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Nonequilibrium pattern formation in the crystallization of polymer blend films
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We show that the morphology of polyethylene oxide crystallization in thin films catubedto obtain
circular spherulites, seaweed and symmetric dendrites, and fractal aggregation forms through the addition of
clay particles and the amorphous polymer, polymethyl methacrylate. The thin-film polymer crystallization
patterns are compared to a two-dimensional phase field model of dendritic growth in Ni/Cu alloys with a
variable surface tension anisotropySome aspects of polymer crystallization patterns can be understood from
the phase field calculations, but a more general model is required to describe the full range of observed
patterns.
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A competition between orderly and disorderly growth oc-films equal 213 and 377 K, respectively. “Cloisitéfnont-
curs in a wide range of pattern formation procesggewth ~ morillonite) clay particles were obtained from Southern Clay
of cell colonies, electrochemical deposition, efit]). To bet-  Products[5]. We placel 1 g of clay and 50 ml of distilled
ter understand nonequilibrium pattern formation, and polywater in a 100-ml beaker at 353 K, dd g ofdistearyldim-
mer and metal crystallization, in particular, it is important to €thyl ammonium chloride was then added to the solution.
have experimental and computational model systems that caf'® Plend component®EG/PMMA/clay were dissolved in

be “tuned” through the recognized class of pattern typeschloroform at a total concentration of 1% by mass ratio,

[1,2] and to determine the interactions and processes than!ess otherwise stated. The clay concentration of the spin-
go,vern this type of pattern formation casting solution was fixed at 5% of the mass of the blend.

N o T Thin blend films with the clay additive were spin coated onto

diclt:)eac}tgr:j;%rg%lug: tl;]]enggglgeue"Igfrllbjr:gec:():/gtoallilll’:;a;r?g ;sp;;r; Si substrates(SemicondL_lctor Processing Co., orien_tati(_)n
Ao, Type P [5]) at a spin speed of 2000 rpm, resulting in

. . X ilms of uniform thicknes$200 nm unless otherwise stated.
symmetry in the pattern formation, the surface tension anagier spin casting, the blend films were melted at 373 K for
isotropy & [2]. However, there have been no experimentali g min and then cooled to the crystallization temperaiire
investigations of crystallization in whichis varied to check  Reflective optical micrograph@©M) were obtained using a
predictions of recent theories of nonequilibrium crystalnikon optical microscop€OM) with a digital Kodak Mega-
growth. Most recent studies of nonequilibrium crystallization pjys charge coupled device camera attachr@nMiscibil-
have been restricted to simple organic fluigsg., succino- ity characteristics are discussed elsewH&:8].
nitrile) where ¢ does not vary appreciably3]. Moreover, In Fig. 1, we show that the crystallization morphology of
these studies are ordinarily limited to relatively low under-PEO/PMMA blend films can be tuned by varying the poly-
cooling to allow measurements of the kinetics of crystalmer composition at a fixed temperaturé. & 305 K). The
growth by optical microscopy. Polymeric materials have thePEO melting temperatureT(,) depends on the polymer
advantage that the crystallization rate is usually muchcomposition andT,, values are indicated in the caption,
smaller than metals and small molecule liquids and it is ofteralong with the dimensionless undercoolingiT= (T,
possible to study crystallization at high undercooling. We—T.)/T,. Clay particles nucleate the crystallization and are
investigate thin blend films of a crystalline polymigioly- ~ apparent as dark spots at the center of the patterns.
ethlene oxide(PEQ] and an amorphous polymépolym- Over a large range of PEO mass fracti{&0—100 % PEO
ethyl methacrylatédPMMA)]. The films are sufficiently thin by mas$, we find [Fig. 1(a)] circularly symmetric spheru-
(thickness<200 nm) to be treated as nearly two dimensional lites. This is the “normal” polymer crystallization morphol-
[4]. ogy encountered under processing conditidi®d. The

PMMA and PEO materials were purchased from Aldrich needlelike branches of the spherulite become increasingly
[5] and their polydispersity indices(k=M, /M) were de-  COarse with increasing PMMA concentration and the inset to
w n

: - Fig. 1(a) shows a magnified view of this spherulite micro-
termined at NIST by gel permeation chromatography to LT
equal k(PMMA)=1.8 (M,,=7.3x10° gmol * [6]) and structure for a 70/30 blen@atio indicates PEO/PMMA mass

_ A ratio). Recent studies of nonequilibrium crystallization in
k(PEO) (M,,=15x10° gmol " [6]) ~4. The equilibrium electrodeposition indicate that noisy convection at high rates
melting temperaturel, of pure PEO was determined {0 f orysial growthsuppressetip splitting, leading to symmet-
equal T,=338 K by differential-scanning calorimetry on ¢ spherulitelike growttj10]. We anticipate that fluctuations
thick (20 um) evaporated PEO/chloroform films and the j the stress field about a rapidly growing crystallization
glass transition temperature§, of the PEO and PMMA  front can lead to similar effects in highly viscous polymer

fluids, but we leave this question to future study.
In a composition range between 50/50 and 40/60, we ob-
* Author to whom correspondence should be addressed. serve a transition between the spherulite ardweed den-
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FIG. 1. (Color Polymer crystallization morphologies as a function of polymer composition. OM images rendered in false cdlor and
~200 nm, unless otherwise note@d) Spherulitic crystallization of a pure PEO filfT,,= 340 K, §sT=0.09. The needlelike substructure
becomes coarser in the spherulite regime with increasing PMMA concentration. Inset shows this substructure for a 70({BD ®éeneked
dendritic growth in §50/50 PEO-PMMA film (T,,= 332 K, §T=0.07). (c) Symmetric dendritic growth in €80/70 PEO-PMMA film. Inset
shows crystallization morphology for 50-nm filrtd) Fractal dendritic growth pattern in @0/80 PEO-PMMA. T,,, was determined by
differential scanning calorimetry on 2@m-thick evaporated films. The relative clay polymer mass has been fixed at 5%.

drite morphologiedFig. 1(b)] [11]. Seaweed growth is char- drites where the fourfold symmetry of equiliborium PEO
acterized by broad growing tips that split intermittently. After crystallization asserts itself at a macroscopic sf&ig. 1(c)]
splitting, one of the newly formed branches normally grows[13]. Note the near registry of the sidebranches on each side
to predominate over the other. Repeating this process leaas the growing dendrite arm and the uniformity of the “star-
to a cascade of branching events and to a crystallization palike” envelope curve describing the positions of the side-
tern resembling seaweed and other natural growth f¢frhs branch tips of the dendritgl4]. The shape of the dendrite
The dynamics of this type of growth has recently been in-envelope remains nearlywvariant after an early transient
vestigated by Utter, Ragnarsson, and BodensdHzz regime[8]. This highly regular structure is reminiscent of
Increasing the PMMA concentration further to the rangesymmetric dendritic crystallization driven by periodic exter-
40/60-30/70 yields another morphological transition. In thisnal perturbation$15].
concentration range, we observe well-fornsgghmetric den- A separate paper focuses on the growth dynamics of the
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FIG. 2. (Color) Influence of surface tension anisotropyn phase field simulations of dendritic crystallization of a model alloy mixture.
(a) Seaweed dendritic growths=0. (b) A transition between seaweed and symmetric dendritic growth morphologies occues for
~0.002.(b) Fully developed symmetric dendritic growt:=0.012. UndercoolingT equals 0.013. Color map indicates Cu volume fraction
so that bright orange areas correspond to crystallized regions rich in Ni.

symmetric dendrite shown in Fig(d [8]. The position of metric dendritic crystallization patterfFig. 1(c)] emerges
the advancing dendrite tip spontaneously oscillates in thevith increasingdT. Unfortunately, the crossover between
course of growth for this morphology where the period ofthese morphologies seems to be a matter of kinetics rather
oscillation depends on the extent of undercooling, composithan the magnitude ofT (the time over which the Mullins-
tion, and film thicknes# [8]. Crystallization patterns similar Sekerka instability disrupts the equilibrium crystallization
to Fig. 1(c) are obtained foh>80 nm, but the spontaneous pattern growth becomes shorter with increas&g, so that it
growth pulsationgease to occuin thinner films[8], result- s difficult to determine the morphology as a functionTof
ing in the morphology change illustrated in the inset to Fig. We can obtain some insight into the progression of poly-
1(c). The inset figure has the same compositi8d/70 as mer crystallization morphologies by comparing to simula-
the thicker film, buth~50 nm rather than 200 nm. Notably, tions of dendritic crystallization in two-dimensional fluid
the thin-film (50 nm) crystallization pattern has a much more mixtures. Recently, there have been advances in modeling
disordered appearance than the thicker film growth patternsonequilibrium crystallization using thghase fieldmethod
[8], showing the impact of the growth pulsations. [20] and Fig. 2 illustrates some phase field simulations den-
The crystallization of the blend film at still lower PEO dritic growth wheres is varied to obtain representative crys-
concentrations is expected to lead to irregular dendritidallization morphologies. The model parameters in our calcu-
growth [16] and we indeed observe a reentrant transitiorlations, apart from the value of, are taken to be exactly
from symmetric to branchedractal dendritio growth upon  those chosen in Ref20] for a Ni-Cu alloy with a average
lowering the PEO concentration to the range 25/75-15/85Cu volume fraction ¢c,=0.408. (Each run took several
The crystallization morphology in Fig.(d) is for a 20/80 hours on a consumer grade personal computer running a
relative composition film. This growth pattern resemblesLinux operating systerf6].) This mixture is miscible and the
diffusion-limited aggregatiofDLA) [17], but patterns of this  equilibrium crystals have a square foft3], as the case of
form can also be obtained by successive nucleation events REO. The simulation in Fig. 2 corresponds td ahere the
the boundary of a growing cryst@l8]. Similar crystalliza- pure Ni crystallizes and the pure Cu does (EO crystal-
tion patterns are commonly found in metallic filf9]. lizes upon cooling, but PMMA remains amorphausurther
Studies were also made of the blend film crystallizationinformation about the properties of Ni and Cu and simulation
morphologies as a function @f. For low undercooling §T parameters are described in Ref0]. The color map in Fig.
=0.038), for example, we observe the growth of near-2 indicates the Cu volume fraction. Orange corresponds to a
equilibrium square crystal§image not shownover long relatively low concentration of Cudc,=0.385) and thus to
time scales for 30/70 composition blend films and the syma relatively high concentration of Ni. Figurga? considers

042802-3



BRIEF REPORTS PHYSICAL REVIEW E 65 042802

the extreme case af=0 (isotropic surface tensigrwhere  variation ofe in the simulations and varying polymer com-
seaweed dendritic growth occurs. In this morphology, theposition in the polymer blend. The interfacial tension of the
dendrite arms regularly split along the direction of tip propa-blend film is low because of its proximity to a phase bound-
gation and grow in a disorderly fashion without the guidanceary for phase separatidiv]. An explanation of the ubiqui-

of anisotropy in the surface tension. This growth patterntous “dense branching” or spherulite morphology at high
clearly resembles the polymer crystallization pattern in FigpEQ concentration remains a puzzle, but our understanding
1(b). Note that both the simulated :_;md blend film seaweegy this morphology in the case of electrodepositiko]
patterns share an early stage of uniform growth, before seppints to elastic effects of the polymer film as being impor-
tling into the tip-splitting mode. This instabilify2,21] is less  {ant At low PEO concentrations, we observe fractal growth
pronounced for larges and a transition from the seaweed {0 . yerng reflecting the heterogeneous transport process by
symmetric dendritic growth occurs near ¢.~0.002.[Both  \ ich PEO segregates to the growing dendrite. This regime
thg simulated and polym_er de_nt_:lrltes exhibit Interesting Coyg gificult to simulate using the phase field method because
existence between the tip splitting and stable parabolic tipy ihe enormous separation of time scales associated with the
growth for s~ and the transitional polymer composition e rface attachment kinetics and mass diffusion and because
(45/59 in the blend f|Im§, respegnvely, but space limitations ¢ {he highly diffuse nature of the interfaces. Since the slow
do not allow a d|scqssmn of- t_h|s phenomenon !]eFeLIIy rate of diffusion can be expected to predominate in this re-
developed symmetric dendritic growth is obtained for gime it is sensible to revert to a simpler computational
>¢ and Fig. 2b) illustrates this symmetric dendrite growth method such as DLA to describe the crystallization process.
pattern fore =0.012. Notice that the sidebranches grow PerHowever, the adoption of such a model causes us to lose
pendicularly to the slender paraboloid dendrite arms for larg@qntact with the thermodynamic theory that forms the basis
&. In previous work20], e was fixed somewhat arbitrarily to ¢ the phase field methodology.

a large value £ =0.04) to mimic dendritic structures seenin £ ture work should focus on the growth dynamics of
the metallurgicgl mixtures. Of course, these dend.rites _have &pherulites(e.g., investigate whether the stress field around
more symmetric appearance than Fig)2Our main point  the growing dendrite exhibits oscillations related to the
in showing Fig. 2 is to illustrate the impact of increasingn  growth velocity and branching frequency of the needlelike
the structure of dendritic growth patterns. Notablyhas  cystalliteg and corresponding phase field simulations incor-
never been determined for a polymeric fluid so that MOre&yorating elasticity and viscoelastic effedesg., shear thin-

quantitative comparisons of our measurements to the phasgng) are needed to interpret the spherulite growth measure-
field model are not yet possible. ments

It is apparent that some aspects of the polymer crystalli-
zation patterns can be understood from the phase field simu- We thank Bernard LotzICS, Strasbourg, Frangeor
lations, while others cannot. The simulations capture the efhelpful comments. We also thank Ronald Heddon and
fect of the transition between the seaweed and symmetri€harles Guttman of the Polymers Division at NIST for char-
dendrite morphologies. This transition has its origin in theacterizing the polydipersity of our PEO and PMMA samples.
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