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ABSTRACT: The effect of an octadecylammonium-ex-
changed montmorillonite on the curing kinetics of a thermo-
set system based on a bisphenol A epoxy resin and a
poly(oxypropylene)diamine curing agent were studied with
differential scanning calorimetry (DSC) in isothermal and
dynamic (constant-heating-rate) conditions. Montmorillon-
ite and the prepared composites were characterized by X-ray
diffraction analysis and simultaneous DSC and thermo-
gravimetric analysis. The analysis of the DSC data indicated

that the intercalated octadecylammonium cations catalyzed
the epoxy—-amine polymerization. A kinetic model, arising
from an autocatalyzed reaction mechanism, was applied to
the DSC data. Fairly good agreement between the experi-
mental data and the modeling data was obtained. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 100: 1765-1771, 2006
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INTRODUCTION

The properties of polymer composites are greatly in-
fluenced by the length scale of their component
phases. Nanoscale dispersion of inorganic fillers typ-
ically optimizes the mechanical properties of the com-
posite. Layered silicates such as montmorillonite
(MMT) have received considerable attention because
of their potential in the preparation of polymer nano-
composites. Its rich intercalation chemistry allows it to
be chemically modified and to become compatible
with various polymers. Because of several influences,
the morphology of the related nanocomposites can
evolve from the so-called intercalated nanocompos-
ites, where regular alternation of the layered silicates
and polymer monolayers is observed, to the exfoliated
(delaminated) type of nanocomposites, where individ-
ual nanometer-thick silicate layers are randomly and
homogeneously distributed throughout the polymer
matrix. Generally, exfoliated nanocomposites exhibit
better properties than intercalated composites.

Epoxy resins are widely used as polymer matrices
for composites. Research on layered silicate-epoxy
nanocomposites has gained widespread attention in
recent years."!” In general, epoxy resin curing reac-
tions involve the opening of the epoxide ring followed
either by a homopolymerization reaction with further
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epoxide or a reaction with other species to form addi-
tion products. A great variety of poly(carboxylic acid
anhydrides), aromatic diamines and aliphatic dia-
mines, and polyamines are used as epoxy resin curing
agents.

As is well known, the cure of epoxy resin involves
the conversion of liquid monomers or prepolymers
into crosslinking solids. The mechanism and kinetics
of cure determine the network morphology and may
influence the exfoliation behavior of layered silicates,
which in turn, dictates the physical and mechanical
properties of the cured product.

It has been shown previously* that MMTs interca-
lated by long-chain alkylammonium cations (with
chain lengths larger than eight carbon atoms) favor
clay-layer exfoliation and can catalyze the epoxy-—
amine polymerization reaction.

The curing kinetics of epoxy resins have been stud-
ied with different techniques, including Fourier trans-
form infrared spectroscopy,'®'” near-IR spectroscopy,*
and differential scanning calorimetry (DSC).*'"*°
However, the curing kinetics of epoxy resins during
nanocomposite formation have been reported in few
articles.'™"”

In this study, the effect of octadecylammonium-
exchanged montmorillonite (OMMT) on the curing
kinetics of an epoxy resin based on diglycidyl ether of
bisphenol A (DGEBA) was examined by means of
DSC in both isothermal and dynamic modes. As a
curing agent of the epoxy resin, a commercial
poly(oxypropylene)diamine was used. A kinetic
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TABLE 1
Chemical Structure of the Materials Used

Epoxy—DGEBA

A\ I " " A
et OO B o O-FO o
CH3 CH3

Poly(oxypropylene)diamine
NH,CHCH,;CH,(OCH,CHCHj;), NH,
D230 x = 2.6
Octadecylammonium
CH;—[CH,],,—NH,

model, arising from an autocatalyzed reaction mech-
anism, was applied to the DSC data. The MMT clay
and prepared composites were characterized by X-ray
diffraction (XRD) and simultaneous DSC and thermo-
gravimetric analysis (TGA).

EXPERIMENTAL
Materials

The epoxy resin, DGEBA (DER 331), with an equiva-
lent weight of 187 g/mol was obtained from Dow
Chemicals (Midland, MI). Poly(oxypropylene) dia-
mine, provided under the trade name Jeffamine D230
by Fluka (Buchs, Switzerland) and with a N—H
equivalent weight of 57.5 g/mol, was used as a curing
agent. The clay used was a Wyoming-type MMT pro-
vided by M. L. Drilling Fluids Co. (PorraQuay, Aber-
deen, Scotland). Octadecylamine was provided by
Kemika (Zagreb, Croatia). The materials were used as
received. The chemical structures of the ingredients
used are displayed in Table I.

Sample preparation and characterization

MMT clay was purified by means of standard sedi-
mentation methods and converted to the Na™ MMT
form with a dilute NaCl aqueous solution. The cation
exchange capacity was determined by the ammonium
acetate method to be 101 mequiv/100 g. To prepare
OMMT, a method described in the literature® was
followed.

Before curing, the epoxy resin was mixed with the
desired amount of OMMT (0, 5, and 10 g of OMMT
per 100 g of epoxy) at 75°C for 24 h and sonicated for
15 min. After the mixture was cooled to room temper-
ature, a stoichiometric amount of the curing agent
Jeffamine D230 was added with thorough mixing for
60 min. The mixtures were poured into molds and
cured at 80°C for 3 h followed by postcuring at 120°C
for 1 h.

Part of the mixtures were characterized immedi-
ately by DSC. The calorimetric measurements were

done on a Netzsch DSC 200 differential scanning cal-
orimeter (Selb, Germany) operating in a nitrogen at-
mosphere. The sample size was around 15 mg. Dy-
namic DSC analysis was performed at three different
heating rates: 3, 5, and 10°C/min. The sample was
heated from room temperature to 250°C. We esti-
mated the total heat of reaction (H;) by drawing a
straight line, connecting the base line before and after
the peak, and integrating the area under the peak.
Isothermal DSC experiments were performed at four
temperatures. The reaction was considered complete
when the curve leveled off to a baseline. After each
isothermal run, the sample was cooled rapidly in the
DSC cell to 30°C and then reheated at 10°C/min to
250°C to determine the residual heat of reaction (Hy).
The digitized data were acquired by a computer and
transferred to a PC for further treatment.

Dynamic DSC experiments were performed to de-
termine the glass-transition temperatures (T,’s) of the
completely cured materials. Samples were heated
from room temperature to 250°C at 10°C/min, then
cooled in the DSC cell to room temperature, and im-
mediately reheated to 250°C at 10°C/min. The T, was
taken as the midpoint of the endothermic step transi-
tion.

XRD of the parent clay, purified clay (MMT),
OMMT, and cured composite systems were per-
formed with a Philips PW 1010 X-ray diffractometer
(Eindhoven, The Netherlands) with Cu Ka radiation
operating at 40 kV and 20 mA. Purified MMT and
OMMT were also characterized with simultaneous
DSC-TGA on a Netzsch thermoanalyzer STA 409.
Samples were heated from room temperature to
1050°C at a heating rate of 10°C/min in a synthetic air
flow.

RESULTS AND DISCUSSION

The XRD patterns of purified clay (MMT) before and
after alkylammonium treatment indicated the ex-
change of inorganic cations between the MMT layers
with the long-chain alkylammonium ions. The inter-
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Figure 1 DSC-TGA curves for purified clay (MMT) and
OMMT.

lamellar spacing of the clay, corresponding to the (001)
plane peak, increased from 13.42 X 10~ '° m for MMT
to 21.9 X 107" m for OMMT. The obtained basal
spacing (001) was comparable to the results reported
in the literature.®

In Figure 1, the results of simultaneous DSC-TGA
of MMT and OMMT are shown. The first endothermic
peak on DSC curve (bellow 150°C) is assigned to the
loss of adsorbed water.'? In comparison to the unmod-
ified MMT the OMMT is characterized by the endo-
thermic peak of lower intensity and lower mass loss
indicating that OMMT is less hydrophilic than MMT.
At temperature higher than 200°C the thermal degra-
dation of alkylammonium ions in OMMT begins. This
reaction of thermal degradation is well known as Hof-
mann elimination.”” From the differences in the loss
on ignition of the dried OMMT and corresponding
unmodified MMT and the molecular weight of the
organic modifier the cation exchange capacity of 103
mequiv/100 g was obtained what is close to the value
determined by ammonium acetate method (101
mequiv/100 g).
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Figure 2 shows the XRD patterns of OMMT and
fully cured investigated composite systems. A peak
situated around 26 = 20° whose intensity increases
with OMMT content in composite is observed. This
peak corresponds to (110) crystallographic plane of
the MMT and confirms the presence of the MMT in the
composite. The broad peak between 26 of 10-25° cor-
responds to the amorphous epoxy matrix. The absence
of basal spacing (001) in both composite systems is
observed. It is common practice to classify a nanocom-
posite as fully exfoliated from the absence of (001)
reflections. However, as literature data® indicated the
large distribution of basal spacing may cause the ab-
sence of (001) reflections as well. It should be noted
that all cured samples were optically transparent in-
dicating that the size of inorganic phase is smaller
than the wavelength of visible light.

Figure 3 shows isothermal DSC curves of the com-
posite system containing 5 phr of OMMT. In isother-
mal DSC, there is a brief period of temperature stabi-
lization after the sample is introduced into the instru-
ment. Because of that, isothermal DSC curves have to
be corrected, extrapolating the value of the heat flow
to time = 0. Rescanning of the isothermally cured
samples indicated residual reactivity although all in-
vestigated isothermal cure temperatures were higher
than the T,’s of completely cured materials: 79°, 85°
and 86°C for epoxy and nanocomposites with 5 and 10
phr of OMMT, respectively. Figure 4 shows dynamic
DSC curves for investigated systems recorded after
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Figure 2 XRD patterns of OMMT and the fully cured com-
posite systems.
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Figure 3 Isothermal DSC curves for the composite system
containing 5 phr OMMT at the reported temperatures.

isothermal runs at reported temperatures. For com-
parison DSC scans showing glass transition of com-
pletely cured materials are shown as well. As seen,
relatively small changes in the T, were observed for
the nanocomposites in comparison to the cured epoxy
resin. Similar results are reported in the literature.'
The T, values of isothermally cured samples are listed
in Table II together with values of the isothermal heat
of the reaction (H;) and the Hg, which obtained ac-
cording to the procedure described in the Experimen-
tal section. For composite system the sum of H; and Hy
determined experimentally is lower than H; + Hy
calculated from the neat epoxy—curing agent data (see
the last column in Table II). The possible explanation
for this findings is that a part of the reaction heat

08
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Figure4 Dynamic DSC curves for the investigated systems
recorded after isothermal runs at the reported temperatures.
For comparison, the dynamic DSC curves of completely
cured samples are also given (dotted lines).
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TABLE 11
H; and Hy Values for the Investigated System and T,
Values of the Isothermally Cured Samples

OMMT Temperature H, T, Hp H,+ Hp H;+ Hg®

(phr) Q) (J7g) (O U/g) (/8) (/8

0 91 —-303 63.7 —46  —349
96 —327 693 —20 347
101 —-362 728 —-16  —378
106 —354 750 —-13  —367
5 86 —-278 621 —-37 315
91 —270 646 —-26  —296 334
96 —294 713 -11 —305 364
101 —-296 726 —9 —306 353
10 86 —272 637 —33  —305
91 —-301 647 —-10 311 322
96 —-332 690 -6  —338 351
101 —-290 66.1 -7  —298 341

@ Calculated from the neat resin curing agent data.

released is consumed in endothermic exfoliation of
nanofiller.” Another reason could be the change of the
heat capacity of the system due to the addition of the
filler.

To relate the heat evolution in the DSC experiment
to the epoxide conversion, it is necessary to assume
that the heat released on reaction of an epoxide group
is the same regardless of the type of epoxy or the
nature of the reaction. The results reported in the
literature®” support this assumption. The reaction rate
(da/dt) as a function of time (t) was calculated from
the rate of heat flow (dH/dt) as measured in the DSC
experiments by the following equation:

da_ldH ,
at " H, dt (1)

The total heat developed during DSC tests (H; = H;
+ Hp) was taken as the basis for the ultimate fractional
conversion. By partial integration of the areas under
the isothermal do/dt curves, the fractional conversion
(@) as a function of time was obtained:

t

_1 de )
a—H—TEt (2)

0

The da/dt and the « as functions of time at 96°C for
investigated systems are illustrated in Figure 5. The
maximum in the da/dt versus time curve at time 0
(after the start of the reaction) is a characteristic of
autocatalytic reactions. As the amount of OMMT in-
creased the maximal da/dt increased as well what can
be explained as the catalytic effect of intercalated
acidic octadecylamine ions in OMMT on the epoxy
polymerization reactions. The results in Figure 5 also
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Figure 5 Isothermal da/dt and « as functions of time for
the investigated systems at the reported temperature and a
comparison of the experimental data with the kinetic model
data.

show that the presence of OMMT in epoxy resin does
not change the autocatalytic nature of reaction. Similar
findings are reported in the literature.'” The da/dt
profiles of investigated systems obtained in dynamic
(constant heating rate) conditions are compared in
Figure 6. In comparison to neat resin/curing agent
system a shift of composite curves to lower tempera-
tures is seen what may also indicate the catalytic effect
of octadecylamine ions on the epoxy polymerization
reactions. To illustrate this effect the temperatures of
the maximal da/dt at different heating rates are com-
pared in Table III.

The essential step in the study of cure kinetics by
DSC is fitting of the da/dt profiles to a kinetic model.
Because of the complex nature of thermosetting reac-
tions, phenomenological models are the most popular
for these systems. However, they do not provide any
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Figure 6 da/dt as a function of temperature for the inves-
tigated systems at a heating rate of 5°C/min.
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TABLE III
Temperatures of Exothermal Peaks T,,,,.. Obtained from
Nonisothermal Measurements at Different Heating Rates

Heating rate Tinax °C)°
(°C/min) 0 5 10
3 102.3 96.2 91.4
5 112.7 106.0 102.3
10 127.5 121.2 114.3

? The numbers shown below the line are grams of OMMT
per 100 g of epoxy.

information about the reaction path that is important
for understanding the network formation process. In
this work the following model*® arising from the ki-
netic mechanism proposed by Horie et al.*’ was ap-
plied to our data, and model predictions were com-
pared to experimental results:

da
g k(e + B)(1 — a)(r — «) (3)

where k is the reaction rate constant, the product kB is the
initial reaction rate, and r is the initial ratio of amine
N—H bonds to epoxide rings, respectively. In the deri-
vation of eq. (1) equal reactivity of all amino hydrogens
(primary and secondary) has been assumed.

It is generally agreed, that in the reaction between
epoxides and amines, the addition occurring in two
stages is the most important:

sk
R~NH, + CHj~CH—CHgoow —
oH e
R—E—CI—IZ*-CH~CH2~Ww + CHy=CH—CHyowr

OH
— /CHZ—éH—CHZw«

CHZ_ﬁ:H_CHZW
OH

0,010

0,009

- Temperature: 96°C
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Figure 7 Plot of (de/dt)/(1 — @)* as a function of « for the
investigated systems at the reported temperature.
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Figure 8 Arrhenius plots of the isothermal k and kB values
determined from the data analysis according to autocata-
lyzed reaction kinetics.

(4)

To describe the kinetics of the epoxy reaction with
amines, Horie et al.?’ took into account the autocata-
lytic action of the hydroxyl groups formed during the
reaction and assumed that some catalyst or impurity is
initially present in the system.

From the rearranged eq. (3)

da/dt
m =ka + kB (5)
the parameters k and B can be determined by plotting
da/dt)/[(1 — a)(r — a)] versus «.

For a stoichiometric mixture in which the number of
epoxide rings is just sufficient to react with all the
N—H bonds present r = 1. As illustrated in Figure 7,
a good correlation of (de/dt)/(1 — @)* versus « data
was obtained up to approximately 60% conversion for
all investigated system. The deviation of (da/dt)/(1

BRNARDIC ET AL.

— a)® versus a data from the straight line at higher
conversion can be attributed to the occurrence of an
another reaction (e.g., the etherification reaction)*

/O
@R - g Che o
OH g —
KR (6)

in addition to the epoxy—amine reaction.

We have recently showed® for similar epoxy sys-
tem that complete epoxy cure can be fairly described
by dividing the da/dt profiles in the contributions
from two assumed reactions (epoxy—amine and ether-
ification reactions).

k and kB (reported in Table IV) depend on the
temperature following the Arrhenius relationship (as
shown in Figure 8):

k = Aexp(— E,/RT) (7)

where A is a preexponential factor, E, is the activation
energy, R is the gas constant, and T is the absolute
temperature. A plot of In kB versus 1/T was used to
determine the activation energy for the reaction cata-
lyzed by groups initially present in the resin (E,).
From the linear least-squares fit of In k versus 1/T
data, the activation energy for the epoxy—amine reac-
tion catalyzed by newly formed hydroxyl groups (E,,)
was determined. The Arrhenius parameters (preexpo-
nential factors A; and A, and E,; and E,, values) are
given in Table IV as well. With the increase of OMMT
amount in the system a decrease in E,; and an increase
in E,, is obtained.

To see the extent of error if only epoxy—amine reac-
tions are taken into account eq. (3) was solved numer-
ically by the Runge-Kutta method for each investi-
gated temperature. Comparisons between the experi-
mental data and the model predictions are given in

TABLE 1V
Parameters of the Autocatalytic Kinetic Model [Eqs. (3) and (7)] for the Investigated Systems
OMMT Temperature 10° kB 10° k E. E,
(phr) (°C) (s (s™h In A, (kJ/mol) In A, (kJ/mol)
0 91 0.81 2.79 14.39 65.1 4.54 31.3
96 1.06 3.82
101 1.49 3.93
106 1.89 4.38
5 86 1.03 2.05 13.3 60.4 6.3 37.1
91 1.25 2.94
96 1.72 3.44
101 2.28 3.37
10 86 1.42 1.87 8.0 435 18.2 729
91 1.62 3.42
96 2.08 3.56

101
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Figure 9 Comparison of experimental data with the kinetic
model data: da/dt as a function of temperature for the
investigated systems at the reported heating rates.

Figure 5 as well. As expected the extent of reaction at
the later stage of cure is slightly underestimated but
for practical purposes model predictions are fairly
good.

One of the drawbacks of isothermal curing is the
limited temperature range where useful kinetic infor-
mation may be obtained. The modeling of the indus-
trial processing requires a knowledge of the curing
kinetics in a broad temperature range. To see if the
kinetic expressions arising from isothermal runs are
valid outside the range of temperature used for pa-
rameter fitting the cure in dynamic conditions, at con-
stant heating rates, was simulated as well. Compari-
sons between the experimental data obtained in dy-
namic DSC runs at different heating rates and the
model predictions are presented in Figure 9. The
model predicts fairly well the beginning of cure, the
maximal da/dt and the end of reaction what is impor-
tant for practical purposes (to estimate appropriate
processing conditions for materials). To predict the
shoulder in da/dt profile observed at higher temper-
atures etherification reaction should be taken into ac-
count.

CONCLUSIONS

The isothermal and nonisothermal reaction kinetics of
an epoxy/poly(oxypropylene)diamine/OMMT sys-
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tem were studied by means of DSC. Results indicated
that the intercalated onium ions catalyze epoxy—amine
polymerization. A kinetic model, arising from an au-
tocatalyzed reaction mechanism was applied to iso-
thermal DSC data. The presence of OMMT in epoxy
resin does not change the autocatalytic nature of reac-
tion. In the investigated systems E,; decreased
whereas E,, increased with the addition of OMMT.
The kinetic model with parameters determined from
isothermal DSC data satisfactorily describes the cure
in the dynamic (constant heating rate) conditions.
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