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The crystallization behaviour of PBT and a 50/50 polycarbonate (PC)—poly(butylene terephthalate) blend
with added transesterification catalyst were studied using differential scanning calorimetry (d.s.c.) and
synchrotron small angle X-ray scattering (SAXS)/wide angle X-ray scattering (WAXS)/d.s.c. PBT
crystallization was inhibited in the blend by both the presence of PC and transesterification. Increasing
transesterification resulted in a progressive reduction in the melting and crystallization temperatures and
degree of crystallinity, with the development of a mixed-phase glass transition at around 90°C.
Transesterification also induced a significant change in blend morphology, from a coarse (5-10um)
bicontinuous structure, when uncatalysed, to a sub-micron bicontinuous structure at low degrees of
reaction. © 1997 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Blends of polycarbonate (PC) and poly(butylene tereph-
thalate) (PBT) have been widely studied in recent
years!~13, but conflicting conclusions have been drawn
regarding their state of miscibility. This lack of agree-
ment results from the complex melt behaviour of PC-
PBT blends, in which transesterification reactions
between the homopolymers, liquid—liquid phase separa-
tion and crystallization of the PBT may occur. However,
a recent time-resolved light scattering study!! unequi-
vocally showed a 50/50 PC-PBT blend to exhibit lower
critical solution temperature (LCST) type phase
behaviour with a spinodal temperature (7) of 198°C.
Thus, once a PC-PBT blend cools below T it will begin
to phase mix and form a homogencous mixture.
However, phase dissolution, which is not a rapid
process'*!®is in kinetic competition with crystallization
of the PBT which will initiate at temperatures
below T, (~220°C). PBT has one of the highest
rates of crystallization of common polymers16 and,
despite some retardation due to the presence of phase-
mixed PC, crystallization of the PBT-rich phase is still
relatively rapid in most PC-PBT blends'®">. Thus,
structure development within these materials tends to
be dominated by PBT crystallization®>®®'*, which
prevents significant phase dissolution and ‘locks in’
the biphasic morphology developed during melt
blending®®®1>!3.  The size-scale of this biphasic

*To whom correspondence should be addressed

morphology decreases significantly upon the advent
of interfacial transesterification between the homo-
polymersu, due to the formation of AB-copolymersz’g,
which act to reduce interfacial tension in the melt. In
addition, the propensity of PBT to crystallize is reduced
via extensive transesterification, until eventually the
blend is transformed into an amorphous, homogeneous
mixture>*!? comprising homopolymers and various
(AB),, multiblock copolymers. In this paper, the results
of simultaneous small angle X-ray scattering (SAXS)/
wide angle X-ray scattering (WAXS)/differential scan-
ning calorimetry (d.s.c.) studies of crystallization during
thermal cycling of a reactive PV-PBT blend are
presented, and the effects of transesterification on
structure development are outlined and discussed.

EXPERIMENTAL

A 50/50 w/w blend of PC (Makrolon 2405, ex. Bayer)
and PBT (Pocan B1505, ex. Bayer) was prepared by melt
blending in a Brabender PL2000 plasticorder fitted with
a W50 mixing chamber. Rotor speed, mixing time,
chamber temperature and fill ratio were maintained,
respectively, at 75 rpm, 2min, 230°C and 0.8 (based on
measured melt density). Transesterification was promoted
by incorporating an alkyl titanium catalyst (tetrakis(2-
ethyl-hexyl)titanate, Tyzor TOT, ex. Du Pont), the
addition level of which was calculated to give 200 ppm
titanium in the blend, based on the percentage of
titanium in TOT. Organic titanates are efficient
transesterification catalysts”, widely used for the
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Figure 1 Experimental set up for simultaneous SAXS/WAXS/d.s.c.
on beamline 8.2 of the SRS at the CLRC Daresbury laboratory
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Figure 2 D.s.c. heating and cooling curves for a catalysed (200 ppm)
50/50 PC-PBT blend

manufacture of PBT!, which also gromote melt
transesterification between PC and PBT*>*'?. A Cam-
bridge stereoscan 250 scanning electron microscope
(SEM) was used to obtain micrographs of blend

I(q)q2 / arbitrary units

structures. Samples for SEM were first cryo-fractured
from liquid nitrogen, then the fracture surfaces were
placed in dichloromethane (a good solvent for PC) for
1h at room temperature, dried, and coated with gold/
palladium alloy. D.s.c. measurements were made using a
Perkin Elmer DSC7, calibrated using indium and zinc
standards. Samples (5 mg), were encapsulated in alumi-
nium pans and heated between 50 and 250°C at
20°Cmin~" under flowing nitrogen, with an empty
sample pan as an inert reference. To provide more
information on the changes occurring within the blend
as transesterification proceeds, simultaneous SAXS/
WAXS/d.s.c. measurements were made on beamline
8.2 of the SRS at the CLRC Daresbury laboratory, the
experimental set-up for which, shown schematically in
Figure 1, has been described in detail elsewhere's.
Specimens of PBT and the blend were prepared for
SAXS-WAXS by encapsulating a thin slice of material
(= 0.5mm thick) in a d.s.c. pan fitted with mica
windows. The pan was inserted into a Linkam d.s.c.
apparatus of the single-pan design that has been
described in detail elsewhere'®. Specimens were heated
and cooled at 20°C min~! between 30 and 250°C, with a
Imin hold period at the maximum and minimum
temperature.

RESULTS AND DISCUSSION
Differential scanning calorimetry

The blend exhibited significant decreases in the
endothermic (crystalline melting, 7,,) and exothermic
(crystallization, T,) peak temperatures and the degree of
crystallinity (as indicated by the peak areas) upon
thermal cycling between 30 and 250°C (Figure 2). This
behaviour may be attributed to an increase in the degree
of tranesterification, producing significant quantities of
statistical and short random-block copolymers, which
inhibit crystallization. The blend showed no discernible
glass transition until the final (fifth) heating cycle, in

0.011 /A

0.159

Figure 3 Three-dimensional relief diagram and the corresponding contour plot of time-resolved SAXS data during melting and recrystallization of
PBT over four thermal cycles 30-250-30°C at a ramp rate of 20°C min~'. For ease of interpretation the time axis has been converted into temperature,
to give plots of Lorentz-corrected intensity 7(g, t)q2 vs scattering vector, ¢, vs temperature, 7'
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Figure 4 Three-dimensional relief diagram and the corresponding contour plot of time-resolved SAXS data (I(g, f)¢* vs scattering vector, g, Vs
temperature, T'), during melting and recrystallization of a 50/50 PC—-PBT blend over four thermal cycles
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Figure 5 Three-dimensional relief diagram and the corresponding
contour plot of time-resolved WAXS data (7(26, 1) vs scattering angle,
26, vs temperature, T) during melting and recrystallization of PBT over
four thermal cycles. The contour plot is labelled with the 010, 100 and
111 reflections of the triclinic PBT crystals

which a broad, shallow endothermic baseline shift
beginning at ~90°C was evident. This value for the
glass transition temperature (7,) agrees well with the
value of 86°C predicted by the Fox equation for a
homogeneous 50/50 PC~PBT material'?.

SAXS/WAXS

The SAXS data, obtained during thermal cycling of
PBT and the 50/50 blend, are illustrated as three-
dimensional plots and corresponding contour plots in
Figures 3 and 4, respectively. Plots of Lorentz-corrected
SAXS intensity I(q, 1)¢* vs scattering vector () vs time
(¢) are shown in Figures 3a and 4a, respectively, and the
corresponding intensity contours in Figures 3b and 4b,
respectively. Similarly, the WAXS data of PBT and the
50/50 blend are illustrated as three-dimensional plots of
the WAXS intensity (26, ¢) vs scattering angle (26) vs ¢
in Figures 5a and 6a, with the corresponding intensity
contours in Figures 5b and 6b. In each case, in Figures
3-6, the time axis has been labelled in terms of
temperature.

The SAXS and WAXS data for PBT (Figures 3 and 5,
respectively) show four thermal cycles over the experi-
mental range 30-250°C. The first cycle removes the
thermal history of the as-received PBT and produces a
homogeneous melt at 250°C. Over the three cycles which
follow, the PBT exhibits excellent reproducibility
throughout the crystallization and melting processes,
with no discernible degradation. The SAXS data
illustrate the morphological complexity of the recrystal-
lization and melting processes. Thus, during the early
stages of recrystallization (200—140°C) the SAXS inten-
sity increases rapidly then drops slightly (140-30°C),
whilst throughout the temperature interval 200-30°C,
the peak position (designated ¢*) moves to larger values
of ¢, that is, smaller long-spacings. The phenomena
accounting for this change in ¢* are due to the
fractionation processes that occur during crystal-
lization?® which result in the formation of progressively
thinner lamellae as the melt is cooled below 7,. The
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Figure 6 Three-dimensional relief diagram and the correspondmg contour plot of time-resolved WAXS data (/(26, 1) vs scattering angle, 26, vs
temperature, 7') during melting and recrystallization of a 50/50 PC—PBT blend over four thermal cycles

three-dimensional WAXS data show the variations in
the intensities of the sharp 010, 100 and 111 reflections of
the triclinic PBT crystals which occur during the thermal
cycles due to melting and recrystallization.

The SAXS and WAXS data for the blend (Figures 4
and 6, respectively) again show four thermal cycles over
the experimental range 30-250°C, with the first cycle
removing the thermal history of the melt blending
process. Compared to the data for pure PBT (Figure 3),
the SAXS profiles for the blend (Figure 4) exhibit lower
intensity maxima at smaller values of ¢*. This is shown
more clearly in Figure 7, which is a plot of Lorentz-
corrected intensity versus scattering vector for both the
PBT and the blend at the same temperature (~160°C)
during the second cycle. The scattering peak for the
blend can be seen to be much broader (Ag/q" = 2,
Ag = peak width at half maximum peak height) and
more shallow than the peak for PBT (Ag/q" =~ 1.5). The
interdomain spacings (d ) of the PBT and the blend were
calculated from the scattering maxima using Bragg’s law
(d =2n/q") to give long-spacing values of d (PBT) =
157A and d (blend) = 209 A. In contrast to the pure
PBT, Figure 4 (cycle 2) shows the peak position in the
blend to be relatively static in the later stages of crystal-
lization, indicating that the presence of PC has significantly
retarded crystallization at lower temperatures (<160°C).
In addition, during cycles 3 and 4 transesterification
inhibits crystallization further, with the SAXS peak
intensities (Figure 4) showing marked decreases. Com-
pared to the data for pure PBT (Figure 5) the three-
dimensional WAXS data for the blend (Figure 6) show
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Figure 7 Lorentz-corrected intensity versus scattering vector for both
the pure PBT and the 50/50 PC—PBT blend at the same temperature
(~160°C) during the second cycle

reduced peak intensities during cycle 2, which then decrease
further during cycles 3 and 4 due to transesterification.
The scattered intensity from SAXS can be related
to the degree of crystallization via the relative invariant,
Q', which is linear in the electron density difference (r°)
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Figure 8 Temperature-dependence of the SAXS invariant, Q’, during
melting and recrystallization over four thermal cycles for (a) the pure
PBT, and (b) the 50/50 PC-PBT blend

between the crystalline and amorphous phases and
quadratic in the volume fraction of crystals ¢, giving
Q' = ¢(1 — $)(n*). Values of Q' were calculated via
Simpson’s rule integration of the (g, t)q2 Vs ¢ curves
between the experimental limits of the first and last
reliable data points (i.e. from ¢ = 0.01 t0 0.18 A™h. Plots
of Q' vs temperature for the PBT and the blend are
shown in Figures 8a and 8b, respectively. The Q' data for
the PBT (Figure 8a) again shows the good reproducibility
in melting and recrystallization behaviour achieved over
four thermal cycles. The initial melting behaviour of the
as-received PBT (cycle 1) reflects its different thermal
history, but during all four cycles the PBT exhibits a
rapid decrease in Q' due to melting at T, ~ 220°C, and a
corresponding increase in Q' at T, ~ 200°C as recrys-
tallization occurs. In addition, the glass transition of the
PBT is evident as a change in slope of the invariant
curves at T, ~ 40°C. In the absence of phase changes,
this is due to the change in slope of the expansion
coefficient of the amorphous phase, c.f. the crystalline
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Figure 9 SEM micrographs of solvent-etched blends: (a) with no
added catalyst; (b) after the addition of catalyst during melt blending
but before thermal cycling

phase. The Q' data for the blend (Figure 8b) illustrates
well the effects of transesterification. The initial heating
cycle of the blend (cycle 1) shows melting at T, = 215°C,
recrystallization at T, ~ 200°C and two glass transitions;
a broad change in slope beginning at ~60°C attributed to
a PBT-rich phase, and a higher temperature transition at
~150°C attributed to a PC-rich phase. However, over the
next three thermal cycles the blend exhibits only one
discernible glass transition, which shifts from ~60°C to
~90°C as a result of transesterification. Transesterifica-
tion also has significant affects on melting and
recrystallization behaviour. Thus, over the four thermal
cycles the degree of crystallinity (indicated by the
value of Q') is reduced, and the values of T, and T,
are seen to decrease by approximately 20°C and 10°C,
respectively.

The effect of transesterification on blend morphology
is illustrated clearly in Figure 9, which shows SEM
micrographs of solvent-etched blends with no added
catalyst (Figure 9a), and after the addition of catalyst
during melt blending but before thermal cycling
(Figure 9b). The uncatalysed blend exhibits a relatively
coarse bicontinuous morphology in which the PC-rich
phase has a size-scale of between 5 and 10 ym, whereas
the catalysed blend shows a much finer, sub-micron,
bicontinuous morphology. As thermal cycling proceeds
the morphology of the blend is not amenable to solvent
etching, first becoming resistant to the solvent, then
completely soluble. This change in solubility with
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increasing transesterification has been ascribed® to
the formation, at low degrees of reaction, of block
copolyesters with reduced solubility followed, at higher
degrees of reaction, by completely soluble statistical
copolymers.

The significant decrease in phase size-scale between
Figures 9a and 9b may be ascribed to interfacial
transesterification between the homopolymers in the
melt, resulting in the formation of AB-copolymers which
act to reduce interfacial tension between the immiscible
phases and produce a finer structure?'. Melt transesteri-
fication will also have a significant effect on the kinetic
competition between the processes of phase dissolution
and PBT crystallization, which initiate as the melt is
cooled below Tg(= 200°C) and T,,(= 220°C), respec-
tively. In uncatalysed blends, crystallization is by far the
quicker process and rapid solidification of the PBT-rich
phase will limit phase dissolution to the interfacial
regions. However, the much finer morphology which
results from interfacial reaction will increase interfacial
area within the blend, allowing phase dissolution to
compete with crystallization and produce a significant
volume of phase-mixed interphase material. As extensive
transesterification also reduces the propensity of PBT to
crystallize, eventually the ‘blend’” will be transformed
into an amorphous, homogeneous mixture comprisin;
homopolymers and various AB-type copolymers'Z.
This scenario is consistent with the results obtained in
this study, particularly the d.s.c. and SAXS invariant
data (Figures 2 and 8b, respectively). These data show a
progressive reduction in crystallinity with increasing
transesterification and the development of a distinct
mixed-phase glass transition at ~90°C.

SUMMARY AND CONCLUSIONS

The crystallization behaviour of pure PBT and a 50/50
PC-PBT blend with added transesterification catalyst
were studied using d.s.c. and simultaneous synchrotron
SAXS/WAXS/d.s.c. Both techniques showed pure PBT
to exhibit highly reproducible crystallization behaviour
during repeated thermal cycling between 30 and 250°C.
In comparison, SAXS data showed the presence of PC in
the blend to significantly retard the crystallization of the
PBT, particularly at temperatures <160°C.

Interfacial transesterification between the homopoly-
mers in the melt produced a significant retardation of
PBT crystallization in the blend. Thus, WAXS data
showed reduced peak intensities upon thermal cycling
between 30 and 250°C. Whilst d.s.c. and SAXS invariant
data displayed a progressive reduction in the degree of
crystallinity and the melting (T,,) and crystallization (7,)
temperatures with increasing transesterification, and the
development of a distinct mixed-phase glass transition at
~90°C which agrees well with the value of 86°C predicted
by the Fox equation for a homogeneous material.

SEM showed transesterification to have a significant
effect on blend morphology. Whereas an uncatalysed
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blend exhibited a relatively coarse (~10 um) bicontinuous
morphology, a catalysed blend had a much finer, sub-
micron, bicontinuous morphoelogy, resulting from the
formation of AB-copolymers which reduce interfacial
tension between the immiscible phases in the melt. A
scenario was proposed in which the finer morphology
resulting from interfacial reaction promoted phase
dissolution as the blend cooled, at the expense of PBT
crystallization. Eventually, transesterification will com-
pletely inhibit crystallization, and phase dissolution will
transform the ‘blend’ into an amorphous, homogeneous
mixture comprising homopolymers and various AB-type
copolymers.
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