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Phase separation of a polymer blend driven by oscillating particles
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We study the possible formation of ordered structures of a binary polymer blend by introducing mobile
particles in a periodically oscillating driving field. The particles which have a preferential attraction to one of
the immiscible phases, will significantly perturb the phase separation of the system and breakup the isotropy of
the system, so that some interesting structures such as lamellar and cylinder phases are observed by appropriate
selection of the simulation parameters. We examine in detail the dependence of formed morphology and
domain size on the oscillating fields, the relative composition of mixtures, the diffusion coefficient, and quench
depth, and then discuss how to realize stable and highly ordered structures.
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[. INTRODUCTION binary mixture for low particle density with selective affinity
of one of the species. It was found that the addition of hard
The phase separation in a binary immiscible polymer mix-particles greatly changes both the speed and the morphology
ture has been studied extensively theoretically and experif the phase separation. However, in these studies, phase
mentally[1]. When the system is suddenly quenched belowseparation still led to an isotropic, disordered morphology of
the spinodal line, the domain morphology may be an interthe coexisting phases. By using CDS method, we have stud-
connected bicontinuous phase or isolated droplets, dependirgd the structure formation on the solid substrate of phase-
on the relative fraction of the two phases, and changes corseparating films containing mobile particles with a preferen-
tinuously in space and time. In order to obtain new and usetial attraction for one component of the mixtures. It was
ful ordering structures due to its potential importance in theshown that the presence of mobile particles under the
material engineering, some previous studies have consideratirface-particle interaction modulation breaks the isotropy of
the application of external perturbatiofe.g., shear flows, the bulk phase-separating process, leading to the formation
electric field, temperature inhomogeneity, and surfades of orientational structures under a modulated pinning poten-
control the domain curvature and orientat{@+10]. For ex-  tial [18]. Recently, we have further reported the formation of
ample, depending on the frequency and amplitude of the osstriped patterns of a binary polymer film through periodic
cillatory shear flow, the domain morphologies of the blockoscillatory particles with special addictive to one of the two
copolymer system could be the lamellar structures either paimmiscible phases. We observe the striped domain structures
allel or perpendicular to the flow directid@—12]. either parallel or perpendicular to the oscillatory direction by
Actually, the ordered structures can also be generated bghanging the oscillatory frequency and amplity@8]. This
means of the introduction of mobile particles to polymerindicates that the oscillatory particles can control the order-
blends[13—19. In many technological applications, the use ing morphology in phase separation of multicomponent mix-
of colloidal or glass particles is a promising route to materi-tures.
als synthesis with the opportunity to create highly ordered In this paper, we study the formation of three-dimensional
structures on wide length scales. However, when the mobilerder structures of phase-separating systems by introducing
particles are introduced, the growth dynamics may bemobile particles in a periodically oscillating field. The oscil-
changed due to the interplay of several dynamic mechalatory external field enforces the movement of particles
nisms. Tanakaet al. [13] first provided experimental study along oscillatory direction, and the particles in turn influence
on the pattern evolution in a binary mixture into which mo- the phase-separating process due to an affinity for one of the
bile particles were introduced with different interactions tocomponents, resulting in the development of anisotropic
two immiscible phases, and found that the presence of mastructures. We find that the competition between the phase
bile particles dramatically changes the morphology andsegregation and the deformation of the favored phase in-
growth kinetics of the phase-separation. This phenomenoduced by mobile particles, can lead to continuous structures
originates from the strong preferential attraction of the filleralong the oscillation forcing direction and the lamellar struc-
particles by one component of the blend. As we know, theures perpendicular to the oscillatory direction. Depending
presence of such a selective interaction will strongly affecion the strength of the oscillatory fields, we can observe
the structure evolution and growth dynamics by competinchighly ordered structures such as lamellar and cylindrical
with phase-separation procegs3—16. By combining cell  phases, contrary to the two-dimensional case. To discuss how
dynamical systeméCDS) and Langevin dynamics for par- to realize highly ordered lamellar structures, we have also
ticles, Ginzburget al. [17] studied the phase separation in ainvestigated the dependence of the morphology and the do-
main size on the relative concentration between two phases,
the diffusion coefficient, and quench depth.
* Author to whom correspondence should be addressed. Electronic The paper is organized as follows. Section Il is devoted to
address: mygiang@nju.edu.cn the description of the model. In Sec. Ill, the numerical results
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for pattern formation and growth behavior of phase separawork, a bias field is applied along tixeaxis, and the effect of
tion are obtained and discussed. Finally, a brief summary idlriving the particles is analogous to that of an electric field
given in Sec. IV. on positive charges. This will cause the break down of sym-
metry in the system, and may significantly alter the mac-
Il. MODELS AND METHODS rophase separating structures. We neglect interactions be-
tween particles and consider only the particles’ excluded

We investigate a three-dimensional phase-separating sygolume constrainf24]. In the presence of oscillatory exter-
tem, and add a small concentration of particles subjected tRal field ysin(@t)X, pointing along unit vectog, a simple
periodically oscillating fields. We assume an externally alter-fOrm of driving fiéld can be modeled by the ’
nating “electric” field acting on “charged” mobile particles
along thex direction to describe the externally driving force.
The local volume fractions of the componetsB and par- plitude andw is the frequency.

ticles are denoted bya(x.y.2), ¢E?(x,y,z), andp(x.y,2), We perform numerical simulations of the model system
respectively, and the total densiga(x.y,z)+ ¢s(X.y,2) using CDS approach by Oono and P[2b,2€. The CDS

+p(x,y,2) is assumed to be constant normalized to unity.qq ations corresponding to Eqg) and (3) are written as
Under the incompressibility condition, two of the local vol-

“Ohmic” cur-
rentj.= v sin(wt)p(1—p)X reflecting the vanishing af, in a
completely filled or empty systefi?4]. Here, v is the am-

ume fractions will be independent. We takg(x,y,z) ¢(x,y,z,t+1)=¢(x,y,z,t)+M¢(<<l¢>>—Iw),

=da(X,Y,2) — dp(X,y,2) and p(x,y,z) as the independent

variables. The order paramet(x,y,z) gives the local con- p(X.Y,Z,t+1)=p(x,y,z,t) + M ({{I ,))—1,)

centration difference betweeA (¢>0) and B (¢<0) )

phases, whereas the order parametery,z) describes the —ysifwt)[1-2p(xy,z,1)]

local particle concentration. We use a two-order-parameter X[p(x+1y,z,t)— p(x—1y,z,1)]/2,

model proposed by Komurat al. [21]. The free-energy

function of the system is given by 4
where

a b d
F= dxdydz — = g2+ — g+ - (Vih)?
J ] [ ona { 2/ "3 vy |y=—D({(#))— ) Atanhy+ y+gp,

(1) | ,=Ep(p—ps)(2p—ps) +9¢, 6)

and

+ep’(p—ps)>+apy|,
where parametera, b, d, e, andg are positive constants.

The e term allows the coexistence of two bulk staf@q], 6 3 1

i.e.,p=0 andp=ps. The statey=0 corresponds to the case (XN = 80 % X+ 80 ,\%N X+ 80 N%N X, ©)

in which the system is locally occupied either Byor B,

whereasp=ps corresponds to the case in which the localwhere the subscripts NN, NNN, and NNNN stand for
volume is occupied only by the mobile particles. Here, wenearest-neighbor, next-nearest-neighbor, and next-next-
take into account a cross tergnbetween the order param- nearest-neighbor cells, respectively. For the original cell dy-
etersy andp due to the coupling between the mixture and namics system, the lattice siz&X, Ay, or Az) and the time

the particles.g>0 means that the particle is energetically stepAt were both set to be unity. The CDS parame#erb,
favorable in theB phase (y<0), andg is the interaction andE in Eq. (5) are related to the free-energy parameters in

strength between the particles and the blend. Eq.(1) by A=1+a, D=d, andE=2e [27].
The dynamics of the phase-separating process is de-
scribed by the coupled time-dependent Ginzburg-Landau IIl. RESULTS AND DISCUSSION
equationg21-23 for the two order parametergandp. We
have[21] Simulations are performed on a cultieK L XL = 64X 64
X 64 lattice under periodic boundary conditions, and mobile
3_‘# -M V25—F @) particle phase 5%. The spatial averages/oénd p are
ot vooy =0 andp=0.05, respectively. We fix the parametersAas

=12, g=0.1, D=0.5, E=0.25, ps=1, and M,=M,
=0.05. The effects of the strengths of driving fields on pat-
tern selection are first investigated. The domain patterns for
different parameters(a) y=0.02, »=0.002 and (b) vy
whereM , andM , are mobility coefficients. The second term =0.08, »=0.013, are shown in Figs. 1 and 2, respectively.
on the left-hand side of Eq3) comes from the addition The gray color regions stand férrich domain, while light
current due to the existence of a driving field acting on pargray color regions represeBtrich domain. The particles are
ticles. As is well known, the periodically oscillating field can shown in black color. It can be clearly seen from Fig. 1 that
be realized in many practical applications such as electrofor small oscillatory amplitude and frequency, the domain
lytes, charged colloids, or granular materials. In the preseninorphology displays a continuous structure along the oscil-
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t=150000
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FIG. 2. Snapshot pictures of phase separation with0.08, w

FIG. 1. Snapshot pictures of phase separation wit0.02, . .
P b P ’ 4 @ =0.013, andg=0.1. PhaseéA is represented by the gray region,

=0.002, andg=0.1. PhaseA is represented by the gray region, . . . .
phaseB by thg light gray region, anpd the mobilgparticgfesyby glack. phaseB by the light gray region, and the mobile particles by black.

tion of the oscillatory force. Further, due to high frequency
oscillation of the particle, its motion track can be effectively
taken as a “rodlike” structure, and thus at the late stage, the
structure and orientation of the system is seemly dominated
by parallel “rods,” leading to the formation of smectic layer
Lructures. As we know, such a lamellar pattern has been
9vide|y seen in smectié: liquid crystal systems. In the
resent case, the oscillatory motion of particles suppresses

latory forcing direction, i.e., the striped pattern is formed on
the cross section parallel to thxeaxis (e.g.,zx plane orxy
plane. This may be due to the fact that the oscillatory mo-
tion of mobile particles will significantly breakup the sym-
metry of the system and enforce the coarsening process
the favored phase B adjusted to the motion of particles. Th
diffusion of B phase along the particle oscillatory direction is
more strong than that of perpgndlcular dlrectlor_l. On th he domain coarsening along the oscillatory direction, in con-
plane perpendicular to thedirection (yz plane, the isotro- trast to the case observed in Fig. 1

pic macrophase separ.ation is still not broken up. The_par— We can calculate numericall'y ihe domain siRét),
ticles are aggregated into the bulk phasdecause this is which is derived from the inverse of the first moment of the

energetically favorable. On the other hand, we observe fro _ v ;
Fig. 2 that for large oscillatory amplitude and frequency, thg%tructure factoS(k,t) = (g ). For thex-axis continuous

. . . structure(Fig. 1), the domain morphology on the cross sec-
&?‘tg:grs s(jt:nlcitfpeevr/?]\i/gr:eg E)g?ﬁr:?jicss:gffgiwggsgh% tgrytion (yz plane is still isotropic structure. We introduce the
direction. In fact, when the periodically oscillating force is meanh charactlerlsuc Siz&,(1) to describe the domain
strong enough, the favored phaBeretains rapid motion growth onyz plane
along the oscillatory direction due to sufficiently high os-
cillating frequencyw, while the movement oA component Ry (t)=2m/{k 1)), (7)
becomes relatively slow. On the other hand, due to the large Y Y
amplitudey, the moving range of the oscillatory particles is
so large that the favored phaBds easily driven to extrude With
the A phase along the oscillatory direction, and thus e
phase is gradually crowded into thin domain perpendicular to

L
the oscillatory direction. At the late stage, the thin domains (K (U)ZE U dkkS(k t)/f dkS(k t)}/ L, (8
will join to form lamellar pieces perpendicular to the direc- ve i=1 ' ' '
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where S(k,t) is spherically averaged structure factor tion. Here, we discuss the effects of the variation of the rela-
on yz plane with a fixed lattice indexi at x axis, tive composition of the two phasésandB on the formation

defined asS;(k,t)==3, kzs(k,t)/z’l, On the other hand, of ordered cylindrical structures. By changing initial spatial
v

for the lamellar structure shown in Fig. 2, the domain sizeaveragey for fixed y=0.02 andw=0.002, Figs. &), 4(b),

R, along the x direction which gives the thickness of and 4c) show the changes of domain morphologiest at
lamella, is defined byR,=2m/(k,(t)), where (k(t))  =150000 for(a) =0.1, (b) #=0.25, and(c) #=0.4, re-

=[ JdkkZS(k,t)/fdkS(k,t) ]2 [28,29. All results are aver- spectively. We see that with a gradual increase of the spatial
aged over five independent runs. Figurés) &nd 3b) show  ,yeragey (ie., theB phase is decreasedhe system still

the time evolution of the domain sizé¥, and R, for the  re1aing thex-direction continuous structure driven by the mo-

gara(rjm;ters Wh'(;.h alre \c;\?osen th be 't:he ELnet ?hs thossvt'ﬂ F'%ﬁe particles under weak oscillatory force. On perpendicular
and 2, respectively. We see from FigaBthat the gro yz plane, the oscillatory particles do not break the isotropic

exponelnt of tne n;]ean ?OT‘?]'.n S'EF’Z(D Is 0.2, Wh'Ch. IS phase-separating process. Interestingly, as the concentration
evidently smaller t _aé of Lifshitz-S yozov(LS) COArSenINg  of the B-component is further decreased, the cylindrical
mechan_lsn[BO]. This shows that the oscillatory motlon_ of structure may be formed. It is expected that the domain mor-
tEe partllcles SIows gpwln the ;;]rocesgllof phase sgpargtlon ology onyz plane displays the circular droplets pattern, as
theyz plane perpendicular to the oscillatory direction, due toseen from Fig. 5. Further, we can calculate the domain size

the pinning effect of the particles on the favored phase of cylindrical structures, and easily see from Fig. 6 that the

P?'?’tﬂ' On the_llotther r]land, |ttr<]:andbe seen frOThF'?])?'h".it cylindrical structure is very stable due to the suppression of
or strong osciffatory force, the domain grow e}o_ngjl- late-stage growtlithe growth exponent is 0.01), contrary to
rection is quickly suppressed, and th? characteristic doma'fhose of high concentrations & phase. This clearly indi-
i'ZOeArRXW'S ITEpt uncfhangle:(j, apl?rr]mtﬂmta;[ﬁlyleiquatl to 5'antes that in the present weak oscillating case, the stable
—9.4. Ve aiso see from ¥ ig.(By that a € late stage, a cylindrical structures may be formed by changing the rela-
small periodic fluctuation in the characteristic domain size,:

: ) tive composition of polymer blends. Actually, the increase of
R, is observed, due to the fact that the thin lamellar structure— P poly y

of B phase is easily affected by the enforced oscillation of? will breakup the composition symmetry of the system,
the mobile particles, resulting in slight change of the Iamellalnf'”nely'B phase becomes the_ minority one. Therefore,_ for a
width. Notice that in Fig. &), as the time goes on, the 9IVen particle number, the minority phaBeis more easily
growth curveR, shows a sharp drop, signifying the morphol- disrupted by thg qscnlatory pgrucles: on the one hand, the
ogy transition. At the early stage, the domain structure isgrOWth of_domam is more seriously suppressed than that of
disordered andR, increases with timg. However, as the the smallys due to the particle-phad coupling interaction;
time is further increased, the system morphology change@n the other hand, the circular domain on e plane is
from the disordered continuous to the lamellar structuremore easily formed for the minority phaBeenclosed by the
When this transition occurs, the domain sRg drops to a Majority phaseA due to the preferential attraction Bophase
lower value corresponding to the lamellar width. We shouldby oscillatory particles. If we perform the simulations of
also point out that for weak oscillation case, because the-0.4, the results also show the very stable cylindrical struc-
continuous and parallel structure is formed along the oscillatures with the smaller sizes.
tory direction at the late stage, in principle, the x-direction  Furthermore, in order to discuss how to realize highly
domain size should be the lattice size. Therefore, in i@, 3 ordered lamellar structures under strong oscillating force, we
we did not show the time dependence of the characteristimvestigate the dependence of the morphology and the do-
guantityR, . Similarly, for strong oscillation case, due to the main size on the diffusion coefficielt and quench depths.
formation of parallel lamellar structures alogyg plane, the  We find that the competition between the phase segregation
domain sizeR,, at the late stage is equal to the lattice size. Inand the driven oscillating field acting on particles plays an
Fig. 3(b), we plot onlyR, describing the lamellar width. important role on the formation of defect-free lamellar struc-
For weak oscillatory force, it will be interesting if we can tures. Figure 7 displays the effects of effective diffusion co-
realize the cylindrical structures along the oscillatory direc-efficient D on the lamellar structures at time=150 000
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FIG. 5. Snapshot pictures of phase separatiopoplane(at the
lattice indexi =64 alongx axis) with y=0.4, y=0.02, »=0.002,
andg=0.1. Phaseé\ is represented by the gray region, ph&sbky
the light gray region, and the mobile particles by black.

their difference disappears gradually at the late stage.
Finally, we discuss kinetics of the formation of ordered
lamellar phases for different quench depths. In Fig. 9, we
show the pattern formation at=100 000 for fixed param-
etersy=0.08 andw=0.013, by changing the temperature-
dependent parameté&=1+a. We see that the topological

defects of domain morphology increase with the increase of
guench deptHi.e., largerA values such a®\=1.5 in Fig.
9(b)]. As usual, as the quench deepens, domains easily form
sharp interfaces and more defects may appear as a result of
slow transport between clusters across interfaces. Therefore,
the oscillation of particles may lose its role to remove topo-
logical defects, while theyz-plane lamellar structure re-
mains. However, the quench depth has no appreciable effects
on the lamellar domain width at late stage. Figure 10 shows

the time evolution of the characteristic domain skg for

FIG. 4. Snapshot pictures of phase separatids-dt50 000 with
v=0.02, »=0.002, andg=0.1. () ¢ =0.1; (b) ¥=0.25; (c) ¢
=0.4. PhaséA is represented by the gray region, ph&&séy the
light gray region, and the mobile particles by black.

when the oscillatory force is strongyE0.08 and w
=0.013). We see that for lower value of the paraméer
there exist many topological defects such as disclinations. In
this case, the phase separation of the system is too weak
compared to the driven oscillating force acting on patrticles,
so that the relatively strong disturbance®phase due to the
oscillatory motion of mobile particles produces some defects
in lamellar structures. When the diffusion coefficiénts too
large, some defects are still revealed due to very strong phase
separation which largely lowers the oscillating effects. How-
ever, the effective diffusion coefficie is hard to appar-
ently affect on the domain size of formed lamellar structures.
Figure 8 gives the time evolution of the lamellar thickness

1.5

4.75 5.00
log, ()

5.25

R, for different diffusion coefficientdd. The domain sizes FIG. 6. Log-log plots of characteristic si#®,, vs time with y
are increased with the increase @fat the early stage, but =0.02, w=0.002, andg=0.1.
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(@) A=1.3
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(b) D=0.75

(b) A=15

FIG. 7. Snapshot pictures of phase separation for different val- FIG. 9. Snapshot pictures of phase separation for deeper
ues of D at t=150 000 withy=0.08, »=0.013, andg=0.1. (a) guenches at=100 000 withy=0.08, ®=0.013, andg=0.1. (a)
D=0.35; (b) D=0.75. Phasé\ is represented by the gray region, A=1.3; (b) A=1.5. PhaseA is represented by the gray region,
phaseB by the light gray region, and the mobile particles by black. phaseB by the light gray region, and the mobile particles by black.

various values of the parametér The growth curvesR,  different quench depths are of the same size. This indicates
show a sharp drop, signifying the morphology transitionthat the characteristic domain size of the lamellar structure is
from the disordered continuous structure into the lamellaindependent of the quench temperature, and is determined by
one. Especially, we can see clearly that the domain growtlenly oscillatory frequencys and amplitudey under a fixed
curves overlap at the late stage, i.e., the lamella width fointeraction strengtly.

1.4
141 7 —0-D=035 / —0—A=12
p —£A—D=0.50 1.2 / —A-A=13
121 —-D=0.75 . /° ——A=15
~ — ' A
04 & ° ~z °
% 10- e = 10 /
(o) ° Ke}
(o}
0.8 0.8
0.6- ’
0.6 T T

30 35 40 45 50 55

FIG. 8. Log-log plots of characteristic siZ, vs time with y

=0.08, »=0.013, andg=0.1.

log,,(t)

=0.08,»w=0.013, andg=0.1.
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FIG. 10. Log-log plots of characteristic si& vs time with y
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IV. CONCLUSIONS reasonable parameters, and the characteristic thickness of the
lamellar structure is mainly determined by the strength of
gscillatory force acting on particles. Finally, we point out

Slr?o?er? pg:?/orgfgaﬁlegim;i;he JES:;’S'C;:LS;m::geeggmﬂzz that for the overall electroneutrality constraint with zero total
b y 9 9 ' charge, we can consider a system with colloidal particles,

the dependence of the morphology and the domain size of X - . ) e
the oscillating fields, the relative composition between twoeaCh carrying positive or negative unit charge. A similar or

hases. the diffusion coefficient. and auench tem eraturdered pattern can be expected because the symmetry is also
P . ) ' ' 9 P %roken by an “electric” field which drives positive and nega-
The oscillatory particles breakup the isotropy of the syste

and anisotropically suppress composition fluctuations, lea ive charges in opposite d|rect|qns. .ln addlyon, we can also

ing to the formation of ordered structures by competiné Withmtmdu.Ce a short-_ranged coupllng mterac'glon with Yu_k awa

the phase separation of the system. In particular, we obser\PeOtentlal 0 descrlbe_ the realistic case Wlth “coun_terlons”
L . Lo around charged particles. Further studies will be highly de-

a cylindrical phase parallel to the oscillatory direction under_.

o . sirable.

weak oscillating field and a defect-free lamellar phase per-
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