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rds: Nanocomposite Magnetite Epoxy

rogenated derivative of diglycidylether of bisphenol A (HDGEBA) has been successfully employed to prepare

gnetic thermosetting nanocomposites. Magnetite nanoparticles of ≈10 nm modified with oleic acid were

esized by co-precipitation of ferric and ferrous salts in ammonium solutions. Nanocomposites with amounts

% ww−1 of nanoparticles were dispersed in HDGEBA by co-solvent method and cured with m-xylilendiamine.
e particles and nanocomposites were characterized by FTIR, DSC, TGA, XRD, TEM, DMTA and VSM. Due to the

er polarity of the hydrogenated resin, the enhanced compatibility with magnetite oleic coverage allowed

aining good dispersions of the nanoparticles for compositions up 1% ww−1, while at higher concentration
merates were observed. Two behaviors in the thermal properties were obtained: for compositions below 1%

1 the glass tran-sition temperature increased with the amount of nanoparticles, whereas for higher amounts
ss transition temperature decreased. Superparamagnetic behavior was observed in both the particles and the

composites; the blockage temperature gradually increases with loading but it is lower than the observed for

magnetite nanoparticles. This fact reflects that nanoparticle–nanoparticle distances in the nanocomposites

dually decrease with loading which is in accordance with a good dispersion state for low loadings and the

presence of aggregates at high loadings.
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development and manufacture of nanostructured mate-

pecific functional properties is an active research field

ng interest in recent years. Incorporation of nanoparti-

lymer matrices is a good strategy to transfer functional

of particles to polymers. Nanocomposites prepared in

e an important class of materials which combines both

nal properties of the nanoparticles and the advantages

matrices. There are excellent reviews [1–3] that show

improvements in mechanical, electrical and optical

of materials when relatively small amounts of nanopar-

corporated in polymers [4–7]. Since the type, size and

f nanoparticles (spheres, sheets, tubes, bars, etc.) plays

nt role on the properties of the final material, one of

portant challenges is to control these properties dur-

oparticles preparation. Nevertheless the key factor for

l performance is to obtain a homogeneous distribution

ticles within polymer matrices, avoiding the formation

rates, which is a general problem on the preparation of
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[18–23] an

of effective

radiation [2

The eff

application

ation. Chun
rol the size of nanoparticles, both the thermodynamics

rmation and diffusional processes during the growth

ntrolled. Conditions must be optimized to: (i) ensure

ion of a large number of nuclei and (ii) hinder diffu-

ibit crystal growth. For the first, high concentrations

ors are used, while diffusion can be controlled car-

the synthesis in confined environments such as gels,

icellar systems [8]. The synthesis of ferrite nanoparti-

en intensively investigated in recent years because of

rical and magnetic properties. Many procedures have

red: chemical coprecipitation [9–11], co-precipitation

icroemulsions [12,13], hydrothermal synthesis, sol–gel

[14], use of citrate precursors [15], mechanical mixing

ermal decomposition in solid matrices [17] are some

Nevertheless, the simplest and cheapest ways to obtain

ferrites are chemical co-precipitation and the use of

croemulsions.

dy of magnetic nanoparticles has a strong interest

their huge potential applications, among which med-

tions like hyperthermal treatments for cancer control

d technological applications, such as the development

shielding materials for high frequency electromagnetic

4] can be highlighted.
ectiveness of magnetic nanoparticles in shielding

s is related with dissipation of electromagnetic radi-

g [25] defines three mechanisms for electromagnetic
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ce processes: reflection, absorption and multiple reflec-
first one is important in metallic materials, while multiple
s are important in polymeric foams or porous materi-
ption of electromagnetic radiation by magnetic particles
agnetic spin rotation and the magnetic energy can be

d by heat transfer to the matrix. This is the most appropri-
anism for protecting the internal elements of an electronic
general, absorption losses are proportional to the product
ere �r and �r are the relative electrical conductivity and
ermeability respectively), while reflection losses are pro-
to the ratio �r/�r. Therefore, particles with high magnetic

ility as magnetic ferrites are suitable for these processes.
t research focuses on the use of nano-sized particles

of the following reasons: (i) To increase the effective-
lectromagnetic absorption. It is known that electrical
ity occurs on the surface of the particles (skin effect).
skin thickness is inversely proportional to the radia-

uency, the skin thickness for absorbing radiation in the
igahertz is a few nanometers. Therefore the specific sur-
ion (and so absorption effectiveness) can be increased
particle size; (ii) the superparamagnetism phenomenon.
amagnetic nanocomposites are materials in which mon-
ferromagnetic nanoparticles with sizes under 50 nm, are
ersed in a solid matrix. At room temperature, thermal
enough to maintain a random distribution of the mag-
ents of the nanoparticles [26]. But these materials show

g temperature below which thermal energy is not able
ate randomly the magnetic moments and polarization
n the presence of low magnetic fields [27]. In addition,
et al. showed, the absorption frequency increases as the
icle size is decreased [28]. The most commonly used mag-
oparticles are ferrites. However, their main drawback
ey tend to form agglomerates preventing homogeneous
on of particles within the polymers and, as a conse-
oosing their superparamagnetic behavior and affecting
composites mechanical properties. One possible solution
of surfactants which can act as compatibilizers between

cles and the matrix allowing also to control the particle
g the synthesis.
ers are very attractive matrices for embedding magnetic
due to their thermal and electrical properties, density,
ility and price. Gyergyek et al. [29] classified the meth-
reparing magnetic polymer matrix nanocomposites in
ups: (i) synthesis of magnetic nanoparticles in a poly-
ix or on its surface [30,31]; (ii) polymerization reaction
esence of nanoparticles [32]; (iii) mixing polymers and
icles [33,34]. Methods (i) and (ii) do not allow an adequate
f particle size and the variety of nanocomposites that can
red is considerably limited; using method (iii), which is
versatile, particles can agglomerate easily when mixing
atrix unless their surface is modified. Nanocomposites of

e or maghemite with a wide range of different thermoplas-
ers, from conventional polymers such as polypropylene
styrene [36–38], or poly(methyl methacrylate) [39], to
able polymers [40,41] or even conducting polymers [42]

n prepared this way.
ration and characterization of magnetic nanocomposites
mosetting polymers is scarcely reported in the literature.
Fe3O4 nanoparticles have been used in epoxy matrices

diglycidylether of bisphenol A (DGEBA) [43–45], but the
terials showed poor dispersion of the particles and big
s were observed even at low particle loading. The use of
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Fe3O4 particles seems to improve dispersion, at least in
able epoxy formulations [46]. In this work a thermosetting
based on epoxy resin has been selected as nanocompos-
. Epoxy resins are widely used as adhesives, coatings and

cles (0.25
mixtures
blended
placed in
polymer composites due to its low viscosity, good insu-
perties even at high temperatures and good chemical and
esistance [47]. They are also used as encapsulants for elec-
vices; incorporation of magnetite particles may lead to the

ent of encapsulant formulations with electromagnetic
properties.
ve selected a hydrogenated derivative of diglycidylether
nol A (HDGEBA) epoxy resin, whose main feature is the
f phenyl groups in its structure while keeping good reac-
ards common amine based curing agents. Its low polarity
resence of flexible cyclohexyl groups instead of rigid aro-
gs makes the viscosity of HDGEBA appreciably lower than
ased resins, making it especially interesting for coatings,
omplex components and encapsulation. Additionally, it
ed to be more compatible with aliphatic organic struc-
the hydrophobic chains of surfactants. Up to the authors’

ge, the use of this resin has only been reported in a few
48–51].

present work magnetite nanoparticles of about 10 nm
ter modified with oleic acid have been synthesized by
itation of ferric and ferrous chlorides in ammonium solu-

rmosetting nanocomposites based on HDGEBA have been
at different nanoparticle loading. Both the particles and
posites have been characterized by FTIR, TGA, XRD, TEM,
TA and VSM. Results of this work will be used in an
work to evaluate the applicability of these materials as

agnetic protective panels in the range of GHz.

imental

rials

s chloride tetrahydrate, ferric chloride hexahydrate,
m hydroxide (28%v/v), oleic acid, and tetrahydrofurane

rchased from Sigma–Aldrich and used without further
on. The hydrogenated derivative of diglycidyl ether of
l-A (HDGEBA) was supplied by CVC Specialty Chemicals
ith a mass per epoxy groups mol of 210 g mol−1, deter-

acid titration. m-xylilenediamine (Sigma–Aldrich) was
uring agent.

hesis of nanoparticles

etite nanoparticles were prepared according to a previ-
orted method [9–11]: 5.80 g of FeCl3·6H2O and 2.15 g of

2O were dissolved in 200 mL of deionized water in a round
ask placed in an ultrasonic bath with mechanical stir-
–80 ◦C. 10 mL of 25% NH4OH were quickly added to the

After a few seconds the solution turned black (typical mag-
lor) and 10 mL of oleic acid were added to the suspension
igorously for 2 h. The black fine magnetite precipitate was

from the solution using a magnet and washed several
h hot deionized water and acetone to remove non reacted

salts and excess of oleic acid respectively. The clean pre-
as dried in vacuum at 100 ◦C during 24 h. This process

gnetite nanoparticles covered by an almost monolayer of
.

aration of nanocomposites

nanocomposites with different amounts of nanoparti-

, 0.5, 1, 2.5 and 5% w w−1) were prepared via co-solvent
. Both the nanoparticles and HDGEBA were previously
with THF and appropriate amounts of the mixtures were
a glass vial, mechanically stirred and sonicated at room
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re k = 0.9 was used as Scherrer constant, � is the radiation wave-
th and B the width at half height of each diffraction signal in
ure. It is worthy to note that suspensions of the nanopar-
HF:HDGEBA were stable. Solvent was removed in vacuum
prior curing and stable dispersions of nanoparticles on
were obtained. Dispersions were mixed with stoichiomet-
nts of m-xylilenediamine (curing agent for HDGEBA) and
0 ◦C for 1 h. Samples were postcured 1 h at 120 ◦C and 1 h
to ensure full conversion.

urements

ic Light Scattering (DLS) measurements were carried
Malvern Zetasizer Nano-ZS instrument. Fourier Trans-
ared Spectroscopy in the mid range (FT-IR, PerkinElmer
was used to characterize the synthesized nanoparticles.
ravimetric Analysis (TGA, PerkinElmer STA 6000 sys-
Wide-Angle X-Ray Diffraction (XRD, Panalytical X’pert
diffractometer) were performed on both the synthesized

and the nanocomposites. TGA measurements were carried
rogen atmosphere from 50 ◦C to 600 ◦C with a heating rate

in−1. Magnetic properties of the particles and compos-
investigated by Vibrating Sample Magnetometry (VSM,
ogenic Ltd) at 2 K and 300 K with a 10 T magnetic field.
ooling) and ZFC (zero field cooling) curves were obtained

to 300 K. Morphology of all the prepared nanocomposites
rved by Transmission Electron Microscopy (TEM, 200 kV
cnai 20). The glass transition temperature of the samples

sured by Differential Scanning Calorimetry (DSC, Mettler
2 differential scanning calorimeter equipped with a liq-
en reservoir) at a heating rate of 10 ◦C min−1. Mechanical
ization was performed with a Dynamic Mechanical Ther-
yzer (DMTA, TA Instruments Q800) at 1 Hz.

cterization

particles characterization

dispersions of oleic covered magnetite nanoparticles
ined when using THF as solvent. Dynamic light scattering
asurements on these dispersions showed a narrow size
on of particles centred at 16 nm. No features with size
nm were observed, so the nanoparticles can be expected
gnetic monodomains. Particle size as measured by DLS
d from the translational diffusion coefficient through the

instein equation for Brownian motion. Therefore, the mea-
e corresponds to the size of an equivalent hard sphere
y the magnetite core plus the oleic layer probably swelled
ent.
eic acid amount on the surface of the nanoparticles was
ed by thermogravimetric analysis. Three weight losses
erved in the TGA thermogram (Fig. 1). The first weight
ry small and appears at around 100 ◦C (≈2.4%). It can be

to water absorbed on the nanoparticle surface stabilized
sence of oleate groups and the hydrophilicity of nanopar-

face. The second loss, at around 250 ◦C, could be due to
ed oleic acid (≈4.5%) while the loss centred at 370 ◦C can
ted to oleic acid chemisorbed as oleate. The total oleic
nt covering the nanoparticles determined by TGA is 18.6%

This amount corresponds to a monolayer of oleic acid on
e of the particles.
d spectrum in the mid range (400–4000 cm−1) of the

icles is shown in Fig. 2 (spectrum of the neat oleic acid

Fig. 1
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whe
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esented for comparison). Typical carboxylate asymmet-
n bands are observed at 1525 and 1603 cm−1, indicating
acid in carboxylate form is chemisorbed on the surface
articles. The band centred at 1706 cm−1 corresponds to

Fig. 2. FTIR
acid (b).
of magnetite nanoparticles coated with oleic acid.

ion of carboxylic acid and the band at 1430 cm−1 can be
d to in plane deformation of coordinated hydroxyl groups
i.e. oleic acid physisorbed on the nanoparticles surface.
band centred at 3400 cm−1 (which is missing in the pure
spectrum), can be attributed to the O H vibration of
water on nanoparticle surface in accordance with the
tent found by TGA (2.4%). It is worthy to note a high inten-
in the nanoparticle spectrum centred at 592 cm−1. This
n is characteristic of Fe O vibration at tetrahedral and

al positions in spinel structure and must be underlined as
ite existence proof.
inel structure was checked by XRD. X-ray spectrum of the
ed nanoparticles is shown at Fig. 3, where the diffraction
� = 30.2, 35.6, 43.5, 53.8, 57.4 and 63.0) can be attributed
(3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) crystalline planes
tite. These diffraction signals are characteristic of the
e structure of the magnetite and no other phases (such
ite) are observed. A cell parameter of 0.8632 nm corre-
to a spinel-type cubic cell was obtained. The crystal size

rmined using Scherrer’s equation:
spectra of Fe3O4 nanoparticles coated with oleic acid (a) and pure oleic
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ding to (3 1 1) plane, the crystal size was 9.4 nm.
articles size distribution was obtained by TEM. Fig. 4
image of the nanoparticles; the size distribution was

from the analysis of several images counting more than
particles. A quite narrow distribution of spherical parti-
red at 9.4 nm, was observed. The size obtained by TEM is
to the crystal size obtained by XRD (9.4 nm), indicating
e is no amorphous layer of metal oxides or other metal-
ities surrounding the particle and that the particle is fully
e.
agnetic behavior dependence with temperature was
under field-cooling (FC) (H = 100 Oe) and zero-field-

ZFC) conditions (Fig. 5). An irreversible behavior was

rem
tivel
is m
pera
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netic
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D =
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origi
extr
the s
stan
, suggesting a superparamagnetic behavior with a block-
erature, TB, of 110 K and a splitting of curves at 150 K.
amagnetic behavior was confirmed by hysteresis loops at
0 K (Fig. 5). At 300 K, no hysteresis losses were observed

image of magnetite nanoparticles; insert: particle size distribution.
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teresis loops of magnetite nanoparticles at 2 and 300 K. Insert ZFC and

remanence and coercitivity. Below TB, hysteresis losses
samples. Particles showed a magnetic saturation of 83
u g−1 for temperatures of 2 and 300 K, respectively; a

ce and a coercitive field of 30 emu g−1 and 293 Oe respec-
re observed at 2 K. The difference in magnetic saturation
due to the disorder of nanoparticles spins caused by tem-
From magnetization curves and using Eqs. (2) and (3)
by Chantrell et al [52] and Caizer et al. [53], the mag-

meter and its standard deviation were estimated for a
al particle size distribution.

kBT

�MSH0

√
M0

3�iH0

]1/3

(2)

(
3�iH0

M0

)]1/2
(3)

is the initial susceptibility results from the slope in the
the magnetization curve, M0 and H0 result from the

tion of the linear portion of the curve M versus 1/H in
ation domain. Using these expressions, magnetic size and
deviation were 9.3 nm and 1.4 nm respectively, very sim-
M and XRD results.

composites characterization

-ray spectra of the nanocomposites (Fig. 3) show the
istic signals of magnetite nanoparticles and the amor-
lo characteristic of HDGEBA:m-xylilenediamine epoxy
he diffraction signals of spinel-like structure of magnetite
icles can be clearly observed in nanocomposites contain-
gnetite or higher amounts. No displacement of diffraction
nanocomposites with respect to pure nanoparticles.
al degradation behavior of the nanocomposites with

e was similar to the observed for the neat epoxy matrix
wn). Thermogravimetric analysis of all the samples
a degradation temperature around 310 ◦C, which corre-

the neat epoxy polymer, although the incorporation of
e nanoparticles seems to shift the onset of degradation
slightly lower temperatures. The degradation of oleic acid
served in the thermogravimetric traces, probably due to
mount of oleic acid in the composites.

ispersion degree of magnetic nanoparticles was observed
(Fig. 6). Nanocomposites loaded with 0.25% to 1% of
e showed a good dispersion and very low propor-
gglomerates, although agglomerates were observed in
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Fig. 6. TEM images of nanocomposites. Upper: 1% magnetite loading; bottom 2.5% magnetite loading.

Table 1
Hysteresis loops limits and blocking temperature for nanocomposites.

%NP, w w−1 Ms (emu g−1) Mr (emu g−1) Hc ( Oe) TB (K)

300 K 2 K 300 K 2 K 300 K 2 K

0.25 0.044 0.081 0 0.047 0 285 63

0.50 0.211 0.256 0 0.077 0 285 71

1.00 0.360 0.496 0 0.189 0 285 84

2.50 1.076 1.313 0 0.450 0 285 103

5.00 0.900 0 285 105

100.0 29.34 0 318 110

nanocompo

superparam

at 300 K w

the particle

due to the

of hysteres

magnetizat

nanocompo

spin disord

2 K was fou

dispersed i

constant fo

polymer ma

dependence

in the same

ites showed

towards hi

cles increas

the decreas

The blockin

portion of

acid modifi
2.233 2.626 0

56.32 84.90 0

sites with higher amount of magnetite. Nevertheless,

agnetic behavior with zero coercitivity and remanence

as observed at all the compositions, indicating that

s on the agglomerates remain independent possibly

oleic acid layer which surrounds them. The limits

is loops are summarized at Table 1. The saturation

ion is proportional to the amount of particles in the

site and, as expected, was higher at 2 K mainly due to

er effect caused by thermal energy. The remanence at

nd to be proportional to the amount of nanoparticles

n the polymer matrix, although the coercitivity was

r all samples suggesting a reduced influence of the

trix on the magnetic properties of nanocomposite. The

of magnetization with temperature was measured

way as for the neat nanoparticles. All nanocompos-

a maximum in the ZFC curve; the maximum shifts

gher temperatures as the proportion of nanoparti-
es due to increased spin interactions originated by

e in the average distance between particles (Fig. 7).

g temperature in nanocomposites with high pro-

nanoparticles was close to the observed for the oleic

ed nanoparticles. This effect could be related with Fig. 7. ZFC (solid line) and FC (dashed line) curves for nanocomposites.
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Table 2
DSC and DMTA results for nanocomposites.

%NP Tg (◦C) DSC Tg (◦C) DMTA E′
glass (MPa) E′

rubber (MPa)

0 77.6 91 2600 12.0

0.25 64.8 81 2641 10.2

0.50 6

1.00 7

2.50 6

5.00 5
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ion of agglomerates in those systems with higher

of nanoparticles. In these cases the interactions

agnetic spins of the nanoparticles give rise to a similar

bserved for bulk nanoparticles. Nevertheless all the

owed a blockage temperature lower than the observed

te nanoparticles.

nsitions temperature of all the composites was mea-

ifferential Scanning Calorimetry (DSC) and Dynamic

Thermal Analysis (DMTA) (Table 2). Since the princi-

urement of these two techniques is not the same, the

btained by DSC and DMTA are commonly different. In

e general behavior observed for the HDGEBA/magnetite

sites is the same. Both techniques showed a single glass

mperature which depends on the amount of nanoparti-

es obtained by both techniques versus the nanoparticle

shown in Fig. 8. Two tendencies can be clearly observed:

s with nanoparticles content up to 1%, and at higher

ontents (2.5% and 5%) it decreases. This behavior can be

the dispersion degree of the nanoparticles in the epoxy

ch is high up to 1% while agglomerates are observed at

ing. The Tg values obtained for the nanocomposites are

the measured for the neat epoxy (Tg = 91 ◦C by DMTA).

to note that in this kind of nanocomposites there are

affecting Tg: the dispersion degree of the nanoparti-

atrix and the presence of oleic acid chains which can

ifier of the cured network. This flexibilization effect of

s been previously reported for other oleic acid modified

es [54].

easurements did not show appreciable changes in

t or width of the transition measured by DMTA when

ng nanoparticles to the epoxy matrix, indicating that
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