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Competing growth kinetics in simultaneously crystallizing
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The Kinetic interplay between crystal superstructure growth and late-stage liquid phase coarsening
in a polymer blend has been examined. By controlling the relative quench depths for liquid—liquid
phase separation and crystallization, the growth kinetics of the characteristic length scales of the
simultaneous ordering processes show a crossover from crystallization dominated to
phase-separation dominated behavior. Based on a scaling argument for late-stage coarsening during
spinodal decomposition, we argue that this kinetic crossover is inevitable in a blend for which the
critical temperature of liquid—liquid phase separation is well above the equilibrium melting
temperature of the blend. @002 American Institute of Physic§DOI: 10.1063/1.1464537

INTRODUCTION tion dominated to phase-separation dominated kinetics, and
we suggest, based on a scaling law for late-stage spinodal
Although critical phenomena and phase separation in bilecomposition, that such a kinetic crossover is ubiquitous for
nary mixtures have been well studied and are reasonablylends in which the critical temperature of liquid—liquid
well understood, the complexity of the interplay betweenphase separation is above the equilibrium melting tempera-
liguid—liquid phase separatiofLLPS) and another phase ture.
transition such as crystallization remains largely
unexplored: In a binary quuid.mixture in \{vhi(_:h one COM- ExpERIMENT
ponent crystallizes upon cooling, a quantitative understand-
ing of the kinetics of the simultaneous ordering processes of The materials are statistical copolymers of ethylene/
solidification and macroscopic phase separation has yet to fexene(PEH (M,,=110 kg/mol, 2 mol % hexene comono-
achieved. For example, both LLPS and crystallization ofmen and ethylene/buten@®EB) (M,,= 70 kg/mol, 15 mol %
polymers have been studied extensively during the last Butene comonomgf® They are both synthesized with met-
decade$;?® but studies that focus on the interplay betweenallocene catalysts, and have relatively narrow polydispersity
these two transitions are limited. Because of the slow kinet(~2) and uniform comonomer distributidfi.The phase dia-
ics associated with long-chain macromolecules, polymers argram of the PEH/PEB blend has been determined
particularly well suited for this purpose, and the interplay ofPreviously® and is shown in Fig. 1. The solid circles are
crystallization and LLPS in polymer blends has attractedM€asured LLPS temperatures at each composition, while the
much interest recentf? due in part to the great practical t_)inodal and spinodal boundaries, show_n as solid and Qash
importance of crystallizing polymer blends. Although mostines. _resl%ectlvely, are calculated using Flory—Huggins
studies have focused on identifying the existence of LLpdormalism:> The blend exhibits an upper critical .solut|on
through scattering measureménfs or morphological temperatureUCST) at Te;=146°C and¢ei=0.44 in the
studie$~1 the structures and dynamics that can arise fron{’nelt. The open tréangles are t_he measured g_qwhbrlum melt-
kinetic competition between LLPS and crystallization havelnd temperatureTp, as a function of compositioff,and the
received relatively limited attention, and several previousdotted line is a guide to the eye. Theﬂeqw_hbngm melting
studies show that LLPS precedes crystallization in the un€mperature.Ty,, of PEH is 14@-3 °C,"" which is much
stable regime, with crystallization then occurring within the Nigher than the melting temperature of PEB, ca. 40°C, as
phase-separated medidfil4 Although interesting mor- measured by a single differential scanning calorimetry scan

phologies and phenomenological models have been reporteffith @ scan rate of 10 °C/min. In the scope of this study, PEB
a quantification of the ordering kinetics, particularly for criti- ¢@n Pe considered as an essentially amorphous component.
cal blends within the unstable region of the phase diagram, is Equal amounts by mass of PEH and PEB were dissolved
somewhat lacking. In this paper, we focus on the kinetics of? & common xylene solution at ca. 100°C and then co-
closely conjugated solidification and phase separation ifrécipitated by quenching into cold methanol at ca. 0°C.

polyolefin blends. We observe a crossover from crystalliza/\fter filtering, the polymers were dried in air for a day, and
further dried in a vacuum oven at 100 °C for 3 days. Samples
of a critical PEH/PEB blend, 50/50 by mass, denoted as H50,

dauthor to whom correspondence should be addressed. Electronic mai{,‘vere hot-pressed between two glass plates at 160 °C to form
hao.wang@nist.gov

bpermanent address: Department of Chemistry, Kyung Hee Universifilms of ca. 20um thiCkne_SS- For optical microscopy StL_JdieS-
Kyungkido 449-701, South Korea. the samples were kept in the melt at 160 °C for 5 min and
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FIG. 1. Phase diagram of the PEH/PEB blend. The solid circles and the
open triangles are measured values of liquid—liquid phase separation tem-
peratures T, and the equilibrium melting temperaturg>, respectively.

The solid and dashed curves are calculated binodal and spinodal boundaries,
respectively, and the dotted line is a guide to the eye. The phase diagram
shows an upper critical solution temperatufg;= 146 °C, and¢;=0.44.

then quickly cooled down to the isothermal temperatures,
T.. Images of the crystallization were then recorded via
bright-field illumination after various times ai, . After iso-
thermal storage and subsequent removal from the hot stage :
and cooling to room temperature in air, the samples were 20 um

studied with small-angle light scatteringSALS) in both

cross H,) and parallel-polarization\(,) geometrie§.8 The FIG. 2. Optical micrographs of H50 showing isotherma_l crystalliozation on
scattering pattern was imaged on a Soreen behind the arfi!? 08 cony ster 10 a 12 3, 460 o o 15 e
lyzer and recorded with a high resolution CCD camera, Withcolumn after 64 min at 112 °Gb), 960 min at 115 °Gd), and 1200 min at

a g-range spanning from 0.05 to 1,8m 1. Phase-contrast 121 °C(f). The scale bar at the bottom left is 2an.

optical microscopy was used to image the LLPS morphology

that evolves as a function of time after storing samples at

130 °C following melting at 160 °C. The variation of the iso-
thermal temperature was within0.2 °C.

isothermal crystallization al is 6T=(TS—T.)/T>. For
large undercoolingT .= 112 °C andsT =0.0375, crystalliza-
tion clearly dominates the morphological development. For

Figure 2 shows optical micrographs of the blend afterT.=115°C anddT=0.03, crystallization is prominent at the
isothermal crystallizatiorileft column) for 10 min at 112°C  early times when the blend is relatively homogeneous in
[Fig. 2@)], 480 min at 115 °dFig. 2(c)], and 1200 min at composition. As crystals grow, liquid—liquid phase separa-
121 °C[Fig. 2e)]. The samples were subsequently quenchedion proceeds in the matrix, resulting in a composition varia-
to room temperaturéright columr after 64 min at 112°C tion that is larger in both wavelength and amplitude. The
[Fig. 2(b)], 960 min at 115 °GFig. 2d)], and 1200 min at high barrier of the depleted region due to composition inho-
121 °C[Fig. 2(f)]. The scale bar in the lower left corner is 20 mogeneity prohibits incipient spherulites from maturing into
um. Figure Za) shows that spherulites grow and impinge spherical shapes. Similar cessation of spherulitic growth in a
upon each other, with crystallization being the dominantphase-separating medium has been reported previbusly.
phase-ordering process. Upon cooling, radial features bd-urther crystallization occurs within phase-separated, bicon-
come less well defined due to further solidification of thetinuous tubes. Due to the nearly identical refractive indices
segregated liquid phases. The light sheaflike features in Figf the two polymer components in the melt, the LLPS mor-
2(c) are early-stage spherulites that grow mostly during thephology is not readily observed with bright-field optical mi-
first 60 min of the isothermal annealing. At a later time, croscopy at elevated temperatures. At small undercooling
crystal growth at that temperature is suppressed, and subsgF.=121°C andéT=0.015, crystallization proceeds very
quent morphological change is mostly limited to the matrixslowly, and the growth of phase-separated domains is the
region. This becomes more evident after quencHiR. faster process. Crystallization is thus mainly confined to the
2(d)]. Proceeding highef,,= 121 °C, small crystalgevident  PEH-rich regions of the already established liquid—liquid
as white domainsare seen sparsely distributed within the separated domains. After quenching, the crystallizable com-
sample after 1200 mifFig. 2(e)]. Upon quenching to room ponent in both of the coexisting liquid phases crystallizes,
temperature, the bicontinuous morphology due to LLPS beresulting in markedly different refractive indices and signifi-
comes evident due to crystallization in the mafiffig. 2(f)]. cant optical contrast between the two phases.

The equilibrium melting temperaturd®, of H50 is The observations in real space are also verified in recip-

'm?
127 °C, as shown in Fig. ¥.The degree of undercooling for rocal space by SALS. Figure 3 shows the cross-polarized

RESULTS AND DISCUSSION
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FIG. 4. Phase-contrast optical micrographs of the H50 blend after annealing
at 130 °C for(a) 135 min, (b) 255 min, (c) 495 min, and(d) 1035 min.
Bicontinuous, interconnected PEH-rich and PEH-poor phases are evident as
light and dark domains that coarsen with time. The scale bar at the bottom
left is 100 um.

«—>
3.33 Mm-l istic length scale](t), for the phase-separation process is
obtained from these imagegia a fast-Fourier-transform
FIG. 3. TheH, (left) andV, (right) small-angle light scattering patterns of (FFT) analysis. The 2D FFT images are shown as insets in
the H50 blend after annealing at 112 ¢4 and(b), 115 °C(c) and(d), and  Fig. 4. Radially averaged profiles give the predominant wave
121 °C (e) and (f) and subsequently quenching to room temperature. Thevector q with |=27T/q which grows Iinearly with time
width of each scattering pattern is 3.3801%. Hme . m> ) ’
|t (see inset of Fig. 6 We should emphasize that the small
optical contrast between PEH and PEB limits this analysis to

(H,) (left column and parallel-polarized\{,) (right col- relatively late times, where the LLPS domains are relatively
umn) light scattering pattern for the H50 blend after isother-large and well defined. o
mal crystallization at 112 °Qa) and (b), 115 °C(c) and (d), As an approximation, crystallization and phase separa-

and 121°C(e) and (f) and subsequent quenching to room tion can be' considered as independe.n.t processes. The early-
temperature. The fourfold symmetry in the, pattern[Fig. ~ Stage klnetlc_s_of Osplnodal decorr_]posmon f|r§t described by
3(a@)] and the twofold symmetry iV, pattern[Fig. 3b)] Cahn and Hilliard® is not th_e main concern in the current
indicate well-defined spherulites grown at 112[Fy. 2(a)]. study. Rat_her, Iate-stage spinodal decpm_posmon, where hy-
The H, pattern at 121 °C shows little scatterifiig. 3(e)], drodynamic forces dnveT the coarsenﬁjrgl,s_ the relevant
suggesting a lack of spherulitic ordering, whereas the isotrodfoWth process. In this late-stage regime, the phase-
pic V, pattern[Fig. 3(f)] indicates that liquid—liquid phase Ccoarsening kinetics follows the simple growth law:
separation dominates the morphological development. These o
represent two extremes for crystallization dominated and 1= —t, (1)
phase-separation dominated behaviors, respectivelyTEor
=115°C, theH, pattern is very diffus¢Fig. 3(c)], suggest- whereo and , are the interfacial tension between the coex-
ing only weak spherulitic ordering; whereas tlg pattern isting phases and the effective viscosity of the fluid, respec-
shows a mixture of a twofold spherulitic symmetry and antively, andt is the time following a quench into the unstable
isotropic spinodal ringFig. 3(d)], consistent with the mor- region of the phase diagram. For a critical binary fluid, di-
phology shown in Fig. @). mensional analysis suggests

Previously, optical contrast resulting from crystallization KaT
. L B
in the segregated liquid phases has been employed to mea- o« —g—, 2
sure the phase diagrathThis indirect technique provides a 3
quick and sensitive determination of the phase boundary, bwherekg is the Boltzmann constantl=3 is the spatial di-
it is not sufficient for a measurement of the LLPS kinetics,mension, and is the thermal correlation length. The tem-
which requires a direct probe of the liquid—liquid domains.perature dependence of the correlation lengfks[ (T
Figure 4 shows phase-contrast optical micrographs of the-T)/T.]"", leads to a surface tensiow;, that roughly
H50 blend stored at 130 °C fé¢a) 135 min,(b) 255 min,(c)  scales ag (T¢i— T)/Tei]@ Y2, For high-molecular-weight
495 min, andd) 1035 min, respectively. Spinodal decompo- polymer mixtures far from the critical point, the exponent
sition is evident as bicontinuous, interconnected PEH-rictis approximately 0.3.If the viscosities of the two compo-
and PEH-poor phases that coarsen with time. The charactenents are similar and the temperature range of interest is
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tiso (mln) FIG. 6. A comparison of growth rates for LLPS and crystallization as a

function of quench depth. The inset shows the characteristic length scale of
FIG. 5. Time evolution of the average spherulite diameter at various isothe LLPS as a function of time, for which a linear fit gives the constant of
thermal crystallization temperatures for the H50 blend. Linear growth atproportionality in the scaling law. The critical temperatufie,{, the equi-
early times is observed for all temperatures. The inset shows the linedtbrium melting temperatureTC), and the kinetic crossover temperature
growth rate as a function of the isothermal annealing temperature, indicatingT ) are all indicated by arrows.
a crossover in the growth mechanism at around 115 °C.

small (on an absolute scgland well above the glass transi- growth rate is the measured value depicted in Fig. 5, while
tion temperaturesTy~ —40°C), » can be approximated as the growth rate for phase separation is estimated from the
a constant, and the growth rate of the liquid phases is scaling law described above, with the coefficient of propor-

I =1/t (Toyi— ) Toyr. 3) tionality_ giveq by fitting the mgasurel:(t) at 1.30 °(_3, as

shown in the inset of Fig. 6. Using the proportionality con-

As described above, the crystallization kinetics can bestant of 0.1 in the Eq(1) as suggested by Siggia in his
measured using bright-field optical microscopy. Figure 5original papef* an average zero-shear viscosity of a's
shows a log—log plot of the time evolution of the averagefor the blend at 130 °C, and a typical interfacial tension of
spherulite diameteDp,, in the H50 blend for various iso- 0.1 mN/m for polyolefins, the growth raté for phase coars-
thermal crystallization temperatures. Initially, the spherulitesening is estimated to be 16 um/s, consistent with that
grow linearly with time because the melt is mostly homoge-shown in Fig. 6. The crystallization growth rate varies dra-
neous, and a semilogarithmic plot of early-time linear growthmatica”y over a temperature window of 20 K beld'\&, and
rate,G, for each temperature is shown in the inset. A kink in diminishes neaf®, of the H50 blend. On the other hand, the
log G(T,) separates a high-temperature regimegime ) and  jmplied variation in the phase-separation kinetics over the
a low-temperature regimeegime 1), indicating a crossover same temperature range is much less dramatic, although it
in the crystallization kineticé? rapidly diminishes near criticality. Interestingly, the cross-

The crystal growth rate depends on the crystallizationpyer temperature suggested by these qualitative physical ar-
mechanism. In regime |, single crystal nucleation at a crystafjuments T.,~118°C) is consistent with the experimental
surface causes layer-by-layer growth, whereas in regime lppservations. It is obvious from Fig. 6 that such a kinetic
because of the large secondary nucleation rate at high undefrossover is ubiquitous for blends in which the critical tem-
cooling, multiple nuclei exist on the same crystallization Sur-perature of liquid—liquid phase separation is above the equi-
face. A unified formalism gives the growth rate as librium melting temperature.

At very early time upon quenching a homogeneous
blend into a regime of simultaneous spinodal decomposition
where the subscrigtdenotes | or li(for regime | or I, AT and crystallization, the former dominates because the com-
is the difference betweeiﬁom=127 °C andT., kandR are  position fluctuations are inherently unstable, and the growth
molecular and thermal constants, respectivél, is the ac-  process does not require overcoming an energy barrier, as is
tivation energy for steady-state reptation, akg is the always the case for crystallizatiGhIn this paper, however,
nucleation constarff By fitting the data in Fig. 5Ky, and  we discuss mainly the competition between the development
Kg,n are found to be (1.30.2)X 10° K? and (1.1-0.1)  of crystal superstructure and late-stage phase coarsening. In
X 10° K2, respectively, suggesting that the approximate relaether words, we compare length scales of crystals and phase-
tionshipKy ;~2K, ;; (Ref. 22 does not apply to crystalliza- separated liquid domains at late stages of development.

G = kieQ’BlRTceng'i I(T* AT) (4)

tion in the blend under consideration. The uncertaintyﬁn The phenomenological argument given above is rather
does not alter either the regime assignment orKherela-  simple and straightforward. The microscopic picture, how-
tionship. ever, can be more complicated. During simultaneous LLPS

Based on the above arguments, the growth rates of thend crystallization, the crystal front is a zone that is depleted
two ordering processes are shown in Fig. 6. The solid anch the crystallizable species and rich in the noncrystallizable
dashed lines depict the rate of crystal superstructure growtbnes, which include most of the PEB polymer and side-
and phase coarsening, respectively. The crystallizatiochain-enriched PEH. At large undercooling, crystals grow
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very fast by taking in the short polyethylene segments whildoranched polymers, which is conceptually different from
expelling the noncrystallizable chains in the interlamellarmodel colloidal mixtures or small-molecule systems, and it
stack region. Crystal growth sweeps through the phase sepdees not account for coupling between the two processes
rating medium, including the PEB rich regions, and fills theassociated with dramatic rheological changes in the coarsen-
entire volume, resulting in a spherulitic-growth dominateding LLPS domains upon crystallization.

morphology. At smaller undercoolings, more PEH chain seg-
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