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ABSTRACT: The cure kinetics of four epoxy/amine systems including commercial RTM6
and F934 resins have been investigated under both isothermal and dynamic curing
conditions. Differential Scanning Calorimetry (DSC) was the thermoanalytical tech-
nique used to determine the cure kinetics of these resin systems. The complexity of the
cure reactions, illustrated by the results, was attributed to the variety of chemical
reactions between the epoxy and the amine groups. Various cure kinetics models were
implemented in order to achieve an accurate description and simulation of the cure
profiles obtained from the DSC measurements in the chemically controlled region.
These varied from simple nth order kinetic models to complicated combinations of nth
order and autocatalytic kinetic schemes. The mathematical techniques used to evaluate
the parameters of the kinetic models varied from simple linear regression to non-linear
regression and peak analysis. The resulting fits were in a good agreement with the
experimental results for all the resin systems and for all the experimental conditions
used. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 1419–1431, 2000
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INTRODUCTION

During the cure of a thermosetting resin a num-
ber of complex chemical and physical changes
occur as the material turns from a viscous liquid
to a highly crosslinked solid. All these changes,
which are reflected in the cure kinetics and the
chemoviscosity characteristics of each individual
resin system, determine the optimum set of pro-
cess parameters for the production of a material
that will have the best morphological and struc-
tural properties for a given application. The
present study was undertaken in the context of a
large, collaborative, industrial programme. It has
the aim of exploring the feasibility of constructing
a set of mathematical and numerical kinetic mod-
els that can be applied to the majority of epoxy
resins.

To date, an extensive effort has been applied to
the study of the nature of the chemical reactions

that occur during the cure of thermosets and in
particular of epoxy resins, as these form the ma-
jority of the resin matrices used in the aerospace
composite industry.1–4 Apart from a qualitative
evaluation of the chemical processes involved in
epoxy cure, a range of mathematical models has
also been produced, in order to simulate the con-
version advancement during the cure. These
range from purely phenomenological models5–9 to
models based on the actual cure mechanism and
on the evolution of the concentration profiles of all
the reactive species involved.10–13

Despite the effort that has been expended in
the exploitation of the cure kinetics of the epoxy
resins, there is still no general model that can
apply to the cure of all epoxy resins. The fact is
that, for each epoxy resin system or at least for a
family of epoxy resins, the cure kinetics of the
system have to be reevaluated. Such a situation
represents a severe limitation to an industrial
application of any monitoring or control system
requiring a quantitative knowledge of the resin
cure kinetics.
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In general, epoxy resin curing reactions involve
opening of the epoxide ring followed either by a
homopolymerisation reaction with further epox-
ide, or reaction with other curing agents to form
additional products.3 The most common proce-
dure in curing epoxy resins is to react them with
polyfunctional amines.

The basic reaction of epoxides based on digly-
cidyl ether of bisphenol A (DGEBA) with primary
and secondary amines, in the absence of a cata-
lyst, involves the addition of the primary and
secondary amino groups of the polyamine to the
epoxy group, with the simultaneous evolution of
one hydroxyl group due to opening of the epoxy
ring. Experimental evidence shows that the two
epoxy groups of this type of resins have the same
reactivity, hence these reactions proceed with the
ONH amino group attacking the epoxy ring ran-
domly. The hydroxyl groups formed by the amine/
epoxide addition reaction can act as catalysts,
accelerating the reaction at the early stages and
exhibiting the typical course of an autocatalysed
reaction. In cases where the amine is present in
less than stoichiometric concentrations, further
reaction of the epoxy groups with the hydroxyl
groups may occur, producing an ether group.

The preparation of high performance aerospace
composites involves the use of polyfunctional ep-
oxy resins (functionality f . 2) in mixtures with
diamines and catalysts for the acceleration of the
overall reaction. Typical epoxy resins used in such
applications are those based on the tetrafunc-
tional epoxy resin tetraglycidyl-diaminodiphenyl-
methane (TGDDM). The most significant differ-
ence of the reaction of TGDDM with amines from
that of epoxides based on DGEBA is the strong
tendency of TGDDM and its derivatives to cy-
clisation, in contrast to DGEBA where no cyclisa-
tion occurs.14,15

In practice, many of the formulations incorpo-
rate catalysts to accelerate the thermal curing
reaction. The two most commonly used are boron

trifluoride monoethylamine, BF3 : NH2C2H5, and
boron trifluoride piperidine, BF3 : NHC5H10, com-
plexes. Such complexes are latent catalysts at
room temperature but enhance epoxide group re-
activity at higher temperatures.

EXPERIMENTAL

I. Materials

Two commercially available epoxy/amine sys-
tems, RTM6 and F934, and two specially pre-
pared experimental systems based on one epoxy
resin and two amine hardeners, were used in this
study.

RTM6 was supplied by Hexcel Composites
(Duxford, UK) as a premixed epoxy resin system,
specially developed to fulfil the requirements of
the aerospace composites industry in advanced
resin transfer moulding (RTM) processes.

F934 was supplied by Fiberite Europe GmBH
(Germany). The general use of this resin is as
matrix in composite materials and it is commer-
cially available in several prepreg forms. Primar-
ily it consists of a TGDDM epoxy cured with DDS
hardener but also contains a boron trifluoride cat-
alyst.16

The two other systems used, were produced by
mixing appropriate constituents in our laboratory
equipment. Both of them were epoxy/amine resin
systems. The pure materials used for the prepa-
ration of those resins were one TGDDM-based
epoxy resin (MY721) and two amine hardeners.
The first was 4,49-Methylenebis(2-isopropyl-6
methylaniline) (M-MIPA) with a chemical for-
mula C21H30N2 and molecular weight 310. This is
a diamine commercially supplied by LONZA Ltd
(Basel, Switzerland) under the trade name M-
MIPA. The structural formula of this agent is
shown in Figure 1.

The other curing agent used was 4,49-Methyl-
enebis (2,6-diethylaniline) (M-DEA) with the

Figure 1 Structural formula of M-MIPA amine hard-
ener.

Figure 2 Structural formula of M-DEA amine hard-
ener.
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same chemical formula as M-MIPA but with a
different structural formula (see Figure 2). This
agent is also supplied by LONZA Ltd. under the
trade name M-DEA.

Table I shows the chemical constituents of the
laboratory prepared formulations. Stoichiometric
mixing ratio 0.85 : 1 between epoxy groups and
amino-hydrogens was adopted for the RMO sys-
tem, whereas the epoxy groups and amino-hydro-
gens ratio of RMO2 system was 1.

The resin mixtures were prepared according to
the following procedure: after the initial melting
of the hardeners at 90°C, they were dissolved into
the epoxy resin at 100°C. The mixing tempera-
ture was kept stable using an oil bath. A magnetic
stirrer was used throughout the 30 min mixing
procedure. After mixing, the resin was kept at
80°C under vacuum for 30 minutes to remove all
entrapped air and then it was free cooled to room
temperature. The master batches subdivided into
smaller samples, placed in individual glass con-
tainers and stored in a freezer at 218°C for fur-
ther use.

II. Methods

DSC experimental data obtained on a Perkin
Elmer DSC-4 apparatus apart from the isother-
mal measurements on RTM6 resin which were
made on a Mettler Toledo 8000 apparatus. The
Perkin Elmer DSC-4 was fitted with a cooler unit
to achieve measurements at sub-ambient temper-
atures. In both instruments, a nitrogen purge gas
was used to avoid any oxidation of the samples
during the experiments.

IIa. Dynamic Heating Runs

Dynamic runs at constant heating rates were
made in order to determine the conversion pro-
files and the total heats of reaction released dur-
ing dynamic curing for all the resin systems used.
Resin samples of 8–10 mg were encapsulated in
aluminum pans and placed in the instrument fur-

nace at ambient temperature. After cooling to
250°C and a 2 minute equilibration, the heat
evolution was monitored from 250°C to 320°C
using the following heating rates: 2, 5, 7.5, 10, 15
and 20°C/min.

The degree of cure, a, at any temperature T
during the dynamic cure is given by:

a 5

E
T0

T1 dH
dT dT

DHT
(1)

The lower bound of the integration, T0, is the
lowest temperature at which heat evolution be-
gins. Integration of the total area enclosed under
the thermogram will give the total heat of reac-
tion released during the reaction, DHT, since it is
supposed that the curing reaction has proceeded
to completion by the end of the run.

Integration of the above formula supposes an a
priori knowledge of the baseline from which the
integration has to be performed and which consti-
tutes the sample background. The problem of
sample background correction arises from the fact
that the specific heat of the system continuously
changes during the thermal event (e.g. curing,
melting) from the level of the initial substances to
that of the final product. To obtain the net effect
due to the thermal event, the course of the heat
capacity changes should be subtracted from the
data corrected for the instrument baseline. Ban-
dara,17 using the thermal response of the mate-
rial before and after any thermal events, con-
structed an expression that incorporates changes
in the specific heat due to the degree of cure. This
expression is given by:

F~t! 5

E
0

t

$G~t! 2 F~t!%dt

E
0

tn

$G~t! 2 F~t!%dt

$P2~t! 2 P1~t!% 1 P1~t!

(2)

In this expression, F(t) is the sample background,
G(t) is the total signal corrected for the instru-
ment background and tn is the time of termina-
tion of the thermal event. P1(t) is the DSC signal
for the initial substances in the absence of any
events, which can be estimated through linear
extrapolation of the portion of the total curve

Table I Chemical Constituents of Laboratory-
made Resins

Resin pph

MY 721 M-MIPA M-DEA

RMO 100 43.7 26.7
RMO2 100 70.4 —
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prior to the thermal event. P2(t) is the DSC signal
from the product alone, which, for a thermoset,
can be estimated by a rerun of the fully cured
sample under the same experimental conditions.
An iterative algorithm can be constructed to find
a numerical solution for F(t).

The overall reaction rate can be calculated di-
rectly from the rate of enthalpy change. Normal-
isation of the enthalpy rate by sample weight and
division by the total heat of reaction will give the
reaction rate.

IIb. Isothermal Runs

Isothermal experiments were carried out only for
the RTM6 resin. Samples of 2–3 mg of the resin
were encapsulated in aluminum pans and placed
in the pre-heated furnace of the instrument at the
isothermal temperature of the experiment. After
a 2 minute thermal equilibration the measure-
ments were started at temperatures of 140, 160,
170 and 180°C.

The degree of cure, a, at any time t during the
isothermal reaction can be obtained from:

a 5

E
0

t dH
dt dt

DHT
(3)

where the numerator is the heat released up until
time t. The baseline for the integration was esti-
mated by drawing a horizontal line, extrapolating
the baseline reached on the completion of the cure
peak to the start of the peak. DHT is the total heat
of reaction for a completely cured sample as de-
termined by the previously described dynamic
DSC experiments. Numerical methods were used
to calculate the integral of the above equation at
various time intervals in order to obtain the con-
version profile at each experiment. The overall
reaction rates were calculated using the same
method as in the dynamic case.

IIc. Residual Heat of Reaction

The conversion profiles under isothermal condi-
tions were constructed for all resin systems by
measuring the residual heat of reaction after par-
tial cure of the resin at different time intervals at
140, 150 and 160°C. For these experiments 8–10
mg of the resin were encapsulated in an alumi-
nium pan and placed in the pre-heated furnace of
the DSC at the chosen temperature. After a 2

minute of equilibration, the time elapsed during
the cure started to be recorded. When the prede-
termined time interval had elapsed, the sample
was quenched to 250°C and subsequently
scanned at a heating rate of 10°C/min until fully
cured in order to determine the residual heat of
reaction, DHres.

The corresponding degree of conversion, a, was
given by:

a 5
DHT 2 DHres

DHT
(4)

The above procedure was repeated, using differ-
ent samples, for a range of time intervals and
temperatures, until enough points had been de-
termined to enable the construction of the conver-
sion-time profiles. The corresponding reaction
rates were determined by numerical differentia-
tion with respect to time of the experimentally
obtained conversion-time dependence. Some sam-
ples showed a characteristic spike in the thermo-
gram just before the exotherm started, which was
attributed to physical aging of the resin. When
the resin has passed the vitrification point, a sub-
sequent dynamic scan of that resin usually shows
an endothermic spike in the vicinity of the Tg, as
can be seen clearly in the thermogram of Figure 3.
To eliminate this sub-Tg physical annealing, the
specimens were quenched rapidly from tempera-
tures just above the endothermic peak to the tem-
perature of 250°C. The subsequent re-heating of
the specimens using the same experimental con-

Figure 3 Endothermic physical aging peak for sam-
ples that had vitrified during cure. (a) (h) Aging peak.
(b) (—) Rescan to eliminate the physical aging peak.
The Tg of the partially cured resin is also shown as the
midpoint of the endothermic shift in the thermogram.
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ditions was free of the endothermic peak (Figure
3). This method, also used by Gillham and co-
workers,8 results in an error introduced by the
cooling and the subsequent re-heating of the spec-
imens of not more than 1–2°C in terms of the final
Tg value of the cured resin.

RESULTS AND DISCUSSION

I. Heating Rate Effects

Initially, the total heats of reaction, DHT, were
determined for all the epoxy-amine systems used
in this study. To check if the reaction mechanism
changes with the heating rate used, the dynamic
DSC runs were repeated at heating rates of 2, 5,
7.5, 10, 15 and 20°C/min.

It is evident from results shown in Table II that
the total heat of reaction remains constant for
each of the resin systems, over this range of heat-
ing rates. This observation might suggest that the
reaction mechanism remains constant at constant
heating rates in the range between 2 and 20°C/
min, although differences in the three dimen-
sional network formed during the cure provides
evidence for the contrary. In the following sec-
tions, an average value of the total heat of reac-
tion will be used for each resin system. These
average values are given in Table II. Typical DSC
dynamic run thermograms are shown in Figure 4
for the RTM6 resin system. As might be expected,
curing of the resin at low heating rates has as a
result a drop of the onset of the reaction to lower
temperatures. This effect is observed throughout
the cure for all these resin systems; at a specific
temperature, the degree of cure is higher at lower
heating rates. More information can be extracted
if we consider the reaction rate as a function of
the degree of cure normalised by the maximum

reaction rate attained at each heating rate. Such
plots are shown in Figure 5 for the RMO resin
system. It is evident from this figure that all the
plots fall onto a master curve up to around 60%
conversion where higher heating rates start to
deviate slightly upwards, showing higher reac-
tion rates. This master curve provides strong ev-
idence that the reaction mechanism does not
change significantly with different heating rates.
The same trend is followed for all the resin sys-
tems used here, except for the F934 resin.

In Figure 6 the reaction rates are plotted as
functions of temperature for this system. A con-
stant reaction rate is observed for all heating
rates in a limited conversion window in the low
conversion area. The conversion range for which
this plateau is observed drops to lower conver-
sions for lower heating rates, indicating that the
heating rate does affect the reaction mechanism

Table II Total Heats of Reaction of Resin Systems at Different Heating Rates

Resin
System Heating Rate (°C/min)

Average
DHT (J/g)

2 5 7.5 10 15 20

Total Heat of Reaction DHT (J/g)

RTM6 432 437 440 431 437 438 436
RMO 478 473 480 477 495 476 480
RMO2 443 451 452 446 456 454 450
F934 450 447 449 452 449 452 450

Figure 4 Evolution of reaction rates with tempera-
ture during dynamic cure of RTM6 resin at constant
heating rates. Experimental results from DSC scans.
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for this particular resin system. This system is
discussed further in sub-section III.b.

II. Chemically Controlled Cure Kinetics Under
Isothermal Conditions

IIa. RTM6, RMO and RMO2

Cure kinetics modeling was first carried out for
the case of isothermal cure. The most frequently
used kinetic model of epoxy cure, is the autocat-
alytic model,18 given by Eq. 5:

da

dt 5 ~k1 1 k2a
m!~1 2 a!n (5)

where:

da

dt 5 reaction rate
k1 and k2 5 reaction rate constants following an

Arrhenius temperature dependence
a 5 fractional conversion

m and n 5 reaction orders

This model was applied to the isothermal cure of
all our resin systems apart from the F934 resin,
which is a catalysed system and does not show
any autocatalytic phenomena. The modeling was
applied up to approximately 55–60% conversion.
At this level of conversion, the resin is still in the
chemically controlled region and there is no
strong effect from diffusion phenomena.

Two parameter evaluation procedures were
used. The first one is the well known Ryan-Dutta
method,18 which is based on the two characteris-
tic points of the isothermal reaction rate: the ini-
tial and the maximum reaction rates. The second
method is based on Eq. 6 obtained by a suitable
rearrangement and algebraic manipulation of Eq.
5. For an isothermal situation, a plot of the left
hand side of Eq. 6 with respect to ln a will give a
straight line with slope m and an intercept of ln
k2. The reaction rate constant k1 can be deter-
mined by the values of the initial reaction rates,
as in the Ryan-Dutta method.

ln1
da

dt
~1 2 a!r2m 2 k12 5 ln k2 1 m ln a (6)

Here r is the reaction total order. Results of the
application of the two methods to isothermal ex-
periments for the RTM6, RMO and RMO2 resin
systems are given in Table III.

Although the results for both methods indicate
that the use either of them will give essentially
the same prediction, the computation effort that
is needed to reach those results is different in the
two cases. Care has to be taken during the con-
struction of the straight lines for the second
method, since the initial points from the DSC
data tend to destabilize the results. The same
problem was observed by Kenny19 who also im-
plemented this technique for the evaluation of the

Figure 6 Evolution of reaction rates with tempera-
ture during dynamic cure of F934 resin at constant
heating rates. Experimental results from DSC scans.

Figure 5 Reaction rates normalized by the maximum
reaction rate as a function of fractional conversion for
the RMO resin system, for dynamic cure at different
heating rates. Experimental results from DSC scans.
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kinetic parameters. For that reason, it is better to
construct the lines for conversions well into the
cure. The accuracy of the second method is likely
to be better since it takes into account all the
experimental data, whereas the Ryan-Dutta
method uses only the initial and maximum
points, disregarding what happens in between.

A close look at Table III reveals the similarity
of the cure kinetics for the three resin systems.
Comparable values have been evaluated for all
the kinetic parameters. The activation energies
fall in the same range of values deviating only 2–3
kJ/mol from the average values of about 76 kJ/
mol for the non-catalytic reaction, E1, and 56
kJ/mol for the catalytic reaction, E2. The same
trend is observed for the reaction orders. All resin
systems follow the same total order, r, of 2.5 with
the partial reaction orders being about the half of
the total order. The similarity of the activation
energies is indicative of the similarity of the re-
action mechanism. All three resins are epoxy/
amine systems, thus the main reactions during
the cure should be the same for all of them. De-
viation of the conversion profiles of these resin
systems between each other is reflected in the
different pre-exponential Arrhenius factors, A1
and A2, obtained during the evaluation proce-
dure. The relative weight of each reaction to the
total reaction is different for each resin system, is
proportional to the pre-exponential factor and de-
pends on the individual chemical constituents
used. Thus, although the epoxy resin used is the
same (TGDDM), the use of two different amine

hardeners means that a change in their relative
concentrations, is likely to favour some reactions
more than others.

The goodness of the fit of the above constructed
models with the experimental results is shown in
Figure 7 for all the ‘RTM6-type’ resin systems, for
an isothermal cure at 140°C. Since at this stage
the models do not compensate for the diffusion
phenomena that are expected to occur as the resin
passes from the rubbery to the glassy state, the

Table III Comparison of Ryan–Dutta and Present Methods for the Computation of the Parameters of
the Model Given by Eq. (5) and DSC Results for the Cure of RTM6, RMO, and RMO2 Resins Under
Isothermal Conditions

Method r m n
E1

(kJ/mol)
A1

(min21)
E2

(kJ/mol)
A2

(min21)

RTM6 resin

Ryan–Dutta 2.5 1.216 1.284 74.69 4.5 3 106 58.37 1.3 3 106

Present 2.5 1.202 1.298 74.69 4.5 3 106 59.18 1.6 3 106

RMO Resin

Ryan–Dutta 2.5 1.192 1.308 78.44 1.3 3 107 57.88 9.1 3 105

Present 2.5 1.278 1.222 78.44 1.3 3 107 56.14 5.6 3 105

RMO2 Resin

Ryan–Dutta 2.5 1.300 1.200 75.54 6.1 3 106 53.08 2.7 3 105

Present 2.5 1.313 1.187 75.54 6.1 3 106 54.68 4.3 3 105

Figure 7 Reaction rate versus cure time of RTM6,
RMO, and RMO2 resins under isothermal cure at
140°C. Symbols indicate experimental data, whereas
solid lines indicate fits of eq. (5) with parameters eval-
uated by the Ryan–Dutta method given in Table III.
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fits start to deviate from the experimental data
for conversions of approximately 50%.

IIb. F934 Resin System

The reaction mechanism of the F934 resin system
is different from the reaction mechanism followed
by the other resin systems. This is due to the fact
that F934 resin contains catalysts which acceler-
ate the epoxy-amine and epoxy-epoxy reactions in
various ways. The catalytic nature of the reaction
should, in principle, give rise to non-OH-catalysed
reactions. For that reason, a simple nth order
reaction scheme (Eq. 7) was first applied to the
isothermal experimental data of F934 resin.

da

dt 5 k~1 2 a!n (7)

For a reaction that follows nth order kinetics,
integration of the reaction rate under isothermal
conditions will give:

~1 2 a!n21 2 1
n 2 1 5 kt (8)

A plot of the left hand side of Eq. 8 against the
cure time t will give a straight line with slope k.
These plots were constructed for the three tem-
peratures used in this investigation. The reaction
order n was varied until a straight line with the
highest correlation coefficient r2 had been
achieved. Combined results from all the isother-
mal experimental data were used in order to cal-
culate a unique reaction order for all the cure

temperatures. Data manipulation was made for
levels of conversions up to 50% in order to avoid
interference with diffusion at the later stages of
the cure. The computed kinetic parameters of the
isothermal cure of F934 resin are given in Table
IV and the resulting fits in Figure 8.

Comparison of the evaluated parameters with
the ones obtained for the cure of the other three
resin systems (see Table III and Table IV), shows
that there is a very good agreement between the
activation energy of the cure reaction of F934
resin and the activation energy of the non-catal-
ysed epoxy/amine addition reaction of RTM6,
RMO and RMO2 resin systems. This observation
suggests that the catalyst in the F934 resin
favours the non-OH-catalysed reactions.

This catalysis is reflected in the reaction rate
profiles of F934 resin (see Figure 8). As can be
seen in this figure, a continuous decrease in the
reaction rate at all cure temperatures is observed.
This suggests that the autocatalytic behaviour is
masked during the isothermal cure of F934 resin.
The fit of the nth order kinetics model can also be
seen in the same figure. The agreement between
experimental data and model prediction is very
good up to conversion of 50%, where deviation
starts to appear because of diffusion limitations.

III. Cure Kinetics Under Dynamic Curing at
Constant Heating Rates

IIIa. RTM6, RMO and RMO2

In the previous section the kinetics models for the
RTM6, RMO and RMO2 resin systems were es-

Table IV Kinetic Parameters for nth-Order
Kinetics [Eq. (7)] of F934 Resin Cure Under
Isothermal Conditions

Temperature
(°C) T21 (K21) k (s21) ln k

130 0.002481 0.006035 25.1102
140 0.002421 0.009719 24.63367
150 0.002364 0.01747 24.04725
160 0.002309 0.027192 23.60484

Kinetic Parameters

n A (s21) E (kJ/mol)

0.298 2.34 3 107 74.03

Figure 8 Reaction rate during isothermal cure of
F934 resin at various cure temperatures.

1426 KARKANAS AND PARTRIDGE



tablished for curing under isothermal conditions.
Application of the same models to the dynamic
cure of these resins is guaranteed to fail a priori
because of the narrow temperature range for
which the kinetic parameters have been evalu-
ated, the empirical nature of the kinetic model
and possible changes in the reaction mechanisms.

The failure of the model is demonstrated in
Figure 9, where the cure of RMO resin under
dynamic conditions at 5 and 20°C/min has been
simulated with the kinetic parameters evaluated
by the Ryan-Dutta method, as given in Table III.

Although the fit of the model is reasonably good
for the low heating rate of 5°C/min, probably be-
cause of the limited temperature window that is
followed for this cure, the fit is well deviated for
the 20°C/min cure, especially in the area of the
maximum reaction rate.

A re-evaluation of the kinetic parameters of the
model of Eq. 5 is needed to achieve a better fit.
The two methods described in the previous sec-
tion for the isothermal cure are not applicable;
both these methods treat the reaction rate con-
stants as unchanged throughout the cure, which
is true under isothermal conditions, as these are
functions only of temperature. Under dynamic
cure, at each point into the cure, the rate con-
stants will have a different value, since the tem-
perature is changing. For this reason some other
technique has to be used for the kinetic parame-
ters evaluation. In this study the kinetic param-
eters were evaluated using non-linear regression
analysis on the combined experimental data of all
the heating rates used. The details of the compu-
tational method are available elsewhere.20 The
activation energies computed for isothermal cur-
ing were kept unchanged, whereas the rest of the
parameters were varied until the best fit had been
achieved. The set of the parameters that mini-
mised the sum of the squared differences between
experimental reaction rates and predicted reac-
tion rates was taken as the model-estimated set of
parameters. The evaluated parameters are given
in Table V and the goodness of the fit is shown in

Figure 9 Dynamic cure of RMO resin at various heat-
ing rates. Fit was made using eq. (5) and the parame-
ters calculated by the Ryan–Dutta method (Table III).

Table V Kinetic Parameters Evaluated by Nonlinear Regression Analysis for the Dynamic Cure of
RTM6, RMO, and RMO2 Resins

Kinetic Model [Eq. (5)]

Resin A1 (s21)
E1

(kJ/mol) A2 (s21)
E2

(kJ/mol) m n

RTM6 1.68 3 104 74.69 2.15 3 104 58.37 0.869 1.390
RMO 2.51 3 105 78.44 1.42 3 105 57.88 1.204 1.656
RMO2 8.57 3 103 75.54 6.77 3 104 53.08 1.268 1.521

Kinetic Model [Eq. (9)]

Resin A1 (s21)
E1

(kJ/mol) A2 (s21)
E2

(kJ/mol) m n1 n2

RTM6 2.60 3 104 74.69 5.78 3 104 58.37 1.217 0.449 1.786
RMO 4.24 3 104 78.44 2.13 3 105 57.88 1.668 0.519 2.221
RMO2 1.13 3 104 75.54 9.04 3 104 53.08 1.495 0.449 1.845
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Figure 10 for the dynamic cure of the RTM6 resin
at various heating rates.

Comparison between the experimental data
and the model prediction shows very good agree-
ment over almost the whole range of the cure,
apart from the end of the cure where some devi-
ation is observed. This observation suggests a
need for a further modification of the model in
order to fit the experimental data accurately
throughout the cure.

A suitable modification has been found to be
given by the expression21:

da

dt 5 k1~1 2 a!n1 1 k2a
m~1 2 a!n2 (9)

Application of the modified model, following the
same evaluation procedure of non-linear regres-
sion, resulted in the fit shown in Figure 11 for the
RTM6 resin system. The kinetic parameters used
for the fits are given in Table V. The fits that
were obtained by the modified model show a very
good agreement with the experimental results
throughout the cure and at all heating rates, jus-
tifying the use of Eq. 9 as the most appropriate
cure kinetics model for these resin systems.

IIIb. F934 Resin

The plots of the reaction rate during dynamic cure
of this resin, as presented in Figure 6, show the
appearance of multiple peaks. This suggests that
a multiple activated reaction mechanism is fol-

lowed during curing. The consistency of the reac-
tion mechanism throughout the range of the heat-
ing rates used was checked prior to any modeling
attempts. The reaction rates, normalised by the
maximum reaction rate attained at each heating
rate, were plotted as functions of the fractional
conversion, in Figure 12. As can be seen in this
figure, there exists a master curve that describes
the changes in the reaction rates with conversion,
apart from the low conversion area, where this
correlation breaks down. This is consistent with
the idea of several reactions occurring simulta-

Figure 10 Cure kinetics simulation of RTM6 resin
under dynamic conditions. Equation (5) was used for
the fit, with the parameters given in Table V.

Figure 11 Cure kinetics simulation of RTM6 resin
under dynamic conditions. Equation (9) was used for
the fit, with the parameters given in Table V.

Figure 12 Normalized reaction rate over the maxi-
mum reaction rate as a function of the degree of con-
version of the dynamic cure of F934 resin at various
heating rates.
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neously, the relative proportions of the individual
reactions being dependent upon the length of time
for which the resin system is exposed to any given
temperature range.

In order to have an indication of the relative
weight of each reaction to the overall reaction rate
and to identify which reaction is responsible for
the break down of this master curve, peak sepa-
ration was applied to the experimental data of the
dynamic cure of the F934 resin. A Gaussian dis-
tribution was applied for the peak separation and
the number of peaks was limited to four.20 The
results of peak analysis at heating rate of 5°C/min
can be seen in Figure 13. In order to examine the
relative weights of each peak, the peak heights
were normalised by the peak height of Peak C.
The evaluated parameters of the Gaussian distri-
bution of each peak at all heating rates are shown
in Figure 14 as plots of normalised peak heights
against heating rate. Close examination of these
results shows that Peaks A, C, D give the same
contribution to the overall reaction rate at all
heating rates, whereas Peak B has a variable
contribution. The weight of Peak B increases as
the reaction rate increases, indicating that the
reaction mechanism that is hidden under that
peak depends on the heating rate. This observa-
tion matches the previous observation of the
break down of the master curve in Figure 12. The
conversion range where the down break was ob-
served is in the temperature range of Peak B.

The results obtained from the peak analysis
were further used to obtain the cure kinetics of

F934 resin. The temperature dependence of each
peak at all heating rates was investigated. The
method used was the Ozawa method22 given by
Eq. 10. In this expression, b is the heating rate,
Tm is the temperature at peak and A, E are the
Arrhenius parameters.

lnS b

Tm
2 D 5 lnSAR

E D
2 logFARTm

2

bE expS2
E

RTm
DG 2

E
R

1
Tm

(10)

Application of Eq. 10 to the peak temperatures
gave the activation energies and the preexponen-
tial factors for each peak, thus the Arrhenius
parameters of the reaction rate constants for each
reaction mechanism responsible for each peak
were evaluated.

The Arrhenius parameters for each reaction
are given in Table VI. From the above analysis it
follows that the overall reaction rate for the dy-
namic cure of the F934 resin can be written as a
sum of four individual reaction rates, one for each
peak identified previously. Using a simple nth
order reaction scheme for each individual reac-
tion, the overall reaction rate is written:

da

dt U
Total

5 O
i51

4

Wiki~1 2 ai!
ni (11)

Figure 14 Peak-separation results of reaction rate of
F934 resin cured under dynamic conditions at various
heating rates. Peaks normalized by the height of
peak C.

Figure 13 Peak separation of the reaction rate profile
of F934 resin under dynamic cure at 5°C/min. Four
peaks were identified using the Gaussian distribution
function.
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where Wi is the relative weight of each reaction
rate to the total. In order to evaluate the param-
eters of this model, the same non-linear regres-
sion technique was used as with the previously
described models. The Arrhenius parameters in
Table VI were used in this model to evaluate the
rest of the parameters, namely reaction orders ni
and relative weights Wi.

The results were evaluated from the combined
experimental reaction rates at all heating rates
with the same non-linear regression analysis pro-
cedure. The evaluated parameters are shown in
Table VI. Variation of the relative weight of reac-
tion ‘B’ was allowed, as this had been found to
change with changing heating rate. The relative
weight W2 was found to change linearly with the
natural logarithm of the heating rate.

The fit of the model given by Eq. 11 with the
kinetic parameters in Table VI is shown in Figure
15 for the dynamic cure of F934 resin at 5°C/min.
The individual reaction rates of the constituent
reactions are shown in the same figure as sepa-
rate plots.

CONCLUSIONS

A detailed calorimetric study of the reaction ki-
netics of four epoxy/amine resin systems was car-
ried out in this study. The key issues identified
from the results concerning the cure mechanisms
of the resins were: (i) complex reaction mecha-
nisms for all resins; (ii) constant cure mechanism
for all the resins apart from the cure of the cata-
lyst containing resin F934, which showed indica-
tions of changes in the reaction mechanism in
cures at different heating rates; (iii) autocatalytic
phenomena for the resin systems not containing

catalysts (RTM6, RMO and RMO2) and; (iv) dif-
fusion phenomena for all the isothermal cure cy-
cles, leading to incomplete curing.

Several modeling techniques were applied,
based on information on the reaction mechanisms
characteristics of each individual resin. A number
of phenomenological models derived for a simple
epoxy/amine cure were used. Irrespective of the
nature of the kinetic model, the activation ener-
gies that were estimated revealed that three of
the four resin systems investigated (RTM6, RMO
and RMO2) follow the same reaction mechanism.
Some variability was observed in the values of the
calculated kinetic parameters such as the preex-
ponential factors of the reaction rate constants.
This is more likely to be a direct effect of the

Table VI Kinetic Parameters Evaluated by Nonlinear Regression Analysis
for the Dynamic Cure of F934 Resin

Arrhenius
Parameters Reaction A Reaction B Reaction C Reaction D

Ei (kJ/mol) 88.11 79.16 102.42 102.93
Ai (s21) 2.15 3 109 2.64 3 107 1.55 3 109 2.81 3 108

ni 0.617 0.560 1.094 0.644
Wi 0.035 — 0.586 0.255

Relative Weight Factor W2 for Reaction B

W2 5 0.0302 1 0.04 ln(b)

Figure 15 Kinetic modeling of F934 resin cured un-
der dynamic conditions at 5°C/min. Equation (11) was
used for the fit with the kinetic parameters shown in
Table VI.
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stoichiometry differences, leading to different
contributions from individual reaction types,
rather than any intrinsic differences in the over-
all reactions mechanisms.

Assumptions of simple reactions of the epoxide
groups with the amines were found to be ade-
quate to describe mathematically the cure kinet-
ics of all these resins. The use of both autocata-
lytic and non-autocatalytic reaction schemes in
the models was able to describe the two activation
mechanisms that are followed during the cure
reaction for the resins not containing any cata-
lysts. The autocatalysis was attributed to the hy-
droxyl groups produced during the epoxy/amine
reaction. For the F934 resin, which contained BF3
catalysts, a simple nth order reaction mechanism
was found sufficient to describe the cure kinetics
under isothermal conditions.

The cure kinetics under dynamic conditions
were found to be more complex to model. A mod-
ified model was used to fit the experimental data
of the cure kinetics under dynamic conditions. In
the case of the F934 resin, a peak separation
technique was needed to identify the individual
reaction contributions observed in the DSC ther-
mograms. Further modeling of each individual
reaction step was implemented by the use of a
simple nth order reaction mechanism.

The fitting of the models obtained was highly
satisfactory for all the resins investigated. The
study demonstrated the methodology and model-
ing efforts required to obtain accurate cure kinet-
ics models for these types of epoxy resins. From
an industrial view point, the need for at least
some knowledge of the chemical compounds of the
resin to be modelled represents a significant
drawback. A search continues for an alternative
means of cure kinetics modeling, giving perhaps
less accurate results, but requiring less effort. A
possible alternative method will be the subject of
a further communication.
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