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a b s t r a c t

Fe/Vinyl ester resin nanocomposites were fabricated by the monomer particle stabilization without any
additional surfactant or coupling agent. Vinyl ester monomer serves as a coupling agent with one side
covalently bound onto the nanoparticle surface by a displacement reaction and the other end copolymer-
ized with extra vinyl ester resin to form a robust unity. The addition of iron nanoparticles favors the
nanocomposite fabrication with a lower initial curing temperature. Vinyl ester resin in the nanocompos-
ites becomes thermally stable as compared to the pure vinyl ester resin. An enhanced mechanical prop-
erty is observed due to the uniform particle dispersion and the introduced interfacial covalent bondage.
The iron nanoparticles become magnetically harder (with a larger coercivity) after dispersion in the vinyl
ester resin matrix.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetic nanoparticles with a size close to the single-domain
are of tremendous interest in different fields of chemistry and
physics due to their unique magnetic properties such as high coer-
civity and chemical catalytic properties inherent with their small
size and high specific surface area [1]. However, industrial applica-
tions of bare vulnerable metal nanoparticles are still a challenge
due to the aggregation and easy oxidation [1,2]. To achieve a stable
nanoparticle usable system, metal nanoparticles are usually stabi-
lized by a surfactant/polymer or a noble metal shell, which reduces
the particle agglomeration in a colloidal suspension or protects
them from oxidation in harsh environments [3–5].

Polymeric nanocomposites reinforced with nanoparticles have
attracted much interest due to their cost-effective processability
and tunable physical properties such as mechanical, magnetic,
optical, electric and electronic properties [4,6–10]. The use of prop-
er functional nanoparticles within a polymeric matrix renders the
resulting nanocomposites applicable in devices such as photovol-
taic (solar) cells [11], polymer-electrolyte membrane fuel cells
[12], and magnetic data storage systems. The functional groups
ll rights reserved.

zguo@my.lamar.edu (Z. Guo).
partment, Lamar University,
of the polymer surrounding the nanoparticles enable these nano-
composites to be used for various industrial applications, such as
site-specific molecule targeting applications in the biomedical
areas and explosive detection sensors [13]. High particle loading,
required for certain applications such as solar cells, electromag-
netic interfaces (EMI), microwave absorbers [14–16] and giant
magnetoresistance (GMR) sensors [17], usually has a deleterious
effect on the mechanical properties due to the particle agglomera-
tion and poor interfacial bonding between the nanoparticle and
polymer matrix. Therefore, particles are functionalized by a surfac-
tant or a coupling agent to achieve uniform particle dispersion in
the matrix and chemical bonding at the interface.

Vinyl ester resin has been widely used in the marine (Naval sub-
marine) industry [18] due to its good mechanical properties such as
large Young’s Modulus and tensile strength, and its superior resis-
tance to moisture and chemicals [19]. As a thermosetting material,
vinyl ester resin can be cured easily in an ambient condition and
was reported to strongly depend on curing temperature, initiators
and accelerator levels [20]. Our recent investigations on nanocom-
posites reinforced with different ceramic nanoparticles, such as alu-
mina, zinc oxide, iron oxide and copper oxide, have shown that the
ceramic nanoparticle itself has some effect on the curing process
and subsequent performance of nanocomposites [19,21,22]. How-
ever, there still lacks a systematic study of the nanoparticle effect
on the curing process for high-quality vinyl ester resin nanocompos-
ite fabrication, especially for the case of reactive magnetic metallic

mailto:nanomaterials2000@gmail.com
mailto:zguo@my.lamar.edu
http://www.sciencedirect.com/science/journal/02663538
http://www.elsevier.com/locate/compscitech


Fig. 1. DSC curves of the liquid pure resin and vinyl ester nanocomposites with
different iron nanoparticle loadings.
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nanoparticles. In addition, the functionalization of nanoparticles
made the composite fabrication more complicated and costly.

In this paper, we present a facile and economical method to pre-
pare iron nanoparticles reinforced vinyl ester resin nanocompos-
ites. There is no need of any additional surfactant or coupling
agent for improving the particle dispersion and enhancing the par-
ticle/matrix interaction. The monomers, serving as a stabilizer, are
covalently bound onto the nanoparticle surface and further copoly-
merize with the extra monomers after the introduction of the cat-
alyst and promoter. The mechanical and magnetic properties of the
nanocomposites were explored. The stabilization mechanism of
the nanoparticles by monomers for nanocomposite fabrication
was investigated by X-ray photoelectron spectroscopy (XPS).

2. Experimental

2.1. Materials

The polymeric matrix used was a vinyl ester resin, Derakane
momentum 411–350 (manufactured by the Dow Chemical Com-
pany), which is a mixture of 55 wt% vinyl ester with an average
molecule weight of 970 g/mole and 45 wt% styrene monomers.
Styrene with only one unsaturated carbon–carbon double bond
provides linear chain extension. Vinyl ester monomers with two
reactive vinyl end groups enable the cross-linking for network for-
mation. The liquid resin has a density of 1.045 g/cm3 and a viscos-
ity of 350 centipoises (cps) at room temperature. Trigonox 239-A
(curing catalyst or initiator, organic peroxide, liquid) was pur-
chased from Akzo Nobel Chemicals. Cobalt naphthenate (CoNap,
OM Group, Inc.) was used as a catalyst promoter (accelerator) to
decompose the catalyst at room temperature. Iron (Quantun-
Sphere, Inc., Santa Ana, CA) nanoparticles with an average diameter
of 20 nm and a specific surface area of 35–55 m2/g (BET) were pro-
duced and transported in the inert gas to prevent the oxidation.
The active nanoparticles were used as nanofillers for the nanocom-
posite fabrication and also served as a metal precursor for the dis-
placement between the monomers and the metals.

2.2. Nanocomposite fabrication

The nanocomposite fabrication is briefly described as follows. A
specific amount of iron nanoparticles with an average size of
20 nm (provided by QuantumSphere Inc.) and the nitrogen de-
gassed vinyl ester resin (30 g) are transferred into a 2-neck flask.
The sealed flask is ultrasonically stirred for about 2 h to completely
wet the nanoparticles by the resin. The suspended solution is fur-
ther stirred by hand and ultrasonically for another 2 h until uni-
form dispersion is obtained. A mixture of the nitrogen-degassed
catalyst (2.0 wt%, Trigonox 239-A, organic peroxide, Akzo Nobel
Chemicals) and promoter (0.3 wt%, cobalt naphthenate, OM Group,
Inc.) is introduced quickly. The final solution is poured into a sili-
cone mold for room temperature curing. All the reactants are
added in an ultrahigh purity nitrogen protection condition. Cau-
tion: Handling of the iron nanoparticles should be done in a fume
hood, due to high risk of fire and respiratory health issue.

2.3. Characterization

The optimum curing condition was investigated by a differen-
tial scanning calorimetry (DSC) with a heating rate of 20 �C/min
and a nitrogen flow rate of 10 cm3/min (ccpm). The reaction en-
thalpy (J/g) and residual heat of reaction were measured from
the area under the DSC peaks.

Nanocomposites with different particle loadings were fabri-
cated based on the functionality of the vinyl ester resin monomers
and the reactivity of the metal nanoparticles. Weight percentage of
nanoparticles in the nanocomposites and thermal stability of the
nanocomposites were determined by the thermo-gravimetric anal-
ysis (TGA, PerkinElmer) with an argon flow rate of 50 ccpm and a
heating rate of 10 �C/min.

The dispersion quality of the nanoparticles in the vinyl-ester re-
sin matrix was investigated by scanning electron microscopy
(SEM) on the polished nanocomposite cross-sectional area. The
SEM samples were carefully prepared as follows. The cured com-
posite samples were polished with a 4000-grit sand paper and a
following 50 nm alumina nanoparticle aqueous solution polishing
to achieve a smooth surface, then washed with DI water, and fol-
lowed by sputter coating a 3 nm gold. The fracture surface of the
nanocomposites after the tensile test was sputter coated with a
3 nm gold studied for SEM investigation.

X-ray photoelectron spectroscopy (XPS) was utilized to investi-
gate the nanocomposite formation mechanisms. XPS was conducted
on a Kratos Axis Ultra XPS system using a monochromatic Al Ka
source for irradiation. The sample was prepared by allowing com-
plete reaction between the nanoparticles and vinyl ester resin
monomers under ultrasonication without curing, then washing with
excessive anhydrous tetrahydrofuran to remove excessive resin.

The mechanical properties were evaluated by tensile tests fol-
lowing the American Society for Testing and Materials standard
(ASTM, 2005, standard D 1708-02a). An Instron 4411 with Series
IX software testing machine was used to measure the tensile
strength and Young’s modulus. The dog-bone shaped specimens
were prepared as described in the nanocomposite fabrication sec-
tion. The specimen surfaces were smoothed with an abrasive sand
paper (1000 grit). A crosshead speed of 15 mm/min was used and
strain (mm/mm) was calculated by dividing the crosshead dis-
placement (mm) by the gage length (mm).

The magnetic properties were investigated in a 9-T Physical
Properties Measurement System (PPMS) by Quantum Design.

3. Results and discussion

The iron nanoparticles were observed to have a significant ef-
fect on the curing process as investigated by DSC. The initial and
peak exothermal curing temperatures were substantially de-
creased after the incorporation of nanoparticles in the liquid resin.
The released reaction heat (based on the neat resin) decreased with
the increase of the particle loading as marked in Fig. 1. The lower
initial exothermal curing temperature indicates that the addition
of iron nanoparticles favors a lower temperature curing.



Fig. 4. TGA curves of the nanocomposites with different particle loadings after

Z. Guo et al. / Composites Science and Technology 68 (2008) 2551–2556 2553
The DSC study on the 24-h room temperature cured nanocom-
posites showed a similar 75% polymerization for composites with
two different loadings. However, a lower curing temperature is
observed in composites with a higher particle loading, shown in
Fig. 2. As compared to the lower initial curing temperature in
the liquid composite samples, the higher initial curing tempera-
ture in the composites after 24-h room-temperature curing is
due to larger molecule chains which require more energy for fur-
ther polymerization. In contrast to the lower reaction heat in the
liquid nanocomposites with higher particle loading, the room
temperature cured nanocomposites with higher particle loading
have higher reaction heat. This is due to more monomers sur-
rounding the particle surface with a less molecular mobility for
polymerization.

Fig. 3 shows the thermo-gravimetric analysis (TGA) curves of
the room-temperature cured vinyl ester resin nanocompsoites
reinforced with different particle loadings. Vinyl ester resin in
the 24-h room-temperature cured nanocomposites is observed to
be stable at temperatures lower than 300 �C and decompose at
Fig. 2. DSC curves of the vinyl ester nanocomposites after a 24-h room-temperature
curing.

Fig. 3. TGA curves of the nanocomposites with different particle loadings after 24-h
room temperature curing.

postcuring at 100 �C.
temperatures higher than 300 �C. The slight weight loss in the
range of 100–300 �C in the composites with low particle loadings
is due to the monomer evaporation.

A fully cured nanocomposite with a 100% curing extent was
deduced after postcure at 100 �C for 2 h with an observed straight
line in the DSC curves (not shown here). The thermal stability of
the fully cured nanocomposite was investigated by thermo-gravi-
metric analysis (TGA). Fig. 4 shows the TGA curves of the
fully-cured nanocompsoites with different particle loadings. The
fabricated polymer nanocomposites can resist to higher tempera-
tures above 300 �C or even higher with the increase of the
particle loading. Iron nanoparticles were reported to serve as a
catalyst for carbon nanotube/nanofiber formation and may
decrease the thermal stability of the nanocomposites. However,
the enhanced thermal stability is due to the following synergistic
effects. The nanoparticles lower the mobility of the polymer
chains which were chemically bounded onto the nanoparticle
surface. The bounded polymer, on the other hand, inhibits the
active component of elemental iron to catalyze the polymer by
forming an iron-vinyl ester complex. The mechanism of the reac-
tion was investigated by X-ray photoelectron spectroscopy (XPS)
and will be discussed later.

The tensile mechanical properties of the fully cured nanocom-
posites are summarized in Table 1. The Young’s Modulus and ten-
sile strength increased 170% and 20%, respectively in the 35 wt%
nanocomposite. However, the tensile strength decreased in the
50 wt% nanocomposite because of the noticeable voids.

The particle distribution within the cured vinyl ester resin ma-
trix was characterized by a field emission scanning electron micro-
scope (SEM). Fig. 5a shows the typical SEM micrograph of the
cross-sectional area of the nanocomposite with a particle loading
of 35 wt%. The particles show different sizes in the SEM micro-
graphs. This is due to the particles embedding in different depth
in the vinyl ester resin matrix. However, no particle pull-out (i.e.,
voids) in the samples after polishing was observed indicating a
Table 1
Mechanic properties of the cured pure resin and nanocomposites

Particle loading (wt%) Young’s Modulus (GPa) Tensile strength (MPa)

0 1.2 0 ± 0.10 55.20 ± 2.60
15 2.35 ± 0.45 55.37 ± 0.70
35 3.24 ± 0.78 63.09 ± 1.20



Fig. 5. SEM micrograph of (a) the cross-section and (b) fracture surface after tensile
test of the nanocomposites with a particle loading of 35 wt%.

Fig. 6. Room temperature magnetic hysteresis loops of vinyl ester resin monomer
stabilized iron nanoparticles and the iron nanoparticles reinforced vinyl ester resin
nanocomposites with different particle loading.

2554 Z. Guo et al. / Composites Science and Technology 68 (2008) 2551–2556
strong chemical bondage between the nanoparticles and the vinyl
ester resin matrix.

Fig. 5b shows the SEM micrographs of the fracture surface after
the tensile test. A rougher fracture surface with many openings
was observed in the nanocomposites as compared to the fracture
surface characterized by larger smooth areas, ribbons and fracture
steps observed in the cured pure vinyl ester resin [19]. This micro-
rough structure is attributed to the matrix shear yielding or local
polymer deformation between the nanoparticles rather than the
intra-particle propagating cracks due to the difficulty in breaking
the harder iron nanoparticles. No void/holes arising from the pos-
sible peeling off the nanoparticles from the polymer matrix were
observed in the high-resolution SEM micrograph as shown in the
inset of Fig. 5b, which is similar to the polished cross-sectional
composite sample and indicates a strong chemical interaction be-
tween the nanoparticles and vinyl ester resin matrix. The strong
interfacial interactions between the nanoparticles and the vinyl es-
ter resin matrix thus have an important effect on the effective
transfer of the local stress. The extremely higher specific surface
area inherent with the nanoscale particles as compared to the
bulk/micron particles together with the strong interfacial chemical
bondage between the polymer matrix and the reinforcing nanopar-
ticles effectively facilitate the local stress transfer from the poly-
mer matrix to the tougher metal nanoparticles, which results in a
much higher tensile strength as compared with the cured pure vi-
nyl ester resin.

Fig. 6 shows the room-temperature magnetic hysteresis loop
of the as-prepared vinyl ester monomer stabilized iron nanoparti-
cles and the iron nanoparticles reinforced vinyl ester resin nano-
composites with different particle loading. The monomer
stabilized iron nanoparticles were prepared by displacement reac-
tion between iron nanoparticles and vinyl ester resin in ultrason-
ication and nitrogen protection conditions, washing with
tetrahydrofuran and drying in a vacuum oven. As compared to
the reported coercive force (coercivity, Hc, the magnitude of the
external applied magnetic field necessary to return the magnetic
material to a zero magnetization condition.) of 5 Oe for the bare
superparamagnetic iron nanoparticles [17], Hc is observed to in-
crease to 153 Oe after nanoparticles stabilized with vinyl ester
monomers and further increased to 226.5 Oe in the vinyl ester
resin nanocomposite with a particle loading of 35%. This obser-
vation indicates that the bare superparamagnetic iron nanoparti-
cles became harder (ferromagnetic state at room temperature)
after they were dispersed in a polyurethane matrix and consis-
tent with the nanoparticles dispersed in the polyurethane matirx
[17]. The big discrepancy in the coercivity is due to the
decreased interparticle dipolar interaction arising from the
increased interparticle distance of nonmagnetic oreganics [23]
as compared to the close contact of the pure iron nanoparticles,
and also due to the polymer-particle interfacial effect [24]. The
organic spacers are either the monomers chemically bound onto
the nanoparticle surface in the monomer stabilized iron nano-
particles or the physical presence of vinyl ester resin matrix
around iron nanoparticles with monomers chemically bound
onto the nanoparticle surface in the fully cured vinyl ester resin
nanocomposites.

The magnetization of the monomer stabilized iron nanoparti-
cles and the fully cured vinyl ester resin nanocomposite does not
saturate at higher field as shown in Fig. 6. Saturation magnetiza-
tion (Ms) was determined by the extrapolated saturation magneti-
zation obtained from the intercept of the magnetization vs H�1 at
high field [24,25]. The calculated Ms was 30.5 emu/g, 52.5 emu/g
and 73.0 emu/g for the vinyl ester resin nanocomposites with a
particle loading of 15 wt% and 25 wt% and 35 wt%, respectively.
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Ms based on the pure iron nanoparticles was about 203 emu/g,
210 emu/g and 209 emu/g for nanocomposites with a particle
loading of 15 wt%, 25 wt% and 35 wt%, respectively. All these val-
ues are a little lower than that of the bulk iron (218 emu/g),[26]
which is due to the loss of the active magnetic iron on the nanopar-
ticle surface arising from the iron oxidation either by the displace-
ment or exposure to air during the composite fabrication.

The iron nanoparticle is reported[27] to have a superparamag-
netic zero-coercivity region of 10 nm and a critical size of
100 nm with a maximum coercivity. The coercivity decreases to
that of the bulk iron when the nanoparticles become agglomerate
with size of microscale. The observed larger coercivity in the nano-
particles after dispersed in the polymer matrix further indicates a
fairly uniform dispersion of nanoparticles in the polymer matrix,
i.e., the nanoparticles are stabilized by the vinyl ester monomers
without agglomeration. Gas bubbles were observed during the par-
ticle dispersion in the vinyl ester resin in the air-free nitrogen con-
dition. This is due to the hydrogen generation arising from the
displacement reaction between reactive metallic iron nanoparti-
cles and vinyl ester monomers. The nature of the interaction be-
tween the nanoparticles and the vinyl ester monomers was
investigated by XPS investigation and the XPS samples were pre-
pared carefully as described in Experimental section. Fig. 7 shows
the high resolution carbon 1 s XPS spectra with all the fitting
curves representing different functional groups. The peaks at
284.6 eV, 285.0 eV, 286.6 eV and 288.6 eV represent C–C and/or
C–H, C@C and/or C–H, C–O and C@O bonds, respectively. These
characteristic peaks arise from the vinyl ester resin and thus indi-
cates the presence of vinyl ester resin on the nanoparticle surface.
Iron 2p3/2 high resolution XPS spectrum verified partial oxidation
Fig. 7. High-resolution carbon 1s XPS spectrum of THF washed vinyl ester/iron
nanoparticle complex.
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Scheme 1. Vinyl ester stabilization of iron nanoparticles, OR represents the
hydroxyl group in vinyl ester.
of the iron nanoparticle surface arising from the displacement of
the vinyl ester resin on the nanoparticle surface.

The nanocomposite formation mechanisms are shown in
Scheme 1. The active metallic iron nanoparticles react with the hy-
droxyl functional groups of the vinyl ester monomers and release
hydrogen. The vinyl ester monomer serves as a surfactant with
one side chemically bound onto the nanoparticle surface. The other
side promotes the dispersion of the nanoparticles in the monomer
solution. The subsequent addition of the catalyst and promoter
serves as a free radical to initiate the monomer polymerization
for crosslinkage formation. The carbon–carbon double bonds of
the vinyl ester monomers bound onto the nanoparticles also copo-
lymerize with the unbound monomers (styrene for polymer chain
growth or vinyl ester monomers for polymer cross-linking growth)
to form a robust nanocomposite. The strong chemical bondage be-
tween the nanoparticles and the vinyl ester matrix enhances the
mechanical properties. The linked vinyl ester serves as a spacer
to separate the nanoparticles leading to an observed larger coerciv-
ity [23]. The crosslinked vinyl ester resin matrix provides the pro-
tection for the iron nanoparticles from further oxidation and
dissolution in acidic environments [19].

4. Conclusions

In conclusion, we have demonstrated a simple approach to fab-
ricate a robust vinyl ester resin nanocomposite reinforced with
iron nanoparticles. Without any additional surfactant or coupling
agent, the resin is chemically bound onto the nanoparticle surface
and protects the iron nanoparticles from agglomeration and oxida-
tion. Tensile strength and Young’s Module are larger than those of
cured pure resin. The resulting magnetically harder nanocompos-
ites with an increased thermal stability are ferromagnetic at room
temperature and have potential applications in the marine sys-
tems, magnetoresistive sensors [17] and microwave absorption
systems[15].
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