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ABSTRACT: In this work, a new material based on an
epoxy thermoset modified with a thermoplastic filled with
silica nanoparticles was investigated. When thermoplastic
particles are filled with nanoparticles with unique prop-
erties such as high efficiency for absorbing ultraviolet
light, electric or magnetic shielding, high electrical con-
ductivity, and high dielectric constants, more than an
enhancement of the mechanical properties is expected to
be achieved for modified epoxy-based thermosets. Par-
ticles of poly(methyl methacrylate) (PMMA) filled with
silica nanoparticles were used to modify a thermoset
based on a full reaction between diglycidyl ether of
bisphenol A and 3-(aminomethyl)benzylamine. When the
preformed thermoplastic particles were mixed with the
reactive constituents of the epoxy system under certain
curing conditions in which total miscibility was avoided,
uniform particle dispersions could be obtained. The rela-

tionships between the composition, morphology (nano-
scale and microscale), glass-transition temperature,
mechanical properties, and fracture toughness were con-
sidered. Four main results were obtained for considera-
tion of the potential of silica-filled PMMA as an
important modifier of brittle epoxy thermoset systems:
(1) a good dispersion of the silica nanoparticles in the
PMMA domains, (2) a good dispersion of the silica-filled
PMMA microparticles in the epoxy matrix, (3) the possi-
bility of partial dissolution of the PMMA-rich domains
into the epoxy system, and (4) a slight increase in prop-
erties such as the hardness, indentation modulus, and
fracture toughness. © 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 111: 2062-2070, 2009
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INTRODUCTION

Blending polymers is an easy way of covering a
large range of properties due to simply synergistic
effects. In particular, modified epoxy systems have
attracted special interest because an important
requirement for certain applications is increasing
their toughness and resistance to crack propagation.
Among the possibilities for achieving those mechani-
cal requirements, the addition of thermoplastics with
high or relatively high glass-transition temperature
(T,) values'™ and the filling of epoxy thermosets
with high-modulus materials (particles and fibers)®
are perhaps the most used.

In the case of using particles as reinforcements,
those fillers with dimensions on the nanoscale are
very interesting because (1) the reduction of the par-
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ticle size should inhibit crack propagation and (2) if
good dispersion is achieved when the particle size is
lower than the wavelength of visible light (as is the
case with nanoparticles), transparent materials
should be obtained.

On the other hand, the morphology is a significant
factor influencing the properties of modified epoxy
mixtures."*'° However, to reach a specific morphol-
ogy when a thermoplastic is initially dissolved in
one of the reactive components of the epoxy system
is not an easy task because it depends on multiple
factors: (1) the nature of the reactive components in
the epoxy system, (2) the nature of the modifier, (3)
the composition of the blend, and (4) the cure condi-
tions. Many times, for these modified epoxy systems,
morphologies in which the modifier-rich domains
are immersed in the crosslinked epoxy polymer are
preferred (e.g., to improve solvent resistance), but
because of phase inversion, this issue is really diffi-
cult. In general, substantial amounts of the modifier
are required to considerably improve the mechanical
performance of the material, however, higher
amounts of the modifier lead to phase inversion, in
which the thermoplastic acts as the matrix.
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Probably, as reported Hayes and Seferis in a
review,'! the only way to get a specific morphology
is to insert the domains of the modifier directly into
the epoxy system before curing. In fact, there are a
great number of papers and patents that focus their
attention on the development of epoxy thermosets
modified with preformed polymeric particles, dem-
onstrating in many cases a clear toughness improve-
ment.!! However, most of them are related to
preformed polymeric particles with low or relatively
low T, values; this induces a reduction of other
properties such as stiffness in modified epoxy ther-
mosets. Therefore, it is necessary to extend our
knowledge about the effects of using preformed par-
ticles of thermoplastic polymers with high or rela-
tively high T, values and a relatively reduced size
on the properties of the final material. In these sys-
tems, because of the similar densities of the poly-
meric constituents, it is reasonable to think that if
the preformed thermoplastic particles are mixed
with the reactive constituents of the epoxy system
under certain curing conditions in which total misci-
bility is avoided, a uniform particle dispersion can
be ensured, and so an effective transfer of their
properties may be achieved. Furthermore, if the ther-
moplastic particles are filled with nanoparticles with
unique properties such as high efficiency for absorb-
ing ultraviolet light, electric or magnetic shielding,
high electrical conductivity, and high dielectric con-
stants, more than an enhancement of the mechanical
properties might be attained.

In this work, a new material based on an epoxy
thermoset modified with a thermoplastic filled with
silica nanoparticles was studied. Particles of poly
(methyl methacrylate) (PMMA) filled with silica
nanoparticles were used to modify a thermoset
based on the reaction between diglycidyl ether of
bisphenol A (DGEBA) and 3-(aminomethyl)benzyl-
amine (AMBA). The relationships between the com-
position, morphology (on the nanoscale and
microscale), T, mechanical properties, and fracture
toughness are considered.

EXPERIMENTAL
Materials

End-capped poly(bisphenol A-co-epichlorohydrin)
glycidyl (i.e., DGEBA, Milwaukee, WI) with a num-
ber-average molecular weight of 348 g/mol (n =
0.03, where n represents an average contribution due
to the presence of different oligomers) and 3-(amino-
methyl)benzylamine (AMBA, II) were purchased
from Aldrich Co.:
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Fumed silica (SiO,) nanoparticles with a 14-nm diame-
ter were also purchased from Aldrich. PMMA (num-
ber-average molecular weight = 50,200, polydispersity
= 1.5) was supplied by Atoglas S.A (Milan, Italy).

Sample preparation

First, microparticles of PMMA filled with silica
nanoparticles were prepared as described else-
where'? by a high-energy blending process. PMMA
and silica nanoparticles were mixed for 10 h with a
proportion of 10 wt % silica particles. After that, the
final composites were prepared in three steps: (1)
mixtures of silica-filled PMMA (silica-PMMA) and
DGEBA with different compositions (0, 1, 2, 3, 4,
and 5 wt % in silica-PMMA) were prepared at room
temperature, with the addition of silica-PMMA to
DGEBA and vigorous stirring; (2) the hardener
AMBA was poured in a stoichiometric amount with
respect to the epoxy equivalents into every silica—
PMMA /DGEBA mixture, which was prepared by
vigorous stirring of the systems with a spatula for
less than 2 min and pouring into a stainless steel
mold with four parallelepipedic compartments (1
x 1 x 6 cm?); and (3) finally, the blends were cured
at 50°C for 4 h and postcured at 150°C for 2 h.
Therefore, fully cured parallelepipedic specimens
were prepared with dimensions of 1 x 1 x 6 cm® to
be used in the fracture toughness tests. These tests
were performed according to ASTM Standard Test
Method D 5045-99 for the plane-strain fracture
toughness (Kj.) of plastic materials, for which only
three specimens were required. In principle, with
the same stainless steel mold in the same oven
under the same conditions, it is more than reasona-
ble to assume that the properties of the specimens
will be the same within the error given by the data
obtained from only one set of samples.

On the other hand, circular plates of the silica—
PMMA nanocomposite (diameter = 20 mm and thick-
ness = 1.5 mm) were prepared by injection molding
with a Haake MiniJet (injection pressure = 550 bar at
6 s, postinjection pressure = 350 bar at 8 s, mold tem-
perature = 80°C, and cylinder temperature = 210°C)
(Karlsruhe, Germany).

Analytical techniques
Atomic force microscopy (AFM)

AFM studies were performed with a MultiMode
Nanoscope IVA scanning probe microscope (Digital
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Instruments/Veeco Metrology Group). All measure-
ments were carried out under ambient conditions in
the tapping mode with etched silicon probes (stiff-
ness = 40 N/m). The driving frequency of the probe
was adjusted to the resonant frequency in the imme-
diate vicinity of the samples. Only topographical
images were considered. In particular, to obtain
high-resolution images, very light tapping was nec-
essary. However, under those scanning conditions,
phase contrast images did not clearly evidence dif-
ferences between organic and inorganic phases. To
overcome the latter, harder tapping was proven, but
in this case, the spatial resolution was not sufficient
to clearly show the nanoparticles.

Scanning electron microscopy (SEM)

The freeze-fractured surfaces of the fully cured silica—
PMMA /epoxy specimens were imaged with a Philips
XL30 scanning electron microscope, whereas the
microanalysis at specific sites of the surfaces was per-
formed with a DX4i coupled energy-dispersive X-ray
spectroscopy (EDAX) detector. To avoid charge accu-
mulation on the surfaces to be analyzed, the samples
were coated with Au with the sputtering method.
Backscattered electrons (BSEs) were used to simply
examine the topography and to image the silica distri-
bution over the freeze-fractured surfaces.

Differential scanning calorimetry

The calorimetric measurements were performed
with a PerkinElmer Diamond differential scanning
calorimeter (Waltham, MA). Pure indium was used
as a standard for calorimetric calibration. Scans were
carried out with an empty aluminum cell as the ref-
erence. The T, values for the fully cured samples
were determined from the inflexion point of the
DSC traces obtained dynamically from 40 to 180°C
at 10°C/min in a nitrogen atmosphere. The second
heating scan of the cycle [40-180 (10°C/min), 18040
(100°C/min), and 40-180°C (10°C/min)] was
selected for the T, determination to ensure the same
thermal history for all the samples studied.

Microhardness

Martens microhardness measurements were per-
formed with a Zwick/Roell machine (Ulm, Ger-
many) with the following machine data: 2.551S
WN:159229, crosshead travel monitor WN:159229,
force sensor ID:0 WN:159230 2.5 kN, and universal
hardness (HU) measurement head 1D:25 WN:159231.
The testing method was the Martens hardness
method with a point of load application of 5 N, a
speed load application of 1 mm/min, and a speed
load removal of 1 mm/min. For every sample, at
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least 10 microhardness measurements were carried
out along the long axis of the prepared specimens,
the final data being given as the average.

Fracture toughness test

Toughness characterization of the prepared compo-
sites was performed according to ASTM Standard
Test Method D 5045-99 for PMMA of plastic materi-
als with a Shimadzu Autograph AG-I universal test-
ing machine (Barcelona, Spain) equipped with a 1
kN load cell. Tests were carried out at room temper-
ature (21°C) with a crosshead rate of 10 mm - min .
The critical stress intensity factor or Kj. and the ex-
perimental fracture energy [or critical strain energy
release rate (Gj)] were obtained from three-point-
bending tests performed on single-edge-notched
fully cured specimens. The specimens to be tested
were notched by machining and precracked with a
natural crack initiated by the insertion and sliding of
a new razor blade. The length of the overall crack
was measured after the fracture experiment by ob-
servation with an optical microscope equipped with
a video camera.
K;. was calculated as follows:

Kic = (BP;;UZ) < f(x) 1)

where P...., B, W, and a are the maximum load in
the fracture test, specimen thickness, specimen
width, and crack length as determined with ASTM
Standard D 5045-99, respectively. flx) = fla/W) is a
geometry factor given by

12 [199 — x(1 = x) (215 — 3.93x +2.7x%)]

X) = 6x
f) (1+2x)(1 —x)*?
@)
G| was estimated with the following equation:
1—v3)-K?
Gre = ( E) L 3)

where v is Poisson’s ratio (taken to be 0.35) and E is
the modulus obtained with a three-point-bending
test with the same rate test used for the fracture tests
[instead of E, in this work, as an approximation and
only with the intention of future comparisons
between the materials under study, the values of the
indentation modulus (Yy) obtained from the micro-
hardness tests were taken].

RESULTS AND DISCUSSION

In Figure 1, as an example, two AFM height images
of a freeze-fractured surface of a silica-PMMA /ep-
oxy sample with 5 wt % silica-PMMA are shown.
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Figure 1 Tapping-mode AFM height images for the modified epoxy system with 5 wt % silica-PMMA particles. The
scan sizes were 1 pm (left) and 250 nm (right). [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Two different regions can be seen on the top image
of Figure 1: (1) region A with flake-shaped holes
that seem to be arranged in a particular direction
(dotted lines) and (2) region B with a more uniform
granulated topography. Moreover, in region A,
although not very clear, small balls and holes in the
range of 10-20 nm can be observed. The last obser-
vation was confirmed by the scanning of an image
with a higher resolution (right image of Fig. 1). In
the right image of Figure 1, small balls with diame-
ters close to 14 nm can be observed, indicating the
presence of silica nanoparticles. Besides, it is inter-
esting to highlight the very uniform distribution of
the silica nanoparticles in the PMMA-rich domains,
which, when we consider the relatively high propor-
tion of nanoparticles for this kind of system (10 wt
%), is more than successful. This result has been
confirmed elsewhere by the inspection of the surfa-
ces of fractured samples of pure nanosilica-filled
PMMA." When we take into account that the par-
ticles are placed nearly in the center of holes with a
diameter of about 60 nm (right of Fig. 1), they seem
to cause the specific fracture giving the flakelike tex-
ture observed in Figure 1. On the other hand,
because the silica particles are occluded in the
PMMA particles, it is reasonable to think that region
A corresponds to a PMMA-rich domain, whereas
region B must correspond to the epoxy matrix
region. In fact, the kind of fracture observed in
region A is in accordance with a typical ductile frac-
ture mechanism in which by the coalescence of

microcavities or, in this case, nanocavities, a crack is
propagated by shear strain in a preferential direction
(see the dotted lines in the left image of Fig. 1) in
which the shear strength is maximum. This result
suggests, therefore, that the added preformed silica—
PMMA particles act as toughness modifiers, absorb-
ing part of the applied load to plastically deform the
PMMA-rich domains.

Additionally, Figure 2 shows a magnification of
the right image of Figure 1 and a cross-section pro-
file of one of the typical particles. The diameter of
the particles was measured very accurately; a value
of 14.2 nm was found that perfectly coincides with
the diameter specified for the commercial silica par-
ticles used in this work.

In Figure 3(a), a typical image from BSEs of the
silica-PMMA /epoxy (5 wt % silica-PMMA) sample
is shown. In addition to certain topographical pecu-
liarities mainly due to the kind of fracture, a black
and white contrast can be observed, revealing few
domains without any specific shape uniformly dis-
tributed in the region of observation that must
reflect regions with different elemental compositions
(this observation was made in different areas of the
same sample and other samples). To determine the
specific composition of those domains with respect
to the rest of the sample, EDAX microanalysis was
carried out. In Figure 3(b), typical X-ray dispersion
energy spectra of the two kinds of regions on the an-
alyzed surfaces are shown. The lighter regions
clearly have silicon in their composition, whereas

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Zoom (left) and cross-section profiles (right) showing the actual size of one silica nanoparticle. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

the darker regions do not. These results suggest that
the lighter regions correspond to the silica-filled
PMMA domains.

In Figure 4, another BSE image of the epoxy/
silica-filled PMMA (5 wt % silica-filled PMMA) sam-
ple is shown. In this case, although it is not as clear
as the AFM images, the different surface texture
observed for the silica-filled PMMA domains (arrow
in Fig. 4), confirmed by EDAX analysis, points to a
different kind of fracture mechanism in these
regions with respect to that of the epoxy-rich phase,
which points out again that the nanosilica-filled
PMMA domains are actually acting as real tough-
ness modifiers. With BSE, there are no clearly identi-
fiable toughening mechanisms, perhaps because of

(a) (b)

the complexity of the system and lower spatial reso-
lution in comparison with AFM; however, looking at
the image of Figure 4, we find that when the crack
reaches the PMMA-rich domain, the presence of the
silica nanoparticles induces the creation of multiple
microcavities and nanocavities, which subsequently
generate the microcracks and nanocracks that must
be the cause of the different texture observed in the
PMMA-rich domain. However, as presented later,
the microhardness and fracture tests are the experi-
ments that should confirm the simple fractographic
analysis performed with the visual inspection of
AFM and BSE images.

Variations in the molecular dynamics of the com-
posites can be studied with conventional DSC

Si'

Si

2.00 E (ev'l.llll 6.00 2.

00 4.0
E (eV)

Figure 3 (a) BSE image of the modified epoxy system with 5 wt % silica-PMMA particles and (b) EDAX analysis of the
polymer bulk (left) and some silica-PMMA domains (right). The peaks without a label at about 2 eV correspond to the
signal coming from the presence of the Au coating. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com. ]
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Figure 4 BSE image showing a detail of the silica—
PMMA-rich domains.

experiments. For the samples under study, only one
change was observed in the specific heat along the
DSC trace, indicating the possibility of obtaining
only one T,. Taking into account the heterogeneity
observed by either AFM and SEM, one would expect
to obtain two T, values, one corresponding to the
epoxy matrix and the other to the nanosilica-filled
PMMA-rich domains. Because the amount of the
sample used to obtain the thermograms was about
10 mg, even for the sample with 5 wt % silica—-
PMMA, the amount of PMMA was so low that the
equipment was not expected to be sufficiently sensi-
tive to detect the glass transition associated with the
thermoplastic. However, the T, values of all the pre-
pared samples (Table I) seemed to decrease very
slightly as a function of the silica-PMMA content
within the range of compositions under study. This
slight decrease was about 3°C from 0 to 5 wt %
silica-PMMA.

If total miscibility between the PMMA and the ep-
oxy matrix were assumed during the short period of
time from the initial mixture of silica-PMMA with
DGEBA to the gel point of the epoxy—amine reactive
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components, one would expect only one T, corre-
sponding to the polymer solution. The estimation of
T, for ideal polymer blends using the Fox equation
[eq. (4)] should give a reduction of about 4°C in the
T, value of the composite with 5 wt % silica-
PMMA:

1 Wi W,

= + 4)
Tg Tgl Tg2

where T,, Ty, and T, are the glass-transition tem-
peratures of the blend, the epoxy (132°C), and the
silica-PMMA (85°C), respectively, and W; and W,
are the weight fractions of the epoxy and silica-
PMMA, respectively. This estimation, which differs
by only 1°C from the T, value obtained experimen-
tally, suggests, therefore, that an important part of
PMMA must have been dissolved by the epoxy reac-
tive mixture. However, one must be very careful
when considering these results, taking into account
the small variations in T, observed and the accuracy
of the equipment.

On the other hand, to study the mechanical prop-
erties of the prepared composites, at least 10 inden-
tations were made along the long axis of the
specimens. This indentation procedure allowed us to
reach a double objective: on the one hand to have an
idea of the heterogeneity of the samples from a me-
chanical point of view and on the other hand to
have an average of several mechanical properties.

In Figure 5, as an example, the indentation curves
of the 2 wt % silica-PMMA specimen are presented.
The rest of the samples showed similar curves.

From these curves, two mechanical parameters
were obtained, and they are collected in Table I (HU
and YHU)

HU is defined as the test force divided by the
apparent area of the indentation under the applied
test force. On the other hand, Yy can be calculated
from the slope of the tangent of the indentation
depth curve (as those in Fig. 5) at the maximum
force with the indentation depth axis in millimeters
and is comparable to the modulus of elasticity of the
material (DIN Standard 50359-1).

TABLE I
T,, HU, Yuy, Ki, and Gy Values for the Different Composites
Composition
(% silica-PMMA) T, (°C) HU (N/mm?) Yy (kN/mm?) Kj (MPa - m'/?) Gy (kJ/m?)
0 132.2 143 + 2 3.80 + 0.07 1.41 £ 0.28 0.47
1 134.2 136 + 3 3.74 + 0.05 1.22 £ 0.13 0.35
2 130.3 138 + 4 3.75 £ 0.10 145 + 022 0.49
3 129.8 147 £ 9 3.96 + 0.21 1.44 £ 0.28 0.48
4 130.5 146 + 3 3.96 + 0.07 1.60 + 0.33 0.57
5 129.3 146 £ 2 3.96 + 0.04 1.34 +0.28 0.42
100 85% 158 + 24 4.95 + 0.68 —

@ The data were obtained from ref. 12.

Journal of Applied Polymer Science DOI 10.1002/app



2068

Standard force in N

D- } |-"‘"'&.?£V\' } |":*“’zj};_

—t ]ttt
0 10 20 30 40 50
Indentation depth in pm

Figure 5 Indentation curves of the 2 wt % silica-PMMA
specimen. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Despite at least 10 indentations along the long axis
of the specimen, after the first analysis, a few meas-
urements were rejected because their data were very
far away from the rest. This result was considered
due to the possible presence of microdefects at the
surface of the specimens, which might have affected
the measurements. Therefore, the points considered
for the statistical analysis were always in a reasona-
ble confidence interval, with at least 7 points used in
every case for the analysis. Besides, as an example,
in Figure 6, HU and Ypy are represented as func-
tions of the distance along the long axis of one speci-
men of the sample with 5 wt % silica-PMMA. The
consistency of these results suggests a good distribu-
tion of the silica-PMMA component within the ep-
oxy matrix. As proof, the lines corresponding to
average values of HU and Yyy for the samples with
0 and 100% silica-PMMA are shown in Figure 6.

160 ¢ 7 T . T i T T T i T
155 :_ <HU= for 100% wt Silica-PMMA
150 - "

145 g @ . . n
140 £ ;
135 F L
130 f

<HU> for 0% wi Silica-PMMA

HU (N/mm’)

I n I : I . ! . !
T + T t T + T + T

48 - <Y, > for 100% wt Silica-PMMA
46 -
4.4
4.2 r
4.0 § ° L] ] ° [ ] L] .
3.8 =
3l ' ' :
0 10 20 30 40 50

Distance (mm)

®
<Y, > for 0% wt Silica PMMA
1 1

2
Y, (kN/mm’)

Figure 6 HU and Yuy as a function of the distance along
the long axis of one specimen of a sample with 5 wt %
silica-PMMA. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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On the other hand, Table I shows that within the
experimental error there is almost no variation in
HU and Yyy when the amount of the nanosilica-
filled thermoplastic increases. However, in Figure 7,
the values of the obtained mechanical parameters,
HU and Yy, as a function of the composite compo-
sition are represented for a better visualization of
the tendencies. Without consideration of the errors,
there exist two regions: the first one extends to the
case in which 1 wt % silica-PMMA is added and
both parameters decrease, and the second region
starts from 2 wt % silica-PMMA, for which HU and
Yy seem to increase until reaching the values for
the pure silica-PMMA material.

The increase in the values of HU and Yyy with
the addition of 2 wt % silica-PMMA might be
explained by good adherence between the two com-
ponents; in fact, although relatlvely close, the mix-
ture rule (Yuu = ¢1 Vg + d)zYHU, where Yyy and
YEI)U are the mdentatlon moduli of the composite
and component i, respectively, and ¢; is the volume
fraction of component i) underestimates these
parameters (Fig. 7). A possible explanation of this
behavior might be given by the partial dissolution of

164 T T T/
160 F
156 |-
152 |
148 |-
M4ﬁ
140 [
136 |-
132 |
52

HU (N/mm’)

50[
48l
46l
44
42|

2
Y, (kN/mm’)

40} 680
38@~¢ """"

36 1 L 1 s 1 L 1 " ,Ifl ] L 1 L 1 2
0 2 4 6 96 98 100 102

% Silica-PMMA

Figure 7 HU and Yyy as a function of the composite
composition. The dotted line represents the mixture rule.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 8 K. as a function of the composite composition.

the PMMA-rich particles into the epoxy component,
which would allow a favorable transmission of load,
avoiding interfacial failures. This possibility is really
interesting because one would expect the presence
of an interphase with a gradient in mechanical prop-
erties between the PMMA domains and the epoxy
matrix. In other words, this interphase would gradu-
ally absorb the mechanical energy, avoiding fast
crack propagation as the BSE image in Figure 4 indi-
cates. Figure 4 shows how the crack propagation is
stopped when it reaches the PMMA-rich domain.
Finally, the influence of adding nanosilica-filled
PMMA to the epoxy thermoset on the resistance of
the material to fracture was investigated with frac-
ture toughness tests. The values of Kj. and G with
different amounts of silica-PMMA in the composites
are collected in Table I. K|. is a toughness parameter
indicative of the resistance of a material to fracture,
whereas Gy is a toughness parameter based on the
energy required to fracture. As can be observed by
taking into account the errors, at least in the range
of compositions considered, we found no variation
of toughness. However, if a representation of the
data is made according to Figure 8, a tendency in
the fracture toughness can be observed that is simi-
lar to the case of HU and Yyy (the same happens
for Gy), and this suggests that these properties are
interconnected. A similar trend in the values of G,
can be observed in a recent work,"> which shows a
slight decrease in the value of G;. when the amount
of silica nanoparticles increases from approximately
5 to 7% (v/v), although the observed differences are
relatively small and probably within the experimen-
tal error. Also, Xu and Van Hoa'* studied epoxy-
clay nanocomposite systems as a function of the clay
loading. In that work, a decrease was observed in
the flexural resistance of the materials when the
loading was over 4 phr. Nevertheless, it should also
be taken into account that the materials under study
are multicomponent systems, so a higher dispersion
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of the values of the mechanical properties can be
expected. In particular, in this work, we are dealing
with microcomposites (because of the size of the
PMMA-filled particles) and nanocomposites (because
of the size of the silica nanoparticles), and this
broadens the spectra of possible interactions in this
kind of system, its nature therefore being more compli-
cated than that of a mere particle-filled composite. On
the whole, the tendencies observed here point out that
the mechanical resistance, stiffness, and fracture
toughness of the selected model epoxy thermoset are
improved when preformed particles of nanosilica-
filled PMMA are added to the epoxy polymer.

In general, when a thermoplastic is used to modify an
epoxy-based thermoset, the fracture toughness is signif-
icantly improved only when bicontinuous or inverted
structures are generated, resulting from the plastic
drawing of the thermoplastic-rich phase.”>"” For the
system under study, as preformed thermoplastic par-
ticles are added to the epoxy reactive mixture, avoiding
phase inversion only an improvement of the toughness
can be justified by the good interfacial adhesion due to
the partial dissolution previously mentioned.

CONCLUSIONS

In this work, preformed particles of PMMA filled
with silica nanoparticles (silica-PMMA) were used
to modify a thermosetting epoxy polymer. SEM
together with EDAX microanalysis revealed the exis-
tence of silica-PMMA domains uniformly distrib-
uted throughout the sample, whereas AFM allowed
us to confirm the presence of 14-nm silica nanopar-
ticles in PMMA-rich domains.

It is clear, therefore, that the results indicate that it
is possible to obtain very easily a new sort of multi-
component system (ternary epoxy-based nanocom-
posites) in which an epoxy-based thermoset is
modified with a silica-filled thermoplastic (PMMA).
Four main results have been obtained for consider-
ing the potential of silica-filled PMMA as an impor-
tant toughness modifier of brittle thermoset epoxy
systems: (1) a good distribution of the silica nano-
particles in the PMMA domains, (2) an excellent dis-
tribution of the silica-filled PMMA microparticles in
the epoxy matrix, (3) partial dissolution of the
PMMA-rich domains (at the edges of the silica—
PMMA particles) into the epoxy system, and (4) an
increase in properties such as the hardness, Yy,
and fracture toughness. Actually, maintaining or
even increasing the mechanical properties, these
new materials offer the possibility of introducing
other kinds of properties from the incorporation of
inorganic nanoparticles with unique properties.
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