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Kinetics of coarsening in immiscible poly
(e-caprolactone)/poly(styrene-co-acrylonitrile) blends

Lenka Jelinkova!, Petr SvobodaZ, Petr Saha! and Takashi Inoue?

The morphological development of immiscible blends of poly(e-caprolactone) (PCL) and poly(styrene-co-acrylonitrile) (SAN)
during static annealing was studied using time-resolved light scattering and optical microscopy. In the melt-blended samples,
coarsening was not observable at low temperatures, even above the glass transition temperature of SAN (7;=113 °C). It occurred
when a critical temperature T* (for example, 170 °C for a PCL/SAN (50/50) blend) was reached. T* was found to have a strong
dependence on the blend composition, and we suggest that this results from an effect of the large difference in viscosities of
pure PCL and SAN on the particle collision rate. The morphological development of solution-prepared blends was found to differ
greatly from that of the melt-blended samples. At first, spinodal decomposition (SD) began, and then collision kinetics prevailed

over SD. After the particles grew to a size of approximately 10 pm, secondary SD took place and small domains (~ 1 pm)
appeared in both the matrix and the particles. Consequently, the overall coarsening behavior varied significantly from the

predictions of current theories.
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INTRODUCTION
Polymer blends have a widespread range of technological applications.
As such, these materials have been the subject of many investigations,
particularly, with respect to their processing behavior in the two-phase
state.'™

When an immiscible polymer pair is mixed in the molten state, a
dispersed phase/matrix morphology, with either droplets or fibers as
the dispersed phase, or a co-continuous morphology with two
interlocking halves can be formed.> Within the composition range
¢; T A, the roles of two liquids invert: the dispersed liquid becomes
continuous and vice versa.! The condition for phase inversion is
expressed by:

&1/ by =M /M (1)

where ¢; is the volume fraction and #; is the viscosity of component
1.58 Other parameters that control the morphology of polymer blends
are the interfacial tension and elasticity of the components.’

The morphology of multiphase materials, that is, the size, shape and
distribution of the blend components, is generally sensitive to process
variables (for example, stress, temperature, pressure and residence
time) and a sophisticated line control is required, compared with
single-phase polymers.>™ The key is the stability of the morphology,
or in other words, of the size of the dispersed particles, during the
processing step. Flow also has an important role in the structure of the
processed material and forms a flow-induced morphology.>'%-12 The

flow-induced morphology strongly depends on the blend composi-
tion, the components aspect ratio and also the stress field. Already at
very low concentrations (¢;>0.02), solid particles preferentially
combine into doublets, while liquid drops undergo a continuous
process of dispersion and coalescence.

In the melt of an immiscible polymer blend, coarsening is defined
as the growth of the particle size with annealing time to reduce the
interfacial free energy. The effect begins with random motion of
isolated dispersed particles, that is, clusters or droplets, as Brow-
nian-like particles. If two such particles collide, they coalesce into a
larger one. In this case, the growth law of the particle size negligibly
depends on surface tension.!> Ostwald ripening (evaporation—con-
densation), collision—coalescence and hydrodynamic mechanisms
have been used to explain this coarsening behavior.

Ostwald ripening!# concerns the kinetics of ‘evaporation’ of mole-
cules from small particles and their ‘condensation’ to larger particles.
The driving force for the process is described by the curvature
dependence of the chemical potential:'>

1= otV K, )

where p is the chemical potential at a flat interface, V,, is the molar
volume, y is the interfacial energy and « is the interfacial curvature of
the particles.

The collision—coalescence mechanism'® concerns the Brownian
motion of dispersed particles. In this theory, particles collide with
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one another to decrease the total free energy of the system. Both the
evaporation—condensation and the collision—coalescence mechanisms
yield the same time dependence:

r =r, =Kt. (3)

The cube of the average particle radius > increases linearly with
annealing time ¢, starting from an initial value 7, at time t=0. K is the
proportionality constant related to the coarsening, which depends on
the temperature and volume fraction of the particles.

The hydrodynamic flow mechanism explains the morphological
development of a bicontinuous two-phase system. In this mechanism,
the domain size d increases linearly with time:!”

d~ (y/mr. (4)

Several experimental studies have investigated the coarsening beha-
vior in immiscible polymer blend.!1218-24 A few studies concern the
coarsening behavior of two-phase systems composed of dispersed
particles in a matrix.!l> 12 18-21

With the growing concern for the environment, the biodegrad-
ability of the poly(e-caprolactone) (PCL)/ poly(styrene-co-acryloni-
trile) (SAN) systems is becoming increasingly important for the
plastic industry.?>?¢ It is known that PCL and SAN are miscible
only in a limited range of copolymer composition, that is, the blends
display a window of miscibility in the temperature—copolymer
composition plane (from ~8 to 28 wt % of acrylonitrile in
SAN).27-30 In this study, we chose immiscible PCL/SAN blends
(SAN containing 35.2 wt % of AN) and investigated the kinetics of
the coarsening behavior during static annealing at different tempera-
tures using light scattering and optical microscopy. To investigate the
morphological development over a wide range of initial particle size
D, not only melt-blending but also solution-blending (with ensuing
precipitation) was performed to study the difference in coarsening
behavior between these variously prepared blends.

EXPERIMENTAL PROCEDURE

For the PCL, a commercial polymer from the Union Carbide Corp., a subsidiary
of the Dow Chemical Company, Danbury, CT, USA (TONE 767 E,
M,,=40400 gmol ™!, M,,/M,=2.61, T,,=61 °C, T,=—60°C) was selected. SAN
containing 35.2 wt % of acrylonitrile (SAN-36; Luran 378 P, M,,=88 200 g mol !,
M,/M,=2.1, T;=113°C) was obtained from BASF SE, Ludwigshafen, Germany.

The PCL was melt-mixed with 30, 50 and 70 wt % of SAN. The melt-mixing
was carried out in a miniature mixer (Mini-Max Moulder, Model CS-183
MMX, Custom Scientific Instruments Inc., Easton, PA, USA) at 200 °C for
7min with a rotor speed of 100min~!. The extruded melt was quickly
quenched into dry ice-methanol (—73 °C) to freeze the two-phase structure
in the melt. The solution cast method was also used to prepare PCL/SAN
blends containing 30, 50 and 70 wt % of SAN. PCL and SAN-36 were dissolved
at 5 wt % of total polymer in 1, 2-dichloroethane. The solution was poured into
methanol, resulting in immediate precipitation. The solvents were allowed to
evaporate for 5min at 60 °C and then for 24h at room temperature.

The coarsening was analyzed using a time-resolved light-scattering apparatus
and optical microscope equipped with a hot stage as follows.

A small piece of the quenched or precipitated specimen was placed between
two pieces of cover glass and melt-pressed into a thin film (~20 um thick) at a
desired temperature (110-200 °C) for annealing on a hot stage set on a light-
scattering apparatus. Immediately after melt-pressing, the melt specimen was
subjected to the time-resolved measurement of the scattering profile (the
angular dependence of the scattered light intensity). Radiation from a 632.8-
nm-wavelength He-Ne laser was applied vertically to the film specimen. The
intensity of the scattered light from the film was measured under the optical
alignment of parallel polarization. The angular distribution of the scattered light
intensity was detected by a CCD camera. The scattering profiles in time slices of
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0.3 s were recorded at different time intervals in the range of 2 to 30 min during
isothermal annealing and stored in a computer (OptiPlex XM 590 Dell, Pentium
processor, Intel inside) equipped with Dyna-100 software for further analysis.

For the optical microscopy observation of the coarsening behavior, the
quenched or precipitated specimen was quickly melt-pressed into a thin film on
a hot stage at the desired temperature (110-200 °C). The melted specimen was
immediately placed onto the hot-stage (TH 600) of the microscope.
The structural development during the isothermal temperature in the range
of 110-200°C was observed under both an optical and also a polarizing
microscope (Olympus BH-2, Olympus Optical, Co., Ltd., Tokyo, Japan)
equipped with an exposure control unit (Olympus PM-20) and an Olympus
camera.

The average particle size D of 300 particles was determined from an
optical micrograph using Image] image-analyzing software.>! The number-
mean diameter D,, was calculated based on the real particle-size distribution
from:3?

> mD;
g
=

D, (5)

where n; is the number of particles having diameter D;.

The rheological characteristics of the polymers were studied on a Rheoflixer
capillary rheometer (SWO Polymertechnik GmbH, Krefeld, Germany) at
constant piston speed, which was increased in a stepwise manner. The dies
had a diameter of 1 mm and length-to-diameter (L/D) ratios of 10 and 20, and
the capillary had a plane (90°) entrance. The experiments were performed at
temperatures of 100-150 °C for PCL and 170-200 °C for SAN. The polymers
were heated to a desired measuring temperature inside the rheometer barrel for
at least 5min before extrusion. The pressure in the cylinder was measured at
the entrance region of the die with a Dynisco transducer. The results of the
rheological measurements were viscosity curves calculated from the values of
the piston speed (shear rate) and the pressure drop in the capillary (shear
stress). The Bagley and Rabinowitsch corrections were accounted for. Bagley
plots were obtained by varying the length while keeping the diameters of the
capillary and reservoir constant. The viscosity curves were then calculated from
the values of shear viscosity # as a function of shear rate y.

RESULTS AND DISCUSSION

Light scattering is a convenient technique for the quantitative evalua-
tion of coarsening kinetics. All specimens exhibited a monotonously
decreasing light-scattering profile, that is, the intensity of the scatter-
ing light I decreased monotonously with increasing scattering angle 6.
From such scattering profiles, a series of morphological parameters
from a Debye—Bueche plot can be obtained, that is, the plot of I( q)*” 2
versus q%, where g is the magnitude of the scattering vector given by
q=(4m/}")sin(0/2). Here, A" is the wavelength of the light in the
specimen.®*> When the plots are linear, the correlation distance ¢ is
given by the slope and intercept of the I(q)~'/? axis by:

I(q) = (8n<i?> &) (1+E2), (6)

where (#?) is the mean-square fluctuation of the refractive index.
Once the value of ¢ is given, other morphological parameters, such as
the specific interfacial area Sy, and the mean diameter of dispersed
particles D, are obtained using:

Ssp = 4(15(1 - 4))/57 (7)

D= 6¢/Ssp7 (8)

where ¢ is the volume fraction of the dispersed phase. The diameter of
dispersed particles D thus obtained is then plotted as a function of
annealing time.

In Figure 1, the examples of D vs annealing time plots are shown for
the blends after melt-mixing at 100 min~! for 7 min at 200 °C. Figures



la and b are the results for the blend composition PCL/SAN-36 (70/
30) at two different annealing temperatures: 110 and 200 °C. At 110 °C
(Figure la), there is no change in diameter D, that is, no coarsening
occurs even at the long time-scale of 12 h. It is important to note that
the T, of SAN is just above this temperature, which means that at this
temperature, still rather hard droplets of SAN are unable to merge. For
this blend composition containing a majority of PCL, the increase in
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Figure 1 Time variation of the average particle size, D, by light scattering
during static annealing after melt-mixing at 200 °C: PCL/SAN + annealing
temperature: (a) 70/30 + 110°C, (b) 70/30 + 200°C, (c) 50/50 + 150°C,
(d) 30/70 + 200 °C.
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particle size with annealing occurred at 130°C, even though the
process was very slow (within a 4h time scale). We denote this
onset temperature of coarsening by T*. For annealing temperatures
much higher than T%, coarsening occurred at a faster rate. An example
of fast coarsening is shown in Figure 1b at 200 °C. The kinetics seems
to follow equation (4). At lower temperatures, the values were so
scattered that it was sometimes difficult to judge whether the
coarsening behavior followed equations (3) or (4). The reason for
such large scattering is not obvious at present.

For the 50/50 PCL/SAN blend (Figure 1c), coarsening did not begin
even at 150 °C. The T* for the 50/50 blend was approximately 170 °C.
Further, the 30/70 PCL/SAN blend did not show any appreciable
change in diameter even at 200 °C, as shown in Figure 1d. The T* was
above 200 °C. T* thus strongly depends on the blend composition; the
smaller the amount of SAN, the lower the T*.

Figure 2 shows the morphologies of melt-mixed 70/30 and 50/50
PCL/SAN blends after annealing at 200°C and 170 °C, which are
representative of the coarsened morphology via collision and collapse
into bigger particles, resulting in a rather wide distribution of particle
size (approximately 1-20 pm).

Quantitatively, the size D distribution of the dispersed SAN-36
particles using image analysis of Figure 2a in the melt-mixed PCL/
SAN-36 (70/30) blend after 40 min static annealing at 200 °C is
plotted in Figure 3. Their mean D, was then calculated as 2.3 pm
using equation (5). This was performed to confirm that the average D,
obtained by light scattering from equations (6)—(8) in Figure 1,
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Figure 3 Number distribution of the particle size, D, by image analysis in melt-
mixed PCL/SAN-36 (70/30) blend after 40 min static annealing at 200 °C.

Figure 2 Optical micrographs of melt-mixed PCL/SAN-36 blends: (a) 70/30 after 40 min at 200 °C, (b) 50/50 after 2h at 170 °C.
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correctly corresponds to the average D shown in the optical micro-
graphs in Figure 2.

To discuss the composition dependence of T*, the results of the
shear viscosity measurements are shown in Figures 4 and 5. Note that
due to the large difference in the T,, of PCL (61 °C) and the T, of SAN
(113°C), it was not possible to measure their viscosities at the same
temperature range. SAN had much higher shear viscosity and shear
thinning than PCL. Its viscosity curve showed nonlinear behavior, a
steep linear negative slope, at all values of shear rates. As shown in
Figure 5, there is a large gap between the viscosity (ca. 2 decades)
between PCL and SAN at all measured temperatures. This difference
may explain the composition dependence of T*. In a PCL-rich system,
the matrix viscosity is rather low even at lower annealing tempera-
tures, so that the SAN particles can move by Brownian motion and
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Figure 4 Shear viscosity vs shear rate for pure PCL at 130 °C and pure SAN
at 170°C.
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Figure 5 Shear viscosity vs temperature for pure PCL and pure SAN at a
fixed shear rate of 3251,
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merge after collision. In a SAN-rich system, the mobility of the PCL
particles should be much lower in the high viscosity matrix so that the
T* would occur at much higher temperatures, at which Brownian
motion becomes vigorous. Thus, the composition dependence of T*
may suggest that the collision process is rate-determining for the
overall coarsening rate.

The coarsening kinetics of the solution-prepared 70/30 PCL/SAN
blend at 200 and 170 °C observed by light scattering are shown in
Figure 6. According to the light-scattering data, the particles grow from
the initial particle size of approximately 0.4 pm. We expected much
smaller particle size or a nearly homogeneous state for the as-pre-
cipitated sample. However, it seems that a coarsening structure was
formed in a few seconds during melt-pressing at 200 °C between the
two pieces of cover glass (in advance of the light-scattering measure-
ment). At 200 °C, the kinetics of coarsening is faster than at 170 °C. For
both temperatures, fast growth is observed from the beginning and is
followed by a plateau. At 170 °C, the particle size reaches a maximum
and then starts to decrease. This strange behavior is much different
from the kinetics predicted by equations (3) and (4) and could be
interpreted using the following optical microscopy observations.

The coarsening behavior at 200 °C observed by optical microscopy
is shown in Figure 7. At the beginning, a very fine and regular
morphology with poor contrast is observed. Then the contrast is
improved and the structure grows very quickly. The regularly phase-
separated structure in Figures 7a and b should be achieved by spinodal
decomposition (SD). The melt-pressing of the as-precipitated sample
seems to cause the orientation of the structure. The memory of melt-
pressing remains for a few minutes and then completely disappears
after 6 min (Figure 7c). Anyhow, the structure in Figures 7a and b may
correspond to the intermediate stage of SD.

After 6 min (Figure 7c), the structure has coarsened to particles of
approximately 10 pm in size in a matrix. By annealing further, the
particles grow to several tens of microns (Figure 7d). The photo in
Figure 7e is a polarized optical micrograph of the quenched PCL/SAN
(70/30) sample after annealing for 15min. A crystalline texture is
observed inside the large particles. Therefore, the large dispersed
particles can be assigned to a PCL-rich region, and it seems that
once the SAN forms a continuous phase, it is hard to destroy it
because of its high viscosity in the molten-state, even though it is the
minor component (at 30 wt%).

3
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Figure 6 Time variation of the average particle size, D, of a PCL/SAN (70/
30) blend prepared by precipitation into methanol, by light scattering,
during static annealing at 200 °C and at 170°C.
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Furthermore, one can also observe small domains of approximately
1-2 um in size in both the PCL-rich and SAN-rich regions in Figure 7c.
By annealing further, the number of small domains increases
(Figure 7d). Light scattering is not concerned with the heterogeneity
of several tens of microns but mostly with the concentration fluctuation
caused by the appearance of small domains. That is, the appearance of
small domains in both the particles and matrix may render the leveling-
off of particle coarsening by light scattering observed in Figure 6.

The appearance of small domains could be explained as follows. If
SD proceeds to reach droplet morphology and then the coalescence
starts very quickly by mutual collision, the droplet size could increase

Figure 7 Optical micrographs of a PCL/SAN (70/30) blend prepared by pre-
cipitation into methanol, during static annealing at 200 °C: (a) after 1 min, (b)
2min, (c) 6min, (d) 15min; (e) 15min + quenched to 25 °C and crystallized.

Figure 8 Optical micrographs of a PCL/SAN (70/30) blend prepared by
precipitation into methanol, during static annealing at 170°C: (a) after
1 min, (b) 6 min, (c) 40 min, (d) 60 min.
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without a significant exchange of molecules; that is, without
an appreciable change in the concentration of the PCL-rich and
SAN-rich regions. That is, when coalescence prevails over the exchange
of molecules by SD, a new SD could start in both regions to yield
the small domains, because both regions are still on the way to
approaching the coexisting compositions. Consequently, the
coarsening kinetics may not follow the theory proposed by equations
(3) and (4).

The structural development of the same blend at 170 °C is shown in
Figure 8, and the situation seems to be similar to Figure 7. At this
lower temperature, however, the coalescence occurs rather slowly
(Figures 8c and d) and then, the second-step SD can proceed
simultaneously to generate new concentration fluctuations with
short wavelength in the matrix. Then, the average particle size by
light scattering may start to decrease with time. Thus, also at this
temperature, the coarsening seems to consist of two rate processes, SD
and collision, so that the kinetics may be far from the theoretical
predictions of equations (3) and (4).

The structural development of the solution-prepared 30/70
PCL/SAN blend at 170°C is shown in Figure 9. The figure shows
that coarsening occurred even at this lower temperature, whereas it
did not occur in the melt-blended sample of the same composition at

Figure 9 Optical micrographs of a PCL/SAN (30/70) blend prepared by
precipitation into methanol, during static annealing at 170°C: (a) after
10 min, (b) 40 min, (c) 120 min.
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the same temperature. In the solution-prepared blend, the structural
coarsening may begin via SD so that even when the droplet structure is
formed (Figure 9b), the SAN-rich matrix could contain some amount
of PCL. Then, collision would be possible for further coarsening. This
phenomenon may explain the difference in coarsening behavior of the
melt-blended sample, where the matrix consists of pure SAN.

CONCLUSIONS
This paper describes the morphological development of an immiscible
PCL/SAN blend during static annealing. In the case of melt-blended
samples, coarsening begins at temperature T* (above T, of SAN) that
depends strongly on blend composition. For 70/30 and 50/50 (PCL/SAN)
compositions, T* was found to be approximately 130 °C and 170 °C,
respectively. At 200 °C, the increase in average particle size was linear with
time. For the 30/70 blend, no coarsening was detected up to 200 °C.
The coarsening behavior of the solution-prepared blends was com-
plicated. At first, SD started. Then, the growth proceeded by the
collision of particles. After the particles grew to size of approximately
10 pum, the second step of SD began forming small domains (~ 1 um in
size) in both the matrix and large particles. The kinetics of coarsening
observed by light scattering was very far from the theoretical predictions.
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