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A combinatory model of curing process in a mixture of multifunctional active components was devel-
oped. The model was tested with an analysis of curing kinetics in epoxy resin based on Bisphenol A with
amine hardener. The experimental kinetics data obtained with FTIR and Raman spectroscopy, chromatog-
raphy and viscosimetry methods were applied. The theoretical results show good agreement with exper-
iment. The model can predict a concentration of middle products during curing reaction. The model is
developed for calculation of the curing kinetics in free space environment.
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1. Introduction

Composite materials based on epoxy resins and fibre fillers are
widely used as materials for durable constructions, including spe-
cific applications such as space satellites and space supporting con-
structions [1–3]. One of the main requirements for the processing
of such materials is a controlled curing reaction, that provides high
mechanical strength of the composite material with minimal
residual and temperature stresses as well as high adhesion in
matrix/filler interface.

As a rule, the processing of the composite materials with
highest mechanical characteristics includes multistage heating
and cooling with controlled temperature increase and decrease.
In the cases of constructions of strategic importance (military,
aerocraft and space applications), the completeness of curing,
internal stresses and defects are investigated with a number of
experimental methods. This process is used for the creation of
ready-to-use constructions. However, in some cases the control
of the process is impossible. One of the such processing is the cur-
ing of composite materials in free space environment.

The curing of composite materials in free space environment
can be used for building a large-size space station, Moon bases,
space orbital plants, space hotels, large size telescopes, reflectors,
shields, which can not be transported in ready-to-use state from
Earth to space due to their large mass, size or shape [4–6]. The
curing process is critical for the repairing technology of space
ll rights reserved.

).
constructions in orbit, for example, such as Shuttle and Interna-
tional Space Stations.

In space the usual curing process of the composite matrix, that
requires step-by-step temperature increase and atmospheric pres-
sure, is impossible. The conditions of free space include high vac-
uum (up to 10�5 Pa near wall of space ship), wide temperature
fluctuations from �100 to + 100 �C, high flux of charged particles
with high energy including atomic oxygen of 5 eV energy, ion flux
of some GeV energy from Sun and stars, electron flux of some GeV
energy, X-rays, c-rays, UV and vacuum-UV light, infrared irradia-
tion. These factors cause evaporation of low-molecular weight
fractions, including chemically active molecules, as well as the
occurrence appearance of active free radicals, local thermal spikes,
and temperature gradient in lateral and normal directions of the
material. The intensity of these factors depends on the regime of
flight, the orbit parameters , the reflectance/irradiation coefficients
of the material surface, Earth season and space weather. All these
conditions and their variations have significant influence on the
polymerisation regime, and a considerable study of the polymeri-
sation processes in variable space conditions has to be done to pre-
dict exploitation characteristics of the materials.

However, an experimental investigation of the polymerisation
process in free space environment is difficult and expensive. On
the other hand, an adequate laboratory simulation of free space
environment acceptable for the polymerisation process investiga-
tion is impossible. In such case, a theoretical investigation of the
polymerisation process and key-experiments to investigate the
separate factors of space environment is the only realistic way.

In this paper we investigate the polymerisation process in
epoxy resin with amine hardener. This curing system is used for
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creation of the composite materials applicable in aerospace tech-
nologies, including rockets, satellites, antennas, reflectors and
other space constructions. The kinetics of the curing process was
investigated experimentally and presented in a number of publica-
tions [7–24]. The reaction of epoxy resin with amine hardener pro-
ceeds on auto-catalyst/auto-inhibition mechanism. The rate of
reaction depends on conditions of curing, composition of mixture
and additives, microphase separation and crystallisation. The reac-
tion kinetics of epoxy resin based on Bisphenol A with amine hard-
ener follows equation [25]:

@b
@t
¼ Kð1� bÞð1þ C0bÞð1� nbÞ; ð1Þ

where b is a conversion of the epoxy groups, K is a kinetics rate, C0 is
an auto-catalyst constant, n is an auto-inhibition constant. This
equation was supported by direct experimental measurements of
reaction groups by epoxy group titration method [26,27], radioac-
tive markers method [28], chromatography [29,30], infrared and
Raman spectroscopy [31], and by indirect methods of curing kinet-
ics such as viscosity measurement [32], Dynamical Mechanical
Analysis (DMA) and hardness measurement [33,34], calorimetry
[35], refractometry [36] and dielectric spectroscopy [37]. Following
the results of the experimental methods, a number of theoretical
models of epoxy resin curing were developed. Some of the models
take into account different side reactions, influence of microphase
separation, thermal effects, mechano-destructive phenomena,
residual and thermal stresses appearance, influence of passive and
active additives and reinforcement agents [38–40,28,41–44].
However, the reactionable mixture is considered as continuous
media in all these models and the molecular structure in all these
models is ignored. It means, that the models cannot include an
evaporation of components, appearance of new active components
and change of curing constants and, therefore, these models cannot
be used for the analysis of curing processes in space environment.

The calculation of polymerisation in space needs a molecular
model of curing, where the molecular structure of separate compo-
nents and its activity can be separately introduced and analysed.
Some of acceptable molecular models were developed for specific
curing conditions. For example, the curing model for epoxy resin
on the solid substrate was developed by quantum mechanics
methods [45] and by semi-empirical function methods [46].
However, these models are limited by the number of calculated
molecules and cannot be used for complex multicomponent
mixtures. A suitable model o curing reaction based on a molecular
behaviour is required.

Considering all the above conditions, a curing model of the
epoxy resin was developed that contains amine hardener based
on combinatory method of separate molecules. This model is sim-
ilar to the model of bound blocks [47] and atomic model [48,49].
But our model gives a possibility to remove and to add the active
components during the curing process that can be used to simulate
specific factors caused by free space environment such as evapora-
tion, temperature fluctuations and radiation damage.

2. Theory

Let consider the epoxy resin molecule with two epoxy groups in
curing reaction with triethylenetetraamine (TETA) with 6 active
amine groups. This mixture is well known in literature [50]. We as-
sume, that there are 3 different kinds of epoxy resin molecules and
7 different kinds of TETA molecules in the course of curing reaction.
The number of reacted molecule groups – the number of bonds with
neighbouring molecules – predetermines the kind of used mole-
cule. For example, TETA molecule of ‘‘0’’ kind is a molecule without
any bond to epoxy molecule. TETA molecule of 1st kind has one
bond to epoxy resin molecule. The molecules of 2, 3, 4, 5 and 6 kinds
have 2, 3, 4, 5 and 6 bonds to epoxy resin molecules accordingly.
The same logic is applied for kinds of epoxy resin molecules. ‘‘0’’
kind of epoxy resin molecule is non-bonded molecule, ‘‘1’’ kind
molecule has 1 bond and ‘‘2’’ kind molecule has two bonds with
amine molecule. Following these terms, the curing reaction is trans-
formation of one kind of molecule to another. A combination of dif-
ferent transformations between kinds of molecules gives a number
of equations. The concentration of corresponding (i and j) kinds of
amide (nam

i ) and epoxy resin (nep
j ) molecules could be described

by following equations for amine molecules:
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Kij is the rate constant of reaction for i and j kinds of amine and
epoxy resin molecules, t is the time of reaction. The same functions
are used for the following equation for epoxy resin molecules:
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Function f ðnam
i ; nep

j Þas decay rate of active groups in mixture de-
pends on concentration of reactionable molecules and their activ-
ity. The solution for the Eqs. (2) and (4) needs the Kij function in
(3) to be determined. The Kij function is calculated with a combina-
torial analysis of different kind of reacting molecules and assump-
tion that the rate of individual reaction depends on activity of the
reacting molecules. It is assumed, that the higher number of bonds
decreases the activity of molecules due to steric difficulties and de-
creases the mobility of the molecules due to the molecular mass of
the whole molecular fragment. This assumption is supported by
the theory of activated complex, which is formed as intermediate
unstable product. According to this theory, the formation of the
complex needs adjustment of the molecules to each other, what
needs sufficient mobility of the molecules and opening position
of the reacting groups. In this case, each new bond between mole-
cules decreases its mobility and steric freedom to adjust the right
position and conformation for activated complex. Therefore, the
probability of activated complex formation decreases with the in-
crease of i and j indices. Moreover, the amine hardener has two
kinds of amine group: end and middle. Following these assump-
tions, the function Kij is presented as K00 = 4ka; K10 = 2ka;
K01 = 2ka; K11 = ka; K20 = 8kb; K30 = 6kb; K40 = 4kb; K50 = 2kb;
K21 = 4kb; K31 = 3kb; K41 = 2kb; K51 = kb, where ka and kb are different
chemical rate constants for end and middle amine groups. Such
model was applied to the real epoxy resin composition.

3. Experiment

The epoxy resin based on Bisphenol A (average molecular mass
374, viscosity 1 Pa�sec at 250C, Aldrich) was used in the



Fig. 1. Kinetics of epoxy group in theory (line) and by intensity of FTIR spectra
(triangles – line at 915 cm�1) and Raman spectra (cubic – 1134 cm�1, rhombus –
1160 cm�1 and circle – 1430 cm�1 lines).
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experiments, as well as the Triethylenetetramine (Aldrich) harden-
ing agent. The ratio of resin and hardening agent was 10:1 in
weight parts. The glass fabric of satin weave was impregnated by
liquid epoxy resin with hardener.

FTIR spectra of epoxy resin composition were recorded with the
usage of Nicolet Magna 650 and Bruker IFS 66 spectrometers. The
uncured composition was placed between Teflon foils and pressed
between KBr windows. The absorbance of 915 cm�1 line following
the Bouger-Lambert law was used for the analysis of epoxy group
concentration.

Micro-Raman spectra (k = 532.14 nm) were obtained in the
backscattering mode using a diffraction double monochromator
spectrometer HR800, Jobin Yvon, LabRam System 010. The spectral
resolution was 4 cm�1 and the number of scans and integration
time were varied to ensure the sufficient signal-to-noise ratio. An
optical microscope (Olympus BX40) with a 100 � objective was
used to focus the laser beam and collect the scattered light.
LabRam™ software was used to analyse the spectra. The intensity
of 1134 cm�1, 1160 cm�1 and 1430 cm�1 lines of structure defor-
mation vibrations of epoxy ring and bending vibration of methy-
lene group in epoxy ring were used for the calculation of epoxy
group concentration. The kinetics measurement was done with
time of the curing reaction at stable position of the sample and
optical elements of spectrometer. Therefore, the intensity of lines
depends only on the chemical transformations in the composition.

The viscosity of the epoxy resin composition was measured
with ARES viscosimeter. The uncured mixture was placed between
two metal discs of 25 mm diameter with the 2.474 mm gap be-
tween them. The upper disc was periodically turned on 0.02 rad
with 1 Hz frequency by sinusoidal function. The bottom disc was
connected with the sensor for load detection. The measurements
were done in thermostatic cell at constant temperature (±0.1 �C)
in nitrogen flow. The viscosity was measured with the time of cur-
ing reaction before the composition becomes hard and was peeled
off the discs at turning.

Liquid chromatography was used for the concentration analysis
of residual part of unreacted epoxy resin in the mixture. The mix-
ture of epoxy resin with different amount of amine hardener was
prepared, kept 72 h at room temperature, dissolved in chloroform
and inserted into the chromatography column. UV detector was
used for passing components.

The original codes in MATLAB (MathWorks, USA) numerical
computing environment was used for the calculations.
Fig. 2. Modelled concentration of epoxy molecules (a) with different number of
bonds (from 0 to 2) to amine molecules; and the modelled concentration of amine
molecules (b) with different number of bonds (from 0 to 6) to epoxy molecules with
time of curing reaction. The initial concentration of TETA hardener corresponds to
stoichiometric ratio.
4. Results

The kinetics Eqs. (2) and (4) were solved for the case of equi-
molar initial concentrations of epoxy resin and hardener active
groups: nep

0 ðt0Þ ¼ 75% and nam
0 ðt0Þ ¼ 25%. The theoretical value

for integral epoxy group concentration is calculated as
2 � nep

0 ðtÞ þ nep
1 ðtÞ

� �
=ð2 � nep

0 ðt0ÞÞ and compared with the intensity of
epoxy group vibrations in FTIR and Raman spectra. The deviation
of experimental curves of epoxy resin concentration by FTIR and
Raman spectra data and theoretical integral epoxy group concen-
tration were used for the fitting of ka and kb parameters. The exper-
imental and theoretical data for integral value of epoxy group
concentration normalised on the initial concentration of epoxy
groups are shown on Fig. 1. Coefficients in the equation show
how many epoxy groups are belonging to kind of epoxy resin
molecule.

Following (2)–(4) equations, the concentration of different
kinds of the epoxy resin molecules and TETA molecules with differ-
ent number of bonds are presented on Fig. 2. The concentrations
are normalised on the initial concentrations of the groups. As
shown, the TETA and epoxy resin molecules with higher number
of bonds appear at the time of reaction. With time, the rate of
the reaction decreases which corresponds to the formation of poly-
mer network, the increase of viscosity, decrease of molecular
mobility and appearance of solid polymer. The epoxy and amine
groups do not disappear entirely. It corresponds to the experimen-
tal data of epoxy resin curing and the phenomenological models of
epoxy resin curing.

The theoretical results show, that free amine molecules disap-
pear completely. The composition with stopped reaction does not
contain the initial amine molecules without bonds. At least one
bond is presented for each molecule. Most of amine molecules



Fig. 4. Modelled kinetics of unbounded epoxy resin molecules at various concen-
tration of TETA hardener: 5%, 10%, 20% and 30% of stoichiometric ratio.

Fig. 5. Calculated (triangle) and experimental (cubic) data of residual unbounded
epoxy resin concentration in dependence on stoichiometric ratio of TETA hardener.
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have 3, 4 and 5 bonds with epoxy resin molecules. However, some
amount of non-bonded epoxy resin molecules remains in the
composition.

The Eqs. (2)–(4) were used for calculation of kinetics with non-
stoichiometric ratio of components, when 5%, 10%, 20% and 30% of
TETA of equimolar ratio were present in the initial mixture. In this
case, the calculation showed, that all the amine groups take part in
the reaction and the final mixture has all hardener molecules with
6 bonds (Fig. 3). Some amount of epoxy resin molecules remains
non-bonded (Fig. 4). This fact provides the possibility to measure
the non-bonded epoxy resin molecules.

The amount of non-bonded epoxy resin molecules was mea-
sured by liquid chromatography. The mixture of epoxy resin and
TETA hardener were prepared with mentioned above concentra-
tions and after complete reaction were dissolved in chloroform
and measured. The mixtures of 5–20% TETA were dissoluble in
chloroform. The mixture of 30% TETA gives the insoluble gel in
chloroform. The gel-fraction was filtered and soluble part of the
composition was measured. The chromatography curves for initial
epoxy resin and residual soluble part of epoxy resin after reaction
are similar. It does not show any additional peaks interpreted as
partially bonded epoxy resin molecules or non-bonded amine mol-
ecules. It means, that the products of the curing reaction could not
come through the chromatography column. The area under the
chromatography peaks shows the amount of non-bonded epoxy
resin molecules. The calculated amount of non-bonded epoxy resin
molecules is in agreement with experimental data (Fig. 5).

The calculated concentrations of epoxy resin and amine hard-
ener molecules were used for viscosity calculation of the mixture
during the reaction. The viscosity increases from initial viscosity
of mixture gm up to infinite value corresponding to phase transi-
tion from liquid state to solid state of the composition. The viscos-
ity increase is caused by the appearance of bonded molecules due
to the curing reaction. As the model shows, the mixture during the
reaction contains a number of monomer epoxy resin and hardener
molecules and a number of bonded molecules with different num-
ber of jointed monomers. It means, that the composition is not
homogeneous. The bonded molecules are considered as jointed
to conglomerate. The molecular mass of conglomerate of bonded
molecules is higher than monomers and the mobility of these con-
glomerates is lower. Therefore, the composition can be considered
as a mixture of two phases with different molecular mobility: li-
quid phase that consists of monomer mixture, and solid phase that
consists of conglomerates of bounded molecules. In this case, the
viscosity of heterogeneous mixture can be described by the Chong
function [51]:
Fig. 3. Modelled concentration of amine molecules with different number of bonds
to epoxy molecules at the time of curing reaction. The initial concentration of TETA
hardener is 5% of stoichiometric ratio.

Fig. 6. Viscosity of the epoxy resin composition with time of curing reaction:
triangles show experimental points, curve corresponds to the model data.
gc ¼ gm 1þ 1:25u
1�u=umax

� �2

; ð7Þ

where gc is the viscosity of the composition, gm is the initial viscos-
ity of the composition before the curing reaction, /max is the max-
imal partial volume of solid fraction. The partial volume of solid
fraction / is calculated from the amount of bounded molecules as:

u¼ Vepðnep
1 þnep

2 ÞþVamðnam
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6 Þ

Vepðnep
0 þnep

1 þnep
2 ÞþVamðnam

0 þnam
1 þnam

2 þnam
3 þnam

4 þnam
5 þnam

6 Þ
ð8Þ

where Vep and Vam the volume of one monomer of epoxy resin and
TETA.
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The calculated curve and the experimental points are presented
on Fig. 6. Only one parameter /max was fitted to get the calculated
curve close to the experimental points. Both the theoretical curve
and the experimental data show the same character of viscosity
during the curing reaction: the first period (from 0 to 100 min) cor-
responds to the slow viscosity increase; the second period (from
100 to 160 min) corresponds to the sharp increase up to the point
of phase transition. Therefore, the theoretical calculations give a
realistic model of viscosity behaviour during the curing reaction.

5. Conclusion

The combinatory model of the curing reaction in epoxy resin/
amine hardener mixture was developed on simple consideration
of chemical group combinations. The results of modelling are in
good agreement with FTIR, Raman, chromatography and viscosi-
metry experimental data of curing reaction. The final results are
in agreement with well-known models of the curing process, but
the presented model gives a concentration of all possible products
during the curing process. In particular, the model can be used to
get the concentration of differently bonded molecules during reac-
tion, what can be used for an analysis of the curing reaction under
the specific conditions of free space environment.
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