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This study was performed in order to evaluate the effects of transesterification
reactions on the thermal properties of the PC=PET system, as a function of homo-
polymer and exchange catalyst concentrations. DSC results support well that when
transesterification occurs, the glass transition temperature of the PC-rich phase
decreases with the increase of the catalyst’s concentration. The evaluation of the
PC-rich phase composition using Wood’s equation showed its strong dependence
on the catalyst concentration and on the initial amount of homopolymers in the
system. Furthermore, it was found that the thermal stability of the studied blends
falls in between those of the two homopolymers and shows an evident improvement
relatively to that of the neat PET.
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INTRODUCTION

Blending is one of the most popular and cost-effective ways to produce
new polymeric materials, especially when the performances of two or
more components are synergistically combined. For this purpose,
reactive extrusion is very widely advised and adopted for the chemical
modification of the existing polymers and for blending of the immis-
cible ones. But despite its economical and environmental advantages,
this process is still a complex technology because it involves interac-
tions between chemistry, rheology and morphology [1,2].

Polycarbonate=polyethylene terephthalate (PC=PET) is one of the
polymeric systems which recently gained a great scientific and indus-
trial interest, both for representing a large potential market in a num-
ber of technical fields and also for involving transesterification
reactions that give interfacial copolymers during catalyzed reactive
blending. Several researchers in the area of polymer transreactions
have pointed out that the control of the exchange rate can provide a
new route for preparing copolymers in the processing equipment. Such
copolymers are expected to have variation in microstructure and
properties different from copolymers prepared directly by polymeriza-
tion [3–7].

The phase relationship of the PC=PET system was described as
complete miscibility [8], partial miscibility [9–11] and even total
immiscibility [3,12–15]. In this context, Barlow and Paul [10] reported
that for all the systems containing more than 60% of PET, only one
glass transition temperature (Tg) was detected, while all the composi-
tions below this range showed two Tg. Later, Hanrahan et al. [12]
studied solvent-cast PC=PET blends and found by differential scan-
ning calorimetry (DSC) and by dynamic mechanical analysis (DMA)
that all their results support the total immiscibility for all the composi-
tions, which appeared to contain two separate PC and PET amorphous
phases. These contradictory results were explained by Porter and
Wang [3], who attributed all the discrepancies to the occurrence of
transesterification between PC and PET because of the presence of
residual synthesis catalyst.

Exchange reactions between the carbonate groups of PC and the
ester groups of PET begin at the interface and cause the conversion
of homopolymer chains to block copolymers, when the exchange rate
is still weak. The block structure of the synthesized copolymer is, after
more intense transreactions, converted to a random one, especially
when transesterification also concerns copolymer chains for which
the reactions must be faster and easier. But, without the deliberate
incorporation of a transesterification catalyst, ester-carbonate
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interchanges do not occur at all or produce practically unnoticeable
effects on the final properties of the blend. In this context, Ignatov
et al. [16–18] detailed the different activities evolved by some PET
synthesis catalysts and found that tetrabutylorthotitanate (TBOT) is
the most effective, because when it is freshly dispersed on homopoly-
mer pellets before melt mixing, significant variations are noticed in
the properties of the system. In a previous article [19], we have also
reported that in the presence of TBOT, transesterification causes
important variations in the mechanical, thermal, rheological and mor-
phological properties of PC=PET blends. However, the activity of
TBOT can also be inhibited when phosphites are incorporated in the
system, because these compounds interact with carboxyl and hydroxyl
end groups and chelate the Titanium atom [20].

The principal purpose of this work is to gain insight into the beha-
vior of PC=PET blends, stabilized with triphenylphosphite (TPP), after
promoting transesterification reactions in the presence of TBOT dur-
ing a twin-screw extrusion. We will try also to evaluate the fractions
of PC and PET in the PC-rich phase as a function of the TBOT concen-
tration, by using the DSC results and according to Wood’s equation.
Finally, the present article will consider the modifications induced
in the thermal stability of the system after reactive blending in the
presence of TBOT and TPP.

EXPERIMENTAL

Materials

The homopolymers PC and PET used in this work are, respectively,
Lexan 129 manufactured by General Electric Company and Polyclear
supplied by Kosa. The transesterification catalyst and inhibitor tetra-
butylorthotitanate, [(C4H9-O)4Ti], and triphenylphosphite, [(C6H5-
O)3P], respectively, were purchased from Fluka. All the products were
used without further purification. Polymers were dried for 24 h at
120�C before melt blending.

Melt Blending

PC=PET blends were prepared by melt mixing, using a Clextral co-
rotating twin-screw extruder (screw diameter ¼ 25 mm, L=D ¼ 36),
at a screw speed of 130 rpm and at a temperature of 270�C. For the cat-
alyzed blends, the TBOT was initially dispersed on the PET pellets.
The resulting extrudates were quenched in water, pelletized and then
dried at 120�C. In order to prevent the occurrence of further exchanges
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between PC and PET during thermal characterization, TPP was
dispersed on all the catalyzed blend pellets before extruding then
in a Controlab single-screw extruder (screw diameter ¼ 25 mm,
L=D ¼ 20) at a screw speed of 50 rpm and a temperature profile
(240�–260�C).

Measurements

Differential Scanning Calorimetry (DSC)
The values of the melting temperature (Tm) and the crystallinity (vc)

of blends obtained after the second extrusion were evaluated on the
basis of thermograms of the first scanning of samples obtained on a
Mettler 30 DSC, under the following conditions: temperature range
of 25 to 300�C and heating rate of 10 K=min under inert atmosphere.
The crystallinity was calculated according to the equation

vc ¼ DHm

DH0
m

ð1Þ

where, DHm and DH0
m are, respectively, the melting enthalpy of the

sample and the equilibrium melting enthalpy of a pure PET crystal.
A value of DH0

m equal to 140 J=g was used [21].

Scanning Electron Microscopy (SEM)
Micrographs of 30=70 and 70=30 PC=PET blends prepared with

0.25 phr of TBOT were taken, using a Philips scanning electronic
microscope (SEM), from the surface of samples fractured in liquid
nitrogen and covered with a conductive gold layer. Micrographs were
also obtained from etched samples of 0.25 phr TBOT catalyzed 70=30
and 30=70 PC=PET blends. Etching was performed in dichloro-
methane (CH2Cl2) to dissolve PC and to make the PET domains more
discernible.

Thermogravimetric Analysis (TGA)
The tests were performed on a TA instrument by heating the

samples from 25 to 700�C at 10 K=min. From the thermograms
expressed as DTG curves and depicting the derivative of the weight
loss as a function of time, it was possible to estimate the temperatures
at which each stage of the degradation process starts and finishes, Td0

and Tdf, respectively. In this context, Tdmax and Mres indicate respect-
ively the temperature at which the weight loss is the maximum and
the residual mass.
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RESULTS AND DISCUSSION

Thermal Behavior of PC/PET Blends

The thermograms illustrated by Figures 1–3 reveal the presence of
the glass transition temperatures of both PC and PET. The appear-
ance of the two glass transition regions reflects the existence of two
amorphous phases and the immiscibility of the system. Also, the
observed values are close to, respectively, the characteristic Tg of neat
PET at approximately 80�C and PC at 140�C, which confirms that
for the uncatalyzed blends, the two detected amorphous phases are
essentially formed of neat homopolymers.

For the systems extruded with 0.05, 0.20 and 0.25 phr of TBOT,
the Figures 1–3 also clearly illustrate that after blending with an
interchange catalyst, two Tg values are still observed for all the con-
centrations; therefore, two amorphous phases are present. But, on
comparing the Tg measured values in this last case with those
characteristic of the uncatalyzed blends, we notice that on increasing
the TBOT concentration, the characteristic Tg of the PC-rich phase
shifts to lower temperatures whereas the Tg of the PET-rich phase
varies slightly. The detected variations are probably the consequence
of an induced compatibilization, promoted by the occurrence of trans-
esterification reactions, which provide the opportunity for PC units

FIGURE 1 DSC thermograms of 70=30 PC=PET blends extruded with different
concentrations of TBOT.
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FIGURE 2 DSC thermograms of 50=50 PC=PET blends extruded with different
concentrations of TBOT.

FIGURE 3 DSC thermograms of 30=70 PC=PET blends extruded with different
concentrations of TBOT.
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to pass into the PET phase and for PET ones to enter the PC
domains. All these exchanges contribute to the creation of copoly-
mers that act as interfacial agents and improve the compatibility
of the two phases.

Moreover, the results revealed that Tg variations are much more
significant for the PC-rich phase than for the PET-rich phase. This
observation has already been attributed to the fact that the glass tran-
sition of PET occurs when the PC amorphous phase is still in its glassy
state, which hinders the PET chains’ mobility and permits only slight
variations to occur in its transition temperature [22]. Mbarek et al.
[23] have attributed this same situation to the fact that the PC phase
is more deeply affected by transesterification than the PET one.

On the other hand, the melting temperatures of the studied blends
vary only slightly with the composition of homopolymers and the
concentration of TBOT. Thus, the uncatalyzed and catalyzed blends
exhibit approximately the same melting temperature which is situ-
ated around 255�C. In contrast, Figure 4 depicting the variations of
crystallinity versus the TBOT concentration shows a very strong
dependence of this parameter on homopolymers composition. The
higher the PET content in the blend, the higher the crystallinity of
the whole system.

FIGURE 4 Variations of crystallinity versus TBOT concentration and
PC=PET composition.
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Evaluation of PC and PET Apparent Weight Fractions

From the evaluated PC and PET Tg values, it was possible to estimate
the apparent weight fractions of PC and PET dissolved in the PC-rich
phase in which Tg variations were much more important. These
apparent weight fractions are determined by following Wood’s [24]
equation which is often used to describe the dependence of Tg on the
composition in the case of random copolymers:

Tg ¼ x1 � Tg1 þ x2 � Tg2 ð2Þ

where Tg is the observed glass transition of the copolymer, x1 is the
weight fraction of polymer 1 having Tg1 and x2 is the weight fraction
of polymer 2 having Tg2. Kim and Burns [25] used this equation but
rearranged as following:

x01 ¼
Tg1;b � Tg2

Tg1 � Tg2
ð3Þ

where, x01 is the apparent weight fraction of polymer 1 in the polymer
1-rich phase and Tg1,b is the observed glass transition temperature of
polymer 1 in the blend.

Figure 5 gives the variations of x0PC and x0PET in PC-rich phase ver-
sus homopolymer composition and TBOT concentration in plots (A)
and (B). These confirm that for the uncatalyzed blends, no transester-
ification reactions are promoted. Thus, the PC-rich phase contains
only a unique component which is the neat PC, and no traces of copo-
lymers are assumed to be present because only very small Tg modifica-
tions were detected.

In the presence of the transesterification catalyst, the apparent
weight fractions determined according to Wood’s equation well sup-
port the occurrence of a compatibilizing effect due to the promotion
of ester-carbonate reactions, which have generated copolymers in each
of the two phases of this binary system. Thus, on increasing the TBOT
concentration, we observe a noticeable decrease of PC apparent weight
fractions. In contradistinction, an evident increase of the PET ones is
detected which expresses the mutual exchange between PC and PET
chains to form copolymer in the interfacial region between the two
components.

Microscopic Observations

The micrographs represented in Figure 6 illustrate clearly the
biphasic morphology of the 30=70 and 70=30 systems extruded in the
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FIGURE 5 Variations of the apparent weight fractions in the PC-rich phase
evaluated according to Wood’s equation as a function of TBOT concentration
and homopolymers composition: (A) PC apparent weight fractions and
(B) PET apparent weight fractions.
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presence of 0.25 phr of TBOT. For the non-etched 30=70 PC=PET
blend, the micrograph (A) reveals the PET matrix in which PC nodules
having various diameters seem very well dispersed.

But, the micrograph (B), illustrating the morphology of the etched
sample of this system, permits us to deduce that because of the differ-
ence in viscosity between PC and PET, these micro-domains that

FIGURE 6 Micrographs of PC=PET blends extruded with 0.25 phr of TBOT:
(A) non etched 30=70 system, (B) etched 30=70 system, (C) non etched 70=30
system and (D) etched 70=30 system.
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contained PC and are represented here as voids, are irregular and,
contrary to PET ones, they do not exhibit similar forms and dimensions.

On the other hand, the micrograph (C), representing the mor-
phology of the 70=30 PC=PET system, shows that the dispersion of
PET in the PC-rich phase is better than that of PC in the PET-rich
phase. This fact can also be confirmed when we observe the micro-
graph (D) of this blend etched in CH2Cl2. PET nodules are analogous
and they are totally encapsulated in the PC phase, which explains the
total absence of micro-domains that contain the extracted PC.

Study of the Thermal Stability of the PC/PET System
as a Function of Composition

Theoretical Aspects of the Thermal Decomposition
of PC and PET

According to Zimmermann [26], PET thermal degradation begins
between 250�C and 300�C, but volatile product evolution becomes
rapid above 350�C. The breakdown of PET chains involves at first
non-homolytic scission at ester linkage and produces acid and vinyl
ester end groups. There-after, the reaction of the vinyl ester with
hydroxy ester end groups in the PET by transesterification leads to
the elimination of acetaldehyde, which is the principal observed vol-
atile product. But these are not the only reaction products, since
CO, CO2, CH4, C2H2, C2H4 and benzene have also been observed.

However, PC is more thermally stable than PET, because it begins to
lose weight at temperatures above 350�C. The products of degradation
include chain fragments, bisphenol-A, phenol, diphenyl carbonate and
CO2. The first processes to occur in the degrading polymer are believed
to be hydrolysis and phenolysis at the carbonate group. Branching
reactions occur also due to thermal rearrangement of the carbonate
group and eventual gelation takes place due to the removal of volatile
products formed during degradation [27].

Experimental Study of the Thermal Stability
of PC/PET Blends

The present part of the study concerns the determination of the
influence of reactive extrusion with TBOT and TPP on the thermal
stability of the PC=PET system. A preliminary test was performed
on the 70=30 system extruded with 0.15 phr of TBOT in air and then
under inert atmosphere. Since, only small differences were detected
between the obtained differential thermograms (DTG) so we have
carried out all the tests in air.
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Figure 7 gives the DTG curves of homopolymers and shows that the
decomposition process of PET involves two steps while that of PC
occurs in three steps.

The first step of PC decomposition starts near 350�C and ends
around 440�C. The weight loss is approximately 10% at the Tdmax of
416�C and 17% at the Tdf of 440�C. The second stage begins at this
later temperature and finishes at 534�C with a weight loss of 65%.
This stage is faster than the first one and is characterized by a weight
loss of 50%. The third stage starts close to 534�C and finishes around
655�C with approximately no Mres.

For PET, the first stage of decomposition starts near 300�C and is
achieved around 480�C with an important weight loss of 90%. This
stage is particularly fast and characterized by a Tdmax close to 428�C,
at which the weight loss is 52%. The second stage begins at 496�C
and finishes with approximately no Mres around 555�C.

For the systems 30=70, 50=50 and 70=30 extruded without TBOT,
the DTG curves represented in Figure 8, show that the decomposition
process of these blends occurs essentially in two main stages with a
noticeable improvement of the thermal stability relative to that of
the neat PET as is reported in Table 1. The values of the decompo-
sition parameters confirm that these blends possess an intermediate
stability between those of PC and PET and suggest also that whether
PC represents the major component of the system or the minor one, its

FIGURE 7 DTG thermograms of neat PC and PET.
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FIGURE 9 DTG thermograms of 30=70, 50=50 and 70=30 PC=PET blends
extruded with 0.15 phr of TBOT.

FIGURE 8 DTG thermograms of 30=70, 50=50 and 70=30 PC=PET blends
extruded without TBOT.
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incorporation is sufficient to improve the thermal stability of the
entire blend.

On the other hand, Figure 9, depicting the DTG curves of these sys-
tems extruded with 0.15 phr of TBOT, shows that the thermal stability
is also noticeably influenced by the ester-carbonate transreactions.
The DTG thermograms of the three studied compositions involve
essentially two stages characterized by decomposition parameter
values different from those describing the equivalent stages for the
uncatalyzed blends, as is reported in Table 1.

On considering that the most important decomposition parameters,
from a practical point of view, are Td0 and Tdmax of the first stage of
the decomposition process, it is interesting to plot their variations ver-
sus the composition of the blend. Thus, Figure 10 supports well the
notion that transesterification reactions producing copolymers are
very favorable to the attainment of more thermally resistant materi-
als, because both temperatures show a noticeable increase over to
those of the uncatalyzed blends as is illustrated in plots (A) and (B).

The same trend is also observed while studying the 50=50 PC=PET
system, extruded with 0, 0.15 and 0.25 phr of TBOT. Table 2 confirms
that despite the difference in homopolymer amounts, the decompo-
sition parameter values of these materials are very close to those of
the previously mentioned blends. Indeed, Figure 11, illustrating the
DTG curves of these systems, supports the above results which show
that in this case, the thermal stability depends greatly on the thermal
behavior of PC and PET, and slightly on the composition of the
combined components.

TABLE 1 Values of the Decomposition Parameters of 30=70, 50=50 and 70=30
PC=PET Blends

Parameter

0 phr TBOT 0.15 phr TBOT

30=70 50=50 70=30 30=70 50=50 70=30

First stage of decomposition
Td0 (�C) 314 316 318 335 338 336
Tdf (�C) 480 480 480 526 486 488
Tdmax (�C) 432 435 438 432 439 438
Weight loss (%) 64 59 59 65 65 60

Second stage of decomposition
Td0 (�C) 514 520 522 532 524 518
Tdf (�C) 633 641 643 671 647 650
Tdmax (�C) 584 594 600 614 599 598
Weight loss (%) 36 41 41 32 35 40
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FIGURE 10 Variations of: (A) Tdo and (B) Tdmax of the first stage of the
decomposition process of PC=PET blends extruded with 0 and 0.15 phr of
TBOT as a function of PC composition.
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CONCLUSION

In this article, Wood’s equation was employed to determine PC and
PET apparent weight fractions in the blends extruded in the presence
of TBOT, a transesterification catalyst. The thermal stability of the
system has also been investigated as a function of homopolymers’
composition and TBOT concentration.

FIGURE 11 DTG Thermograms of 50=50 PC=PET catalyzed blends extruded
with 0, 0.15 and 0.25 phr of TBOT.

TABLE 2 Values of the Decomposition Parameters of the 50=50 PC=PET
System Extruded with 0, 0.15 and 0.25 phr of TBOT

Parameter 0 phr TBOT 0.15 phr TBOT 0.25 phr TBOT

First stage of decomposition
Td0 (�C) 316 338 316
Tdf (�C) 480 486 483
Tdmax (�C) 435 439 438
Weight loss (%) 59 65 61

Second stage of decomposition
Td0 (�C) 520 524 529
Tdf (�C) 641 647 672
Tdmax (�C) 594 599 611
Weight loss (%) 41 35 39
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From Tg values of PC=PET uncatalyzed blends, it was concluded
that without the transesterification catalyst, there was no induced
compatibilization. Thus, the evaluation of PC and PET apparent
weight fractions in the PC-rich phase confirmed that this domain is
based on only one neat polymer, which seems to be its sole component.

After extrusion with TBOT, the noted decrease of the PC-rich phase
Tg value indicated that a degree of partial miscibility is attained as a
result of the interfacial generation of copolymers. The calculation of
PC and PET apparent weight fractions supported the fact that the
extrusion process conserved the binary morphology of the system,
but imposed noticeable variations on the composition of the two phases
forming the blend.

According to the thermogravimetric analysis results, the thermal
stability of the blend was intermediate between those of the combined
homopolymers. This fact suggested that after blending PET and PC
with transesterification reactions, the thermal stability of the whole
system was noticeably improved.

REFERENCES

[1] Covas, J. A. and Machado, A. V., Intern. Polym. Proc. 20, 121 (2005).
[2] Chen, H., Sundararaj, U., Nandakumar, K., and Wetzel, M. D., Intern. Polym. Proc.

19, 342 (2004).
[3] Porter, R. S. and Wang, L. H., Polymer 33, 2019 (1992).
[4] Godard, P., Dekoninck, J. M., Devlessaver, V., and Devaux, J., J. Polym. Sci. Part

A: Polym. Chem. 24, 3301 (1986).
[5] Kong, Y. and Hay, J. N., Polymer 43, 1805 (2002).
[6] Zhang, Z., Xie, Y., and Dezhu, M., Eur. Polym. J. 37, 1961 (2001).
[7] Paul, D. R., Barlow, J. W., and Keskkula, H. (1989). In Encyclopedia of Polymer

Science and Engineering. H. F. Mark, N. M. Bikales, C. G. Overberger, and
G. Menges, Eds., John Wiley and Sons, New York, 12, p. 425.

[8] Watebe, H. and Okada, M., Japan Kokai 72, 32295 (1972).
[9] Nassar, T. R., Paul, D. R., and Barlow, J. W., J. Appl. Polym. Sci. 23, 85 (1979).

[10] Barlow, J. W. and Paul, D. R., Polym. Eng. Sci. 21, 985 (1981).
[11] Murff, S. R., Barlow, J. W., and Paul, D. R., J. Appl. Polym. Sci. 29, 3283 (1984).
[12] Hanrahan, B. D., Angeli, S. R., and Runt, J., Polym. Bull. 15, 455 (1985).
[13] Chen, X. Y. and Birley, A. W., British Polym. J. 17, 347 (1985).
[14] Suzuki, T., Tanaka, M., and Nishi, T., Polymer 30, 1280 (1989).
[15] Devaux, J., Godard, P., and Mercier, J. P., J. Polym. Sci., Part B: Polym. Phys. 20,

1881 (1982).
[16] Ignatov, V. N., Carraro, C., Tartari, V., Pippa, R., Berti, C., Pilati, F., Fiorini, M.,

and Toselli, M., Polymer 37, 5883 (1996).
[17] Ignatov, V. N., Carraro, C., Tartari, V., Pippa, R., Berti, C., Pilati, F., Scapin, M.,

Fiorini, M., and Toselli, M., Polymer 38, 195 (1997).
[18] Ignatov, V. N., Carraro, C., Tartari, V., Pippa, R., Berti, C., Pilati, F., Scapin, M.,

Fiorini, M., and Toselli, M., Polymer 38, 201 (1997).
[19] Guessoum, M. and Haddaoui, N., Intern. J. Polym. Mater. 55, 715 (2006).

Reactive Extrusion of PC=PET Systems 673

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



[20] Godard, P., Wertz, J. L., Biebuyck, J. J., and Mercier, J. P., Polym. Eng. Sci. 29, 127
(1989).

[21] Wunderlich, B. (1980). Macromolecular Physics, Academic Press. Inc., New York, 3,
p. 225.

[22] Reinsh, V. E. and Rebenfeld, L., J. Appl. Polym. Sci. 59, 1913 (1996).
[23] Mbarek, S., Jaziri, M., and Carrot, C., Polym. Eng. Sci. 46, 1378 (2006).
[24] Wood, L. A., J. Polym. Sci. 28, 319 (1958).
[25] Kim, W. N. and Burns, C. M., Makromol. Chem. 190, 661 (1989).
[26] Zimmermann, H. (1984). In Developments in Polymer Degradation. N. Grassie, Ed.,

Applied Science, London, 5, p. 79.
[27] McNeil, I. C. (1989). In Comprehensive Polymer Science. G. Allen, J. C. Bevington,

G. Eastmond, A. Ledwith, S. Russo, and P. Sigwalt, Eds., Pergamon, New York, 6,
p. 491.

674 M. Guessoum et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


