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structured elastomers by magnetic field-induced alignment
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Abstract Magnetic CoFe2O4 nanotubes, nanorods

and nanowires were synthesized by the template

method. The materials are highly crystalline and

formed by compactly packed ceramic particles whose

equivalent size diameter depends on the nanostructure

type. Nanotubes and nanorods present the remarkable

characteristic of having very large coercive fields

(1000–1100 Oe) in comparison with nanoparticles of

the same crystallite size (400 Oe) while keeping

similar saturation magnetization (53–55 emu/g).

Nanorods were used as filler material in polydimethyl-

siloxane elastomer composites, which were structured

by curing in the presence of uniform magnetic field,

Hcuring. In that way the nanorods agglomerate in the

cured elastomer, forming needles-like structures

(pseudo-chains) oriented in the direction of Hcuring.

SEM analysis show that pseudo-chains are formed by

bunches of nanorods oriented in that direction. At the

considered filler concentration (1 % w/w), the struc-

tured elastomers conserve the magnetic properties of

the fillers, that is, high coercive fields without

observing magnetic anisotropy. The elastomer com-

posites present strong elastic anisotropy, with com-

pression constants about ten times larger in the

direction parallel to the pseudo-chains than in the

perpendicular direction, as determined by compres-

sion stress–strain curves. That anisotropic factor is

about three-four times higher than that observed when
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Ni nanochains. Hence, the use of morphological

anisotropic structures (nanorods) results in composites

with enhanced elastic anisotropy. It is also remarkable

that the large elastic anisotropy was obtained at lower

filler concentration compared with the above-men-

tioned systems (1 % w/w vs. 5–10 % w/w).

Keywords Magnetic nanorods � Magnetic

nanotubes � Structured elastomers � Magnetic

composites

Introduction

The preparation of magnetic nanomaterials such as

nanotubes, nanorods, and nanowires attracts consid-

erable attention due to the possibility of tuning the

magnetic properties by changing the morphology of

the material at the nanoscale (Bance et al. 2014;

Bechelany et al. 2012; Cernea et al. 2014; Escrig et al.

2008; Forster et al. 2003; Hussain et al. 2011; Jung

et al. 2005; Ko et al. 2012; Kohli et al. 2010; Pereira

et al. 2013; Tsai et al. 2008). Additionally, magnetic

nanomaterials can be used as fillers in elastomer

polymers composites. Several magnetic nanoparticles

have been used to obtain magnetic elastomers,

consisting of an elastic matrix embedded with mag-

netic materials (the fillers) that confers the properties

of interest to the final composite (Bica et al. 2012;

Chen and Jerrams 2011; Danas et al. 2012; Høyer et al.

2012; Lorenzo et al. 2012;Macias et al. 2012;Mordina

et al. 2014; Semeriyanov et al. 2013; Shahrivar and de

Vicente 2013). Additionally, it is possible to align the

fillers applying external magnetic fields during prepa-

ration. The alignment of magnetic nanoparticles by

applying a uniform magnetic field during the thermal

curing of the polydimethylsiloxane (PDMS) or during

solvent evaporation in the case of styrene-butadiene

rubber (SBR) matrices has been described in previous

works of our group (Antonel et al. 2011; Antonel et al.

2012; Butera et al. 2012; Landa et al. 2013; Mietta

et al. 2012; Mietta et al. 2013, Mietta et al. 2014; Ruiz

et al. 2012; Ruiz et al. 2015). Those elastic composites

are referred as structured, where the filler nanomate-

rials join together and form needle-like structures

(pseudo-chains) inside the polymer matrix, which are

aligned in the direction of the magnetic field applied

during preparation. The potentiality of these materials

for developing sensors is illustrated in Mietta et al.

(2013) and Ruiz et al. (2015) where superparamag-

netic nanomagnetites covered with metallic silver

were used as fillers, obtaining -after preparation in the

presence of magnetic fields- structured elastomer

composites which are simultaneously magnetic and

electrical conductors, presenting magnetoresistivity

and piezoresistivity in a single matrix with anisotropic

behavior. The degree of anisotropy in the physical

properties of the structured composite is dependent on

the concentration of fillers and its morphology (e.g.,

nanoparticles, nanobars, etc.). For instance, some

recent results obtained in our group (Landa et al.

2013) show that magnetic and elastic anisotropy can

be induced with very low amount of fillers if nickel

nanochains are used as fillers instead of nickel

nanoparticles. Despite of the relatively generalized

use of nano or micro particles, magnetic nanotubes,

nanorods, or nanowires have been no explored as

fillers in structured magnetic elastomers. Hence, the

aims of the present work are to describe the synthesis

and characterization of cobalt-ferrite (CoFe2O4) nan-

otubes, nanorods, and nanowires and then to explore

the possibility of inducing elastic and magnetic

anisotropy in an elastomer composite by using mag-

netic nanorods as fillers in concentration lowers than

the used in previous works for the case of CoFe2O4

nanoparticles (e.g., lower than 5% w/w). The appli-

cation of CoFe2O4 nanorods was investigated by

incorporating this material into PDMS, and the filler-

polymer composite was thermally cured in the pres-

ence of a uniform magnetic field. It is important to

remark the final composite is not a ferrofluid (or a

magnetorheological fluid) nor a fluid gel but an elastic

non-fluid material which can be processed for its

applications as the active material in a device.

Materials and methods

Synthesis of CoFe2O4 nanotubes, nanorods,

and nanotubes

CoFe2O4 nanostructures were obtained using the

template method, as already reported in several

articles by one of the present authors (Bellino et al.

2007; Fuentes et al. 2008a; Fuentes et al. 2008b; Leyva

et al. 2004, Leyva et al. 2006; Levy et al. 2003) but
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using Fe(NO3)3 9H2O and Co(NO3)2 6H2O as precur-

sors. Each nitrate (in a molar ratio Co:Fe 1:2) was

dissolved in pure water to obtain a 1 M cations

solution (20 mL). To favor the dissolution, three drops

of concentrated nitric acid were also added. Porous

polycarbonate films were used as polymeric templates

(Isopore membrane films, Millipore; pore pass diam-

eters = 100 and 800 nm). The films were embedded

with the precursor solution using a previously reported

ad hoc syringe filtration system which ensures that the

total volume of the pores is filled (precursors are

confined in the pores). Then, the next step was the

dehydration and denitrification of the confined pre-

cursors in a commercial microwave oven, applying an

output power of 800 W for 3 min. Finally, to obtain

the desired nanostructures, the templates were burnt

off in a standard furnace employing a thermal

treatment (calcination) up to 800 �C (for 800 nm

filters) and up to 600, 700, or 800 �C (for 100 nm

filters). The final temperature was maintained during

10 min, and then the furnace was allowed to cool

freely toward room temperature.

Summarizing, the nanostructures are obtained fill-

ing porous polycarbonate template with the stoichio-

metric nitric solutions of cations using a syringe

filtration device, followed by the denitration process of

the confined precursor in a microwave oven. By

adjusting the time and energy applied to the sample, it

is possible to accomplish this reaction without

producing damage to the polycarbonate film. Then

the template is sacrificed during the next thermal

treatment in a standard furnace at the final temperature

of calcination. The synthesis is highly reproducible,

that is, nanomaterials with quantitatively similar

morphology and crystallinity were obtained in differ-

ent synthesis. Sixty filters were used in each synthesis

to obtain the amount of material required for charac-

terization studies.

Different nanostructures can be obtained according

to the size of the pores, precursor concentration, and

the final temperature of calcination. For instance,

hollowed structures (nanotubes) were obtained when

using 800 nm filters, and while filled structures when

using 100 nm filters. In the last case, when the final

temperature during the calcination process was 600 or

700 �C, we obtained nanorods, but if this temperature

was set at 800 �C, then the structures formed were

nanowires. In Table 1, a summary of the reaction

conditions is presented:

Preparation of PDMS–CoFe2O4 (nanorods)

structured elastomer composites

Thedetails for thepreparationof structured composites of

PDMS-magnetic fillers have been described in previous

works (Antonel et al. 2011; Antonel et al. 2012; Butera

et al. 2012; Landa et al. 2013; Mietta et al. 2012; Mietta

et al. 2013, Mietta et al. 2014; Ruiz et al. 2012). PDMS

base and cross-linker agent (Sylgar 184, Dow Corning)

were mixed in proportions of 10:1 (w/w) at room

temperature and then loaded with the magnetic nanorods

F100-700. The amounts of PDMSandfillers (1 %w/wof

nanorods F100-700 in the final material) were weighted

during mixing on an analytical balance, homogenized,

and placed at room temperature in a vacuum oven for

about two hours until the complete absence of any air

bubble. The still fluid samples were incorporated into a

specially designed cylindrical mold (1 cm diameter 9

1 cm length) and placed in between themagnetic poles of

a Varian Low Impedance Electromagnet (model V3703)

which provides highly homogeneous steady magnetic

fields. The mold was rotated at 30 rpm and heated at

(75 ± 5) �C in the presence of a uniformmagnetic field,

referred as Hcuring, during 4 h to obtain a cured material

(l0Hcuring = 0.3 T). Controls without applying the mag-

netic field were also performed.

Instrumentation

X-ray powder diffraction analysis (XRD) was per-

formedwith a PhilipsX-Pert diffractometer usingCuKa

radiation (k = 0.154056 nm), and the average size of

the crystallites was determined by the Debye–Scherrer

equation. The morphology of the nanotubes, nanorods,

and nanowires and its composites were studied using a

scanning electron microscope (SEM) fitted with a field-

emission source (FESEM Zeiss Supra 40 Gemini)

coupled to a energy dispersive spectroscopy (EDS)

detector (Oxford Instruments, model INCAx-Sight;

detection limit: 0.1 % w/w). A Philips EM 301 Trans-

mission Electron Microscope, TEM was also used.

Small angle x-ray scattering (SAXS) experiments

were performed in a laboratory-based equipment,

NANOSTARTM from Bruker at the Laboratory of

Crystallography, Institute of Physics, University of

São Paulo, Brazil. The powder samples (not diluted)

were exposed to the X-rays using a Scotch TapeTM to

support the samples, and background signal was taken

using the scattering from the tape alone (exposition
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time: 900 s). Data treatment was performed using the

package SUPERSAXS (developed by Oliveira and

Pedersen, unpublished). The experimental data are

displayed as Intensity, I(q), versus the momentum

transfer q, q = (4 p/k)sinh, where k is the radiation

wavelength and 2h is the scattering angle. The

measured q interval was 0.085–3.4 nm-1. A model

based on a polydispersed (Schulz–Zimm size distri-

bution) system of hard spheres (PHS) combined with

the formation of fractal aggregates and hard-sphere

interaction was used to describe the experimental data.

A detailed description of the model is presented in the

Appendix. Fitting of experimental data by these

models allows obtaining the average sphere radius

Rav, the polydispersivity rR, the fractal domain size n,
the fractal dimension D, the effective hard-sphere

radius hRHSi, and the effective volume fraction g.
A LakeShore 7400 vibrating sample magnetometer

(VSM) was used for recording magnetization curves at

roomtemperature.The sampleswerepreparedbypacking

with Teflon tape slices of 10–20 mg of each composite.

The analysis of elasticity and the Younǵs modulus

determination were performed using a StableMicrosys-

tems TA-XT2i Texture Analyzer which compresses the

sample at a constant speed (100 lm/s) in the range of

strains between 8 to 25% of the initial thickness (Negri

et al. 2010). The thickness in absence of compression,

referred as Li, was fixed to 3 mm in all cases.

Results and discussion

Characterization of CoFe2O4 nanotubes

and nanowires

Figure 1 are SEM images of the CoFe2O4 nanotubes.

Figure 2 shows SEM images of CoFe2O4 nanorods.

Figures 3 and 4 show TEM and SEM images of

nanowires, respectively. A representative selected-

area electron diffraction (SAED) pattern of nanorods

is shown in Fig. 4. Table 2 shows the systematic

increase of the aspect ratio when going from particles,

tubes, rods, and wires, in this order.

SEM and TEM images show that the synthesized

nanostructures seem to be actually constituted by

particles of inorganic material, spatially arranged to

form the tubes, rods, and wires. For instance, in the

case of nanorods F100-700 (Fig. 2), the ceramic grains

appear with average size about 60 nm (observed by

SEM) although presenting high dispersion. XRD and

SAXS experiments were performed in order to further

investigate these structures. X-ray powder diffraction

patterns (XRD indicates that the synthesized CoFe2O4

nanotubes and nanorods are crystalline single phases

(Fig. 5).

The XRD peaks correspond to the cubic inverse

spinel type lattice, as expected for CoFe2O4 (ICDD

03-0864) and coincident with the one reported for

CoFe2O4 nanoparticles in our previous article (An-

tonel et al. 2011). The crystallite size obtained using

the Debye–Scherrer equation (see 2Rc in Table 3) is

clearly larger for nanotubes than for nanorods. For

instance, the crystallite size for nanorods F1-700 is

about 20 nm while for nanotubes is four times larger

(82 nm). The 20 nm crystallite size recovered for F1-

700 nanorods is coincident with the value obtained for

the synthesized nanoparticles that were used as fillers

in elastomer matrixes in the previous work. For this

reason, nanorods F1-700 were chosen to prepare the

magnetic elastomers, in order to compare the results

with those obtained using CoFe2O4 nanoparticles.

Finally, it can be observed that in nanorods, the

crystallite size increases with the final temperature of

calcination (Table 3).

SAXS data (Fig. 6) were fitted by the Fractal

Cluster Model, which assumes that at a nanometric

Table 1 Synthesis conditions for CoFe2O4 nanomaterials

Morphology Filter’s pore size (nm) Temperature of calcination,

(after microwave heating) (�C)
Sample code

Nanotubes 800 800 F800-800

Nanorods 100 700

600

F100-700a

F100-600

Nanowires 100 800 F100-800

a Used as filler in PDMS-structured composites
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Fig. 1 SEM images of CoFe2O4 nanotubes (sample code: F800-800, Table 1)

Fig. 2 SEM images of CoFe2O4 nanorods (sample code: F100-700, Table 1)

Fig. 3 SAED and TEM images of CoFe2O4 nanorods (sample code: F100-700, Table 1). SAED indexes according to Gajbhiye et al.

2010
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scale, there are clusters formed by the so-called

subunits, being those clusters the responsible of X-ray

dispersion. The subunits are modeled as polydispersed

spheres, namely h2Ri and 2rR to the average size and

standard deviation for the size distribution of the

subunits, respectively. The clusters are assumed to

have a fractal dimension, D, forming ramified struc-

tures with a correlation distance, n Depending on the

size of the fractal clusters, it might appear interactions

among the clusters, which can be characterized by an

overall hard-sphere radius, hRHSi and an effective

volume fraction g (note that h2RHSi must be much

larger than h2Ri). All these features are accounted by

the Fractal Cluster Model presented in the Appendix.

In all cases (nanoparticles, tubes, and rods), excel-

lent fits of SAXS data were obtained with the Fractal

Cluster Model. This fractal behavior of the CoFe2O4

nanomaterials is very different to that previously

reported by us in the case of nickel (Ni) nanoparticles

of similar sizes, since for that Ni nanoparticles, no

fractal clusters were formed (Landa et al. 2013).

Table 3 shows that the materials are described as

3-dimensional fractals (D close to 3) formed by

subunits (size of subunits lower than 1 nm, distribu-

tion given by h2Ri and 2rR, Table 3). These subunits

form clusters whose overall size is characterized by 2n
and/or h2RHSi, whose recovered values have similar

order of magnitude, about 20-50 nm depending of the

material (and also in the same order than the crystallite

size obtained from Debye–Scherrer and SEM pic-

tures). The fact that SAXS data can be modeled by the

Fractal Cluster Model in the case of the nanotubes and

nanorods is in agreement with the structures observed

by SEM, which also showed that the synthesized

materials are formed by ceramic grains of inorganic

material with a relatively large size polydispersion.

Fig. 4 SEM images of CoFe2O4 nanowires (sample code: F100-800, Table 1)

Table 2 Morphological parameters obtained from SEM images

Material CoFe2O4 Average diameter,

d (SEM) (nm)

Average length,

l (SEM) (nm)

Aspect ratio

(SEM) (l/d)

Nanoparticles-Aa 12 – 1

Nanotubes F800-800 700 4000 6

Nanorods F100-700 142 1285 9

Nanowires F100-800 58 3529 56

a From Antonel et al. (2011) where value of d is the maximum of size distribution calculated from TEM images
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The size of the subunits recovered from SAXS is

roughly about 6-10 Å (see h2Ri and 2rR in Table 3),

which is in the order of lattice parameter CoFe2O4,

8.392 Å (Thang et al. 2007). Since for nanorods, the

crystallite size 2Rc is about 18 nm (Table 3), then the

number of subunits within a crystallite is about

6 9 103 (%(2Rc/h2Ri)3). One can assume this relation

due to the fact that the fractal dimension D is close to

3, indicating a volume fractal, that is, about 6 9 103

unit cells group forming a crystallite. In turn, the

crystallites are grouped to form branched structures,

the fractal clusters, which are assumed as rigid spheres

presenting average size about 39 nm for nanorods

(h2RHSi in Table 3). That value of h2RHSi, recovered
from SAXS, is in good agreement with the average

size observed in the SEM images for the agglomerates

that forms the nanorods (%60 nm) considering the

high dispersion, experimental errors from different

techniques and model assumptions. Within this frame,

each fractal is formed by an average of (h2RHSi/
2Rc)

3 = (39/18)3 % 10 crystallites.

Magnetic properties of CoFe2O4 nanowires

and nanotubes

The magnetization curves at room temperature

(25 �C) for CoFe2O4 nanotubes and nanorods are

shown in Fig. 7, observing magnetic hysteresis loops

that indicate the ferromagnetic behavior of both

nanostructures at room temperature.

The magnetization curves of both nanostructures

are almost coincident at room temperature, indicating

that their magnetic parameters (remanence magneti-

zation,Mr, saturation magnetization,Ms, and coercive

field, Hc) are practically identical for nanorods and

nanotubes. The comparison of magnetic parameters

between nanoparticles, nanotubes, and nanorods is

presented in Table 4. When comparing CoFe2O4

Fig. 5 XRD of CoFe2O4 nanomaterials. XRD of the substrate

(Al) is shown for comparison

10 -2 10 -1

I(
q)

 (a
. u

.)

q(Å-1)

Nanotubes
Nanorods
Nanoparticles

Fig. 6 SAXS results for nanoparticles-A, nanotubes (F800-

800), and nanorods (F100-700). The solid lines represent fits by

the Fractal Cluster Model

Table 3 Parameters recovered from SAXS analysis fitted by the Fractal Cluster Model

Material CoFe2O4 Fractal dimension (D) ‹2R› (Å) 2rR (Å) 2n (nm) ‹2R›HS (nm) Crystallite sizea

(2Rc, nm)

Nanoparticles-A 2.74 ± 0.01 &6 &4 12.8 ± 0.2 26.2 ± 0.2 20 ± 3b

Nanotubes F800-800 3.09 ± 0.01 &6 &4 29 ± 1 42 ± 1 82 ± 3

Nanorods F100-700 3.09 ± 0.01 &6 &4 25 ± 1 39 ± 1 18 ± 2c

a From XRD-Debye–Scherrer
b From Antonel et al. (2011)
c For the case of F100–600 nanorods the recovered average crystallite size is slightly smaller, (14 ± 1) nm
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nanotubes–nanorods versus CoFe2O4 nanoparticles-

A, it can be remarked the huge increase of the coercive

field, Hc, of the nanotubes–nanorods in comparison

with nanoparticles by a factor of three, approximately,

irrespectively of the crystallite size. Although the

increase ofHc in nanowires has been reported (see, for

example, Grobert et al. 1999; Jung et al. 2005), the

huge increase of Hc is a remarkable characteristic of

the nanotubes–rods described here. For instance, when

comparing between Ni nanoparticles (single domain,

2Rc % 13 nm) and Ni nanochains (aspect ratio = 8)

described in one of our previous works, it was

observed that Hc is 20 % larger for nanoparticles.

But in the present case of CoFe2O4,Hc is 150 % larger

for nanorods (aspect ratio = 9) than nanoparticles-A

(single domains, 2Rc % 20 nm) (similar changes

observed for nanotubes).

This huge increase of Hc suggests that the main

process dominating the reversal magnetization is of

different nature in the tubes–rods than in nanoparti-

cles. The CoFe2O4 nanoparticles considered here

(referred as nanoparticles-A, 20 nm) are in the

single-ferromagnetic domain regime (Antonel et al.

2011) for which the coherent rotation of the spins is

expected to be the main mechanism of magnetization

reversal. On the other hand, the nanotubes and

nanorods presented in this work are formed by ceramic

grains of about 60 nm size that join appropriately

trough grain boundaries, forming the nanostructures.

The interactions between spins in these structures are

not easy to be accounted by simple models. According

to Leslie-Pelecky and Rieke (1996) in systems with a

large number of grain boundaries and interfaces,

interactions must be considered, that is, the magnetic

behavior cannot be predicted by simple models which

did not include strong interactions between many

magnetic grains. In those cases, magnetic properties

are dominated by exchange energies, magnetostatic,

and energy associated to grain boundary effects, while

anisotropic effects (included in the anisotropic con-

stant, K) may have secondary relevance. Moreover,

domain walls in those systems must take in to account

the grain boundaries as defects in which rotational

symmetry is violated (disclinations), and the magne-

tization changes occur not via the motion of domain

walls but instead via disclination motions, as those

described in the Holz–Scherer model (Holz and

Scherer 1994). In particular, coercive fields, Hc, can

be dominated by disclination motions, whose contri-

bution to the energetic (according to the above model)

must be present in our nanorods and nanotubes but not

in the nanoparticles-A. In systems like nanoparticles,

or even nanotubes of smaller sizes than the ones

presented here, other reversal mechanisms are cur-

rently proposed, such as the propagation of a domain

wall, vortex wall, etc. (Albrecht et al. 2011; Bance

et al. 2014; Chen et al. 2010; Forster et al, 2003;

Landeros and Núñez 2010; Usov and Serebryakova

2014). For instance, Escrig et al. (2008) showed that

for Ni nanotubes of diameters below 60 nm, the

nucleation and propagation of domain walls are the

dominant reversal mechanism. However, those mech-

anisms hardly apply in larger structures like those

described here. In the present nanorods and nanotubes,

the presence of disclinations between grain boundaries

in the nanotubes–rods is a factor that contributes to

enhance Hc and can probably explain the larger values

ofHc in our nanotubes–rods than in nanoparticles-A of

similar crystallinity. Disclinations are strongly depen-

dent on the morphology of ceramic grains arrays in the

nanostructure, and its dependence on these factors is

beyond the present work.

Fig. 7 Magnetization curves at 25 �C for nanotubes (F800-

800) and nanorods (F100-700)

Table 4 Magnetic properties

Material (CoFe2O4) Ms (emu/g) Mr (emu/g) Hc (Oe)

Nanoparticles-Aa 65 12 400

Nanotubes 55 22 1100

Nanorods 53 21 1000

a From Antonel et al. (2011)
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Since Ms does not change drastically (as Hc does)

for nanoparticles-A and nanotubes/rods, then the

remanence magnetization, Mr, increases by a factor

of two in tubes–rods as expected in systems with

similar Ms but larger Hc values (Table 4).

Structured magnetic elastomers of PDMS–

CoFe2O4 nanorods

In previous works, we used CoFe2O4 nanoparticles

(referred as nanoparticles-A) and Ni nanochains as

fillers in PDMS-structured composites. Now, by setting

the synthesis conditions, we obtained magnetic nanor-

ods which present similar crystallite size (2Rc) and Ms

than the CoFe2O4 nanoparticles-A and also similar

aspect ratio than Ni nanochains. Its major difference is

the largeHc of the CoFe2O4 nanorods, about three times

larger than the nanoparticles-A, as described in the

previous section. Then, these CoFe2O4 nanorods were

chosen as fillers in the same type of structured elastomer

composites, in order to explore the effect of its presence

on the magnetic and elastic properties of the organic

matrix, comparing with those induced when using

CoFe2O4 nanoparticles-A and Ni nanochains. The

obtained results are presented in this section.

CoFe2O4 nanorods (1 % w/w) are dispersed in the

PDMSmatrix at room temperature, when the system is

still fluid and then thermally cured in the presence of a

uniform magnetic field (Hcuring) as described in

‘‘Materials and methods’’ section. The experimental

conditions match exactly the same than in the previous

cases of CoFe2O4 nanoparticles-A and Ni nanochains

(Antonel et al. 2011; Landa et al. 2013) in order to

allow a proper comparison. After curing, an elastic

composite is obtained with formation of needles

(pseudo-chains), aligned in the direction of the

magnetic field applied when curing. Millimeter slices

of these composites can be cut for using in different

tests. Pseudo-chains are not formed in the absence of

Hcuring.

The amount of CoFe2O4 nanorods required for

observing pseudo-chains (1 % w/w) is much lower

than that required in the case of CoFe2O4 nanoparti-

cles-A (5 % w/w), which is a very promising result

from a practical point of view, since synthesis of

nanorods—comparing with nanoparticles—is much

time costing. The 1 % w/w proportion is even lower

than that required for Ni nanochains (2 % w/w) under

the same experimental conditions of preparation.

All fillers were observed grouped in the pseudo-

chains (no isolated fillers were detected by SEM).

A SEM image of one cut of the slices is presented in

Fig. 8, where the inside of one pseudo-chain is

captured. As observed, the pseudo-chain is formed

by bunches of nanorods. The dimensions and aspect

ratio of the nanorods in the pseudo-chains appear very

similar to that presented in Table 2. That is, nanoma-

terials agglomerate during curing to form the pseudo-

chains, without observing ‘‘fusion’’ of nanorods. The

individual nanorods can be clearly observed, also

aligned preferentially in the direction of Hcuring.

Magnetization curves of the composites were

measured in the directions parallel (//) and perpendic-

ular (\) to the pseudo-chains (Fig. 9). The angle

formed between the direction of the sensing field in the

measurement, and Hcuring is referred as a (a = 0� and
a = 90� for the directions // and \, respectively). As

expected considering the low amount of magnetic

material in the composite, the magnetization signals

are about 99 % lower in the composites than those of

the powder, a factor which is in very good agreement

with the proportion of inorganic material in the

composite. Hence, the curves shown in Fig. 9 are

normalized to the respective observedMs value, which

are similar for composites with 1 %w/w nanorods and

nanoparticles-A. The values of Hc in the composites

are similar to the values in the powders which mean

that the nanorods conserve their magnetic properties in

the composites.

Nanorods

PDMS

Fig. 8 SEM image of a cut slice of PDMS–CoFe2O4 nanorod-

structured composite. The image captures one pseudo-chain

formed by bunches of F100-700 nanorods
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Although the absolute values obtained from the

magnetization curves in such diluted systems must be

considered with caution, the main feature remains: Hc

when using nanorods as fillers are much larger than for

nanoparticles-A (see Fig. 9), with similar Ms and the

consequent larger Mr for the case of nanorods as

fillers. The remarkable difference of Hc values

between nanorods and nanoparticles in the composites

can be clearly observed by comparing the left

(nanoparticles) and right (nanorods) plots in Fig. 9.

Hence, in spite of the fillers grouped forming pseudo-

chains in the composites, its individual characteristic

is conserved, in agreement with the SEM observation

(Fig. 8) describing the pseudo-chains as bunched of

the original fillers (similar results were obtained in the

previous work for nanoparticles-A).

No significant differences of the magnetization

curves recorded in directions to

the pseudo-chains were observed in the case of

nanorods at the composition used here. Details of the

magnetization curves in the directions // and\ can be

shown in the inset of Fig. 9b. Hence, no magnetic

anisotropy effects were observed. The magnetic

properties of the composites are those of the individual

filler (except for the obvious ‘‘dilution’’ factor in Ms)

and no additional magnetization factors are observed

when forming the pseudo-chains. Thus, concerning

magnetization, the structured composites with nanor-

ods do not display anisotropy at the filler composition

used in this work, and the magnetic features of the

individual fillers appear conserved without changes.

However, small anisotropy effects were observed in

the case of nanoparticles-A when using a larger

proportion in the composite (5 %w/w, Fig. 9a). In that

case, small differences in Ms and Mr (but not in Hc)

between curves for a = 0� and 90� were observed

(slightly larger values for a = 0�, that is in the

direction of the pseudo-chains), suggesting a little

degree of magnetic anisotropy related to the alignment

of the pseudo-chains in a = 0�, as it was published in

our previous work (Antonel et al. 2011). The non-

detection of anisotropic magnetic effects in compos-

ites with nanorods seems to be related to the low filler

proportions used here.

Compression stress–strain curves were recorded for

the directions // and \ to the pseudo-chains. In all

cases the composites display elastic behavior with low

hysteresis (results not shown), a behavior that is

similar to that observed in our previous works for

related systems in PDMS at low filler proportions (less

than 5 % w/w). Figure 10 illustrates L/Li versus

P curves that are calculated from the stress–strain

Fig. 9 Normalized magnetization curves (25 �C) in PDMS–CoFe2O4-structured composites using a nanoparticles (5 % w/w) and

b nanorods (1 %w/w). The difference between curves to the pseudo-chains cannot be appreciated. Inset zoom of

each normalized magnetization curve at low magnetic fields
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analysis, where P stands for the applied stress, L refers

generically to the thickness of the sample, and Li the

thickness in the absence of stress. For stresses larger

than 0.3 KgF/cm2, the curves were well fitted by

single exponential decays for compressions in both

directions (// and \ to the pseudo-chains), obtaining

different decay constants, referred as b|| and b\
(expressed in KgF/cm2). The lower decay constant

was obtained in the case of composites with nanopar-

ticles-A in the \ direction (4–8 kgF/cm2, considering

different replicates). Although association of the

decay constant obtained from compression stress–

strain curves with the Younǵs modulus must be taken

with care (stress–strain tensile tests must be consid-

ered), the mentioned range covers with good agree-

ment many of the Young’s modulus values of PDMS

reported previously (see Cheng et al. 2010; Inglis

2010; Tong et al. 2008) considering that they are

influenced by the exact proportion of base polymer

and cross-linker agent, the proportion of vinyl and

methyl terminations in the oligomers, curing temper-

atures, etc.

In all considered cases, including replicates, values

of b|| larger than b\ were recovered (b||/b\[ 1),

indicating that it requires larger stresses to be applied

in the direction // than \ to obtain the same strain.

This anisotropic elastic behavior can be directly

appreciated, for the case on nanorods as fillers, in

Fig. 10b. The percentage difference of b|| and b\ is an

indication of the elastic anisotropy: in the case of using

nanoparticles-A, the difference between b|| and b\ is

about 190 % (b||/b\ & 3) but about 1200 % (b||/

b\ & 13) when nanorods are used as fillers. The

variation in the generated elastic anisotropy by

magnetic alignment of fillers is close to one order of

magnitude when using the nanorods described in this

work. The elastic anisotropy is also about one order of

magnitude larger than in the case of using Ni

nanochains (Landa et al. 2013). This is one of the

main results of the present work: very much large

elastic anisotropy appears in the structured composites

when using magnetic CoFe2O4 nanorods instead

CoFe2O4 nanoparticles as fillers. Moreover, this large

anisotropic effect is obtained with lower concentration

of nanorods than nanoparticles.

Conclusions

The synthetic procedure provided the possibility to

obtain CoFe2O4 nanotubes, nanorods, and nanowires

with excellent purity and crystalline degree. The

picture emerging from XRD, SEM, and SAXS exper-

iments is that nanotubes and nanorods are formed by

Fig. 10 Relative thickness (L/Li) versus applied stress (P) in

PDMS–CoFe2O4-structured composites using a nanoparticles

(5 % w/w) and b nanorods (1 % w/w) as fillers. Curves with

a = 0� and a = 90� correspond to compressions parallel and

perpendicular to the pseudo-chains, respectively
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agglomerated clusters of the inorganic material with

remarkable magnetic properties. In particular, nan-

otubes and nanorods present coercive fields that are

three times larger than those of CoFe2O4 nanoparticles

of similar crystallite size. This is a characteristic of

high relevance for many applications in magnetic

memory devices, allowing tuning the magnetic

parameters by changing the morphology of the

nanomaterial. These magnetic features are conserved

when the material is used as filler in the elastomer,

even when—by application of a magnetic field during

curing—fillers are agglomerated forming aligned

pseudo-chains in the matrix. That is, the formation

of aligned pseudo-chains does not disturb the mag-

netic properties of the fillers. The invariability is such

that no magnetic anisotropy was detected at least at the

relatively low loading concentrations used here.

On the other hand, the formation of aligned pseudo-

chains generates a very high elastic anisotropy, not

only when comparing with CoFe2O4 nanoparticles as

fillers, but also much larger than the observed when

using Ni nanochains of higher aspect ratio. This effect

is related not only to the intrinsic rigid and anisotropic

structure of the individual nanorods but also to the fact

that they appear aligned in the direction Hcuring when

forming the pseudo-chains. That is, the composite is

not only formed by aligned pseudo-chains, but each

pseudo-chain is formed by bunches of aligned

nanorods. The confluence of those factors: use of

morphologically anisotropic individual fillers, forma-

tion of aligned bunches of fillers, and formation of

aligned pseudo-chains with those bunches, renders in

the highly anisotropic elasticity of the final composite.
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Appendix

Fractal Cluster Model

In this model, the cluster is assumed to consist of

subunits that are aggregated into a ramified structure.

For the subunits, we use the form factor for sphere with

radius R, given by Eq. (1).

PðqÞ ¼ FðqÞ2 ¼ 3
sinðqRÞ � qR cosðqRÞ

ðqRÞ3

" #2

: ð1Þ

The structure factor for fractal arrangement of the

subunits is described by Teixeira (1998):

SðqÞ ¼ 1þ D

RD

Z1
0

rD�1 exp �r=nð Þ sin qrð Þ
qr

dr

¼ 1þ 1

qRð ÞD
DC D� 1ð Þ

1þ 1= q2n2
� �� � D�1ð Þ=2

� sin D� 1ð Þ tan�1 Qnð Þ
� �

;

ð2Þ

whereD is the fractal dimension, R is the dimension of

the subunits building the fractal, and n gives the size of
the fractal. The radius of gyration of the fractal can be

calculated as

Rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DðDþ 1Þn2=2

q
: ð3Þ

For some samples, we observed a decrease in

intensity at low q. This can be interpreted as being due

to cluster–cluster interference. The simplest way to

describe it is by the use of a simple hard-sphere

structure factor SHS(q), as this function depends only

on two (effective) parameters: RHS, which is an

effective hard-sphere radius, and gHS, which is an

effective volume fraction of hard spheres. The hard-

sphere structure factor SHS(q) is given by Kinning and

Thomas (1984):
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SHS qð Þ ¼ 1

1þ 24gG 2RHSqð Þ= 2RHSqð Þ ; ð4Þ

where

and

a ¼ 1þ 2gð Þ2

1� gð Þ4
; b ¼ �6g 1þ g=2ð Þ2

1� gð Þ4
; c ¼ ga

2
:

ð6Þ

With this, the intensity is then given as

IðqÞ ¼ PðqÞSðqÞSHSðqÞ: ð7Þ

There are interesting features for this expression. If

the fractal domains, defined by overall size n, are
smaller than the size of the overall hard-sphere

interactions hRHSi, at low angles, we might have a

decrease of the scattering intensity, which indicates

that the fractal domains interacts as hard spheres

among each other. This concept is important to

understand the results that are discussed in the text.
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