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ABSTRACT: In this study, the physical and chemical
changes of a poly(methyl methacrylate) (PMMA)-modified
epoxy system were examined to understand the effect of
the curing conditions on its final morphology. The curing
process of the PMMA–epoxy reactive system was comple-
mentarily analyzed by Fourier transform infrared spectros-
copy in the near range (FT-NIR) and fluorescence
spectroscopy. The relationships among (1) the chemical
conversion of the curing reaction, (2) the first moment of
the fluorescence emission band (hmi) arising from a chro-
mophore chemically bonded to the epoxy reactive system,
(3) the phase-separation process, and (4) the dynamics of
the epoxy thermoset during its curing process are dis-
cussed. From a chemical point of view, FT-NIR did not
reveal any significant change in the curing reaction with
the presence of 2 wt % PMMA. However, in terms of
physical changes, the analysis of the fluorescence response

clearly showed variations in the curing reaction due to the
presence of the thermoplastic polymer. Also, fluorescence
allowed the estimation of the glass-transition temperature
of the system with curing when the reaction was diffusion-
controlled, whereas Fourier transform infrared spectros-
copy was not sensible enough. In the second part of this
study, scanning electron microscopy images of the PMMA-
modified epoxy system were analyzed to understand the
effect of the temperature on the final morphology when the
amount of thermoplastic was below the critical volume frac-
tion. A linear dependence between the inverse of the mean
area of the thermoplastic-rich domains and the inverse of
the absolute temperature was obtained. VC 2010 Wiley Periodi-
cals, Inc. J Appl Polym Sci 117: 2695–2706, 2010
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INTRODUCTION

The importance of polymer blends is associated with
the variety of properties that can be achieved with
them. In particular, modified epoxy thermosets
have been the main topic of many studies in the last
3 decades.1 In general, the addition of high or rela-
tively high-glass-transition-temperature (Tg) thermo-
plastics to epoxy systems has been considered to
increase their toughness, improve their poor resist-
ance to crack propagation, retain a high Tg, and
reduce thermal stresses.1–4 In these modified epoxy
thermosets, the morphology is a significant factor
influencing their properties.1,5–9 However, a general

method for preparing material with a particular
composition of modifier to obtain a certain morphol-
ogy that leads to maximum property enhancement
required for a specific application are not known
yet. Because of this, the understanding and even
control of the necessary conditions to obtain those
specific morphologies is greatly needed.
During the curing reaction of a thermoplastic-

modified epoxy resin, the oligomeric species might
be more compatible with the modifier than with the
reactive monomers.10–12 However, in many cases,
phase separation occurs after a certain reaction time.
This reaction-induced phase separation depends on
the nature of the reactive components and the ther-
moplastic modifier. Therefore, the curing conditions
and the initial composition of the blend1,5 should be
the main aspects to take into account when one
designs this sort of material with a particular
morphology.
It is well known that a transition of several mor-

phologies is expected and depends on several fac-
tors: (1) a thermoset-rich continuous phase structure
when the thermoplastic concentration is lower than
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the critical volume fraction (UTP,crit) and/or when
the phase-separation rate is much faster than the
curing reaction rate, (2) a bicontinuous structure
near UTP,crit when the phase-separation rate is simi-
lar to the curing reaction rate, and (3) a thermoplas-
tic-rich continuous phase mainly when the thermo-
plastic concentration is higher than UTP,crit. Previous
studies13 have shown that UTP,crit, does not vary sig-
nificantly with conversion. Therefore, to obtain a
morphology in which the maximum amount of ther-
moplastic forms a solution with a thermoset, the
composition of the blend should be, at least, lower
than UTP,crit. Once the composition is fixed, apart
from the nature of the reactive components, the cur-
ing conditions should be the only factor responsible
for a particular morphology.

In this study, poly(methyl methacrylate) (PMMA)
was chosen as a model thermoplastic modifier
because of its initial homogeneous dissolution with
diglycidyl ether of bisphenol A (DGEBA) over the
entire composition range.14,15 Also, much informa-
tion can be easily compiled because PMMA has
been widely studied by several authors under differ-
ent conditions. For instance, several studies14,16,17

have shown that the final morphologies and proper-
ties of epoxy–PMMA cured blends depend on the
curing agent used. In this context, Remiro et al.17

studied the transparency of PMMA-modified epoxy
(DGEBA) using 4,40-methylene dianiline as a hard-
ener. They noticed that the phase-separation process
and, consequently, the size of the dispersed domains
depended on the curing conditions.

On the other hand, in other systems, several
authors have analyzed the influence of the curing
conditions on the resulting morphologies. In most
rubber-modified epoxy systems, the analysis of the
experimental results showed different tendencies in
the mean diameter (hDi) of the dispersed-phase
particles as a function of temperature.18 For exam-
ple, it has been reported that the mean particle size
of the dispersed domains can be linearly correlated
with the viscosity of the system at the cloud point,
which shows a negative slope. As the viscosity
decreases when the temperature increases, this
correlation reflects the observed increase of hDi of
the dispersed-phase particles with the precuring
temperature.19

However, despite the existence of a vast amount
of literature related to those aspects, the mechanism
by which a particular morphology is obtained is not
yet completely understood. Therefore, if a theoretical
model or at least semiempirical equations were pro-
posed, tailored morphologies for this kind of system
could be obtained. To do this, information about the
physicochemical changes appearing throughout the
curing process should be obtained. However, to
obtain this information experimentally, in situ, and

nondestructively is very difficult. The use of fluores-
cence might be the answer.
In the curing of diepoxy–diamine systems, the

relation between Tg and the conversion of the epoxy
monomer (a) is critical to the deep understanding of
the physicochemical processes occurring within the
reactive mixture. Furthermore, to optimize the con-
ditions of curing for thermosetting materials, to
monitor simultaneously, nondestructively, and
in situ, both the chemical conversion and changes in
Tg or any other parameter directly related to it
would be very helpful. Although several techniques
have been used to monitor the curing process in
epoxy-based materials, Fourier transform infrared
(FTIR) spectroscopy20–25 and differential scanning
calorimetry (DSC)26–30 have probably been the most
widely used. However, none of these studies have
achieved the objective of nondestructively monitor-
ing the curing process and determining in every
moment either the value of the Tg of the system or
any parameter directly related to it. The use of fluo-
rescence might be a possibility.
The fluorescence emission from many molecules

or groups (fluorophores) is so sensitive to changes in
their immediate surroundings that very small
amounts of them are enough to obtain much infor-
mation. In general, the fluorescence emission
changes when polarity and/or rigidity variations
occur in the system where the fluorophore is
immersed.31–40 For example, there has been an im-
portant amount of work done with fluorescence to
follow polymerization processes.24,25,36,41–52 In some
studies, it has been proposed that during the poly-
merization, an enhancement in the microviscosity of
the medium exists, which leads to a decrease in non-
radiative decay rate and, consequently, an increase
in the fluorescence quantum yield.36 Other research-
ers have used the increase in the fluorescence inten-
sity that comes from the chemical changes of an
intrinsic fluorophore.41,42 However, these methods
have as a main limitation the fact that they do not
eliminate the effect of intensity variations that arise
from external factors. Because of this fact, new
methods for fluorescence analysis have been used to
monitor polymerization processes. Neckers and
coworkers43,44 reported the use of fluorescence
probes for monitoring the curing process of polya-
crylate monomers with an intensity ratio method,
whereas Lemmetyinen and coworkers45,46,53 devel-
oped an intensity ratio method where ratios of the
low- to high-intensity changes in the emission bands
were used to determine the degree of curing. Rigail-
Cedeño and Sung54 correlated the intrinsic fluores-
cence intensity changes due to quenching by
aliphatic amines to the extent of the epoxy reaction,
or the epoxy conversion, obtained by IR spectros-
copy (aIR). However, although this method seems to
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Journal of Applied Polymer Science DOI 10.1002/app



be very promising, mainly for monitoring the curing
process at long times or postcuring processes, quan-
titative analysis of the curing characterization based
on this method does not seem to be possible. Gonzá-
lez-Benito and coworkers24,25,37,47,53,55 reported a
new method for accurately monitoring polymeriza-
tions. This method is based on the use of hmi [hmi ¼
RIF(mF)mF/RIF(mF), where IF(mF) is the fluorescence
intensity at a specific wave number mF].

47 This pho-
tophysical parameter has been used recently, even to
carry out kinetic studies of curing processes, for
instance, in the case of polyurethanes53 and epoxy
systems.25 Taking into account that any fluorophore
has more or less stabilization of its excited estate
when any change (rigidity, polarity, etc.) happens in
its immediate surroundings, a shift of the fluores-
cence emission is always expected.

Pascault and Williams56 analyzed different equa-
tions that were proposed to fit Tg experimental data
versus conversion. However, it would be interesting
to find new parameters also related to the Tg of the
system and that could be measured easily in situ,
nondestructively, and in real time during the curing
process. Here, we propose hmi of a fluorophore
chemically bonded to the reactive system.

The aim of this study was to understand the con-
ditions required to obtain specific morphologies in
thermoplastic-modified epoxy thermosets. To carry
this out (1) nondestructively and in situ, monitoriza-
tion of the physical and chemical changes of a
PMMA-modified epoxy system was performed, and
(2) the morphologies of the blends under different
curing conditions were analyzed. The curing process
of the PMMA–epoxy reactive system was comple-
mentarily analyzed by Fourier transform infrared
spectroscopy in the near range (FT-NIR) and fluores-
cence spectroscopy, whereas the morphologies were
studied from image analysis of obtained scanning
electron microscopy (SEM) micrographs.

EXPERIMENTAL

Materials and sample preparation

Poly(bisphenol A-co-epichlorohydrin) glycidyl end-
capped [I; DGEBA, Aldrich Co. (Milwaukee, WI;
St. Fallavier, France); number-average molecular
weight ¼ 348 g/mol (n ¼ 0.03)] was labeled with a
dansyl fluorophore with 5-dimethylaminonaphtha-
lene-1-(2-aminopenthyl) sulfonamide (II; Aldrich;
Allentown, PA; St. Fallavier, France); we followed a
previously described procedure,47 for which a naph-
thalene sulfonamide/epoxy ratio lower than 10�5

mol/kg was achieved.
A model thermoplastic-modified epoxy system,

epoxy–PMMA, was prepared by the blending of
PMMA (III; Polysciences, Inc., Warrington, PA),

with a number-average molecular weight of 75,000
and a polydispersity of 2.8, with a stoichiometric
mixture of dansyl, labeled DGEBA, and 1,5-diamino-
2-methylpentane (DAMP; IV; Fluka Chemika, Buchs,
Switzerland). The composition studied for the modi-
fied epoxy system was 2 wt % PMMA. Furthermore,
as a control sample, labeled DGEBA–DAMP without
PMMA was prepared under the same conditions
(neat epoxy system):

The preparation of the initial reactive mixtures
with and without PMMA was already described
elsewhere.55 All of the reactive mixtures were cured
at different temperatures (50, 60, 70, and 80�C), and
we stopped the reaction when almost a constant
value of conversion was reached.

Instrumentation

The curing process was followed by (1) FT-NIR and
Fourier transform infrared spectroscopy in the me-
dium range (FT-MIR) and (2) steady-state fluores-
cence spectroscopy.
The FT-NIR and FT-MIR spectra were recorded with

an FTIR Spectrum GX (PerkinElmer, Norwalk, CT) with
a homemade program to collect spectra as a function of
time. A resolution of 4 cm�1 and five scans were used.
The curing reaction was monitored at 50, 60, 70, and
80�C in an oven with a temperature controller (�0.5�C;
Specac, Cranston, RI; Orpington, Kent, UK).
The fluorescence spectra were recorded in a

steady state fluorimeter FS 900 from Edinburgh
Instruments (Livingston, UK) with an optical fiber
cable for both exciting and collecting the
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fluorescence. As in the FT-NIR experiment, between
two microscope-glass plates, the fluorescent sample
was located inside the oven. The excitation and
emission slits were set at 2 and 5 mm, respectively,
which corresponded to band passes of 1.8 and 4.5
nm, respectively. All the spectra were recorded with
only one scan between 360 and 650 nm, with the ex-
citation wavelength set at 340 nm and a dwell time
of 0.1 s selected. As in the case of FT-NIR, the curing
reaction was monitored at 50, 60, 70, and 80�C.

Finally, to visualize the effect of the precuring
temperature on the final morphology, a Philips XL30
(FEI, Hillsboro, OR) scanning electron microscope
was used. Before the SEM examination, the fully
cured samples were freeze-fractured, immersed in
chloroform for 24 h to selectively dissolve the
PMMA-rich phase domains, dried overnight in vacuo
to eliminate any trace of solvent that could remain
in the sample, and finally, gold-coated to make the
samples conductive and to prevent charge accumu-
lation over the surface during SEM observation. The
images analysis was performed with the program
IMAGE-PRO PLUS, version 5.0 (Media Cybernetics,
Inc., Bethesda, MD).

RESULTS AND DISCUSSION

As an example, in Figure 1 the results of the differ-
ences between the spectra of the DGEBA–DAMP
reactive mixture at different curing times and the
spectrum at a curing time of t ¼ 0 are presented. In
particular, the evolution of the FT-NIR spectra for
curing at 50�C is shown (Fig. 1). For the PMMA-
modified sample and the rest of temperatures con-
sidered, similar results were obtained. The negative
peaks in Figure 1 indicate the bands that disap-

peared, whereas the positive peaks show the bands
that appeared during the curing process.
The disappearance of the band at 4530 cm�1,

which is usually assigned to the overtone of oxirane
ring stretching,21 was clearly shown. Although other
negative peaks related to the consumption of epoxy
groups are also shown in Figure 1, as that at
6065 cm�1, in this study, the peak used to monitor
the epoxy group’s evolution was the one centered at
4530 cm�1 because it did not overlap with other
peaks and thus provided a direct means of monitor-
ing the epoxy concentration.
The extent of the reaction at any time t obtained

from the FT-NIR spectra (aIR) was calculated in
terms of the epoxy group absorption according to
the following equation:

aIR ¼ 1� AE;tAR;0

� �

AE;0AR;t

� � (1)

where AE,0 and AR,0 are the initial areas of the epoxy
and reference bands, respectively, and AE,t and AR,t

Figure 1 Evolution of the FT-NIR spectra for the
DGEBA–DAMP reactive mixture at 50�C in terms of the
difference between the spectra at different curing times
and the spectrum at the beginning of the curing process.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 2 Epoxy group conversion versus the curing time
obtained from FT-NIR data analysis at different tempera-
tures: (a) DGEBA–DAMP and (b) DGEBA–PMMA. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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are to the areas of the same bands at a certain time
t. The area of the band at 4530 cm�1 was used to
monitor the disappearance of the epoxy group, and
the area of the band at 4623 cm�1, due to a combina-
tion of CAH stretching vibrations of the benzene
ring, was used as the reference.21

For the neat and PMMA-modified epoxy systems,
aIR as a function of curing time at different tempera-
tures is represented in Figure 2. In both cases, typi-
cal sigmoidal plots usually obtained for this kind of
systems20,21 were observed; this suggested a
sequence of three steps during the curing reaction:
(1) the beginning of the reaction with a moderate
reaction rate, (2) an autoacceleration step due to an
increase of local concentration of the reactive groups
and autocatalysis with a fast or relatively fast reac-
tion rate, and (3) a region in which the mobility of
the reactive groups was so restricted that the reac-
tion was almost stopped and the reaction rate
trended toward zero. Also as expected, in Figure 2,
it is shown that the reaction rate increased with
temperature.

On the other hand, when we compared the results
from the neat epoxy system with those of the modi-
fied one (Fig. 3), it was possible to observe that inde-
pendently of the temperature, the reaction seemed to
go slightly faster when PMMA was present in the
system, at least with the concentration used in this
study and for conversions lower than 0.8. Figure 3
represents, at specific curing times, the values of
epoxy conversion for the neat epoxy system (aneat)
versus the values of epoxy conversion for the
PMMA-modified epoxy system (aPMMA). These plots
could be fitted to straight lines with slopes almost
equal to 1. Therefore, at least from a chemical point
of view, the presence of the PMMA in such a low
concentration did not modify the epoxy–amine reac-
tion rate. It is important to highlight that the data

represented in Figure 3 came from the best fits of the
curves (solid lines) represented in Figure 2. Those fits
were performed by a nonlinear curve fitting with the
function given by the following equation:

aIR ¼
Xi¼1

i¼1

ai
tni

bnii þ tni
(2)

where t is the curing time and ai, bi, and ni are fitting
parameters. As shown by the solid lines in Figure 2,
the fits were really good along the whole curves. In
fact, the average deviation from the real data was
lower than 0.01%.
On the other hand, the curing process of both sys-

tems was also monitored by fluorescence as
described elsewhere.55 The variation of the first
moment of the dansyl emission band throughout the
curing was found to be clearly dependent on the
presence of the PMMA modifier. With a similar data
analysis, as in the case of the FTIR results, in Figure 4
the value of the first moment for the neat epoxy sys-
tem (hmineat) versus the value of the first moment for
the PMMA-modified epoxy system (hmiPMMA) at spe-
cific curing times are represented. From these results
(Fig. 4), the effect of PMMA on the curing process
was clearly observed. This result, therefore, suggests
that fluorescence provided more information than a
simple chemical evolution of the system under study.
Except for the curing at 80�C, hmi for the neat

epoxy system changed faster with curing when the
conversion was lower than 0.5 than for the PMMA-
modified system. Also, this effect was more
pronounced at higher temperatures. When one con-
siders that in the case of epoxy conversion, practi-
cally no differences were observed; only differences
in the physical properties of the systems could have
been responsible for the curve profiles observed in
Figure 4. This result seemed to confirm that

Figure 3 Comparison at specific curing times between
aneat and aPMMA. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 4 hmineat versus hmiPMMA at different temperatures.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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fluorescence gave, in this kind of systems, important
information that could not be found with other tech-
niques of analysis (e.g., FTIR, DSC), and that might
be crucial to the proper control of the processing
during online manufacturing.

It is important to understand which are the real
physicochemical changes being monitored when the
first moment of the dansyl emission band is used.
For instance, if there were a simple relation between
the fluorescence response of the dansyl label and the
dynamic of the system for a particular curing time
or conversion, with a relatively simple fluorescence
device, it would be possible to control the online
process for manufacturing these epoxy-based materi-
als. Other scientists have considered the same objec-
tives with data obtained from other techniques, such
as FTIR and DSC. Pascault and Williams56 analyzed
different equations that were proposed to fit the
experimental data of Tg versus chemical a. They
found one equation that allowed satisfactory fitting
of the results:

Tg � Tg0

� �

Tg1 � Tg0

� � ¼ kaIR
1� 1�kð ÞaIR (3)

where k is a fitting parameter and (Tg � Tg0)/(Tg1
� Tg0) is the normalized glass-transition temperature
variation for a particular epoxy conversion, where
Tg, Tg0, and Tg1 are the glass-transition tempera-
tures of the system at a ¼ a, a ¼ 0, and a ¼ 1,
respectively.

It is well known that the dansyl fluorescence
shows an important solvatochromic shift that is
highly dependent on the polarity and viscosity of
the medium in which it is immersed. Therefore, in
reactive systems as the one under consideration,
three factors that can affect the emission band shift
are expected: (1) the polarity, because of hydroxyl
groups formed during the curing process; (2) the
rigidity, because there is a viscosity increase due to
the curing reaction; and (3) the temperature, because
it directly affects the dynamics of the system.

A polarity increase should give a redshift of the
emission band, whereas a rigidity increase should
give a blueshift.57 During curing, the results
obtained exclusively showed a blueshift, which sug-
gested that the rigidity increase must have been the
most important contribution to the values observed
for the first moment. Therefore, it was reasonable to
consider a direct dependence between the value of
the first moment of the emission band and the Tg of
the systems because Tg reflects the dynamics of a
system and is actually directly related to the rigidity
of the system.

The first approach might be to consider a propor-
tional relation between the change in the first
moment (Dhmi) and the variation of the glass-transi-

tion temperature (DTg). This dependence could be
described by the following equation:

D mh i ¼ A
Tg � Tg0

� �

Tg1 � Tg0

� � (4)

where Dhmi is the variation in the first moment at a
particular conversion and A is a constant that only
depends on the curing temperature.
With the assumption that eq. (4) can describe the

curing evolution for this kind of systems like
Williams-DiBenedetto [eq. (3)] in terms of chemical
conversion, when eq. (3) is substituted into eq. (4), it
can be written as

D mh i ¼ A
kaIR

1� 1� kð ÞaIR (5)

However, for the neat epoxy system, the representa-
tion of Dhmi versus aIR cannot be properly fitted
with eq. (5). This result suggests that the chemical
contribution should be taken into account. If Dhmi
due to chemical changes is considered as an additive
contribution, the whole Dhmi might be expressed by
the following equation:

D mh i ¼ A
kaIR

1� 1� kð ÞaIR þ BaIR (6)

where A and B are constants that account for the
weight of each contribution and only depend on the
temperature. In this case, relatively good fits were
obtained (Fig. 5). In every case, a constant value of
0.5 for k was used because it was close to those val-
ues obtained experimentally for similar systems.56 In
every case, the fitting parameter B was negative as
expected because the chemical contribution (polarity

Figure 5 Dhmi as a function of aIR. The solid lines repre-
sents the best fits with eq. (4) (k ¼ 0.5 for the neat epoxy
system and k ¼ 0.1 for the PMMA-modified epoxy sys-
tem). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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increase) exerted an opposite effect on the first
moment (redshift) with respect to the rigidity increase
(blueshift). Now it is necessary to highlight the fact
that the data used in Figure 5 were extracted from the
curves of hmi versus curing time and a versus curing
time by means of interpolations; therefore, consider-
able errors, at least when the changes were very fast,
as in the case of low conversions at higher tempera-
tures, were expected. This might be the reason why
the fit obtained for the experiment at 80�C was not as
good as those obtained for the rest of temperatures.

With the assumption, therefore, that eq. (6)
describes the fluorescence behavior as a function of
conversion, it was now possible to explain the evolu-
tion of the A and B parameters with curing tempera-
ture. The general tendency observed was that the A/
B ratio decreased with temperature (2.21, 1.81, 1.72,
and 1.53 for 50, 60, 70, and 80�C, respectively); this
suggested that the weight of the chemical contribu-
tion increased with curing temperature. This result
was reasonable because, for a given conversion, the
viscosity reduction due to a high temperature
(exponential dependence) may have been enough to
balance the viscosity enhancement due to the curing
reaction (nonexponential dependence).

For the PMMA-modified epoxy system, similar fits
could be done with eq. (6), although in this case, a
lower value of k (0.1) was required to adequately fit
the data (Fig. 5). With this system, again the A/B ratio
decreased with temperature (19.0, 8.19, 5.55, and 5.51
for 50, 60, 70, and 80�C, respectively) but in a more
pronounced way. These results were in accordance
with the important effect exerted by PMMA in the dy-
namics of the epoxy system under study.

With the aforementioned assumptions, from eqs.
(3)–(6) one equation can be written that relates Dhmi
with DTg:

D mh i ¼ ADTg þ B
DTg

kþ 1� kð ÞDTg
(7)

The practical implication of this expression might be
very important because this new relation between

the Tg of the system and hmi [eq. (7)] would allow
estimation of the Tg of the system as a function of
curing time when the reaction is diffusion-controlled
and FTIR analysis is not sensible enough to the cur-
ing changes.

Morphology study

In a previous article,55 by means of FT-MIR and
steady-state fluorescence, the curing times at which
phase separation took place were obtained for the
four precuring temperatures studied. From the data
of epoxy conversion as a function of curing time
obtained by FT-NIR, the conversion at which phase
separation took place was obtained by interpolation
on the curves of Figure 2 (Table I).
In every case, a conversion of 0.6 was obtained,

similar to the gel conversion predicted by the Flory–
Stockmayer’s theory. This near coincidence sug-
gested, therefore, that the very low fraction of
PMMA (2% w/w) and its favorable interactions
with the epoxy system allowed a large window of
miscibility with respect to the epoxy conversion.
Following the scheme to calculate the critical com-

position described in ref. 58, a value of UTP,crit ¼
0.074 was obtained for the system under study; this
was higher than that one used in this study (volume
fraction of PMMA U ¼ 0.018). Therefore, if one con-
siders that phase separation takes place just in the gel
when the viscosity of the system increases to infinity
and when the chemical reaction rate starts to level off,
a morphology formed by small domains, rich in
PMMA, homogeneously distributed in a matrix rich
in the epoxy component is expected. The formation of
larger domains would require the diffusion of PMMA
molecules from longer distances, which would
depend on the viscosity of the medium, with the dif-
fusion being more favorable with a lower viscosity.
In Figure 6, the morphologies observed for the

PMMA-modified epoxy system at different precur-
ing temperatures used in this study are presented.
All of them showed similar morphologies with
nearly spherical holes homogeneously distributed on
the surface; this reflected the brittle freeze fracture

TABLE I
Curing Times and Conversions at Which Phase Separation Took Place for Four

Precuring Temperatures

Techniques and methods

Flory–
Stockmayer

Average from FT-MIR
and fluorescence data55

FT-MIR

Epoxy sample Gel conversion Curing time (min) haIRi
PMMA-modified 50�C 45 0.6

60�C 0.58 29 0.6
70�C 19 0.6
80�C 12 0.6

aIR is the average infrared conversion in terms of epoxy group conversion.
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of the material. When we took into account that
chloroform was used to selectively extract the
PMMA, the particular topography observed indi-
cated a morphology formed by nearly spherical
PMMA-rich domains homogeneously distributed in
an epoxy-rich matrix. It seemed that there existed
very small variations in the PMMA domain size and
shape as a function of the precuring temperature;
however; direct inspection of the images did not
seem enough to be completely sure. Because of this
fact, analyses of the images were performed.

In the image analysis, two parameters were consid-
ered: the domain area, which was the fill area within
the borders of the holes left by the extracted PMMA
domains [see Fig. 6(b)], and the shape factor (SF),
which represented the ratio between the major and
the minor axes of the ellipse equivalent for the object
under analysis. More than 30 objects were selected
from each image to make the statistical analysis.
In Figure 7, as an example, a histogram of bars for

the domains size obtained for the sample precured

Figure 7 Histogram of the domains size obtained for the
sample precured at 60�C. The solid line represents a fit of
the domain size distribution. [Color figure can be viewed
in the online issue, which is available at www.
interscience.wiley.com.]

Figure 8 Cumulative curve obtained from the histogram
of Figure 7. The solid line represents the best fit with a
nonlinear curve fitting with a logistic function. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 6 SEM images for freeze-fractured samples of the PMMA-modified epoxy system precured at different tempera-
tures: (a) 50, (b) 60, (c) 70, and (d) 80�C. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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at 60�C is shown. Similar results were obtained for
the other temperatures. As shown, the distribution
obtained was not very smooth; therefore, more
objects needed to be analyzed to perform a more
accurate analysis. However, we found it possible to
indirectly obtain smoother distributions following
three steps:

1. First, the convolution of the distribution was
obtained; in other words, the cumulative
curves for the areas measured were plotted
(e.g., Fig. 8).

2. The second step was to fit the cumulative data
with a nonlinear method with a logistic func-
tion (solid black line in Fig. 8).

3. The last step was to use the fitted cumulative
curves to obtain, by deconvolution, curves that
fit reasonably well the experimental distribu-
tions of the domain sizes obtained (solid line in
Fig. 7).

In every case, a coefficient of determination higher
than 0.99 was obtained.

For comparison, in Figure 9, the size distribution
curves of the PMMA domains at different tempera-
tures are shown. It was observed, as expected from
simple inspection of the SEM images (Fig. 6) that on
average, the PMMA domain size in the blend
increased as the precuring temperature increased.
Particularly, a shift of the distribution maximum to
larger PMMA-rich domains and a broadening of the
distribution when the precuring temperature
increased were found. The values of the first
moment of the distributions are also included in Fig-
ure 9 and show the aforementioned distribution shift
with temperature.

Apart from the domain size, another parameter of
the morphology that might have affected the final
properties of the blends was the SF associated with
the PMMA-rich domains. From the analysis of
images such as those shown in Figure 6 and with
the same method for obtaining the fitted distribution
of areas, the distributions of SFs of the PMMA-rich
domains were obtained at the four precuring tem-
peratures (Fig. 10). If one considers the position of
the distribution maxima, it can be said that on aver-
age, from 50 to 70�C, the spherical symmetry of the
domains increased, and then, at 80�C, the domains
were slightly less spherical.
As a summary, in Figure 11(a), a scheme showing

the evolution of morphology in the PMMA-modified
epoxy system with precuring temperature is
presented. It was evident, therefore, that the next
part of the study needed to be to find any kind of
relation between the curing conditions (particularly,
the temperature), morphology, and properties
(particularly, the mechanical properties).
At this point, a theoretical or at least a semiempir-

ical interpretation of the results should be presented.
When we took into account the aforementioned, a

Figure 9 Fitted size distribution curves of the PMMA
domains at different temperatures. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 10 Fitted SF distributions of the PMMA-rich
domains at the four precuring temperatures. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 11 Schematic representation of the morphology
dependence with the precuring temperature. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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bimodal demixing was expected. However, the
results obtained suggest that the domain size was a
function of the thermoplastic macromolecules’ diffu-
sion rate and, therefore, of the viscosity of the
medium.

Let us consider that the conversion for which the
phase separation occurs was reached. Then, just in
that moment, it is reasonable to think that the sys-
tem with less viscosity will be that one offering less
impediment for the macromolecules to move and
that will, therefore, allow a faster growing of the
domains. However, during the phase-separation
process, there are two factors influencing the viscos-
ity of the system: on the one hand, the temperature
itself and, on the other hand, the conversion of the
epoxy–amine reaction. A higher temperature had
two effects: (1) a direct one with a decrease in the
viscosity and (2) an indirect one, which was an
increase in the viscosity. Therefore, the domains size
should have been a function of the rate at which the
thermoplastic molecules were able to diffuse; this
rate was the result of the balance between two
opposite contributions when the temperature
increased: one favorable, due to a simple thermal
activation, and the other unfavorable, due to the
viscosity increase because the reaction proceeded
faster.

The viscosity in a polymeric system has a multi-
variable dependence on external factors, such as
temperature, pressure, and time, and other internal
factors, such as the molecular weight, shape of the
molecules, and concentration in the case of poly-
meric solutions. In the system under study, all of
them played an important role because it was a reac-
tive mixture changing with time.

The viscosity dependence with temperature is
well known to be exponential, as in the case of low-
molecular-weight systems:

gT ¼ Ae�E=RT (8)

where gT is the temperature dependence of the vis-
cosity (g), R is the universal constant, T the absolute
temperature in Kelvin degrees, E is the activation
energy for the viscous flow and A is a constant.
Therefore, the viscosity decreased with temperature.
On the other hand, the viscosity was proportional to
the molecular weight, whereas the molecules were
small enough because, when the molecular weight
was low, the chains could move independently:

gM ¼ gTM
i if M < Mc (9)

where gM is the molecular weight dependence of
the viscosity (g), M is the molecular weight and i is
a constant close to 1 when the molecular weight is

lower than a critical value (Mc). However, when M
increases, the chains entanglements do not allow an
independent flow; this yields tensions between them
that lead to a viscosity increase. There is a value of
Mc for which there is a change in the value of i that
is the same for all polymers (3.4):59

gMc
¼ C Tð ÞM3:4 ¼ g ¼ Ae�E=RTM3:4 If M > Mc (10)

where gMc
represents the molecular weight de-

pendence of the viscosity (g) when the molecular
weight of the polymer is greater than the critical
value (Mc), C(T) is a constant at a constant tempera-
ture. Finally, the addition of one polymer to other
should change the viscosity as in the system under
study. However, in this case, the concentration was
maintained constant, whereas phase separation was
not occurring. Taking into account that this process
was relatively fast and, when it occurred, the higher
fraction was given by the epoxy thermoset compo-
nent (nearly a 0.8 weight fraction), we assumed that
the dependence of the viscosity with concentration
must have been negligible.
Considering that M depended on conversion and

was the same when phase separation takes place
regardless of the precuring temperature (Table I), we
concluded that the viscosity of the system, just in
the moment of phase separation, was given by
eq. (11):

gps ¼ Be�E=RT (11)

where gps is the viscosity of the system when phase
separation takes place and B is a constant (B ¼
AMps

3.4) because the molecular weight just in the
moment of phase separation (Mps) is constant.
In Figure 12 (top), the domain size in terms of the

domain’s hDi [hDi was calculated with circular
domains considered and, therefore, from the values
of the average areas (hAreai’s) estimated from Fig. 9:
hAreai ¼ p(2hDi)2] as a function of inversed temper-
ature (1/T) is presented.
As shown in Figure 12, there was not a linear

dependence, which was what was expected if there
were a linear relation between hDi and Ln gps as
proposed Montarnal et al.19 in a system based on a
DGEBA-type epoxy cured with 1,8-p-menthane
diamine in the presence of an epoxy-terminated
butadiene–acrylonitrile random copolymer. In that
study, the average particle size of dispersed
domains could be correlated with the viscosity of
the system at the cloud point. A straight line with
a negative slope was obtained when the natural
logarithm of the viscosity at the cloud point versus
the hDi value of the rubber domains was
represented.
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Therefore, another correlation could found that
was able to fit better the experimental results. Con-
sidering two other possible correlations, 1/hDi and
1/hAreai versus 1/T (Fig. 12), we observed better
linear fits with correlation coefficients of 0.990 and
0.994, respectively. With eq. (11) taken into account,
these results suggest that the area of the domains
more than the diameter itself was what showed a
correlation with gps and, particularly, the inverse of
the area with the natural logarithm of the inverse of
temperature.

With a linear dependence between the inverse of
hAreai of the PMMA domains with the inverse of
temperature therefore assumed and with considera-
tion of eq. (11), the following expression can be
written:

1

Areah i ¼ Ln Bþ E

RT
¼ Ln

1

gsp

(12)

However, it is necessary to be careful when this
expression is used to estimate the morphology
because it has at least two limits of applicability: (1)

the lower limit, which corresponded in the system
under study with the precuring temperature equal
to the Tg of the system with 60% epoxy groups con-
version (the conversion at which phase separation
took place), and (2) the upper limit, which corre-
sponded to that temperature for which the reaction
rate was fast enough to entrap the thermoplastic
macromolecules before they could segregate into a
thermoplastic-rich domain.
Finally, it should be highlighted that only empiri-

cal expressions have been tried to predict, within
certain limits, the morphology of a thermoplastic-
modified epoxy system when the composition was
lower than the critical composition, UTP,crit. Because
of this, greater efforts should be made to determine
a theoretical model that could explain or even
predict the final morphology in this kind of system.

CONCLUSIONS

In this study, the curing and phase-separation proc-
esses of a PMMA-modified epoxy model system
were studied. The kinetic analysis of the data
obtained by FTIR did not reveal any significant
change when 2 wt % PMMA was added to the neat
epoxy system. However, the use of fluorescence to
monitor the curing process demonstrated that the
addition of such a small amount of thermoplastic
clearly modified the epoxy–amine reaction. hmi was
very sensitive to physicochemical changes in the sys-
tem and was clearly more sensitive than FTIR at
long curing times. A first attempt to explain the rela-
tion between hmi and the chemical conversion was
done. On the basis of the DiBenedetto equation, a
semiempirical equation that correlated hmi with
chemical conversion in terms of a was proposed.
The model adequately fit both systems (neat and
PMMA-modified), which makes it useful for predict-
ing the chemical conversion and the dynamics asso-
ciated with the system.
On the other hand, this study also presented a

deep analysis of the morphologies generated after
phase separation. The morphological changes in the
PMMA were analyzed in terms of hAreai and the
aspect ratio. The curing temperature affected the
morphology of the phase-separated system. In par-
ticular, the area of the domains of the thermoplastic
polymer increased with curing temperature,
whereas the SF analysis indicated an increase in the
spherical shape of the domains with temperature.
These results were interpreted in terms of the vis-
cosity of the reactive mixture. A semiempirical
model was proposed, which showed a linear corre-
lation between the inverse of the area of the thermo-
plastic domains and the inverse of the curing
temperature.

Figure 12 PMMA domain size as a function of the
inverse of temperature (see text). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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24, 275.
52. Gonzalez-Benito, J.; Mikes, F.; Bravo, J.; Aznar, A. J.; Baselga,

J. J Macromol Sci Phys 2001, 40, 429.
53. Gonzalez-Benito, J.; Mikes, F.; Baselga, J.; Lemmetyinen, H.

J Appl Polym Sci 2002, 86, 2992.
54. Rigail-Cedeño, A.; Sung, C. S. P. Polymer 2005, 46, 9378.
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