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The direct reaction of unmodified tung oil and styrene initiated by boron trifluoride diethyl
etherate allowed obtaining thermoset polymers with valuable properties like shape mem-
ory behavior. On the other hand, the addition of magnetite nanoparticles (MNPs) to the
tung oil/styrene copolymer was considered, in order to improve/modify its properties.
MNPs were synthesized by the method of alkaline coprecipitation, followed by coating
with oleic acid in order to hydrophobize their surfaces and make them more compatible
with the polymeric matrix. Thus, superparamagnetic polymer nanocomposites were pre-
pared from the inclusion of the MNPs to the cationically copolymerized tung oil (TO)
and styrene (St) networks. The morphology, dynamic–mechanical and mechanical proper-
ties of the copolymers as well as magnetic behavior were significantly affected by the var-
iation of the concentration of the MNPs.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

During the last years, polymers from renewable re-
sources have attracted an increasing attention, basically
due to the low cost and large availability of the raw mate-
rials, as well as the potential biodegradability of their
applications [1–4]. Consequently, increasing efforts have
been devoted to the study of the synthesis conditions of
polymeric precursors based on vegetable oils, their physi-
cochemical characterization and determination of thermal
and mechanical properties of the final materials [5–7].

Vegetable oils are the most widely used renewable re-
sources due to their relatively low price, wide availability
and potential reactivity through different chemical sites,
their inherent biodegradability and low toxicity [8]. These
oils are triglycerides composed of three fatty acids at-
tached to a glycerol structure [6,9,10], which contain many
reactive sites. In particular, tung oil is available as the ma-
jor product from the seeds of the tung tree (Aleurites for-
dii) [11]. The principal constituent of this oil is a
glyceride composed mainly of a-elaeostearic acid (77–
82 wt.%) containing three conjugated double bounds, oleic
acid (3.5–12.7 wt.%) with one double bond and linolenic
acid (8–10 wt.%) with three nonconjugated double bonds
[5,12,13]. This highly unsaturated, conjugated triene sys-
tem makes it an excellent drying oil at room temperature,
in presence of oxygen [12,14,15]. This characteristic makes
it one of the most used oils, together with linseed oil, in the
paint and varnish industry [16].

Additionally, shape memory polymers have the capabil-
ity for changing their shapes from a temporary shape to a
permanent shape upon application of an external thermal
stimulus [17–20]. In the last years, shape memory poly-
mers have become increasingly important because of their
low cost, low density, high shape recoverability, and easy
processibility compared to conventional shape memory
alloys [21,22]. Copolymers obtained from tung oil and a
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reactive comonomer like styrene can exhibit these proper-
ties depending mainly on the polymerization conditions
[23].

On the other hand, the use of small percentages of
nanoparticles advantageously could change some polymer
properties. Thus, depending on the nanoparticle character-
istics, they can lead to an increase of the elastic modulus,
glass transition temperature or electrical conductivity of
a material without affecting other properties such as low
density, impact resistance and shape memory properties
[24,25], allowing new possible applications.

In the field of metal nanoparticles, ferrofluids are of
great technological importance and represent a new class
of materials consisting of magnetic nanoparticles dis-
persed as colloids, stabilized in a liquid carrier fluid and
exhibiting magnetic properties like magnetorheology or
superparamagnetism. The stability of these suspensions
is achieved by coating the particles with surfactants con-
sisting of long chain molecules, like oleic acid [26]. The
alkaline precipitation method for magnetite was developed
by Massart and Cabuil [27] and has been widely used by
several authors to prepare micro and nanomagnetic parti-
cles with different coatings and functionalizations [28].

Magnetite particles (Fe3O4) incorporated into shape
memory polymers could potentially induce a response of
the material by the application of magnetic fields. This
would allow using new triggering mechanisms to activate
particular behaviors from these polymers. In particular,
under an alternating magnetic field, these particles could
produce heat, triggering the memory effects. This effect
could be an alternative to more common activation proce-
dures that involve physical contact between the polymer
and the stimulus media, i.e. by non-contact magnetic
activation.

Although recently has been published several works re-
lated with shape memory polymers and magnetic nano-
particles [29], the use of biobased polymer as a matrix in
this type of materials is an unsolved scientific and techno-
logical problem with diverse potential applications and
ecological benefits that have not yet reported.

The aim of this work is to synthesize magnetic nanopar-
ticles to be incorporated in tung oil/styrene copolymers
and to investigate the effect of this incorporation on the
structural and magnetic properties of the nanocomposites
obtained.

2. Experimental

2.1. Materials

The tung oil (TO) employed was a commercial product
supplied by Cooperativa Agrícola Limitada de Picada Liber-
tad, Argentina. Its composed mainly of a-elaeostearic acid
(84 wt.%). Styrene (St) and tetrahydrofurane (THF) were
purchased from Cicarelli laboratory, Argentina. Boron tri-
fluoride diethyl etherate (BF3�OEt2) with 46–51% BF3 was
obtained from Sigma–Aldrich and used as the initiator of
the cationic reaction.

The following chemical products (Aldrich) were used as
received in the synthesis of the magnetic nanoparticles:
ferric chloride hexahydrate (FeCl3�6H2O), ferrous chloride
tetrahydrate (FeCl2�4H2O), and ammonium hydroxide
(28–30% NH3). N-heptane was used as solvent (P.A. grade).

2.2. Methods and techniques

2.2.1. Magnetite nanoparticles (MNP) preparation
MNPs were prepared by a co-precipitation method from

an aqueous Fe3+/Fe2+ solution (molar ratio 3:2) using con-
centrated ammonium hydroxide in excess [27]. Specifi-
cally, 0.09 mol of FeCl3�6H2O and 0.06 mol of FeCl2�4H2O
were dissolved in 50 mL of distilled water and heated at
70 �C. After that, 40 mL of NH4OH were added and the for-
mation of a black precipitated was immediately observed.

The particles were subsequently coated with oleic acid
by adding 0.02 mol of the mentioned fatty acid and heating
the suspension to 80 �C for 30 min [30]. The obtained oleic
acid coated magnetite nanoparticles were washed with
distilled water and separated by centrifugation several
times until neutral pH was obtained. Finally, they were dis-
persed in n-heptane to form a stable ferrofluid and stored
until further use.

2.2.2. Nanocomposites preparation
A tung oil/styrene weight ratio of 50/50 was the se-

lected composition for the polymeric matrix (50TO/50St).
The mixture was stirred and this step was followed by
the addition of the modified initiator prepared by mixing
tetrahydofuran, THF (5 wt.% with respect to the catalyst)
with boron trifluoride diethyl etherate (3 wt.% with respect
to the reactive mixture). Due to the poor miscibility of the
catalyst in the oils, it must be modified to obtain a homo-
geneous initial solution [5,7,31]. A selected percent of oleic
acid-coated magnetite (1 or 9 wt.%) was added to the origi-
nal mixture. The chosen nomenclature was 50TO/50St-
1MNP and 50TO/50St-9MNP, respectively. This mixture
was put into an ultrasonic device to obtain a good disper-
sion of magnetite nanoparticles and finally, poured into
glass plates of 13 mm � 18 mm separated by a rubber cord
of 1 mm of thickness and kept closed with metal clamps.
The reactants were heated first at 25 �C for 12 h, then at
60 �C for 12 h and finally at 100 �C for 24 h [23]. After cur-
ing, the samples were conditioned at room temperature, in
a normally illuminated area, inside a desiccator containing
silica gel to maintain a dry atmosphere.

2.2.3. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was used to

determine the particle morphology, size and structure of
the magnetite particles by JEOL 100 CX II (JAPAN, 1983)
operating at 100 kV. The sample dispersions were drop-
cast onto the copper grids separately.

2.2.4. X-ray diffraction (XRD)
X-ray diffraction (XRD) spectra of MNPs were obtained

with a PANalytical X’Pert Pro diffractometer using a Cu Ka
radiation source (k = 0.1546 nm) operating at 40 kV and
40 mA.

2.2.5. Chemical characterization of the materials (FT-IR)
FTIR spectra of the magnetite particles with and

without oleic acid were recorded by the attenuated total
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reflection method (ATR) using a Thermo Scientific Nicolet
6700 FT-IR spectrometer. The spectra were recorded over
the range of 500–4000 cm�1 with a resolution of 2 cm�1

and averaged over 32 scans.

2.2.6. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of the magnetite particles

with and without oleic acid and of the nanocomposites
were performed using a TGA-50 SHIMADZU thermogravi-
metric analyzer at a heating speed of 10 �C/min under air
atmosphere. The nanoparticles were previously dried in a
vacuum oven until constant weight.

2.2.7. Dynamical–mechanical tests (DMA)
A Perkin Elmer dynamic mechanical analyzer (DMA 7)

was used to determine the dynamic mechanical behavior
of the films using the tensile fixture. The sample dimen-
sions were 20 � 5 � 0.5 mm3.

2.2.8. Mechanical tests
Microtensile testing: was performed at 18 �C on tensile

specimens of 5 mm � 35 mm � 1 mm cut from the molded
plaques, using a universal testing machine (INSTRON
8501), in accordance with ASTM D 1708-93 using a cross-
head speed of 5 mm/min. Young’s modulus (E), ultimate
stress (ru) and elongation at break (eb) were determined
from the average values of at least four replicates for each
sample.

2.2.9. Static magnetic properties
The static magnetic properties were studied using a

commercial SQUID magnetometer (Quantum Design,
MPMS XL). In this way, both isothermal magnetization
curves as well as ZFC/FC measurements were performed
in order to characterize the static magnetic properties of
the composites. The Zero field cooling/field cooling (ZFC/
FC) measurement protocol was carried out as follows:
the sample was first cooled down from 300 K to 5 K in zero
magnetic field, then a static magnetic field of 50 Oe was
applied and the magnetization was measured increasing
the temperature up to 300 K. Subsequently the sample
was cooled down to 5 K under the same applied magnetic
field (50 Oe) and the magnetization was measured while
warming up the sample from 5 K to 300 K.

2.3.0. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used to obtain

pictures of the fracture surfaces of composite materials
using a scanning electron microscope Jeol JSM-6460LV
equipped with detectors for secondary and reflected elec-
trons. Samples were pre-coated with gold (sputtering).

3. Results and discussion

3.1. Synthesis and characterization of magnetite nanoparticles
(MNP)

3.1.1. Transmission electron microscopy (TEM)
The magnetite particles coated with oleic acid show

hydrophobic character that promote their stability in
organic solvents and increases the compatibility with the
polymeric matrix. Transmission electron microscopy al-
lows obtaining information about the shapes and sizes of
the particles. Fig. 1 shows the TEM images of the magnetite
particles with and without oleic acid coating. While Fig. 1a
denotes presence of agglomeration of the particles, Fig. 1b
shows each particle separated from the neighbors because
of the organic chain absorbed on its surface. Surfactant
molecules (also called stabilizing agents) are attached to
the nanoparticle surface, preventing clotting and providing
the desired dispersion and surface properties. The size and
shape of magnetite nanoparticles may vary depending on
the nature and concentration of the stabilizing agent [32].

The statistics of the size distributions and average par-
ticle diameter were calculated from TEM images and are
presented as histograms in Fig. 1. The nanoparticles with-
out oleic acid have a size slightly higher than the oleic acid
coated nanoparticles (average diameter: 11.1 nm and
9.8 nm, respectively). The reason for this may be that the
calculation of the average diameter of the uncoated mag-
netite particles is affected by the size of aggregates that ap-
pear as single particles in the TEM images, resulting in a
larger average size of the nanoparticles. Aggregation is
clearly present as inferred from the histogram of uncoated
particles, which is very asymmetrical with significant devi-
ation towards large particle size (24–30 nm). This contri-
bution is much less significant in the histogram
corresponding to oleic acid coated magnetite.

3.1.2. X-ray diffraction (XRD)
The crystalline structure of the magnetite particles were

determined by powder X-ray diffraction (XRD) as shown in
Fig. 2. The positions and relative intensities of all diffrac-
tion peaks in Fig. 2 agree with those from the standard
crystal of magnetite (Fe3O4) or maghemite (Fe2O3)
[29,30,33,34].

The crystal size was determined using Scherrer’s equa-
tion [35–37]:

D ¼ j � k=b � cos ðhÞ

where j = Scherrer constant (0.9) [38]; k = radiation wave-
length (Cu Ka = 0.1546 nm); b = width at half height of the
selected peak in radians; h = Bragg angle.

According to this equation, and using the diffraction sig-
nal corresponding to the (311) plane, the crystal size was
calculated as 8.8 nm, close to the value obtained from TEM
images. It is important to state that X-ray diffraction is sen-
sitive to the crystallite size in the particles. However the
‘‘crystallite size’’ is not necessarily synonymous with ‘‘par-
ticle size’’ and this method is only an estimation of the
diameter of the magnetite particles.

3.1.3. Chemical characterization (FT-IR)
Fig. 3 shows the comparison of the bare magnetite (A),

oleic acid (B) and oleic acid coated magnetite (C) spectra. In
curve A, the bands centered at 3340 cm�1 and 1630 cm�1

are assigned to O–H vibrations absorbed on the surface
of Fe3O4 nanoparticles. The broad band of absorption in
the range of 500–700 cm�1 corresponds to the Fe–O bonds
of bulk magnetite. The curve corresponding to the oleic
acid spectra (B) presents an intense peak at 1710 cm�1



Fig. 1. TEM micrographs of the magnetite (a) and oleic acid coated magnetite (b) and the corresponding histograms (c and d).

Fig. 2. XRD spectrum of magnetite MNPs. Fig. 3. FT-IR spectra of the bare magnetite (A), oleic acid (B) and oleic acid
coated magnetite (C).
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characteristic of the carbonyl stretch of the acid group. The
two bands at 2920 and 2850 cm�1 can be attributed to
asymmetric and symmetric stretching of C–H bonds
respectively in methylene groups. The peak at 1710 cm�1

appears with low intensity in curve C. Additionally, a weak
band at 1070 cm�1 appears, which is attributed to the C–O
single bond stretch originated after adsorption of the oleic
acid on the particles surface. The small shoulder at
1540 cm�1 could be caused by a covalent bond of the car-
boxylate with the structure of the magnetite [39,40]. The
band at 1440 cm�1 can be ascribed to the coordinated



Fig. 5. Thermogravimetric curves for sample 50TO/50St with 0, 1 and
9 wt.% of MNP.
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in-plane deformation of the hydroxyl groups of the car-
boxyl group of the oleic acid physiadsorbed on the parti-
cles surface [38]. These results revealed that oleic acid
was physic and chemisorbed onto the Fe3O4 nanoparticles
as a carboxylate [41,42].

3.1.4. Thermogravimetric analysis (TGA)
The oleic acid amount on the surface of the magnetite

nanoparticles was determined by thermogravimetric anal-
ysis in air atmosphere (Fig. 4). Although the nanoparticles
were previously dried in a vacuum oven to constant
weight, the curve of weight loss versus temperature for
magnetite shows a small initial mass loss around 100 �C
attributed to water evaporation due to the high hydrophi-
licity of the samples. The thermal degradation curve of
magnetite coated with oleic acid shows no significant ini-
tial water loss and the most important degradation step
is observed in the temperature range 150–400 �C related
with the decomposition of the organic surfactant. The rel-
ative amount of oleic acid on magnetite was determined as
19.5%, calculated from the residual mass after degradation
of the organic coating. Mass gain observed in both samples
curves at higher temperatures is related to the thermal
degradation in air atmosphere that produces the oxidation
reaction of magnetite (Fe3O4) to iron oxide (III), Fe2O3. That
is, for the same amount of Fe originally present, the
amount of oxygen is increased due to the reaction and this
is reflected in an increase in mass.

3.2. Characterization of nanocomposites

3.2.1. Thermogravimetric analysis (TGA)
Thermogravimetric tests were conducted on neat TO/St

copolymers and on the nanocomposites to evaluate the ef-
fect of the addition of nanoparticles on the thermal degra-
dation of the materials.

Fig. 5 shows thermogravimetric curves (TGA) for the
sample of 50TO/50St with 0, 1 and 9 wt.% of magnetite
nanoparticles in air atmosphere. Residual mass at 800 �C
allowed confirming the relatively high percentage of
Fig. 4. Thermogravimetric curves for magnetite nanoparticles with and
without oleic acid.
nanoparticles contained in the sample 50TO/50St-9MNP.
The curves with 1 and 9 wt.% of MNP show a greater
weight loss between 150 and 400 �C than the matrix
without nanoparticles due thermal degradation of oleic
acid that covers the magnetite particles surface.

Hence, the presence of nanoparticles alters the polymer
structure, which leads to changes in the degradation
mechanisms.
3.2.2. Dynamical-mechanical tests (DMA)
Fig. 6a shows the variation in tan d as a function of tem-

perature for 50TO/50St copolymers with and without addi-
tion of MNP.

For the sample with 1 wt.% of MNP it could be observed
that the maximum on tan d curve shifts to higher temper-
atures due to the addition of MNP, while the shape of the
curve also suffers an important change, since two peaks
can be observed for the nanocomposite. One of them
matches with the glass transition temperature of the
Fig. 6a. tan d vs temperature curves for the 50TO/50St copolymer with 0,
1 and 9 wt.% of MNP.



Table 1
Tensile properties of 50TO/50St copolymers with 0 and 1 wt.% of MNP.

Sample E (MPa) ru (MPa) eu (%)

50TO/50St 3.30 ± 0.36 1.36 ± 0.41 45.88 ± 10.89
50TO/50St-1MNP 3.98 ± 0.93 1.08 ± 0.43 35.58 ± 14.11
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matrix (around 20 �C) while the second one presents its
maximum at 50.3 �C. This can be attributed to the hetero-
geneity of the system, some regions in the sample corre-
spond to the bulk polymer, essentially unaffected by the
incorporation of the MNP, and some regions are affected
by interactions with the nanoparticles. For example, the
oleic acid chains that constitute the coating of the nano-
particles can interact through Van der Waal forces with
the fatty acid chains in the matrix. Additionally, the car-
bon–carbon insaturation of the oleic acid can also partici-
pate in the cationic copolymerization of the matrix and
in this way become part of the network through the forma-
tion of interfacial covalent bonds. With the addition of
MNP different relaxation mechanisms and inhomogenei-
ties appears in the material. For the copolymer having
9 wt.% MNP only a peak is observed at 43 �C, since most
of the material is affected by the presence of a relatively
large concentration of nanoparticles.

The comparison of the 50TO/50St curves with the addi-
tion of 0, 1 and 9 wt.% of MNP also shows that the peak
height is lower for samples with MNP and that the transi-
tion is broader. This result is related to a more heteroge-
neous network as mentioned previously. All copolymers
with MNP addition maintained good damping properties,
similarly to those presented by the unfilled polymer [23]
with maximum intensity of the loss factor above 0.3 in a
broad range around room temperature. This condition is
sought for applications requiring high energy absorption
[43].

The storage modulus (Fig. 6b) increases with the MNP
incorporation with respect to the unfilled polymer
throughout the temperature range studied. There are min-
or differences between the curves corresponding to the
nanocomposites.
O
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O
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3.2.3. Mechanical Tests and shape memory properties
A summary of the mechanical properties measured

from tensile tests is presented in Table 1. It can be ob-
served that addition of MNP to the 50TO/50St copolymers
Fig. 6b. Storage modulus as a function of the temperature for the 50TO/
50St copolymer with 0, 1 and 9 wt.% of MNP.
allowed to increase the Young’s modulus of the new mate-
rials. For samples with 50TO/50St is observed that the
addition of 1 wt.% of MNP produced no significant change
in resistance, but the ultimate strain decreases as a result
of new fracture mechanisms involved. The presence of
nanoparticles stiffens the material, fragility increases and
the ultimate strain decreases.

The shape memory behavior of these novel nanocom-
posites was investigated. A sample with the initial shape
of a rectangular bar (permanent shape) was deformed into
a secondary transient form of ‘‘U’’ at a temperature of
70 �C, that is a temperature above the Tg of the material,
which behaves as a rubber under this condition. After cool-
ing and releasing the applied load, the ‘‘U’’ temporary
shape remains fixed (Fig. 7a). The recovery process occurs
when the material is heated again in water at a tempera-
ture of 70 �C allowing the material to recover its original
rectangular shape (Fig. 7f). Under the mentioned condition
the samples the samples 50TO/50St with 1 wt.% of MNP
presented shape memory properties, a response that is
governed exclusively by the polymer matrix. Fig. 7 shows
the photos of the tests performed for copolymers of
50TO/50St with 1 wt.% of MNP, where the recovery time
was approximately 5 s.
M
A

CR
3.2.4. Magnetic properties
Fig. 8 shows the temperature dependence of the mag-

netization taken in the ZFC and FC processes (in the tem-
perature range 5–300 K) measured at 50 Oe for the
sample of 50TO/50St with 1 wt.% of MNP. The typical
behavior associated with arrangements of superparamag-
netic nanoparticles can be observed with a maximum in
the curve of ZFC that indicates the change from the super-
paramagnetic state to the blocked state [44,45]. From the
ZFC, the mean blocking temperature (defined as the maxi-
mum of d(FC–ZFC)/dT) and the blocking temperature,
TBmax (defined as the maximum in the curve of ZFC) were
determined (16 K and 70 K, respectively). From the shape
of d(FC–ZFC)dT (narrow blocking temperature distribu-
tion) and the small difference between the maximum on
the ZFC curve temperature and the irreversibility tempera-
ture (defined as the threshold temperature above which FC
and ZFC curves coincide), a very narrow distribution in size
of these nanoparticles can be inferred, as well as absence of
particle–particle agglomeration and inter-particle
interactions.

Fig. 9 shows the magnetization curves as a function of
the applied field at different temperatures (10, 70 and
300 K), for the copolymer of 50TO/50St with 1 wt.% of
MNP. A magnification of the central area of the magnetiza-
tion loops at these temperatures are shown in the inset of
Fig. 9 in order to have a better description of the coercive
fields behavior. From this, the superparamagnetic behavior



Fig. 7. Shape memory behavior for the copolymer of 50TO/50St-1MNP.

Fig. 8. Magnetization versus temperature for the copolymer of 50TO/50St
with 1 wt.% of MNP, measured at 50 Oe under zero field cooling, ZFC
(solid circles) and field cooling, FC (open circles) conditions. Fig. 9. Magnetization curves for the copolymer of 50TO/50St with 1 wt.%

of MNP at different temperatures.
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of the nanocomposites above a temperature of 70 K can be
confirmed. For temperatures below TB, the magnetic parti-
cles are blocked, and the magnetic moment is fixed (mag-
netic relaxation time at that temperature is greater than
the measurement time) and consequently, hysteresis ap-
pears in the magnetization curve. A small and depreciable
value of coercive field (less than 10 Oe) can be observed
from the hysteresis loop at room temperature. This could
be due to a small dipolar interaction between some of
the nanoparticles in the copolymer. Hence the magnetic
properties of the material are determined by the superpa-
ramgnetic properties of an ensemble of individual nano-
particles without interaction and not due to a collective
behavior.

Fig. 10 shows the dependence of the magnetization as a
function of temperature in the ZFC and FC processes for the
sample of 50TO/50St with 9 wt.% of MNP. As observed for
the sample with 1 wt.% of MNP, this sample also presents
a behavior associated to the arrangement of particles



Fig. 10. Magnetization versus temperature for the copolymer of 50TO/
50ST with 9 wt.% of MNP, measured at 50 Oe under zero field cooling, ZFC
(solid circles) and field cooling, FC (open circles) conditions.

Table 2
Magnetic properties for the nanocomposites with 1 and 9 wt.% of MNP.

Sample TBmax (K) hTBi (K) Tirreversibility(K)

50TO/50St-1MNP 70 16 92
50TO/50St-9MNP 150 52 165

Fig. 11. SEM morphologies for the copolymers of 50T

Fig. 12. SEM morphologies for the copolymers of 50TO/50

C. Meiorin et al. / European Polymer Journal 53 (2014) 90–99 97
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affected by the presence of dipolar interaction between
the magnetic nanoparticles. In this case, the values of the
average blocking temperature and the maximum blocking
temperature are 52 K and 150 K, respectively.

Comparing the curves ZFC/FC of the samples with dif-
ferent contents of MNP it could be seen that the sample
containing 1 wt.% MNP (Fig. 9, Table 2) exhibits different
magnetic properties with respect to the sample having
with 9 wt.% of MNP (Fig. 10, Table 2). As it was expected,
the blocking temperature increases with the concentration
of MNP, which is associated with the increase in dipolar
interactions between nearby nanoparticles. Moreover, the
maximum in the ZFC curve is wider, which is possibly
associated with interactions between particles. Finally,
the low temperature saturation becomes evident in FC
curves for the sample with 9 wt.% of MNP while the mag-
netization continues to increase with decreasing tempera-
ture for the material with 1 wt.% of MNP; that indicates
that dipolar interactions are stronger in the nanocomposite
with more particles. Consequently, the presence of aggre-
gates, the local concentration and dipolar interactions be-
tween particles determine the collective magnetic
behavior of the particles in this sample [29].
TE
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3.2.5. Study of the morphology of the copolymers of 50TO/50St
with 1 and 9 wt.% of MNP

Fig. 11 shows brittle fracture surfaces obtained after
immersion in liquid nitrogen with a magnification of 50�
O/50St (a) with 1 and 9 wt.% of MNP (b and c).

St with 9 wt.% of MNP (1000� (a) and 10000� (b)).
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for the copolymers of 50TO/50St (Fig. 12a) with 1 and
9 wt.% of MNP (Fig. 11b and c).

Fig. 11a shows the fracture surface of the unrein-
forced matrix, which shows no signs of plastic deforma-
tion. This smooth surface is typical of brittle fracture in
unmodified resins. The presence of nanoparticles in the
copolymer generates the occurrence of different mecha-
nisms of fracture propagation and consequently, differ-
ences in the obtained SEM micrographs. The surface
roughness increases markedly with the incorporation of
MNP which indicates an increase in energy dissipation
during fracture.

The presence of rigid nanoparticles arrest and change
the crack progress in the material. This change in texture
has been previously observed by several authors in differ-
ent types of polymers [46–50].

Fig. 12 shows the images with higher magnification of
the sample of 50TO/50St with 9 wt.% of MNP (1000�,
(13.a) and 10,000� (13.b)). The images confirm the pres-
ence of particle agglomeration. The particle size observed
is about 10 nm, as was mentioned in the MNP
characterization.
4. Conclusions

Magnetite nanoparticles, MNP, were successfully syn-
thesized and coated with oleic acid to obtain stable sus-
pensions in heptane.

The nanocomposites obtained by adding MNP to the
tung oil-based copolymers synthesized showed superpara-
magnetic behavior.

The morphology of the novel nanocomposites
observed in fracture surfaces showed an increase in the
surface roughness with the incorporation of MNP, which
indicates an increase in energy dissipation during
fracture.

The dynamic mechanical properties were appreciably
affected by the incorporation of MNP, as a consequence
of the different relaxation mechanisms and inhomogenei-
ties that appeared in the material because of the presence
of the nanoparticles.

Additionally, the incorporation of MNP stiffens the
material and reduces the ultimate strain, also increasing
its fragility. The shape memory properties of the matrix
is also observed in the nanocomposites.

Comparison of the magnetic properties of the nanocom-
posites allowed to identify a transition from superpara-
magnetic (low concentration) to interaction
superparamagnetic (high concentration) regime. From
these observation, it was concluded that to preserve the
superparamagnetic regime on high concentration of MNPs
is necessary to improve the level of particle dispersion in
the reactive mixture.

Acknowledgements

The authors thank the Cooperativa Agrícola de Picada
Libertad for samples of tung oil, the financial support of
CONICET, UNMdP and ANPCyT from Argentine; and FA-
PESP and UNICAMP from Brazil.
References

[1] Yu L, Dean K, Li L. Polymer blends and composites from renewable
resources. Prog Polym Sci 2006;31(6):576–602.

[2] Kaplan DL. Biopolymers from renewable resources. New
York: Springer; 1998.

[3] Mohanty AK, Misra M, Drzal LT. Natural fibers, biopolymers, and
biocomposites. Boca Raton, Florida: Taylor & Francis; 2005.

[4] Mecking S. Nature or petrochemistry?–biologically degradable
materials. Angew Chem Int Ed Engl 2004;43(9):1078–85.

[5] Li F, Larock RC. Thermosetting polymers from cationic
copolymerization of tung oil: synthesis and characterization. J Appl
Polym Sci 2000;78(5):1044–56.

[6] Khot SN, Lascala JJ, Can E, Morye SS, Williams GI, Palmese GR, et al.
Development and application of triglyceride-based polymers and
composites. J Appl Polym Sci 2001;82(3):703–23.

[7] Li F, Larock RC. New soybean oil–styrene–divinylbenzene
thermosetting copolymers. I. Synthesis and characterization. J Appl
Polym Sci 2001;80(4):658–70.

[8] Lu Y, Larock RC. Novel polymeric materials from vegetable oils and
vinyl monomers: preparation, properties, and applications.
ChemSusChem 2009;2(2):136–47.

[9] Lu Y, Larock RC. Bio-based nanocomposites from corn oil and
functionalized organoclay prepared by cationic polymerization.
Macromol Mater Eng 2007;292(7):863–72.
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