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To investigate the interfacial effect on properties of
epoxyacrylate-silica composites, submicron-sized silica
spheres were synthesized by sol-gel reaction under a
basic environment and their surfaces were endowed
with vinyl functional groups by further modification with
3-methacryloxypropyl trimethoxy silane. The pure silica
(PS) and the modified silica (MPS) spheres were charac-
terized by Fourier transform infrared, 2°Si- and '*C-nu-
clear magnetic resonance (NMR), scanning electron
microscope (SEM), and particle size analyzer. The silica
spheres were then added to the presynthesized difunc-
tional epoxyacrylate resin with one vinyl group and one
epoxide group at each end, in addition to the photo- and
thermo-curing agents. After cure, thermal and mechani-
cal properties of the obtained epoxyacrylate-silica com-
posites were measured and compared. Tensile mechani-
cal properties including initial modulus, ultimate tensile
strength, and elongation at break, as well as the fracture
energy of the epoxyacrylate-silica composite were all
increased by increasing the content of silica spheres.
Moreover, the composites filled with MPS had stronger
interfacial strength between silica sphere and matrix
than those with PS and thus exhibited an additional
increase of tensile mechanical properties and fracture
toughness. The increase of fracture toughness was
owing to the crack deflection and particle-matrix
debonding as evidenced by SEM pictures on the fracture
surface. POLYM. ENG. SCl., 52:2462-2472, 2012. © 2012
Society of Plastics Engineers

INTRODUCTION

Epoxy resins are commercially used in many applica-
tions, including surface coatings, structural adhesives,
packaging of electronic products, and matrix for compos-
ite materials [1, 2]. Through the proper selection of resin
and curing agent, the cured epoxy resins exhibit many de-
sirable properties, such as low cure shrinkage, low creep,
excellent adhesive strength, good chemical resistance,
high mechanical strength, good thermal stability, and excel-
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lent electrical insulation [3]. Especially, the demand of ep-
oxy resins has rapidly grown for industrial applications in
the electronic products, such as the molding compounds
used for the encapsulation of integrated circuit chips and
the epoxy composites for printed circuit boards [4, 5].
However, the high-performance epoxy resin suffers from
the problems of high curing temperature and long curing
time. To solve these problems, ultraviolet (UV)-curable
resins are often employed and the most used one is known
to be the epoxyacrylate. Commercial epoxyacrylate is gen-
erally produced and used in the form of bisacrylate-termi-
nated epoxy resin, also called vinyl ester resin [6, 7]. This
resin has some advantageous properties including excellent
reactivity owing to the two unsaturated end groups, and
thus can be rapidly cured by UV light [8, 9]. Instead of
using bisacrylate-terminated epoxy resin, a difunctional
epoxyacrylate oligomer with a vinyl group at one end and
an epoxide group at the other end, or called monoacrylate-
terminated epoxy resin, was synthesized in this study for
the later preparation of epoxyacrylate—silica composites,
because it can be applied in an UV-curing and/or thermo-
curing processes, making it especially useful as an adhesive
sealant for liquid crystal display manufacturing [10].

The structure of thermosetting epoxy resins has also an
unsatisfactory drawback in that they are relatively brittle,
with a poor resistance to crack initiation and growth.
Nevertheless, it has been well established for many years
that the toughness of an epoxy resin incorporated with a
second microphase of a dispersed rubber or a thermoplas-
tic polymer can be improved [11]. Unfortunately, the
presence of the low-modulus rubbery phase typically
increases the viscosity of the system before cure and
reduces the modulus and the glass transition temperature
of the cured epoxy. Hence, rigid inorganic particles have
been tested to increase the modulus and toughness, and
hopefully not to substantially affect the thermal properties
of the epoxy resin. Several studies indicated that the mod-
ulus, strength, and toughness can be simultaneously
increased with the addition of nanoscale fillers. Rosso
et al. [12] incorporated nanosilica particles (below 50 nm)
to diglycidyl ether of bisphenol-A (DGEBA)-based epoxy
resin to prepare epoxy-silica nanocomposite (ESN). They
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found that with the addition of 5 vol% nanosilica, the relative
improvement in Young’s modulus (Egsn/Eneat resin) Was
about 1.22 and the fracture toughness (K7.) was increased by
more than 70%, compared to the neat epoxy. Unfortunately,
the glass transition temperature still decreased from 95 to
89°C. Liang and Pearson [13] added two types of nanosilica
(20 and 80 nm) to prepare ESNs. The compressive modulus
of ESNs moderately increased with the amount of nanosilica,
and the relative improvement in compressive modulus
reached 1.2 when the nanosilica content was added up to
17.4 vol%. Moreover, they found that the ESNs filled with
nanosized silica had higher toughness than the epoxies filled
with the micron-sized glass spheres (mean diameter, 42 um).
The increase in toughness was attributed to the zone-shield-
ing mechanism involving matrix plastic deformation. John-
sen et al. [14] also added nanosized silica (20 nm) into the
DGEBA-based epoxy resin. After thermal cure at 90°C for 1
h and then at 160°C for 2 h, the relative improvement on
Young’s modulus of the formed ESN containing 9.6 vol%
silica was about 1.22. The fracture toughness (Ky.) and frac-
ture energy (Gy.) of ESN with 7.1 vol% silica content could
be increased by 100 and 233%, respectively. They believed
that the toughening mechanism of ESNs involved the plastic
void growth around debonded particles.

The nanoscaled silica particles used in the aforemen-
tioned ESNs were produced by the sol-gel technique. This
technique also provides a simple way for the surface modifi-
cation of the nanoparticles to avoid their agglomeration at a
higher degree of filling and to adjust the interfacial compati-
bility with the polymer matrix [15]. Chan et al. [16] found
that modification of silica surface during silanization could
improve the fracture toughness of nanocomposites owing to
the increase of interfacial bonding. Compared to the mechan-
ical dispersing technique for silica-based nanoparticles, the
sol-gel technique is a very efficient chemical method for
embedding agglomerate-free silica particles in epoxy resins
[17]. However, only few studies [18-20] have been done on
the preparation and characterization of epoxy composites
incorporated with submicron-sized silica spheres (100 nm™"
um). In this study, submicron-sized silica spheres were pre-
pared by the sol-gel reaction from tetraethyl orthosilicate
(TEOS) in a basic environment and their surfaces were fur-
ther modified with 3-methacryloxypropyl trimethoxy silane
(MPTMS). The prepared silica spheres with and without
vinyl functional groups on surface were then added into the
presynthesized difunctional epoxyacrylate resin. After UV-
and thermo-curing, thermal and mechanical properties of the
cured epoxyacrylate resins were measured and the effects of
the added silica spheres on the properties, especially fracture
toughness, were thus investigated.

EXPERIMENTAL
Material
The difunctional epoxyacrylate resin having one epox-

ide end group and one vinyl group at the other end was

DOI 10.1002/pen

o]

i PPh;
—CH—R—CH— =CH-C-OH ——» CH,—CH—R,—CH=
% , —CH CHy+ CH=CH-C—OH — Cl-\lz CHR, CH,
(0] o o
DGEBA AA
H. s
R;:—CHy e O-CHiC ( O-CHy~
n=02
o o, P
Ry:—CH {04 >—C—Z )—O-CHC C O-CHy CH-(H,y O-C—
{ CH; OH e N on
n=02
SCHEME 1. ‘Synthesis of difunctional epoxyacrylate under a tempera-

ture profile of 100°C for 2 h and another 2 h at 120°C. PPh; is TPP.

synthesized from the DGEBA and acrylic acid (AA)
under a suitable reaction condition [21]. Briefly, DGEBA
and AA with an equivalent ratio of 2 were charged into
the reactor, and the reaction was catalyzed by triphenyl-
phosphine (TPP) under a temperature profile of 100°C for
2 h and another 2 h at 120°C. The addition esterification
of the epoxide group with the carboxyl group catalyzed
by TPP is shown in Scheme 1. TEOS, MPTMS, and am-
monia (25% in water) were purchased from Acros (Geel,
Belgium).  2-Benzyl-2-dimethylamino-1-(4-morpholino-
phenyl)-butanone-1, also called 1-369, and 2-isopropyl thi-
oxanthone, also called ITX, from Ciba were used as the
photo initiator and accelerator, respectively. Imidazole
(C11Z-A) from Shikoku Chemicals (Tokyo, Japan) was
used as the thermal curing agent. Trimethylolpropane tria-
crylate (TMPTA) as a reactive diluent was purchased
from Acros (Geel, Belgium).

Preparation of Colloidal Silica Spheres

The submicron-sized silica spheres were prepared in
ethanol according to the process developed by Stober
et al. [22] with a slight modification. In a typical proce-
dure, aqueous ammonia (25%), water, and ethanol were
all added into an Erlenmeyer flask under continuous stir-
ring at room temperature. The amounts of ethanol and
water were fixed at 1600 and 128 mL, respectively, and
the amount of aqueous ammonia was changed from 24 to
80 mL to obtain silica spheres with different sizes. The
TEOS (96 mL) was added to the solution for the sol-gel
reaction. After 30 min of prereaction, MPTMS with a
molar ratio of 1:1 to the TEOS was added into the solu-
tion drop-by-drop, and the reaction was allowed to con-
tinue for additional 23.5 h with stirring to obtain modified
silica (MPS) spheres. For the preparation of pure silica
(PS) spheres, the total reaction time was kept at 24 h
without the addition of MPTMS. The reactions are shown
in Scheme 2. The prepared sol was centrifuged (9000
rpm, 13 X 10° rcf) to separate the silica particles. These
particles were redispersed in ethanol by sonication and
centrifuged again. The final silica particles were then
dried at 60°C for 24 h. The dried particles were easily
redispersed by sonication in ethanol or acetone. The yield
was in the range between 95 and 98% for the PS spheres.
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SCHEME 2. “Preparation of (a) PS spheres, (b) surface-MPSs.

Yet, for the preparation of MPS spheres, the yield was
decreased to about 30-40%.

Preparation of Epoxyacrylate-Silica Composites

The epoxyacrylate—silica composites were prepared by
mixing difunctional epoxyacrylate oligomer, silica
spheres, reactive diluent, photo initiator, and thermal-cur-
ing agent. The dried silica spheres were first dispersed by
sonication in acetone and then mixed with the epoxyacry-
late resin. The loading concentrations of silica spheres
were 5, 10, 15, and 20 phr (parts per hundred parts of
epoxyacrylate resin). After removing the solvent, the
photo initiator (I-369) and its accelerator (ITX), thermal-
curing agent (C11Z-A), and reactive diluent (TMPTA)
were all added to the epoxyacrylate—silica mixture. The
total concentration of I-369 and ITX was 3.85 phr and the
weight ratio of I-369 to ITX was controlled at 5:1. The
concentrations of the curing agent (C11Z-A) and the reac-
tive diluent (TMPTA) were 3.85 and 23 phr, respectively.
The mixture was poured into an uncovered Teflon mould
and then cured by UV irradiation (140 mJ/cm?) followed
by thermal cure for 2 h at 150°C.

Characterizations
Structure analyses of the silica spheres (PS and MPS)

were carried out using the Fourier transform infrared
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(FTIR) spectrophotometer (Magna-IR spectrometer 550,
Nicolet, USA). Sample was ground into powder, mixed
with potassium bromide (KBr), and then pressed into a
transparent disc. The recorded wave number range was
from 4000 to 400 cm~' with a resolution of 4 cm™ .
Chemical structures of the silica spheres were also ana-
lyzed with a nuclear magnetic resonance (NMR) tech-
nique (Bruker DSX400WB NMR). Solid *’Si- and "’C-
NMR spectra were obtained at a frequency of 79.49 MHz
for 2Si and 100.61 MHz for "*C. Experiments were per-
formed with a Bruker 7-mm wide-bore MAS probe. The
MAS spinning speed was 5 kHz, and the 90° pulse time
was 5.5 us. The chemical shifts were expressed in ppm
with respect to tetramethylsilane.

The size and size distribution of silica spheres were
determined at 20°C by the dynamic light scattering
method, using Zetasizer Malvern DTS 1060. The instru-
ment employed a monochromatic coherent helium-neon
laser (633 nm) as the light source. A 4-mL sol sample
was injected into the quartz cuvette and the scattered light
was recorded at 173° with respect to the incident light.

The texture of silica spheres and fracture surface of
epoxyacrylate composites were examined by a scanning
electron microscope (FESEM, Leol530, Germany). To
observe dispersive particles, a drop of dilute silica sol
was placed on a glass slide and air-dried afterward. All
specimens were sputtered with Pt in approximately 3-nm
thickness to increase conductivity.
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Mechanical Properties

Tensile mechanical properties: initial modulus (E), ulti-
mate tensile strength (0y,), and elongation at break (g,) were
measured by using a universal testing machine (Model AGS-
J, Shimadzu, Japan). The specimens with a thickness of 1
mm were prepared based on the ASTM standard D638. The
test speed was kept at 0.5 mm/min. Five specimens were
tested for each condition and the results were then averaged.

The single-edge-notch bending (SENB) test was used
to determine the fracture toughness, Kj., according to
ASTM D5045. At least, five specimens for each formula-
tion were tested. The value of the fracture energy, Gy,
was calculated using Eq. 1,

2

K
Gire :%(1 —?) (1

where E is the modulus of elasticity estimated from the
tensile test, and v is the Poisson’s ratio of epoxy, taken as
0.35.

Thermal Properties

A differential scanning calorimeter (DSC, TA 2920 from
TA Instruments) was used to record the thermograms of
epoxyacrylate—silica composites after cure. Samples (810
mg) were first heated up to 210°C and held at that tempera-
ture for 1 min under a nitrogen atmosphere. Then, they were
cooled down to —10°C at a cooling rate of 20°C/min and
then reheated up to 210°C at a heating rate of 20°C/min. The
second heating curve was used to determine the 7.

The thermal expansion coefficients of the cured epoxya-
crylates were determined by a thermal mechanical analyzer
(TMA Q400, TA Instruments). The thermal expansion
coefficients before and after the glass transition (o; and o,
respectively) were obtained by the measurement of the lin-
ear dimensional variations with temperatures. The T, of a
sample was identified as the intercept of the two tangent
lines at which a change in slope occurred, that is, above and
below T,. Samples were heated from 30 to 200°C with a
scanning rate of 10°C/min in the nitrogen atmosphere.

RESULTS AND DISCUSSION

Structure Analysis and Morphology of MPS Spheres

Uniform silica spheres were prepared following the
well-known Stober—Fink—Bohn method [22] with a slight
modification, where hydrolysis and condensation of alkox-
ysilanes were catalyzed by ammonia in a mixture of etha-
nol, aqueous ammonia, and water. Formation of spherical
particles was the result of a complex mechanism of nucle-
ation and growth. Reactions (a) and (b) in Scheme 2
describe the synthesis of PS and MPS spheres by hydroly-
sis and condensation of alkoxysilanes in the basic envi-
ronment. FTIR spectra for the prepared PS and MPS are
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FIG. 1. FTIR spectra of (a) unmodified silica spheres (PS) and

(b) MPS spheres.

shown in Fig. 1. The broad absorption band centered at
3360 cm ™' is owing to OH stretching of various Si—OH
groups on PS and MPS. In addition, the absorption peak at
945 cm ™' is also caused by the Si—OH group (Si—O—
stretching). The absorption peaks at about 797 and 1095
cm ™! are caused by Si—O—Si symmetric and asymmetric
stretching vibration, respectively, indicating the generation
of Si—O—Si in the system [23]. The peak of the
Si—O—Si asymmetric stretching vibration is usually split
by long-range coupling Coulomb interactions into two
components: a transverse optical (TO) and a longitudinal
optical (LO) component. The peak near 1095 cm™ ' has
been generally related to the TO component; whereas the
shoulder at 1186 cm™ ' under the peak of 1095 cm™ ' is
referred to the LO component [24]. The absorption peak at
about 462 cm ™' is caused by Si—O—Si bending vibration.
Compared to Fig. la, the band centered at 1095 cm™'
becomes broader when the silica was modified with
MPTMS, as shown in Fig. 1b. This is owing to the overlap
of Si—O—Si (1000-1100 cm™"), Si—O—C (1080-1120
cm ') and C—O—C (1000-1300 cm '), where the latter
two come from the MPTMS segments. Figure 1b also
shows the carbonyl (C=0) stretching band at 1708 cm ™~
and the vinyl (C=C) stretching band at 1629 cm ™', further
validating the successful bonding of vinyl group on silica
spheres by reaction with MPTMS.

Further investigation of the chemical structure of the
silica spheres was carried out by solid-state *°Si-NMR
analysis. According to the nomenclature suggested in the
literature [25-27], M, D, T, and Q structures correspond
to one, two, three, and four Si—O— bridges, respec-
tively. In the symbol of M", D", T", and Q", n refers to
the number of —O—Si[tbond] groups bonded to the sili-
con atom. Taking code Q as an example, a unit with two
—OH groups is assigned as sz (HO),Si(—OSi[tbond]),,
with one —OH group as Q3: (HO),;Si(—OSi[tbond])3,
and with no —OH group as Q4: Si(—OSi[tbond]),. T"
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FIG. 2. Solid ?°Si-NMR spectra of (a) unmodified silica (PS) and (b)
MPS by MPTMS. (c) Solid '*C-NMR spectrum of MPS by MPTMS.

structures have one organic side group (Si—R) and three
Si—O— units. Therefore, T' is (HO),Si(R)(—OSi
[tbond]), T? is (HO);Si(R)(—OSi[tbond]),, and T> is
Si(R)( —OSi[tbond]);. It is easy to differentiate among
Q4, Q3, and Qz, because their chemical shifts lie approxi-
mately 10 ppm apart. The transformation of a Q structure
into a T structure causes a shift of about 45 ppm and
again there is a separation of approximately 10 ppm
between the silicon in T3, T2, and T'. The *°Si-NMR
spectrum of the PS spheres, Fig. 2a, shows three signals
at —93 (Q?), —101 (Q?), and —111 (Q*) ppm, which are
usually assigned to geminal silanol groups, free silanol
groups, and siloxane bonds without hydroxyl groups,
respectively [28, 29]. After modification with MPTMS
having one organic side group, Fig. 2b shows that the
MPS not only have Q?% Q3 and Q" structures, but also
have two additional silicon atoms at —57 and —67 ppm
designated as T? and T structures, respectively. As
expected, the grafting process reduces the intensities of
the signals of geminal and free silanol groups in the re-
spective Q% and Q® in comparison with that of the silox-
ane group in Q*. Therefore, the peaks observed in the
range from —50 to —80 ppm prove that the silica surface
was chemically grafted with MPTMS and thus had vinyl
functional groups on it.

The organic functional group bonded to the silica sur-
face was further confirmed by solid-state '>*C-NMR spec-
tra. Figure 2c shows the solid-state '*C-NMR spectrum of
the MPS. The carbons of MPTMS on the silica surface
could be easily identified according to their chemical
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shifts. In addition to the C=C absorption peaks at 125.3
and 137.0 ppm (indicated as 1 and 2 in the spectrum), the
spectrum of MPS exhibits the absorption peaks at 17.6 and
116.9 ppm which are caused by CH3 and C=O attached to
the C=C bond (indicated as 3 and 4 in the spectrum),
respectively. The peaks at 66.5, 22.5, and 8.9 ppm are
assigned to the propoxyl group, indicated as 5, 6, and 7 in
the spectrum. An additional peak at about 59.0 ppm is
found, which is possible caused by the unhydrolyzed
ethoxy group of TEOS and/or the residual ethanol solution
trapped inside the silica particles [30]. Nevertheless, the
results of "?*C-NMR spectra indicate the successful bonding
of vinyl group on silica spheres by reaction with MPTMS,
in accordance with the ’Si-NMR and FTIR analyses.
Figure 3 shows the SEM pictures of silica spheres that
were purified by centrifugation and washing, and then
redispersed by sonication in ethanol. The sample was pre-
pared by dispensing one drop of the suspension onto a
glass slide. It was allowed to dry at room temperature and
then sputtered with Pt. The SEM picture of PS spheres
prepared by adding 48 mL of NH,OH,q, into the ethanol
solution is shown in Fig. 3a. It was found that the spheri-
cal particles obtained were highly uniform in size and
without any aggregation. The average particle size was
400 = 10 nm based on 50 measured particles. In addition,
the surface of silica spheres was smooth and featureless.

(a) PS (100KX)

FIG. 3. SEM images of (a) unmodified silica spheres (PS) with an aver-
age particle size of 400 = 10 nm, and (b) MPS spheres with an average
particle size of 170 = 30 nm. For both systems, EtOH/H,O/NH4OH .,
= 1600/128/48 mL.
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FIG. 4. The changes of particle size of PS and MPS spheres with the
added amount of ammoniagy in the sol-gel reaction, while the EtOH
and H,O were kept at 1600 and 128 mL, respectively. The particle size
was measured by dynamic light scattering.

In contrast, Fig. 3b shows that the surface of MPS spheres
prepared with the same conditions was slightly rougher than
that of PS spheres. In addition, bridging was observed among
particles. Bridging occurred during the evaporation of the
solvent because MPTMS not only was chemically bonded to
the particle surface, but also exhibited strong hydrophobic
interactions via its alkyl groups. In addition, MPTMS also
played the role of an inhibitor for particle growth owing to
less condensation and steric hindrance that could cause the
particle size to be smaller and less uniform (170 = 30 nm).

The Effect of Ammonia on the Particle Size of Silica
Spheres

The prepared colloidal silica spheres were further charac-
terized by dynamic light scattering. Many researchers have al-
ready reported that the size and uniformity of the resultant
silica particles are greatly affected by the concentrations of
TEOS, water, and catalyst, as well as the type of solvent, etc.
[31-33]. In this study, the effect of the added amount of base-
catalyst (NH4OH(,q)) on the particle size of silica was also
investigated. Figure 4 shows the changes in particle diameter
(nm) with the added amount of aqueous ammonia (25%),
whereas the amounts of all other components were kept con-
stant. A linear relationship of the particle diameter with the
added amount of aqueous ammonia was obtained. The particle
size of PS spheres could be controlled in the range of 150—
600 nm. For the modified silica particles, the size was smaller
under the same reaction conditions, between 150 and 400 nm,
because the MPTMS inhibited the growth of particles.

Tensile Mechanical Properties of the Epoxyacrylate—
Silica Composites

The silica spheres with different sizes from 150 to 400
nm were added to the difunctional epoxyacrylate oligomer
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together with the photo- and thermo-initiators as well as
the reactive diluent to prepare epoxyacrylate—silica com-
posites. After UV- and thermal-cure, both conversions of
C=C double bond and epoxide group were >98% as
demonstrated by FTIR spectra. Tensile mechanical prop-
erties of the obtained composites were then determined
by a tensile test instrument. It was found that the particle
size of silica spheres, ranging from 150 to 400 nm, did
not significantly affect the tensile mechanical properties
for composites with the same amount of silica particles
(data not shown). That is, small changes in particle size
would not affect the tensile mechanical properties of
epoxyacrylate—silica composite. Recently, some studies
also showed that the initial modulus of polymer compo-
sites filled with micronsized or nanosized spheres was
mainly affected by the filler volume fraction and Young’s
moduli of the filler and polymer matrix, but not the size
of the filler [13, 34]. In the following experiments, the
silica spheres with particle size about 170 nm were cho-
sen to be incorporated into the epoxyacrylate to investi-
gate the effect of the silica content on the mechanical and
thermal properties of the epoxyacrylate composite.

The tensile mechanical properties of epoxyacrylate—
silica composites are summarized in Table 1. A tensile
modulus of 2.63 GPa was measured for the cured neat
epoxyacrylate resin (EA). The modulus was found to
increase by the addition of silica spheres, as shown in
Fig. 5. The increase in modulus is expected because the
modulus of silica is much higher than that of the epoxya-
crylate matrix. In addition, it was found that the extent of
increase was more evident for the epoxyacrylate loaded
with MPS (EA-MPS) than with the same amount of PS
(EA-PS). The relative improvement in tensile modulus
(Ega_mps/Ega) reached 1.24 when the MPS content was
20 phr (equivalent to 9.46 vol%). This improvement in
modulus is better than the results reported by Liang and
Pearson [13] and Johnsen et al. [14] for the composites
with the same volume fraction of silica, because the MPS
had surface vinyl functional groups that could form chem-
ical bonding between the particles and the matrix and thus
increase their interfacial strength.

The measured moduli of composites can be compared
to the theoretical predictions. These are many models that
can be used to predict the moduli of epoxyacrylate—silica
composites. In the present study, two quantitative models,
Halpin-Tsai and Lewis—Nielsen model were adopted, as
shown in Fig. 5. Halpin—Tsai model [35] is a theoretical
model commonly used to predict the increase of Young’s
modulus with respect to the polymer matrix in organic—
inorganic composites. The predicted composite’s modulus
is calculated according to Egq. 2,

L+ Ve ()
= E — m
T T

ErnJrZ)

@

where E., E,, and E; are Young’s moduli of the compos-
ite, the polymer matrix, and the particle filler, respec-
tively; V; is the volume fraction of the particles, and { is
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TABLE 1. Tensile mechanical properties including initial modulus (E), ultimate tensile strength (o), and elongation at break (e,) and fracture

toughness of epoxyacrylate—silica composites with different silica contents.

Silica content

Sample? Weight (phr) Volume® (%) E (GPa) o, (MPa) & (%) Kie (MPa m'?) Gie (J/m?)
EA 0 0 2.63 = 0.10° 348 * 3.8 142 = 0.12 0.66 = 0.11 145 = 51
EA-PS5 5 2.55 2.79 * 0.08 543 22 228 * 0.15 0.94 = 0.03 280 + 17
EA-PS10 10 4.96 2.88 * 0.05 56.8 = 2.4 223 = 0.12 1.05 * 0.02 336 + 11
EA-PS15 15 7.27 2.99 + 0.07 66.3 * 3.4 241 *+ 0.07 1.22 + 0.03 439 * 19
EA-PS20 20 9.46 3.07 % 0.07 624 * 4.2 248 * 0.38 1.29 + 0.08 483 * 58
EA-MPS5 5 2.55 2.75 * 0.10 589 * 5.0 232 * 027 1.02 * 0.12 332 + 84
EA-MPS10 10 4.96 2.90 *+ 0.08 643 = 2.1 246 * 0.29 1.15 * 0.06 400 * 41
EA-MPS15 15 7.27 3.12 * 0.09 772 * 1.6 2.88 * 0.21 1.38 = 0.03 536 * 26
EA-MPS20 20 9.46 3.26 = 0.07 68.3 = 3.1 248 * 0.15 1.26 = 0.14 427 * 94

* EA is the neat epoxyacrylate; EA-PS series are the epoxyacrylate composites filled with the pure silica; EA-MPS series are the epoxyacrylate

composites filled with the surface-modified silica.

® The volume fractions of silica spheres were estimated according to the weight ratio of each component and the densities of epoxyacrylate matrix

and silica spheres were 1.23 and 70 g/cm®, respectively.

¢ Mean and standard deviation values calculated from five determinations.

the shape factor of the filler. The volume fraction (Vy) of
silica spheres was estimated according to the weight ratio
of each component and the material densities (epoxyacry-
late matrix: 1.23 g/cm® and silica spheres: 70 g/cm?). { is
equal to 2 for the spherical particles used in the present
study.

The results predicted by the Halpin—Tsai model were
plotted as the solid line in Fig. 5, together with the meas-
ured moduli of the composites filled with different vol-
ume fractions of PS and MPS. The trend of the experi-
mental data agrees with the prediction; however, the
measured moduli of the EA—PS composites deviate signif-
icantly from the predicted line at higher volume fractions.
The reason is that the Halpin—Tsai model assumes a per-

A EA-PS

o EA-MPS
—— Halpin-Tsai model
------- Nielsen no-slip model
mem Nielsen slip model

Initial modulus (GPa)

T T T T T T T T T T 1

0 2 4 6 8 10 12

silica content (vol%)

FIG. 5. The initial modulus of the epoxyacrylate composites versus
volume fraction of silica spheres. Open symbols are the experimental
data. The solid line represents the prediction from Halpin—Tsai model.
The dashed lines are predictions using the Lewis—Nielsen model for no
slip at the particle-matrix interface (Kg = 2.167) and for interfacial slip-
page (Kg = 0.867). EA-PS is the epoxyacrylate filled with PS spheres
and EA-MPS is the epoxyacrylate filled with MPS spheres.
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fect bonding between the particle and the matrix. This
violates the fact that there is no chemical bonding
between the silica spheres and the matrix in the EA-PS
composites. Yet, the moduli of the EA-MPS samples are
much closer to the predicted results, especially in the
region of higher silica contents, within 7.27 and 9.46
vol%. This is because the MPS had vinyl functional
groups on the surface that enabled chemical bonding
between the particles and the matrix.

The effect of interfacial bonding can be considered fur-
ther using the Lewis—Nielsen model [36] and the work of
McGee and McCullough [37]. The modulus of the epox-
yacrylate—silica composite can be predicted using:

gt e = Uiy )
1 —nuVy

where kg is the generalized Einstein coefficient, and  and p
are constants. kg = 2.5 if there is no slippage and kg = 1.0 if
there is slippage at the interface between the particle and the
matrix. Yet, Nielsen [38] has shown that the value of kg is
reduced when the Poisson’s ratio (v) of the matrix is lower
than 0.5. In the present study, v = 0.35 is taken, and hence
the values of kg are reduced by a factor of 0.867. Hence, kg
= 2.167 if there is no slippage, and kg = 0.867 if there is
slippage at interface between the particle and the matrix. The
constant f3 takes into account the relative modulus of the par-
ticles and the matrix, and is given by

(&)

B:(E%+(kﬁ_ M) 4)

The value of u depends on the maximum allowable
volume fraction of particles, V.., and can be calculated
from
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(1 —Vy)

K Vinax

[Vmaxvf + (1 - Vmax)(l - Vf)] (5)

Values of V.. have been published by Nielsen and
Landel [39] for a range of particle shapes and types of
packing. It will be shown later in the SEM pictures of the
fractured surface of epoxyacrylate composites that the
silica spheres appear to be nonagglomerated and randomly
arranged in the matrix. Nielsen and Landel quoted a value
of Vinax = 0.632 for such random-close packing, nonag-
glomerated spheres. This value was thus used in Egq. 5.

The predictions from the “no-slip” and “slip” Nielsen
models are also shown in Fig. 5. The predictions of the
Halpin-Tsai and the “no-slip” Nielsen models almost
overlap with each other. The moduli of the EA-MPS
composites are much closer to these prediction lines, indi-
cating the presence of perfect bonding between the silica
spheres and the matrix. In addition, it can be seen that
reducing the adhesion between the particles and the ma-
trix reduces the value of kg and thus the predicted modu-
lus. The experimental data of the EA—PS composites are
somewhere between the predictions from the “no-slip”
and “slip” Nielsen models and are closer to the prediction
line from the “slip” Nielsen model. This indicates that
there were still some weak interactions between the PS
particles and the matrix.

Both ultimate tensile strength (o,) and elongation at
break (g,) were found to increase with increasing the silica
content, as summarized in Table 1. Both values reached
their maxima in the EA—PS composites when 15 phr silica
spheres (equivalent to 7.27 vol%) were added, and the cal-
culated maximum relative improvements to the neat EA
resin in the o}, and &, were 1.91 and 1.70, respectively. In
addition, the o, and &, of the EA-MPS composites were
higher than those values of the respective EA—PS compo-
sites with the same added amount of silica. The reason is
that the surface modification with MPTMS could enhance
the dispersion of silica particles and provide chemical
bonding between the silica particles and the matrix. The
maximum values of gy, and ¢, for the EA-MPS composite
were also found with 15 phr of MPS spheres, and their rela-
tive improvements reached 2.22 and 2.03, respectively.
With higher MPS content of 20 phr, both g, and ¢, of the
composites began to decline. This is because slight aggre-
gation occurred at this composition as proved in the SEM
picture of the fracture surface of the composites, which will
be discussed later.

Fracture Toughness and Fracture Surface

The SENB test was used to determine the fracture
toughness, Kj., according to ASTM D5045. The value of
the fracture energy, Gy., was then calculated using Eq. 1.
A K. value of 0.66 MPa-m'? was obtained for the neat
epoxyacrylate resin. The fracture toughness was found to
increase by the addition of silica spheres, as summarized
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in Table 1. The increase was much higher for the system
with MPS at the same added amount of silica spheres. For
the epoxyacrylate composite with 15 phr MPS, a maximum
value of 1.38 MPa-m'? was observed. In other words, the
fracture toughness increased by 109% by adding 15 phr
MPS. Thus, strong interfacial bonding is advantageous for
increasing fracture toughness. The fracture energy (Gy.) of
epoxyacrylate—silica composites calculated via Eq. I also
increased with silica content as summarized in Table 1. The
stronger interfacial bonding in the EA-MPS is also respon-
sible for the higher fracture energy as compared to the EA—
PS. By adding 15 phr MPS, the fracture energy could
increase by 270% from 145 to 536 J/m”. For the same add-
ing amount, the fracture energy of EA-PS was about 439 J/
m”. However, the K;. and Gy of the composite started to
decrease when the silica content reached 20 phr which is
believed owing to the slight aggregation of silica spheres.

The reason for the significant increase in toughness can
be explained by the fracture behavior through the observa-
tion of fracture surface. As shown in Fig. 6a, the fracture
surface of the neat epoxyacrylate is relatively smooth and
featureless, which is typical of a brittle thermosetting poly-
mer. There was no large-scale plastic deformation during
fracture. Therefore, the fracture toughness of the neat epox-
yacrylate was low and the Kj. value was only 0.66 MPa-m'”.
However, the addition of PS or MPS resulted in a rougher
surface where the crack deflection and bifurcation were
observed, as shown in Fig. 6b—d.

Johnsen et al. [14] have considered the toughening
mechanisms induced by the silica nanoparticles in detail.
The toughening mechanisms can be broadly categorized
as on-plane processes (such as crack pinning or bowing
and crack deflection) or off-plane processes (such as
debonding and plastic void growth). Crack pinning occurs
when the particles are larger than the crack-opening dis-
placement, and it is identified by the presence of bowing
lines on the fracture surface [40]. Under plane-strain con-
ditions, the crack-opening displacement, d,., can be calcu-
lated using the relationship [14]:

K:. 5. G
= C 1 —_ = —
O Eag, ( v) oy ©)

where oy is the yield stress of the matrix.

For the neat epoxyacrylate, the value of the crack-open-
ing displacement calculated by using the data in Table 1 is
4.2 um. For the epoxyacrylate—silica composite with the
maximum toughness, that is, the one with 15 phr MPS, a
value of d,. = 6.9 um is obtained. It is thus clear that par-
ticles which are so much smaller than the crack-opening
displacement are unlikely to cause crack pinning. Further-
more, the absence of bowed crack front markings on the
fracture surfaces indicates that crack pinning is unlikely to
be responsible for the observed increase in toughness.

It is well known that crack deflection by particles can
lower the local crack-tip stress intensity factor and
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FIG. 6. SEM images of the fracture surface of (a) neat epoxyacrylate, (b) epoxyacrylate composite with 15
phr PS, (c) epoxyacrylate composite with 15 phr MPS, and (d) epoxyacrylate composite with 20 phr MPS.

enhance fracture resistance. The crack deflection is owing
to the tilt and twist of crack front when the crack propa-
gation is resisted by the silica particles and hence the
crack passes around the particle surface. This causes an
increase in the total fracture surface area and also causes
the crack to grow locally. The addition of MPS or PS
resulted in a rougher surface, as shown in Fig. 6, indicates
that crack deflection is one of the reasons for improving
toughness.

Another possible reason for the increase of toughness
could be the particle-matrix debonding followed by plas-
tic void growth, in other words, energy consumption at
the interface. Debonding is essential because it reduces
the constraint at the crack tip and hence allows the matrix
to deform plastically via a void growth mechanism. The
particle—matrix debonding could be seen under a high
magnification in Fig. 6b—d. This demonstrates the occur-
rence of the plastic void growth of the epoxy matrix initi-
ated by debonding of silica spheres. However, some
spherical voids with sharp boundary are also shown in
Fig. 6b, indicating that the interfacial strength in the EA—
PS was not as strong as that in the EA-MPS. Therefore,
the improvement in fracture toughness in the EA-PS was
not as high as that in the EA-MPS.

The irregular voids without clear boundary are shown
in Fig. 6¢c—-d for the EA-MPS composites, because the
MPS surface had vinyl functional groups which could be
bonded with the matrix. The perfect bonding between the
MPS and the matrix enables the crack propagation
through the matrix above or below the poles of the par-
ticles. Hence, the crack propagation path in the system
with perfect particle/matrix adhesion is expected to be
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longer than that with poor adhesion. Consequently, the
fracture toughness increases with the crack propagation
path. This may be another reason why the fracture tough-
ness of the EA-MPS composite is higher than that of the
EA-PS composite. Therefore, improving the bonding
between the particle surface and the matrix could effec-
tively increase the toughness.

Coefficient of Thermal Expansion and Glass Transition
Temperature (T,)

Generally, in a composite system, the expansion of the
matrix is constrained owing to the presence of inorganic
fillers [41]. Therefore, as summarized in Table 2, the
coefficient of thermal expansions (CTEs) of composites
below T, (o;) and above T, () decreased with an
increase in the silica content. The CTE decreased from 41
um/m°C for the neat epoxyacrylate to 30 um/m°C for the
epoxyacrylate composite with 20 phr PS below T,, and
from 265 pum/m°C to 210 um/m°C above T,.

The glass transition temperature (T,) of the cured com-
posites could be determined by using both differential
scanning calorimetry and thermal mechanical analysis. As
clearly summarized in Table 2, the addition of PS only
slightly decreased the glass transition temperature of the
epoxyacrylate by 2°C from DSC and by 5°C from TMA.
One possible reason is that the silica spheres induced a
slight reduction in the crosslinking density of the polymer
matrix. Preghenella et al. [42] also noticed a reduction in
the glass transition temperature of the nanosilica-filled
epoxies. They proposed that the nanosilica could cause a
reduction in the crosslinking degree of the polymer matrix
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TABLE 2. The glass transition temperature (7y) and CTE of
epoxyacrylate—silica composites filled with different silica contents.

Silica content T, (°C) CTE®
Weight Volume o o
Sample® (phr) (%) DSC TMA (ppm/°C) (ppm/°C)
EA 0 0 1353 137.3 41.7 265.2
EA-PS5 5 2.55 133.5 135.1 32.8 261.4
EA-PS10 10 4.96 1352 130.8 33.7 244.0
EA-PS15 15 7.27 135.6  133.7 33.6 220.7
EA-PS20 20 9.46 134.5 133.1 30.3 210.0
EA-MPS5 5 2.55 133.5 133.5 42.1 267.1
EA-MPS10 10 4.96 128.7 131.6 42.7 253.5
EA-MPS15 15 7.27 127.6  128.8 36.2 236.2
EA-MPS20 20 9.46 123.0 123.3 31.7 223.9

? EA is the neat epoxyacrylate; EA-PS series are the epoxyacrylate
composites filled with the pure silica; EA-MPS series are the epoxyacry-
late composites filled with the surface-modified silica.

b oy, linear CTE bellow Tg; oy, linear CTE above T.

by effectively preventing the complete curing of the
epoxy.

It is more obvious that the addition of MPS decreased
the glass transition temperature of the epoxyacrylate ma-
trix. The T, decreased from 135°C for the neat epoxya-
crylate to 123°C for the EA-MPS with 20 phr MPS. It
indicates that in addition to the reduction in the crosslink-
ing density of the polymer matrix by the silica spheres,
the MPTMS on the surface of MPS could increase the
chain mobility of the epoxy resin in the composite.

CONCLUSIONS

Highly uniform silica spheres were prepared from the
hydrolysis and condensation reaction of TEOS in the am-
monia/ethanol solution. The surface of the spheres was
further modified by reaction with MPTMS to have vinyl
functional group. It was found that the MPTMS could in-
hibit the growth of particles and decrease the yield of
submicron particles. The results revealed that the epoxya-
crylate—silica composites had higher tensile mechanical
properties and fracture toughness than the neat epoxyacry-
late. In addition, the increase was larger for the epoxya-
crylate filled with MPS silica spheres than the system
with PS. This is because there was chemical bonding
between the MPS silica spheres and the matrix, thus pro-
viding stronger interfacial strength. By adding 15 phr
MPS into the epoxyacrylate, the Kj. and Gj. could be
increased by 109 and 270%, respectively. The toughening
mechanisms as evidenced from the observation of fracture
surface include crack deflection and particle—matrix
debonding. The micrographs showed that the perfect
bonding between the MPS and the matrix leaded to the
increase in the crack propagation path and the absorption
of energy in particle debonding, which could effectively
increase the fracture toughness.
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