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We investigate the transition from unbanded to banded spherulitic growth in mixtures of ethylene carbonate
with polyacrylonitrile. By carefully considering systematic errors, we show that the band spacing diverges with
a power-law form showing scaling over nearly two decades. We also observe that the bands disorder as the
transition point is approached. The critical exponent is nonclassical. One possible explanation is that the
nonequilibrium transition is actually weakly first orderssubcriticald.
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I. INTRODUCTION

Banded spherulites are commonly seen in solids that
freeze from viscous fluids. They comprise one of a number
of different “spherulitic9 growth modesf1–3g, which are
characterized by largely radial needle crystals that freeze out-
ward from a central nucleation site as spheres in three dimen-
sions and disks in two dimensions. In addition to being of
fundamental interest, spherulites affect the toughness, corro-
sion resistance, and fracture properties of materials. For ex-
ample, “nodular9 cast iron, where carbon precipitates from
the iron matrix as spherulites, is much tougher and more
ductile than “gray9 cast iron, where the carbon precipitates as
graphite flakesf4g. On the other hand, spherulites are a “fail-
ure mode9 for protein crystallization, since the polycrystal-
line, radially oriented crystallites cannot be used to provide
structural informationf5g.

Periodic banding in spherulites is associated with a helical
twisting of crystalline axes about the radial direction. Such
growth is observed in a wide variety of material systems.
The majority of studies are of polymer meltsf1,3g, but there
are also observations in liquid crystalsf6–8g, seleniumf9g,
and low-molecular-weight organics immersed in viscous me-
dia soften created by adding polymersf10g or by freezing in
gels f2gd. Banding occurs in quartz-crystal fibersf11g and
hence is important when strongly undercooled, molten rock
containing silicates freezes, as in lava flowsf12g. Agates are
a particularly well-studied examplef13,14g.

That such similar phenomena are so widely observed sug-
gests a common mechanism; yet the theories that have been
proposed all seem to depend on features quite specific to
individual systems, and there is no general agreement even
about which physical mechanisms are most relevant. It is
clear that in banded spherulites, freezing affects the structure
of the solid itself. By contrast, at moderate undercoolings
and in less-viscous fluids, nearly perfect single crystals are
formed, even if morphological instabilities lead to compli-
cated interface shapessdendrites, snowflakes, etc.d f15g.

Broadly speaking, three scenarios for the origins of bands
have been advanced. All are at least 40 years old, and none
has been universally accepted.

sidScrew dislocations. Eshelbyf16g noted that screw dis-
locations impose an elastic twist on an object. Based on this
idea, Schultz and Kinlochf17g proposed that arrays of giant
isochiral screw dislocations can lead to a macroscopic twist
of crystalline axes. But while there are many observations of
screw dislocations associated with banding twistf3g, recent
atomic force microscopesAFMd observations of the freezing
of individual crystallites show that screw dislocations nucle-
ateafter twisting f18g. At least in the particular system stud-
ied, screw dislocations would thus be caused by the twist,
and not the reverse.

sii d Surface stresses. Various authors have proposed that
surface stresses applied on the crystallite produce forces that
are large enough to produce the required elastic twist. Owen
has recently given a simple argument predicting the band
spacing in such a casef19g. There is substantial disagreement
as to the origin of the surface stresses. Keith and Padden
have emphasized the role of asymmetry at the end of the
growing lamellae, which can produce asymmetric packing of
chain folds on the top and bottom of a growing lamellae
f20–22g. Patel and Bassett argue the reverse: that asymmetric
stresses arise from spontaneous chain reorientation that oc-
curs during the thickening of lamellae well behind the lead-
ing edge of the growthf3,23g.

siii d Diffusion fields. Keith and Padden proposed that
spherulitic growth was connected to diffusion fields that arise
during segregation of impurities into the meltf24g. While
their original picture is no longer accepted, a variation has
recently been set forth by Schultzf25g. He argues that crys-
tals may twist in order to reach areas of lower concentration
of some growth-limiting diffusion field. Schultz speculates
that this field need not be a concentration of impurities but
could also be local stresses generated, for example, by the
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 spherulitesf26,27g. In a
recent article, Duanet 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 bandingf28g.
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A number of authors, including Magillf2g and Hutter and
Bechhoeferf8g, have emphasized that no single theory seems
compatible with observations over the full range of systems
showing bandingspolymers, low- molecular-weight organ-
ics, liquid crystals, silicates, etc.d Perhaps 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 carbonatesECd, doped with a small
amount of polyacrylonitrilesPANd. To our knowledge, this is
the first report of spherulitic growth modes in this system.
We focus on the transition from unbanded to banded growth,
which occurs as the undercoolingDT is increased. Here,
DT=T0−T, whereT0 is the solid-liquid coexistence tempera-
ture andT is the temperature at the growth front, which may
differ from that imposed at the boundaries of the sample.
After accounting for a number of systematic experimental
effects, we show that at a critical, finite undercoolingDTc,
the wavelength of the band spacing diverges, with a power
law whose exponent is roughly 1. While many previous stud-
ies have noted that the band spacing becomes large, there
have been no reported measurements of scaling behavior
over the wide range of undercoolingstwo decadesd reported
here. We discuss possible interpretations of this result.

II. EXPERIMENT

In order to obtain reliable bandspacing measurements at
different temperatures, we needed to take considerable care
in the experiment. For full details of the apparatus, see the
M.Sc. thesis of Sadlikf29g. Briefly, the challenges were to
ensure sad chemical stability, since the chemical system
showed drifts; sbd accurate undercooling measurements,
since the release of latent heat changes the temperature at the
moving solid-liquid interface;scd accurate band spacing
measurements, since the bands show considerable disorder
near the transition from unbanded to banded growth

Below, we consider each of these in turn, but first we
comment on our choice of system. In a previous report, we
explored banded spherulitic growth in a mixture of a low-
molecular-weight materialsmaleic anhydride, MAd with a
polymerspolyacrylonitrile, PANd f10g. The MA-PAN system
produces spherulites with exceptionally large bandss,cmd
when frozen at large velocitiess,cm/secd f30,31g, and we
wanted to see to what extent the spherulitic growth modes
resembled those of other systems with much smaller bands
sin polymers, spacings of 1–100mm are typicald. Unfortu-
nately, the PAN demixes from the host MA material at the
undercoolings required to produce bands. Thus, the process
of phase separation competes with that of solidification,
making the interpretation much more difficult. The present
system, EC-PAN, resembles the previous one but the PAN is
soluble over a much wider range of temperatures and con-
centrations. Indeed, EC is a small organic molecule that is
typically used as a solvent for hydrophobic polymers, in ad-

dition to finding wide industrial use as an ingredient of the
liquid electrolytes in lithium-ion batteriesf32g. sSee the Ap-
pendix for material properties.d The bands are still signifi-
cantly larger than normal polymer systemssup to mmd. The
slightly smaller band scales simplifies the sample preparation
and reduces the effects of latent heat on the undercooling. As
we shall see below, one needs to model the latent-heat re-
lease to know accurately the undercooling.

We used ECs99.98% pured, as received from the supplier
sHuntsman Scientific, 500 Huntsman Way, Salt Lake City,
UTd. For the PAN, samples of 102-kD chains were used as
received from the suppliersScientific Polymer, 6265 Dean
Pkwy, Ontario, NYd. We did not observe bands with PAN
concentrationsc,2.6% and could not dissolve the PAN for
c.7%. We thus prepared samples between these limits.sAll
concentrations are weight %.d To prepare a mixture, we
melted an aliquot of pure EC at a temperature of 40 °C. We
ground the PAN into a powder and added it to the EC. The
mixture was kept at 40 °C and stirred for 1–10 h, with
longer times required for higher polymer concentrations.

A. Chemical stability

Because ethylene carbonate has a high vapor pressure and
because it also absorbs water vapor, we needed to find a way
to seal samples and assess systematically their drifts and
nonuniformity. In order to accomplish this, we built an auto-
mated solidification apparatus that could carry out repeated
melting and freezing runs. The trickiest task was to automate
the nucleation of the solid phase.

The sample was made by sandwiching a thin layer of
EC-PAN between a thick copper plate and a glass platesFig.
1d. The plate spacing was nominally set by two wires
s25 mm thickd and the actual average sample thicknessd
measured by pipetting a known volume of EC-PAN mixture
onto the copper plate and measuring the area of the mixture
after placing the glass on top. The errors in measuringd were
about 5%, and the typical width of the sample was about
4 cm. The samples were sealed with vacuum greasesDow
Corningd.

The nucleation method, an automated version of the
method of Schaefferet al. f33g, is illustrated in Fig. 1. The
sample holder is connected to a capillary tube made from a
syringe needle, and both are filled with liquid EC-PAN. The
end of the tube that is farthest from the sample is frozen and
sealed off with a rubber stopper. The bottom end of the tube
is held above the coexistence temperatureT0 by means of a
small heating coil. The heated region prevents the solid from
growing down the tube. To nucleate, one cuts the power to
the heating coil, allowing the solid to freeze down into the
main sample chamber. Every step is controlled by a visual
feedback loop, where a charge-coupled-devicesCCDd cam-
era linked by a frame grabber to the control computer verifies
that the actionse.g., nucleationd actually took place.

The temperature of the sample is controlled with a com-
mercial regulatorf34g containing a Peltier elementf35g. The
Peltier element is embedded in an aluminum block with a fan
and heat sink on the bottom. The copper block of our sample
is screwed onto the aluminum block, with paraffin wax be-
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tween to improve thermal contact. The regulator is stable to
1 mK, which far exceeds the experiment’s requirements.
Temperatures are measured to an accuracy of 0.1 °C by a
calibrated thermistor. The sample holder is insulated from
the surrounding air by a closed-cell foam box with double-
paned glass viewports. The sample was viewed by a CCD
camera illuminated off-axis so that specular reflections off
the polished, nickel-coated copper plate did not enter the
camera’s lens.

Preliminary measurements had showed that sample char-
acteristics drift. To assess and reduce drifts, we compared the
results of many repeated freezing cycles. This motivated au-
tomating the runs. In brief, we created the visual feedback
loop mentioned above, monitoring via the CCD camera
whether growth had initiated or not. In particular, we could
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
of the drifts.

The most sensitive monitor of the sample state turned out
to be the local front velocity, which is constant but depends
on the local temperature and PAN concentrationsas well as
on impurities resulting from any degradationd. To measure
the local front velocity, we digitized a movie recording the
front growth. Subtracting two successive images removed all
but the front, whose intensity profile peak was then fit to a

parabola to extract the front position. We then fit the plot of
front position versus time to a low-order polynomial whose
derivative is our estimate of the velocity.

Typical results are shown in Fig. 2, which show the ef-
fects of multiple runs on sealed and unsealed samples. In a
long series of runs, we established that the drifts were not
due to segregation of PAN or other impurities produced by
the solidification process. We also showed that impurities
diffuse in from the sample edge and the area around the
nucleation site. In a future version of the experiment, one
might improve matters by enclosing the sample in an inert
atmosphere. Here, we limited the number of runs so that the
drifts and nonuniformity in velocity were less than 2%. In
practice, we ensured such stability by retaking the first data
point at the end of the run.

B. Undercooling measurements

Because a moving interface releases latent heat, no solidi-
fication process can be strictly isothermal. For thin films of
polymerss,1 mmd frozen at slow growth ratess,nm/secd,
the temperature rise at the interface is negligible compared to
the undercooling. In our case, faster solidification speeds
smm/secd and a moderate sample thicknesss25 mmd imply
significant temperature risessup to 6 °Cd. Fortunately, for
measuring the power law of a critical divergence, knowing
that the absolute temperature rise is not necessary. Rather,

FIG. 1. sColor onlined. Sche-
matic diagram of sample holder,
showing side and top views.
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one needs only to estimate the differential correction over the
range of undercoolings exploredsDTø15 °Cd, 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 75mm, 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 risef36g. It is
simple to get a rough analytical approximation. The moving
front releases a latent heat fluxLv, where L is the molar
latent heat andv is the front velocity. The heat must diffuse
a distance of the order of the sample thicknessd to the cop-
per, which acts as an effective heat sink. The diffusion flux is
then roughly lsdT/dd, where l is the heat conductivity
snearly the same in both solid and liquid phasesd and dT is
the typical temperature rise. Equating these fluxes leads to a
crude estimate ofdT,

dT <
Lvd

l
=

Lvd

DrCp
= aS L

rCp
DSvd

D
D . s1d

In Eq. s1d, L /rCp=96.3 °C is the temperature rise produced
by the latent heat in the absence of transport away from the
transformed material. The termvd/D is the “Peclet number”
NPe, which gives the relative importance of advection and
diffusion. We havev=1 mm/s stypicallyd, d=25 mm, and
DL=1.00310−7 m2/s, givingNPe<0.25 and a nominal tem-
perature rise of 24 °C. The dimensionless constanta was
evaluated by numerical simulation using finite- element
modeling.

The finite-element modeling of heat flow in our experi-
ment was done using commercial softwaref37g. In the mod-
eling, we took advantage of the ability to use a variable mesh
size to simulate the actual geometry of the experimentsd
=25 mm thick sample sandwiched between a 7-mm copper
block and 2-mm glass plated. We assumed a planar front,
since the spherulite radius was several cm, which is much
larger thand. We also assumed a vertical interface profile
sbut see belowd. Material parameters related to the EC-PAN

system may be found in the Appendix. We found that the
temperature rise is well described by Eq.s1d, with a=0.25.
For d=25 mm andv=1 mm/sec, we finddT=6.1 °C. Even
with a=0.25, Eq.s1d overstates the actual temperature rise,
because any deviations of the interface from a vertical profile
will reduce the temperature rise still further. In any case, we
shall see below that the estimate of the power law for the
critical behavior of the band-spacing divergence is extremely
insensitive to temperature shiftssi.e., the value ofad.

C. Band-spacing measurements

As we shall see, the wavelengthl of the band spacing
diverges at a critical undercoolingDTc. Near this divergence
point, the bands are disordered, and their longitudinal corre-
lation j length barely exceeds their wavelength. In this re-
gime, it is difficult to measure the band spacing accurately

FIG. 3. Banded spherulitic growth in EC-PAN,c=6.7%.
Growth is to the right.sad Typical image of bands.sbd FFT of image
in sad, showing broad peak at the spatial frequency of the bands.scd
FFT with double 2D Gaussian fit superposed on it.

FIG. 2. Front-velocity drifts in EC-PAN
samples. Effects of sample inhomogeneities, ag-
ing, and sealing can be seen. Thick line: first run.
Thin dotted lines: intermediate runs. Thick dotted
line: 13th run.
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using real-space images. We can average over disorder by
analyzing the images in reciprocal space. Figure 3sad shows a
typical image of banded growth. Taking the two-dimensional
s2Dd Fourier transform of such imagesfFig. 3sbdg, we find
two peaks ink space, one near zero frequency that is due to
nonuniformities in illumination and one that represents the
periodicity of the pattern. In order to avoid having the zero-
frequency peak bias the fit to the other peak, we perform a
2D, double-Gaussian fit to both peaksfFig. 3scdg. The band
spacing is obtained from the finite-k peak position and the
longitudinal correlation is obtained from the peak’s width
along thex direction. As the wavelength of the bands di-
verges, the two peaks in the spectrum eventually merge, lim-
iting our ability to measure wavelengths near the critical
point. Note finally that we estimated the relative uncertainty
in the band spacingsthe uncertainty in the estimate ofkd by

looking at both the width of the peak ink space, and the
statistical uncertainty of the fit. The relative weights of both,
as well as those due an examination of run-to-run variation,
all follow the same general trend, where the uncertainty in
the wavelength increases near the critical divergence point. It
was important to account for these increasing errors in the fit
for the divergence exponentsSec. III elowd.

III. RESULTS

We measured the front velocity and band spacing in EC-
PAN as a function of undercooling for six different concen-
trations of PAN. A typical result, for a concentrationc
=6.7%, is shown in Fig. 4. The slope of the velocity-
undercooling curve,dv /dDT, is different in the banded and
unbanded regimes. Interestingly, the slope appears to be cor-
related with the changing band spacing: it begins to change
at the divergence undercooling and essentially stops chang-
ing as the band spacing nears its asymptotic value.

Figure 5 are the main results for this paper. Figure 5sad
shows the band spacing versus undercooling for the six con-
centrations. Because of the divergence of the band spacing
and because of the apparently continuous nature of the tran-
sition, it is natural to try to analyze the data within the frame-
work of continuous bifurcations. Thus, we fit each curve to a
power-law divergence of the form

l = l0 + AsDT − DTcd−a. s2d

We explored various global fits of Eq.s2d to the data where
some parameters were local to each curve while others were

FIG. 4. Front velocity and band spacing versus undercooling for
c=6.7%. Dashed lines are straight-line fits to segments of the front-
velocity curve and a power-law fit to the band-spacing divergence.

FIG. 5. sad Band spacing vs undercooling for PAN concentra-
tions of 2.80%, 2.95%, 3.57%, 4.04%, 6.08%, and 6.70%, with
global fits shown as solid lines through each data set.sbd Corrected
log-log plot of all six data sets. Solid line has a slope of 1.17.scd
Variation of critical undercoolingsfitsd with concentration.

FIG. 6. sad Scaled longitudinal correlation length vs concentra-
tion. sbd Largest observable band spacing vs. concentration.
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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 end,l0 sintrinsic band spacingd, A,
anda were all fit globally, while the divergence undercool-
ing DTc was fit locally. Figure 5sbd shows a log-log plot of
bandspacing against undercooling with the offsetsl0 and
DTc removed for each data set. The straight line represents a
slope of 1.17. Figure 5scd shows the variation of the indi-
vidual DTc fit parameters with concentration.

We emphasize that obtaining the results in Fig. 5 requires
some care. In particular, it was necessary to control sample-
property drifts and to use the proper weights for the errors in
the measurement of eachl. Failure to do either of these led
to large systematic errors. One systematic error that is harder
to estimate is the magnitude of the temperature correction
due to latent heat releasesSec. II Bd. Expressing that correc-
tion in terms of the dimensionless factora defined in Eq.s1d,
we found that varyinga from 0 to 0.25 led to variations in
the critical exponenta ranging from 1.22 to 0.95. We thus
conclude thata<1.1±0.1, with essentially the entire error
due to the uncertainty in the temperature distribution through
the cell.

A secondary set of results concerns the regularity of the
bands. Figure 6sad shows the longitudinal correlation length
j, measured at large undercoolings where there is little tem-
perature dependence, as a function of polymer concentration.
The striking trend is that while bands are well ordered at
concentrations near 6%swith j<10 times the band spacingd,
the ratio ofj /l decreases linearly with band spacing, van-
ishing at aboutc=2.8%. Figure 6sbd shows a related mea-
surement, the maximum band spacing that could be mea-
sured before disorder took over, washing out the bands
entirely. That range also decreases linearly with undercool-
ing, vanishing at the same critical polymer concentration.

IV. DISCUSSION

None of the theories of band formation discussed in the
Introduction predicts a divergence of band spacing at finite
undercooling. It is possible, of course, that more detailed
calculations within one of those theories will turn out to
make such a prediction. In the meantime, we can consider
the generic implications of the wavelength divergence ob-
served at the transition.

The power-law divergence of band spacingfEq. s2dg,
along with the increasing effect of fluctuationssFig. 6d, is
typical of a second-order morphological transition. We pre-
viously noted qualitatively similar behavior in the banded-

unbanded transition of the liquid crystal 10OCBf36,38g;
however, in that work, we were unable to obtain data that
were accurate enough to fit the form of the divergence. One
puzzle, though, is that the value of the critical exponent we
obtain is surprising for a second-order transition. We recall
several scenarios where patterns show a divergent wave-
length at a transition point. Although the scenarios are taken
from equilibrium studies, they are all mean-field scenarios.
Nonequilibrium, pattern-forming systemsssuch as growing
spherulitesd governed by the same dispersion relation
sgrowth rate versus wave numberd as one of the scenarios
discussed here will show the same wave number scaling with
the control parameterf40g. Thus, we view these equilibrium
scenarios as possible inspiration for a nonequilibrium theory
rather than as being a directly relevant description.

One scenario is the Lifshitz point, where the gradient term
in a free-energy expansion changes signf39g. Such a transi-
tion leads to a divergence with exponenta=1/2, avalue that
is incompatible with our results. A recent study of Chuanget
al. f41g measured the band spacing versus undercooling at
the transition and claims a result compatible witha=0.5. It
is possible that different systems show different exponents,
of course. But we note that their data, in contrast to the
present study, cover a range of less than one decade and
show considerable curvature. The authors also do not men-
tion whether they corrected for the kinds of systematic errors
discussed here.

A second scenario for a structure with diverging wave-
length is the “solitonic” transitionf42g. One example is the
unwinding of a cholesteric liquid crystal in an external field
that aligns molecules along the fieldf43g. In that scenario,
the divergence depends on the nature of the interactions be-
tween molecules. In the typical case, the interactions are
short range, and the divergence occurs logarithmically—i.e.,
more slowly than any power law. This is also incompatible
with our results. If there are long-range power-law interac-
tions between molecules, the structure spacing will also di-
verge with a power law. It is unclear what the relevant inter-
actions are here, but we note that because of hydrodynamic
coupling, polymers do show long-range interactions in solu-
tion, as described by the Oseen tensorf44g.

A third scenario is that of a weakly first-order transition,
where would-be power-law divergences are interrupted by an

FIG. 7. Chemical structures ofsad ethylene carbonate andsbd
polyacrylonitrile.

FIG. 8. Liquidus curve for ethylene carbonate with added poly-
acrylonitrile s102 kDd.
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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
smectic-A 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 chloridef45g. 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
f46,47g. 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 lmax with concentration observed in Fig. 6sbd might then
be interpreted as a shift in the first-order point of the transi-

tion. It would be interesting to see then whether the results
on the variation of the correlation lengthj near the transition
are also compatible with such a model. To our knowledge, no
one has yet calculatedj in any of these scenarios. Finally, we
note again that our system is a nonequilibrium one and that
one would have to seek a dynamical model with a weakly
subcritical bifurcation.

V. CONCLUSIONS

By carefully controlling various systematic effects, we
have measured a power-law divergence of band spacing at
the banded-to-unbanded transition of the EC-PAN system.
We have considered several scenarios that might generically
account for such a divergenceswith a nonclassical expo-
nentd, of which a weakly first-order scenario at present seems
most likely. It would be important to find other systems to
test experimentally, to see to what extent the exponent varies.
In the weakly first-order scenario, there is not a true power-
law divergence. The measured exponent is expected not to be
universal and should depend on the system examined. It is
also interesting to try to develop the first-order scenario more
generically, to better isolate its general features.

At the same time, the observation of critical behavior re-
ported here places a constraint on any theory of the banded-
unbanded transition. While many of the features of such a
transition will be generic in the sense of being independent
of the details of the physics of the scenario, the presence of
such a divergence in a theory is by no means automatic.
Indeed, none of the possible theories of the banded-unbanded
transition discussed in the Introduction has been explored in
enough detail to know whether they predict a band spacing
divergence or not, let alone what kind of divergence is pre-
dicted. We hope that our experiments will motivate a more
careful examination of these theoretical possibilities.
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TABLE I. Thermodynamic properties of pure ethylene carbonate.

Formula C3H4O3

CAS registry number 96-49-1

Molecular weight 88.06 g mol−1 f48g
Coexistence temperaturessolid-liquidd T0 36.4 °C f48g
Density sliquid, 40 °Cd rL 1321.991 kg m−3 f49g
Density ssolid, 36 °Cd rS 1470 kg m−3 f50g
Heat capacitysliquid, 36 °Cd Cp,L 138.0 J mol−1 K−1 f48g
Heat capacityssolid, 25 °Cd Cp,S 117.4 J mol−1 K−1 f48g
Thermal conductivitysliquid, 41 °Cd lL 0.2063 W m−1 K−1 f51g
Thermal diffusivity sliquidd lLsrLCp,Ld 1.00310−7 m2 s−1 derived

Latent heat L 13295 J mol−1 f52g
Undercooling scale L /Cp,L 96.3 °C derived

Crystal structure monoclinic f50g
Lattice parameters a=8.92,b=6.25,c=6.94 Å, b=100.5 ° f50g
Space group C2/c f50g

FIG. 9. Solid-liquid front velocity versus undercooling for dif-
ferent PAN concentrations, in the regime showing banding.P,
2.80 wt. %; s, 2.95 wt. %; l, 3.57 wt. %; m, 4.04 wt. %; n,
6.08 wt. %;j, 6.70 wt. %.
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shows banded spherulites, and he and Matthew Case did
valuable preliminary studies.

APPENDIX: SOME RELEVANT MATERIAL PROPERTIES

Here, we collect some relevant material properties of eth-
ylene carbonate and polyacrylonitrile. Figure 7 shows their

chemical structure, Fig. 8 shows the liquidus line of the
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 I
summarizes various thermodynamic properties of EC.
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