eXPRESS Polymer Letters Vol.8, No.5 (2014) 312-321
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2014.35

Jboi ymecr Letters

A micro-Raman study of Cu-particulate-filled epoxy matrix

composites

S. Tognana'®, W. Salgueiro', M. B. Valcarce®

IIFIMAT, Fac. de Cs. Exactas, CIFICEN CONICET- Universidad Nacional del Centro de la Provincia de Buenos Aires,
Pinto 399, (B7000GHG) Tandil, Argentina and Comision de Investigaciones Cientificas de la Provincia de Buenos Aires,

calle 526 entre 10y 11 (1900) La Plata, Argentina.

2Divisién Electroquimica y Corrosion, INTEMA, CONICET, Universidad Nacional de Mar del Plata, Avenida Juan B.

Justo 4302, (7608 FDQ) Mar del Plata, Argentina

Received 4 October 2013; accepted in revised form 23 December 2013

Abstract. A micro-Raman study is carried out to investigate the influence of the filler on the curing process of bisphenol A
diglycidyl ether (DGEBA)-based epoxy matrix composites. The composites are cured (14 h at 393 K) with an anhydride
(methyl tetrahydro phthalic anhydride, MTHPA, 100:90 pbw), catalyzed with a tertiary amine (0.7 pbw) and filled with a
30% volume of Cu particles of approximately 75 pm in diameter. The experimental results are compared with those
obtained for the same epoxy resin unfilled and for the same composite with Cu filler but not catalyzed. The micro-Raman
experimental technique is used to search for information on the curing process in different regions of the matrix, near to and
far from the copper filler, taking into account the results of differential-scanning-calorimetry measurements performed on
the same composites. The results provide information on the influence of the copper filler on the curing process of the
epoxy matrix. Differences were observed in the peaks associated with the epoxy ring and the ester group as a function of the

distance to the nearest copper particle, but no differences were observed between the different composites.
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1. Introduction

Epoxy resins are used in structural applications rang-
ing from high-performance composites for acrospace
applications to encapsulants for the microelectron-
ics industry because of their high thermal resist-
ance, high tensile strength and modulus, and good
chemical resistance. It is well known that the most
important factors that influence their performance
are the molecular architecture, the ratio between the
epoxide and the hardener, and the cure conditions,
frequently at a high temperature, which determine
the final properties of the material. The influence of
the filler particles on the curing is still a subject of
study and clearly depends on the nature of the parti-
cles [1-5]. Epoxy matrix composites find new appli-
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cations every day in several areas of engineering
and technology. For example, copper-filled com-
posites have a high possibility of being used in micro-
electronics because the high thermal conductivity
of copper allows the composite to be a good heat
dissipator, which serves as protection to electronic
devices [6, 7].

The matrix-particle interphases also play an impor-
tant role. The physical properties of the polymeric
composites can be significantly influenced by their
thermal history; in fact, internal stresses are devel-
oped during the fabrication process and further ther-
mal treatments. Microtechniques such as micro-
calorimetry [8], micro-Raman spectroscopy [9], and
atomic-force microscopy have been used to study
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composites, and these techniques allow for deep
analyses of the physics at work in the interphase
and the matrix of such composites, opening a wide
range of possibilities. The advantages of microtech-
niques are exploited in the present study.
Regarding the DGEBA-anhydride system catalyzed
by a tertiary amine, this material has been studied
by various authors, and the kinetic model that gov-
erns the curing reactions has been extensively dis-
cussed [10, 11]. The curing has also been studied in
a non-catalyzed system, in which it has been pro-
posed that the reaction is initiated by impurities in a
commercial tetrafunctional epoxy monomer [10].
We have recently observed that a non-catalyzed
matrix filled with copper particles cures at a higher
temperature than the related catalyzed system, and
the results with differential scanning calorimetry is
in preparation to be submitted. The present work is
a continuation of a more general framework of study
of epoxy-based composites containing different
kinds of particles, in which some of the authors are
involved. The main goals pursued are to investigate
the effect produced by the inclusion of different
kinds of particles, with a typical size of 100 pm, in
an epoxy matrix and their influence on the thermal
residual stresses [12—15]. The present work focuses
on both types of composites (catalyzed and non-cat-
alyzed) using micro-Raman spectroscopy. The aim
of the work was to analyze the capability of this
technique to garner information on the presence of
inhomogeneities produced by the influence of filler
(here, copper particles) on the curing of epoxy
matrix composites. Information about the inter-
phase between the copper and matrix in epoxy com-
posites is sought in the framework of previous work
of some of the authors, who study interphase phe-
nomena in epoxy aluminum filled composites with
different experimental techniques [13, 14, 16].

2. Experimental

The samples studied were prepared using as matrix
diglycidyl ether of bisphenol A (DGEBA) epoxy
resin, cured with an anhydride (methyl tetrahydro
phthalic anhydride MTHPA) (100:90 pbw), filled
with Cu powder with a particle diameter of =75 um
and with a filler volume fraction ¢ = 30%. A catalyst
(tertiary amine) was added (0.7 pbw) for the cat-
alyzed sample. The catalyst was not used in the non-
catalyzed sample. During the preparation of both
samples, the mixture was stirred under vacuum until

a good dispersion of the particles in the resin was
attained. The compound was poured into a tubular
Pyrex mold and placed in a horizontal position in a
tubular oven. During the curing process, the mix-
ture was heated to 393 K and maintained at a con-
stant temperature for 14 h. Following the same pro-
cedure, a sample of DGEBA-MTHPA-catalyser with-
out copper particles (blank epoxy, cured at 393 K)
was prepared.

The Raman measurements were carried out using
an Invia Reflex confocal Raman microprobe with
an Ar' laser (A = 514 nm) and with a diode laser
(4 =786 nm) in backscattering mode. An exposure
time of 10 s and one accumulation were used with a
50x objective. The power of the laser was reduced
using neutral density filters such that it did not
exceed 1.05 mW.

3. Results and discussion

3.1. Raman spectroscopy, preliminary

The blank epoxy was studied with a wavelength
excitation source of 786 nm; the results obtained
(spectrum) are presented in Figure 1. It is important
to emphasize that when studying the samples using
a 514 nm excitation source, Raman results could
not be obtained because only a saturation signal
was observed.

A micro-Raman measurement was also performed
in epoxy matrix composite filled with Cu particles
(30% in volume), corresponding to the catalyzed
system, using a 514 nm excitation source. A charac-
teristic spectrum is also shown in Figure 1 for the
purpose of comparing the results with those obtained
when studying the blank epoxy. A third measure-
ment with a 786 nm excitation source was carried
out, but as can be seen in Figure 1, no Raman results
were obtained. It is worth mentioning that a meas-
urement of the non-catalyzed composite, using the
786 nm excitation source, yielded an analogous
result to that of the catalyzed composite. We note that
the measurements on the composites were per-
formed in a region distant from the Cu particles to
ensure that the result was obtained with the laser
incident on the epoxy matrix.

From the analysis of both spectra shown in Figure 1,
is possible to conclude that approximately the same
peaks are present in the Raman spectra, although
some differences are apparent for shift lower than
600 cm™!, where the peaks associated with the com-
posite are smaller than the peaks associated with the
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Figure 1. Raman spectra obtained from a blank epoxy sam-
ple and from a composite (30% Cu). The laser
wavelengths used for excitation are indicated for
each spectrum. The laser power remained
unchanged for the same wavelength.

epoxy. Furthermore, it is important to note that a
direct comparison cannot be performed because dif-
ferent excitation wavelengths were used.

We remark that the difficulties in selecting the exci-
tation wavelength for these materials arise because
both matrix and filler can be detected at the same
time. The differences observed in the Raman spec-
tra using sources with different excitation wave-
lengths can be attributed to different effects. The sat-
uration in the epoxy sample caused by the 514 nm
excitation could be associated with the strong fluo-
rescence observed when short wavelengths (visible
range) are used [17].

The opposite situation is observed for the copper-
filled composites; in this case, the 514 nm excitation
source allows a good spectrum to be obtained, while
no results are gained from the spectrum obtained
with the 786 nm wavelength. An explanation for the
latter effect could be provided by the surface-
enhanced Raman scattering (SERS) on Cu, by which
a significant increase in the scattering intensity is
produced. The SERS effect in Cu is expected for
wavelengths longer than 580 nm [18], and there-
fore, at the 514 nm wavelength, this effect is absent.
On the other hand Resonant Raman scattering can
occurs when the energy of the exciting light lies in
the absorption band of the sample. The UV-visible
reflectance spectra of the oxides grown on Cu show
that the absorbance peaks at 237, 314 and 380 nm
together with the shoulders at 462 and 550 nm are
characteristics of CuyO [19]. The 514 nm excitation

source is nearer to some of the peaks mentioned and
then the Resonant Raman scattering is present in
Cu,0. The intensity of the SERS effect is usually
many times greater than the Resonant Raman [18].
This effect could be related to the good signal of
epoxy obtained in the composites. This phenomenon
must certainly be relevant when the Raman test is
performed on or in the neighborhood of the Cu par-
ticles, but when the Raman measurement is per-
formed on the epoxy matrix, the saturation is also
observed, indicating that the incident radiation passes
through of the matrix and ultimately reaches the
copper surfaces.

The strong fluorescence and the difficulty that this
fluorescence involves in the epoxies are well-known
[20]; for example, using a laser source with same
wavelength of our work, cycloaliphatic epoxy could
not be studied; however, the hybrid systems of
epoxy-methacrylate were free from fluorescence
[21]. Then, the response of the epoxy systems to
different wavelength excitation measurements is
complex. Although there are signals of fluorescence
in the composites that were studied using the 514 nm
excitation source, the peaks can be easily analyzed.
It is not clear yet if the fluorescence is lower in the
composites and what the reason for this difference
might be.

3.2. Composite DGEBA + HY 918 + 30% Cu,
non-catalyzed

Micro-Raman spectroscopy was used to study com-
posites filled with 30% Cu particles (by volume) in
the non-catalyzed epoxy matrix using an excitation
wavelength of 514 nm. The spectra were recorded
at different positions along a straight line connect-
ing two selected particles with a step size between
measurements of =2 pm. In this mode the spatial
resolution is 0.5 um. A high confocality was used,
allowing a best resolution at the expense of lower
signal intensity. Depth resolution depends strongly
on experimental setup being used besides of the
optical properties of the sample. In this work, it was
estimated that the scattered radiation originates from
a volume with dimension of the order of 10 um in
depth.

The recorded spectra are labeled (E;, i=1, 2, ...)
according to the positions at which they were taken.
In Figure 2, a micrograph is shown that indicates the
line along which each spectrum was collected. The
spectra obtained are presented in the same figure.
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Figure 2. Micrograph and Raman spectra taken at different positions along a straight line connecting two selected copper
particles in a DGEBA + HY 918 + 30% Cu composite. The recorded spectra are labeled (£, i =1, 2, ...) according

to the positions shown on the micrograph.

In the spectra taken at positions N°1 to N°5, differ-
ent peaks can be observed in the region at low
Raman shifts (<1000 cm™"), which belong to the Cu
oxides. The Raman technique is sensitive to the
presence of Cu oxides, and, in particular, it has been
reported in the literature that Cu,O exhibits peaks at
145, 220, 297, 411, 492, 633, and 786 cm™' [18,
22]. In this work and, in particular, in the spectrum
taken at position N°6, peaks at 149, 217, 300, 416,
505 cm™! with a shoulder at 530, 650 and 802 cm™!
can be observed. These peaks could be attributed to
Cu,0, although a peak of the matrix would be super-
posed on the peak at 650 cm™'. In addition, the iden-
tification of CuO with this technique is difficult to
perform because the Raman scattering from CuO is
much weaker than that from Cu,O, and the main
peak in the CuO spectrum lies too close to one of
the most intense Cu,O peaks.

A fact that deserves attention is that the peaks at
300 and 802 cm™! are not observed in the spectrum
taken at position N°4; furthermore, there is a peak at
530 cm™! that, in the spectrum taken at position
N°5, becomes a peak at 505 cm™! with a shoulder.
An expanded detail view of the spectra is shown in
Figure 3. The observed changes can be explained
by taking into account that in the first spectrum, the
Raman measurement is taken on the polished sur-
face of the particle, but the spectrum taken at posi-
tion N°5 corresponds to a measurement taken with
the laser incident on an unpolished surface covered
with epoxy matrix.

The Cu-oxide peaks are visible until the spectrum
that was taken at position N°18; therefore, the Cu
oxide can be observed through the surface of the
epoxy matrix. Between the spectra taken at posi-
tions N°19 and N°24, only the peaks corresponding
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Figure 3. Raman spectra in the 100-1800 cm™' Raman-
shift region taken at positions near a copper parti-
cle

to the matrix are observed, but beginning with posi-
tion N°25, the measurements were once again taken
with the laser incident on the surface of a copper
particle, so the Cu,O peaks are observed again.
Therefore, we can conclude that in some cases, the
Raman measurements allow the simultaneous obser-
vation of results that can be attributed to the matrix
and to the particle surface, indicating that the scat-
tered radiation is collected from a volume between
the sample surface and the copper particle. This is
also supported by the fact that the peaks correspon-
ding to the epoxy increase in intensity when the dis-
tance to the nearest particle increases. It is worth
mentioning that the radiation can not pass through
the copper surface, then the volume of collection of
radiation can be limited for this surface.

A schematic picture based on the above explanation
is presented in the diagram of panel a in Figure 4. In

' Laser spot

Figure 4b, the intensities of the peak that is charac-
teristic of the epoxy at 1609 cm™' (see below) for
measurements taken at the different locations are
also shown. As can be seen, the intensity increases
when the distance to the nearest particle increases;
this fact can be interpreted as a consequence of the
greater epoxy volume where the scattering is pro-
duced.

The peaks corresponding to the epoxy matrix can
be observed starting with the spectrum taken at
position N°6. The most important peaks were
observed at 1113, 1186, 1230, 1253, 1300, 1332,
1457, 1609, 1655, 1742 cm™, a shoulder at 2875,
2932,2967,3027 and 3070 cm™'. The peaks located
at Raman shifts higher than 2800 cm™' could be
associated with C—H vibrations [10] or CH, vibra-
tions.

The peak at 1609 cm™' is attributed to the aromatic
ring (quadrant stretching) present in the epoxy
monomer. In the literature, this peak has been
reported at 1614 cm™' [10, 23-25]. It is worth men-
tioning that there is a small shift of this peak com-
pared with the results obtained from pure epoxy (see
Figure 1), in which the peak is located at 1612 cm™.
This difference is also present in the Raman spec-
trum of the catalyzed composite (Figure 1), and it
could be attributed to residual stress remaining from
the curing process [17, 26]. The peak at 1609 cm™!
can be clearly observed starting with the spectrum
taken at position N°6; therefore, from this position
on, the epoxy monomer can be observed.

The peak at 1457 cm™! can be attributed to the matrix,
and to be specific, it can be interpreted as two super-
posed peaks located at 1445 and 1460 cm™'. Rocks
et al. [10] attributed these peaks to the vibra-
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Figure 4. Schematic diagram of the incidence of the laser on the sample (a), the intensity of the peak at 1609 cm™! is shown

for the different positions (b)
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tion § CH, in the anhydride (1449 cm™') and the
vibration d CH, + 8,5 CH3 in the epoxy monomer
(1470 cm™). On the other hand, Kister et al. [27]
identified a vibration 8, CH3 at 1452 cm™!, and
Musto et al. [23] reported a peak at 1447 cm™!
belonging to the anhydride that is invariant during
the curing.

The peak at 1300 cm™' could be, according to Kister
et al. [27], the superposition of three peaks located
at 1313, 1302 and 1293 cm™! and associated with
the vibration &, CH. These last two peaks, 1300 and
1457 cm™!, are observed in the spectra obtained at
positions N°5 and N°6, even though the peak at
1609 cm™!, which is characteristic of the aromatic
ring of the epoxy matrix, is observed weakly or not
at all. This could be evidence of the formation of
some organic complex at the matrix-particle inter-
face.

On the other hand, the peak at 1113 cm™ is clearly
evident in the spectrum taken at position N°6 and
could be attributed to the vibration of ether groups,
C-0O-C [9, 28], while the peak at 1186 cm™! can be
associated to the in-plane deformation of the aro-
matic ring [23].

The peaks at 1230 and 1253 cm™! diminish in inten-
sity in a complex way as the curing progresses, and
in particular, the peak at 1253 cm™' can be attrib-
uted to the epoxy ring [23]. Following similar meth-
ods to those reported in the literature to study the
curing process [10, 23], the ratio of intensity of the
peak at 1253 cm™! (I1»53) with respect to the peak at
1609 cm™! (I;409) Was calculated for the different
spectra, and the values obtained are shown in Fig-
ure 5. To estimate the intensity of each peak, the
experimental data were fitted using Lorentzian
functions, and the values of the area under the curve
were used. The values obtained vary for the differ-
ent positions, with higher values in the region near
the particle, i.e., there are more epoxy rings or a
worse-quality cure in this region. The variation in
the values is primarily produced prior to the spec-
trum taken at position N°16, after which the values
obtained exhibit a higher dispersion. The results can
be interpreted by considering that the variation is
produced in the zone in which the Cu-oxide peaks
can also be observed in the Raman spectra. This
gradual change could be explained by considering
the Raman scattering as an average of the scattering
at different depths, i.e., as the contribution of the
scattering at the interface plus the scattering in the
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Figure 5. Ratio of the intensities of the peak at 1253 cm™!
with respect to the peak at 1609 cm™' in the non-
catalyzed composite. The spectra are labeled
according to the positions at which they were
recorded (see micrograph in Figure 2).

bulk. Therefore, a gradual variation can be expected
as a result of the higher scattering in the bulk
matrix. In particular, from the behavior of the inten-
sity of the peak at 1253 cm™!, it could be concluded
that a different number of open epoxy rings are
present at the surface of the particle.

According to the literature [10, 23], the anhydride
produces peaks at 1784 and 1854 cm™! that can be
assigned to C=0 groups; as the curing progresses,
these peaks decrease in intensity. In this case, these
peaks were not observed, so it can be concluded
that the anhydride conversion is approximately
complete.

The peak at 1742 cm™ is a broad peak and could be
associated with the peak reported at 1734 cm™!,
which is characteristic of esterification involving
the epoxy and anhydride groups (C=O aliphatic
ester), and an increase of this intensity has been
observed during curing [23].

3.3. Composite
DGEBA + HY 918 + catalyst + 30% Cu

The DGEBA-anhydride system cured in the pres-
ence of a catalyst and containing a 30% volume
fraction of Cu particles was studied using a 514 nm
wavelength excitation source in a micro-Raman
measurement along a straight line connecting two
copper particles. Similar to the presentation of the
results in the previous subsection, the spectra are
labeled according to the locations at which they
were collected in the composite. In Figure 6, the
Raman spectra are shown, and the region between
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Figure 6. Micrograph and Raman spectra taken at different positions between two copper particles in the DGEBA + HY918

+ catalyst + 30% Cu composite

the copper particles wherein they were collected is
indicated in the micrograph.

As can be seen in Figure 6, various characteristic
regions can be identified: First, from the spectrum
taken at position N°1 to the spectrum taken at posi-
tion N°25, only a small trace of the peaks corre-
sponding to the Cu oxide can be observed, prima-
rily in the spectra that were taken far from the
particles. In the spectra taken from position N°26 to
position N°36, the peaks associated with the Cu
oxide are clearly visible, and the peaks correspon-
ding to the epoxy matrix increase in intensity, indi-
cating that both materials, the Cu oxide and the
matrix, are clearly present in the Raman scattering.
Therefore, the epoxy and the interface between the
particle and the matrix contribute to the Raman
scattering.

From the spectrum taken at position N°37 onward,
it is clear that the Cu-oxide peaks are barely observed,
and it is clear that the epoxy peaks are absent,
although in the spectrum taken at position N°48 and

subsequent spectra, the Cu-oxide peaks increase in
intensity.

The peaks observed in the Raman spectra are the
same that are observed in the non-catalyzed com-
posites, so a further explanation of them will not be
given. However, certain peaks will be analyzed. In
the intermediate region of the Raman measurement
line (in the spectra taken from position N°28 to posi-
tion N°36), where the major changes in the peaks
corresponding to the matrix are observed, the ratio
of the intensity of the peak positioned at 1253 cm™!
(epoxy ring) with respect to the intensity of the peak
at 1609 cm™! was calculated. In addition, the broad
peak at 1740 cm™! was fitted using two Lorentzian
functions, one centered at 1735 cm™' and the other
centered at 1747 cm™!. The curve at 1735 cm™! can
be associated to ester formation involving the epoxy
and anhydride groups, and the ratio of the intensity
of this peak with respect to the intensity of the peak
at 1609 cm™! was calculated. The values of both
intensity ratios, corresponding to the peak at
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1253 cm™! and the peak at 173 cm™!, are shown in
Figure 7. In the inset of the same figure, the fit to
the experimental data using two Lorentzian func-
tions is shown. The results obtained for the two
investigated peaks demonstrate opposite tendencies
and indicate that there are variations in the curing
quality of the sample as a function of the measure-
ment location with respect to the nearest copper
particle. This fact was interpreted as arising from a
higher number of epoxy rings near to the copper
particle, meaning a lower esterification.

In both cases, the results indicate that there is a vari-
ation in the number of open epoxy rings depending
on the distance to the particle, although a definitive
conclusion regarding the general behavior could not
be obtained from the data. However, a change in the
cure kinetics due to the presence of copper is not
discarded, and more information is necessary. In
this study, the kinetics has not been considered
because the aim is focused on finding differences
between different regions of the composites. The
use of micro-Raman spectroscopy to study the
kinetics in the different regions of the composites
increases the experimental complexity.

No significant variations are observed in the Raman
spectra when a comparison is made between the
spectra obtained from the catalyzed and non-cat-
alyzed samples; therefore, it is possible to assume a
similar chemical structure of the molecular chains
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Figure 7. Ratios of the intensities of the peak at 1253 cm™!
and the peak at 1735 cm™! with respect to the
peak at 1609 cm™! in the catalyzed composite.
The spectra are labeled according to the positions
at which they were recorded. In the inset, the fit
of the peak at approximately 1740 cm™! with two
Lorentzian functions is shown.

in both samples. On this topic, Rocks et al. [10]
proposed models for the possible types of curing
reactions depending on whether there is a catalyst
present. When there is a catalyst present, the cata-
lyst reacts with the epoxy monomer, forming a
zwitterion that contains an ammonium cation and a
carboxylate anion. This carboxylate may be consid-
ered as an active center for alternating chainwise
copolymerization. In the case of the non-catalyzed
reaction, hydroxyl groups, which are present in the
epoxy monomer, attack the anhydride, forming a
monoester with a free carboxyl group. The free car-
boxyl group then reacts with an epoxy ring to yield
a diester and a new hydroxyl group, allowing the
curing process to continue. For more details about
the chemistry that is involved, see for example the
equations that are presented in the studies [10, 23].
Therefore, although the curing reaction is different
for the two samples, the Raman results do not per-
mit the identification of unambiguous differences
between them [10]. Preliminary results, which were
obtained using DSC in epoxy-copper composites
with and without a catalyst, have shown changes in
the curing exothermic peaks; thus, a change in the
curing kinetics can be expected. This finding may
also provide evidence that the copper is interacting
chemically with the epoxy during the curing and
that this interaction is not limited to be only a
‘physical’ interaction due to the high thermal con-
ductivity of the copper. It is worthwhile mentioning
that the time for curing is 14 hours, which is suffi-
cient to reach thermal equilibrium. Studies that use
other types of filler are also underway; for example,
the use of quartz [15] or aluminum [13, 14, 16] par-
ticles has shown to not have an influence on the cur-
ing as important as the copper particles, although
these materials have a thermal conductivity lower
than that of copper. A study that uses particles with
a thermal conductivity similar to that of copper
could address the problem of discerning the differ-
ence between the physical and chemical interaction
of copper with the epoxy.

On the other hand, secondary reactions during the
curing process of epoxy forming ether groups can
be produced [10, 23]. In this work, although some
peaks that can be attributed to ether groups can be
observed, evidence of a high degree of etherifica-
tion with respect to esterification was not observed
in the composites that were studied.
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4. Conclusions

In this work, epoxy-based particulate composites,
both catalyzed with a tertiary amine and non-cat-
alyzed, were studied using micro-Raman spec-
troscopy. The spectra were recorded in different
regions of the sample: the Cu particles and the
epoxy matrix.

Because of the characteristics of the samples, two
different excitation sources were used, and it was
found that it is possible to study the copper-filled
composites using an excitation with a wavelength
of 514 nm, while when an excitation with wave-
length of 786 nm is used, saturation is observed.
These results are interpreted as an effect of the Cu
particles.

The peaks observed in the spectra were character-
ized according to their sources. The peaks corre-
sponding to the Cu oxide are observed even when
the measurements are performed on the matrix; this
indicates that the particle surface can be seen below
the matrix, due to the penetration of the laser radia-
tion into the matrix.

The peak associated with the epoxy ring was ana-
lyzed by evaluating the ratio of its intensity with
respect to the intensity of the peak at 1609 cm™ that
is associated with the aromatic ring. These ratios
were analyzed in both the catalyzed and non-cat-
alyzed composites, and their behavior, as a function
of the distance to the nearest copper particle, is inter-
preted as a variation of the epoxy-ring signal when
the distance to the nearest particle increases. The
results are attributed to a smaller number of open
epoxy rings near the particles. A similar evaluation
for the peak associated with the ester-group forma-
tion was also performed in the non-catalyzed sam-
ple, and the opposite behavior with respect to that
corresponding to the epoxy ring was observed.

No differences were observed between the different
curing reactions in the presence or absence of the
catalyst.
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