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ABSTRACT:

The phase behavior and the interchange reactions in binary blends composed of poly(butylene terephthalate)

(PBT) and two poly(ester-carbonate) (PEC) copolymers were studied by differential scanning calorimetry (DSC). Results of
thermal transitions of the blends indicated that the miscibility level depends on the preparation method used. Melt-mixed and
precipitated blends appeared monophasic, while those prepared by casting were phase separated. Interchange reactions
progressively developed in the blends when they were maintained in the melt state for increasing periods of time.
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Polymer blends are at present one of the most active
investigation fields in polymer science and technology.
This is a consequence, among other reasons, of the pos-
sibility to select a desired combination of the properties
of the blend constituents provided by these polymeric
systems.

Polyester blends have been extensively studied by a
great number of investigators.!*? Different miscibility
and property levels have been found for these blends.
Moreover, interchange reactions and their effect on phase
behavior and properties of the blends have been analyzed
in some cases. Among the second components, the most
relevant are other polyesters, polycarbonates, poly-
amides, and the poly(hydroxy ether of bisphenol A).*2

Poly(butylene terephthalate) (PBT) is an engineering
semicrystalline polyester with a broad range of perfor-
mance characteristics, such as high heat resistance,
strength and toughness, chemical and water resistance
and lubricity, among others. It is used in practically all
materials-consuming industries.

Poly(ester-carbonate) (PEC) copolymers are thermo-
plastic amorphous materials obtained generally by
polycondensation of bisphenol A and derivatives of
isophthalic and terephthalic acids and carbonic acid
derivatives.®> As a consequence of copolycondensation,
the following chemical structure is obtained:
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Polycarbonate Aromatic polyester

These materials may be consequently considered as
copolymers of bisphenol A polycarbonate and the
polyarylate of bisphenol A and isophthalic/terephthalic
acids. They show a set of properties similar to that ex-
hibited by bisphenol A polycarbonate, with the ex-
ception of a higher thermal stability due to the presence
of the more rigid aromatic ester units. This thermal
stability increases as the content of aromatic ester units
in the copolymer increases.

The importance of the blends of PBT with both of
the components of the PEC is proved by the extensive
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investigation on blends composed of PBT and bisphenol
A polycarbonate* ~ 2% or the polyarylate of bisphenol A
and 50/50 isophthalic/terephthalic acids.2® ™3¢ Blends of
PBT with another polyarylate of a different composition
have been also studied.?’ *° PBT/bisphenol A poly-
carbonate blends have been characterized as partially
miscible, while PBT/polyarylate blends are totally mis-
cible. The existence of interchange reactions between
blend components in both PBT-based systems has also
been demonstrated. Moreover, ternary blends of poly-
arylate/polycarbonate/PBT have been found to be
monophasic or biphasic depending on the content of the
three polymers in the blends.*!

Blends of poly(ethylene terephthalate) with PEC co-
polymers composed of 1:2 terephthalic and bisphenol
A residues linked by ester and carbonate linkages have
been studied by Aharoni.#?*3 Patents refering to blends
of PEC with poly(alkylene terephthalates) have been
registered.***> However, to our knowledge, no sys-
tematic study has been carried out on the phase behavior,
interchange reactions and properties of PBT/PEC blends.
Hence, in this work, we have carried out a study of the
phase behavior and the interchange reactions by DSC in
blends comprising PBT and two PEC copolymers of
different compositions, and prepared by different meth-
ods. In a following paper we will analyze the properties
of these blends.

EXPERIMENTAL

The polymers used in this work were commercial
products. PBT was Arnite T06-200 (Akzo) and was
supplied by La Seda de Barcelona, S.A. (Spain). Its
number-average molecular weight, determined by vis-
cosimetry in a phenol-tetrachloroethane (60 :40) mix-
ture at 25°C, using the equation®®:

[M]=2.15x10"4M,°%2 (dLg '),

was 28400. The PEC copolymers were kindly supplied
by Bayer Hispania, S.A. (Barcelona, Spain) under the
trade names APEC 9306 and APEC 9310. They will be
called respectively PEC-C and PEC-E. The composition
of the PEC copolymers used in this work was determined
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by FTIR spectroscopy (Nicolet SDXC), using the car-
bonyl absorption bands of the carbonate group (which
appears approximately at 1775cm ') and of the aromat-
ic ester group (at 1740cm™!). A calibration curve was
constructed by recording the FTIR spectra of films of
bisphenol A polycarbonate/polyarylate mixtures pre-
pared by casting from chloroform solutions with com-
positions covering the whole range between pure poly-
carbonate and pure polyarylate. The calibration curve
was a plot of the ratio between absorbances of the car-
bonate and ester groups, against the composition of the
mixture. From the spectra obtained for films of PEC co-
polymers, it was found that PEC-C has approximately
42% aromatic ester groups, so that carbonate groups
form the majority, while PEC-E contains 70% aromatic
ester groups. The intrinsic viscosities of the copolymers,
measured in THF at 25°C, were [#]=0.546dL g~ ! and
[#1=0.551dL g ! for PEC-C and PEC-E respectively.

PBT/PEC blends in all the composition range were
obtained by melt mixing in a Brabender mixing head.
Blend components were previously dried in vacuo at 80°C
for 24 hours to prevent degradation reactions caused
by moisture. Blending was carried out at 250°C and
30rpm for 12min, the time at which a steady torque
was obtained. The blends were subsequently compres-
sion molded at 250°C, using a Schwabenthan Polystat
200 T press. After molding, the sheets (thickness: 1 mm)
were immediately immersed in cold water.

PBT/PEC blends were also obtained, both by casting
from solutions of both components in adequate propor-
tions in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP), and
by a solution/precipitation method in phenol/methanol.
The films and precipitates obtained in each case were
dried in vacuo at 80°C for 48 hours.

Calorimetric analyses as well as interchange reactions
in the blends were performed in a Perkin-Elmer DSC 7
calorimeter. Heating scans were carried out at a scan
rate of 20°C min ™!, under a nitrogen atmosphere. The
glass transition (7,), crystallization and melting tempera-
tures (7, and T, respectively) as well as the crystallization
and melting heats (AH, and AH, respectively) were
obtained in the usual way. All transitions were deter-
mined from the second scan. A first scan was carried
out from 10°C to 250°C, followed by cooling to 10°C
at approximately 100°C min~!. This was made in order
to homogenize the thermal histories of the samples to
make possible the comparison between the results ob-
tained. When interchange reactions were studied on pre-
cipitated samples, the thermal treatments in the melt
state were carried out between the first and second scans.

RESULTS AND DISCUSSION

Melt Mixed Blends

Transparency was the first text made of the miscibility
of the blends. All melt-mixed blends were transparent in
the melt state, irrespective of the type of PEC copolymer
and of the blend composition. In the solid state, PEC
and PEC-rich blends were transparent, while PBT and
PBT-rich blends were opaque, probably due to cry-
stallinity. The transparency of solid PEC-rich blends and
that observed in the melt for all compositions, point to
the miscibility of both PBT/PEC systems studied in this
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Figure 1. Thermal transitions of melt-mixed PBT/PEC-C blends. (l)
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work.

Calorimetric analysis (DSC) was used to analyze the
phase behavior of the blends. The results obtained in the
second scan for the melt-mixed PBT/PEC-C blends are
shown in Figure 1. PBT/PEC-E blends gave very similar
plots with the only difference of slightly higher (10 to
20°C) T,s on the PEC-rich side. As can be seen, the T,
intermediate between those of the pure components, in-
dicates the existence of a single amorphous phase and
miscibility in both systems.

With respect to the crystallization-melting behavior of
the blends, also seen in Figure 1, only the blends of
intermediate compositions show a crystallization exo-
therm whose T increased clearly with the decrease in the
PBT content in the blends. Finally, the melting endo-
therm of PBT appeared for blends with PBT contents
equal to or higher than 30%. The T,, decreased as the
PBT content in the blend decreased, as expected for a
miscible blend. A small additional exotherm, with an
associated enthalpy lower in all cases than 1Jg~!, ap-
peared before the main melting peak in the case of
blends with a PBT content greater than 60%. This
exotherm may be attributed, following previous works,3°
to the existence of melting-recrystallization processes in
PBT during the calorimetric scan. These processes may
take place only at high PBT contents; thus, as the PEC
content in the blend increases, recrystallization is
hindered, and the exotherm dissappears.

This crystallization-melting behavior may be explained
on the basis of the nature of the blends, as deduced from
the T,s, and of the effect of PEC on the crystallization
of PBT. At high PBT contents, PBT is able to totally
crystallize during cooling in the calorimeter between the
first and the second scans. At intermediate compositions,
PBT does not crystallize totally during cooling and a
fraction of the polymer crystallizes during the calori-
metric scan, giving rise to the observed main exotherm.
At low PBT contents, PEC makes the crystallization
more difficult, hence, the PBT is unable to crystallize
either during the cooling or during the heating scan.

This is confirmed by the representations of the AH,
and AH_, against the blend composition, which are shown
in Figure 2. The behavior of melt-mixed PBT/PEC-E
blends was similar. At high PBT contents, the measured
AH,, corresponds to PBT crystallized during cooling
because AH_x=0, while at very low PBT concentrations,
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Figure 2. Crystallization and melting heats of melt-mixed PBT/PEC-
C blends. ([7) melting heat: (M) crystallization heat.

the AH_ is zero. At intermediate compositions, the
difference AH,~AH_ indicates the PBT fraction that
crystallizes during cooling before the second calorimet-
ric scan. As observed, leaving aside PBT and PBT-rich
blends that do not crystallize during heating, this dif-
ference is clearly higher for the 60/40 blend, indicating
that PBT is also able to crystallize appreciably during
cooling at this composition. On the contrary, the 50/50
and 40/60 compositions are practically unable to crys-
tallize during cooling, so they are obtained in an al-
most amorphous state. In the case of the 30/70 com-
position, a very small melting endotherm is observed,
whereas the crystallization exotherm is not. Crystalliza-
tion probably takes place during cooling.

As can also be seen, the AH,_-composition plot
shows values somewhat higher than the additive ones at
high PBT contents but lower at PBT contents lower
than 50%. Thus, a small favorable effect of PEC on
the PBT crystallization appears at high PBT contents,
similar to that found by Porter er al. in PBT/polyarylate
blends.?® At low PBT contents, however, crystallization
is hindered.

This set of results points to miscibility in the melt-
mixed blends. However, it is known that melt processing
of polyester blends may give rise to the appearance of
block or random copolymers formed by interchange re-
actions between the components. Consequently, DSC
results can lead to erroneous conclusions, so that the ex-
istence of interchange reactions was tested.

In a first attempt to check the existence of interchange
reactions in the blends, solubility tests were carried out,
using chloroform as selective solvent. PBT is insoluble
in chloroform, while PEC copolymers are soluble. In
Figure 3 we show the insoluble fraction in chloroform
of PBT/PEC blends, that should correspond to the PBT
content, as a function of the composition. As it is shown,
insolubility is always greater than that expected for
unreacted blends. This indicates that interchange re-
actions have taken place during processing. According
to previous results®*’ only block copolymers are ob-
tained as a consequence of reactions, that is, reactions
are at the first stages. Provided that the unreacted blends
were not miscible, these block copolymers are expected
to exhibit better mutual miscibility than the unreacted
components*® and could be the reason for the observed
transparency and single 7s. In order to gain insight into
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Figure 3. Insoluble fraction in chloroform of PBT/PEC blends. (O)
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Figure 4. Thermal transitions of PBT/PEC-E blends obtained by
casting from HFP solutions. (B) T,: (@) T,

the miscibility of the blends, they were also obtained by
the most widely used research solution blending method,
i.e., casting, to avoid interchange reactions.

Casting and Solution-Precipitation Mixed Blends

Results of calorimetric analyses of cast blends from
HFP solutions are shown in Figure 4 for PBT/PEC-E
blends. As can be seen, two clear 7,s appeared; the low
T, is fairly constant while the upper T, decreased with
respect to that of the pure PEC as the PBT content in
the blend increased. In PBT/PEC-C blends two T,s
practically constant and similar to those of the pure
components were seen.

These results prove the existence of two phases in these
PBT/PEC-C and PBT/PEC-E systems. The partial
miscibility of PEC-E blends may be attributed to their
greater content of aromatic ester units of the polyarylate,
which is miscible with PBT,?® while polycarbonate is
only partially miscible.*

The crystallization-melting behavior confirmed the
biphasic nature of these blends. As observed in Figure
4 (PBT/PEC-C results were very similar) no crystalliza-
tion exotherms appeared because the PBT was fully
crystallized during cooling, due to the almost complete
absence of PEC in the PBT phase. However, the melting
endotherm appeared in pure PBT and in all blends as
did the premelting exotherm. The decrease of this exo-
therm with increasing PEC contents was smaller than in
melt-mixed blends also because of the absence of PEC.
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Figure 5. Thermal transitions of PBT/PEC-C blends prepared by
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Finally, the AH,, of PBT was practically proportional to
blend composition. All these results agree with the T,
results and are clear evidence of the almost complete
phase separation that exists in the blends after casting.

This different calorimetric behavior of the cast blends
may be due to i) immiscibility, but presence of copoly-
mers from interchange reactions in the melt state that
will homogenize the immiscible blends; or ii) miscibility,
and perhaps reactions in the melt state, but the proc-
ess of blending by solution leading to anomalous mis-
cibility results*® depending on the phase diagram of the
polymer/solvent system. Hence, an additional blending
method, solution/precipitation, was also used.

In Figure 5 we show the thermal transitions obtained
in the second calorimetric scan for PBT/PEC-C blends
prepared by solution solution/precipitation. Very similar
results were obtained in PBT/PEC-E blends. As observ-
ed in Figure 5, a single glass transition which varies
monotonously with blend composition is obtained for
all compositions. This indicates that the precipitated
blends are miscible at a macroscopic level, since the
conditions are not able to give rise to interchange re-
actions.

The rest of the calorimetric results agree with this
explanation because, with the increase in PEC content,
the T increased and the T,;s decreased. The T, of pure
PEC-C and those of the 20/80 and 50/50 blends are lower
than those obtained in the case of melt-processed
materials probably because of the residual phenol. A
similar but less pronounced effect was observed for pure
PEC-C obtained by casting. Phenol was strongly as-
sociated to the polymer, because the T, did not change
after successive calorimetric scans using sample pans with
holes. Thus, the 7, values only indicate miscibility qual-
itatively.

Figure 6 shows the AH, and AH,, of precipitated
PBT/PEC-C blends against composition. The plots of
the PBT/PEC-E blends were similar, the only difference
being that in the 20/80 composition no peaks appeared,
probably due to the greater interactions as a consequence
of the higher content of aromatic ester units. In the
PBT/PEC-C system, only the 50/50 and 20/80 blends
show a crystallization exotherm with a very small
crystallization heat for the 50/50 composition. This in-
dicates difficult crystallization in accord with the mis-
cibility level; that is, more crystallization during the
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Figure 6. Melting ([]) and crystallization (M) heats for PBT/PEC-C
blends obtained by solution—precipitation.

scan than in fully crystallized blends by casting, but less
than in melt-mixed blends where the (20/80) blend was
unable to crystallize due to its reacted nature.

The AH,, shows a behavior similar to that of melt-
mixed blends, although the positive deviation from the
additive values is more important, showing a AH,
absolute maximum. This confirms the existence of a
favorable effect of PEC on crystallization that is not so
clear in melt-mixed blends, probably due to the inter-
change reactions.

Thus, all the calorimetric results clearly indicate that
both PBT/PEC-C and PBT/PEC-E blends are misci-
ble at all compositions. The behavior displayed by
casting-mixed blends is explained on the basis of the
formation of phase separated ternary PBT/PEC/HFP
solutions. On solvent evaporation, miscibilization is
kinetically hindered and, consequently, phase separated
binary blends are obtained. Finally, the single T, after
melt blending is a consequence of the concomitant effects
of both miscibility and interchange reactions. The effect
of these reactions on the thermal properties will be
followed in the next section in the case of the 50/50 blends.

Interchange Reactions

Figure 7a shows the thermal transitions and Figure 8a
the AH_ and AH,, of the precipitated 50/50 PBT/PEC-E
blend as a function of the time in the melt at 250°C. As
observed, the T, shows a slight tendency to increase with
time, probably due to interchange reactions.?® The ini-
tial increase in 7, and the decrease in T,, show the diffi-
culties for the PBT crystallization due to the copolymers
formed by interchange reactions.’%>! The effect is not
very important until a treatment time of 20 min, where
the drastic decrease in both AH, and AH,, indicates
that crystallization is strongly hindered, probably due to
the formation of copolymers with many short PBT se-
quences.

In the case of PBT/PEC-C (50/50) blends, Figures 7b
and 8b, the T, shows a slight tendency to increase at
small reaction times, and to decrease as the time ap-
proaches 60 min. The increase in T, is probably due to
interchange reactions and the decrease at high times
to degradation of the blends that was also seen in other
blends containing condensation polymers.3®-5!

With respect to the crystallization-melting behavior of
the PBT/PEC-C blend, an increase in T, and a decrease
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in T, are observed with increasing treatment time, clear
consequences of the production of copolymers by
chemical reactions. Comparing Figures 7a and 8a with
Figures 7b and 8b, it can be seen that in the untreated
PBT/PEC-C blend, PBT crystallized almost totally
during cooling as seen because of the very low AH_, but
that in the untreated PBT/PEC-E blend, only partial
crystallization took place. This was probably due to the
already commented smaller interactions in the PEC-C
blends and the subsequent smaller hindrance for crys-
tallization. After 5 and 10 min treatment times, the AH,
increased in both PEC’s, indicating that incomplete crys-
tallization took place during cooling. At times greater
than 15 min, AH_ of the PEC-E blend decreased suddenly.
However, in the PEC-C blend, it showed a progressive
decrease parallel to that of the AH,_, which showed a
gradual decrease and appeared always slightly higher
than AH_. This different behavior does not seem to be
due to degradation, since when the more stable ester
structure of the polyarylate®? was in the majority, was
when the effect was observed to be faster. Thus, the effect
seems to be due to a higher reactivity of the ester groups
of PEC-E. This higher reactivity might have been
corroborated comparing blends of PC and PAr with
another second polyester, but the different miscibility
level impeded this.

Thus, the effects of interchange reactions on the
crystallization-melting behavior are progressive in the
50/50 PBT/PEC-C blend and probably at other com-
positions, in opposition to the behavior displayed by the
PBT/PEC-E blend. The reactions hinder crystallization
as seen by the increase in T, and produce less crys-
talline blends and less perfect PBT crystals. Finally, the
earlier effect of reactions in the PEC-E blend indicates
a higher reactivity of the majority ester groups of the
PEC-E.

CONCLUSIONS

Blends composed of PBT and two poly(ester-carbon-
ate) copolymers of different compositions show differ-
ent phase behaviors depending on the mixing meth-
od. Melt-mixed blends appear as monophasic partially
transesterified materials by DSC and solubility tests and
show the hindrance for the PBT crystallization imposed
by the reacted copolymers.

Blends prepared by casting in HFP phase separated,
probably due to the presence of phase separated ternary
solutions in which miscibilization is kinetically hindered
on solvent evaporation. Blends obtained by solution—pre-
cipitation, however, are miscible, as demonstrated by the
appearance of a single T, in the studied compositions.

The crystallization of PBT during cooling is hindered
by the presence of PEC. Hindrance is a function of both
miscibility and reaction levels. Thus, the effect is smaller
in precipitated blends as compared to that found in
melt-mixed blends and does not take place in the phase
separated casting blends.

The maintenance of the precipitated blends in the melt
state produces interchange reactions, the extent of which
depends on the type of PEC copolymer. These reactions
hinder crystallization, drastically in PBT/PEC-E after
20min at 250°C and more gradually in the case of
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PBT/PEC-C.
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