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Coarsening mechanism of phase separation caused by a double temperature quench
in an off-symmetric binary mixture
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We study phase-separation behavior of an off-symmetric fluid mixture induced by a “double temperature
guench.” 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 Here we focus our attention on the simplest multiple quench,

Phase separation is one of the most fundamental phenorﬁ—amely’ a double quendi2—14, which is composed of the

ena responsible for the formation of heterogeneous structur éSt quench from a ope-phase toa two-phgse region and the
in condensed mattdd,2]. It is commonly observed in vari- second qyepch W'th'n. the twojphase region. AIthpugh the
ous kinds of condensed matter including metals, semiconf-mal equilibrium state is determined solely by the final tem.-
ductors, simple liquids, and complex fluids such as polyme erature, th_e Process 1s strongly affected by the quer_u:h his-
solutions, colloidal suspensions, emulsions, and protein solf2Y: Thus, It is Important to clarify how the_quench history
tions. Generally, the dynamics and morphology of phas _ffects t_he kinetic pathway of phase separation. Here we con-
separation is strongly dependent upon the quenching con Sider this problem for a S|mple double temperature quench,
tions. From this standpoint, phase-separation phenomena avrvgere the ﬁecond quenrc;h”|s a deeper one. Although the sec-
classified into nucleation-growtliNG)-type and spinodal- o_nd quench can b? a shallower ofid, 15, we do not con-
decompositiofSD)-type in the mean field picturd,2]. Fur- sider such a case in this paper.

thermore, SD-type phase separation is grouped into bicon- The pattern evolut|_on CaUS‘?d by this type of .double
tinuous and droplet SD. So far most of studies on phas‘guench has been studied experimentally and numerically by

separation have been focused on the ordering process accoﬁ]et—;ger:a:]géoggﬁizr_nza?hI;/n ::12?;2Z&u?r;eiﬁéhsv:\t/gﬁtg:ﬁ(llgrvo_

ni ingle rapid temperatur nch from ne- . o -
gaaseedtg )g %Nz-pthseafe(;i@% apeK?ngtﬁ;sqgf pﬁ aseoseerg- espace. Here we aim at elucidating the characteristic feature

tion induced by a single temperature quench has reasonab the pattern ev_ol_ution induced by a double temperature
been understood by intensive researdted]. uench by combining botheal (r) and wave-numbetq)

A quench condition including the composition and tem- SPace analyses. On the basis of these analyses, we propose a

perature of a mixture is one of the key factors that determing§MPIeé mechanism for domain coarsening of a hierarchic
how the phase separation proceeds. There is a possibility thB’Pase'Separ?“eq structure. .

a variety of interesting phase-separated patterns are creat dTh.e orgamzatlo_n of this paper IS as foliows. In Sec. Il, we
by complex temperature modulations. One of such exampleaes.'Crlbe the details of the experiments. In _Sec.. ll, we de-
is periodic spinodal decomposition, which was theoreticallySciP€ the process of double phase separation induced by a
predicted by Onuki[2,8] and experimentally studied by double temperature quench. In Sec. VI, we analyze_the pat-
Joshuzet al.[9] and also by ug10]. Effects of the thermal terns produced by double phase separation and their tempo-

cycle on a gas-liquid transition was also investigated. ral change c_]uanutatlvely. In Sec. V, we dl_scuss the coarsen-
ing mechanism of double phase separation. In Sec. VI, we

summarize our paper.

* . . .
_Present addre§s. Nanptechnology Research Institute, National In- Il. EXPERIMENT

stitute of Industrials Science and TechnologyST), Umezono

1-1-4, Tsukuba, Ibaraki, 305-8568, Japan. Samples used were binary mixtureseataprolactone oli-

TCorresponding author. Email address: tanaka@iis.u-tokyo.ac.jpgomer(OCL) and styrene oligomefOS). The OCL had the
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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.

weight-averaged molecular weight,, of 2000 and its ratio [OCL 2000/0S 100@30/70, T:132 °C—130°C—130 °C, tg
of the weight-averaged to the number-averaged molecular2048 §. The second quench induces the phase separation of each
weight M,,/M, was 1.20. For the OSM,=1000 and phase. The phase with a dark contrast is the OS-rich one. The small
M,,/M,=1.04. The samples were sandwiched between thdroplets formed in the dark OCL-rich matrix phase disappear very
two cover glasses and the sample thicknesswasum. We ~ quickly due to the wetting effects since they favor the glass walls
measured the binodal and spinodal temperatures of this Sygnd thus are very difficult to be observed. The secondary OS-rich
tem in various compositions by direct observation with phasélroplets formed in the OCL-rich droplets, on the other hand, can be
contrast microscopy and determined the phase diagram witf{early seen since they are almost free from wetting effg22s
an upper critical solution temperatufgCST), as shown in
Fig. 1. The sample temperature was controlled with a resophasé are formed and coarsen with time. We call this struc-
lution of 0.1 K by a temperature-controlled hot stageture formed by the first quendhe first-order structure
(Linkam TH-600 RMS. The maximum rate of the tempera-  Then, we applied the second quench to the systemn at
ture change was 1.5C/s. =t,=2048 s; the temperature was further changedTio

We analyzed the structural evolution, which was observed130 °C. The pattern evolution of the system after this sec-
with phase contrast microscopy, by using the digital imageond quench is shown in Fig. 2. The time evolution inside a
analysis(DIA) method[21]. For example, the structure fac- large OCL-rich droplet after the second quench can be seen
tor S(g) can be obtained by calculating the power spectrunin Fig. 3.
of an image with the help of fast Fourier transformation After the second quench there appeared small OS-rich
(FFT). We use the zero-filling method to avoid the effect of droplets in the OCL-rich droplets formed by the first quench.
leakage. We add the 20 areas with a value of zero about ond/e call this structure inside large droplets gecond-order
direction around the original image, setting the average ostructure First this subsystem coarsens with time mainly by
the background level of the original image to zero. Then, théhe Brownian-coagulation mechanisf23-25 accompany-
2D-FFT of the whole image is processed. We also apply thég direct droplet collisions and coalescence. However, the
smoothing operation for the 2D power spectrum to obtain a
smooth structure factor. This operation is particularly useful 8s ' 5793 s
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.

Ill. PHASE-SEPARATION BEHAVIOR AFTER A DOUBLE "16384 S

QUENCH
A. Pattern evolution

First we describe the overall features of pattern evolution

after a double temperature quench by demonstrating a typical
1804
At the timet=0 we quench a OCL/QS80/70 mixture
from the stable to the unstable regiof=T,;=132 ° Q. After FIG. 3. Temporal change of the pattern inside a large OCL-rich

this first quench, spinodal decomposition takes place. In théroplet after the second quench. The size of an image corresponds
late stage, droplets of the minority pha&he OCL-rich  to 25X 25 um.
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FIG. 5. Temporal change i8(q) obtained by DIA. A system is
o ] 2 " 4 OCL/0S31/69. The mixture is quenched from the homogeneous
state to the unstable staf€; =130 °Q att=0 and again quenched
q (um™) into the lower temperatur@l,=125 °Q att=t;=1800 s. When the
L2 peak intensity ofS(q) becomes maximum just after the second
’ guench, we can clearly see the shoulder, which reflects the spatial
10} ; correlation of small second-order droplets.
08 C. Characteristics of g-space andr-space analyses of patterns
g.; 06} | using DIA

DIA is a very powerful method21] to study the pattern
evolution after a double quench. After the second quench a
02} ] substructure is formed inside each droplet created by the first
quench. Light scattering experiments provide the structure
0 1 5 3 4 factor of the entire structure in the scattering volume. The

1 structure factorS(q) calculated from the patterns observed
q (um™) with phase-contrast microscopy, is essentially the same as

FIG. 4. Structure factor of the whole systeftop) and the that obtained by light scatterirj@1]. The top figur_e of Fig. 4 _
second-order structure oniottom). 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 8q) in the top figure of Fig. 4
reflects the spatial distribution of small droplets. However,
ﬁ%‘ .

e 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
{3 obtain the precise information on the secondg@mall)
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,
B. Wetting effects on pattern evolution as demonstrated by Hashimoto and co-worké&i518.

. . bl | h h In the case of DIA, on the other hand, a subimage that
Since OCL is more wettable to glass than OS, phase sepayniaing only the second-order structure can easily be ob-

ration is affected by wetting phenomena in a particular mang,jneq just by cutting an image. By applying the Fourier
ner characteristic of this configuratig@2]. It is worth men- 5 qtormation to the subimage, a local structure factor can

tioning that wetting effects can be strongly delocalized by}, calculatedsee the bottom figure of Fig)4So the tem-
hydrodynamic effects for fluid mixturef22] and thus they

do seriously affect phase-separation behavior even for a mac-

04|

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 small
droplets is controlled by the Lifshitz-Slyozov mechanism
[23,24, as will be discussed later in detail. The qualitative
feature is the same as that reported by one of the autho
(H.T.) previously [14]. In the following section, we make
guantitative analyses by using DIA.

roscopic sample. In relation to this, it is one of the advan- 20
tages ofr-space observation overspace one that we can
directly see how wetting effects affect the overall coarsening 10 °

behavior. In our study, for example, we focus on the coars-
ening process of the second-order struct@@mall OS-rich
droplety. This is because the coarsening behavior of small
OS-rich droplets, which are less wettable to glass than the 2
matrix phase, is not affected by wetting effef2g] (see also

below). Since it is not the aim of this paper to study the 1

wetting effects on phase separation and furthermore we are e o 102t(s) 0 e e
mainly interested in the effects of the second quench on pat-

tern evolution, we do not dwell into the problem of wetting  FIG. 6. Temporal change in the peak intensity,,) of the struc-
effects in this paper. ture factor.S(qy,) abruptly increases just after the second quench.

S(qp)
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FIG. 7. Temporal change in the peak wave numggwof the
DIA structure factor for the first-order structuf@p). In the bottom
figure, g, is plotted against-t, instead oft. A is the exponent of
the power lawg, o t®.
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FIG. 9. Top figure: Temporal change in the number-averaged
radius of the first-order droplets. Bottom figure: It is plotted against
t—tq instead oft.

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

Similarly, we can apply various-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{@E 69, which is
quenched from the homogeneous state to the unstable state
(T;=130 °O att=0 and again quenched into the lower tem-
perature(T,=125 °Q att=t;=1800 s.

A. Coarsening of the first-order structure
1. g-space analysis

In Fig. 5 we show the time evolution of the structure
factor S(g) of the first-order structure. The peak intensity of
S(g) 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 quencly decreases, re-
flecting the coarsening of the first-order structure. The tem-

FIG. 8. Top figure: Temporal change in the number of the first-poral change ofj, is described by the power Ial%octA (A

order droplets. Bottom figure: It is plotted agaibst, instead oft.

=-0.20 in this case After the second quenched tatt,, the
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coarsening rate is accelerated. The time dependengeraf FIG. 12. Temporal change in the total volume of the OS-rich
longer obeys the power law there. However, if we replot itPhase inside a first-order droplet, whose area is 9396.
againstt—t, instead oft, we recover a power laji7,18 but
with a different exponentA=-0.16 as shown in Fig. 7 the peak wave numbeu, decreases with time, while the
(bottom). Since the coarsening is accelerated after the secorpkak intensityS(q,) increases. In regime I, which starts at
quench, the memory of the system evolution up to tigis  t=t,, this tendency stops and botfy and S(q,) are almost
soon lost. constant with time. Finally, in regime Ill, which starts at
=t,, g, starts to decrease again whit&,) keeps stagnating
2. r-space analysis [it finally decays(not shown), reflecting the disappearance of

Here we describe the results of the real-space analysis §Mmall droplets The coarsening of the second-order droplet
the pattern evolution. Figures 8 and 9 show the temporal much slower than that of usual droplet phase separation
changes of the number and the number-averaged radius Bfduced by a single quench. This regime Ill continues until
the first-order droplets, respectively. Since the process of th#1€ second-order structure completely disappears.
coarsening of the first-ordg©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 Next we show the results of the real-space analysis of the
bridging them apparently violates the in-plane conservatiorsecond-order structure. Figure 12 shows the temporal change
law [27,22; this leads to the violation of the simple scaling in the total volumeV of the OS-rich phasghe phase making
law for the late-stage coarsening. up the second-order droplgts a first-order drople{more
precisely, in an area, which almost covers a particular first-
order droplet and amounts to 939@n?). In regimes | and II,

. V is constant with time, while in regime IV decreases with

Next we examine the temporal change of the second-ordefme obeying a power law. We also analyzed the temporal
structure in detail. change in the number of the second-order dropigtim the

) same first-order droplet as well as that in their number-
1. g-space analysis averaged radiuBg; the results are shown in Figs. 13 and 14.

In Fig. 10 we show the time evolution of the local struc- The growth rate of the second-order droplets is much slower
ture factor of the second-order structure. From this we cathan usual phase separation, as mentioned aboyele-
extract the temporal changes in the peak wave number argfeases with time, whildRs increases with time. For both
peak intensity, which are shown in Fig. 11. cases, the rate of the change increases with time.

Evidently there exist three time regimes for the time evo-
lution of the local structure factdisee Fig. 11 In regime |,

2. r-space analysis

B. Evolution of the second-order structure

7}

n I3 102 Oooo
102 003
S(qp).
2.0 s 103 "
= 5 ~ = o
O
E. T 9 104 &
% 10 «
3 105 I m
100
os . i 06 100 101 102 1038 104 105
~100 100 102 103 104 105 t- to(s)
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FIG. 13. Temporal change in the number of the OS-rich small

FIG. 11. Temporal change in the peak wave nuntpe(O) and  droplets in the first-order droplet, whose area is 939%. The
the peak intensity(q,) (®) of the local structure factor. slope of the solid line for regime Il is —1.

051504-5



T. SIGEHUZI AND H. TANAKA PHYSICAL REVIEW E 70, 051504(2004)

2 the droplet size is too small in regime I, 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 |lI.

2.0

C) °O e Note that it takes about $& for the evaporation of the small

%‘ 1.0 - droplet. Because of this slow coarsening kinetics of the

& o =" o evapolation-condensation process, the domain coarsening
2 apparently looks as if it completely stopstatAlthough the

exact mechanism of this crossover and the difference in the

coarsening speed are not clear at this moment, we speculate

1010t 102 103 105 106 that this crossover behavior is induced by the rapid decrease
=100 in the droplet number density and/or the dimensional cross-

FIG. 14. Temporal change in the number-averaged radius of th@ver from three to quasi two dimensions due to the finite
OS-rich small droplets inside the first-order droplet. The growth ofthickness effect. Further theoretical studies are necessary to

0.5

the droplet size is quite slow. clarify the physical mechanism of the switching of the rel-
evant coarsening mechanism.
V. DISCUSSION Next we consider the meaning Bf From the fact that the

total volume of the secondary droplets starts to decrease

Here we discuss the mechanism of the pattern evolutiofrom the timet, (see Fig. 12, we can conclude thdj is the
after a double quench on the basis of the above results. L&éime when the second-order system starts to lose the OS
us consider the meaning of the key timings separating threeomponent due to its flux toward the interface of the large
regimes |-lll. First we consider the meaning of the titpe  droplet; aftert,, the conserved nature of the coarsening be-
There are two coarsening mechanisms in the late stage ¢favior inside the first-order droplet starts to be violated “lo-
droplet phase separation. One is the Brownian-coagulatiooally.”
mechanism and the other is the evaporation-condensation To understand this phenomenon, it is important to recog-
(Lifshitz-Slyozoy one [1,2,23. Both processes give the nize the special situation of the intradroplet subsystem. The
same power lawg,=t™ (a=1/3 for three dimensions Lifshitz-Slyozov process arises from the fact that the smaller
[1,2,4,6,23,2F in real spaceR®=ky(kgT/577)t, wherey is a droplet is, the higher the concentration of the component
the viscosity andkg is the Boltzmann constant. For fluid that is rich in the droplet phase at the matrix-side boundary
mixtures both mechanisms are operative. Although the expaoef the droplet is. It should be notgd4] that the interface of
nent is the same for both mechanisms, there is a crucidhe first-order droplet should be regarded as the boundary
difference in the prefactdky between them: the prefactor of with a negative curvature for small secondary droplets. So
the Brownian-coagulation mechanism is proportional to thehe concentration near the inner boundary of the first-order
volume fraction of the minority phasé,, (k;=6®,), while  OCL-rich droplet,¢, should be lower than the final equilib-
that of the evaporation-condensation one only weakly defium value of the OCL-rich phase,.
pends upon itky~0.053. The prefactor becomes compa-  The Gibbs-Thomson relatioj2] tells us that the concen-
rable whend,, is around 1%. We note that the volume frac- tration just inside the interface of the large OCL-rich droplet,
tion of the minority phase in the first-order droplet, which is ¢, is given by
estimated fronV (see Fig. 12, is just around this value. od

Soon after the second queng@h regime )), the dominant DL = bo— A¢—°, (1)
coarsening mechanism is the Brownian-coagulation one, R
which we confirmed by the direct observation of the Co”iSiO“whereRL is the radius of the first-order droplet and is the

and coalescence process. At tigehowever, the dominant  concentration difference in the coexisting phases. Hgris
coarsening mechanism switches from the Brownianine so-called capillary length, which is give E8]

coagulation to the evaporation-condensation one. The above
crossover was directly confirmed by microscopic observation = of )
of the elementary process of the droplet coarsening. Since 0~ 2kgTA P’

where o is the interface tension and is the correlation
’ length, or the interface thickness. On the other hand, the
' concentration just outside a small secondary droplet of radius
R is given by

2d,
- ds= ot A¢?- 3
FIG. 15. The elementary process of domain coarsening due to s
the evaporation-condensation mechanism observed in a first-ordé&quations(1) and(2) immediately tell us thatps> ¢, . This
droplet in regime lll. The images correspondttet,=1448, 1722, suggests that OS component, which is rich in the second-
2048, and 2436 s, respectively. The image size corresponds to @rder droplets, is transferred via diffusion to the outside ma-
X5 um. trix OS-rich phase. Accordingly, the second-order droplets
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I 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

I I o 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

coarseningregime ll). During regimes | and I, a subsystem
FIG. 16. Schematic figure describing the pattern evolution afteican be regarded as an isolated system. However, this is no
a double qUenCh. The thick black arrow indicates the diffusion ﬂUX|0nger true in regime 11l and a Subsystem a small droplet

induced by the concentration gradient. starts to fully interact with the outer matrix phase. In other
words, in regimes | and Il small secondary droplets does not
evaporate and eventually disappear completely. feel the concentration at the inner boundary of the first-order

However, it takes some time for this diffusion process todroplet, but at time, they start to feel it and all small sec-
be really operativet,, which separates regime Il and Ill, can ondary droplets start to evaporate in regime lll, since they
be regarded as the time required for the Lifshitz-Slyozovevaporate and condensate onto the matrix phase surrounding
mechanism to be operative in the inner region of the largehe first-order droplet.
OCL-rich droplets. It is the characteristic diffusion time over  Finally, we point out that the characteristic timnte@andt,

the size of the large droplet and estimated as are dependent upon the domain size of the first-order droplet
) R. Thus, the domain-size distribution that intrinsically exists
to~ R{/De. (4) in the first-order structure makes the crossover behaviors ob-
HereD, is the mutual diffusion constant given tg] scure, even though the individual domain has its unique and
distinct crossover behavior. This is another merit of DIA
keT analysis over the scattering techniques in revealing the
¢~ 6mrE’ () physical mechanism.
Let us estimate the value ¢f. According to the mean-field VI. CONCLUSION
theory In this paper we study the late stage of the phase-
1 1 separation behavior of a binary mixture after a double
;) + :ﬁ guench using DIA method. We clarify the physical mecha-

( 1 1
12l —+—" -2
Nad Ng(l-¢)

whereb is the bond lengthN, and Ng are the degrees of
polymerization of the two components, agds the interac-
tion parameter. Here we use the relatipm To/T (Ty is a
constant temperatuy€el is determined a$,=22 K from the
critical temperature of our system. We also assume that th
viscosity of the system is the simple weighted average o
those of its components. The viscosities of OCL and O
were measured using a rotational viscometer, from which we,
got »=0.090 Pas. With these values aNg=106,N;z=18.5,
b=0.153 nm, and T=125°C, we obtain D.=5.7
X 10712 m?/s from Egs.(5) and (6). By usingR =60 um,
we estimate, ast,=630 s from Eq(4). This is very much
consistent with the experimentally determined valuet.of
~650 s.

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-
uence of the existence of the two characteristic length
cales for double phase separation.
The phase-separation phenomena under a multiple qguench
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 quencii28] when the diffusion cannot catch up
with the fast hydrodynamic coarsening. Further studies are
. . . highly desirable for clarifying the mechanism dominating hi-
Her_e we summarize the physical scenario of the patterd o rchical phase ordering under various multiple quenches
evolution of the se_zcond-ord_er structugsee Fig. .15 The and applying the phenomena to the structural control of ma-
second quench brings the intradroplet system into the u erial
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 This work was partly supported by a Grand-in-Aid for
(regime ). This mechanism keeps operative until the numbeiScientific Research from the Ministry of Education, Culture,
density of the small droplets becomes too small for it toSports, Science and Technology, Japan.

, (6) nism governing the complex phase-separation behavior. In
!
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