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Phase separation in two-dimensional binary fluid mixtures: Spontaneous pinning effect
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The dynamics of phase separation, under asymmetric quench, is studied for binary mixtures by molecular
dynamics simulations. We consider two kinds of systems, i.e., the small molecular liquid mixture and the
flexible chain blend. The domain growth is found to be dependent crucially upon the relative composition of
the mixture. For a near symmetric quench with volume fraction not far away from the critical value, we find
that the domain growth is obviously slowed doythe spontaneous pinning effgethen the phase-separating
structure undergoes the percolation-to-cluster transition. However, as the volume fraction of the minority phase
is decreased, a pinning-depinning transition of the domain growth is observed for certain asymmetric quenches,
due to the correlated motion of droplets. For sufficiently asymmetric quenches where the volume fraction of the
minority phase is low, the domain growth is suppressed at late stages for the flexible polymer blend, in contrast
to the fast growth for the small molecular system. The results are in good agreement with previous studies, and
confirm the possibility of the intermittent or final pinning of phase separation for isolated droplets structure.
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Phase separation dynamics has been a subject of consitspontaneous pinning” of domain growth when the minority
erable study in recent years, not only from the technologicaphase evolves from the early-stage percolated domains into
but also from the theoretical point of vielt]. When a bi-  circular clustergor droplets, i.e., the so-called percolation-
nary system is quenched into the coexisting region, the deto-cluster transitiofi6]. One interpretation is related with the
mixing process drives the formation and growth of two or-enthalpic-barrier argument, which states that the transport of
dered phases. Typically, such spontaneous process can §f components through the bulk is energetically unfavorable
well understood with a power laR(t)~t“ whereR(t) is  and the bulk-diffusive contribution to domain growth is
the average domain size at timeThe growth exponent is  therefore suppressd®]. On the other hand, Crigf7] has
an important quantity which effectively reflects the growth pointed out that hydrodynamic effects must be considered for
mechanisms, and can take a characterized value by a givesxplaining the pinning behavior and attributes it to a cross-
universality class. In fluid systems, the hydrodynamic flowsover behavior from the hydrodynamic regime to the other
usually have an important influence on the domain growthregime. This seems to be confirmed by a recent experiment
and structural evolution. For systems with a symmetric[8]. However, there is still a lack of numerical evidence of
quench, the flows are believed to accelerate the domaithe spontaneous pinning effd& 10]. So far, the mechanism
growth and lead to the fast growth witR(t)~t in three  for the pinning effect is not available at this point.
dimensions oR(t)~t"?in two dimensions during the vis- In this paper we address the spontaneous pinning phe-
cous regime, andR(t)~t?" for two- and three-dimensional nomenon by studying phase separation dynamics under
systems during the inertial regini,2]. Under the asymmet- asymmetric quenches, i.e., the systems have asymmetric
ric quenches, phase separation dynamics is dependent citompositions. The obtained results on two types of systems
cially upon the relative composition of the mixture and hy-are compared and show that the domain growth presents
drodynamic effects are believed to become less importanjualitatively similar behaviors despite some trivial differ-
with decreasing the volume fractiah of the minority phase. ences. It is shown that for near symmetric quenches with
For sufficiently asymmetric quenches where the volume fracvolume fraction not far away from the critical value, the
tion of the minority phase is rather low, isolated dropletsdomain growth is promoted by the hydrodynamic flows at
structure is present at very early stages, and the domaigarly stages but is continuously slowed down. In particular,
growth is usually believed to be controlled byBaownian  for certain asymmetric quenches, an intermittent pinning
coalescence mechanigd®] and a bulk diffusion mechanism state is confirmly observed during the process, and after that
[4], each of which gives the growth laR(t) ~t°. However, phase separation becomes fast again. Such observation of a
it was recently noted that the spontaneous motion of dropletginning-depinning transition qualitatively supports the ex-
also plays an important role for the structure evolutigh perimental results, indicating that the hydrodynamic effects
So far, it is not clear how the domain growth is influenced byhave significant influence on droplet motion and can sup-
such spontaneous motion which is spatially correlated, depress the coalescence of droplets temporarily. For sufficiently
pending on the phase-separating structure. asymmetric quenches, suppressed domain growth is ob-

Polymer blends are well suited to the investigation ofserved only for the flexible chain system, in contrast to the
phase separation because the time and size scales allow ed@agt growth for small molecular systems. The reason for this
experimental monitoring. One striking observation is thediscrepancy may be attributed to the different distances be-

tween droplets.
To simulate phase separation dynamics, we apply the mo-
* Author to whom correspondence should be addressed. lecular dynamics(MD) method similar to that previously
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employed by Toxvaerd and co-workgfisl]. For a small mo-  versible integratof14]. The integration time step is taken to
lecular liquid mixture, the system is composed of two spedbe St=0.005r, where the time scale= \uo?/e.

cies of moleculegor monomery labeledA and B. They To prepare the initial configurations for the flexible chain
interact with each other through the following two- system, we place the head monomer of each chain randomly
component Lennard-Jonéis]) potentials: in the simulation cell, and then generate the positions for the

remaining monomers by a self-avoiding random walk under
o periodic boundary conditions. For a small molecular liquid
(— , (1) system, only the above first step is performed. Then the MD
Fij simulation is conducted for enough steps to create an isotro-
] ] pic equilibrium state, where the purely repulsive Weeks-
wherer;;=|r;—rj| is the distance between two molecules Chandler-AndersofWCA) interaction[11] is applied be-
andj. 6;;=1 or 0, respectively, if the molecular pair is the tween any pair of monomers. The quench process is
same or different type. The immiscibility for the system is produced by switching the WCA interaction to the above-
then introduced as the consequence of different pairwise indescribed LJ interaction. We explore the phase-separation
teractions. The molecular mags, size o, and interaction process by calculating the average domain $£€) as a
parametere are taken as the intrinsic units throughout thisfunction of the quench timé& whereR(t) is obtained from
paper. The potentials are truncated gt 2.5¢0-. the first zero of the equal time pair-correlation function
The bead-spring model is applied for flexible chaing(r,t) [11]. In order to obtain the universal master curve,
blends. In addition to the above LJ interaction between anyiverages for each case are performed over 10-20 runs, with
pair of monomers, we use an anharmonic attractive interacdifferent initial uniform states. Such a measure is extensively

tion Vpond(r) [12] for binding L,, “like” monomers within ~ @pplied and correctly reflects the competing contribution of
each chain, which is given by various growth mechanisms to the domain growth. The main

results are given in the following sections.
2 For small molecular liquid mixtures, the time span is of
ViondT) = 0.5RgIN[1~(r/Ry)*]  for r<Ry, 8% 10° steps for all runs. In the present quench simulations,
0 for r=R,, phase separation is enhanced by the above two-component
(2 potentials, which correspond to strong segregation or deep
quench. Figures(d) and Xb) show the snapshots of phase-
wherer is the distance between two successive monomers ¢feparating structures for the systems wjti 0.30 and 0.45,
the same chairk is an energy parameter, aﬁa is a |ength reSpeCtlvely..FOHOW”’]g the quenCh, after -a.n. initial transient,
parameter describing the extension of the flexible chain. Théhe well-defined domains of the coexisting phases are
parametersR, and k are chosen asR,=1.5s and k  quickly established, and diffusive transport process of com-
= 30e/ 02, which prevent the chains from crossing each othefPonents through the bulk is hardly seen during the remaining

under the temperature for the present study. process. Figure 1 shows that at early stages, droplets of the

The simulations are performed in two spatial dimensionsMinority phase are circular fap=0.30, in contrast to those

Both systems consist &, monomers confined in a periodic W'th percolated structures fQﬁ:QAS' As time elapses, .d'f'
. . ! fusive coalescence of droplets is observed to determine the
cell of volumeV=LXL with different volume fractions of

L _ structural evolution. At late stages, droplets fb+0.45 are

the minority phasde.g., B phasg, defined asp=Ng/Np,. obviously coarser than those fag¥=0.30, which indicates
L=2500 is the system size. The density of the monomer tne relative importance of hydrodynamic flows for different
=N,,/V is kept at 0.8~ 2 in all simulations. For the latter compositions of the mixture.
system, L, “like” monomers are bonded to formNcpqin To get a quantitative view of the growth process, we cal-
=Np /Ly, flexible chains. culate the averaged domain siRét) for various values of

To obtain the canonical ensemble correctly, we havep, and plot the results in Fig. 2 on a log-log scale. It is
supplemented the equations of motion using the generalizeclearly seen in Fig. 2 that at early stages, the hydrodynamic
Gaussian moment thermostat proposed by Liu and Tuckeeontribution to the domain growth becomes increasingly im-
man [13]. The modified Hamiltonian of the system is de- portant with approaching symmetric quench. On the other

12 o 6
1] r|J

V(rij):46

scribed as hand, for¢=0.30, the domain growth witlk=~0.33, which
indicates no hydrodynamic coarsening, is observed to cross-
Nm 2 p"f] pf] over to a fast growth withw~0.40 at late stages. This is
H=> ~—+V(1)+ 5=+ s~ + NekgT(71+ 72), consistent with the scaling argumeflg and a previous nu-
=12 2Q1 2Q merical study[15]. By increasing¢ to the value of 0.42,

() three distinct growth regimes are presésge Fig. 2 During

) the first regime, the hydrodynamic contribution to the do-
wherez; andp,, are the thermostat variable and momentum,main growth givesy~0.42. By linearly fitting the data over
Q; is the time scale parameter, ahj=2(N,,—1) is the the intermediate regime, we find that the effective growth
total number of degrees of freedom. TkgT is the tempera- exponenta is approximately equal to 0.25, indicating that
ture of the system and is set to be Q6B this study. Here, the diffusive coalescence of droplets becomes inefficient and
we apply the fourth-moment thermostat for the temperatur@phase separation starts being suppressed, i.e., the pinning
control [Eq. (3)]. The corresponding Liouville operator is effect. Afterwards, phase separation recovers to a fast growth
symmetrically factorized for building the symplectic and re-with an exponent similar to the case of=0.30. On the
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FIG. 1. Pattern evolution in
small molecular liquid mixtures
for (&) »=0.30 (left column and
(b) ¢=0.45 (right column. The
minority phase is only shown and
represented by the black region.
Snapshots from top to bottom cor-
respond to time$=200r, 2000r,
and 4000.

(b)

contrary, the domain growth fap=0.45 is gradually slowed sented in Fig. 3 forp=0.30, 0.42, and 0.45. In the present

down and no depinning effect is observed. In order to avoiphase-separating systems, the domain growth curves for

that the slow growth at late stages is invalidated by finite sizevarious ¢ show the behaviors compared with those of the

effects, we performed simulations on the large systems witlfirst system(Fig. 2). However, the domain growth in the

L X L=4000x 4000, and the significant slow growth is also present system forp=0.30 becomes suppressed at late

observed at late stages during the same time span. stages. On the other hand, fgér=0.42, the growth process
We next present the results on the flexible chain blendslemonstrates the behavior similar to the first system, but the

with L,=10. In such cases, the simulation time span is twicepinning herein is relatively strong witkk~0.16. The time

as long as in the first system, due to relatively long diffusionevolution of the pair correlation function is shown in Fig. 4,

times of flexible chains. The time evolution B{t) is pre- where each curve is sampled with the time interval of800
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FIG. 2. Log-log plots of the average domain sR@) vs timet FIG. 4. Time evoution of the normalized pair correlation fuction

for small molecular liquid mixtures. Data lines from top to bottom for #=0.42 in the flexible chain blend.is in units ofo.

correspond tap=0.45, 0.42, and 0.30, respectiveR(t) is in units

of o andt is in units of 7. phase separation of polymer blends without hydrodynamic
) ) ) effects and found the temporary pinning of the domain

A slow evolution can be seen at intermediate stage.&or growth under the deep and sufficiently asymmetric quenches.

—0.45, the domain growth is also gradually slowing down., vever, the pinning observed by them is related to the fact

Due to t_he Ia_rge do_mam size, the results are also validated bt¥1at the asymptotic regime is not reached in their simulation

performing simulations on the larger systems. time span. One can clearly see that the asymptotic regime is

After presenting the main results, we now turn to the main : ) L } S
) o reached during our simulation time span; for earlier times the
purpose of the present work: the spontaneous pinning effect

As already mentioned, bulk diffusion is irrelevant for the domain grovvth(F|g. 3 s §|m|Iar o their results.

domain growth at late stages due to the strong segregation. Thq |nterm|tteqt pinning state observed fdf_: 0.42,
Diffusive coalescence of droplets is then expected to be reherein the effective growth exponent has considerable de-
sponsible for the structural evolution and domain growth ofviation from the value of 1/3, qualitatively supports the re-
phase separation. Fer=0.30, two systems show some dif- C€nt exper_lmen_tal_ obse_rvatlons by T_ake_no and Hashn[r_&}to_
ferences in the late-stage growth of domains. In the firsth @ long time limit. While the quantitative understanding is
phase-separating system, the coalescence of droplets sfiifficult, th|s is very likely rglated to the correlat.ed motion of
takes effect and the local hydrodynamic flows induced bydroplets induced by the viscous-hydrodynamic response of
coalescence make a considerable contribution to the domaffi€ Vvelocity field. In fact, many previous studies have pre-
growth. However, it starts being suppressed at late stages fEnted such novel correlated motion of droplets. Tahaka

the second system. One main reason for such a difference fi§st observed the collision-induced collision between drop-
due to the formation of larger distances between large dropts, which still give the domain growth with the exponent of
lets for the flexible polymer systeifsee Figs. 2 and)3As  1/3 at early stages, while at late stages, the slow growth
we know, the mobility of isolated droplets decreases with thetPpears. Furukawjd 8] has recently pointed out that the cor-
increase of their radii. This may be used to explain the spontélated motion between droplets will lead to the accumula-
taneous pinning phenomena in sufficiently asymmetric polylion of isolated d_roplets under a symmetric quench an_d
mer blends wherein the hydrodynamic effects is believed t¢hange the domain growth. In our present phase-separating

be trivial. Recently, Castellano and Corbjré] have studied ~cases, such a correlated motion can be observed, and may
suppress the coalescence of droplets temporarily. After that,

4.0 : : . : . the influence disappears aBdownian motion of droplets is
recovered. To further verify the above viewpoint, we have
ansasd performedBrownian dynamics simulations for the present
53'5' Leat” o cases, wherein the hydrodynamic effects are screened out,
% AAAA::WO“O a_nd no_pinning-depinning transition is found over the same
3.0 yab® ot 0B simulation time span.
. o For ¢=0.45, we cannot confirm at present whether the
o5l ce’ oo | pinning of domain growth is the intermittent or final stage. A
' Loo® study of much larger systems at much longer times is re-
o quired in the future. However, considering the coarser drop-
2.9

lets structure due to the prior hydrodynamic contribution, in
the present cases phase separation may develop directly into
the final slowing-down growth.

FIG. 3. Log-log plots of the average domain si) vs timet In summary, we have studied phase separation dynamics
for flexible chain blends. Data lines from top to bottom correspondunder asymmetric quenches by a continuous-space molecular
to ¢=0.45, 0.42, and 0.30, respectiveR(t) is in units ofe andt ~ dynamics model, which has an advantage over the usual
is in units of 7. phase-field model by avoiding the discretization of sj&je

60 65 70 75 80 85 9.0
In{t)
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Under the conditions of strong segregation and low thermalo the three-dimensional systems. Moreover, we note that
noise, the results show that the domain growth can be slowegbme experiments on polymer blend filfi9] have also
down at late stages, which supports the spontaneous pinnirfgund the pinning of phase separation at late stages, which
effect observed experimentally in quenched polymer blendsSUPPOrts our results.

In particular, the pinning-depinning transition of phase sepa- This work was supported by the China’s Outstanding
ration is first observed, which may be attributed to the cor-ygyng Foundation under Grant No. 19925415, the National
related motion of droplets of the minority phase. Since thenatural Science Foundation of China under Grant Nos.
simulations are performed for two-dimensional systems, th®0103035 and 10021001, and the Trans-Century Training
detailed comparison with the experimental results is not posProgram Foundation for the Talents by the State Education
sible. However, the major features may be suitably extende@ommission.
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