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ABSTRACT: The curing behavior and thermal properties
of bisphenol A type novolac epoxy resin (bisANER) with
methylhexahydrophthalic anhydride (MHHPA) at an anhy-
dride/epoxy group ratio of 0.85 was studied with Fourier-
transform infrared (FTIR) spectroscopy, differential scann-
ing calorimetry (DSC), and thermogravimetry. The results
showed that the FTIR absorption intensity of anhydride and
epoxide decreased during the curing reaction, and the
absorption peak of ester appeared. The dynamic curing ener-
gies were determined as 48.5 and 54.1 k] /mol with Kissinger
and Flynn-Wall-Ozawa methods, respectively. DSC mea-
surements showed that as higher is the curing temperature,
higher is the glass transition. The thermal degradation of the
cured bisANER/MHHPA network was identified as two

steps: the breaking or detaching of —OH, —CH,—, —CHj,
OC—O0O and C—0O—C, etc., taking place between 300 and
450°C; and the carbonizing or oxidating of aromatic rings
occurring above 450°C. The kinetics of the degradation reac-
tion was studied with Coats-Redfern method showing a
first-order process. In addition, vinyl cyclohexene dioxide
(VCD) was employed as a reactive diluent for bisANER
(VCD/bisANER = 1 : 2 w/w) and cured with MHHPA, and
the obtained network had a higher T, and a slight lower de-
gradation temperature than the undiluted system. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 2041-2048, 2007
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INTRODUCTION

Epoxy resins are the most important class of matrices
for polymer composites due to their high mechanical
strength, good thermal, electrical, and chemical resist-
ance. The curing reaction mechanism, thermal and
mechanical properties of epoxy resins depend on their
physical and chemical natures. Therefore, considerable
attention has been paid to the curing reaction, thermal
and mechanical properties of epoxy resins."* However,
the main research works were focused on the systems
based on bifunctional epoxy resins''® and tetrafunc-
tional epoxy resins,'>* with various curing agents; few
efforts was made on those involving multifunctional
novolac epoxy resins.

Bisphenol A type novolac epoxy resin (bisANER) is
a high-functionality solid polymeric epoxy resin, and
has been employed as the matrix for high perform-
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ance fiber-reinforced composites in the aerospace
industry and as encapsulant for electronic compo-
nents."”” The preparation of bisSANER and the
curing reaction with 4,4'-diaminodiphenyl sulfone
was reported in our previous work,'® and the pre-
pared products were mainly consisted of trimers and
dimers.

In some applications requiring low viscosity epoxy
resins systems, bisSANER can be diluted with some
diluents or cured with some liquid curing agent to
decrease the viscosity of the system. Vinyl cyclohex-
ene dioxide (VCD) is a cycloaliphatic epoxide with
low viscosity, good heat resistance, superior mechani-
cal and electrical properties,'” and can be used as a re-
active diluent. For the curing agents, methylhexahy-
drophthalic anhydride (MHHPA) is a liquid agent
with low viscosity and can cured with epoxy resins to
produce transparent products used as the matrix for
many advanced materials in the aerospace and elec-
tronic industries. But the curing reaction mechanism
of epoxy resin with MHHPA and the properties of
the cured product are different with aromatic di-
amine.

In this study, the curing behavior and thermal
properties for bisANER with or without VCD through
MHHPA was studied using differential scanning cal-
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Scheme 1 Molecular structure of bisANER.

orimetry (DSC), Fourier-transform infrared (FTIR)
spectroscopy, and thermogravimetry.

EXPERIMENTAL
Materials and sample preparation

Bisphenol-A, formaldehyde (37% aqueous), and n-bu-
tanol were from Beijing Chemical (China). Epichloro-
hydrin, oxalic acid, sodium hydroxide, and benzene
were from Tianjin Chemical (China). Tetrabutylam-
monium bromide was from Shanghai Chemical (China).
MHHPA was from Wuxi Wells synthetic material
(China). VCD was from Sigma-Aldrich Chemie (Swit-
zerland). All solvents were used as received without
further purification.

BisANER was synthesized according to the litera-
ture,'® and its structure was shown in Scheme 1. The
epoxy equivalent weight (EEW) of the synthesized
bisANER is 213 g/eq, which was determined with the
hydrochloric acid-acetone titration method.*® Based
on the determined EEW value, the bisANER and
MHHPA were mixed at the 1 : 0.85 stoichiometric ra-
tio of epoxide to anhydride groups. In addition, bis-
ANER and VCD were mixed at a weight ratio of 2 : 1;
subsequently, the mixture was mixed with MHHPA
at a 1 : 0.85 stoichiometric ratio of epoxide to anhy-
dride groups.

The mixtures were subjected to the following cur-
ing programs (1) bisANER/MHHPA mixtures were
first cured at 140°C for 1 h, then cured at 180 and
200°C, respectively, for different periods. (2) bis-
ANER/VCD/MHHPA mixtures were first cured at
140°C for 1 h, and then cured at 180°C for different
periods.

FTIR measurements

A Nicolet Nexus 670 FTIR spectrometer was used to
determine the structural changes of the bisANER/
MHHPA during the curing and thermal degradation
reactions. The sample was coated onto a potassium
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bromide plate as a thin film at room temperature. For
monitoring curing, the coated film was placed in an
oven at 180°C and retrieved at certain time interval
for scanning. For studying the thermal degradation,
the sample cured at 180°C for 8 h was heated in an
oven and at 10°C/min and retrieved for scanning at
certain temperatures.

DSC measurements

A PerkinElmer Pyrisl differential scanning calorime-
ter was used to determine the curing behavior and
the glass transition temperatures (T,s) of bisSANER/
MHHPA, operating in dynamic nitrogen atmosphere
at a flowing rate of 40 mL/min.

BisANER/MHHPA mixtures (about 6.5 mg each)
was subjected to dynamic DSC scans at heating rates
of 5, 7.5, 10, 125, and 15°C/min, respectively, to
determine the dynamic curing behavior. In addition,
about 16 mg of cured sample was placed in a sample
cell, and then the sample was subjected to a dynamic
DSC scan at 20°C/min to determine the T,. The glass
transition process appears as baseline shift, and the
T, is taken as the midpoint of the heat capacity
change (AC)).

TGA-DSC measurements

A Netzsch STA 449C TG-DSC simultaneous analyzer
was used to determine the weight loss and heat
release behaviors of bisANER/MHHPA and bis-
ANER/VCD/MHHPA during the degradation pro-
cess. About 16 mg of cured sample was placed on the
instrument, and then was heated to 700°C at a heating
rate of 10°C/min. The experiments were carried out
under dynamic air at a flowing rate of 20 mL/min.

RESULTS AND DISCUSSION
FTIR study of curing reaction

The curing reaction of the epoxy-anhydride in the
presence of OH groups was first initiated by the addi-
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Scheme 2 The curing reaction scheme for epoxy resin with MHHPA.

tion of hydroxyl groups on the epoxy resins onto the
anhydride ring generating an ester group and a car-
boxylic acid group. The newly formed carboxyl group
reacted quickly with another epoxy group and
formed an additional ester and a hydroxyl group. In
addition, the reaction between the hydroxyl and ep-
oxy group occurred as a side reaction during the cur-
ing, especially at higher temperatures. Therefore,
esterification and etherification were the main curing
reactions. The curing mechanisms are sketched in
Scheme 2.2'72*

Figure 1 presents the FTIR spectra of the bisANER/
MHHPA system during the curing reaction. The
assignments of the absorption features are as fol-
lows:*>? 3700-3320 cm ™' to hydroxyl groups, 2955-
2869 cm ! to the CH;3 and CH,, 1860 and 1785 cm ™+
to anhydride C=0, 1700 cm™ ' to carboxylic acid
C=0, 1731 cm! to ester linkage C=0, 1610, 1506,
and 1455 cm ' to the stretching and deformation aro-
matic C=C, 1247 cm™ ! to the aromatic ether
¢—0—C, 1108 and 1038 to the deformation of the ar-
omatic CH, 944 and 901 cm ™' to the pathalic anhy-
dride C—O, the stretching of C—O—C on epoxide
also occurs in this region but cannot be clearly dis-
cerned in the uncured resin system, 913 cm ! to epox-
ide groups, 830 cm ' to the out-of-plane deformation

of the aromatic CH, 750 and 624 cm ! to the out-of-
plane deformation of the phthalic anhydride C—H
and C—C—C.

The structural changes during curing process can
be identified from Figure 1. After cured at 180°C for
30 min, the absorption intensity of hydroxyl with the
broad spectral feature increased, while the absorption
of C=0 of anhydride at 1858 cm ™' disappeared com-
pletely and at 1785 cm ™' decreased greatly. Corre-
spondingly, the absorption intensity of the C=O in
the newly formed ester linkage at 1731 cm ' ap-
peared and became stronger. The above-mentioned
changes were attributed to the reaction of anhydride
with a hydroxyl forming a carboxylic acid, which in
turn caused the ring-opening of an epoxide group
generating an additional hydroxyl moiety. As a result,
the absorption intensity of epoxide groups, which
was swam?ed by the pathalic anhydride C—O peak
at 901 cm™ ', decreased. With the proceeding of curing
reaction, the absorption intensity at 913 cm™' de-
creased gradually and the absorption peak disap-
peared completely after 8 h at 180°C. Moreover, it can
be seen that the absorption intensity of epoxide
groups decreased slowly with increasing time at later
curing stage, which indicated that the reaction rate
decreased gradually with the reaction proceeding. In

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 FTIR spectra of bisANER/MHHPA uncured (a) and cured at 180°C for (b) 30 min; (c) 90 min; (d) 240 min, and

(e) 480 min.

addition, the absorption of 750 and 624 cm ' disap-
peared after 30 min, indicating that most of phthalic
anhydrides had been consumed.

Curing kinetics

The curing reaction kinetic parameters can be eval-
uated with a multiple-heating-rate method by deter-
mining the exothermic peak temperatures at several
heating rates. In practice, two convenient multiple-
heating-rate methods are generally used. One is the
maximum reaction rate method proposed by Kissinger,”
which is based on the fact that the exothermic peak
temperature (T,) varies with the heating rates. The
other is the isoconversion method proposed by Flynn,
Wall,?® and Ozawa,? which is based on the fact that

Journal of Applied Polymer Science DOI 10.1002/app

isoconversion can be reached at different tempera-
tures with various heating rates.

Kissinger’s approach assumes that the maximum
reaction rate occurs at peak temperatures, where
d%a./dt?, it can be expressed as

B\ . (AR\ E

where B is the linear heating rate, A is the pre-expo-
nential factor, E is the activation energy, and R is the
universal gas constant. Therefore, a plot of In(B/ T;)
versus 1/T), gives the values of E and A.
Flynn—-Wall-Ozawa method assumes that the degree
of conversation at peak temperatures for different
heating rates is constant. It can be expressed as
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Figure 2 Dynamic curing DSC curves of bisANER/
MHHPA.
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where C is a constant, T is the isoconversion tempera-
ture, and other parameters are the same as described
earlier. Plotting log B versus 1/T,, the activation
energy can be obtained from the slope.

In Figure 2, the heat flow was plotted as a function
of the temperature for five different heating rates. It is
seen that the exothermic reaction proceeded in a wide
temperature range, and the maximum rate tempera-
tures of the curing reaction increased with increasing
heating rate. All the exothermic peak temperatures
(T,) of the DSC curves at different heating rates were
listed in Table I, and the curing kinetic parameters
determined by the Kissinger and Flynn-Wall-Ozawa
methods were also summarized in Table I. The value
of the curing active energy is lower than the bisANER
with 4,4'-diaminodiphenyl sulfone.'®

Glass transition temperature and
curing reaction process

T, of an epoxy resin network is the reflection of the
structure and curing extent for a given epoxy resin
system. For this reason, the curing behavior in ques-

TABLE I
The Peak Temperatures of DSC and the
Kinetic Parameters of the Dynamic Curing of
the BisANER/MHHPA

. Flynn-
Heating Kissinger Wall-Ozawa
rates
(°C/min) T, (°C)  E(kJ/mol) A(s ") E (KJ/mol)
5 209.3 48.5 23.1 54.1
7.5 220.8
10 234.8
12.5 243
15 247.5
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tion was studied by monitoring the variation of T,
during the reaction process.

The T, data measured with DSC for the bisANER/
MHHPA and bisANER/VCD/MHHPA systems cu-
red at various temperatures and time lengths were
shown in Figure 3 and Table II. These data showed
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Figure 3 DSC curves of (a) bisANER/MHHPA cured at
180°C, (b) bisANER/MHHPA cured at 200°C, and (c) bis-
ANER/VCD/MHHPA cured at 180°C for different periods.
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TABLE II
Glass Transition Temperature (°C) of the BisSANER/
MHHPA and BisANER/VCD/MHHPA Networks Cured
at Different Conditions

Curing time (h) 1 2 4 8 10
BisANER/MHHPA

180°C 71.3 91.1 105.4 105.7 106.4

200°C 75.8 99.4 109.3 119.1 119.5
BisANER/VCD/MHHPA

180°C 115.1 120.1 135.5 152.2 152.6

that the T, of the two systems depended both upon
cured temperature and time. At a given curing tem-
perature, T, increased with increasing curing time
and leveled off to a certain value. On the other hand,
at given curing time, higher curing temperature gave
a higher T, value. These changes of T, reflected the
segment movement in the network and the curing
behavior. Within short curing time, both crosslinking
degree and molecular weight were low, and the mo-
lecular movement was relatively easy, so the net-
works gave rise to a low T, value. In this stage, the
curing proceeded smoothly, and a higher curing tem-
perature resulted in a higher curing rate. With in-
creasing curing time, both crosslinking density and
molecular weight increased, the segment movement
became more difficult. When the curing reached a cer-
tain extent, the segment movements were greatly re-
stricted and the curing could not proceed further, so
the T, of the network no longer changed. At higher
curing temperature, the segments acquired greater
energy, and a higher T, was exhibited.

It can be seen from Figure 3 and Table II that the
Tgs of the bisANER/VCD/MHHPA were obviously
higher than those of bisANER/MHHPA. This indi-
cated that VCD increased the restriction of the seg-
ments. As shown in Scheme 1, the backbone of the
bisANER molecule was mainly composed of aromatic
rings, and the movements of the bisANER segments
needed more free volume than that of no-aromatic-
ring molecules. Because of the steric hindrance, the
bisANER segments could not penetrated into the free
volume inside the network. However, the occupying
space of VCD molecule is smaller than the bisANER,
and the movements of VCD molecules may penetrate
easier into the network and result in a higher cross-
linking density. For this reason, the bisANER/VCD/
MHHPA system gave rise to a higher T, value than
those of bisANER/MHHPA cured with the same con-
dition.

Thermal degradation behavior

Figure 4 presents the FTIR spectra of bisANER/
MHHPA during the thermal degradation process.
When the degradation temperature reached 350°C,

Journal of Applied Polymer Science DOI 10.1002/app
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some changes in the structure of the bisANER/
MHHPA can be read from the spectra, such as the
absorption intensities at 3505, 2962-2867, 1733, 1506,
1183, 1126, and 1040 cm ! were all weakened in some
degree, which indicated that hydroxyl groups, alkyl
groups, ester linkage, aromatic C=C, aromatic C—O
and ether linkage were affected by the thermal
energy, and some of these groups were broken. With
rising degradation temperature, the absorption inten-
sities within these regions decreased gradually. After
the temperature exceeded 450°C, the absorption
intensities at 3505, 2962-2867, 1733, 1458, 1247, and
827 cm ' were weakened further, especially those at
2962-2867, 1733, and 827 cm~'. These changes in
characteristic features indicated that some groups
were seriously broken, such as alkyl groups, ester
linkage, aromatic C—O, and aromatic C—H. One
may conclude that the degradation of bisANER/
MHHPA may proceed in the following sequence: first
involving the breaking, detachment, or oxidation of
—OH, —CH,—, —CHj;, OC—0O, and C—0O—C, and
thereafter the carbonization and oxidation of aromatic
rings.

Figure 5 shows the weight loss behavior from TGA
of bisANER/MHHPA and bisANER/VCD/MHHPA
networks in dynamic air atmosphere. From the
curves, two stages of weight loss in dynamic air can
be identified.

When the degradation temperature reached 350°C,
weight loss of bisANER/MHHPA networks was
about 5% while that of bisANER/VCD/MHHPA net-
works was about 15%, which corresponded to the
breaking or detachment of —OH, —CH,—, —CHj,
OC—O, and C—0O—C, etc., as shown in Figure 4.

== 733

Absorbance

Wavenumber ( em’ N,

Figure 4 FTIR spectra of bisANER/MHHPA (a) cured at
180°C for 8 h and afterward heated to (b) 350°C and (c)
450°C at a heating rate of 10°C/min in static air atmos-
phere.
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Figure 5 TGA curves at a heating rate of 10°C/min of (a)
bisANER/MHHPA cured at 180°C, (b) bisANER/MHHPA
cured at 200°C, and (c) bisANER/VCD/MHHPA cured at
180°C for 8 h.

With rising temperature, these groups were further
broken and other links or groups were gradually de-
graded. When the temperature reached 450°C, weight
loss of bisANER/MHHPA networks was about 43—
46% while that of bisANER/VCD/MHHPA networks
was about 60%. According to Figure 4, the subsequent
reaction was mainly attributed to the breaking of
—OH, —CH,—, —CHj;, OC—O0O, and C—0—C, etc,,
and aromatic rings at higher temperatures. When
temperature was above 450°C, the degradation reac-
tions of bisANER/MHHPA and bisANER/VCD/
MHHPA networks all proceeded into the second
weight loss stage. In this stage, the residual groups or
links of —OH, OC—0, and C—O—C were gradually
broken or oxidated, and the main reactions were the
carbonization and oxidation of aromatic rings.

In addition, the DSC curves in Figure 6 show the
heat release behavior of cured samples during the
thermal degradation process. Corresponding to the
first weight loss stage, only a broad and low exother-
mal peak was given. This suggested that the break-
ing or detachment of —OH, —CH,—, —CHs;, and
C—O—C were hardly exothermic, some of which
may be endothermic. However, in the higher degra-
dation temperatures, a large peak was exhibited.
Since the corresponding reactions were mainly oxi-
dation, it was natural to release a large amount of
heat.

From Figure 5, it can be seen that bisANER/VCD/
MHHPA networks degraded at a slight lower tem-
perature than bisANER/MHHPA. This can be ex-
plained from the molecular structure viewpoint. VCD
is a cycloaliphatic diepoxide, and saturated carbon-
hydrogen is the main structure character. After cured
in the bisANER/VCD/MHHPA system, though VCD
can increase the T, of the networks, VCD are weaker
points than that of the bisANER, and may be broken
easier.
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Thermal degradation kinetics

Kinetic information can be obtained from thermogra-
vimetric experiments. To determine the kinetic pa-
rameters of the degradation from the thermogravi-
metric data, the first step is to evaluate the conversa-
tion of the reaction. In TGA dynamic experiments, the
weight change of the sample is regarded as a function
of temperature, and the conversation can be ex-
pressed as

w; — wr

®)

o =
wi

where w; is the sample weight in 7 stage, wr is the re-
sidual weight of the w; at temperature T. Therefore,
with the equation, the conversions are calculated for
different degradation stages from the TGA curves.

To determine the kinetic parameters of the degra-
dation process, many methods have been reported.
Among them, Coats—Redfern used the following
equation®

lng](,?_ln[lgg <1—2RET>} —% 4)

where g¢(x) is a integral function of conversion de-
pendence function. The correct form of g(o) depends
on the proper mechanism of the decomposition reac-
tion.® Different expressions of g(a) for some solid-
state reaction mechanisms can be described as follow-
ing: first order: — In(1 — a); second order: 1/(1 — a);
third order: 1/(1 — &) Based on the experimental
data and according to eq. (4), the activation energy
can be calculated from a fitting of In (g(a)/ T?) versus
1/T plots.

In this study, only conversions values in the range
5-20% were used. The results of the first degradation
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Figure 6 DSC curves at a heating rate of 10°C/min of (a)
bisANER/MHHPA cured at 180°C, (b) bisANER/MHHPA
cured at 200°C, and (c) bisANER/VCD/MHHPA cured at
180°C for 8 h.
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TABLE III
Kinetic Parameters of the First Thermal Degradation Stage
Cured Reaction Correlation E Log Standard
sample order coefficient (kJ /mol) (A) (sfl) deviation
BisANER/MHHPA
180°C F; 0.9911019 87.8 1.97 0.094
F, 0.1829882 0.36 —7.20 0.015
F3 0.0335535 10.96 —8.43 0.034
200°C F, 0.9830539 81.93 0.62 0.133
F, —0.1661663 —0.69 - -
Fs 0.7318631 8.94 —8.68 0.073
BisANER/VCD/MHHPA
180°C Fi 0.9959989 94.8 4.16 0.050
F, 0.4999726 1.51 —8.33 0.015
Fs 0.9235020 12.83 —8.04 0.031

stage are listed in Table III, and as shown in the Table
III, the correlation values for different mechanisms
are different. According to the principle that the prob-
able mechanism has high correlation coefficient value,
the probable mechanism functions of the thermal de-
gradation reaction are deduced from the calculated
results: first order. In addition, the degradation acti-
vation energy of bisANER/VCD/MHHPA is higher
than that of the bisANER/MHHPA.

CONCLUSIONS

Curing reaction of bisANER with MHHPA studied
using FTIR spectroscopy shows that the obvious
structure changes involve the disappearance of epox-
ide groups, increase of hydroxyl and appearance of
ester groups.

DSC studies show that the curing active energies of
bisANER with MHHPA are lower than with 4,4’-di-
aminodiphenyl sulfone. The glass transition tempe-
ratures (Tgs) of bisSANER/MHHPA increase with in-
creasing temperature and time and leveled off a cer-
tain value.

Thermal degradation of bisANER/MHHPA net-
work begins with the breaking of —OH, —CH,—,
—CHs;, OC—0, and C—0O—C, etc. At higher degra-
dation temperatures above 450°C, the carbonization
or oxidation of the aromatic rings occurs. The degra-
dation reaction takes place in two steps in dynamic
air, and the kinetics analysis of bisANER/MHHPA
determined with Coats—Redfern method shows that
the probable mechanism is first-order reaction.

When vinyl cyclohexene dioxide (VCD) was used as
a reactive diluent for bisANER, Tgs of the cured net-
works increase and the degradation temperature de-
crease slightly compared with the undiluted system.
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