we see double phase separation behavior only
in one of the two phases (the polymer-rich phase). This
unusual behavior is likely related to the slight asymmetry
in composition; namely, only the polymer-rich phase be-
comes unstable while the water-rich phase does not [see
the phase diagram (Fig. 1) in Ref. [17]].

Next, we show the results on 2D capillaries to un-
derstand the effects of the confinement geometry on the
above phenomena (DPS). Figure 5 shows phase separa-
tion behavior of a PVME-water (7:93) mixture in a 2D
capillary (d ~ 3 pm) at 33.3°C. As in the cases of a 1D
capillary, we do not see any double phase separation be-
havior for this quench condition. We see the pattern evo-
lution unique to bicontinuous phase separation of sym-
metric fluid mixtures in a 2D capillary [9,19-21]. We see
clearly the morphological transformation from an initial
bicontinuous pattern in bulk to an assembly of disklike
droplets connected via the wetting layer, and back to a
2D bicontinuous pattern. This transient appearance of
droplet pattern is due to the fact that the in-plane sym-
metry of order parameter is broken by the wetting layer
even for a symmetric mixture [21].

Figure 6 shows pattern evolution of PVME-water
(7:93) in a 2D capillary (d ~ 3 pm) at 34.0 °C. It should
be noted that only the difference in the experimental con-
ditions between Figs. 3 and 6 is the confinement geom-
etry. In the initial stage bicontinuous phase separation
was observed. Then the wetting-induced domain order-
ing unique to a 2D capillary was observed [9,19]. Further,
a retarded, secondary phase separation was observed as
in a 1D capillary. It can be noticed around 1-2 s as a
cloudy texture. Finally, the small droplets gradually dis-

appeared by the evaporation-condensation mechanism as
in the case of a temperature double quench [22]. Double
phase separation was never observed for a shallow quench
(see Fig. 5) as in the case of a 1D capillary.

Next, we show the results indicating the effects of the
strength of the spatial confinement on DPS (see also Ref.
[10]). Figures 7(a) and 7(b) show the d dependence of
DPS for the same mixture confined in 2D capillaries with
different gaps at the same temperature. It is found that
DPS is severely suppressed by the strong spatial confine-
ment as shown in Fig. 7(a): For a thick sample (d > 3
pm), DPS was clearly observed as in Fig. 7(b) and also in
Fig. 6, while for a thin sample (d < 1 pm), it was never
observed even though the other experimental conditions
were the same. This fact indicates the importance of the
bicontinuous phase separation in bulk.

To check whether or not the double phase separation
is universally observed for any binary fluid mixtures, we
also made similar experiments for OCL-OS mixtures (see
also Ref. [10]). Figures 8 and 9 show similar examples ob-
served in a mixture of OCL and OS. The composition was
OCL:OS (3:7). As in the case of a PVME-water mix-
ture, we observe the double phase-separation behavior.
The phase separation is characterized by the existence
of small droplets of the complementary phase in both
phases.

Finally, we show that this phenomena of double
phase separation is observed only for bicontinuous phase-
separation and it has never been observed for droplet
phase separation. Figure 10 shows the phase-separation
behavior in an OCL-OS (5:5) mixture which is an off-
symmetric mixture, at 60 °C. Although the quench con-
dition was about the same as the cases of the symmetric
composition, double phase separation was never observed
for droplet phase separation. This fact was quite general
and we have never seen double phase separation under
all the experimental conditions studied for any binary
fluid mixtures including PVME-water mixtures (see, e.g.,
Figs. 2 (a) and 2(b) in Ref. [17]).
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FIG. 4. Phase separation in a 1D capillary for
PVME-water (10:90). Photographs correspond to 0.5 s, 1.0 s,
2.0 s, 18.0 s, 28.0 s, and 238.0 s, from top to bottom, respec-
tively, after the temperature jump from 32.5°C to 34.1°C.
The bar corresponds to 80 pm. In this case, the composi-
tion slightly deviates from the symmetric one (7:93). Dou-
ble phase separation is selectively observed only in the poly-
mer-rich (less-wettable) phase.

IV. INTERPRETATION OF THE PHENOMENA
BASED ON THE CONVENTIONAL
MECHANISMS

A. Usual mechanisms of bulk phase separation

The similar phenomena have also been reported by
Wiltzius and Cumming [23], Cumming et al. [24], and
Guenoun et al. [25]. These phenomena, however, have
not been seriously discussed. They have so far been in-
terpreted by usual bulk phase separation [23,24,26,27] or
by the disconnection of some domains during the growth
of the percolated pattern [25]. As reported in Refs. [9,10],

however, we think that the phenomenon is caused by the
interface quench effect. We can clearly see the homoge-
neous appearance of small droplets in both phases as in
the usual phase separation (see Figs. 3, 4, and 6-9 in this
paper and also Figs. 1-3 in Ref. [10]). Further, the double
phase separation is not observed for a small AT. These
facts are explained by neither usual bulk phase separation
nor the disconnection of some domains from the bicontin-
uous tubes. Since the latter phenomenon (the breakup of
the tubes) is likely caused by the asymmetry in the com-
position and/or in the viscoelastic property between the
two phases, it is rather difficult to expect the symmet-
ric situation that small droplets of the complementary
phase appear in both macroscopic phases. Further, a
rather uniform size of small droplets indicates that the
phenomenon is not caused by the breakup of tubes since
it could occur sequentially at any time and should pro-
duce various sizes of droplets. More importantly, this
mechanism cannot explain the asymmetric situation in
Fig. 4 that only one of the two phases undergoes dou-
ble phase separation. This secondary phase separation
always has a droplet morphology even for a symmetric
quench, strongly indicating that this is not usual bulk
phase separation and is caused by a double quench ef-
fect for the two macroscopically separated phases. As
will be described later, the above behavior can be ex-
plained by the interface quench effect [9,10] induced by
the quick reduction of the total interface area, which is
equivalent to a temperature double quench [22]: Both
compositions of the two original phases just before the
interface quench (~ £A¢;) are off-critical and strongly
asymmetric in composition [22]. Further, the slow coars-
ening is consistent with the fact that the secondary tem-
perature quench depth (67') which is equivalent to the in-
terface quench (see Ref. [10] and the discussion in Sec.VI)
is shallow.

B. Solid-surface effect

Another possibility is a solid-surface effect [10]: The
quick reduction of the solid-liquid interface energy caused
by the wetting layer formation might lead to the quick
change in the total free energy. This should not, how-
ever, be the case because of the following reasons. (i) The
effect should be more important near the critical point
since the relative importance of the solid-liquid inter-
face energy (o< (AT)%3%) against the bulk excess energy
which is dominated by the liquid-liquid interface energy
( o< (AT)'-25) decreases with the quench depth AT. This
is inconsistent with the fact that DPS is observed only
for a deep quench. (ii) The behavior is completely similar
between Figs. 3 and 6, although the surface:volume ratio
is so different between them. Further, DPS is suppressed
by a strong spatial confinement (see Fig. 7 and Ref. [10]),
where the solid-surface energy should play a more impor-
tant role than for a thick sample. This denies the pos-
sibility of a solid-surface effect and rather indicates the
importance of the bulk hydrodynamic process for DPS.
Marko has recently explained the reason why the t1/3-law
bulk growth is observed in Refs. [23,24], as follows: The
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imbalance composition induced by the surface is sufficient
to disconnect domains so that hydrodynamic coarsening
cannot proceed. This mechanism could be important for
a binary mixture confined in a microscopic pore. In our
case, however, it can probably be denied by the same
reasons as those for the above solid-surface effect.

C. Thermal history effects

Next, we discuss the possibility that the phenomena
might be caused by a nonideal temperature quench. For
the quench of AT =1 K the sample temperature was set-
tled within 1 s to the final one (£0.1 K) for a sample
thickness of 20 pm, which was experimentally confirmed
by a direct measurement of a sample temperature using
a thin thermocouple [10]. The result is shown in Fig. 11.
The temperature-change process during the quench can
be regarded as a sharp steplike function. For polymer so-
lutions and polymer mixtures, the characteristic diffusion

FIG. 5. Phase separation in a 2D capillary
(d ~ 3 pm) for PVME-water (7:93). Pho-
tographs correspond to 1 s, 1.5 s, 25, 3 s
(left column); 4 s, 9 s, 14 s, and 54 s (right
column); from top to bottom, respectively,
after the temperature jump from 32.5°C to
33.3°C. The bar corresponds to 80 ym.

time is much longer than for simple fluid mixtures. Thus,
this quench speed could be regarded as an instantaneous
quench. Further, the experimental results by Cumming
et al. [24] indicate that DPS is not due to an artifact of
a noninstantaneous quench: The secondary phase sepa-
ration starts to be observable by light scattering around
3 x 103 s for their shallowest quench of AT = 0.15 K (see
Fig. 13 in Ref. [24]), sufficiently after the complete stabi-
lization of the temperature which takes ~ 50 s (see Fig. 4
in Ref. [24]). In the light of the current understanding of
the thermal history effect, it could be said that DPS is
free from a noninstantaneous quench effect.

At a present stage, however, we cannot clearly deter-
mine whether a certain quench speed is fast enough or
not, to deny the possibility that double phase separation
is caused by the thermal history effects, since there is no
clear criterion about this problem. Thus, we need addi-
tional strong evidence to support that the double phase
separation is intrinsically caused by the spontaneous in-
terface quench, and not by the thermal history effects.
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FIG. 6. Phase separation in a 2D capillary
(d ~3 pm) for PVME-water (7:93). Pho-
tographs correspond to 0.2 s, 0.7 s, 1.2 s,
2.2 s, 2.7 s (left column); 3.2 s, 5.2 s, 15.2
s, 55 s, and 235 s (right column); from top
to bottom, respectively, after the tempera-
ture jump from 32.5°C to 34.0°C. The bar
corresponds to 80 pm.
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FIG. 7. Phase-separation behavior in a 2D
capillary for PVME-water (7:93) at 34.0°C.
Both photographs were taken at 20 s after the
temperature jump from 32.5°C to 34.0°C.
(a) d ~1 pm, (b) d =15 pm. In (b), the co-
existence of large and small domains is seen,
while not in (a). The bar corresponds to 100
pm.
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For samples having the same thermal history, double
phase separation was observed only for nearly symmetric
mixtures showing bicontinuous phase separation where
the coarsening is hydrodynamically driven by capillary
instability. It should be stressed that double phase sep-
aration was never observed for off-symmetric mixtures
having a droplet morphology. This fact can easily be con-
firmed by comparing Fig. 3 in this paper and Figs. 2(a)
and 2(b) in Ref. [17] together with the phase diagram
(Fig. 1 in Ref. [17]) and also by comparing Figs. 8 and
10 in this paper. We have checked many cases for differ-
ent compositions and different quench depths and found
that this fact is quite general. Further, we have con-
firmed that double phase separation is not observed for
droplet phase separation in OCL-OS (5:5) mixture even
for a slow temperature quench which takes 60 s for the

FIG. 8. Double phase separation observed
in an OCL-OS (3:7) mixture at 60 °C. We can
clearly see the secondary phase separation.
The sample thickness d is about 8 pm. (a)
0.8s,(b)1.2s, (c) 145, (d) 25, (e) 65, (f)
111 s, (g) 590 s, (h) 1200 s after the quench.
The bar corresponds to 100 um.

quench AT = 30 K. This quench rate is more than 10
times slower than that in Figs. 8, 9, and 10. This indi-
cates that even a very slow quench does not cause double
phase separation for droplet phase separation, although a
much slower quench would, of course, lead to DPS caused
by thermal history effects [22].

The interface quench effect is likely caused only by the
special hydrodynamics unique to a bicontinuous pattern.
Thus, the secondary phase separation should not occur at
asymmetric compositions since there the minority phase
forms droplets, everything is governed by diffusion phe-
nomena, and the reduction of the interface area is so slow:
The local equilibrium is not severely violated in droplet
phase separation at asymmetric compositions. This is
consistent with our experimental results. The same be-
havior dependent on a phase-separation morphology was



observed in other binary mixtures such as polystyrene
(PS)-PVME mixtures, and low molecular dye-PS mix-
tures. This fact could be strong evidence that the double
phase separation is not caused by thermal history effects
and it is intrinsically induced by the interface quench
effect unique to symmetric fluid miztures. It should be
noted that there remains a slight possibility that the ef-
fect of a finite quench speed might be significant only
for fast bicontinuous phase-separation and not for slow
droplet phase separation: The saturation of the concen-
tration to the equilibrium value is likely faster in bicon-
tinuous phase separation than in droplet phase separa-
tion simply because the coarsening speed is higher in the
former than in the latter. This difference between the two
types of phase separations could play a role in producing
thermal history effects only for a slow quench, where the
temperature changes even after the formation of a sharp
interface (see the discussion below).

Relating to the existence of DPS only for bicontinuous
phase separation, we check here the possibility of ther-
mal history effects from another aspect. In the current
understanding of the phase-separation dynamics [1,28],
the difference in coarsening behavior between bicontin-
uous and droplet phase separation can be schematically
summarized as shown in Fig. 12. In the scaled plot, the
coarsening behavior is basically the same between the
two types of phase separation for both the initial lin-
ear regime and the slow coarsening regime affected by
nonlinearity. Only the difference is caused by the fact
that the hydrodynamic coarsening mechanism works se-
lectively for bicontinuous phase separation after the for-
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FIG. 9. Double phase separation observed
in OCL-OS (3:7) at 100° C. We can clearly
see the secondary phase separation. The
sample thickness d is about 53 pm. (a) 7
s, (b) 21 s, (c) 39 s, (d) 64 s, (e) 183 s, (f)
603 s after the quench. The bar corresponds
to 100 pm.

mation of a sharp interface. Thus, if a nonideal behavior
of the temperature change is localized in the time region
of the early (linear) stage and the subsequent slow coars-
ening stage (the shaded region in Fig. 12), there should be
no essential difference in the thermal history effects be-
tween bicontinuous and droplet phase separation. This
means that the concentration distribution should be the
same between them, and accordingly the stability of the
two phases should also be the same between them. The
quench conditions of Wiltzius and Cumming [23] likely
satisfy the above requirement that the transient process
of the temperature quench is localized in the time re-
gion of the early stage. This also suggests that DPS is
not caused by the thermal history effects. Even in such
a case, however, we cannot completely deny the possi-
bility that thermal history effects appear differently be-
tween droplet and bicontinuous phase separation: There
remains the possibility that the modification in the con-
centration distribution function due to thermal history
effects in the early stage could develop with time in a
different way between the two types of phase separation
in the late stage.

The quench speed which is partly dominated by a
thermal conduction should be slower for the 1D capil-
laries (d ~ 100 — 200 pm) than for the 2D capillaries
(d ~ 2 —100 pym). We have never notice any essen-
tial difference in the occurrence of DPS between the two
cases for the mixtures of PVME and water. This fact also
seems to support that DPS is an intrinsic phenomenon
which is not caused by a nonideal thermal quench.

Further strong evidence that DPS is not caused by



1322 HAJIME TANAKA 51

thermal history effects is that DPS is not observed in
a very strong geometrical confinement (see Fig. 7 and
Ref. [10]) [29]. Since the characteristic thermal diffusion
time is roughly 1 ms even for a length scale of ~ 10 pm,
the quench time is largely dominated by the characteris-
tic thermal time determined by the hot stage and the cell
wall (~ 1 s in our case). This means that the difference in
the sample thickness between 1 pm and 3 pm would not
cause any significant difference in the quench speed. This
is also supported by the similarity of the phenomena be-
tween the thick 1D capillaries and the thin 2D capillaries.
Thus, the suppression of DPS by a strong confinement
cannot be explained by thermal history effects. It could
be explained by the suppression of bulk hydrodynamic
coarsening due to the geometrical confinement: Under
a strong geometrical confinement the interface area of a

‘7" 590‘6’&‘*'@“0@ G
Q@*’O"

FIG. 10. Phase separation in a 2D capil-
lary for OCL-OS (5:5) at 60 °C. The quench
depth and the quench rate are the same as
those in Fig. 8. The sample thickness d is
about 8 um. (a) 5s, (b) 10 s, (c) 20 s, (d)
60 s, (e) 240 s, (f) 540 s, (g) 1740 s, (h) 2940
s after the quench. Here, there is no indica-
tion of secondary phase separation. The bar
corresponds to 100 pm.

O(

system cannot be drastically reduced because of the di-
mensional crossover in the rather early stage of phase
separation and the resulting slowing down of coarsening.

Finally, it should be noted that this problem of thermal
history effects is the most crucial and naive experimental
problem relating to DPS. Although we have many indica-
tions which strongly suggest that DPS is not caused by a
thermal history effect, it is necessary to completely deny
this possibility in a more direct way to conclude that DPS
is a real intrinsic phenomenon. Thus, we need to continue
to make careful studies on this problem. Numerical sim-
ulations seem to be most promising since experimentally
it is very difficult to realize a very quick deep quench.
The fastest quench is likely a pressure quench. It intrin-
sically includes the two effects, dT./dP and (0T/9P)s,
however. The latter effect, namely, the adiabatic tem-
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FIG. 11. Temporal change in the temperature of a sample
during a typical quench process. The time ¢t = 0 corresponds
to the beginning of the temperature jump.

perature change, often complicates the thermal behavior
of a sample since a sample is usually under an isothermal
condition. This itself could even lead to a double tem-
perature quench. An electrical-field quench is another
candidate of a quick quench, although it introduces the
anisotropy in an isotropic sample.

The double phase separation phenomena have been
observed for both upper-critical-solution-temperature
(UCST) type (OCL-OS mixtures) and lower-critical-
solution-temperature (LCST) type phase diagrams
(PVME-water and PS-PVME mixtures). Thus the phe-
nomena cannot be explained by any other thermal rea-
sons such as the temperature change induced by the la-
tent heat release during the phase separation.

V. THEORETICAL BACKGROUND

Before discussing a new mechanism, it is noteworthy
to point out the essential difference between solid and

K. Z:vpim)dal
T Seo \guench Process
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Linear Regime \\\ a=1/3
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FIG. 12. A schematic figure of the coarsening behavior
for both bicontinuous and droplet phase separation. In both
cases, diffusion dominates the coarsening behavior until the
formation of a sharp interface. The shaded region is the time
regime dominated by concentration diffusion. Here, « is the
time exponent of the scaling relation ¢, ~ t~<. If the tran-
sient process of a temperature quench is localized only in the
shaded region, the thermal history effects should affect the
phase separation in the same way for both types of phase
separation.
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fluid systems: For a solid system the gross variable is
only the composition ¢, while for a fluid system they are
¢ and the velocity field ¥. Thus, the kinetic equations
for classical binary fluids are [1]

0 = . L, OF
9 = . I
pgp =~V IL=Vp +nVii+(, (2)
gl oTer s Yt K G2
F—/dr[2¢+4¢+2(V¢)]. (3)

Here, II is the stress tensor caused by the fluctuation of
¢. p is the density, p; is a part of the pressure, and 7 is
the viscosity. Here, we assume the viscosity is the same
for the two component fluids. 6 and 5 are random forces.
The first term of the right-hand side of Eq. (1) is the
streaming term. The characteristic feature of the fluid
system is that the velocity field ¥(7,t) strongly affects
the dynamics.

In the late stage where the sharp domain boundary is
formed, —V - II = —¢V (6F/6¢) can be given by [30]

—V-II = —V($5F/5¢)
+kpT(1/Ry + 1/R2)(0int /0C) .

Further (O¢ini/8¢)? can be approximated by §(¢). Pro-
vided that the velocity field is slowly changing following
the domain and thus 87/8t ~ 0, Eq. (2) becomes as fol-
lows:

—

—Vp1 +0(1/Ry + 1/R2)8(¢)7t + nV27 ~ 0.

For a bicontinuous morphology, the solution is given by

1 1
7 ~ d jLig P — —‘a e 5 ] _'a )
v;(7) / aX;Ti; (7 — 7)o (Rl + R2>an3(r )

1 0i;  T;T;
T, = — iR haklad' A I
77 8wy ( r + r3 )

Here, T;;(7) is the so-called Oseen tensor, 7, is the point
on the interface, and da is the area unit. (1/Ry+1/R32),
is the curvature at 7,.

From the above consideration, the characteristic ve-
locity field is estimated as o/n. This velocity field is
regarded as the same as the interface velocity and, thus,
v, =7 - U ~ OR/Ot. Accordingly, we obtain the Siggia’s
growth law, R(t) ~ (o/n)t.

In the above discussion, the velocity field is treated as
being independent of the concentration field and Eq.(2)
is independently solved. Thus, the hydrodynamic effect
is not considered through ¢ on the basis of Eq. (1). This
is based on the assumption that in the late stage, the
concentration reaches the equilibrium value and only the
interface contributes the free energy of the system, which
leads to 8¢/t ~ 0. This assumption might not, however,
be valid in the intermediate stage as will be explained
later. For a hydrodynamic system, there is a streaming
term, V - (¢9), in the diffusion equation and the situa-
tion is probably not that simple. This coupling between
the velocity and concentration fields could cause an ad-
ditional hydrodynamic effect on spinodal decomposition.
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VI. CONTINUOUS INTERFACE QUENCH IN
BICONTINUOUS PHASE SEPARATION

A. Bulk phase separation
1. Concept of interface quench

In bicontinuous phase separation, the total interface
area of the system is drastically reduced within a short
time by the hydrodynamic coarsening originating from
the coupling between the concentration and the velocity
fields. According to the Siggia’s mechanism [4], the in-
terface area per unit volume s is estimated to decrease
as s = [k(o/n)t]”!, where o is the interface tension, 5
is the viscosity, and k is a constant. Since the interface
motion caused by the tube hydrodynamic instability is
much faster than the concentration diffusion, the hydro-
dynamic flow due to the capillary instability causes only
the geometrical coarsening and does not accompany the
concentration change by itself. Thus, the system can-
not respond to the rapid decrease in the interface energy.
This likely causes a kind of double quench effect. Here,
we call this phenomenon interface quench [9,10]. In all
the previous studies [1], the local-equilibrium has been
assumed in the so-called late stage where the hydrody-
namic effect plays a role in coarsening, but it is probably
not true in the exact sense. Namely, the local-equilibrium
assumption could be violated by the coupling between the
concentration and the velocity fields. The hydrodynam-
ics starts to play a role after the establishment of a sharp
interface, namely, after the characteristic size of phase
separation R exceeds the correlation length (or the inter-
face thickness) . Even without the change in the con-
centration, the total free energy could be lowered by the
reduction of the interface area since the hydrodynamic
process is much faster than the diffusion process.

Related to the above physical picture, there remains
a slight question as to whether this phase-separation be-
havior is a unique solution for hydrodynamic systems or
not: For example, is it possible that the retardation of
diffusion might slow down the hydrodynamic coarsening
itself to prevent secondary phase separation? Presently,
however, we think that such a possibility is low for the
following reason: The interface motion is described by
Eq. (2). The diffusion flow due to the concentration de-
viation from the local-equilibrium one apparently plays
negligible roles in the interface motion compared to the
hydrodynamic flow due to capillary instability after the
formation of a sharp interface. It should be noted that
these two effects have entirely different physical origins
and they are mostly independent with each other. In the
early stage the diffusion plays a very important role in
coarsening, but it becomes weaker as the concentration
approaches to the local-equilibrium one. In the late stage
where a sharp interface is formed, on the other hand, the
hydrodynamic flow plays a dominant role.

2. Estimation of interface quench effect

For a bulk symmetric mixture, it is well known that
the phase separation is dominated by the hydrodynam-
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ics unique to a bicontinuous pattern and the pattern
coarsens as R = ky(o/n)t (R: the characteristic domain
size) in the late stage [1,4,31]. For bicontinuous phase
separation, the tube flow is essentially caused by the fluc-
tuation of a tube diameter. Siggia estimated k; as 0.1 on
the basis that the pressure difference along the tube is
~ o/R [4]. As pointed out by Siggia [4], this pressure
difference is probably overestimated for the tube-radius
fluctuation. Wong and Knobler [32] estimated ks as 0.001
from their experimental results. San Miguel et al. [33]
theoretically reestimated k; on the basis of the capillary
instability and they obtained the relation k; ~ 0.04 for
the two-phase fluids having similar viscosity. The recent
experiments by Guenoun et al. [25] and by Bates and
Wiltzius [8] supported this evaluation (ky ~ 0.04). Thus,
we employ kp ~ 0.04 in the following.

The effect of the interface quench can be estimated as
follows. After the formation of a sharp interface (the do-
main size R > the interface thickness £), we can assume
from the scaling concept, the statistical property of the
interfacial pattern does not change in time and the pat-
tern is self-similar. This idea that focuses only on the
interface dynamics was first introduced theoretically by
Kawasaki and Ohta [30] to simplify the late-stage coars-
ening dynamics. By introducing the time dependence of
Ad¢, this could be more generalized as

o(7,t) = Ad(t)H (R(t)7), (4)

on the crude assumption of the independence between
A¢(t) and R(t). Further, we should note important
points to solve the problem: (1) The temporal change in
A¢ needs the diffusion process because of the conserva-
tion law. (2)The growth of the interfacial pattern is a hy-
drodynamic process, and should be fast. The evolution of
the interface pattern is almost purely described by the hy-
drodynamics, namely, by Navier-Stokes equation [Eq.(2)]
[30]. The interface velocity is obtained from Eq. (2) as
vp, ~ o/n. Using the fact that A¢(¢) is the slowly varying
variable and assuming an exactly self-similar growth, we
get

Vé ~ 7i(a) ApOH (R(t)7)/On (5)

8¢9t ~ —v(a) AGOH (R(t)7)/On + H(R(t)7)0AP/dt.
(6)

Here, 7i(a) is the unit vector normal to the interface at a
and v(a) is the speed of the interface a along 7i(a). Here,
OH(R(t)7)/On is similar to § function which is nonzero
only around the interface. It should be noted that the ex-
act self-similarity assumed above is rather unrealistic and
the self-similarity holds only statistically. Using these re-
lations, Eq. (1) becomes

H(R(t)7)0A$/0t ~ LoV35F(A¢)/5A. (7

The assumptions made here are as follows: (i) The coars-
ening is dominated purely by hydrodynamics and the ve-
locity field is determined by Eq. (2) independently from
A¢(t) and (ii) the averaged order parameter A¢ tries to
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follow the local-equilibrium determined by the geomet-
rical coarsening. Since it is rather difficult to argue the
stability of the phase in a straightforward manner, we will
discuss the problem on the basis of the local-equilibrium
relation 6 F/§A¢ ~ 0. This is a crude approximation, but
should give us a good starting point for understanding
the interface quench effect. It should be noted that this
local-equilibrium assumption gives us the fastest change
in the local-equilibrium concentration caused by coarsen-
ing. The stability of the phase will be studied with the
constraint that the system geometrically coarsens with
time by tube hydrodynamic instability as R o t.

Provided that the concentration profile can be approxi-
mated by a trapezoidal-like shape with an interface width
of £ [34] (£ < R) for the sake of simplicity,

F(A9) = [-5(89)* + J(A9)*] VaR™

2
(e o

where A¢ is the concentration of the phase measured
from the average one, d, is the effective dimensionality
of the pattern, and Sg and V; are the surface and volume
prefactors, respectively (e.g., Sq = 4w and V4 = 47 /3 for
a 3D sphere). Here, we assume d, ~ Sq/V4 ~ 1 for a bi-
continuous pattern. It should be noted that the result is
likely insensitive to the details of the concentration pro-
file at the interface. Further, we assume that the inter-
face thickness is constant with time in the late stage and
equal to £&. Then we can estimate the local-equilibrium
concentration A¢; for a domain size of R from the local
energy minimum condition as follows

K
A} = ( - ZE) /v,

1/2 1/2
—-gi;;) =A¢b(1—?}-§) )

where A¢, = (r/u)'/? is the final equilibrium concen-
tration for an infinite domain size and gives the binodal
line. Here, the relation £2 = K/2r is used. The spinodal
line is given by +A¢, = (r/3u)!/2. Figure 13 shows the
dependence of A¢;/A¢, on R/E, based on Eq. (9). It
should be noted here that Eq. (9) is likely invalid for a
small value of R/€. Since r is proportional to the quench
depth AT, the jump of (—1/R) has the same meaning as
the jump of AT, according to Eq. (9). Using the relation
A¢p = mATP (B ~ 0.33, m: a constant), the transient
AT (AT:) which satisfies A¢p(AT;) = Adi(AT, Ry), is
estimated as

1/28
AT, = AT (1 - 35) , (10)

+

Agy = Ay (1

R,

where it is assumed that at R = R; the interface quench
is initiated. Thus, the interface quench caused by the hy-
drodynamic coarsening from small domains (R; > £) to
large domains (R >> £) is equivalent to the temperature
double quench [22] composed of a first quench (AT;) and
a second deeper quench (67 = AT — AT;). Thus it is
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FIG. 13. A schematic figure explaining the dependence
of A¢i/A¢p on R/ for bicontinuous phase separation [see
Eq. (9)].

expected that the two, macroscopically separated phases
become unstable or metastable by the interface quench
effect. For example, 6T is estimated as 0.3 AT and 0.03
AT for Ry ~ 10 and R; ~ 100&, respectively. Thus, the
interface quench should have a significant double quench
effect.

To check the above possibility, we have to study
whether the concentration diffusion can follow this quick
change in the local-equilibrium concentration from Ad,
to A¢p and whether the local equilibrium can be estab-
lished within the time scale of hydrodynamic coarsening,
or not. The time required to hydrodynamically form the
macroscopic phase having a domain size R is estimated
as 7, ~ (R — Ro)n/(ko). Here, Ry is the size of a do-
main around which the crossover from the t1/3 growth
to the ¢! growth occurs. Here it should be noted that
Ry is known to be an increasing function of n [35,36].
On the other hand, the characteristic diffusion time for
the domain size R is given by 7p ~ R?/D, where D is
the diffusion constant and D = kgT/(57n¢) (kp: Boltz-
mann’s constant). Thus, the ratio between 7, and 7p is
given by 7, /7p = Dn(R — Ro)/(koR?). From the two-
scale-factor universality, o = A,kpT /€2, where A, is the
universal constant and A, ~ 0.2 in 3D [37,38]. Using this
relation and the expression for D, we obtain the relation
/7D ~ E(R — Ro)/(57AskR?) ~ &(R — Ro)/(3kR?).
For 7, < 7p [namely, for R?/(R — Ro) > &/3k], the
concentration is different from its local-equilibrium value
and the local equilibrium cannot be established. Thus,
the interface quench is likely initiated around 7, /7p ~ 1.
The beginning of the interface quench coincides with a
crossover from the diffusion regime to the hydrodynamic
regime. The very initial stage of phase separation is dom-
inated by concentration diffusion. After the formation of
the sharp interface due to the nonlinear contributions of
the Ginzburg-Landau Hamiltonian, the hydrodynamics
starts to play a significant role in coarsening for a bi-
continuous pattern. The timing of the initiation of the
interface quench is dependent on the value of k and Rp.
In the following, we assume Ry is small for the sake of
simplicity. For bulk phase separation (k, ~ 0.04), we
obtain Ry ~ 10f (R:: the transient domain size when
the interface quench is initiated) or 7, ~ 100 (7 = t/7¢,
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where 7¢ = ¢2/D) from the condition 7,/7p ~ 1. The
interface quench probably brings the system into a dif-
ferent nonequilibrium (unstable or metastable) state and
thus causes the retarded, secondary phase separation.

These values of R;/{ and 7; in bulk are consistent
with the crossover from the slow, diffusion growth to the
fast, hydrodynamic growth in the scaled plots of 27 R/¢
against 7 [6-8,25]. It should be noted that there might
be a slight time dependence of the interface tension o in
the initial stage, which could affect the coarsening rate
(x o/n). This effect might lead to the slowing down
of the coarsening and accordingly weaken the interface
quench effect.

With an increase in 77, R; becomes larger, reflecting an
increase in Ry with 7. This is also related to the phe-
nomenon which is known as the N-branching effect for
polymer blends [35]. For large 7, therefore, R; could be-
come more than 100£. In such a case, 67T is so small since
the concentration A¢; is so close to the final equilibrium
one and, thus, we cannot expect any significant effect of
the interface quench. This is consistent with the fact that
with an increase in 7, the decay length of velocity field
becomes shorter and the hydrodynamic effect becomes
weaker. Thus, the behavior in a fluid system probably
becomes more similar to that in a solid system with an
increase in 7.

3. Rate of interface quench

Next, we estimate the rate of the interface quench,
which should likely be large enough to cause the sec-
ondary phase separation. For A¢; > A¢,, the secondary
phase separation probably occurs in a metastable region
or in a transitional region between an unstable and a
metastable state [18]. For A¢; < A¢,, on the other
hand, it occurs in an unstable region. Here, we consider
the equivalent temperature quench given by Eq. (10).
The quench rate around R ~ R; is estimated from

(—1+1/28)
08T, _ & arRy? (1- % ko
ot 8 R, n
5nkAs
~ (AT/(R?/D)). (11)

B

For R; ~ 10¢, AT /8t = 4 x 1073AT/(¢2/D). For an
isobutyric acid-water (IW) mixture, for example, £2/D ~
2 x 10719(AT/T.)~3 [39,40]. Thus, the initial quench
rate is 0.7 mK/s for AT = 10 mK and 400 K/s for AT =
1 K. Further, the average quench rate from R; = 10£ to
R = 100¢ can also be estimated as

ST _ 0.3AT ko _ 4 2
¥ = 90t =4 x 107*AT/(¢2/D). (12)

The average quench rate is practically more important
than the initial quench rate. For an IW mixture, the
average quench rate is 0.07 mK/s for AT = 0.01 K and
40 K/s for AT = 1 K. The former rate is probably too
slow to cause double phase separation, while the latter
rate is probably fast enough. There is probably a thresh-
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old between them to cause secondary phase separation,
especially in the metastable region. It should be noted
that for polymer mixtures including polymer solutions,
the bare correlation length &g is large even for large AT
and, thus, the quench rate is significantly smaller in poly-
mer mixtures than in binary liquid mixtures. Generally,
the interface quench effect is more significant for larger o,
smaller &g, smaller 7, or larger AT. As estimated above,
the quench rate steeply increases with an increase in the
quench depth AT. This is qualitatively consistent with
our experimental finding that the double phase separa-
tion was observed only for large AT

4. Flow effect on secondary phase separation

Here, we briefly consider the effects of a shear in the
Poiseuille flow inside a bicontinuous tube, which might
suppress the secondary phase separation. The charac-
teristic shear rate S is estimated as S ~ o/(nR) ~ t~1.
Since S7¢ ~ 7¢/t = 77! is less than 0.01 for 7 > 100,
the system is in a very weak shear regime. The effect
of shear becomes weaker with the phase-separation time.
The retardation of the appearance of the secondary phase
separation could be caused by the crossover between the
suppression effect of shear and the thermodynamic in-
stability. The shear stress 7.5 breaks the droplet having
a size more than R. ~ ko/(nS), for which the shear
stress exceeds the capillary pressure (~ o/R). Thus,
when the critical radius 7.(~ £/¢) is smaller than R,
nucleation is allowed [41]. This condition can be rewrit-
ten as S7¢ < ¢ (Pm: the volume fraction of the minority
phase in the second phase separation). ¢,, can be esti-
mated as

1 Ad\ 1 2¢\'/?
w1210

For R; ~ 10§, ¢, ~ 0.05. Thus, the condition S7¢ < ¢,
is satisfied in the late stage (for a large 7) and the nu-
cleation could be allowed. As pointed out by Onuki [41],
however, since the birth process of the critical nucleus re-
mains unknown, the nucleation under shear need further
study.

5. Double phase separation induced by interface
quench

To observe a retarded phase separation, the phase sep-
aration has to proceed considerably within 7p. Other-
wise, the deviation of the concentration from its local
equilibrium value will be removed by diffusion. Thus, at
least one of the two phases is likely required to become
unstable for an interface quench, since in a metastable
state the metastability might be removed by the concen-
tration diffusion during the incubation time. This re-
quirement likely determines a certain threshold for an
interface quench to cause a secondary, phase separation.
Actually, a certain level of the quench depth AT is nec-
essary to cause the double phase separation as described
in Sec. IIT and also in Ref. [10]. Figure 14 shows the
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FIG. 14. A schematic figure for the coarsening process of
DPS. Around 7p = 7, there is a gradual transition from
the diffusion regime to hydrodynamic regime, which leads to
spontaneous, secondary phase separation. Here, « is the time
exponent of the scaling relation R ~ t°.

relation between the main phase separation and the sec-
ondary phase separation caused by the interface quench
effect, focusing on the coarsening dynamics. The sec-
ondary phase separation is likely spontaneously triggered
around the time where 7, ~ 7p. This behavior is con-
sistent with the results of light-scattering experiments
by Wiltzius and Cumming [23], although these experi-
ments were made in a confined geometry. The difference
between the fast hydrodynamics coarsening (R ~ ¢t or
t3/2 [9,19,23]) and the slow droplet coarsening (R ~ t1/3)
is the main reason why the secondary phase separation
apparently looks retarded from the main phase separa-
tion for microscopic observation (see Fig. 14). For under-
standing this phenomena more deeply, it is a prerequisite
to solve Egs. (1)—(3) without any assumptions.

B. Interface quench under an influence of wetting:
anisotropic domain coarsening and ordering

For bicontinuous phase separation under an influence
of wetting, Wiltzius and Cumming [23] found that the
size of the wetting droplet ! grows as t3/2 although the
growth mechanism was not clear. We have recently ex-
plained this anomalous, fast growth mode found by them
as follows [9,19]. There is a pressure gradient between a
bicontinuous tube and its wetting part, reflecting the dif-
ference in the transverse curvature of the tube between
them. Thus, there should be a hydrodynamic flow from
a tube to a wetting droplet spreading on the wall. Since
the pressure gradient between the tube and the wetting
layer is ~ o /R over the distance R, the flux of this flow is
estimated as @ ~ (o/n)R?, where 7 is the viscosity and
R is the characteristic size of the tube. Here, we assume
that the droplet growing along the surface has a disklike
shape with a thickness of h and the growth (spreading
process) is almost two dimensional, or A =const. This
assumption is probably valid in the case of strong wet-
tability since there, the driving force of spreading is to
gain the wetting energy Avy(=v4 —7g, 7v:: the surface in-
teraction energy for ¢ phase). In other words, for strong

wettability the solid-surface energy A+ is likely more im-
portant than the liquid-liquid interfacial energy o. This
2D nature of the droplet growth has been experimentally
confirmed [23]. In this situation, the limiting process
of the droplet spreading is likely the supply of the more
wettable phase from the tubes by the hydrodynamic flow,
and, thus, we get the relation ldl/dt ~ Q. Using the Sig-
gia’s growth law for the bulk, R « (o/n)t, we obtain the
relation I ~ [(o/n)t]3/2. This is consistent with their ob-
servation. The prefactor (o/1)3/? is roughly proportional
to (AT)3¥, where AT is the quench depth, v is the crit-
ical exponent for the correlation length &, and v ~ 0.63
for the 3D Ising model. This dependence of the prefac-
tor on AT seems to be consistent with the experimental
results [23].

For a weak wetting case, on the other hand, the droplet
spreading might not be purely two dimensional. When
the droplet spreading is mostly dominated by hydrody-
namics and the solid-surface effect does not play a domi-
nant role in spreading, the droplet growth likely becomes
three dimensional. For a three-dimensional droplet
growth (h = I), for instance, we obtain [2dl/dt ~ Q.
Thus, we can obtain the general relation ! ~ [(a/7)t]*/4,
where d is the spatial dimensionality of wetting droplet.
For half-spherical droplet growth (d = 3) I ~ t, while for
disklike droplet growth (d = 2) I ~ t3/2. The transitional
behavior of the exponent from 1 to 3/2 observed by Shi
et al. [42] could be explained as above.

It should be noted that Troian [26] proposed another
mechanism on this fast growth mode. Although this
model itself is interesting, we believe that the hydrody-
namic coarsening is likely responsible for this unusually
fast coarsening. Probably, any mechanism based on dif-
fusion mechanisms [26] cannot explain such a quick coars-
ening.

This fast coarsening (R ~ t3/2), which is driven by
wettability, results in the quick reduction of the total in-
terfacial area between the two separated phases. Even
for a weak wettability case, where R = ky,(0/n)t (ky:
the prefactor for bicontinuous phase separation affected
by wetting), k, (~ 0.1) is larger than k; (~ 0.04). Thus,
the interface quench effect under an influence of wetting
is expected to be much more significant than that in bulk.
For example, R; ~ 3¢ for k,, ~ 0.1 and R, is smaller for
phase separation under the influence of wetting than for
bulk phase separation. For a strong wettability case, the
effective quench rate is much larger because of the larger
time exponent of the domain growth (R ~ t3/2), in addi-
tion to a smaller R; compared to bulk phase separation.

In 1D capillary experiments, for example, we have ob-
served that the separation into the macroscopic phases
has been accomplished within about a second after the
temperature quench [17] (see, also, Figs. 2, 3, and 4).
Namely, most of the bicontinuous interface whose total
area is quite large in the beginning of phase separation
suddenly disappears within a few seconds. If we assume
that the hydrodynamic coarsening starts to play a role
around R ~ 5¢, the equivalent temperature quench depth
is approximately 0.5AT for the quench depth AT and,
thus, the quench rate is ~ 0.5 K/s for AT = 1 K. These
quench depth and quench rate are likely enough to cause



1328 HAJIME TANAKA 51

a spontaneous double phase separation [22]. This is quite
consistent with our observation.

C. Relation between interface quench effect
proposed here and numerical study of
phase-separating binary fluids by Shinozaki
and Oono

The concept of interface quench seems to be supported
by a recent computer simulation of phase-separating bi-
nary fluids by Shinozaki and Oono [12,43], which clearly
shows that the concentration does not reach the final
equilibrium one even after the formation of a sharp in-
terface for a hydrodynamic system having small viscosity.

Recently, Shinozaki [43] has presented a numerical
study of the dispersion relation for the linearized operator
about the interfacial wall solution to a model of spinodal
decomposition of an incompressible binary fluid. The re-
sults are, further, compared with computer simulation
of phase-separating binary fluids by Shinozaki and Oono
[12]. It has been shown that the bottom of the essential
spectrum behaves like w ~ k2, where k is a wave num-
ber along the interface and w is the angular frequency
(w ~ t71). The dispersion relation w ~ k? for the bot-
tom of the essential spectrum is suggestive of bulk dif-
fusion. On the other hand, the Nambu-Goldstone (NG)-
like mode which describes the translational motion of an
interface has the form of k ~ w'/3 for short time (small
w™!) and of k ~ w for long time (large w™!). This is
consistent with the well-known coarsening law for sym-
metric fluid mixtures (R ~ t!/3 for small t and R ~ t for
large t) [1]. It is found by them that (i) the NG branch
hits the essential spectrum before it reaches the asymp-
totic behavior of ¥ ~ w for small n and (ii) for large 7
the NG branch already behaves like £ ~ w when it hits
the essential spectrum. The behavior can be seen, for
example, in Fig. 62 of Ref. [12]. Their results indicate
that the diffusion time scale ( ~ R(t)?) is much longer
than the time scale of hydrodynamic growth ( ~ R(t)),
which is quite consistent with our prediction [9,10].

They mentioned that numerical instability empirically
occurs at the point in the simulation when the essen-
tial spectrum crosses the NG dispersion relation before
the latter reaches the asymptotic behavior of £ ~ w.
We think that this fact is likely closely related to our
“double phase separation” spontaneously caused by the
interface quench effect. Numerical instability might re-
flect the thermodynamic metastability or instability of
phases. Further studies on numerical instability focusing
on whether the instability is intrinsic or caused by the
problem of calculation techniques are highly desirable.

VII. SUMMARY

In summary, we demonstrate that the hydrodynamic
interface quench effects could play significant roles in
both surface-mediated and bulk bicontinuous spinodal
decomposition. The effects are caused by a strong cou-
pling between the concentration and the velocity fields
which violates the local equilibrium. The interface
gquench effects could cause double phase separation for bi-
continuous phase separation. We found experimental evi-
dence of the interface quench effect, namely, double phase
separation, under a geometrical constraint, where a wet-
ting effect further accelerates the hydrodynamic coars-
ening. This effect should affect the pattern formation
dynamics and the morphology significantly. Experimen-
tally it is important to check the possibility of sponta-
neous, double phase separation in bulk. Further, it is
necessary to completely rule out the possibility that dou-
ble phase separation is caused by a thermal history effect,
although this possibility is probably very low as discussed
in Sec. IV C. We think that the interface quench has at
least conceptual importance even for bulk phase separa-
tion. The phenomena described here should be universal
for any binary fluid mixtures. Since the discussion here
is rather of qualitative nature, we need further theoret-
ical studies on the mechanisms proposed here to estab-
lish the concept of the self-induced interface quench, in-
cluding the estimation of the coarsening rate. Computer
simulation [12,36,43] could provide us with key informa-
tion on this problem. The local-equilibrium assumption
has so far been believed to be valid in the late stage of
phase separation, however, this study indicates that it is
not necessarily valid for nearly symmetric mixtures where
the concentration field can strongly be coupled with the
velocity field.

Noted added in proof. After the submission of this pa-
per, the author became aware of the work by Perrot et al.
[F. Perrot, P. Guenoun, T. Baumberger, and D. Beysens,
Phys. Rev. Lett. 73, 688 (1994)]. They also pointed out
that droplet phase separation is observed in a wider com-
position region and attributed it to the regular droplet
distribution, similar to our discussion in Sec. II.
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FIG. 1. A schematic phase diagram of a binary fluid
mixture. The two-phase region is divided into metastable
and unstable regions. In the former nucleation-growth-type
phase separation (NG) occurs, while in the latter spin-
odal-decomposition-type phase separation (SD) occurs. From
the morphological viewpoints, further, an unstable, spinodal
region can be grouped into the two regions corresponding to
bicontinuous phase separation and droplet phase separation,
depending upon the composition symmetry. Here, we assume
that the two components are dynamically symmetric for the
sake of simplicity. The coarsening dynamics is closely cor-
related with the morphology. Any asymmetry breaks a bi-
continuous structure and at a certain time there is a transi-
tion from a bicontinuous to droplet morphology. In the fig-
ure, the two bicontinuous regions are drawn for two different
phase-separation times. The brighter region is for the earlier
stage of phase separation, while the darker region is for the
later stage.




FIG. 10. Phase separation in a 2D capil-
lary for OCL-OS (5:5) at 60°C. The quench
depth and the quench rate are the same as
those in Fig. 8. The sample thickness d is
about 8 pm. (a) 5s, (b) 10 s, (¢) 20 s, (d)
60 s, (e) 240 s, (f) 540 s, (g) 1740 s, (h) 2940
s after the quench. Here, there is no indica-
tion of secondary phase separation. The bar
corresponds to 100 pm.
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FIG. 12. A schematic figure of the coarsening behavior
for both bicontinuous and droplet phase separation. In both
cases, diffusion dominates the coarsening behavior until the
formation of a sharp interface. The shaded region is the time
regime dominated by concentration diffusion. Here, « is the
time exponent of the scaling relation ¢, ~ t~“. If the tran-
sient process of a temperature quench is localized only in the
shaded region, the thermal history effects should affect the
phase separation in the same way for both types of phase
separation.
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FIG. 2. Phase separation in a 1D capillary
for PVME-water (7:93). Photographs corre-
spond to 1.0 s, 1.5 5, 2.0 5, 3.0 5, 4.0 s (left
column); 17.0 s, 57.0 s, 87.0 s, 127.0 s, 147.0
s (right column); from top to bottom, re-
spectively, after the temperature jump from
32.5°C to 33.5°C. The bar corresponds to
200 pm.
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FIG. 3. Phase separation in a 1D capil-
lary for PVME-water (7:93) mixture. Pho-
tographs correspond to 0.3 s, 0.8 s, 1.3 5, 1.8
s, 3.8 s, 16.8 s (left column); 22.3 s, 23.8
s, 28.8 s, 88.8 s, 479.0 s, and 3000 s (right
column); from top to bottom, respectively,
after the temperature jump from 32.5°C to
34.0°C. The bar corresponds to 200 pm.



FIG. 4. Phase separation in a 1D capillary for
PVME-water (10:90). Photographs correspond to 0.5 s, 1.0 s,
2.0 s, 18.0 s, 28.0 s, and 238.0 s, from top to bottom, respec-
tively, after the temperature jump from 32.5°C to 34.1°C.
The bar corresponds to 80 um. In this case, the composi-
tion slightly deviates from the symmetric one (7:93). Dou-
ble phase separation is selectively observed only in the poly-
mer-rich (less-wettable) phase.



FIG. 5. Phase separation in a 2D capillary
(d ~ 3 pm) for PVME-water (7:93). Pho-
tographs correspond to 1 s, 1.5 s, 25, 3 s
(left column); 4 s, 95, 14 s, and 54 s (right
column); from top to bottom, respectively,
after the temperature jump from 32.5°C to
33.3°C. The bar corresponds to 80 um.



FIG. 6. Phase separation in a 2D capillary
(d ~3 pm) for PVME-water (7:93). Pho-
tographs correspond to 0.2 s, 0.7 s, 1.2 s,
2.2 s, 2.7 s (left column); 3.2 s, 5.2 s, 15.2
s, 55 s, and 235 s (right column); from top
to bottom, respectively, after the tempera-
ture jump from 32.5°C to 34.0°C. The bar
corresponds to 80 gm.



FIG. 7. Phase-separation behavior in a 2D
capillary for PVME-water (7:93) at 34.0°C.
Both photographs were taken at 20 s after the
temperature jump from 32.5°C to 34.0°C.
(a) d ~1 pm, (b) d =15 pm. In (b), the co-
existence of large and small domains is seen,
while not in (a). The bar corresponds to 100
pm.



FIG. 8. Double phase separation observed
in an OCL-OS (3:7) mixture at 60 °C. We can
clearly see the secondary phase separation.
The sample thickness d is about 8 pm. (a)
0.8s,(b)1.2s, (c) 1.4, (d) 2s, (e) 6s, (f)
111 s, (g) 590 s, (h) 1200 s after the quench.
The bar corresponds to 100 pm.



FIG. 9. Double phase separation observed
in OCL-OS (3:7) at 100° C. We can clearly
see the secondary phase separation. The
sample thickness d is about 53 pm. (a) 7
s, (b) 21 s, (c) 39 s, (d) 64 s, (e) 183 s, (f)
603 s after the quench. The bar corresponds
to 100 pm.



