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Universality of Viscoelastic Phase Separation in Dynamically Asymmetric Fluid Mixtures
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We demonstrate here the possibility that strong dynamic asymmetry between two components of a
fluid mixture generallyleads to unusual phase separation (“viscoelastic phase separation”), which does
not belong to the conventional classification of phase separation. In addition to polymer solutions, a
mixture, one of whose components is close to its glass transition, transiently exhibits a morphology
peculiar to viscoelastic phase separation, namely, a spongelike continuous pattern of the minority
phase. This pattern is likely the morphology universal to elastic and viscoelastic phase separation
in a dynamically asymmetric mixture containing a fluid as at least one of its components

PACS numbers: 64.75.+g, 05.70.Fh, 61.25.Hq, 61.41.+e

Phase-separation phenomena are commonly observéidely. The critical composition was 30 wt% PS, and the
in various kinds of condensed matter, including liquids,critical temperature wa$22 °C. This mixture is one of
polymers, metals, and semiconductors. It has been widelhe most well-studied polymer mixtures on phase separa-
believed that phase separation of such systems with a cotien. Phase separation of this mixture has so far been be-
served order parameter (composition) can be classifielieved to be typical of the usual phase separation of binary
into only two types, namelya fluid and a solid model liquid mixtures and is classified as a fluid model (“model
[1,2]. In conventional theories of phase separation, it hasl” in the Hohenberg-Halperin notation [2]). This is sup-
been implicitly assumed that the two components of gorted by many previous experiments [4]. Itis likely true
mixture behave dynamically in the same way [1,2]. How-for a shallow quench for which the difference in the rheo-
ever, this assumption can be severely violated in a binaripogical property between the two phases is small because
mixture having intrinsic dynamic asymmetry, especiallyof the small difference in concentration between them. It
for a deep quench, which leads to a large difference irshould be noted that the difference in the degree of poly-
the viscoelastic property between the two phases. Onmerizationn itself is too small to causdynamic asymme-
such example is a polymer solution, where the polymetry stemming fromV-dependent molecular dynamif3]
has a large number of internal degrees of freedom whildetween the two coexisting phases. However, this poly-
solvent does not. Recently we have found [3] that former mixture can have strondynamic asymmetry stem-

a deep quench a polymer solution exhibits a new typening from slow dynamics associated with glass-transition
of phase-separation behavior essentially different from eiphenomenaspecially for a deep quench for the follow-
ther a fluid or a solid model [1,2], in contrast to the con-ing reasons. (1) The characteristic rheological tirpef
ventional understanding of polymer phase separation. A
phase-separation pattern of such a mixture near its critical
composition is characterized by a spongelike continuous
structure of the more viscoelastic phase.

In this Letter, we demonstrate that unusual phase-
separation behavior very similar to that in polymer
solutions is observed for a binary mixture in which only
one of its components is close to its glass-transition
temperatureT,, which suggests thgenerality of this
phenomenon. Effects of elasticity on phase separation
have so far been considered only for solids, and not for
fluids, simply because the latter have no static elasticity.
Hidden dynamic elasticity, or viscoelasticity, however,
can come into play for a dynamic process of phase
separation when a mixture has strahgamic asymmetry
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between the components. (Glass Transition Line
The system studied here is a mixture of polystyrene /

(PS) and poly(vinylmethylether) (PVME), whose phase

diagram is shown schematically in Fig. 1. The weight- ¢’PS

averaged molecular weights of PS and PVME wefg <

1.05 and9.4 X 10%, respectively. The polydispersity ra- FiG. 1. Schematic phase diagram of a mixture of PS and
tiosM,, /M, were 1.01 and 1.5 for PS and PVME, respec-PVME. T is the temperature andlps is the PS composition.

0031-900796/76(5)/787(4)$06.00 © 1996 The American Physical Society 787



VOLUME 76, NUMBER 5 PHYSICAL REVIEW LETTERS 29 ANUARY 1996

a phase with the composition @fps is proportional to shape transforms into the shape of the lowest interfacial
exp{—A/[T — T,(¢ps)]} (A is a constantgps is the PS  energy (sphere) as in usual phase separation. The sponge-
composition). (2¥,(¢ps) is strongly dependent upabps  like structure becomes unstable in the absence of stress
sinceT, of PS[T,(1) ~ 100 °C] is very different from that  fields and, thus, the interconnectivity breaks (tube hydro-
of PVME[T,(0) ~ —26 °C]. Thusr, of the PS-rich phase dynamic instability) [1]. A thickness difference along a
can be much longer than that of the PVME-rich phase (setube of the PS-rich phase causes an internal pressure dif-
Fig. 1) for a deep quench This dynamic asymmetry can ference and produces a hydrodynamic flow. Thus a thin
play a dominant role in the phase separation. We demorpart becomes thinner and eventually breaks, while a thick
strate such evidence below. junction part becomes thicker and finally forms an iso-
We have observed the phase-separation process oflated droplet. The shape relaxation from a thin thread to
mixture having the composition of 20 wt% PS, which is a sphere is characterized by a timexgt /o (R is the do-
sandwiched between two cover glasses to form a thin filnmain size,n the viscosity, andr the interface tension).
of a few um thickness [5]. Figure 2 shows the morpho- The disruption of the network structure leads to a signifi-
logical evolution observed at 148. The system phase cant decrease in the coarsening rate, because only slow
separates as the usual fluid mixture in the initial stagegrowth mechanisms such as evaporation-condensation and
We call this staggr < ~800 s) where no macroscopic Brownian-coagulation mechanisms [1] can work for this
domains are formed a “frozen period” [3]. After this isolated-domain morphology.
frozen period, macroscopic holes (PVME-rich domains) Figure 3 shows the temporal change in the structure
appear and grow in size. This process is characteristitactor S(¢), which is numerically calculated from a real-
of a metastable state and can be interpreted as the nspace image by two-dimensional Fourier transformation
cleation of holes overcoming the elastic energy barrieras described earlier [6]. The scattering intensity grows
Then, the PS-rich phase starts to shrink with time and thwith time in the early stage [see (a)], while it decreases
PS-rich phase transforms into a spongelike pattern. Thi@ the late stage [see (b)]. This unusual feature is
transition in the phase-separation behavior around 800 likely caused by the volume shrinking of the PS-rich
can be explained as follows. The enhancement of thdomains (see the following discussion on the volume
concentration fluctuation makes the PS-rich phase mucshrinking dynamics). For viscoelastic phase separation,
more viscoelastic than the PVME-rich one, and this in-there are two competing factors affecting the scattering
crease in dynamic asymmetry strengthens the coupling béatensity oppositely: (i) the increase in the amplitude
tween the velocity and stress fields. In the elastic regimef concentration fluctuation and (i) the decrease in
(~800 s < t < ~2000 s), a domain shape is determined the volume fraction of domains. Further, the scattering
by the mechanical balance of elastic forces, and the intefunction has a multiple-peak structure, which likely stems
facial tension plays little role in determining the domainfrom the geometrical characteristics of the spongelike
shape. Namely, the elastic energy dominates phase seiructure. The wave numbey, of the main peak rapidly
ration and the system behaves like elastic gel In the decreases with time ag, ~ 1732 (+ < 1500 s) [7] in the
late stage of phase separatign> ~2000 s), the system elastic regime [see Fig. 3(a)], reflecting the fast growth
approaches its final equilibrium state; accordingly, the deef the PVME-rich holes. In the hydrodynamic regime,
formation rate of domains slows down, which leads toon the other hand, it almost becomes constant with time
the weakening of the resulting stress fields. Thus the P9see Fig. 3(b)] (+ > 2000 s), reflecting the very slow
rich phase eventually behaves as a fluid, and the domarparsening after the disruption of a network-like structure.

FIG. 2. Pattern-evolution process in phase separation of th®VA8E mixture observed by video phase-contrast microscopy.
The time shown in the figure is an elapsed time after the temperature jump.
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2 the PS-rich phase to the PVME-rich one through the phase
1 boundary. This violates the well-accepted view of the
B late-stage phase separation that after the formation of a
0 ' sharp interface the two phases are almost in equilibrium

and the volume fraction is almost constant [1]. Since the
absence of concentration change after the formation of a
sharp interface is a prerequisite to self-similar growth, our
experimental result indicates thaere is no self-similarity
in pattern evolution for viscoelastic phase separation
This volume-shrinking process of the PS-rich phase should
Figure 4 shows a decrease in the volume fractignof  be very similar to a bulk phase-separation process in a
the more viscoelastic (PS-rich) phase with time, which isgel, which itself has also been largely unexplored so far
obtained by a black and white operation of a digital im-[10,11].
age analysis [6]. Since the phase-separation pattern is es-The coarsening behavior described above is essentially
sentially two dimensional, especially after 1200 s, we carthe same as that of polymer solutions [3] which have intrin-
obtain the volume fraction from the area fraction. Thissic dynamic asymmetry originating from the topological
unusual phenomenon is one of the most striking charaddifference between the component molecules. This sug-
teristics ofviscoelastic phase separati¢8]. The phase- gests the possibility thatiscoelastic spinodal decomposi-
separation process can be divided into three regimes (s¢ien is commonly observed in any dynamically asymmetric
Fig. 4): the initial diffusive regime, the intermediate elas-fluid mixture, irrespective of the origin of slow dynamics
tic regime, and the final hydrodynamic regime. Onlyof the component In such a system, the order parameter
in the elastic regime does the volume fraction steeplyis no longer the only slow variable of the system. We ten-
decrease with time. The temporal changed»f can tatively call this type of phase separation a “viscoelastic
be roughly given byb, ~ &' + (1 — ®y)exp(—z/7)  model.” The basic equations of this model are given in
with @y ~ 0.12 and 7 ~ 10° s (see the small inset in literature [3,12,13]. We find that viscoelastic phase sepa-
Fig. 4). Hered,' is the final equilibrium value ofby, ration is characterized bgwitching of a relevant coars-
andr is the characteristic time of volume shrinking. This ening modgnamely, it switches from an initial diffusive
exponential decrease in the volume reminds us of the latenode to an elastic mode at a certain time, and eventually
stage volume shrinking kinetics of gels [8,9]. As discussedwitches again to a hydrodynamic mode (see Fig. 4). This
before, this volume shrinking is likely responsible for the switching behavior between the hydrodynamic and elastic
decrease in the peak intensity of the structure factor in thenode can be interpreted giscoelastic relaxatiomnduced
late stage, which is supported by the fact that both proby the change in the coupling strength between the stress
cesses have nearly the same characteristic im&ince  and velocity fields. This behavior can also be easily un-
the concentration must be conserved, this volume changgerstood from the fact that a viscoelastic model includes
tells us that the concentration of each phase changes withfluid and a gel model [14] as its extreme cases (see the
time by the transport (diffusion or flow) of PVME from equations in Refs. [3,12]).

FIG. 3. Temporal change in the scattering functidiig)
(¢: wave number). (a) Early stage and (b) late stage.
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Next we discuss the universal nature of a spongelike[1] J.D. Guntonet al., in Phase Transition and Critical
morphology and its physical origin. It is known that a Phenomena,edited by C. Domb and J.H. Lebowitz
gel undergoing a volume-shrinking phase transition forms  (Academic, London, 1983), Vol. 8.

a bubblelike structure [8,10,11,15]. The competition be- [2] P.C. Hohenberg and B. . Halperin, Rev. Mod. Phgs,
tween phase separation and gelation also causes spongelilfe 435 (1976). _
morphology [16]. The physical origin of the appearance of 3] Eh Zagggaézigy(siggj;l' Letz1, 3158 (1993); J. Chem.

a honeycomb structure in.plastic'foamsf (g.g., polystyrene[4] Seg, .e.g., H. Snyder and P. Meakin, J. Chem. Pigs.
foam and urethane foam) is also likely similar to ours. All 5588 (1983): T. Hashimotet al.,J. Chem. Phys85, 6774
these processes have a common feature that holes of a less (19gg).

viscoelastic fluid phase (gas in plastic foam, water in gel, [5] Note that the phase-separation process is likely free from
solvent in polymer solution, and so on) are nucleated to  drastic wetting effects [see, e.g., J. Bodensohn and W. .
minimize the elastic energy associated with the formation = Goldburg, Phys. Rev. A46, 5048 (1992)] since the
of a heterogeneous structure in an elastic medium. Then, minority PS-rich phase is less wettable to glass [H. Tanaka
a more viscoelastic phase decreases its volume with time and T. Sigehuzi, Phys. Rev. &, 829 (1995)].

(see Fig. 4). This volume-shrinking process is dominated[6] H- Tanakaet al., J. Appl. Phys59, 3627 (1986)65, 4480

by the transfer (diffusion or flow) of a more mobile compo- (1989). - , )

nent under stress fields, from a more viscoelastic phase t(m The physical origin of this unusually large exponent is not

a less viscoelastic phase. The above picture suggests the Sf?:ét:t[gesem’ but we do not think it is due to wetting

possibility thataspongelike structure is lhmziversal mor- 8] E.S. Matsuo and T. Tanaka, J. Chem. Phgs, 1695
phologyfor phase separation in systems in which only one (1988).
component asymmetrically has elasticity stemming from [9] we are grateful for a valuable comment from M. Doi on
either topological connectivity or long-range attractive in- this problem.
teraction [17]. The common feature of phase-separatiofi0] K. Sekimotoet al., Phys. Rev. A39, 4912 (1989).
patterns in these systems originates from volume phadél] Y. Li et al.,J. Chem. Physl00, 4637 (1994).
transition, or more strictly elastic phase separation of 412] M. Doi and A. Onuki, J. Phys. Il (Franc@) 1631 (1992);
dynamically asymmetric mixture which is composed of a __ A- Onuki, J. Non-Cryst. Solid472—-174 1151 (1994).
network-forming component and a fluid (such as a quuid[13] Note that these basic equations require additional informa-
and a gas) The elastic network can be a real one as in  Fu 70 S TSRS, I B0l SRERATL A
gels (permanent.network) and polymer solutions (trans!ent nature of viscoelastic phase separation.
_network_), ora ylrtqal one due to a Iong-range attractl\{e[14] Note that there is no general consensus on the classifi-
interaction. This differs from phase separation of elastic "~ cation of “phase separation in gels” into an independent
solid mixtures (e.g., metal alloys), which does not accom-  model, which we tentatively call a “gel model” here.
pany a drastic volume change of each phase; in this casgs] A. Onuki, in Advances in Polymer SciencéSpringer,
further, a softer phase always forms a continuous phase Berlin, 1993), Vol. 109, p. 63.
to minimize the total elastic energy [18], in contrast with[16] C.L. Jackson and M. T. Shaw, Polym&t, 1070 (1990).
our case. [17] We also point out the similarity of these patterns in con-

Finally, we briefly discuss the application of the spon- densed matter to the spongelike structure of the universe
gelike morphology observed in viscoelastic phase sep- (the large-scale galaxy distribution) [see, e.g., M. J. Geller
aration. Although a spongelike structure appears only ~ &nd J.P. Huchra, Scienci6 897 (1989)]. We specu-

. . . . - - late that the gravitational attractive interaction, which is

transiently in viscoelastic phase separation, this struc-

. RPN stronger between heavier matter, may play a role simi-
ture can be frozen by suitable methods: (i) simultaneous |5 {5 elastic network in producing the spongelike large-

evaporation of a solvent for a polymer solution during scale structure. This explanation seems to be consis-
phase separation, (ii) a further quench of a system be-  tent with a standard picture of the universe evolution (a
low T,, and (iii) combination of other processes such as  gravitational-instability model) that such a heterogeneous
crosslinking reactions. We think that spongelike structures  structure develops by gravitational amplification of density
reported in the literature [19,20] are likely induced pri- fluctuations.

marily by the mechanism described here [21]. In thel18] A. Onuki and H. Nishimori, Phys. Rev. B3 13649
common sense view of conventional phase separation, a_ (1991); C. Saguet al., Phys. Rev. E50, 4865 (1994).
minority phase never forms a continuous phase and formd® S-W. Song and M. Torkelson, Macromoleculg 6390

. 1994).
only an isolated phase [1]. However, our present study, E; Wi?:lawskiet al., Nature (London)369, 387 (1994).

|ndlcate_s the pQSS'b'“ty that we can mte_ntlo'nally form a3£21] Some sponge phases have periodic structures (see, e.g.,
spongelike continuous structure of the minority phase of Ref. [20]), while others do not, as in our case. This is

more viscoelastic phase for any dynamically asymmetric likely related to the way of nucleation of solvent holes:

mixture. o only when nucleation is heterogeneously induced with a
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and a grant from Toray Science Foundation. between solvent holes (correlated nucleation).
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