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ABSTRACT: Epoxy resins are composed of a three-dimen-
sional network formed by chemical reactions between epoxy
and amino compounds, which plays an important role in the
mechanical properties. Thus, to use epoxy resins in various
applications, it is necessary to gain a better understanding of
their network structure. Here, we study the structural
heterogeneity evolved in an epoxy−amine mixture during
the curing process on the basis of a particle tracking
technique, in which the thermal motion of probe particles
in the mixture was tracked, small-angle X-ray scattering
measurements in conjunction with coarse-grained molecular dynamics simulation. The heterogeneous environment was
generated even at the initial stage of the curing process. Notably, the characteristic length scale was on the order of several
hundreds of nanometers down to several tens of nanometers, depending on the extent of curing. Once a reaction occurs
between a pair of epoxy and amino groups, the temperature at the site is locally elevated due to the heat of formation,
accelerating a subsequent reaction nearby. Repeating such a situation, actively and scarcely reacted domains are formed. This is
the main origin of the structural heterogeneity in epoxy resins.

1. INTRODUCTION

Epoxy resins, a class of thermosetting resins, have found use in
a wide range of applications such as coating agents,1

adhesives,2 encapsulants,3 composites,4,5 and so forth6−9

thanks to their favorable mechanical properties, thermal
properties, and solvent stability. Epoxy resins are based on a
three-dimensional network formed via the curing reaction of
epoxy and amino compounds. If one considers all of the
materials that comprise the network, the network structure in
epoxy resins should be related to the macroscopic mechanical
properties, which play an important role in the aforementioned
applications.10−12 In fact, the mechanical properties of epoxy
resins depend on the curing condition which alters how the
network is formed.13 Thus, to confer desirable properties on
these resins, it is necessary to gain a better understanding of
their network structure.
There are several potential approaches for characterizing the

network structure. However, these may not be easily applied to
epoxy resins because of their insolubility in organic solvents
and infusibility at higher temperatures.14 In general, epoxy
resins are supposed to be fractured and then characterized.
Scanning electron microscopy and atomic force microscopy
have been commonly used for the structural analysis of
thermosetting resins.15−22 It has been reported that the
nodular structure with particle sizes ranging from tens to
hundreds of nanometers existed on an etched fracture surface
of thermosetting resins.15−17 A plausible explanation for the

nodular structure is that it is composed of relatively higher
cross-linking regions surrounded by an interstitial phase of
lower cross-linking density. In this sense, the structure can be
regarded as heterogeneous.15−19 Another interpretation is that
the nodular structure itself is not evidence for the presence of
heterogeneity because the etched fracture surface of
amorphous polymers may provide similar nodular struc-
tures.20−22 The discrepancy between the two interpretations
seems to arise from the limited number of available techniques
for nondestructive characterization of the network.
Recently, small-angle neutron and X-ray scattering (SANS

and SAXS, respectively) have been used to examine the
network formation in the curing process of phenolic resin,
which is also one of the thermosetting resins.23−25 The
swelling of the resin using a good solvent induces the spatial
difference in the cross-linking density.23 This allows for
nondestructive characterization of the network mesh size and
its heterogeneity. When the characteristic length scale is larger
than the mesh size, however, the heterogeneity cannot be
detected by scattering experiments due to it being outside the
measurement range. Besides, the length scale of the
heterogeneity so obtained can be difficult to compare to the
one in a dried state because the resin is swollen. To gain direct
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access to the mesoscopic heterogeneity, an alternative
methodology for in situ characterization is desired.
Here, we focus on a particle tracking technique as a method

for studying the network heterogeneity of an epoxy resin at the
mesoscopic length scale. In this technique, probe particles are
dispersed in a medium. Information on the local properties can
be obtained by detecting the thermal motion of particles
because the movement reflects the physical properties of the
medium surrounding it.26,27 Thus, tracking the movement of
particles located at different positions can provide insights into
the spatial heterogeneity in the medium.28−31 An intriguing
advantage of this technique is that the length scale of the
observation can be altered by changing the particle size. In this
study, we first performed a particle tracking study for the
curing process of an epoxy resin. Notably, the length scale of
the heterogeneity in the sample changed from several hundreds
to tens of nanometers, depending on the extent of the curing.
Such a change in the length scale of the heterogeneity could be
associated with high and low cross-linked regions which
appeared during the network formation. This picture was
confirmed by coarse-grained molecular dynamics simulation
(CGMD).

2. EXPERIMENTAL SECTION
2.1. Materials. Figure 1 shows chemical structures of hydro-

genated bisphenol A diglycidyl ether (HDGEBA) and 1,4-

cyclohexanebis(methylamine) (CBMA), which were supplied from
New Japan Chemical Co., Ltd., and Tokyo Chemical Industry Co.,
Ltd., respectively. For the particle tracking measurements, an aqueous
dispersion of polystyrene (PS) particles containing a fluorescent dye,
Fluoresbrite Yellow Green Microspheres, with a concentration of 2.5
wt % was purchased from Polysciences Inc. Diameters (d) of particles
used were 198 ± 9, 116 ± 6, and 47 ± 3 nm, denoted as 200, 120, and
50 nm, respectively. For fluorescence spectroscopy and microscopy, 4-
(dimethylamino)-4′-nitrostilbene (DMANS) purchased from Tokyo
Chemical Industry Co., Ltd., was used as received.
2.2. Fourier-Transform Infrared Spectroscopy. HDGEBA and

CBMA were mixed at a molar ratio of 2:1. The mixture was
sandwiched between calcium fluoride windows with a 1 mm gap.
Fourier-Transform Infrared (FT-IR) spectra were recorded using a
FT/IR-620 spectrometer (JASCO Co.) with a triglycine sulfate
(TGS) detector. All spectra were obtained with a resolution of 2 cm−1

and 64 scans at 296 K.
2.3. Rheological Measurements. Rheological measurement for

the mixture of HDGEBA and CBMA was performed by an MCR 310
rheometer (Anton Paar Japan K. K.). Each of the samples was held
between a sample stage and a parallel-type plate with a diameter of 8
mm. During the time-sweep measurement, strain amplitude was set to
0.1%, which was in a linear viscoelastic regime. An angular frequency
was set to 10 rad s−1, which had been commonly used to determine a
gel point on the basis of the crossover point between storage (G′) and
loss moduli (G′′).32 All measurements were made at 296 K.
2.4. Particle Tracking Measurements. A nonsticky powder of

PS particles, which was obtained from the corresponding water
dispersion after freeze-drying, was well dispersed into the mixture of
HDGEBA and CBMA. The resultant mixture was placed in a glass
bottom dish (MATSUNAMI GLASS Inc. Ltd.) and then sealed with a
cover glass and vacuum grease. The moment HDGEBA and CBMA
were mixed was regarded as the zero time-point. The measurements

were made for a single sample after being left undisturbed at 296 K for
1, 4, 6, 8, 12, 14, 16, 20, and 24 h.

Our setup of the instrument for the particle tracking is based on an
ECLIPSE Ti inverted microscope (Nikon Instech Co., Ltd.) with an
N.A. 1.45 oil-immersion objective lens.33 The bright-field observation
of particles with a diameter of <200 nm was very difficult because of
the light diffraction limit. Fluorescence imaging was therefore used for
the measurements using smaller particles. A mercury lamp shone
through an excitation filter with a passband of 460−500 nm housed in
a filter block (GDP-B, Nikon Instech Co., Ltd.) illuminated the
sample. Fluorescence emitted from particles went through an
absorption filter with a passband of 515−560 nm in the filter block.
Fluorescence images were acquired using an electron multiplying
charge coupled device (EM-CCD) camera (iXon Ultra 897, Andor
Technology Co., Ltd.) at a frame rate of 33 Hz. The imaging software
NIS-Elements AR-4.20.00 (Nikon Instech Co., Ltd.) was used for the
trajectory analysis of particles. A total of 20 different particles were
individually tracked at a given curing time. The distance between
particles was >30 μm. Each particle was monitored 10 times to
average the diffusion behaviors.

2.5. Small-Angle X-ray Scattering Measurements. SAXS
experiments were performed at the BL03XU beamline in SPring-8,
Japan.34 The wavelength of the incident X-rays and the sample-to-
detector distance were 0.10 nm and 2230 mm, respectively. Prior to
the measurement, the HDGEBA−CBMA mixture at various stages of
curing was immersed in tetrahydrofuran (THF), which is a good
solvent for both epoxy and amino components, at 296 K for over 48 h.
The swollen or dissolved mixture was put into a quartz capillary and
then installed in a sample stage. The scattered X-rays were recorded
using a PILATUS 1M (DECTRIS Ltd.). By circular averaging a two-
dimensional pattern on the detector, we obtained a one-dimensional
scattering profile of the sample. The contribution of THF to the
scattering pattern for the sample was subtracted by the pattern for
pure THF, corrected using X-ray transmittance.

2.6. Coarse-Grained Molecular Dynamics Simulations. The
question of how structural and thereby rheological heterogeneity
could be formed, if at all, in the system with an ongoing curing
reaction, was examined. An approach based on CGMD proposed by
Okabe et al.35,36 was adopted here for a large scale picture in 100 nm.
Taking into account that the epoxy−amine reaction involves two
steps, as shown in Scheme S1, we carried out the CGMD simulation.
When an epoxy group approaches to within 0.6 nm of an amino
group, the reaction probability k = A exp(−Ea/RTl) is compared with
a random number P (0−1). Here, A, Ea, R, and Tl are the frequency
factor A, 1 × 102, the activation energy Ea, the gas constant, and the
local temperature, respectively. If k > P, the reaction occurs, resulting
in the formation of a cross-link. After the reaction, the heat of
formation ΔHf, which could be estimated by increasing the kinetic
energy of the part reacted, locally elevated the temperature around the
reaction site. This subsequently accelerated successive reactions.
Differential scanning calorimetry revealed that the activation energies
for the first and second reactions in the HDGEBA-CBMA system
were 56.8 and 55.3 kJ mol−1, respectively. The ΔHf value was fixed at
56.8 kJ mol−1 for both reactions in this study.

The simulation was performed using Mesocite, a CGMD module
of the software package Materials Studio 2018 (Dassault System̀es
K.K.). For intramolecular potentials, trajectory files of all-atom (AA)
models were obtained via Forcite, a molecular dynamics module, and
COMPASSII force field,37 and then force fields for coarse-grained
(CG) models were converted from the probability distributions for
bond stretches, angle bends, and torsions via the Boltzmann inversion
method. For intermolecular potentials, the parameters of the Lennard-
Jones (LJ) potential were determined by minimizing errors between
AA and CG results for the density at various temperatures.

A simulation system for the curing reaction consisted of 12962
HDGEBA and 6481 CBMA molecules using stoichiometry. A unit cell
of 100 × 100 × 1 nm3 was used under periodic boundary conditions.
After the relaxation of the system, the CGMD simulation was
conducted at 296 K in the isothermal−isobaric ensemble (NPT)
ensemble to reproduce the curing reaction of the epoxy resin over a

Figure 1. Chemical structures of (a) HDGEBA and (b) CBMA used
as a precursor for epoxy resin.
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period of 2 ns. The time step was set at 10 fs, and the cross-linking
reaction was judged every 10 ps.

3. RESULTS AND DISCUSSION
3.1. Curing Reaction. As a precursor for the epoxy resin, a

combination of HDGEBA and CBMA was chosen because
they were miscible and also reacted with each other even at
room temperature. HDGEBA and CBMA were mixed at a
molar ratio of 2:1, which was equivalent in stoichiometry of
epoxy and amino groups. Figure 2a shows FT-IR spectra at

various stages of the curing process at 296 K. For the initial
stage of curing, the spectrum can be characterized by two
absorption bands at 4940 and 4524 cm−1. The former band is
assignable to a combination of the stretching and bending
vibrations of primary amino groups, while the latter band is
due to a combination of the stretching and bending vibrations
of epoxy groups.38 With increasing curing time, the absorbance
for both bands decreased, indicating that the primary amino
and epoxy groups were consumed by the epoxy−amine
reaction. Thus far, it has been accepted that the reaction
involves different steps. A primary amino group first reacts with
an epoxy group, producing a secondary amino group.39 It again
reacts with another epoxy group, resulting in the formation of a
tertiary amino group, yielding a branch structure. The
concentration of epoxy groups ([E]), primary ([A1]),
secondary ([A2]), and tertiary amino groups ([A3]) was
estimated on the basis of the absorbance change for the bands
at 4940 and 4524 cm−1, as described in detail in the
Supporting Information.40,41 Figure 2b shows the curing time
dependence of the concentrations. As the reaction proceeded,
the [E] and [A1] values decreased while the [A2] and [A3]
values increased. Then, the [A2] value began to decrease, while
[A3] kept increasing. Finally, the [A2] value finally leveled off at
12 h. Thus, it seems that the chemical reaction apparently
reached equilibrium at 12 h of curing. This was not the case,
however, and this will be discussed in detail later.
Figure 3 shows the time dependence of storage modulus

(G′) and loss modulus (G″) during the curing process at 296
K. At the initial stage of curing, although both G′ and G″ were
small, G″ was larger than G′, meaning that the mixture
behaved as a liquid. As curing proceeded, both G′ and G″
increased to a crossover point, 12 h, at which G′ and G″ were
equal to each other, often termed a gelation time (gel point).
At this point or time, the 3-dimensional network expands over
the entire system.32 After the gelation time, G′ asymptotically
reached a constant value, while G″ reached a maximum shortly
thereafter. Such behavior is a typical signature for vitrification.
That is resin segments in between cross-linking points were

frozen in mobility, leading to a less contribution of the energy
dissipation.42,43 Once the curing time exceeded 15 h, G′
remained unchanged. This implies that the averaged cross-
linking density of the network was constant after 15 h. The
curing process along with the chemical reaction and thereby
the network formation was then studied using the particle
tracking measurements.

3.2. Spatial Heterogeneity. The thermal motion of PS
particles with a diameter (d) of 200 nm embedded in the
HDGEBA−CBMA mixture was tracked. Based on the
trajectory of the individual particles, mean-square displace-
ment, ⟨Δr2(t)⟩, is given by the equation27

r t
N

tr r( )
1

( ) (0)
i

N

i i
2

1

2∑⟨Δ ⟩ = { − }
= (1)

where ri(t) and ri(0) are the positions of a particle i at the lag
time of t and 0, and N is the number of data set analyzed. The
⟨Δr2(t)⟩ value quantitatively reflects the average travel distance
of a particle from the original position after time t. From the
slope of the double logarithmic plot of ⟨Δr2(t)⟩ against t, the
type of particle motion can be discussed.27,44,45 When the slope
of the plot is unity, it is apparent that the particle motion is
based on the random walk statistical theory, as is commonly
seen for particle diffusion in a homogeneous Newtonian
fluid.27,44 On the contrary, slopes less than 1 indicate that a
particle moves in a subdiffusive manner. The subdiffusive
behavior is generally explained in terms of the trapping of a
particle within the aggregation structure in a material.45

Figure 4a shows a double-logarithmic plot of ⟨Δr2(t)⟩
against t for PS particles with d = 200 nm in the HDGEBA−
CBMA mixture at various stages of the curing process. Each
solid line was obtained by taking an average of 10 data sets for
a single particle. The slope of the hypotenuse of right-angled
triangles in the figure corresponds to unity. At the initial stage
of curing, and at 1 and 4 h, the slope (n) of all plots were equal
to 1, meaning that the diffusion of particles was in accordance
with the random walk statistical theory. As the reaction
proceeded, the n value of plots became less than 1. This
indicates that the diffusion of particles was suppressed as a
result of the network formation. It is noteworthy that there was
a variation in the ⟨Δr2(t)⟩ value at 6 and 8 h, suggesting the
possibility that the environment surrounding probe particles
was spatially heterogeneous.
In general, the length scale of the observation accessed by

the particle tracking measurement is correlated to the size of
probe particles used.30,31,33,46,47 When the particle size is much
larger than the characteristic length of a subject of interest, the
measurement gives an insight into the bulk information which

Figure 2. (a) FT-IR spectra for the mixture of HDGEBA and CBMA
at various stages of the curing process and (b) time-dependent
concentrations of functional groups.

Figure 3. Time dependence of G′ and G″ for the HDGEBA and
CBMA mixture.
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averages variations in the local rheological properties. On the
other hand, in the case of probe particles with a diameter close
to or smaller than the characteristic length, the particle motion
is not the same in all positions and depends on the local
properties.31,33 Hence, parallel experiments using PS particles
with a diameter smaller than that used so far were performed.
Figure 4b,c shows the plot of ⟨Δr2(t)⟩ against t for PS

particles with d = 120 and 50 nm. The curing-induced change
in the n value was similar to that for particles with d = 200 nm;
it decreased with increasing curing time, as shown in Figure S2
of the Supporting Information. The variation in the ⟨Δr2(t)⟩
value was also observed. However, the curing time, at which
such a ⟨Δr2(t)⟩ variation was observed, seemed to differ from
that for particles with d = 200 nm. To clarify such a difference,
the shape of the probability distribution of ⟨Δr2(t)⟩
normalized by the ensemble average was evaluated. To do
so, all individual ⟨Δr2(t)⟩ values at t of 33 ms were divided by
the mean value. When the shape can be expressed by a simple
Gaussian function, or a symmetric shape, with a central value
of 1, it can be claimed that the system is homogeneous in
terms of its rheological properties.30,33,48 By contrast, if a non-
Gaussian distribution of the normalized ⟨Δr2(t)⟩ values is
obtained, it can be claimed that the system is heteroge-
neous.29,48

Figure 5 shows the distributions of the normalized ⟨Δr2(t)⟩
values of particles with d = 200, 120, and 50 nm at various
stages of the curing process. The displacement profiles for
particles with d = 200 nm provided a non-Gaussian
distribution at the curing times of 6 and 8 h. For particles
with d = 120 and 50 nm, however, the non-Gaussian
distribution was obtained at later stages of the curing process.
The curing times at which the non-Gaussian distribution was
obtained were 12 and 14−16 h for particles with d = 120 and
50 nm, respectively. Here, the non-Gaussian parameter, α2(t),
was calculated as follows:49

t
r t
r t

( )
3 ( )
5 ( )

12

4

2 2α = ⟨Δ ⟩
⟨Δ ⟩

−
(2)

where ⟨Δr4(t)⟩ is the fourth moment of the particle
displacement. The α2(t) value is a measure of the deviation
from the Gaussian distribution for the particle displacement
and therefore reflects the extent of the heterogeneity in the
system.30,31,45,49 A larger α2(t) corresponds to more hetero-
geneity in the system.
Figure 6 shows the curing time dependence of ⟨α2(t)⟩ for

particles with d = 200, 120, and 50 nm. The angle brackets of

α2(t) denote the average over lag times, ranging from 0 to 1.5
s, where a substantial increase of α2(t) with increasing t was
not observed. For particles with d = 200 nm, the ⟨α2(t)⟩ value
increased as the curing proceeded. Once the curing time
reached 6 h, the ⟨α2(t)⟩ value was maximized. This makes it
clear that the heterogeneity with a length scale of ∼200 nm
was generated in the system after 6 h curing. With decreasing

Figure 4. Double-logarithmic plots of ⟨Δr2(t)⟩ against t for PS
particles with (a) d = 200, (b) 120, and (c) 50 nm in the HDGEBA
and CBMA mixture at various stages of the curing process.

Figure 5. Probability distribution of the normalized ⟨Δr2(t)⟩ values
for PS particles with (a) d = 200, (b) 120, and (c) 50 nm in the
HDGEBA and CBMA mixture at various stages of the curing process.
A solid curve in each panel denotes a fitted one, which is a Gaussian
function, for PS particles in the standard homogeneous liquid glycerol.

Figure 6. Correlation between non-Gaussian parameter ⟨α2(t)⟩ and
curing time for PS particles with d = 200, 120, and 50 nm in the
HDGEBA and CBMA mixture.
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particle size, the curing time showing a finite value of ⟨α2(t)⟩
increased. The curing times, at which ⟨α2(t)⟩ was maximized,
were 12 and 14 h for d = 120 and 50 nm, respectively. Hence,
it is obvious that the length scale of the heterogeneity increased
at the initial stage of curing and subsequently decreased as
curing proceeded.
3.3. Relationship between Heterogeneity and Net-

work. The network formation in the curing process of a
phenolic resin has previously been studied by SAXS measure-
ment with a solvent-swelling technique.23−25 As a result, the
network evolved via an interconnection of grown cross-links. A
SAXS measurement was conducted to confirm whether this is
the case even for the epoxy resin used here. For the sample
preparation, the HDGEBA−CBMA mixtures were immersed
into a good solvent, THF. The mixtures obtained at the curing
time before 12 h were soluble in THF, whereas those after 12 h
became insoluble due to gelation. Figure 7 shows curing time

dependence of SAXS profiles for the HDGEBA−CBMA
mixture in THF. After 1 h curing, the scattering intensity
was proportional to the negative fourth power of the scattering
vector (q) in the range smaller than 0.2 nm−1. The intensity
upturn can be interpreted as Porod’s law, meaning that the
scattering originated from the smooth interface of domains
with a relatively large size scale.25,50,51 It therefore seems most
likely that cross-linked domains appeared at the initial stage of
curing.25 As the curing reaction proceeded, the q range, in
which the intensity upturn was observed, shifted to a lower q
side. Although a quantitative discussion about the domain size
cannot be undertaken at the moment, it is clear that the size of
cross-linked domains increased.25 The presence of domains at
the initial stage of the curing reaction was also confirmed by

fluorescence microscopic observation using a fluorescent dye
based on the twisted intramolecular charge transfer (TICT), as
shown in Figure S3.52,53 The experimental data in Figure 7
could be well reproduced by combining three scattering
functions such as the Ornstein−Zernike (OZ) and squared
Lorentzian (SL) equations, and Porod’s law, as drawn by solid
lines. Curve-fitting of the data using the combinational
function provided correlation lengths, ξ and Ξ . The former
is related to the average size of soluble oligomers and/or the
mesh size of the network.23,24 The latter reflects the
characteristic size of heterogeneous domains.23,24 However,
the ξ and Ξ values obtained by the curve fitting were not the
same as what is observed by our particle tracking measure-
ment. This means that there exists the hierarchy of the
heterogeneity in this mixture during the curing reaction.
Figure 8 shows a schematic illustration for the curing

reaction drawn on the basis of the results shown so far. The
SAXS measurements confirmed the presence of the cross-
linked domains even at the initial stage of curing. In between
such domains, particles embedded were expected to be
sterically trapped while others in low cross-linked regions
were not. This picture can explain the variation in the
displacement profile for particles. Such can be seen for particles
with d = 200 nm after 6 h curing. Here, it should be noted that
as the curing proceeded further, the ⟨α2(t)⟩ value for particles
with d = 200 nm decreased and eventually almost reached 0.
Given that cross-linked domains become larger in size with
increasing time, as depicted in the illustration, 200 nm particles
cannot be incorporated into low cross-linked regions with a
size smaller than 200 nm. Thus, 200 nm particles were
insensitive to the presence of the low cross-linked regions, if
any.29,30 In other words, the size of low cross-linked regions
should be <200 nm after 12 h. If that is the case, smaller
particles should provide the ⟨α2(t)⟩ variation at the late stage
of curing. This is exactly what was observed using particles
with d = 120 and 50 nm, as shown in Figure 6. In the case of
particles with d = 50 nm, ⟨α2(t)⟩ was maximized at 14 h, which
was beyond the gel point. This means that there are low cross-
linked regions with a size >50 nm even after the network
expansion. A conclusive study dealing with the effects of the
heterogeneity on the mechanical properties for epoxy resins
will be reported in the near future.
Finally, on the basis of CGMD, the reason why such a

heterogeneity appears in the curing process is discussed. Figure
9 shows CG models of HDGEBA and CBMA and the reaction
conversion dependence, or time evolution, of the micro-
structure during the curing simulation. Each chemically
connected fragment, or isolated structure, is indicated by a

Figure 7. SAXS profiles for the HDGEBA−CBMA mixture in THF as
solution and swollen gel states. Open symbols denote experimental
data, and solid lines are the best fit curves based on a combinational
scattering function of the OZ and SL equations and Porod’s law.

Figure 8. Schematic illustration showing a relationship between particle motions and network structure at various stages of the curing process. The
deeper gray color represents the more cross-linked region.
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different color. Initial reactions were observed in spots at 20%
conversion as if crystallization occurs by nucleation. They grew
and fused into a larger domain with increasing conversion,
resulting in the formation of a cross-linked network. At 85%
conversion, the network structure was built up from many
isolated fragments. In this curing process, the heterogeneity
can be clearly recognized at 40−70% conversion. That is, while
some regions were actively reacted, others were not. This is
quite similar to what was observed in the experiment, as shown
in Figure 8.
Figure 10a shows a snapshot of temperature distribution at

40% conversion with the corresponding microstructure (panel

b). Superimposing the two panels, it is clear that the
temperature was higher at actively reacted regions than at
scarcely reacted ones. Taking into account the fact that the
curing reaction is exothermic, once the reaction is initiated,
subsequent reactions should be accelerated by the temperature
rise, which has been caused by the heat generation of previous
reactions. An additional simulation without the heat of
formation revealed that the heterogeneity in the system still
existed even though it was not particularly well-defined. This
implies that the heterogeneity is also formed during the curing
process by other factors. A possible candidate for this is the
inhomogeneous propagation of reactions, which is induced by
the heterogeneous diffusion of reaction points in the system, in
which some regions either are or are not reacted. The

heterogeneity arisen from the diffusion-controlled process is
further enhanced by locally elevated temperature due to the
heat of formation.

4. CONCLUSIONS

A particle tracking technique was applied to the curing process
of an epoxy−amine mixture, in which the network structure
expanded over the entire system, resulting in an epoxy resin.
The observation for individual particles at different locations,
in conjunction with SAXS measurements, revealed that the
mesoscopic heterogeneous structure generated even at the
initial stage of the curing process, and the characteristic length
scale was dependent on the curing time. This was because the
heterogeneous structure was composed of actively reacted
domains surrounded by scarcely reacted regions. Because the
fraction of the actively and scarcely reacted regions changes
with the progress of the curing reaction, the length scale of the
heterogeneity depended on the curing time. CGMD clearly
supported the above picture of the curing process. The two
regions were formed by the reaction of functional groups,
accelerated by the heat of formation generated by previous
reactions. The knowledge obtained herein should be useful for
understanding and controlling the mechanical properties of
epoxy resins, leading to the furtherance of their functionaliza-
tion. In addition, since the particle tracking technique does not
require processes of physical fracture, solvent swelling, and so
forth, it would be applicable to other polymer systems. Hence,
we believe that both the scientific knowledge and the
experimental protocol after this study will contribute to the
development of functional polymer materials.
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