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of some growth-limiting diffusion field. Schultz speculates
that this field need not be a concentration of impurities but

PHYSICAL REYIHY Bido"HE e stresses generated, for example, by the

) [15].

density difference between solid and liquid. This last sugges-
tion recalls an idea of Tiller and Geering, who used hydro-
dynamic flows generated by the solid-liquid density differ-
ence to account for the splay of spheruli{fg6,27. In a
recent article, Duaret al. give evidence that in very thin
polymer films, depletion of the melt in front of the growing
film plays a key role in the bandin@8].
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A number of authors, including MagilR] and Hutter and
Bechhoefef8], have emphasized that no single theory seems
compatible with observations over the full range of systems
showing bandingpolymers, low- molecular-weight organ-
ics, liquid crystals, silicates, ejcPerhaps different mecha-
nisms are at work in each case, but then why are the macro-
scopic phenomena so similar?

Faced with these diverging theoretical views on the ori-
gins of spherulitic banding, we would like to expand the
kinds of experimental measurements available, in order to
better constrain the theoretical possibilities. In this article,
we explore banded spherulitic growth in a low-molecular-
weight material, ethylene carbondf€C), doped with a small
amount of polyacrylonitril€PAN). To our knowledge, this is
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tween to improve thermal contact. The regulator is stable t@parabola to extract the front position. We then fit the plot of
1 mK, which far exceeds the experiment’'s requirementsfront position versus time to a low-order polynomial whose
Temperatures are measured to an accuracy of 0.1 °C by derivative is our estimate of the velocity.
calibrated thermistor. The sample holder is insulated from Typical results are shown in Fig. 2, which show the ef-
the surrounding air by a closed-cell foam box with double-fects of multiple runs on sealed and unsealed samples. In a
paned glass viewports. The sample was viewed by a CClibng series of runs, we established that the drifts were not
camera illuminated off-axis so that specular reflections offdue to segregation of PAN or other impurities produced by
the polished, nickel-coated copper plate did not enter théhe solidification process. We also showed that impurities
camera’s lens. diffuse in from the sample edge and the area around the
Preliminary measurements had showed that sample chanucleation site. In a future version of the experiment, one
acteristics drift. To assess and reduce drifts, we compared theight improve matters by enclosing the sample in an inert
results of many repeated freezing cycles. This motivated atatmosphere. Here, we limited the number of runs so that the
tomating the runs. In brief, we created the visual feedbacklrifts and nonuniformity in velocity were less than 2%. In
loop mentioned above, monitoring via the CCD camerapractice, we ensured such stability by retaking the first data
whether growth had initiated or not. In particular, we couldpoint at the end of the run.
check whether the sample had spontaneously nucleated be-
fore reaching the desired undercooling. Without such feed-
back, it was impossible to obtain the kinds of long, system-
atic runs needed to track down the sources and magnitudes Because a moving interface releases latent heat, no solidi-
of the drifts. fication process can be strictly isothermal. For thin films of
The most sensitive monitor of the sample state turned ougolymers(~1 um) frozen at slow growth rateg~nm/seg,
to be the local front velocity, which is constant but dependghe temperature rise at the interface is negligible compared to
on the local temperature and PAN concentraiias well as  the undercooling. In our case, faster solidification speeds
on impurities resulting from any degradatjofo measure (mm/seg¢ and a moderate sample thickné@6 um) imply
the local front velocity, we digitized a movie recording the significant temperature risgsip to 6 °Q. Fortunately, for
front growth. Subtracting two successive images removed alineasuring the power law of a critical divergence, knowing
but the front, whose intensity profile peak was then fit to athat the absolute temperature rise is not necessary. Rather,

B. Undercooling measurements
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one needs only to estimate the differential correction over the
range of undercoolings exploredT<15 °C), and even
there, only corrections that vary near the divergence under-
cooling have any effect on the estimate of the critical expo-
nent. While ideally one would measure or calculate the com-
plete temperature field inside the sample, we show by a
combination of more simple calculations and experimental
measurement that the temperature corrections do not influ-
ence our results for the critical exponent.

We begin with the most basic result: Exploring thick-
nesses ranging from 25 to 76m, we observed no change in
either the front velocity or band spacing. While this is reas-
suring, the fact that substantial heating may be expected im-
plies that one should examine this result more closely.

In previous work, we had used an analytical approxima-
tion in order to estimate the temperature rig6]. It is
simple to get a rough analytical approximation. The moving
front releases a latent heat fllxo, wherelL is the molar
latent heat and is the front velocity. The heat must diffuse
a distance of the order of the sample thicknége the cop-
per, which acts as an effective heat sink. The diffusion flux is
then roughly A\(6T/d), where \ is the heat conductivity
(nearly the same in both solid and liquid phasasd 6T is
the typical temperature rise. Equating these fluxes leads to a
crude estimate obT,

L L L
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In Eq. (1), L/pC,=96.3 °C is the temperature rise produced
by the latent heat in the absence of transport away from the
transformed material. The terod/D is the “Peclet number”
Npe Which gives the relative importance of advection and
diffusion. We havev=1 mm/s (typically), d=25 um, and
D,.=1.00x 10" m?/s, givingNpe~0.25 and a nominal tem-
perature rise of 24 °C. The dimensionless constamtas
evaluated by numerical simulation using finite- element
modeling.

The finite-element modeling of heat flow in our experi-
ment was done using commercial softwfib®® e







linked to cover all data sets. If a local fit did not show a
systematic variation with concentration, we made the param-
eter a global one. In the endy (intrinsic band spacing A,
and « were all fit globally, while the divergence undercool-
ing AT, was fit locally. Figure &) shows a log-log plot of
bandspacing against undercooling with the offsggsand
AT,



abrupt transition. One such experimental situation that at
least superficially resembles the present one is the divergence
of the pitch of a cholesteric liquid crystal in the vicinity of a
smecticA transition. Symmetry requires that the transition
be first order, but in practice the discontinuities are very
weak. Huanget al. measured power-law divergences in sev-
eral cholesterics, as the temperature was lowered into the
smectic phase. The study that is most relevant to our work
here is a study of cholesteryl nonanoate doped with a con-
trolled concentration of cholesteryl chloridd5]. In that
work, the critical exponent was found to vary with concen-
tration from 0.67 to 1.15. Vigman and Filev have claimed to
explain these results as being due to a first-order transition
[46,47]. Their theory at least superficially uses many features
specific to the free energy of a cholesteric and of a smectic.
It would be interesting to revisit their work in a more general
context.

Of the three scenarios, the third seems at present most
compatible with our results, but more work is required to
judge its plausibility. We note that the variation in the cutoff
of A max



shows banded spherulites, and he and Matthew Case dahemical structure, Fig. 8 shows the liquidus line of the

valuable preliminary studies. EC-PAN phase diagram, and Fig. 9 shows front-velocity

measurements as a function of undercooling. These measure-

ments were used to correct the undercooling values. Table |
Here, we collect some relevant material properties of ethsummarizes various thermodynamic properties of EC.

ylene carbonate and polyacrylonitrile. Figure 7 shows their

APPENDIX: SOME RELEVANT MATERIAL PROPERTIES
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