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ABSTRACT: Isothermal crystallization Kinetics in the miscible mixtures of poly(e-caprolactone) (PCL)
and poly(styrene-co-acrylonitrile) (SAN) have been investigated as a function of the composition and the
crystallization temperature by optical microscopy. The radial growth rates of the spherulites have been
described by a kinetic equation including the interaction parameter and the free energy for the formation
of secondary crystal nuclei. Fold surface free energies decrease slightly with the increase of SAN content.
The experimental findings show that the influence of the glass transition temperature of the mixture,
which is related to the chain mobility, on the rate of crystallization predominates over the influence of
the surface free energies. This indicates that the glass transition temperature of the mixture should be
of more importance, so that the growth rates decrease when the content of the noncrystallizable component
increases. In addition, the Flory—Huggins interaction parameter obtained by fitting the kinetic equation

with experimental data is questionable.

Introduction

There are numerous reports on studies of crystalliza-
tion kinetics in homopolymers, as determined from
measurements of spherulitic growth rates.!®> The
theoretical framework for such studies was originally
developed by Turnbull and Fisher in 1949,5 and subse-
quently reformulated in molecular terms by Hoffman
and co-workers.27~13 The latter treatment is usually
referred to as the Lauritzen—Hoffman theory. Spheru-
litic growth Kinetics in miscible blends of noncrystalline
and crystalline polymers has also been reported in the
past.14=21 All the previous reports have indicated a
depression in growth kinetics of the crystallizable
component upon addition of the noncrystallizable com-
ponent. This depression in Kinetics has been attributed
to such factors as a reduction in chain mobility due to
an increase of the glass transition temperature Ty,
dilution of the crystallizable component at the growth
front, changes in free energy of nucleation due to specific
interactions, and competition between the advancing
spherulitic front and diffusion of the noncrystallizable
component into interlamellar and interfibrillar regions.
In this study, the spherulitic growth rates of poly(e-
caprolactone) (PCL) in its miscible blends with poly-
(styrene-co-acrylonitrile) (SAN) are reported.

PCL is miscible with SAN on a molecular level within
a miscibility window ranging from a copolymer content
of 8 to 28 wt % acrylonitrile in SAN.?22 Inside the
miscibility window, a one-phase system is formed above
the melting point T, and below T, a neat crystalline
PCL phase and a homogeneous, amorphous mixture of
PCL and SAN exist. The phase behaviors and resulting
morphologies in these blends have been investigated.23-27
However, limited results on the crystallization kinetics
of PCL/SAN blends have been reported.28-2° Special
emphasis has been placed on the Flory—Huggins inter-
action parameter between the polymers on the growth
rates of the PCL spherulites in the mixtures.3°

In this paper, the influences of several factors on the
depression in growth kinetics are discussed. The factors
include a reduction in chain mobility due to an increase
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of the glass transition temperature T, dilution of the
crystallizable component at the growth front, and
changes in free surface energy of nucleation due to
specific interactions.

Experimental Section

The PCL specimen was bought from Polysciences Inc. The
My and M, determined by gel permeation chromatography
(gpc) are 22 000 and 11 300, respectively. Their ratio a is 1.93.
The melting temperature of PCL is about 60 °C. The SAN
with 25% AN content was supplied by Polysciences Inc., too.
The M,y and M, are 197 000 and 106 000 by gpc, and their
ratio o is 1.86. The Ty of SAN is 105 °C measured by DSC.
The samples of PCL/SAN blends with compositions of 100/0,
90/10, 80/20, and 70/30 were prepared by mixing them in CH-
Cl,. Adilute solution (5% wt/wt) was stirred continuously for
24 h at 25 °C. Films were obtained by casting four drops of
the dilute solution on a clean cover glass and held in a vacuum
oven at 40 °C for 3 days.

A polarizing optical microscope (XPT-7, made in Nanjin
Jianan Optical Electronic Co. Ltd.) equipped with a MINTRON
CCD camera (MTV 1881EX, made in Taiwan) was used to
observe the isothermal crystallization process of PCL/SAN
blends. Two homemade microscope hot stages were used, with
temperatures controlled within £0.1 °C. The films with a free
surface upward were first melted on one hot stage at 80 °C
for 5 h and then were rapidly transported to another hot stage
controlled at the crystallization temperature (T;). The sizes
of the growing spherulites were followed by taking the digital
images at appropriate intervals of time with an image proces-
sor (VCIC 2.0, homemade). The resolution of the measurement
was Yz s.

For measurements of the melting points, the samples were
annealed for 10 min at 100 °C (well above the melting point
of pure PCL) and then rapidly quenched down to the crystal-
lization temperature in a thermostat. After isothermal an-
nealing for 12 h, the samples were brought to room temper-
ature and the DSC measurements were performed immediately,
with a Perkin-Elmer DSC7 using a heating rate of 10 K min—.
The melting point was recorded at the peak temperature.

Results and Discussion

Figure 1 shows the spherulites of PCL grown from
the melt of pure material observed under crossed
polarizers at 42 °C during the crystallization process.
Figure 2 shows the spherulites of PCL grown from the
melt of the blend of PCL/SAN (90/10) at 40 °C. It can
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Figure 1. Polarized light micrographs of pure PCL crystal-
lized at 42 °C from the melt: (a) 14 min; (b) 30 min; (c) 46
min; (d) 62 min; (e) 78 min; (f) 110 min. The white bar in (f)
corresponds to 100 xm.

be found that the spherulites of the blend exhibit not
only a Maltese cross but also distinct extinction rings,
which are named “ring-banded spherulites”. The mech-
anism leading to this peculiar texture has not been
clarified yet.2326 The formation of ring-banded spheru-
lites may have some relationship with the crystallization
kinetics of the blends, and this research is still not
notified. In this paper, we are concerned only with the
crystallization kinetics in mixtures of PCL and SAN.
In Figures 3 and 4 the radius of the spherulite is
plotted against time at various crystallization temper-
atures for pure PCL and for the blend of PCL and SAN
(90/10), respectively. The radii of the PCL spherulites
increase linearly with time up to the impingement of
the spherulites. From the slopes of these lines the
isothermal radial growth rates, G, of the PCL spheru-
lites for all T, temperatures and compositions investi-
gated were obtained. If the growth rates were affected
by local changes of composition in the melt due to the
rejection of noncrystallizable species from crystals, the
grow rates would decrease with time in proportion to
the concentration of noncrystallizable component at the
growth front.3! The constant G over the experiment
range of time at the crystallization temperature infers
that the concentration of SAN at the tips of radiating
lamellae remains constant throughout the growth pro-
cess. Thus, the radial diffusion of the rejected noncrys-
tallizable component SAN is outstripped by the more
rapid growth of the crystalline lamellae so that SAN is
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Figure 2. Polarized light micrographs of the blend of PCL/
SAN (90/10) crystallized at 40 °C from the melt: (a) 7 min;
(b) 13 min; (c) 21 min; (d) 29 min; (e) 37 min; (f) 41 min. The
scale is the same as shown in Figure 1.

trapped between the growing lamellae.?® Figure 5
shows a summary of all of the spherulitic isothermal
growth rates measured, as a function of the crystalliza-
tion temperature, for different blend ratios of PCL and
SAN. It can be seen that the temperature dependence
of growth rate for the mixtures is very similar to that
for homopolymer PCL. However, with the increasing
amount of SAN, the growth rate is somewhat slower.
When compared with a pure polymer, the dilution of a
crystallizable polymer should influence the free energy
of nucleus formation and the transport process of the
cryastallizable polymer chain to the growing front of the
crystal.

The experimental growth rate data were analyzed by
a modified version of the phenomenological theory of
nucleation of Turnbull and Fisher.88 In this treatment,
the rate of growth of the crystal, G, is governed by the
work required to form a critical nucleus on the crystal
surface, AF*, and by the energy required to transport
segments across the solid—liquid interface, AE. Ac-
cording to this theory

G= Goe—AE/R(T—TD)e—AF*/ka )

where G, is a constant that depends upon the regime
of crystallization, R is the gas constant, T, is the
temperature at which motions necessary to transport
segments across the liquid—solid interface cease, T is
the temperature of crystallization, and k; is the Boltz-
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Figure 3. Variation in the spherulite radius with the crystal-
lization time for pure PCL measured at different crystallization
temperatures (°C): (a) (O) 45, (O) 42, (») 40; (b) (O) 37, (») 35,
(v) 33, (O) 30.

mann constant. This equation produces the observed
bell-shaped curve for the growth rate as a function of
temperature. The growth rate is nucleation controlled
at low undercooling and diffusion controlled at high
undercooling.

For the compatible polymer mixtures of PCL and
SAN, however, the process is somewhat more complex.
The growth rate of PCL spherulite was reduced not only
by the dilution of the crystallizable component but also
by the chemical potential changes of the liquid phase
due to specific interaction between the components. This
interaction will alter the free energy necessary for
forming a critical nucleus on the crystal surface and the
mobility of both the crystallizable and noncrystallizable
components. The PCL spherulitic growth rate in the
mixtures will reflect the competition between the rate
of transport of the crystallizable segments across the
liquid—solid interface and the rate at which the amor-
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Figure 4. Variation in the spherulite radius with the crystal-
lization time for the blend of PCL/SAN (90/10) measured at

different crystallization temperatures(°C): (a) (O) 45, (O) 42,
(&) 40; (b) (O) 37, (») 35, (O) 33, (V) 30.

o

phous component can be removed from the growth front.
This competition can be characterized by a length
parameter 6 = D/G defined by Keith and Padden.! D
is the diffusion coefficient of the noncrystallizable
component in the crystallizing matrix, and G is the
linear growth rate of the crystals. The parameter ¢
represents the effective distance that the rejected non-
crystallizable component may move during the time of
crystallization. If § is comparable with the interlamel-
lar distance, then the rejected material can reside
between the lamellae. It has been proved that this is
just the case for the PCL/SAN mixtures.?® Therefore,
the diffusion rate of the noncrystallizable component
SAN may be neglected. A phenomenological equation
describing the growth rate in the polymer mixtures has
been given as
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Figure 5. Variation in the spherulite growth rate G with the
crystallization temperature shown for pure PCL and for PCL/
SAN blends.

— —AE/R(T—Ty) o~ AF*m/kpTe
Gy = $,G,e *FRT Tole ° )

where ¢, is the volume fraction of the crystallizable
component, G, is a constant dependent on the regime
of crystallization and is assumed equal to that of the
pure semicrystalline polymer, and AE is the energy
necessary to achieve the transport of segments across
the liquid—solid interface, which, due to the local nature
of this term, is assumed to be the same as that of the
pure semicrystalline polymer.1632 This idea has been
put forth by Hoffman and co-workers that the molecular
motions reflected in AE and T, are not those associated
with viscous flow and fluidity and no obvious decrease
in AE should occur upon dilution owing to a changing
of the viscosity that results from addition of the amor-
phous polymer.8 T, is similar to that found in the pure
material except that T, must now be modified by the
change in the glass transition temperature of the
mixture, T, is the crystallization temperature, and AF*p,
is the free energy of critical nucleus formation on the
crystal surface modified by the presence of the amor-
phous component.’* T, is the value of T, in the mixture
and may be rewritten in terms of the glass transition
temperature of the mixture, Ty, and a constant C. The
constant, C, has been associated with the Williams,
Landel, and Ferry universal constant C,, which has a
value of 51.6 °C.33 In this study, the value of 105 °C is
found to best fit all of the data.

Using a lattice treatment, Flory and later Mandelkern
evaluated AF*, for the case of semicrystalline polymers
in the presence of a low molecular weight diluent.3435
Their treatment can be extended easily to the case of a
polymer/polymer mixture such that

AF* — 2boo, 3)
=
T _RTxNVa,
AhML =35~ Apfv, & ¢

where Ahy is the heat of fusion per mole of monomer of
the crystallizable component with volume fraction ¢, at
a temperature T, Ty° is the equilibrium melting point
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Table 1. Parameters Used in Analysis?

PCL SAN
AE (J/mol) 17238.1
b (nm) 0.438
C (K) 105.0
Ahy (3/m3) 1.63 x 108
Vy (m3/mol) 106.85 x 1076 76.96 x 1076
% -0.34

a Data in the table are found in refs 1, 14, 29, 41, and 42.

of the pure material, Vi, is the molar volume of
component i, y is the Flory—Huggins interaction pa-
rameter, b is the thickness of the critical nucleus, and
ooe is the product of the lateral and fold surface free
energies. The temperature dependence of Ah, is em-
bedded in the parameter f, which is given by

f=2TIT + T, 4)

In addition to the assumptions inherent in the initial
derivation of Flory, y is assumed independent of the
temperature and composition.

By substituting the AF*, into eq 2, the growth rate
for the miscible PCL/SAN mixtures can be represented
by the following equation:

G, = ¢,G @ AER(T=Tg+C)
m 0

—2boo, .
exp T  RTV, , )
keTAR M1 — 5= — Wx(l — ¢,)
m u u

The growth rate data for all the mixtures were
analyzed according to eq 5. Use of this analysis requires
values of AE, C, b, Ahy, V14, Va2, and . The parameters
used in these calculations are given in Table 1. The
energy required to transport segments across the solid—
liquid interface, AE, was usually estimated by using the
empirical relation of Williams, Landel, and Ferry (WLF)
for the temperature dependence of the viscosity.1:14.33.36
The magnitude of AZ used in calculations for the
mixtures was identical with that used in pure PCL, as
discussed above. Tg for the mixtures was calculated
from the Fox relationship.3” It is reasonable to use this
simple relationship, because experimental measure-
ments on PCL blends confirm its validity.®® The Lau-
rizen—Hoffman model was used to obtain the value of
C according to the usual procedure.®® The quantity In-
(G) + AE/R(T — T4 + C) was plotted against 1/(fTAT),
while varying the value of C to maximize the correlation
coefficient. An optimum fit value of C was found to be
105.0 for the mixtures of PCL and SAN. It has been
reported that to fit growth rate with theory, values of
C higher than 51.6 are needed. For example, Hoffman
and Weeks reported a value of C = 130.0 for nylon 6,
and Alfonso et al. obtained C = 80.0 for poly(ethylene
oxide) (PEO).1640

All other thermodynamic parameters such as ¢, Ty,
and T,° are listed in Table 2. The equilibrium melting
points of pure PCL in the literature are not completely
consistent due to the influence of supercooling, crystal-
lization time (thickening effect), and molecular
weight.16:29.304143 T ° of the pure PCL in our study was
determined experimentally by using Hoffman—Weeks
plots.** In the experiment, T, the measured nonequi-
librium melting point, is plotted over T, and extra-
polated to the line where Ty, = T.. The intercept
represents Tn,°. The data obtained for PCL are plotted
in Figure 6. The value of T,> = 67.1 °C in our study is



Macromolecules, Vol. 30, No. 20, 1997

Table 2. Values of the Volume Fraction of PCL, T4 of the
Mixtures, and the Equilibrium Melting Point T»° of the

Mixtures
PCL/SAN ®2 T4 (°C) T’ (°C)2 Tm° (°C)P
100/0 1.000 —60.0 67.1 67.1
90/10 0.902 -50.3 66.8 66.3
80/20 0.803 —39.6 66.0 65.0
70/30 0.704 —-27.9 64.7 63.8

a Obtained by using eq 6. P Obtained from experimental data.
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Figure 6. Hoffman—Weeks plots for the PCL/SAN blends.

a little higher than that obtained by Crescenzi et al. for
PCL-700 using the diluent method and lower than these
obtained by Phillips et al. and Kressler et al. for PCL-
700 by the optical microscopy method and DSC method,
respectively.3041.43 Usually, the values of T,° for the
pure PCL should correspond to the values of T,° for a
given molecular weight. The equilibrium melting points
for the higher molecular weight were usually found to
increase continuously.’® The PCL in our study has a
M,y of 22 000, which is lower than that of PCL-700. PCL-
700 has a M, of 40 000. In addition, when Crescenzi
et al. obtained their value of 63 °C, they had not
considered the effect of a diluent on the thickening
process. Therefore, considering the influence of thick-
ening effect and molecular weight, the degree of cor-
respondence between these values is acceptable. The
equilibrium melting points of the blends could be
obtained by the same method, and their values versus
SAN content are summarized in Table 2. The data
obtained for the PCL/SAN (80/20) blend are plotted as
an example in Figure 6. For the miscible polymer—
polymer mixtures, as shown by Nishi and Wang, the
Flory—Huggins theory predicts that the equilibrium
melting point of the mixture, Tmeq, Will be lower than
that of the pure material, T,°, such that!®

1 _ 1 RVZu 2
T TT W(l ®,) (6)

m,eq

The equilibrium melting points of the mixtures calcu-
lated by using eq 6 are also listed in Table 2. The
calculated and experimentally determined equilibrium
melting points are shown in Figure 7, where it can be
seen that the experimentally determined values are
somewhat lower than the calculated ones. The reason
for this might be experimental errors because in PCL/
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Figure 7. Calculated equlibrium melting point of PCL blends
with (- - -) y = —0.34 and (—) y = —0.18. The symbol O indicates
the equilibrium melting points measured using Hoffman—
Weeks plots.

SAN blends, secondary effects, causing deviations from
linearity, become effective for crystallization tempera-
tures lower than 45 °C, independent of the annealing
time. Examples of secondary effects include recrystal-
lization or chain mobility during the DSC run, leading
to higher than actual Ty, values.** It is also obvious that
the range of crystallization temperatures required to
obtain T,° is very narrow.*? Neglecting this fact may
lead to lower T,° values and to higher melting-point
depressions in blends. Because of the very limited,
useful range of crystallization temperatures, the some-
what involved extrapolation process and the expected
small changes in the equilibrium melting points, we
preferred to use the calculated equilibrium melting
points of the blends.

The curves of growth rates of the mixtures, calculated
with eq 5 from the experimental growth rates and the
parameters in Tables 1 and 2 are presented in Figure
8. The experimental values of the growth rates fall well
on the calculated curves. The preexponential factor G,
= 134.7 x 108 um/min is obtained. The curves in Figure
5 are the same curves as shown in Figure 8. As can be
seen more clearly from this plot, the experimental
growth rates fall quite well on the calculated curves
except for that at very high undercoolings (i.e., below
30 °C for the 90/10 blend and below 33 °C for 80/20
blend) where the experimental growth rates fall a little
below theoretical curves of the growth rates. Whether
this variation corresponds to the different growth rate
regimes as discussed by Hoffmann et al. has not been
known now, because the regime Il crystallization has
been proved for pure PCL and all (90/10) and (80/20)
blends till temperatures fall to 32.5 °C.393° Figure 8
shows that the maximum of the growth rates shifts to
higher temperature with the increase of SAN content.
This shift results from the changes of the glass transi-
tion temperatures (Tg) and the melting points (T°) of
the mixtures. In Figure 8, it is also shown that the
growth rate of PCL spherulites is zero below the T, of
the PCL/SAN mixtures. From a thermodynamic view-
point, specific interaction in the mixture leads to a slight
depression in the equilibrium melting point and a
change in the free energy for the formation of nuclei on
the crystal surface. Another important parameter that
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Figure 8. Curves of the spherulite growth rate G with the
crystallization temperature calculated by using eq 5.

has significant influence on the overall mobility in the
mixture is the glass transition temperature Ty For
PCL/SAN mixtures, most work has emphasized on the
phase separation behavior and corresponding changes
produced in the morphology.23~27 Even for the kinetics
of the crystallization process, the specific interactions
in the mixture and the free energy for the formation of
nuclei on the crystal surface have been pointed out for
discussion.2%3° However, the effect of T4 on the kinetics
has been, more or less, ignored.

There are several obviously different values of the
Flory—Huggins interaction parameter y for PCL/SAN
blends obtained through experiments or theoretical
calculation in the literature.?>2%30 In the calculation
described above, the value of —0.34 for y from ref 29
was used and good results have been obtained. For
comparison, another value of —0.18 for y from ref 25
was incorporated, and the calculated data of growth
rates of the mixtures are shown in Figure 9. As can be
seen from these calculated data, significant agreement
is observed although two different y were used. This
could be the consequence of the lack of sensitivity of the
melting point to the value of the interaction parameter
that could easily be checked by introducing the value
of —0.18 in eq 6 and lead to an even lower decrease of
the melting point with the concentration. The calcu-
lated result is also shown in Figure 7. The rather
different values of interaction parameter do not affect
very much the melting point T,° and therefore the
degree of undercooling during crystallization. Further-
more, this may suggest that the free energy of critical
nucleus formation on the crystal surface is not ef-
fectively modified by the presence of the amorphous
component. The values of oo, are displayed in Table 3
for the mixtures corresponding to two y, respectively.
It can be seen that, with increasing SAN content, the
surface free energies decrease slightly. Meanwhile, the
change of ¥ has not brought out a significant change of
the surface free energies for the PCL/SAN mixtures of
the same composition. Therefore, on one hand, it is
thought that the interaction parameter y calculated by
fitting the experimental data into eq 5 is questionable
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Figure 9. Curves of the spherulite growth rate G with the
crystallization temperature calculated by using eq 5: (solid
line) y = —0.34; (O) y = —0.18.

Table 3. Values of y and go. of the PCL/SAN Mixtures
PCL/SAN x 006 (106 J2/m?) X 00, (106 J2/m?)

100/0 688.3

90/10 —0.34 675.3 —0.18 675.1
80/20 648.2 647.1
70/30 631.0 629.1

and any agreement with other experimental techniques
may be considered fortuitous.’62° On the other hand,
the slight decrease of ooe with composition and the
nearly indistinguishable change with Flory—Huggins
interaction parameter y may infer that the influence on
the kinetics of crystallization is not obvious with the
changes of surface free energies of the formation of
nuclei on the crystal surface for the PCL/SAN mixtures.

On the contrary, with increasing SAN content, the
parameter T, of the mixtures has a significant increase,
which can alter the transport term associated with the
solid—liquid interface. The increase of Ty narrows the
temperature range over which crystallization can occur,
as is shown in Figure 5. For clearly demonstrating the
effect of Ty on the kinetics, a slightly modified Ty by
adding 2 °C was used and the calculated result is shown
in Figure 10. The curve calculated using (T4 + 2) °C
obviously falls below the experimental data. Itis clear
from this plot that T4 is a more important parameter
that has a significant effect on the transport of the
crystallizable segments across the liquid—solid inter-
face. In fact, this transport term in eq 5 deals specifi-
cally with the local mobility of the segments, due to the
interconnectivity of the polymer molecule, segments of
the chain not crystallizing will be forced to undergo
motions and, thus, will be affected by the overall
mobility in the mixture. Itis the overall mobility in the
mixture that will be affected significantly by the Ty of
the mixture. Therefore, it is considered that the influ-
ence of the overall mobility is predominant over the
influence of the surface free energies on the PCL
spherulitic growth rate in the mixtures. The specific
interaction between the components of PCL and SAN
in the mixtures will slightly alter the free energy
necessary to form a critical nucleus on the crystal
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Figure 10. Curves of the spherulite growth rate G with the
crystallization temperature for the blend of PCL/SAN (90/10)
calculated by using eq 5 for indicating the influence of T4 on
the growth rate.

surface and significantly alter the mobility of both the
crystallizable and noncrystallizable components through
the higher Ty of the amorphous component of SAN
involved. This problem has been treated in a different
way in the literature, in which it was concluded that
the influence of mobility is predominant over the
influence of the surface free energy related to some
conditions including crystallization temperature, com-
position of amorphous component, or the diffusion of
amorphous component, thus leading to a decrease of the
spherulitic growth rate.1.16.28.30

Conclusions

A study on the crystallization kinetics of PCL/SAN
mixtures has been performed over a wide range of
crystallization temperatures and several compositions.
A phenomenological equation has been used to analyze
the experimental data and has been found to describe
the observed growth rates quite well. The influences
of the surface free energy necessary to form a critical
nucleus on the crystal surface and of the mobility of both
the crystallizable and noncrystallizable components,
that is, the overall mobility on the PCL spherulitic
growth rate in the mixtures, have been discussed. The
experimental findings show that the influence of the
overall mobility is predominant over the influence of the
surface free energy, indicating that the glass transition
temperature of the mixtures should be of main impor-
tance. In addition it has been found that evaluation of
the Flory—Huggins interaction parameter through fit-
ting the experimental data into the phenomenological
equation is questionable.
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