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Synopsis

Melt blends of bisphenol A polycarbonate with poly(butylene terephthalate) were studied by DTA
and dynamic mechanical behavior to determine their state of miscibility. Both techniques showed
multiple glass transitions indicative of incomplete miscibility in the amorphous phase. However,
these transitions in some cases did not correspond to those in the pure components and varied with
overall blend composition in some instances. This indicates that there are amorphous phases con-
taining both components, i.e., partial miscibility. This view was supported by the crystallization
behavior of the polyester. Two crystallization exotherms were observed for quenched samples, which
is interpreted as polyester crystallization from two separate phases, one richer in this component
than the other. Other interpretations of these results are discussed.

INTRODUCTION

Recently, it has been observed! that a number of polyesters show varying de-
grees of partial miscibility or total miscibility with the polycarbonate based on
bisphenol A. This behavior is quite interesting because of the potential appli-
cations of such blends. In this series of papers, the detailed results from a con-
tinuing investigation of polyester—polycarbonate blends is presented. The main
purpose is to use transitional and crystallization behavior to gain insight into
the state of miscibility of these systems and how this is affected by the chemical
structure of the polyester.

This paper deals with the relatively new engineering thermoplastic poly-
(butylene terephthalate) (PBT). A brief scan of the trade and patent literature
suggests that there is considerable commercial interest in blends of PBT with
polycarbonate (PC)2-7; however, there appear to be no reports of a fundamental
nature about these blends. As shown here, PC-PBT blends are certainly not
totally miscible, although there is a definite degree of partial miscibility which
may serve some useful purposes. Later papers will give results for other poly-
esters that exhibit a greater degree of miscibility, including complete miscibility,
with PC.

* Present address: Exxon Chemicals USA, Baton Rouge, Louisiana 70821.

Journal of Applied Polymer Science, Vol. 22, 2155-2164 (1978)
© 1978 John Wiley & Sons, Inc. 0021-8995/78/0022-2155%$01.00



2156 WAHRMUND, PAUL, AND BARLOW

EXPERIMENTAL

Both polymers used in this study were commercial products supplied by the
General Electric Company. The PC was Lexan 310 while the PBT was Valox
310. Both polymers were dried at 120°C for 2 hr prior to melt processing in order
to avoid degradation by water.

Melt blending was done in a Brabender Plasficorder at 250°C for 10 min. By
this time the torque had stabilized. In certain cases the polymers were slightly
discolored. This processing temperature was selected because it is above the
232°C melting point of PBT. While the melting point of PC is reported to be
267°C, this polymer was never observed to crystallize in this study.

During melt mixing, pure PC and PBT were quite transparent, as were blends
containing 10% and 75% by weight of PBT. The adjacent compositions, 20%
and 50% PBT, had a satiny appearance and were opaque. Blends between these
limits, containing 30% and 40% PBT, were light brown in color and were trans-
lucent to opaque in clarity.

After mixing was completed, the melt was transferred to a compression mold
preset at 250°C where a Lg-in. sheet was formed and subsequently cooled to room
temperature. Sheets containing more than 30% PBT were opaque. The 30%
PBT sheet ranked between translucent to opaque. The 20% PBT sheet was
virtually transparent though somewhat hazy. The 10% PBT sheet was as
transparent as the pure PC sheet. Interestingly, however, small specimens of
every composition, except pure PBT, were clear after quenching into liquid ni-
trogen from the melt. These samples remained clear for the several months they
were observed.

DTA RESULTS

Blends prepared by the procedures described above were examined by dif-
ferential thermal analysis in order to establish their glass transition, melting,
and crystallization behavior. For many of these observations, cyclic heating at
10°C/min to 250°C and cooling at 20°C/min to —120°C was used. In these cases,
the identical results obtained on all heats after the first are of interest. However,
for selected quenched or annealed samples only the first heat is of interest.

The upper eight thermograms of Figure 1 are typical representations of cyclic
heating experiments for various compositions in this system. The pure PC
showed a T at 145°C and no evidence of melting even when heated to higher
temperatures. The pure PBT showed a T, at 36°C and a T, of 232.5°C using
the cyclic heating and cooling schedule. The location of the T, and its shape
varied with prior history, but cyclic heating gave rather reproducible values.
Frequently, first heats showed a crystallization exotherm, although for pure PBT
none was observed on subsequent cyclic heatings.

All blends showed evidence of PBT melting. The location of this melting
endotherm remained nearly the same as that of pure PBT until about 50% PC
was added. The lower part of Figure 2 shows that further PC addition results
in a slight lowering of the PBT melting point; however, at 90% PC this reduction
is only 4.5°C. Each point shown there is the average of four to 12 observations,
with the range of deviations being typically £2°C from the average.

The area of this endotherm peak, in arbitrary units adjusted for sample size,
is shown in the upper part of Figure 2. These data lie near the straight line
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Fig. 1. DTA thermograms for various PC-PBT blends at heating rate of 10°C/min. Upper curves
obtained after cooling at 20°C/min, while lower ones used samples quenched from the melt into liquid
nitrogen.

connecting the extreme points. There seems to be a trend in the departures from
this line, but no reason for this can be offered if, in fact, this trend is significant.
Observations about the kinetics of crystallization from these blends will be dis-
cussed later.

Certain glass transition features of these blends are evident from the ther-
mograms shown in Figure 1; however, separate thermograms run on a more
sensitive scale prior to melting form the basis for the following discussion. All
blends showed some evidence for at least two glass transitions. Blends con-
taining only 10% and 20% PBT showed very distinct glass transitions similar to
that of pure PC, except that these were lower by 17° and 36°C, respectively.
These transitions might intersect with the T, = 36°C of PBT if this trend with
composition were continued (see upper part of Fig. 3). However, a similar
transition for the 30% PBT was observed at the higher temperature of 125°C.
Blends with higher PBT content showed a similar transition at about the same
temperature (upper curve in top part of Fig. 3) which decreased in magnitude
with increasing PBT content as shown in the bottom part of Figure 3.

The 75% PBT blend showed a very distinct transition similar to the PBT T,
only shifted upward by 13°C. This transition falls on the central curve in the
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Fig. 2. Melting behavior of PC-PBT blends on cyclic heating.
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top part of Figure 3 which connects simply with the similarly distinct transitions
for the 10% and 20% PBT blends. Blends containing less PBT exhibited tran-
sitions at a similar temperature which decreased in intensity as the PBT content
decreased. The lower curve in the top part of Figure 3 shows the temperature
at which this transition occurred. The magnitudes of all transitions are shown
in the lower part of Figure 3, using symbols that key them to their temperature
locations given in the top part of this figure. Evidently, every blend contains
at least two amorphous phases. However, since their T,’s do not correspond
to pure PBT or PC as shown in Figure 3, these phases are evidently mixtures of
the two polymers.

In addition to these two amorphous phases, there is a crystalline phase of
presumably pure PBT. The kinetic characteristics of PBT crystallization from
these belnds provide some additional information in support of the partial
miscibility picture indicated above. First, it is interesting to note that each blend
shows a crystallization exotherm on heating at 10°C/min after cooling at
20°C/min (see upper thermograms in Fig. 1). Pure PBT does not show this.
Evidently, PBT crystallizes more slowly from the blends as would be expected
from a mixed amorphous phase. Because of this delay in crystallization, the
amount of crystallinity in the region of the observed T} ’s is less than that indi-
cated in Figure 2. This fact complicates any conclusions about the amount of
the amorphous phases that might be inferred from the magnitudes of the various
T,’s shown in Figure 3.

First heats of blends quenched from the melt into liquid nitrogen shown in
the lower part of Figure 1 also show some interesting insights into the crystalli-
zation process. Pure PBT when so quenched shows a crystallization exotherm
on heating immediately following its T;. Each blend, however, shows two
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Fig. 3. Glass transitions and their magnitudes observed during cyclic heating of PC-PBT blends.
Symbols key magnitudes and temperature locations.

crystallization exotherms (see Fig. 1). The first occurs following the lower T},
and apparently represents PBT crystallizing from a PBT-rich phase. The
second occurs after the higher T,; and evidently represents PBT crystallizing
from a PC-rich phase.

During the cycled DTA runs, only one exotherm was observed. Evidently,
the crystallization from the PBT-rich phase was able to occur during the slower,
20°C/min, cooling. In these cases, the average ratios of the single exotherm area
to the endotherm area were 0.84 for the 10% PBT blend and 0.90 for the 20% PBT
blend, dropped to 0.33 for the 30% blend, and gradually decreased to zero as PBT
content increased further.

Annealing at 175°C for 10 min allowed maximum crystallinity to develop in
a 20% PBT blend. A subsequent thermogram showed no crystallization peak
at all. The higher T, was shifted upward to almost that of pure PC and was
reduced in magnitude to about 90% of that for PC. Evidently, the amount and
composition of each of the two amorphous phases are strong functions of prior
thermal history.

RESULTS FROM DYNAMIC MECHANICAL TESTING

Thin films pressed from the sheets described earlier were used to obtain dy-
namic mechanical properties at 110 Hz via a Rheovibron. These samples were
annealed at 120°C for 30 min. This was done to ensure a uniform thermal history
and to prevent crystallization from occurring during testing which would obscure
the results. Thus, these results are not expected to be directly related to the DTA
findings because this procedure alters the phase compositions as described earlier.
The nature of the two techniques makes this unavoidable.
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Pure Components

Figures 4 and 5 show plots of E’, E”, and tan é versus temperature for pure
PC, pure PBT, and selected blends obtained here. For each of the pure polymers
there are two prominent peaks or relaxations in the range of temperature shown.
For polycarbonate, the highest temperature peak corresponds to the glass
transition and is found at approximately 150°C on the E” curve and at 158°C
on the tan é curve. Above 150°C, the tan 6 readings were beyond the range of
the Rheovibron; however, it was possible to follow these values qualitatively (see
dashed lines) in order to locate the peak positions on the temperature scale. A
lower temperature peak appears at —70°C on both the tan é and E” curves for
PC.

The relaxations of PC have been reported on extensively.812 The locations
of these processes on the temperature scale described above agree well with the
observations of others when compared at the 110 Hz used here. In one inter-
pretation, the lower temperature relaxation at —70°C has been attributed to
motions of the carbonate group?; however, others® have questioned this simple
picture.

The PBT sample shows a high temperature relaxation at 60°C on the E” curve
and at 70°C in terms of tan 6. A low-temperature relaxation occurs at —70°C
on the E” curve and at —67°C on the tan é curve. The relaxation behavior of
various poly(methylene terephthalates) has been the subject of numerous in-
vestigations®13-20; however, poly(ethylene terephthalate) is the most widely
studied member of this homologous series. For poly(butylene terephthalate),
the higher temperature relaxation is the result of the glass transition. Evidently,
its location may be affected by the level and nature of the crystallinityl® and
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Fig. 4. Rheovibron storage and loss moduli at 110 Hz for PC, PBT and selected blends obtained
on annealed samples. Some blend results omitted for clarity.
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Fig. 5. Tan 6 curves (shifted for visual display) corresponding to moduli data in Figure 5. All
blend data are shown here.

perhaps molecular orientation, as is well established for poly(ethylene tereph-
thalate). The lower temperature relaxation apparently arises from motions of
various chemical groups in the chain and may be the result of several overlapping
processes. The locations of these peaks on the temperature scale reported here
agree rather well with those observed by others.

There is evidence that sorbed water affects the location of the relaxations of
polyesters.16 However, the annealing procedures used here should have elimi-
nated most of this water from the present samples so that this should not be a
factor.

Blends

The low-temperature peaks for PBT and PC are similar in shape and location.
Thus, it is not surprising to see in Figures 4 and 5 that each blend shows a similar
relaxation whose temperature location is essentially independent of PBT con-
tent.

However, the higher-temperature peaks for the blends show interesting trends
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that approximately parallel the results from DTA measurements. Each blend
shows a peak similar to the glass transition of PC, indicating the presence of an
essentially pure polycarbonate phase. The magnitude of this peak steadily
decreases as the PBT content increases but occurs at about the same temperature
as in pure PC (see solid points in Fig. 6). Blends rich in PBT show a peak similar
to the high-temperature transition of PBT but about 15°C or so higher. As the
PBT content is lowered, this peak rapidly becomes smaller and is only a shoulder
at 40% PBT. For blends more dilute in PBT, there is only a faint bump in this
region. The open circles in Figure 6 show the approximate location of this
transition for each blend. Its elevation in temperature, compared to PBT,
suggests that it results from an amorphous phase rich in PBT with a nearly
constant amount of PC when the total PBT content is below 75%.

A very intriguing feature of these data is a new peak intermediate between the
two described above. It does not seem to be present in the 75% PBT blend, but
at lower levels it is plainly evident (see especially the 40% PBT curves for E” and
tan é in Figs. 4 and 5). The approximate location of this new peak is shown by
the open squares in Figure 6 as a function of the total PBT content of the blend.
Evidently, this peak is indicative of an amorphous phase containing both PC and
PBT in proportions that depend on overall blend composition.

The lines shown in Figure 6 have been drawn to suggest how these various
transitions might be related. On this basis, there would appear to be three
amorphous phases in these samples at least in the middle of the composition
range. One appears to be rather pure PC. Another seems to contain a constant
but high proportion of PBT. The third contains both polymers in proportions
more or less similar to the overall blend composition. At either extremity there
may be only two phases; however, this apparent result may stem from an inability
to resolve three peaks.

Although this picture qualitatively parallels that developed from the DTA
results (compare Figs. 3 and 6), the two are not identical in detail. Because of
the different thermal treatments, the phase compositions and proportions ac-
tually tested by the two techniques are probably different as discussed previously.
It is quite probable that neither reflects an equilibrium situation. However, both
conclusively show that there are multiple amorphous phases in this system some
of which contain presumably homogeneous mixtures of the two polymers.
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Fig. 6. Location of various relaxation peaks for annealed PC-PBT blends.
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SUMMARY

Amorphous blends of miscible polymers are expected to show a single T,
dependent on composition, located intermediate between the T’s of the pure
components.2l If one of the components is crystallizable, a portion of this
component will usually form a separate, purely crystalline phase when thermo-
dynamic and kinetic conditions permit.?2-2¢ Thus, the T; behavior should reflect
the state of mixing in the remaining amorphous phase, and ideally the melting
point of the crystalline phase will be depressed by its equilibrium with this
phase.23.2¢ The observations reported here for blends of poly(butylene ter-
ephthalate) with polycarbonate suggest that this system shows more than one
amorphous phase containing essentially pure components in some cases but
mixed phases in the other. This conclusion is based primarily on the location
of multiple glass transitions some of which do not correspond to either pure
polymer and depend on overall blend composition in some instances. This view
is supported by observations of the crystallization behavior of PBT using simple
hypotheses. The PBT melting point is slightly depressed for blends rich in PC.
However, this fact cannot be easily interpreted as a classical depression by a
diluent because of the sensitivity of the pure PBT melting point to various factors
and the complex number and nature of any amorphous phases with which
crystalline PBT might be in equilibrium.

It would be interesting to develop a complete phase diagram to describe this
picture of partial miscibility of the amorphouse phase; however, this has not been
possible from the present results. One might use simple assumptions to make
rough quantitative estimates of the composition of the amorphous phases based
on the glass transitions they exhibit. However, in the present case the compo-
sitions of these phases deduced in such a manner changed considerably with
previous thermal history. Very likely, true equilibrium between these phases
was not established. One might speculate that either upper or lower critical
solution temperatures exist in this system. If they do, their presence has been
obscured in the present study by their relation on the temperature scale to the
melting point and glass transitions.

Other interpretations of the present observations may be possible. Certainly,
one theoretical possibility is that chemical reactions may occur between a po-
lycarbonate and a polyester during high-temperature melt processing. For ex-
ample, one might propose that some type of interchange reaction occurs which
in the extreme case would result in a random copolymer that shows a single 7',
depending smoothly on blend composition. In less extreme cases, such a reaction
might not go to completion but would produce multiple phases with intermediate
glass transitions or procduce blocklike copolymers. Any extensive chemical
reaction of this type would certainly make a dramatic reduction in the observed
melting point or produce multiple melting points. This was not observed here.
Subsequent papers in this series will address such chemical possibilities in greater
detail. At the present time there is no evidence for any substantial effect of such
reactions, and the presently offered explanation in terms of partial miscibility
is preferred.
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