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ABSTRACT: Spherulitic growth rates for poly(ethylene oxide) and four model, melt-miscible blends were
measured over a range of crystallization temperatures. The miscible diluents fall into two classes: those
exhibiting relatively weak intermolecular interactions with PEO and those exhibiting strong interactions.
Generally, at a given crystallization temperature, growth rates for blends with the strongly interacting
polymers are considerably lower than those with weakly interacting polymers with comparable Tgs. To
a first approximation, growth rates for PEO and the blends can be “superposed” when normalized by the
degree of supercooling and T — Tg. In addition, at higher T, and diluent concentrations, particularly for
blends with strongly interacting diluents, the growth rate slows from G 0 t° to G O t~2, consistent with
a crossover to diffusion-controlled growth. Analysis of PEO growth rates using the LHM model yields oe
~ 40 ergs/cm? for crystallization in regime 11. For the blends, the mobility as a function of T, and diluent
content was estimated from experimental growth rates and the nucleation constant for neat PEO. These
mobilities were found to correlate well with diluent (or blend) Tg.

1. Introduction

In the past several years, we have used small-angle
X-ray scattering to explore the development and final
microstructure of melt-miscible blends of poly(ethylene
oxide) (PEQ).173 Miscible amorphous polymers were
chosen to exhibit relatively weak (poly(methyl meth-
acrylate) (PMMA) and poly(vinyl acetate) (PVAc)) or
strong (ethylene—methacrylic acid (EMAA) and styrene—
hydoxystyrene (SHS) copolymers) intermolecular inter-
actions with PEO. In each of these cases, one of the
amorphous polymers was chosen to have a relatively low
glass transition temperature, Ty (PVAc and EMAA), and
the other a relatively high Tq (PMMA and SHS). Much
of this earlier work was conducted on specimens crys-
tallized at a temperature (T;) of 45 °C. Not surprisingly,
it was found that amorphous polymer mobility was the
controlling factor determining diluent placement in the
weakly interacting blends: PMMA was found to be
completely incorporated between PEO lamellae while
it was concluded that PVAc was at least partially
excluded to interfibrillar regions. Strong intermolecular
interactions were found to promote diluent exclusion as
a result of a significant reduction in equilibrium melting
point. This resulted in a very large decrease in spheru-
lite growth rates, allowing more time for the strongly
interacting diluent polymers to diffuse from the growth
front. Even the high molecular weight, high Ty SHS
copolymer diffused over relatively large length scales
at blend concentrations of 20% SHS.? These observa-
tions are in general agreement with ideas first proposed
by Keith and Padden.*~®

In the present paper we report on a continuation of
our study of these “model” PEO blends. Here we focus
on spherulite growth, particularly the influence of
strong intermolecular interactions.
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2. Experimental Section

Materials and Sample Preparation. The polymers used
in this study were identical to those used in our previous
work.1~3 PEO of viscosity-average molecular weight 1.44 x 10°
was obtained from Polysciences. The two weakly interacting
polymers, PMMA and PVAc, were purchased from Aldrich and
had measured Tgs of 113 and 31 °C, respectively. The two
strongly interacting copolymers, EMAA and SHS, were sup-
plied respectively by duPont’ and Hoechst Celanese. The
EMAA copolymer contained 55 wt % methacrylic acid units
while SHS consisted of 50 wt % styrene and p-hydroxystyrene.
The measured Tgs were 36 and 150 °C, respectively. Molecular
weights and polydispersities for the amorphous polymers are
reported in refs 1—-3.

Films of PEO and PEO blends with the four miscible
polymeric diluents were prepared by casting from two weight
percent solutions in a suitable solvent: 50/50 THF/CHCI, for
PEO, PEO/EMAA, and PEO/PVAc, 50/50 THF/CHCI; for PEO/
SHS, and CHCI; for PEO/PMMA. The blend solutions were
stirred for 2 days at room temperature and then were cast
onto clean glass slides. The resulting films were dried in air
at room temperature for 24 h and then under vacuum at 80
°C for 24 h to ensure complete solvent removal.

Spherulitic Growth Rate Measurements. The dried
films were heated to 100 °C for 3 min in a Mettler hot stage
(model FP-82) to erase previous thermal history and then
rapidly transferred to a second hot stage set at the desired
crystallization temperature (T¢). In some cases the tempera-
ture of the second hot stage rose somewhat after placing the
sample into it and then returned to the set temperature. In
such cases, t = 0 was defined on return to the set temperature
(T¢). The development of the spherulitic superstructure was
viewed with an Olympus BHSP-300 microscope and the
crystallization event recorded with a video camera and VCR.
Crystallization was monitored for time periods from a few
minutes to as long as 30 h (for PEO/SHS blends crystallized
at relatively high T¢). In the cases where spherulite radii (R)
increased linearly with time, the average spherulite growth
rate (G) was determined from the slope of the R vs t relation-
ship for from 1 to 5 spherulites. In the case of nonlinear
growth, G was determined at the onset of spherulite growth.

3. Results and Discussion

PEO. Spherulite growth rates for PEO over a range
of crystallization temperatures are shown in Figure
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Figure 1. (a) Log spherulite growth rates vs T, for PEO and
blends with low T4 amorphous polymers: x, PEO; x, 90 PEO/
10PVACc; @, 80/20 PVAc; A, 70/30 PVAc; ¢, 90/10 EMAA; A,
80/20 EMAA; a, 70/30 EMAA. (b) Log spherulite growth rates
vs degree of supercooling for PEO and blends with low T
amorphous polymers: x, PEO; B, 90 PEO/10PVAc; 4, 80/20
PVAc; a, 70/30 PVAC; %, 90/10 EMAA; @, 80/20 EMAA; O, 70/
30 EMAA. (c) Log spherulite growth rates vs AT(T — Tg) for
PEO and blends with low T, amorphous polymers: x, PEO;
*, 90 PEO/10PVACc; @, 80/20 PVAc; +, 70/30 PVACc; 4, 90/10
EMAA; &, 80/20 EMAA,; a, 70/30 EMAA.

la: G changes by about 4 orders of magnitude over the
~20 °C interval of T, explored in our studies. Growth
rates were analyzed using the Lauritzen—Hoffman—
Miller (LHM) Kkinetic theory:8°
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G = Gy(AT) exp(—U*/R(T,— T,)) exp(—Kg/ch(ATa)

where AT is the degree of supercooling (Tn° — T¢), U*
the activation energy for transport of segments across
the melt—crystal interface, R the gas constant, T. the
temperature below which all viscous flow ceases (taken
here as Ty — 30 K), and f a function that accounts for
the temperature dependence of the heat of fusion [f =
2T/(Tm® + To)]. Kq is the nucleation constant and is
defined as Ky = nibgooe Tm%kAH:°, where nj is 4 for
crystallization regimes | and 111 and 2 for regime 11, by
is the layer thickness, o and o, are the lateral and end
surface free energies, respectively, AH¢? is the perfect
crystal heat of fusion, and k is the Boltzmann constant.

In our analysis, AH¢? was taken as 203 J/g,1° by =
0.465 nm,** and Ty = —55 °C.2 Although there is some
controversy in the literature as to the precise value of
TmO for high molecular weight PEO, 69 °C appears to
be the most generally accepted.213 A plot of In G + U*/
R(T: — Tw) — In AT vs 1/Tf(AT) (the so-called LH plot)
yields the nucleation constant, Kq (the slope), and In G
(the intercept). Figure 2 presents the LH plot for the
PEO data in Figure 1, using U* = 1.5 kcal/mol.®%
Although regime transitions have been reported for PEO
crystallized in a similar T range in several publica-
tions, 131516 no such transition(s) is observed in Figure
2, although there appears to be some curvature in the
plot. If two lines are fit through the data at high and
low T, a “break” occurs at about 54 °C. This is near
where a regime I1—-111 transition has been reported for
narrow PEO fractions.’®> However, treating this as a
regime II—1Il transition, the ratio of the nucleation
constants would be ~1.4, well below the predicted value
of 2 for a regime 11—111 transition.®® The ratio increases
if a larger value for U* is assumed, but there is little
justification for doing so (see, e.g., ref 14). It has been
proposed that the break in the growth rate T relation-
ship near 50 °C is associated with a change in morphol-
ogy (crystallographic orientation of the growth front)
and not a regime transition.17:18

The best fit of a linear relationship to the data in
Figure 2 yields Ky = 3.80 x 10* K2 and In Gy = 14.0.
Determination of the surface free energy product, oo,
in situations such as that in Figure 2 is complicated by
the uncertainty of the crystallization regime. In prin-
ciple, one can use the so-called Lauritzen Z-test!® to
discriminate between regimes | and 11, but regime 111
is not considered in this approach. A Z-test is performed
in practice by using the Ky values derived from LH plots
and inequalities for Z, to estimate the range of substrate
length values (L") for regime I or regime 11. The regime
is then determined by deciding whether the range of L'
values calculated in each case is reasonable. However,
another difficulty is in determining what constitutes a
reasonable value for L' in each regime. Polyethylene is
the only polymer for which L' has been estimated, and
what is considered reasonable at the regime | to Il
transition has varied somewhat over time. A value
within a factor of 1.5 of ~87 nm is the most recent
estimate.® Values of L' calculated from the experimental
Ky for PEO bracket the “expected” value, while calcula-
tions assuming regime | lead to L' values that are much
too small.

Assuming that crystallization in the T range covered
by Figure 2 follows regime Il Kkinetics, we find oo, =
401 ergs?/cm.* This is within about 10% of the value
reported by Kovacs et al.1* (450 ergs?/cm,* also assuming
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Figure 2. LH plot for neat PEO (using U* = 1.5 kcal/mol
and T® = 69 °C).
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Figure 3. Spherulite radii vs time for four strongly interact-
ing PEO blends: a, 80/20 PEO/EMAA, T, =52.5 °C; 4, 80/20
SHS, T, =55.5 °C; x, 70/30 EMAA, T, = 48 °C; ®, 70/30 SHS,
T.=46.5 °C.

regime I1). Taking o ~ 10 ergs/cm? 13 (close to the value
one would obtain by using the Thomas—Stavely rela-
tionship?® with o = 0.1) leads to oe ~ 40 ergs/cm?. This
is very similar to that reported by Hoffman2! from an
analysis of the experimental data of Kovacs et al.1422
for low molecular weight, melt-crystallized PEO (42
ergs/cm?). The work of chain folding (q) is related to o
by q = 20.A0, Where Ay is the cross-sectional area of the
chain.® For Ap = 0.214 nm,?!3 q ~ 2.5 kcal/mol folds, a
value which is similar to that determined previously for
other polyethers with flexible chain backbones.®23 Al-
ternatively, if it is assumed that the data in Figure 2
conform to regime Il kinetics, oo ~ 20 ergs/cm?. This
seems to be unrealistically small however since this
leads to a work of chain folding on the order of 1 kcal/
mol.

Miscible PEO Blends. For the majority of blends
and Tcs under consideration here, typical linear R vs t
behavior is observed (i.e., G O t%. This implies constant
diluent concentration at the growth fronts throughout
the course of crystallization. However, for a few PEO
blends with PVAc, and particularly for the slowly
crystallizing blends with EMAA and SHS, nonlinear R
vs t behavior is observed at the highest T.s and diluent
concentrations. Selected examples for the strongly
interacting blends are shown in Figure 3. This type of
behavior has been observed previously in mixtures
exhibiting a combination of relatively slow spherulite
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Figure 4. Optical micrographs (100x) of (a, top) 90/10 PEO/
SHS blend crystallized at 52.5 °C, (b, middle) 80/20 PEO/SHS
blend crystallized at 55.5 °C (for 18 h), and (c, bottom) 70/30
PEO/SHS blend crystallized at 46.5 °C (for 24 h).

growth and relatively mobile diluents.>24 The implica-
tion is that there is an increasing concentration of
diluent in the mother phase as crystallization proceeds
(due to radial diffusion of the diluent) and hence slower
spherulite growth as crystallization continues. For
blends with strongly interacting (or low molecular
weight) diluents, the degree of supercooling will also be
continually depressed.

As will be discussed below, G is severely depressed
for blends with the strongly interacting diluents, per-
mitting even high Ty, high molecular weight SHS to
diffuse over relatively long distances during the course
of crystallization. This is illustrated in the optical
micrographs in Figure 4. [For reference to the morphol-
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Figure 5. log R vs log t for data in Figure 3: a, 80/20 PEO/
EMAA; ¢, 80/20 SHS; x, 70/30 EMAA; B, 70/30 SHS.

ogy of neat PEO at a variety of molecular weights and
Tcs, see ref 25.] The first micrograph shows the typical
compact spherulitic morphology at the conclusion of
crystallization of a 90/10 PEO/SHS blend crystallized
at 52.5 °C. This structure developed in about 20 min.
Figure 4b shows the morphology of an 80/20 SHS blend
crystallized at 55.5 °C after 18 h at T,. The growth units
are clearly coarser and non-volume filling. As seen in
Figure 3, growth slows during the course of morphology
development, which is consistent with significant buildup
of SHS in interspherulitic regions. Even after quenching
to room temperature, no additional crystallization is
observed in the interspherulitic regions, consistent with
a relatively high concentration of SHS. A similar final
morphology is observed for a 70/30 SHS mixture,
crystallized at 46.5 °C. These observations are in general
agreement with the observations and ideas proposed by
Keith and Padden.*~6

Figure 5 shows the data reported in Figure 3 but
plotted as log R vs log t. At short times, linear regression
yields R O t%; i.e., G is constant with time. At the longest
times where growth slows, there is a crossover to R [
t¥2 (G O t712) for all four blends in Figure 5. This
indicates a change to diffusion-controlled growth at
longer times.26 Similar behavior has been reported
previously by Okada et al.?® and Lee?” for polymer/
oligomer mixtures.

Figure 1a summarizes the measured spherulite growth
rates for PEO and the blends with the two “low Tg”
amorphous polymers, PVAc and EMAA. Measurements
were made for blends containing 10, 20, and 30% diluent
polymer. There is a precipitous drop in growth rate for
EMAA blends compared to that of PEO: at comparable
T, G decreases by more than 3 orders of magnitude for
the 30% EMAA blend. An important part of this
decrease is related to the significant equilibrium melting
point depression (ATp? = Tr? — Ti?, where T,%' is the
equilibrium melting point of PEO in the blend environ-
ment) for PEO blends containing amorphous polymers
capable of forming strong intermolecular interactions.
However, it is difficult in practice to determine reliable
Tm?.28 PVAC is considered to be relatively weakly
interacting, and changes in T, with blend composition
are assumed to be negligible for the present purposes.
T for EMAA blends was estimated as follows.2 From
the LHM theory of crystallization82°
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.= ﬁlg* = Bl20,T,,°/AH°AT] (2)

where lg* is the initial crystal thickness and  the factor
by which the crystals thicken at Te. If it is assumed that
p and o, are independent of blending, and recognized
that changes in Ty° (in kelvin units) have only a
relatively small effect on I; in eq 2, then I = z(1/AT),
where z is a constant for PEO and the blends. This then
permits an estimation of the degree of supercooling at
which the EMAA (and SHS) blends were crystallized
by comparing the experimental crystal thicknesses with
those determined by Arlie et al. for neat PEO.2° Further
details of this analysis are described in ref 2.

Since the 70/30 EMAA blend was not considered in
ref 2 and the measured crystal thickness for the 90/10
blend is difficult to distinguish from that of PEO due to
experimental uncertainty, we took the following ap-
proach in estimating T,%' for the EMAA blends. Using
the procedure summarized above, the measured I; for
the 80/20 EMAA blend (at T, = 45 °C) was compared to
the data of Arlie et al.,?® and a Tn,° of ~61 °C was
estimated (AT,° = 8 °C). With this information, we then
used the expression of Nishi and Wang?° to estimated
Tm® for the 90/10 and 70/30 blends (=67 and 54 °C,
respectively).

Figure 1b presents the growth rate data for the “low
Ty blends vs AT (= T — T¢) using the T,* estimated
above. The spread in the data collapses down to within
about an order of magnitude of PEO, demonstrating the
relative importance of AT for these blends. If the data
are further normalized by T — Ty in a first-order attempt
to account for transport in the melt, we arrive at the
behavior displayed in Figure 1c. Considering the un-
certainty in the estimated T,,°s and Tgs (estimated using
the Fox—Flory relationship3l) and the lack of details
regarding mutual diffusion of the component polymers,
Figure 1c represents reasonable “master curve” behav-
ior.

Figure 6a summarizes the growth rate vs T, relation-
ship for the blends containing the “high Tg” diluent
polymers. Again, the strongly interacting diluent, SHS,
results in a very significant reduction in G compared
to the case of PEO at comparable T (a decrease of about
4 orders of magnitude near T, = 45 °C). Changes in
crystal thickness for the SHS blends are not as large
as for PEO/EMAA, suggesting that the melting point
depression is not as large, but still very significant.?
Using the same approach as above to determine T,.°,
we arrive at 67, 63, and 56 °C respectively for blends
containing 10, 20, and 30% SHS. The corresponding
growth rates normalized by AT (Figure 6b) are not well
superposed, as expected since the transport term is
significant in these cases. Normalizing on the basis of
AT(T — Tg) provides a first-order superposition of the
experimental growth rate data (Figure 6c).

Spherulite growth rates in miscible blends are fre-
quently analyzed by a modified LHM expression:32

G = ¢,Go(AT) exp(—U*/R(T,— T.)) x
exp(—K/TH(AT) +0.2T,,” In ¢,/AT) (3)

where ¢, is the volume fraction of the crystalline
polymer. The last term on the right-hand side of eq 3 is
a simplified form of an expression representing the
entropic contribution to the free energy required to form
a nucleus of critical size.®? The prefactor ¢, is appropri-
ate for regimes | and Ill, since the surface nucleation
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Figure 6. (a) Log spherulite growth rates vs T, for PEO and
blends with high T4 amorphous polymers: x, PEO; A, 90 PEO/
10 PMMA,; %, 80/20 PMMA; @, 70/30 PMMA,; #, 90/10 SHS;
M, 80/20 SHS; a, 70/30 SHS. (b) Log spherulite growth rates
vs degree of supercooling for PEO and blends with high T,
amorphous polymers: x, PEO; %, 90 PEO/10 PMMA; O, 80/20
PMMA; @, 70/30 PMMA,; 4, 90/10 SHS; a, 80/20 SHS; m, 70/
30 SHS. (c) Log spherulite growth rates vs AT(T — T,) for PEO
and blends with high T4 amorphous polymers: x, PEO; x—
90 PEO/10 PMMA,; @, 80/20 PMMA; +, 70/30 PMMA; &, 90/
10 SHS; W, 80/20 SHS; a, 70/30 SHS.

rate (i) is proportional to the number of crystallizing
molecules at the growth front and G O i in regimes |
and Ill. G O i¥2 in regime Il, and the appropriate
prefactor in eq 3 is then ¢,%2.33 Using eq 3 to fit miscible
blend growth data using the usual transport term

Macromolecules, Vol. 32, No. 5, 1999
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sometimes leads to an apparent change in Ky (and hence
oe) for the miscible blend. Since o is believed to be
dominated by ¢82° and the other parameters in the
expression for Ky are not expected to change signifi-
cantly on blending, a significant change in Ky on
blending would not be anticipated (in the absence of a
regime change).

An alternative approach has been proposed by Inoue
et al.®334 For crystallization in regime 11

Gl(¢,"*AT exp(—K /T A(AT))) O B, (4)

where g is a mobility term describing the transport of
crystallizable molecules to the growth front and is
related to the mutual diffusion coefficient in the blend
environment.3334 Taking Ky for the blend as that
determined experimentally for the neat crystalline
polymer, the chain mobility can be estimated from eq 4
from measured growth rates. This approach was used
for the blends under consideration here. Parts a and b
of Figure 7 present the calculated mobilities () for the
weakly and strongly interacting blends, respectively.
The behavior is qualitatively sensible in that Sy in
blends with the lower Tg diluents are greater that those
with higher Ty diluent polymers. Figure 8 presents a
closer look at the calculated mobilities for PEO and 80/
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20 blends crystallized at temperatures between 40 and
50 °C. The behavior follows expectations based on
differences in diluent Ty. The calculated mobilities of
EMAA blends are somewhat higher than PVAc blends,
consistent with the relatively lower EMAA molecular
weight.
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