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Abstract

Co-cured materials based on 100/0, 50/50 and 0/100 weight ratios of resole/epoxy were prepared by using NaOH and 4,40-di-
aminodiphenylmethane (MDA) as curing agents. Samples were spin-coated on Al plates and were subjected to accelerated aging at
150�C in air for 49 days. The functional group changes during thermal oxidation were monitored with FT±IR at various times.
Di�erence spectra were obtained by using aromatic absorption at 1608 cmÿ1 as internal standard. Kinetic study was performed,

and a ®rst order of degradation was demonstrated. Experimental results revealed that the degradation rate constants for pure
epoxy, 50/50 of resole/epoxy and pure resole are 9.32�10ÿ3, 4.29�10ÿ3 and 2.03�10ÿ3 hÿ1, respectively, indicating a signi®cant
protection of epoxy against thermal oxidation via co-curing resole/epoxy. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hindered phenols are well known as stabilizers for
plastics and rubbers [1,2]. Since resole is a thermosetting
resin with hindered phenol moieties in the backbone, it
would be expected to act as a radical scavenger and
hence as a stabilizer for polymers. On the other hand,
epoxy resins are strong materials and have been widely
used in thermosetting plastics, composites, adhesives,
coatings, etc. However, incorporating of low molecular
weight hindered phenols into polymer may cause leaching
problems [3]. Therefore, we are interested in incorpor-
ating polymeric resole into epoxy resin and co-curing
the two resins into a network structure to avoid leach-
ing. In this article we report the result of our study.

2. Experimental

Resole was synthesized by a literature method [4,5].
Epoxy in the form of diglycidyl ether of bisphenol-A
(DGEBA, Epon 815) with an epoxy equivalent weight
(EEW) of 194 was purchased from Shell Co. Weight

ratios of resole/epoxy of 100/0, 50/50, and 0/100 were
blended and were cured simultaneously by using NaOH
(1% on resole) and MDA (stoichiometric balance on
DGEBA) as curing agents. Film samples on Al plates
were spin-coated and were placed in an accelerated
aging oven at 150�C under circulating air for 49 days.
A Nicolet 520 FTIR spectrometer with a resolution of

1 cmÿ1 was used to monitor the functional group chan-
ges during thermal oxidation. Di�erence spectra were
obtained by subtracting the absorbances at various time
t from that at time zero, using the aromatic absorption
at 1608 cmÿ1 as internal standard. Integrated peak areas
for the increasing carbonyl absorbance were related to
the carbonyl concentration changes. The conversion, �,
is de®ned as

� � At ÿ Ao� �= A1 ÿ Ao� � � Ct ÿ Co� �= C1 ÿ Co� �

where Ao, At and A1 are peak areas of carbonyl groups
at the initial time, time t and after 49 days, respectively;
Co, Ct and C1 are the corresponding concentrations.

3. Results and discussion

Thermal oxidation of diamine-cured epoxy resin has
been reported in literature [6,7]. The initial stage of
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degradation leads to loss of H2O resulting in the for-
mation of C=C; later degradation stages lead to the
production of substituted aldehydes, ketones and acids,
which cause increasing absorbances at ca. 1700 to 1740
cmÿ1 [6,7]. However, the literature [8±10] reveals exten-
sive thermal oxidation products of resole, which consist
mainly of carbonyl groups at ca. 1625 cmÿ1 in the form
of substituted benzophenones and quinonoid-type
moieties at ca. 1660 to 1690 cmÿ1 [8±10]. Di�erence
spectra for the cured epoxy, cured resole and co-cured
resole/epoxy (50/50) are given in Figs. 1±3, respectively.
It appears that increasing carbonyl absorbances con®rm
the reports in literature. However, in comparison of
Figs. 1 and 3, obviously, the increase of carbonyl
absorbance at ca. 1700 to 1740 cmÿ1 is signi®cantly
decreased for the co-cured 50/50 resole/epoxy, based on
the same period of thermal oxidation.
Plots of increasing conversion versus time for the

three samples are given in Fig. 4. It appears that the
formation rates of carbonyl groups are in the order:
epoxy >50/50 co-cured resole/epoxy>resole. In view of
the chemical structure of resole, this order is reasonable
since resole consists of hindered phenol moieties in its
backbone which, of course, are able to act as stabilizer
against thermal oxidation [3,4].
Plots of ÿ ln 1ÿ �� � versus time for the increase of

carbonyl groups at ca. 1700 to 1740 cmÿ1 are straight
lines which ®t ®rst-order degradation (Fig. 5). The
thermal-oxidation rate constant for each sample can be
measured directly from the slope of the corresponding
line. The measured rate constants are k1 � 9:31� 10ÿ3

hÿ1 for epoxy, k2 � 4:29� 10ÿ3 hÿ1 for 50/50 cocured
resole/epoxy, and k3 � 2:03� 10ÿ3 hÿ1 for resole.
Therefore, it is obvious that signi®cant protection of
epoxy resin against thermal oxidation can be achieved
by incorporating resole into the epoxy via cocuring. A
further report on the improved retention of mechanical
properties by the same protection method will submitted.

Fig. 1. Di�erence spectra (At ÿ Ao, t in days) for epoxy during

thermo-oxidation.

Fig. 2. Di�erence spectra (At ÿ Ao, t in days) for resole during

thermo-oxidation.

Fig. 3. Di�erence spectra (At ÿ Ao, t in days) for cocured 50/50

resole/epoxy during thermo-oxidation.
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4. Conclusions

Signi®cant protection of epoxy resin against thermo-
oxidation via co-cured resole/epoxy was found by
monitoring the rates of carbonyl group formation with
FT±IR. Thermo-oxidation rate constants for di�erent
samples were also determined from a kinetic study,
indicating lower thermo-oxidation rate constant after
resole was co-cured into the epoxy resin.
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Fig. 4. Conversion of carbonyl formation, �, versus time for (A)

epoxy, (B) 50/50 resole/epoxy, and (C) resole.

Fig. 5. Plots of ÿ ln 1ÿ �� � versus thermo-oxidation time at 150�C for

(A) epoxy, (B) 50/50 resole/epoxy, and (C) resole.
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