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ABSTRACT: Polycarbonate/poly(e-caprolactone) (PC/PCL) blends are found to be miscible when extruded
samples are studied without any further thermal treatment. PCL crystallizes in blends containing 60%
or less polycarbonate, a component that remains amorphous for all blend compositions under these
conditions. Single, broad calorimetric glass transitions together with distinct component dynamics
determined by thermally stimulated depolarization current experiments indicate the miscibility of the
blends and the existence of different average local compositions. The Lodge—MecLeish model is applied to
the compositional variation of the two effective glass transition temperatures. Quantitative agreement
is obtained for both components by adjusting the self-concentration values to best fit the experimental
points. The relevant length for PCL is very close to its Kuhn length, whereas for PC the best fit leads to
a slightly shorter characteristic length. It is shown that upon annealing at sufficiently high-temperature
PC undergoes crystallization and thereby induces phase segregation in the otherwise amorphous regions
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of the blends.

1. Introduction

Mixtures of bisphenol A polycarbonate (PC) and poly-
(e-caprolactone) (PCL) have been extensively studied,
and many apparently conflicting results have been
obtained on this system, to the point that it has been
labeled the “Gordian blend system” by Varnell et al.l
The blends have been regarded by many authors as fully
miscible on account of the finding of one calorimetric
glass transition temperature, T, that varies with
composition within a range encompassed by the Ty’s of
the pure components.2~® However, the temperature
range for the T, calorimetric step in the blends is
broader than in the neat components, and this broaden-
ing is nonsymmetric with composition. In a preceding
work on this system,? we demonstrated that blends that
had been stored at room temperature for 18 months and
that were originally regarded as miscible® (since they
had exhibited a single T; as determined by differential
scanning calorimetry, DSC) were now either partially
mixed or phase separated, depending on their thermal
treatment. Phase separation was demonstrated by DSC,
transmission electron microscopy, spherulitic growth
rate measurements, and thermally stimulated depolar-
ization currents (TSDC). The driving force behind phase
segregation was attributed to the slow PCL crystalliza-
tion during storage. The only way to restore miscibility
in these phase-separated blends was to subject them to
extrusion or dissolution and reprecipitation.

This particular system is interesting in that both
components may crystallize. Consequently, at any tem-
perature the blend might form an amorphous, one-phase
mixture or undergo liquid—liquid phase separation.
Below the crystallization temperature of PC (ca. 230 °C)
or PCL (ca. 60 °C) crystallization of either (or both)
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components could occur, leading to two or three coexist-
ing phases, with interfacial zones of varying composi-
tion. Furthermore, the glass transitions of the compo-
nents are extremely widely separated (140 °C for PC,
—66 °C for PCL). Both the structure and the dynamics
in such a system are expected to be quite rich and
thermal history dependent.

In a miscible blend, in addition to the intermediate
and broad calorimetric glass transition, distinct com-
ponent dynamics have often been found. This “dynamic
heterogeneity” has been widely studied, and several
explanations have been proposed. One approach is that
the local concentration variations result from the effect
of thermal concentration fluctuations.1°-12 Another ap-
proach by Lodge and McLeish!® emphasizes chain con-
nectivity effects or “self-concentration”, which result in
effective glass transitions for each component, Tgff(qb),
based on the average local composition perceived by
each component. These may be quite different from that
of the bulk composition. Various experiments, such as
dielectric spectroscopy if the two blend components are
polar, are able to distinguish different dynamics, i.e.,
different Tgﬁ(qﬁ) for each component, in agreement with
the dynamic heterogeneity explained by the self-
concentration model. The model is able to rationalize
the compositional variations of the Tgff(d))’s. The origi-
nal calculations were based on the Kuhn segment
length, Ik, as the relevant length scale for the self-
concentration application. Once the self-concentrations
¢sa and ¢gp are calculated from the volume fraction
occupied by a Kuhn length’s worth of monomer within
a volume V ~ [g3, the effective local concentration is
estimated for each component, ¢etra and ¢ess. The Fox
equation is then used with the effective concentrations
to calculate the effective glass transition temperatures
for components A and B, T;f.,f(dﬂ and Tz,g(@. One im-
portant consequence of this approach 1s that a fully
miscible, molecularly mixed blend can still exhibit two

© 2005 American Chemical Society

Published on Web 05/18/2005



5110 Herrera et al.

glass transitions; there is no need to invoke large scale
spatial “heterogeneities” or “partial miscibility” to ex-
plain this observation.

The model has been initially tested for several blend
systems whose dynamics had been followed by, e.g.,
tracer diffusivities and nuclear magnetic resonance
spectroscopy (NMR).1? Segmental dynamics observed by
dielectric spectroscopy in several miscible blends have
also been used to test the model.}* In this latter work,
the self-concentration is not estimated from the Kuhn
length but results from the fit of experimental points
to the Fox equation, which enables the calculation of
the blend effective T; values from the fitted ¢er. More
recently, the model has been tested on other blend
systems such as polystyrene/poly(vinyl methyl ether),
PS/PVME, polystyrene/poly(o-chlorostyrene), PS/PoCIS,
and PVME/PoCIS,? and its quantitative predictions
agree well with the TSDC results if the Brekner
equation!® is used to fit the Ty compositional variation
obtained by DSC. Other applications of the model
published in the past 2 years are available, in systems
such as polyisoprene/poly(vinyl ether), PI/PVE, thor-
oughly studied by NMR, rheology, and dielectric spec-
troscopy.!” The PI results agree well with the predictions
of the model over the composition and temperature
range explored, while for PVE the agreement is some-
what less satisfactory. It should be noted that the self-
concentration model, which is appealing for its simple
assumptions, has not been applied to blend systems
where both components are crystallizable and polar.

In the present work, we reexamine PC/PCL blends
prepared in such a way that by calorimetric techniques
they exhibit a single Ty over the composition range.
DSC, wide-angle X-ray scattering (WAXS), TSDC, and
dynamic mechanical thermal analysis (DMA) experi-
ments are combined to follow the behavior over wide
temperature and concentration ranges. The variety of
techniques probe the material at different scales as
TSDC resolves distinct T;ff(¢>)’s for the two dielectri-
cally active components while DSC responds to the bulk
average T,. Because of the simplicity and demonstrated
ability of the Lodge and McLeish model, it has been used
to interpret our experimental results so as to shed light
on the physics behind the remarkable plasticization
effect that PCL induces in PC. Finally, the effect of
crystallinity on the blend miscibility is studied by
isothermally crystallizing the PC component; in the
presence of crystalline PC the phase separation is
demonstrated by the development of a PCL amorphous
phase that is almost pure and that is clearly detected
by DSC.

2. Experimental Section

2.1. Materials. A bisphenol A polycarbonate (PC) manu-
factured by Bayer, Makrolon 2807, with a molecular weight,
M= 30 000 g/mol, and an e-polycaprolactone (PCL), TONE
P787, manufactured by Union Carbide Corp., with a My, =
120 000 g/mol were employed. Size exclusion chromatography
experiments employing polystyrene calibration standards
yielded values of M,, = 131 000 g/mol and M,/M, = 1.47 for
PCL and M,, = 32 000 g/mol and M/M, = 1.95 for PC.

To prepare melt-extruded blends, we first dried the PC in a
vacuum oven at 100 °C for 4 days. The mixing was performed
with a laboratory scale extruder (Atlas 1820) at 190—210 °C
in the die and 230—260 °C in the barrel zone, depending on
blend composition. A film die was employed to obtain thin
ribbons of about 9 mm width and 0.3 mm thickness. The
ribbons were air-cooled as they left the die. The global
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compositions studied here vary from pure PC, 100/0 blend, to
pure PCL, 0/100, in 10% increments.

2.2. Wide-Angle X-ray Scattering. The WAXS experi-
ments were carried out with an automatic Philips diffrac-
tometer at room temperature, by using an acceleration voltage
of 40 kV and a current of 40 mA. The Ni-filtered Cu Ko
wavelength was used. The scans were made from 5° to 40 ° in
260 by 0.020° steps at a sweep rate of 0.01°/s. The samples were
cut from the same extruded strips that were used for the
parallel experiments. The weight fraction crystallinity degree,
X., determination was performed by decomposing the spectrum
with the Peakfit commercial software. The experimental trace
is made by the Gaussian amorphous halos corresponding to
the amorphous fraction of both the PC and the PCL in addition
to the Bragg reflections given by the PCL crystal lamellae
which have a nonplanar orthorhombic structure with space
group P2:2:2,.® The profile of the PC amorphous phase is
known from neat PC spectrum and the PCL halo from the
molten PCL spectrum. No trace of the presence of the mono-
clinic crystalline PC was detected in the whole composition
range on as-extruded samples.

2.3. Differential Scanning Calorimetry (DSC). The
calorimetric behavior of the samples was obtained with a
Thermal Analysis, TA DQ100, DSC instrument with a liquid-
nitrogen cooling system. The instrument was calibrated with
indium, and helium purge gas was employed. The sample
weights were 14—15 mg, and they were encapsulated in
aluminum pans. Standard DSC scans were recorded at 20 °C/
min from —80 to 250 °C. Isothermal crystallization experi-
ments were also performed, in which each sample was heated
to 250 °C and held at that temperature for 3 min. Then, the
sample was quenched (60 °C/min) to a selected crystallization
temperature, T., and held at that temperature during a specific
crystallization time, ¢.. Then a cooling scan was recorded (at
20 °C/min) down to —80 °C. Finally, a heating scan from —80
to 250 °C was recorded at 20 °C/min to examine the melting
behavior.

2.4. Thermally Stimulated Depolarization Current
(TSDC). The cryostat of the fully automated TSDC measuring
system has been designed in our laboratory. The sample is
located between two parallel stainless steel plates, which are
connected to the high-voltage supply during the polarization
step by means of thin-wall stainless tubing in order to avoid
losses by heat conduction. After the polarization of the sample
at the chosen polarization temperature T}, the polarization is
frozen-in by quenching the sample to liquid nitrogen temper-
ature. After allowing time to discharge any mobile charges,
the sample is heated with a constant heating rate of b, = 0.07
°C/s. The depolarization current density caused by the return
to equilibrium of the previously oriented dipoles is recorded
with a Keithley 642 electrometer. The current density peaks
caused by the polarization decay due to each type of dipole
occur at temperatures where the relaxation time of the dipolar
species reaches the time scale of the experiment. The equiva-
lent frequency for this dielectric experiment is estimated to
be about 30 mHz. This low equivalent frequency results in a
very good resolution for this technique. Another important
advantage is the peak separation that can be performed by
choosing adequately the polarization temperature and par-
tially depolarizing the sample during the heating. All the
TSDC curves presented here have been normalized to a
polarizing field of 107 V/m, an area of 107* m2, and a thickness
of 100 um.

2.5. Dynamic Mechanical Analysis (DMA). A Rheomet-
rics RSA-II instrument was employed. The chosen test was
dynamic longitudinal tension at 1 Hz, the heating rate was 2
°C/min in a temperature range between —80 and 160 °C, and
the strain was fixed at 0.5%.

3. Results and Discussion

3.1. WAXS Results. The results of the WAXS experi-
ments performed at room temperature on the extruded
blend ribbons are plotted in Figure 1 as a function of
the diffraction angle, 26, for blends over the whole
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Figure 1. WAXS spectra of the PC/PCL blends with Cu Ka
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composition range. It is clearly observed that for the PC-
rich blends the material is 100% amorphous. As the
mid-composition range is reached, the Bragg peaks of
PCL, which were barely visible for the 40/60 PC/PCL
blend, start to increase, ultimately leading to a crystal-
linity degree of 55% for the pure PCL homopolymer. No
trace of crystallization of the PC component was de-
tected throughout the whole concentration range. This
is a different result as compared to our previous work
on this same blend system,? where in the compression-
molded samples crystallites of both PC and PCL coex-
isted in samples rich in PCL. Interestingly, in that case
the formation of PC crystallites in the blends could be
induced by isothermal crystallization on a time scale
much shorter than that required for pure PC. For
example, in the case of a 90/10 blend PC crystallinity
values of 17% were reached in less than 8 h at 145 °C,19
demonstrating the plasticization effect of PCL on PC.
From the WAXS traces obtained here the crystallinity
degrees at room temperature were calculated by a
deconvolution process of the PC/PCL amorphous con-
tribution, in addition to the crystalline Bragg reflections
of PCL. The crystallinity degrees of the PCL component
in the blends were 0.5% for 70/30, 21.2% for 50/50,
42.6% for 30/70, 58.6% for 10/90, and 55.1% for the neat
PCL. Compositions of the amorphous phase were recal-
culated by taking into account the corresponding crys-
talline content in each sample. The corrected values for
the PC concentration in the amorphous phase will be
used in subsequent figures and labeled as ¢pcorr-

3.2. DSC Results. DSC heating scans of extruded
blends, which were first cooled from room temperature
to —75 °C, are shown in Figure 2a,b. The WAXS results
of Figure 1 demonstrated that only the PCL component
was able to crystallize during the air cooling process
applied at the extruder exit in the case of the PCL rich
blends, while the PC remained amorphous for all blend
compositions examined. Nevertheless, during the heat-
ing scan in the DSC (Figure 2a,b), the PC component is
capable of undergoing cold crystallization (and therefore
phase segregation) as the melting endotherms near 230
°C corresponding to the PC crystals formed during the
heating scan indicate. The exotherms corresponding to
cold crystallization are rather difficult to see since they
are very broad and could be masked by the baseline. In
the case of the 60/40 PC/PCL blend in Figure 2b the
cold crystallization of PC can be observed in the magni-
fied section above the corresponding DSC trace; a
similar behavior has been previously reported before.®
The PCL component was also able to crystallize during
the heating scan and cold crystallization exotherms can

Polycarbonate/Poly(e-caprolactone) Blends 5111

Temperature (K)
200 250 300 350 400 450 500

Temperature (K)
200 250 300 350 400 450 500

(a)

endo

Heat Flow (mw)
Heat Flow (mw)

endo

r—50/50

10/90 X4

X/
;_JO,/M—/“‘_

I — 60/40
L 20/80 X4

L 3070 X4 __ | r 80/20

r 9010 —
l 100/0 I
=50 0 50 100 150 200 250

Temperature (°C)

10 mw

r 40/60 X4

10 mw
2 mw

=50 0 50 100 150 200 250
Temperature (°C)
Figure 2. DSC first heating scans (20 °C/min) of PC/PCL
extruded blends: (a) PCL and PCL rich blends; (b) PC and
PC rich blends. The global compositions are indicated above
the traces.

be seen for some blend compositions when a close-up of
the scan is examined. (The scale employed in Figure 2
does not allow the observation of such broad and small
cold crystallization exotherms.)

Evidence that the PCL component has crystallized
during the heating scan is provided in Figure 2b since
melting endotherms corresponding to PCL are observed
over the entire composition range, while WAXS per-
formed at room temperature clearly showed that no PCL
crystals were present in PC-rich blends. Nevertheless,
the endothermic peaks located at typical PCL compo-
nent melting temperatures near 70 °C for the 80/20 and
90/10 PC/PCL blends are small and in a temperature
range that overlaps with the T, of the amorphous phase
of the blend. Therefore, they may also be entwined with
enthalpy-relaxation phenomena due to the molecular
orientation imparted during extrusion. The ability of the
PC and the PCL to undergo cold crystallization is
probably enhanced by chain orientation induced during
the extrusion process. If this is the case, a second
heating run after erasing the thermal history should
show differences with respect to the first heating scan,
as will be demonstrated below.

Figure 3a,b shows cooling scans after annealing at
250 °C for 3 min. The characteristic variation in C, at
T, can be observed over the entire composition range,
and it is evident that the region where the single glass
transition occurs shifts to higher temperatures with the
addition of the higher T\, component. The PC component
was not able to crystallize during the cooling scan, while
the PCL did crystallize in the 30/70, 20/80, and 10/90
PC/PCL blends. These DSC cooling scans indicate that
the blends are miscible in the liquid and glassy states,
as can be inferred by the presence of a single calori-
metric 7.

It is interesting to compare the width of the C, step
associated with the vitrification process of the homo-
polymers and the blends in Figure 3. The PC homopoly-
mer exhibits a relatively narrow C, change as it goes
from the rubber to the glass state. In contrast, the PC-
rich blends display very broad T regions. The width of
the transition apparently increases with PCL content
from 0 up to 40%. Then at 50% or higher PCL content
the T, region narrows once more. For instance, if a
comparison is made between the width of the T,
corresponding to the 60/40 PC/PCL blend and the 40/
60 blend, it is evident that the blend with a higher PC
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Figure 3. DSC cooling scans (20 °C/min) of PC/PCL blends.
The samples were first heated to 250 °C (as shown in Figure
1) and annealed at that temperature for 3 min before recording
the cooling scans. (a) PCL and PCL rich blends; (b) PC and
PC rich blends. The global compositions are indicated above
the traces.
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Figure 4. DSC second heating scans (20 °C/min) of PC/PCL
blends. The scans were recorded immediately after the cooling
runs performed in Figure 2. (a) PCL and PCL rich blends; (b)
PC and PC rich blends. The global compositions are indicated
above the traces.

content displays a broader transition. This nonsymmet-
ric broadening of the calorimetric T in miscible blends
has been predicted by the model of Lodge and McLeish.!3
According to this model, the lower T; blend component
(i.e., PCL) will show segmental dynamics nearer to that
of the homopolymer, whereas the segmental dynamics
of the higher T, component will be closer to the blend
average. The width of the transition is smaller for
blends richer in the higher T'; component, as the slope
of the underlying Ty(¢) is greater in this region.
Figure 4 shows the second DSC heating scans,
performed immediately after the cooling scans shown
in Figure 3. As in the first scan (Figure 2), it is possible
to see melting endotherms for the PC component,
although PC was not able to crystallize during the
cooling scans shown in Figure 3. This is another
confirmation of the ability of the PC component to
experience cold crystallization during the heating scan
when it is mixed with PCL. A similar result is observed
for the PCL component, since for the 50/50 and 40/60
PC/PCL blends the PCL component was not able to
crystallize during the cooling scan (Figure 3), but it was
able to do so during the heating scan in a rather evident
cold crystallization process (Figure 4). The cold crystal-
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lization of both PC and PCL components for the 50/50
blend can be clearly observed in Figure 4b and are
indicated with arrows. As in the cooling scans of Figure
3, the glass transition of the blends in the entire
composition range can also be observed in Figure 4. An
interesting result shown in Figure 4 is that there is no
melting corresponding to the PCL component for the 60/
40 and 70/30 PC/PCL blends, whereas in Figure 2 the
PCL components in the same extruded blends exhibited
clear melting endotherms. This is probably a conse-
quence of the molecular orientation in the samples
during the extrusion process; this orientation can
facilitate nucleation leading to crystallization during the
air cooling applied at the extruder exit. However, once
the thermal history and orientation is erased, then only
in blends with 50% PCL or more is the PCL component
able to crystallize (either during cooling from the melt
and/or during the heating scan, depending on composi-
tion).

The DSC results presented in this section have shown
that: (1) The blends are found to be homogeneous in
the bulk. (2) Depending on the composition, PC and PCL
could crystallize during cooling from the melt and/or
during the heating scan. PCL and PC do not cocrystal-
lize; therefore, when they crystallize, they must phase
separate from each other. (3) The blends are a complex
system where subtle changes in composition, orienta-
tion, or thermal history can trigger nucleation and
crystallization of either one or both components. There-
fore, the system can experience a transition from one
phase (all amorphous or molten PC/PCL blend) to a two-
phase or even a three-phase system.

3.3. TSDC Results. Once the miscibility of the PC/
PCL blends has been demonstrated by DSC, TSDC
studies were performed to follow the molecular dynam-
ics of the blend components. In the temperature range
where the TSDC runs were performed no significant
changes in crystallinities are expected, as can be seen
in Figure 2a,b. The crystallinity degrees estimated from
the WAXS experiments on the extruded strips are then
used to calculate the corrected composition values of the
blends. Several features are common in the spectra from
the blends: (a) the low-temperature part of the spec-
trum from —193 to —93 °C is a broad band which is
made of at least two relaxation modes, y and f; (b) in
the region from —73 up to 125 °C there are two distinct
component dynamics. The higher temperature one,
denoted o, is the dielectric manifestation of the glass
transition of the PCL and PC chains in a cooperative
volume strongly affected by connectivity effects. The
maximum intensity of this peak is at least 10 times
stronger than for the y and S peaks, and the peak
position varies from —67 to 119 °C as the PC fraction
increases from 0 up to 100%. (c) For PC contents ¢p >
30%, on the lower temperature side of the op peak a
broad and weak relaxation is present at temperatures
somewhat higher than that of the oo mode of the PCL
homopolymer. It is located at 6 °C for the 90/10 PC/PCL
blend and at —23 °C for the 50/50 blend; it will be
labeled as the as mode.

The low-temperature spectra of the PC/PCL blends
studied here are represented in Figure 5 for seven blend
compositions. The two extruded homopolymers give very
different intensities in this zone, the PC spectrum being
very weak and flat. In a previous work the low-
temperature spectrum of neat PC from a different
manufacturer showed a rich structure which varied with
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the PC crystallization in acetone vapor.2° Two distinct
main modes, y and 3, were identified with increasing
temperature, whose relative intensities change with the
increasing PC crystallinity degree. The overall intensity
of the low temperature spectrum decreased more rapidly
than the loss of amorphous chains transferred to the
crystalline regions as the PC crystallinity increases. The
localized motions were affected by constraints applied
to the PC amorphous regions either by the crystalline
lamellae or by a rigid amorphous phase whose existence
was demonstrated in the PC homopolymer. In the
present work, the lack of structure observed in the low-
temperature TSDC spectrum given by the extruded PC
is compared in Figure 6 to that of a molded film made
from the extruded ribbons. The important intensity
differences are attributed to the preferential orientation
of the chains in the extruded film that are sufficient to
inhibit the localized motions of the polar groups of the
PC amorphous chains.

For the PCL homopolymer, the vy and f relaxations
have been extensively studied by dielectric spectros-
copy,?! and the main characteristics of these modes are
the following: (a) the y mode is more intense in dry
samples and as the moisture content increases the 8
mode predominates; (b) their position and profile are
not sensitive to the molecular weight; (c) there exists
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in neat PCL a merging of the a and 8 modes at high
temperatures and low frequencies and a second merging
at still higher temperatures of the o and y modes.

The effect of blending on the low-temperature modes
has been studied by Katana et al.?? for the tetramethyl-
bisphenol A polycarbonate and bisphenol A polycarbon-
ate, TMPC/PC, miscible mixtures. They report a linear
variation of the dielectric strength of the j relaxation
of each component with composition even though a
selective inhibition of the local motions in PC is pro-
posed to explain the shifts in temperature upon blend-
ing. In the case of the poly(4-vinylphenol)/poly(methyl
methacrylate) the same linear increase with PMMA
concentration for the  mode is observed, and it is
concluded that blending does not affect the local
mode.?3

As PC is added to PCL, the intensity and profile of
the low-temperature spectrum change. It should be
noted that the low-temperature spectra profile of the
two homopolymers are composed of at least two modes
and occur in the same temperature range, as both of
them originate from short-range motions of the carbonyl
group. Because of this overlap, it is difficult to follow
the changes introduced by the blending on each com-
ponent relaxations. However, one can observe that the
overall intensity decreases with added PC, and the y
peak is now predominant over the  peak. For the PC-
rich blends the addition of only 10% PCL is enough to
change the position in temperature of this peak, show-
ing that blending somewhat releases constrains on the
short-range motions of the PC chains. At mid-composi-
tions the y peak is still predominant over the  peak,
whose maximum is now coincident with that of the
peak of neat PCL. The effect of blending on the intensity
of the low-temperature peaks, i.e., on the number of
orientable dipoles, can be estimated by evaluating the
area under the curves. The total polarization, Poexp,
which is plotted in the inset of Figure 5, is calculated
by the area under each curve of the current density
plots, J(T), times the heating rate. The abscissa, Poweighted,
is evaluated by adding the contribution of each compo-
nent according to the corrected blend composition. The
points corresponding to the PC-rich blends are on the
slope one line, but the experimental points for PCL-rich
blends deviate from this behavior. One might speculate
that this increase in the number of orientable dipoles
in the PCL-rich blends could be attributed to the
disappearance of constrains present in the amorphous
phase. A high PCL concentration seems to be necessary
in order to render mobile the whole PC blend compo-
nent. At low PCL concentrations, this PC rigid amor-
phous phase do not contribute to the short-range
motions of the macromolecular chain. This interpreta-
tion supports our previous findings about the existence
of a rigid amorphous phase in neat PC.20

At higher temperatures the cooperative mobility
becomes apparent. The a relaxation mode is the dielec-
tric manifestation of the dynamic glass transition. For
the two homopolymers the very well-defined o peaks
are located at Thoea = —67.6 °C for the A component
(PCL) with the lowest T; and T'wiqg = 118.4 °C for the B
component (PC). The normalized curves J(T)/Jmax(T) are
plotted for all concentrations in Figure 7, where in
addition to an intense and well-defined mode at inter-
mediate temperatures, a broad and weak peak on the
low-temperature side of the intense peak is clearly
visible. These two cooperative mobilities are interpreted
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Figure 7. Segmental modes in PC/PCL blends with bulk
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as the high and low effective T;’s that are predicted by
the Lodge and McLeish model. The low-temperature
segmental mode which corresponds to the local hetero-
geneities felt by PCL chains is a broad peak resulting
from a wide relaxation time distribution as predicted
by the model. The determination of T;g is not very
precise even at this low equivalent frequency; however,
it is a better estimation than the overlap that is
observed by dielectric spectroscopy at higher frequencies
between the two effective Ty’s. By this latter technique,
the existence of dynamic fluctuations is evidenced by
an anomalous broadening of the o relaxation in the
blends. These two distinct dynamic behaviors added to
the unusually broad enthalpic steps observed in the
DSC traces point to the existence of dynamic heteroge-
neity in the miscible system under study.

The Lodge and McLeish model'? for miscible polymer
blends calculates effective glass transitions based on the
average local composition perceived by each component
which may be quite different from that of the bulk
composition. A first attempt to apply the Lodge and
McLeish model to calculate the self-concentrations was
performed by using the Kuhn segment lengths.

Additionally, the Fox equation was assumed to be an
adequate description of the variation of the bulk T, with
composition, even though as can be seen in Figure 8,
the experimental bulk Tg's as determined by DSC
(symbols) did not follow the Fox equation (continuous
line). Alternatively, the fit to Brekner’s equation of the
measured calorimetric Ty was used. The values of the
characteristic ratio C. used here to calculate the PCL
Kuhn lengths were taken from Huang et al.?* and Jones
et al.?5 The first values were chosen as they are more
recent and lead to more consistent results, Ixka = 7.0 A.
For PC the use of the values given by Fetters et al.26
gave lxkg = 15.7 A. The self-concentrations are then
estimated through the equation

C.M,

=— (1)
koNlk

¥

Here M is the repeat unit molar mass, % is the number
of main chain bonds per repeat unit, p is the polymer
density, and Ny is Avogadro’s number. The resulting
self-concentration values are ¢s4 = 0.33 and ¢sg = 0.05.

Macromolecules, Vol. 38, No. 12, 2005

T T T T T T T T T

400

350

250

200 U
0.0 0.5

¢ PC Corr

Figure 8. Calorimetric glass transition temperatures as
determined by DSC (@) (first cooling): (— —) adjusted with
Brekner equation (k1 = —0.7553, ks = 1.278); (—) calculated
with Fox equation.
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Thep, ng and ng were calculated by using the Fox
equation

Peia 1 — ¢effA)1
ofeanoe)
gh TgA TgB

with the effective concentrations being
Peie = b5 + (1 — )9 (3)

The application of the model by using the estimated
Kuhn lengths and the Fox equation leads to Tg‘f values
which do not agree well with the TSDC determinations
(symbols), as can be seen in Figure 9a (dotted and
dashed lines). The low self-concentration value found
for PC predicts that the ng would be close to the
average dynamics of the blend, i.e., close to the compo-
sitional dependence described by Fox equation (continu-
ous line). This does not agree with the experimental
determinations where the effective glass transition
temperatures for the higher T; component are quite
distant from the predicted ones calculated by using ¢sp
= 0.05. The agreement is somewhat better for PCL than
for PC.

A second attempt was made by adjusting the calori-
metric glass transition temperature compositional de-
pendence to the Brekner equation which has been
widely used to describe this dependence:15:16

Ty(¢p) = Top + (Typ — Te)I(1 + kg —
(by + ko)pp” + kygp’] (4)

The parameters k1 and k2 which characterize this cubic
equation result from the fit of the experimental T’s
values as determined by DSC for various values of the
crystallinity corrected bulk concentration of component
B, which in our case is PC. It was found that the best
fit represented in Figure 8 (interrupted line) is obtained
for 21 = —0.7753 and k2 = 1.278. By using then the self-
concentration values found above, i.e., the ones deduced
from the Kuhn lengths, the effective local concentration
is calculated for both components, assuming that the
variation of both effective glass transition temperatures,
follow the Brekner dependence with unchanged %; and

ko T(¢) = Toalgema) and Top(¢) = Tyn(¢emm) were
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Figure 9. TSDC values for 7% (v) and T°% (). Lines result
from using the Kuhn’s length fo calculate the self-concentra-
tions, i.e., ¢sa = 0.33, ¢ = 0.05: (a) with Fox equation: ng
(=), T;g (+++); (b) with Brekner equation (k1 = —0.7553, ke =
1.278): Top (— =), Toh (++).

calculated. The resulting values are plotted in Figure
9b with dotted lines for the ng(qb) and dashed line for
7§§(¢). The agreement with the experimental determi-
nations of the high and low T’s is acceptable for the
effective glass transition of the PCL chains but is
definitely not satisfactory for the effective glass transi-
tion of the PC chains at high PCL concentrations; the
calculated ¢sp value is too low to describe the differences
between the average bulk T (continuous lines) and the
effective T5(¢) for PC chains. The conclusion of the
different trials (Fox and Brekner) performed here to fit
our TSDC results by using the estimated Kuhn lengths
are barely acceptable for PCL but only present a
qualitative agreement for the high effective temperature
component, Tngf(qb). In the application of the model to
PI/PVE blend studied by NMR,27 a similar situation was
found, i.e., a quantitative agreement for the PI compo-
nent with the higher self-concentration (¢s4 = 0.47) and
a qualitative agreement only for PVE (¢ = 0.25).17
Following He et al.,'* a series of fittings were per-
formed where, instead of using the Kuhn length to
evaluate the self-concentration, this parameter was
fitted to the Lodge—McLeish model by using the Fox
equation. ¢sp = 0.47 and ¢sg = 0.19 are now the fitted
values for the self-concentrations. Characteristic lengths
l. can be calculated from these self-concentrations with
eq 1, and these values are [.,a = 6.2 A and I.g = 11.9 A.
The PCL characteristic length is close to /xa while for
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Figure 10. TSDC values for Tt (v) and TS} (a). The lines
are the fit to the Brekner equation, and the adjusted self-
concentrations are ¢sa = 0.20 (— —); ¢sp = 0.49 (--+).

PC there is a 25% decrease relative to /xs. A similar
procedure is performed this time with Brekner equation
to describe the effective Ty's as ¢p varies. The TSDC
results were fitted assuming that the dependence of
ng(dﬁ and Tgf{(qb) could also be described with the
previously determined %; and ks parameters. The ad-
justed self-concentrations were now found to be ¢sa =
0.20 and ¢sp = 0.49. T;f{(qs) and 7§§(¢) variation calcu-
lated with these fitted effective concentrations are
plotted in Figure 10. The adjusted value obtained for
¢sa is lower than that calculated with the Kuhn segment
length of PCL. The large increase of ¢¢g, 0.05 vs 0.49,
is necessary to adjust the variation of the PC Tef,f(@.
Quantitative agreement in the description of the ’I$SDC
effective glass transitions for both components is now
reached, as seen in Figure 10. The characteristic lengths
calculated with these self-concentration values are /.pc1,
= 8.2 A and I,pc = 8.6 A. He et al.l* have found that
using the measured blend 7'’s does not improve the fit
quality and that the fit parameters obtained with the
Fox equation are more consistent with the predicted
ones. In our case both fittings are satisfactory; however,
the characteristic lengths found in our second attempt
(Brekner equation) might seem more consistent. The PC
characteristic length being shorter than the PC Kuhn’s
length by using Brekner equation might be interpreted
as the result of the loss of PC chains rigidity associated
with the presence of PCL chains which plasticizes the
PC. Additionally, the slight increase of /.o might be
indicative of the reciprocal effect in PCL as the coopera-
tive mobility occurs in a glassy PC matrix.

Figure 11 shows results of dynamic mechanical
measurements performed on the as-extruded ribbons in
tensile mode. The values of the loss modulus E" are
plotted as a function of temperature. The data are
consistent with the TSDC results presented above as
the blends exhibit very broad peaks associated with
the glass transition that for some composition are
clearly bimodal. Therefore, a correspondence with the
TSDC traces plotted in Figure 7 can be seen. In view of
the lower resolution of the DMA the o relaxation
mechanical modes are not as well-defined as those
determined by TSDC; nevertheless, they are qualita-



5116 Herrera et al.

Temperature (K)
200 250 300 350 400

—m—100/0
—0—90/10
—A—70/30

—O—50/50 i
—x—30/70

—0—10/90
—»—0/100

E" (arb. units)

—

-100  -50 0 50 100 15
Temperature (°C)

Figure 11. Variation of E" as a function of temperature
obtained by DMA testing on extruded PC/PCL blends.
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Figure 12. DSC cooling scans (20 °C/min) of 50/50 PC/PCL
samples. Plot a is the standard cooling scan of the sample
(similar thermal history to Figure 2). Plot b is a cooling run
after annealing at 150 °C for 60 min. Plot c is the cooling run
of the same sample after it was heated to 250 °C for 3 min.

tively similar, and the peak E" values shift to higher
temperatures as the PC content in the blends increases
as expected.

In summary, the TSDC, DSC, and DMA results agree
with the Lodge—McLeish model for these miscible
blends where the PC component has been found to be
100% amorphous. In our previous work® on this same
system the blends were found to be partially miscible
with broad TSDC relaxations when the PC crystallinity
was very low (quenched samples). On the contrary,
when significant PC crystallinity degrees were found,
as in the annealed samples, the phases were segregated
as observed in the TSDC runs.

To verify this relationship between PC crystallinity
and blend miscibility, isothermal PC crystallization
experiments on the initially homogeneous blends were
performed. Evidence of phase separation after PC
crystallization was obtained by analyzing the thermal
behavior of the blends after the PC component was
isothermally crystallized at 130, 150, and 200 °C for 60
min. Figure 12 shows an example of the experiments
performed to study the phase segregation induced in the
blends by PC isothermal crystallization. Curve a of
Figure 12 shows the standard cooling scan that is
obtained when the 50/50 PC/PCL blend is cooled from
the melt. Here the blend is miscible in the melt because
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Figure 13. Values of T;; obtained by DSC cooling runs. The
filled symbols correspond to T; values obtained during stand-
ard DSC cooling runs (like those performed in Figure 2), and
the other values were obtained after 60 min isothermal
annealing treatments at the indicated temperatures.

during cooling only the bulk T} is observed at —33 °C.
However, if the PC component is thermally treated by
heating the sample to 150 °C and performing an
isothermal crystallization at this temperature for 60
min, the homogeneous blend can phase segregate during
the PC crystallization process. This phase segregation
phenomenon is reflected in Figure 12, curve b, where a
cooling run from 150 °C (just after the PC isothermal
crystallization step was performed) shows that the PCL
component can now crystallize during cooling. Addition-
ally, a T at around —60 °C is obtained, a very close
value to the glass transition of neat PCL.

If the PC crystallization induces phase separation,
and PC/PCL blends are supposed to be miscible in the
amorphous phase, we would expect that melting the
samples after PC crystallization would cause remixing
if the melting temperature chosen is within the one
phase region of the phase diagram (possibly below the
lower critical solution temperature, LCST, that has been
reported for this system*~7). Remixing was promoted by
heating the sample to 250 °C and annealing at that
temperature for 3 min. Curve c of Figure 12 shows the
cooling DSC scan after the melting treatment was
performed; a behavior similar to that of Figure 12, curve
a, was obtained, evidencing miscibility once more.

A similar phase separation behavior was observed for
blends containing 60% PC or less after PC was isother-
mally crystallized. The results are summarized in
Figure 13. The T, values obtained were similar to neat
PCL Ty values (around —64 °C). This demonstrates that
phase segregation can be induced by PC crystallization
in blends containing up to 60% PC. For compositions
equal to or higher than 80% no change on T, values were
observed. In addition, no endothermic jumps corre-
sponding to Ty were detected for the 70/30 blend. It is
possible that the transition could be masked by the PCL
crystallization signal.

The Ty of the PC rich phase was not detected in any

of the phase-segregated samples, a fact that may be
related to rigid amorphous phase formation.2°
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4. Conclusions

In this study we have shown that PC/PCL blends,
whose miscibility has deserved attention in recent
literature, are miscible only when the PC component
does not crystallize. In a previous study partial miscibil-
ity was found in samples where the PC showed a weak
presence of crystals; also, in the case of slow cooled
samples where the PC crystallinity degree reached 20%,
the blends were not miscible as probed at different
scales by TSDC, DSC, spherulitic growth, and transmis-
sion electron micrographs.® The samples used here were
the extruded ribbons, air-cooled as they left the die,
without any additional thermal treatment. In this
condition we present the following evidence for the
characteristics of the miscible mixture:

1. The blend is 100% amorphous until a 60/40
composition is reached. For PCL richer blends the poly-
(e-caprolactone) crystallizes. No trace of development of
PC crystallites is observed by WAXS at room temper-
ature.

2. The blends are found to be homogeneous in the bulk
with a single calorimetric T, intermediate between the
Ty of the two neat components. The compositional
variation of this bulk T, cannot be precisely described
by the Fox equation, but it can be successfully adjusted
to Brekner’s cubic expression.

3. For some compositions, PC and PCL could crystal-
lize during cooling from the melt and/or during the
heating DSC scan as shown by the melting endotherms
in the DSC runs. Many factors can trigger the nucle-
ation and further crystallization accompanied by the
phase segregation when the PC crystallizes. Phase
segregation is favored when PC is isothermally crystal-
lized, but the homogeneity of the amorphous phase is
restored if the PC crystalline phase is melted at high
temperatures, but below the LCST of the blend.

4. The calorimetric glass transition observed by DSC
is also broadened in the blends as compared to the
homopolymers. The TSDC spectra for the blends do not
show two sharp peaks at temperatures close to that of
the homopolymers. Instead, one observes the existence
of two different dynamics at intermediate temperatures
evidenced by a composite o relaxation made of a sharp
peak and a broader one. The Lodge—McLeish self-
concentration model is applied to these two effective
glass transition temperatures determined from TSDC
and a qualitative agreement is found.

5. The agreement is significantly improved if the
Kuhn length is not imposed as the length scale for the
PC, as this high value leads to a very small self-
concentration (0.05) for PC due to the chain rigidity. The
higher self-concentration (shorter characteristic length)
resulting from the best fit of the compositional variation
of T°" might be an indication of the loss of rigidity of
the PC chains in the presence of PCL. PCL being a
macromolecular plasticizer, it imparts enough mobility
to PC chains so as to induce a reduction in the crystal-
lization times. This result could be related to the
enhancement of the local mobilities in the rich PCL
blends observed by TSDC which was tentatively at-
tributed to the loss of the rigid amorphous phase present
in the rich PC blends.

6. Let us now try to answer in our case of blends made
of polar and crystallizable components, the question
posed by Kant et al.:2® What length scales control the
dynamics of miscible polymer blends? We found here
that the relevant length is on the order of the Kuhn
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length for both components without the need to include
any concentration or temperature dependence. In the
case of the lower T; component the size scale of coopera-
tive motion around the effective T is somewhat larger
(17%) than the Kuhn length possibly due to the con-
strains imposed by the PC neighboring chains. For the
higher T, component the characteristic length is lower
than the Kuhn length of neat PC, but it still appears to
be composition and temperature independent as a single
self-concentration value can adjust the experimental
points. The smaller cooperative volume found for PC in
the miscible blend might be a consequence of the
presence of the more flexible PCL chains acting as a
molecular plasticizer.
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