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ABSTRACT: The commercial epoxy prepreg SPX 8800,
containing diglycidyl ether of bisphenol A, dicyanodiamide,
diuron, and reinforcing glass fibers, was isothermally cured
at different temperatures from 75 to 110°C and monitored
via in situ near-infrared Fourier transform spectroscopy.
Two cure conditions were investigated: curing the epoxy
prepreg directly (condition 1) and curing the epoxy prepreg
between two glass plates (condition 2). Under both curing
conditions, the epoxy group could not reach 100% conver-
sion with curing at low temperatures (75-80°C) for 24 h. A
comparison of the changes in the epoxy, primary amine, and
hydroxyl groups during the curing showed that the samples
cured under condition 2 had lower initial epoxy conversion

rates than those cured under condition 1 and that more
primary amine-epoxy addition occurred under condition 2.
In addition, the activation energy under cure condition 2
(104-97 kJ/mol) was higher than that under condition 1
(93-86 kJ/mol), but a lower glass-transition temperature of
the cured samples was observed via differential scanning
calorimetry. The moisture in the prepreg was assumed to
account for the different reaction kinetics observed and to
have led to different reaction mechanisms. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 87: 2295-2305, 2003
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INTRODUCTION

Diglycidyl ether of bisphenol A (DGEBA)-based ep-
oxy resins cured with dicyanodiamide (DICY) in the
presence of an aryl-substituted urea (uron) accelerator
have been widely used in industry, especially in the
preparation of prepregs and adhesive coatings. Gen-
erally, the curing mechanism involves epoxy—amine
addition and epoxy homopolymerization (or etherifi-
cation) in the presence of a tertiary amine catalyst.
Both of the two reactions proceed through a trimo-
lecular mechanism, as shown in Scheme 1.'~ The pro-
ton-donor group (water, alcohol, and hydroxyl group)
influences both reactions. For the epoxy system con-
taining the DICY hardener, in a study of the model
system DGEBA/DICY/BDMA  (benzyldimethyl-
amine), Zahir* reported that DICY acted as a latent
cyanamide donor. The uron accelerator dissociates
into dimethyl amine and reacts with epoxy to generate
a tertiary amine that catalyzes the epoxy—amine addi-
tion and epoxy homopolymerization (Scheme 2).>~
Both the DICY hardener and the uron accelerator are
solids in the starting reaction mixture. Therefore, the
reaction kinetics depend not only on the initial con-
centrations of the different components but also on the
reaction temperature.®~'° The reported activation en-
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ergies [from differential scanning calorimetry (DSC)]
vary from 95 to 51 kJ/mol.’ The cure temperature and
the ratio of different functional groups also influence
the crosslinking density and the glass-transition tem-
perature (T,) of cured epoxy resins.'"'? Although
many studies have been made of this complicated
system,'*!* a clear understanding of the curing mech-
anism has still not been achieved, and only a few
studies have been reported on commercial products
containing glass-fiber reinforcements.'>'®
Near-infrared (NIR) spectroscopy has recently been
proven to be a very useful technique for the study of
epoxy resin curing.'”>* The major functional groups
involved in the curing process—epoxy, primary and
secondary amine, and hydroxyl functional groups—
can be isolated well from the neighboring absorptions
in the NIR spectrum, and this makes it possible to
study the kinetics of the epoxy curing process.”*
Another advantage of NIR lies in the fact that the
absorptions of the functional groups are much lower
than those in the Fourier transform infrared (FTIR)
range; therefore, a relatively large quantity of samples
and thicker samples can be studied, and cheap acces-
sories such as glass plates and vials can be used in-
stead of KBr, NaCl, and expensive inorganic crystal
windows. NIR studies on the kinetics and mechanism
of the epoxy curing process have been performed for
several systems, which span from simple model sys-
tems with one epoxy functional group and simple
primary and secondary amines to bifunctional, tri-
functional, and tetrafunctional epoxy and amine sys-
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Scheme 1 Proposed models for the epoxy cure reactions.

tems. Most of the epoxy—amine combination systems
studied are homogeneous solutions at the cure tem-
perature, and the epoxy—amine molar ratios are close
to 1, amine—epoxy addition being the main reaction in
the cure process. Both epoxy and amine group absorp-
tions are well isolated and have strong absorption
intensities in the NIR range. Quantitative NIR studies
on heterogeneous epoxy systems are infrequent. Scat-
tering effects may arise from the heterogeneity and
result in erroneous quantification. Poisson et al.*” pub-
lished their work on an NIR study of a DGEBA-based
resin containing a DICY hardener and a diuron accel-
erator; the latter two components were fine powders
dispersed in the resin. The results of their study
showed that the molar extinction coefficients of the
epoxy groups for different epoxy-containing com-
pounds were the same. The change in the epoxy resin
from liquid to solid and small changes in the sample
thickness did not cause any significant changes in the
spectrum, and they found that the kinetic data ob-
tained by NIR agreed well with the results of size
exclusion chromatography. However, in reported NIR
studies of the curing of DGEBA /DICY/diuron com-
plex systems, only the changes in epoxy functional
groups were investigated, and an NIR study on this
epoxy system reinforced with glass fibers has not been
reported.

This article presents an in situ NIR study on the
isothermal curing of the epoxy prepreg SPX 8800 at
different temperatures under two cure conditions: cur-
ing the epoxy prepreg directly (condition 1) and cur-
ing the epoxy prepreg between two glass plates (con-
dition 2). Because the epoxy prepreg reinforced with
glass fibers was self-supportable, the prepreg was then

placed in an NIR light path directly (condition 1).
Because of the heating, a small amount of the epoxy
resin flowed down at the edge of the sample during
the early stage of curing, although it seems this flow-
ing down had no significant effect on the curing ki-
netics. For comparison, the epoxy prepreg was placed
between two glass plates to reduce any flowing of the
reactants during curing (condition 2). With the NIR
spectrum, besides the epoxy group, the changes in the
hydroxyl and primary amine groups and absorbed
water were also studied. In addition, DSC and FTIR
measurements were taken of the cured epoxy prepreg
so that we could compare the differences in T, and the
other functional groups in the sample cured at differ-
ent temperatures and conditions.

EXPERIMENTAL
Materials

The epoxy prepreg SPX 8800 is a commercial product
from SP Systems (Newport, United Kingdom); it was
used as received. It is a one-formulation prepreg that
contains a DGEBA-based epoxy prepolymer, a DICY
hardener, and a diuron accelerator. These three com-
ponents constitute approximately 45 wt % of the
prepreg, and glass fibers (55 wt %) constructed in
triaxial layers serve as the reinforcements. The chem-
ical structures of the three components are shown in
Scheme 3.

Techniques

NIR spectroscopy was performed with a Bomem
FT-NIR spectrometer equipped with an InAs detec-
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tor (Québec, Canada). One layer of the epoxy
prepreg was put into a standard glass vial, which
was then placed in a heating cell connected to a
Hoval Omega CN76000 temperature controller
(Québec, Canada) (cure condition 1). In another ex-
perimental setup, one layer of the prepreg was
placed between two glass plates in a heating cell
(cure condition 2). The isothermal curing of the
epoxy prepreg was carried out in the heating cell.

During the curing of the prepreg, transmittance
spectra were taken at defined time intervals. The
wave-number range was 3800-9000 cm ™' with a
resolution of 4 cm ™!, and 32 scans were coadded to
each spectrum. The background spectrum was taken
on the empty glass vial or two glass plates equili-
brated at the cure temperature. The transmittance of
the sample was monitored by the align utility dur-
ing the curing.
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Scheme 3 Structures of the chemical components in the epoxy prepreg.

FTIR spectra were taken on a Perkin Elmer Paragon
1000 (Llantrisant, United Kingdom) spectrometer.
Powder was scratched from the cured sample and
ground with KBr to make a tablet for transmittance
scanning. For each spectrum, four scans were coadded
at a resolution of 4 cm™".

A DSC analysis of the cured prepreg was performed
on a Mettler Toledo DSC 822° module (Schwerzen-
bach, Switzerland) equipped with a TSO 801RO uni-
versal sample robot autosampler; the Star® software
system was used to program and control the DSC
analysis and curve evaluation. The cured epoxy
prepreg was cut into piece of about 20-27 mg and put
into a standard 40 pL aluminum pan. The sample was
heated to 230°C in the first run, quenched to 25°C, and
heated to 300°C in the second run. Both heating pro-
cesses took place in an air atmosphere, and a ramp of
10°C/min was used.

Peak assignments

Figure 1 shows the NIR spectra of the epoxy prepreg
and DGEBA (molecular weight = 340). A comparison
of the spectrum of the epoxy prepreg with that of
DGEBA shows no change in the band shape and po-
sition for the epoxy and hydroxyl absorptions. The
peaks observed for different functional groups were
assigned according to the reported values in the liter-
ature 29?7 and are listed in Table I. In the epoxy

prepreg, besides the characteristic peaks of DGEBA,
small absorption bands at 4930, 4980, and 5044 cm !
were detected. These peaks were also found in the
spectrum of DICY.?” In the reported values for pri-
mary amine absorption in the NIR range, the peak
around 5044 cm™' is the combination band of the
aromatic primary amine, and the 4930 cm " is absorp-
tion by the aliphatic primary amine.*® Figure 2 shows
the NIR spectra of the epoxy prepreg for different

54
£
2
<
epoxy prepreg
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i
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Wavenumbers (cm)

Figure 1 NIR spectra of the epoxy prepreg and DGEBA at
room temperature.
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TABLE 1

Assignment of the Observed Peaks for the Different
Chemical Groups in the Epoxy Prepreg

Peak position

Integration range

Chemical group (em™h) (cm™1)
Aromatic C-H 4064, 4680,
4622 4652-4590
5985 6041-5952
Epoxy C-H 4529 4497.7-4555.5
6066
Primary amine N-H 4930
5044 5068-5022
Absorbed water 5247 5319-5134
Hydroxyl O-H 7004 7117-6858
4795

curing times at 90°C. The enlarged spectra in the DICY
absorption range of the epoxy prepreg are shown in
Figure 3. Because during the reaction the formation of
the hydroxyl group increased, the absorption around
4795 cm ™! and the baseline shifted up, and this might
have caused interference with the peaks at 4930 and
4980 cm ™!, so only the peak at 5044 cm ™' was moni-
tored. The peak at 5247 cm ™! was the absorption by
absorbed water in the epoxy prepreg.”'*!

Calculation of the conversions

The spectra were normalized at the 4622 cm ™' aro-

matic C—H combination band. The changes in the
epoxy, primary amine, water, and hydroxyl groups
were calculated by the integration of the peaks at 4529,
5044, 5247, and 7000 cm !, respectively, at defined
wave-number ranges, as shown in Table 1. All the
samples had slightly different thicknesses, and the
thickness of a sample might change during the curing;
to compensate for the change in thickness, an internal
standard was needed. The absorption band of aro-
matic C—H at 4622 cm ™' was used as an internal

=t
-
Ii
o

Absorbance
T Fr e

w N
[=a -2

S
=

r

4400 4900 5400 5900 6400 6900 7400

Wavenurrbers (cm ])

Figure 2 NIR spectra of the epoxy prepreg cured at 90°C
for different times.
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Figure 3 Enlarged NIR spectra of the epoxy prepreg cured
at 90°C for different times.

standard for the epoxy, primary amine group, and
water. The epoxy group conversion a; was calculated
as follows:

= (1 — H“/H”> X 100% 1
Qg = HE() / HrO o ( )
where Hg, and H,, are the band intensities of the epoxy
and aromatic reference peaks at curing time t in the
normalized spectrum, respectively, and Hgy and H,,
are the initial absorbances at time 0."

The conversion of the primary amine group and the
change in the water content were calculated by the
same equation with the same internal standard, but
the normalized absorption areas were used instead of
the band height.

If the cure reaction shown in Scheme 2 is the main
reaction, it can be assumed that only the amine-epoxy
addition will form hydroxyl groups; therefore, the
hydroxyl production percentage is calculated under
the assumption that the initial DICY concentration is
the total number of hydroxyl groups that can be

*Both the band intensity and band area were used for the
calculation of the epoxy conversion in the same integration
range. A relatively larger epoxy conversion was obtained
with the band area in the calculation. In the second method,
a curve-fitting program, with peaks assumed to be Gaussian
in shape, was used for the integration of the band intensity
and area. The second method showed the same tendency as
the first method for the epoxy conversion calculated by the
band intensity and area; however, the epoxy conversion
calculated by the band area with values from the curve
fitting was equal to that calculated by the band intensity in
the former method. Therefore, the band intensity was used
to calculate the epoxy conversion in this study.
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Figure 4 Epoxy conversion versus time at different cure temperatures under condition 1 (solid lines, from 75 to 110°C) and
condition 2 (dashed lines, from 75 to 110°C; the small marks on the dashed lines indicate at which point the light transmittance

of the sample started to decrease).

formed. With the aromatic C—H absorption at 5985
cm ! used as an internal standard, the hydroxyl pro-
duction (o) was calculated as follows:

AOHt/ Art - AOHO/ A

70.
= X B X 100% 2
won = g oAy @
where
Epicy
B _fX €0H

The normalized band areas were integrated and used
in the calculation. The hydroxyl group production
obtained by eq. (2) was only a relative value and was
not correlated to the epoxy conversion because of the
lack of knowledge of the molar extinction coefficients
of the hydroxyl group (eog;) and primary amine group
(epicy) and the functionality of DICY (f). The constant
B, equal to 1, was used in the calculation.

For confirmation that no significant difference
would occur with different aromatic C—H bands as
internal standards, that is, bands at 4622 and 5985
cm !, the ratio of the band area and the band intensity
of these two peaks was calculated with the NIR spec-
tra obtained at different stages of cure, and it was
found that the ratio did not change significantly dur-
ing the curing at different temperatures.

RESULTS AND DISCUSSION

Changes in the functional groups under the two
cure conditions

Epoxy conversion at different temperatures

Figure 4 shows the epoxy conversion during the cur-
ing at different temperatures. Under both curing con-
ditions, the epoxy conversion increased with increas-
ing cure temperature but leveled off without reaching
100%, even for prolonged curing times with curing at
low temperatures of 75-80°C. According to a compar-
ison of the curve at 80°C with that reported for a
similar epoxy system,” the epoxy conversion rate in
this study was higher at the initial epoxy conversion
stage, but the final epoxy conversion degree was the
same. The lack of an induction phase in the curing of
the epoxy prepreg might have been due to the partial
reaction of the prepreg during its preparation process
or the difference in the initial proportions of the dif-
ferent components in the reaction system.

During the curing, the light transmittance of the
sample increased at the beginning because of the de-
creased viscosity of the epoxy resin upon heating and
the reaction of DICY and diuron. The light transmit-
tance then started to decrease gradually because of the
epoxy network formation. Despite the different cure
temperatures, the light transmittance of the sample
always started to decrease at about 40% epoxy con-
version with curing under condition 1. In a high-
performance liquid chromatography study of a similar
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epoxy system, the gel times for the samples cured
under isothermal conditions at different temperatures
always appeared at 40% epoxy conversion,'” and this
agreed with our observations. It also implies that the
epoxy conversion degree at which the light transmit-
tance started to decrease is related to the gel point of
the epoxy prepreg in this study. However, when the
samples were cured under condition 2, the gel point
(the decrease in the light transmittance) was different
at different cure temperatures and appeared at higher
epoxy conversion degrees at high cure temperature, as
shown in Figure 4.

Besides the difference in the gel point, it was ob-
served that when the sample was cured under condi-
tion 1, the initial reaction rate was larger but the final
epoxy conversion degree was generally lower than
under condition 2 at the same cure temperature.

Primary amine conversion

Figure 5 shows the primary amine conversion (at 5044
cm ") versus the epoxy conversion at different cure
temperatures. It is clear that the primary amine con-
version increased with an increasing cure tempera-
ture. The amine conversion was only 80%, even when
the sample was cured at 110°C under condition 1, and
this indicates that there was still some DICY left in the
cured epoxy prepreg. A very low amine conversion
observed at low cure temperatures (<90°C) could be
explained by the low solubility of DICY in the epoxy
resin at low temperatures; another reason was that
more cyanamide produced during the reaction dimer-
ized into DICY at low cure temperatures. However,
when the samples were cured under condition 2 at 75
or 80°C, a larger amount of DICY was consumed in
the reaction. The same tendency was found for the
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Figure 5 Primary amine conversion versus the epoxy con-
version at different cure temperatures under condition 1
(solid lines) and condition 2 (dashed lines).
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Figure 6 Hydroxyl group production versus the epoxy
conversion in the cure of the epoxy prepreg at different
temperatures under condition 1 (solid lines) and condition 2
(dashed lines).

samples cured at high temperatures (90-110°C) under
condition 2. These results suggest that DICY and ep-
oxy reacted more under condition 2.

Hydroxyl production

The hydroxyl production versus the epoxy conversion
during the cure is shown in Figure 6. Because each
amine—epoxy addition can form one hydroxyl group,
the higher the primary amine conversion is in Figure
5, the higher the hydroxyl group production is in
Figure 6. Generally, a larger amount of the hydroxyl
group was formed under condition 2 than under con-
dition 1 because of the higher DICY conversion. The
higher hydroxyl production for the sample cured at
110°C under condition 1 was probably due to the
greater secondary amine—epoxy reaction in the sam-

ple.

Water desorption

When epoxy is cured in the presence of a tertiary
amine, a synergetic effect causes the reaction rate to be
higher than that for either pure epoxy—amine addition
or epoxy homopolymerization (or etherification). Za-
hir* proposed that the cured product of epoxy and
DICY accelerated by dimethylbenzylamine had a
chemical structure generated from both epoxy—amine
addition and etherification. An isothermal DSC study
by Schneider et al.'” on the cure of two epoxy/DICY/
uron systems suggested that the reactions of epoxy
with amine and hydroxyl occurred with a similar ac-
tivation energy (83.6 kJ /mol) that was higher than that
of the pure epoxy—amine addition (50 kJ/mol). These
results imply that the reaction mechanism is a combi-
nation of epoxy—amine addition and epoxy homopo-
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Figure 7 Absorbed water desorption versus the epoxy con-
version for the epoxy prepreg cured at different tempera-
tures under condition 1 (solid lines) and condition 2 (dashed
lines).

lymerization and that the tertiary amine produced by
the decomposition of the diuron accelerator plays an
important role in catalyzing both reactions.*” In this
study, the changes in the epoxy, primary amine, and
hydroxyl groups under the two cure conditions show
that more primary amine-epoxy addition occurred
during the early stage of cure, but the cure rate de-
creased under condition 2. Because a proton donor is
generally involved in the reaction mechanism in ep-
oxy reactions, as shown in Scheme 1, a plot of the
desorption of water against the epoxy conversion dur-
ing the cure under the two conditions was studied, as
shown in Figure 7. The release of the absorbed water
was faster when the sample was cured directly than
when it was cured between two glass plates (condition
2). Under both cure conditions, more epoxy was con-
sumed before all the water was released at higher cure
temperatures. Water is a proton donor that can form a
hydrogen-bonding complex with the epoxy group to
activate the oxirane ring and make a positive effect on
the epoxy consumption, but it can also form a complex
with tertiary amine to reduce the activity, resulting in
a low curing rate. Therefore, during the early stage of
cure, more epoxy reacted with the highly activated
amino hydrogen in DICY, and more of the cyclization
product, 2-amino-2-oxazoline, was produced. 2-Ami-
no-2-oxazoline, which is a base that further catalyzes
epoxy—amine addition and homopolymerization, is
supposed to be deactivated to some extent by water
during the early stage, also leading, therefore, to a low
curing rate.

In addition, it was reported that amino-oxazoline
could be hydrolyzed by water in the presence of a 50%
NaOH solution.” It is then supposed that amino-ox-
azoline serves as a strong base itself* and can be
broken down in the presence of water, especially at

WANG, STORM, AND HOUMOLLER

high temperatures. Because the dissociation of the
oxazoline ring will reduce the molecular weight and
crosslinking of the epoxy network, the gel point will
appear at a higher epoxy conversion degree. The
higher the cure temperature is, the more dissociation
there is and the later the gel point occurs, as shown in
Figure 4. The higher epoxy conversion degree for sam-
ples cured under condition 2 can tentatively be ex-
plained as follows. Because the gel point appeared at
a higher epoxy conversion degree, the diffusion-con-
trolled reaction occurred at a higher epoxy conversion
degree and enabled a large total epoxy conversion. For
the sample cured at 75°C, more DICY was integrated
into the epoxy reaction product and caused more
crosslinking. The dissociation was not strong at this
low temperature, and so the lowest gel point was
observed. The higher final epoxy conversion degree at
this temperature under condition 2 may be due to the
higher DICY conversion in the polymer.

Activation energy under the two cure conditions

Figure 8(a) shows the decrease in the epoxy group
during the curing. The data are expressed in terms of
the peak intensity ratios of the epoxy group to the
aromatic absorption at 4622 cm ! [R(Epo/Ar)]. The
first derivative of the curve was calculated to obtain a
plot of the relative epoxy conversion rate versus time,
as shown in Figure 8(b). Both of the curves demon-
strate an autocatalysis mechanism for the epoxy con-
version.

The study of Hagnauer'® on the cure of an Epon
828/DICY /monuron system, which was similar to the
epoxy prepreg, showed that in the early stages of the
reaction, the rate of reaction of the epoxy group (r)
follows first-order kinetics:

9Ce e 3
r = =
dt E ( )
1,6 0012
= + 001
=) b 1 0008 B
B =
2 <
E 08 - T 0,006 53
2 &,
£ + 0004 ¥
ﬁ 04
a + 0,002
0 ; K 0
0 200 400 600
Time (min)

Figure 8 (a) Absorbance ratio versus time and (b) relative
epoxy conversion rate versus time for the epoxy prepreg
cured at 90°C.
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Figure 9 Natural logarithm of the relative rate against 1/T
for the epoxy prepreg under condition 1 (solid lines) and
condition 2 (dashed lines). The epoxy conversion degree a
from 10 to 90% is displayed along the curves. The curves
have been displaced vertically for clarity.

where Ci is the epoxy concentration and k is the
reaction constant. Equation (3) can be transformed
with the application of the normal Arrhenius form:

r\ E_(1 1
nle)=xx (57 @

where r, /1, is the ratio of the rates of epoxy consump-
tion at cure temperatures T, and T,, respectively. By
the plotting of In(r,/r,) versus the reciprocal of the
temperature (1/7), the activation energy E was ob-
tained from the resulting straight line. In this study,
r1/71, was replaced by —d[R(Epo/Ar)]/dt from Figure
8(b) because this displacement did not change the final
activation energy value.

The apparent activation energy under the two cure
conditions was further studied and compared at dif-
ferent epoxy conversion stages. Figure 9 shows that
under condition 1 during early stages of cure (up to
40% epoxy conversion), the change in the natural log-
arithm of the relative rate was almost linear and that
the activation energy (93.5-86.6 k]/mol) agreed well
with those values determined with DSC and TBA
(torsional braid analysis).'** Because of the low sol-
ubility of DICY in the epoxy resin below 90°C, the
same gel point for the samples cured under condition
1 suggests that during the early stage of cure, a similar
reaction mechanism was at work, and the reaction
product was a combination of both epoxy—amine ad-
dition and epoxy polymerization, as shown in
Scheme 2.

After 40% epoxy conversion under condition 1, two
different rate patterns were observed. The rate de-
creased quickly in the low-cure-temperature range
(75-80°C) at higher epoxy conversion degrees, and
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this was due to the diffusion-controlled reaction and
limited DICY solubility in the reaction mixture. In the
high-cure-temperature range (90-110°C), the activa-
tion energy (E;) decreased at higher epoxy conversion
degrees (Table II) and was close to the activation en-
ergy of the epoxy—amine addition reaction.” This sug-
gests that at higher epoxy conversion stages, the dom-
inant reaction was an epoxy-amine addition reaction.
Because DICY could dissolve well in the epoxy resin at
90°C, and the epoxy polymerization rate decreased at
a higher epoxy conversion degree,” it is understand-
able that the epoxy—amine addition became the main
reaction.

In Figure 9, we can see that the two rate patterns
were not obvious under cure condition 2 and that the
activation energy was larger (E; > E,; Table II). To-
gether with the differences in the changes in the func-
tional groups, the large difference in the activation
energy for the two cure conditions indicates that the
reaction underwent different reaction mechanisms
and implies some differences in the final epoxy net-
work structure.

DSC study of the cured sample

DSC scans from 25 to 230°C were performed on the
samples after curing under condition 1, and cure-
temperature-dependent T,’s were observed (Fig. 10).
T, increased with the cure temperature, and this was
also reported in Oleinik’s work.>® Small endothermic
peaks at 211°C in the cured samples were obvious and
close to the melting point of DICY (210°C), and this
indicates that some DICY remained in the cured epoxy
prepreg. In Figure 10, the increase in the heat capacity
after T, indicated that the residual epoxy group was
undergoing a further reaction. The samples were then
cooled to room temperature, and another scan was
started (Fig. 11). In the second scan, T,’s for the sam-
ples cured at 80 and 90°C were slightly larger but still
close to those of the samples cured at other tempera-

tures. This result generally agrees with the discussion

TABLE 1I
Apparent Activation Energy of the Epoxy Prepreg
Cured at Conditions 1 and 2

e’ E, (kJ/mol)? E, (kJ/mol)® E; (kJ/mol)°

0.1 91.7 93.5 104.2
0.2 89.6 90.9 103.1
0.3 82.9 89.2 97.9
0.4 76.2 86.6 96.9
0.5 63.1 84.1 101.2
0.6 63.5 85.8 102.2
0.7 55.0 96.9 107.5
0.8 57.4

# Samples cured between 90 and 110°C (condition 1).
® Samples cured between 75 and 110°C (condition 1).
¢ Samples cured between 75 and 100°C (condition 2).
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75°C, 24h (89.8)

80°C, 26h (97.5)

Exothermic —»

90°C, 6.5h (104.5)

100°C, 3h (108.0)

110°C, 2h (111.2)

T T

0 50 100 150 200 250
Temperature (°C)

Figure 10 First DSC scan of the epoxy prepreg after curing
at different temperatures and for different cure times under
condition 1. The values in parentheses are T,’s. The heating
rate was 10°C/min.

in the papers®* that after the postcuring of the iso-
thermally precured samples, the preheating history
disappears and the relaxation of the nonequilibrated
structures frozen at the cure temperature occurs. The
small endothermic peak at 260°C in the degradation
temperature range observed for all the samples in
Figure 11 is still not assigned yet; it may be due to the
same derivatives formed from DICY. The DSC results,
together with the same gel points, suggest that when
the epoxy prepreg was cured under condition 1, the
same reaction mechanism applied and the epoxy net-
work formed after postcuring was similar, with only
slightly higher T,’s for the samples cured at 80-90°C.

The same DSC study was performed on the samples
cured under condition 2. The samples showed the

75°C (115.8)

80°C (117.8)

Exothermic ——p

90°C (116.8)

100°C (114.5)

110°C (115.8)

50 100 150 200 250 300

Temperature (°C)

Figure 11 DSC scans of the epoxy prepreg cured under
condition 1 at different temperatures after the first scan. The
values in parentheses are T,’s. The heating rate was 10°C/
min.

WANG, STORM, AND HOUMOLLER

same isothermal-conversion-dependent T, as those
cured under condition 1. In Table III, Tg’s of the cured
epoxy prepreg under the two cure conditions are com-
pared. From the T, values obtained in the first DSC
scan, the samples cured between two glass plates (con-
dition 2) had larger T,’s than those cured directly in
the glass vial (condition 1); this is consistent with the
higher epoxy conversion degree obtained under con-
dition 2. However, when the samples were scanned
again, T,’s of the samples cured under condition 2
were lower than those of samples cured under condi-
tion 1. Together with the NIR results on different
functional group conversions, this implies that the
samples underwent different reaction mechanisms
and that the final epoxy network was different under
the two cure conditions. Under condition 2, more ep-
oxy—amine addition occurred, and the dissociation of
the oxazoline ring during the reaction might have
resulted in small crosslinking domains in the compos-
ites and a lack of a large density of crosslinking points.
Without regard for the differences in T,’s for the sam-
ples cured at different conditions, however, a similar
T, tendency was observed: the samples cured at 80
and 90°C had slightly higher T,’s than the others, and
this suggests that the final epoxy network structure
depended on the preheating history to some extent
when the postcuring was performed at high temper-
atures.

FTIR spectra of the samples cured under
condition 1

The FTIR spectra of the cured samples are quite sim-
ilar, as shown in Figure 12. The remaining epoxy
group appeared as a small shoulder at 915 cm ™! in the
low-temperature-cured samples. The interference of
glass fibers from 850 to 1150 cm ™' made it impossible
to monitor the reaction by FTIR. The peak at 1760
cm ! was assigned to the carbonyl absorption of the

TABLE 111
T, for the Cured Epoxy Prepreg Cured
under Different Conditions

Cure temperature (°C)

75 80 90 100 110

T2 (1) (°C) 89.8 975 1045 1080 1112
T2 (2) (°C) 92.9 980 1056 1084  110.1
T b b)) 1158 1178 1168 1145 1158
L@ (0 1130 1140 1134 1098 1104

“ The T, was obtained on the first DSC scan of the cured
sample. The DSC condition was the same as in Figure 10.
The number in parentheses indicates that the sample was
cured under condition 1 or 2.

b The T, was obtained on the second DSC scan of the
cured sample. The DSC condition was the same as in Figure
11. The number in parentheses indicates that the sample was
cured under condition 1 or 2.
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Figure 12 FTIR spectra of the epoxy prepreg after curing at
different temperatures. The spectra from the bottom to the
top are for the samples cured at 75 (24 h), 80 (26 h), 90 (6.5
h), 100 (3 h), and 110°C (2 h), respectively.

reaction product of diuron with epoxy, oxazolidin-2-
one, as reported by Bryne et al.® Its intensity increased
with the increasing cure temperature, so that more
diuron reacted with epoxy at a high cure temperature
and more tertiary amine formed to catalyze the cure
reaction. The absorption peak at 1640 cm ™' was as-
signed to the imine absorption in the DICY-epoxy
addition product amino-2-oxazoline. No big differ-
ence in intensity was observed for the samples cured
at different temperatures. The broad band centered at
3380 cm ™! was assigned to the secondary amine ab-
sorption. The sample cured at 110°C had a small ab-
sorption in this range, and this indicates that most of
the secondary amine reacted.

CONCLUSIONS

We studied the isothermal cure of the epoxy prepreg
under two conditions by NIR. The results indicate that
when the sample was cured at low temperatures (75—
80°C), the epoxy did not reach 100% conversion at
prolonged curing times because of the diffusion-con-
trolled reaction phase and because of the limited DICY
solubility. When the samples were cured directly, sim-
ilar gel points and T,’s (after postcuring by DSC) were
observed, and this indicates that the reaction mecha-
nism under condition 1 was the same at different
temperatures. The study of the activation energy
showed that at a high epoxy conversion (70%), the
dominant reaction was epoxy—amine addition (92-55
kJ/mol) at high cure temperatures (90-110°C). When
the samples were cured between two glass plates, a
lower initial epoxy conversion rate and a higher final
epoxy conversion were observed. The study on the
primary amine conversion and hydroxyl group pro-
duction under condition 2 indicated that more epoxy
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groups were consumed by epoxy—-amine addition. The
absorbed water in the samples was assumed to have a
significant effect on both reducing the activity of the
active species and hydrolyzing the amine-epoxy ad-
dition product. The activation energy was larger un-
der this cure condition (104-97 kJ/mol), and T,’s of
the cured samples were lower that those of the sam-
ples cured at condition 1.

The authors thank Milosz A. Gwizdalski for preparing the
samples for the NIR study and for running the DSC analysis.
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