VOLUME 81, NUMBER 16 PHYSICAL REVIEW LETTERS 19 O©TOBER 1998

Convection-Induced Patterns in Phase-Separating Polymeric Fluids
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The process of pattern formation and droplet coarsening has been studied for ternary polymeric
fluids in which phase separation was induced by solvent evaporation. For a particular range of
solvent evaporation rates and thicknesses of liquid layers, ordered hexagonal patterns were formed
at the liquid film-air interface. We ascribe this effect to Bénard-Marangoni convection induced by
solvent evaporation and estimate conditions generating periodic two-phase structures in polymeric films.
Droplet coarsening rate featured a crossover fi®m- (%% to R ~ %7 coinciding with the onset
of convection and was explained by convection-induced stabilization of droplets against coalescence.
[S0031-9007(98)07184-1]

PACS numbers: 61.25.Hq, 47.54.+r, 61.41.+e, 68.10.—m

Under particular conditions, patterns with a high de- Ma = —(dy/oT)ATd/vpk, @
gree of order and symmetry emerge in phase-separating ) o
polymeric fluids on a length scale significantly exceedingVhere(dy/aT) is the temperature derivative of the surface
molecular dimensions [1,2]. For multicomponent liquidstensiony; AT is the difference in temperature between
undergoing phase separation due to solvent evaporation,ti€¢ bottom and the top film surfaceg;is the thickness
was suggested that Bénard-Marangoni convection [3] magf the fluid layer;v is the kinematic viscosityy = n/p;
be a source of ordered patterns. Indeed, cooling of the top. n, andk are the density, the dynamic viscosity, and the
surface due to the solvent removal is similar to heating of dhermal diffusivity of the system, respectively. According
fluid film from below in a sense that it generates temperalo the linear stability analysis, the transition to instability
ture gradient in a liquid layer. Fluctuations of tempera-occurs at Ma ~ 80 [7].
ture at the liquid-air interface result in local surface tension In low-molecular liquids, convection patterns dissipate
variations enhanced by the upward flow of the warmer ligwhen heating of the bottom surface or cooling of the top
uid from the bulk. In a steady state, surface-tension-driveigurfaces ceases. In contrast, in polymeric fluids, kinetic
convection arises in the fluid layer. limitations, e.qg., vitrification, crystallization, and cross-
The manner in which the dynamics of phase separatiohnking coupled to the phase-separation path dramatically
and structure evolution are influenced by convection hageduce the mobility of the system. In this way, nonequi-
not been studied although it is known that hydrodynamidibrium patterns that emerge in the liquid state would be
effects play a significant role in droplet coarsening. For theconserved in the solid film. Studies of the “frozen” mor-
cooperative action of Brownian motion and hydrodynamicphology can shed light on the dynamics of phase separation
interactions on the domain growth, Siggia [4] showedin fluid systems.
that hydrodynamic effects accelerate coalescence-inducedIn this work, experiments were performed on fluid
coarsening taR ~ ¢!, whereR is a droplet mean radius, polymeric films in which phase separation was caused
andr is a coarsening time. Furukawa [5], using coupledby the evaporation of a volatile solvent. By controlling
Navier-Stokes and Cahn-Hillard equations, predicted fogolvent evaporation rate and thicknesses of liquid films,
3D systems with a high Reynolds number two new growthwe generated convection and examined conditions required
modes that originated from a balance of the inertial forcegor the formation of ordered patterns in phase-separating
and interfacial tension, i.eR ~ " withn = 1 andn = % systems. Another objective was to explore the effect of
Experimental studies of phase-separation dynamics in @nvection on the coarsening dynamics of a new phase.
gravity-dominated regime showed that flow can either en- Polystyrene (PS M,, = 234000) and polymethyl
hance or suppress droplet growth, depending on a balaneeethacrylate (PMMA,M,, = 306000) were dissolved
of viscous and sedimentation forces [6]. in toluene at the total polymer concentration 4.1 w%.
It is reasonable to expect that involvement of droplets offhe weight ratio of PMMA/PS was 1:9. The PMMA
a new phase in convection of the intervening liquid wouldmolecules were covalently labeled with a fluorescent
generate coarsening dynamics different from that predictedye 4-amino-7 nitrobenzo-2-oxa-1,3-diazol (NBD) [8].
and observed in a flow-dominated regime. The filtered polymer solution was cast onto quartz
In Bénard-Marangoni convection, pattern formation isglass substrates positioned into a sealed chamber. Film
governed by a balance of the surface-tension-driven forcahicknessd varied from 0.12 to 3 mm and the aspect
and dissipation due to the thermal diffusion and the fricratio ranged from 0.05 to 0.002. To control toluene
tional action of viscosity [3]. The competition of these evaporation rate from the films, dry nitrogen was passed
factors is expressed by a Marangoni number through the chamber with a speed varying frgthto
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7.9) X 1073 m3/s. Toluene evaporation was monitored
by weighing the sample in the chamber at regular time
intervals. The duration of experiments was determined
by d and the solvent evaporation rate and ranged from 10
to 45 min until a constant film weight was reached. The
surface structure of the films, however, developed over
a shorter timer, i.e., within 4—25 min after the solution
was cast onto the substrate. Further solvent evaporation
did not affect the surface morphology of the films. The
solvent evaporation ratepn,, calculated for the linear
part of the graphn, = f(t), varied from0.23 X 1073 to

0.72 X 1072 kg/m? s, and showed a minor increase with

a thickness of the sample. The difference in temperatures
between the tod7;) and the bottom(T,) surfaces was
measured aAT = T, — T, for films withd > 0.32 mm

by placing two calibrated thermocouples at the liquid-
air and liquid-substrate interfaces with an accuracy of
+0.1°C. In a steady stateAT in films with d in the
range from 0.32 to 3 mm varied from 0.42¢ °C.

The surface and the bulk film structures were studied
by laser confocal fluorescent microscopy (LCFM) using a
Bio-Rad MRC 600 confocal microscope. The lateral and
vertical resolutions were on the order of 0.3 @an@d um,
respectively. Images were analyzed by the digital image
analysis progranMAGE TOOLS (NIH). FIG. 1. LCFM images of the surface patterns in PMMA-PS

Typical surface structures of the films obtained at dif-films obtained at different toluene evaporation rates. Fluores-
ferent solvent evaporation rates from liquid layers Withg‘fﬂﬂFESF’'V|_I'\_/|h':'fi408h8 ?]?nmﬁ;]ls f?c:fn F?;r?fmp?gste?nwggeuzzgk%?liﬂg
.d =058 .i 0.02 mm are shown in Figs. 1(a)_;L(C)' An dye excitation. AT across the liquid layer: (a).49 °C, (b)
increase in the rate of solvent removal results in the trany s .c “and (c)1.51°C. 4 = 0.58 + 0.02 mm. Scale bar is
sition from a random distribution of large polydisperse 10 microns.

PMMA-rich domains [Fig. 1(a)] to an ordered pattern of

PMMA particles arranged mostly in hexagons [Fig. 1(c)].

This change is accompanied by an increase of the nunof the Marangoni number Ma. Polydispersity was defined
ber density of the PMMA domains and a reduction of theiras o /L, where o is the standard deviation of the value
dimensions. of interdomain distance, andis the average interdomain

In the second series of experiments, the thicknes§  distance. The minimum value in/L = 0.1 corresponds
liguid films was varied while the difference in temperatureto the most regular patterns.
across films was kept constant. The LCFM micrographs of A number of assumptions have been made for the
the surface structure are shown in Figs. 2(a)—2(c). In thircalculation of Ma. Rayleigh convection was neglected,
films with d = 0.22 mm, a disordered pattern is formed since for all liquid layers the ratio Mda ranged from 11
by dimers and trimers of small particles which appearedo 30 where Ra is a Rayleigh number [9]. A variation
due to coalescence of small droplets accompanied by tha the concentration of solvent across liquid films was
vitrification of the system [Fig. 2(a)]. An increase @f assumed to be not too large; thus the average composition
to 0.92 mm generates periodicity of the PMMA domainsof liquid layers was used for calculations. Finally, since
shown in Fig. 2(b), whereas in layers with= 2.5 mm a the concentration of toluene during pattern evolution was
chaotic distribution of large polydisperse domains of thebigger than 80 w%, the values afy/dT, k, and B
PMMA-rich phase is observed. were assumed to be close to those of the pure solvent.

The experimental observations can be understood iffhe value of thermal diffusivity was calculated as=
terms of the relationship (1): for a particular solvent,a/pc, [10]. The dynamic viscosity of the intervening
Bénard-Marangoni convection occurs in fluid polymericliquid was measured as being that of the PS solution
layers when the increase of the film thickness and/or solat the concentration corresponding to the onset of phase
vent evaporation rate (i.e., increase of the latent heat cfeparation [11]. At the concentration of PS in the solution
vaporization) provides the driving force for thermocapil- 4.7 w %, the dynamic viscosity wag = 0.09 P.
lary convection. The hydrodynamic conditions required The transition to ordered patterns occurs at M&0.
for the formation of two-phase ordered patterns are estin films thicker than 1.8 mm for which Ma exceeds 410,
mated in Fig. 3 in which the polydispersity in the inter- the surface patterns become disordered, presumably due to
domain center-to-center distance is plotted as a functiothe turbulence in fluid layers.
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FIG. 3. Standard deviation in the interdomain distance nor-
malized by the average interdomain distariceplotted as a
function of a Marangoni number Ma. Ma is controlled {y)
solvent evaporation rate@) thickness of the liquid layer.

number density: of the PMMA domains as a function of
Ma. A crossover in the reduction & and an increase in

n occurs at Ma> Ma,; i.e., it coincides with the transition

to ordered surface patterns in the corresponding polymeric
films. The surface area fraction of PMMA domains is held
at0.087 = 0.009.

In order to assess more clearly the effect of convection
FIG. 2. Surface patterns in blend films formed from PMMA- on the rate of coarsening of the PMMA-rich drople&s,
PS-toluene layers with varying thickness (a) d = 0.32 = was plotted as a function of the coarsening tingEig. 5).
g'gfi?%’ r%ti’grﬁn? 0.58 = 0.02mm; () d = 2.5mm. Scale A ghort time scale of the experiment made difficult a

' precise measurement of the power laws of coarsening
dynamics. Nevertheless, a crossover in the droplet growth

It has to be noted that surface patterns obtained ahte was observed at the onset of convection in liquid films:
Ma > Ma, are not perfectly hexagonal: about 20% of the PMMA-rich domains grew witlR ~ %8 at Ma < 90
the cells shown in Figs. 1(c) and 2(b) form polygons.and askR ~ (%67 at Ma > 90.

Partial distortion can be caused by the nitrogen flow A reduction in the domain growth rate and a stabiliza-
in the chamber. However, more important is the timetion of the particle number density shown in Fig. 4 indicate
dependence of the variables in Eq. (1); i.e., MaMa(z).  that (i) at Ma< 90 droplet growth is dominated by coa-
The viscosity of the PS-rich solution is the parameter thatescence; (ii) when the threshold of convection is exceeded
undergoes the largest change during toluene evaporatioogalescence-induced coarsening is suppressed.

achieving at the moment of a complete pattern formation Fast domain coarsening at Ma 90 can be understood
the value of 0.95 P. This effect implies that for the in terms of a cooperation of the Brownian coagulation and
system studied the Boussinesg-Overbeck approximatiofiow-dominated coalescence. For near-critical composi-
[13] is not strictly applicable. In addition, an attachmenttions in a flow-dominated regime, Siggia’s scaling analysis
of PMMA-rich droplets to the air-film interface produces [4] predictsn = 1, a dependence stronger than actually ob-
lateral pressure gradients at the horizontal boundary, whickerved. At Ma> 90, the circulation of the intervening lig-
compete with those in adirection. Nevertheless, Fig. 3 uid between the warmer and cooler spots succeeds the flow
demonstrates the approach to producing ordered patteroscurring between narrow and wide gaps to pressure gradi-
from phase-separating polymeric systems. ents. Convection-induced stabilization of droplets against

Inspection of the ordered interface patterns reveals thatoalescence can occur due to the increase of hydrodynamic
convection cells are-10 um in size. This value is about resistance to the approach of droplets to each other. In
20 times less than expected for liquid films withranging  these conditions, PMMA-rich droplets are most likely lo-
from 0.6 to 1.2 mm [3,8]. The reason for the differencecated at warmer sites of the liquid-air interface, i.e., the
may emanate from the occurrence of the convection in atagnant spots of the convection cells where circulation
very thin layer adjacent to the free film surface and theof liquid keeps them apart from each other. As a result,
non-Newtonian behavior of the intervening fluid. droplet growth is dominated by a diffusive process partly

The dimensions and the number of the PMMA-rich supplemented by coalescence with droplets arriving from
domains are also influenced by hydrodynamic conditionsthe bulk of liquid film. In thick liquid films, e.g., Fig. 2(c),
Figure 4 shows the variation of the mean radiuand the the steady state circulation of the PS solution ceases. The
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FIG. 4. Plot of the mean radiuR (A) and number density
n (A) of the PMMA-rich domains as a function of Ma.
d = 0.58 £ 0.02 mm.

transition to turbulence accelerates droplet coarsening via we are grateful to Professor S. Morris for helpful
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