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ABSTRACT: Blends of diglycidyl ether of bisphenol A (DGEBA) and poly(ethylene
terephthalate) (PET) were prepared by solution casting from 1,1,2,2-tetrachloroethane.
The miscibility and interchange reactions in DGEBA–PET blends were studied by
differential scanning calorimetry (DSC) and optical microscopy. PET was found to be
miscible with DGEBA, as revealed by the existence of a single composition-dependence
glass transition temperature (Tg). Interchange reactions between DGEBA and PET
components in the blends at elevated temperatures were proven by appearance of the
enhanced glass transition temperatures and the marked decrease in the crystallinity of
PET. These results are attributed to the formation of copolymers based on the blend
components due to interchange reactions. The morphological observations confirmed
that there existed interchange reactions between DGEBA and PET. There also existed
a self-crosslinking reaction among the DGEBA molecules. © 1999 John Wiley & Sons, Inc.
J Appl Polym Sci 73: 639–647, 1999

Key words: epoxy resin; poly(ethylene terephthalate); polymer blends; polymer mis-
cibility; interchange reactions

INTRODUCTION

Miscibility in polymer blends has been exten-
sively studied during the past decades.1–3 Be-
cause of the very small entropic contribution in
high-molecular-weight polymer blend systems,
polymers are normally immiscible unless they are
very similar chemically or there is a specific in-
teraction between them. Specific intermolecular
interactions, such as dipole–dipole force, acid–

base attraction, ion–ion interactions, and hydro-
gen bonding interaction, are usually considered to
be the driving force for miscibility, and they are
responsible for the exothermic heat of mixing that
is the thermodynamic basis of miscibility in poly-
mer blends. Additionally, if there exists reaction
between blend components, it is also in favor of
the blend miscibility improvements.

A fascinating feature for blends in the polyester
family is the potential for interchange reaction, also
called transreaction or transesterification. As poly-
esters readily transesterify, interchange reac-
tions commonly occur between constituents when
the temperature is near or above their melting
points.4–16 Particularly, some authors have re-
ported that ester interchange is rapid in the melt
and also takes place, but somewhat slowly, at
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15°C below the melting temperature.13,14 Fur-
thermore, an interesting type of interchange re-
actions take place in blends composed of a poly-
mer with ester or carbonate groups in the main
chain and a second component with lateral hy-
droxyl groups. In these blends, interchange reac-
tions may give rise to grafting and crosslinking
processes.17–24

Epoxy resins are a class of important polymeric
materials that have been extensively investigated
for many years. However, the most parts of stud-
ies focused on physical or macroscopic mechanical
behavior of hardener-cured epoxy blends, and few
works were involved in the true phase behavior
between epoxy resin and other polymers, which
was easily masked by the presence of the hard-
ener. Epoxy resins, in the monomeric, or oligo-
meric forms before being crosslinked with a hard-
ener, are quite good in dissolving or dispersing
many linear polymers. Many precured mixtures
of linear polymers with epoxy resins form homo-
geneous blends before curing, but most of these
homogeneous liquid blends would turn into mul-
tiphase systems after they undergo crosslinking
reactions with curing agents or hardeners.25–27

In our previous work, we have found that un-
cured bisphenol-A-type epoxy resin, that is, dig-
lycidyl ether of bisphenol A (DGEBA), is miscible
with several linear polymers, including poly(eth-
ylene oxide),28,29 phenolphthalein poly(ether
ether ketone),30,31 phenolphthalein poly(ether
ether sulphone),32 poly(hydroxyether of bisphenol
A),33 poly(vinyl acetate),34 and poly(styrene-co-
acrylonitrile).35 However, the morphology and
phase behavior of the cured blends were found to
be greatly dependent on the choice of curing
agent. Reactions or strong specific interactions
between epoxy resin and the linear polymer, if
taking place at appropriate temperature, might
prevent or lessen the extent of phase separation
at the fully cured state. Recently, Nichols and
Robertson investigated the blends of DGEBA
with poly(butylene terephthalate) and found that
the thermoreversible gelation occurred.36,37 Woo
and Wu studied the chemical interactions and
miscibility in hardener-free DGEBA–polycarbon-
ate blends by differential scanning calorimetry
(DSC) and Fourier transform infrared (FTIR)
spectroscopy. They found that chemical exchange
reactions occurred, and a crosslinked structure
formed in the blends after heat treatment.38

In this work, we have carried out a systematic
study of the miscibility and interchange reactions
in blends of DGEBA and poly(ethylene terephtha-

late) (PET). We choose PET because it is a poly-
ester widely developed as engineering plastics.
The effect of interchange reactions on the blend
miscibility, as well as on the crystallization and
melting behavior of PET, was investigated. In
order to directly observe the effect of thermal
treatment on the binary blend system, no hard-
eners of any type were used. Therefore, this study
can focus on the relationships between the chem-
ical reactions and phase behavior of the hardener-
free blend system. By understanding the role of
interchange reactions, the phase behavior of
hardener-cured blends of polymer–epoxy net-
works can be easier to be predicted and con-
trolled.

EXPERIMENTAL

Materials and Preparation of Samples

The bisphenol-A-type epoxy resin E-51 with epox-
ide equivalent weight 185–210, that is, diglycidyl
ether of bisphenol A (DGEBA), was obtained from
Wuxi Resin Factory, Wuxi, People’s Republic of
China. The PET was supplied by Changzheng
Chemical Industrial Factory, Beijing, People’s Re-
public of China. It had an intrinsic viscosity [h]
5 0.74 dL/g in the solution of phenol/1,1,2,2-tet-
rachloroethane (3/5, v/v) at 30°C. To calculate the
molecular weight, the Mark–Houwink equation
was used, as follows:

@h# 5 KMh
a (1)

where Mh is the viscosity-average molecular
weight, and the values of K and a for PET are 22.9
3 1023 mL/g and 0.73, respectively.39 The viscos-
ity-average molecular weight Mh was calculated
to be 6.42 3 104.

PET was first dissolved in 1,1,2,2-tetrachloro-
ethane with continuous stirring at 120°C. Then,
DGEBA was added to the mixture, and a homo-
geneous ternary mixture was obtained. Most of
the solvent was evaporated slowly at 50°C. The
residual solvent was removed under vacuum at
50°C for 2 weeks.

Differential Scanning Calorimetry

Calorimetric measurements were performed on a
Perkin–Elmer DSC-7 thermal analysis apparatus
in a dry nitrogen atmosphere. The instrument
was calibrated with an Indium standard. All sam-
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ples (about 10 mg in weight) were scanned from
260 to 280°C. A heating rate of 20°C/min was
used. The glass transition temperature (Tg) was
taken as the midpoint of the capacity change. The
crystallization temperature (Tc) was taken to be
the maximum of the exothermic peak and the
melting point (Tm) that of the endothermic melt-
ing peak. The heats of crystallization (DHc) and
fusion (DHf) were measured from the areas under
the crystallization and melting peaks, respec-
tively.

Morphological Observations

The morphology of the DGEBA–PET blends was
investigated by optical microscopy using a Jiangnan
XPR-2 optical microscope. The samples were main-
tained at 280°C for different periods of time and
then rapidly cooled to the crystallization tempera-
ture, selected to be 210°C, and held for 20 min.

RESULTS AND DISCUSSION

The As-Cast DGEBA–PET Blends

The DSC curves of the as-cast blends are pre-
sented in Figure 1. It is clear that all the blends

display a single transition temperature (Tg), in-
termediate between those of the 2 pure compo-
nents and changing with the blend composition.
Figure 2 summarizes the Tg values as a function
of blend composition. The overall variation of Tg
with composition suggests that DGEBA–PET
blends are completely miscible in the amorphous
phase.

Several theoretical and empirical equations
have been used to describe the Tg-composition
dependence of miscible polymer blends. One of
these, the Gordon–Taylor equation,40 is written
as

Tg 5 ~W1Tg1 1 kW2Tg2!/~W1 1 kW2! (2)

where Tg is glass transition temperature of the
blend, Tg1

and Tg2
are the glass transition tem-

peratures of the components 1 and 2, respectively,
W is the weight fraction, and k is a constant. The
curve in Figure 2 is drawn using the Gordon–
Taylor equation with a k value of 0.10, fitting the
experimental data well.

Belorgey and coworkers41,42 have suggested
that the k value can be taken as a semiquantita-
tive measure of the strength of interaction be-

Figure 2 Composition dependence of glass transition
temperature of as-cast DGEBA–PET blends. The curve
is as predicted by the Gordon–Taylor equation using a
k value of 0.10.

Figure 1 DSC curves of the as-cast DGEBA–PET
blends.
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tween the components of the blend. For instance,
in blends of poly(«-caprolactone) with chlorinated
polyethylene, poly(vinyl chloride) (PVC) and chlo-
rinated PVC, k increases from 0.26 to 1.0. When
such an approach is used for the DGEBA–PET
blends, we note that the k value (0.10) is much
smaller, suggesting that the interaction between
DGEBA and PET is very weak. The miscibility of
the DGEBA–PET blends can be considered to be
due mainly to the nonnegligible entropy contri-
bution as the molecular weight of DGEBA is
rather low.

It can also be seen from Figure 1 that the
Tm of PET decreases with increasing DGEBA
content. The Tm depression is a common phe-
nomenon in miscible crystallizable–amorphous
polymer blends.43,44

Thermally Treated DGEBA–PET Blends

Interchange reactions in blends composed of a
crystallizable and an amorphous polymer may be
studied by means of the effects of reactions on the
thermal behavior of the blends, and mainly fol-
lowing their effects on the crystallization–melting
behavior of the crystallizable polymer. Such ef-
fects arise from the formation of copolymers as a

consequence of reactions. Therefore, the crystal-
lization-melting behavior of the PET in the DGE-
BA–PET system was investigated.

Figures 3 and 4 show the DSC curves of the
DGEBA–PET blends treated at 280°C for 10 s and
1 min, respectively. It is interesting to see that
the 20/80 DGEBA–PET blend treated at 280°C for
1 min shows a crystallization peak (Fig. 4), while
that treated for 10 s has no crystallization peak
(Fig. 3), which suggests that crystallization rate
of PET in the blends was decreased after thermal
treatment. It can also be seen that the Tm of PET
remarkably decreases with increasing DGEBA
content.

The fraction crystallinity Xc can be calculated
from

Xc(PET) 5 ~DHf(PET) 2 DHc(PET))/DHf
0(PET) (3)

where DHf
0(PET) 5 27.8 kJ/mol is the heat of

fusion for 100% crystalline PET,45 and DHc(PET)
and DHf (PET) are the heats of crystallization
and fusion for PET in the blend. Figure 5 shows
the plots of Xc as functions of blend composition
for the as-cast blends and the blends treated at
280°C for 10 s and 1 min. The Xc (PET) values of

Figure 3 DSC curves of the DGEBA–PET blends
treated at 280°C for 10 s.

Figure 4 DSC curves of the DGEBA–PET blends
treated at 280°C for 1 min.
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the treated blends are lower than those of the
as-cast blends, which implies that the thermal
treatment had a remarkable effect on the crystal-
lization-melting behaviors of PET in the blends.
In addition, we can see that the Xc (PET) values
first increase with DGEBA content and come to
their maximum when DGEBA content is 50 or 60
wt %. This result seems to indicate that the pres-
ence of DGEBA favors the crystallization of PET.
A similar behavior has also been found in other
polymer blends containing polyesters.19,46,47

Glass Transitions of the DGEBA–PET Blends
Treated with Various Times at 280°C

Figure 6 shows the plots of Tg as functions of
blend composition for the DGEBA–PET blends
treated at 280°C for various treatment time rang-
ing from 10 s to 60 min. The Tg values of the
treated blend samples significantly increased as
the thermal treatment time increasing.

The values of Gordon–Taylor parameter k for
the blends treated at 280°C with treatment times
of 10 s and 1, 3, 5, and 10 min are indicated in
Figure 6. It should be pointed out that for the
blends treated for more than 10 min, the Gordon–

Taylor equation cannot describe the Tg–composi-
tion relations. It can be seen in Figure 6 that the
k value increases with the thermal treatment
time. For the DGEBA–PET blends treated at
280°C for 10 s and 1 min, k 5 0.12 and 0.15,
respectively. These values approaches that of the
as-cast DGEBA–PET blends (k 5 0.10) suggests
that no obvious reaction occurs between the
DGEBA and PET components. However, for the
blends treated at 280°C for 3 min, k was 0.32.
This increase of k value implies that there was
considerable change in the blends after treated at
280°C for 3 min.

The similar effects have been observed for the
epoxy–polycarbonate systems,38,48 in which inter-
change reactions were found to occur between the
2 components. Therefore, in the present case, a
similar reaction possibly occurred between the
hydroxyl group (OOH) of the DGEBA with the
ester group in PET. The transreaction led ini-
tially to the formation of a graft copolymer, and
the grafted copolymers were then transformed
into crosslinked copolymers upon further reac-
tion. These grafted and crosslinked copolymers
were responsible for the tendency to the increase
of Tg at high reaction times. It should be pointed
out that when thermal treatment at 280°C was

Figure 6 Tgs of DGEBA–PET blends treated at
280°C for treatment time of 10 s (Œ) and 1 (‚), 3 (F), 5
(E), 10 (■), 20 (h), 30 (}), and 60 min ({).

Figure 5 Fractional crystallinity Xc as functions of
PET content for the as-cast DGEBA–PET blends (■)
and the blends treated at 280°C for 10 s (Œ) and 1
min (‚).
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conducted for longer times (but less than 10 min),
the changes in the k value for the treated blend
samples became increasingly larger, suggesting
an even greater interaction between the compo-
nents. For the same blend, thermal treatment at
280°C for even longer time (30 min), the Tg–com-
position curve began to exhibit a sigmoidal shape.
The appearance of the sigmoidal shape in the Tg
curves can be attributed to the fact that the ex-
tent of crosslinking and network structure varied
with the PET content in the blends.

However, it also can be observed from Figure 6
that the Tg of the pure DGEBA dramatically in-
creased as the thermal treatment time is longer
than 1 min. When treated at 280°C for 60 min, the
Tg of the pure DGEBA was even higher than that
of pure PET, indicating that the self-crosslinking
reactions of DGEBA occurred after the high tem-
perature treatment for a long time. The self-
crosslinking reaction of DGEBA was responsible
for the enhancement of Tg values of the blends as
the thermal treatment time increasing.

The solubility of the blends was examined to
assess the effects of thermal treatment on the
extent of reactions or network forming in the
blends. For the 50/50 DGEBA–PET blend treated
at 280°C for 5 min, the blend can be dissolved in
the 1,1,2,2-tetrachloroethane at 120°C. However,
the blend treated for 10 min did not dissolve at
all, clearly displaying that the crosslinking reac-
tion took place during the thermal treatment of
the blends.

Effect of Thermal Treatment Time on Thermal
Properties of the Blends

The DSC curves of the 50/50 DGEBA–PET blend
treated with various times at 280°C are shown in
Figure 7. It can be seen from Figure 7 that, with
the increase of treatment time, the extent of re-
action increased. When the thermal treatment
time was not more than 3 min, the extent of
reaction was low, and crystallization of PET in
the blend was so rapid that it could be completed
during the cooling process, which led to no crys-
tallization peak occurring on heating. When the
treatment time at 280°C was increased to 5 min
or longer, a crystallization peak appeared in the
DSC curve, as shown in Figure 7. With the in-
crease of treatment time, the peak area gradually
increases to a maximum, then decreases. The
peak position is observed to shift to higher tem-
perature, which indicates a decrease in the crys-
tallization rate of PET in the blend. Furthermore,

the blends treated at 280°C for 30 min or longer
do not show any crystallization exotherm. The Tc
values of 80/20, 50/50, and 20/80 DGEBA–PET
blends are plotted in Figure 8 as functions of
treatment time at 280°C. With an increase of the
extent of reaction, some DGEBA molecules were
incorporated into the PET chains, and, hence, the
crystallization rate of PET decreased. The de-
creasing crystallization rate of PET in the blends
is presumably due to a great decrease of the crys-
tallizable segment length as a consequence of in-
terchange reactions and restricted segmental mo-
tions.

It can also be seen from Figure 7 that with the
increase of treatment time at 280°C, the melting
peak of PET in the blends gradually shifts to
lower temperature, and the area of the melting
peak decreased. The Tm values of 80/20, 50/50,
and 20/80 DGEBA–PET blends are also shown in
Figure 8 as functions of treatment time at 280°C.

It is evident that both crystallinity and crystal-
lization ability of PET in the blends decreased
with the increase of thermal treatment time. This
can be considered as a result of the loss of perfec-
tion of the PET crystallites due to the decrease of
the crystallizable segment length of this polymer.

Figure 7 DSC curves of the 50/50 DGEBA–PET
blends treated at 280°C for various treatment times.
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In the initial stages of reaction, the increase in
the area of the crystallization peak in Figure 7
can be attributable to a decrease of crystallization
ability of PET in the blends with the introduction
of the DGEBA into the PET chains. The crystal-
lization behavior of PET in the blends did not
change during the thermal treatment. In the final
stages of reaction, the decrease in the area of the
crystallization peak is due to the decrease of crys-
tallinity of PET in the blends as the recrystalli-
zation process was hindered by the DGEBA
molecules incorporated in the PET chains. When
the reaction extent reached a critical value, both
the melting peak and crystallization peak disap-
peared, which indicates that the crystalline re-
gions of PET in the blends were completely de-
stroyed. Figure 9 shows fractional crystallinity Xc
of DGEBA–PET blends as functions of treatment
time at 280°C. The same variation of the crystal-
linity with treatment time is also observed for the
80/20 and 20/80 compositions. The fraction crys-
tallinity Xc decreased greatly when treated at
280°C for 10 min. Similar results were also found
in other blends containing a crystallizable con-
densation polymer in which an interchange reac-
tion takes place at high temperatures,16,17,19 and
such an effect could not be attributed only to the

self-crosslinking reactions among the DGEBA
molecules. Therefore, it can be concluded that an
interchange reaction has occurred between the
DGEBA and PET components when treated at
280°C for a long enough time.

Optical microscopy can also provide a clear ev-
idence of the effect of interchange reactions on the
crystallization behavior of PET in DGEBA–PET
blends. Figures 10(a)–(d) show optical photomi-
crographs with crossed polar for the 50/50 DGE-
BA–PET blend first thermally treated for 1, 3, 5,
and 10 min at 280°C, respectively, followed by
rapid cooling to 210°C to crystallize at this tem-
perature for 20 min. In Figure 10(a) it can be seen
that the blend treated for 1 min has completely
crystallized after 20 min at 210°C. However, with
increase of the treatment time, the crystallinity
was markedly decreased, and the crystallization
of the blend became increasingly difficult [Fig.
10(b)–(d)]. The longer the treatment time, the less
the extent of crystallization. Moreover, there was
no crystallization observed for the blend heated at
280°C for 15 min and longer. These results fur-
ther support the idea that there exist an inter-
change reaction between DGEBA and PET.

CONCLUSIONS

PET was found to be miscible with DGEBA as
revealed by the existence of single composition

Figure 9 Fractional crystallinity Xc of DGEBA–PET
blends as functions of treatment time at 280°C.

Figure 8 Melting temperatures and crystallization
temperatures of DGEBA–PET blends as functions of
treatment time at 280°C.
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dependent Tg. The interchange reaction took
place during thermal treatment of DGEBA–PET
blends in the molten state. The reaction of the
hydroxyl groups of DGEBA with the ester groups
of PET gave rise to grafted and crosslinked co-
polymers. Interchange reactions resulted in an
increase in Tg, a decrease in the crystallinity, and
in the perfection of the crystalline structures of
PET. These results were confirmed by the mor-
phological observations.
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