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Abstract.

This paper presents the results of the Villari effect study in FeGa magnetorheological composites with very low

stresses. The composites consist of a silicone matrix and Fe75Ga25 powder of size ranging from 50 to 100 pm. Two types
of composites, one is with 45 wt% and the other one with 30 wt% of Fe75Ga25 powder have been manufactured. The Villari
effect has been measured in both samples as-manufactured and in those in which a 1 T magnetic field has been applied after
curing. The results indicate that the composites with an applied field of 1 T after curing show the greatest Villari signal even
without any applied magnetic field. This fact allows a design of a low-cost force sensor and high performance. A simple
model, based on the change in the cross-section of the composite, has been developed to explain the results obtained.

Keywords.

1. Introduction

Magnetorheological elastomers (MR elastomers) are
composites based on highly elastic polymeric matrices filled
with magnetic micro- or nano-particles whose elastic prop-
erties depend on the applied magnetic field. Although the
first report about the magnetorheological elastomer effect was
reported in 1940 by Rabinow [1], it was in the 1990s, with
the studies carried out by Jolly et al [2,3] when interest on
the applications of these new materials was at its peak. Nowa-
days, there is a great interest in these composites because they
present interesting properties for different applications in the
biomedical field: e.g., to manufacture artificial muscles [4], in
the control of drug delivery by the manufacture of active scaf-
folds [5], valveless micropumps [6] and hyperthermia, using
composites with magnetite nanoparticles dispersed in a sili-
cone matrix, which allow an increase in the temperature from
36 to 42°C [7]. Also, they are used in the automobile industry
for applications in the vehicle seat vibration suspension [8]
and civil engineering [9-11].

Basically, a MR elastomer consists of two or three basic
components: an elastomeric matrix, magnetic particles and
sometimes additives: silicone oil, glass powders, etc. By vary-
ing the polymeric matrix, particle size and concentration
of magnetic particles [12-16], suitable composites can be
obtained for mechanical, magnetic and electrical applications.
MR elastomers can be classified into two groups: isotropic
MR and anisotropic MR elastomers. In the first group,
the composite is cured without any magnetic field and the
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magnetic particles are randomly distributed. Meanwhile, in
those of the second group, the composite is cured under a
magnetic field that produces an alignment of the particles.
The mechanical and magnetic properties of composites vary
on the magnetic particle distribution depending on the random
or aligned distribution of the magnetic particles [17,18].

Another relevant characteristic of the MR elastomers is
their high magnetostriction [19-23] that makes them excellent
candidates to be used in stress and force sensors.

The Villari effect, also known as the inverse magnetome-
chanical effect, refers to the changes in magnetization of a
magnetostrictive material when it is subjected to an applied
stress. This effect is object of study given its applications,
such as nondestructive evaluation and sensing [24-26].

In this paper, we present the results of the Villari effect
in isotropic MR elastomers fabricated with a silicone matrix
and Fe75Ga25 particles ranging from 50 to 100 pwm obtained
by mechanical milling from amorphous ribbons of the same
composition obtained by a melt spinning process. Two types
of samples have been manufactured, one is with 45 wt% of
Fe75Ga25 powder and the other one with 30 wt%. These per-
centages have been chosen to obtain an appropriate magnetic
signal to produce a deformation of the composites without
a high increase in its rigidity. The Villari effect has been
measured, with and without an applied field of 2 mT, in the as-
manufactured samples and in samples subjected to an applied
magnetic field of 1 T after curing.

An interesting result obtained in this work is that submitting
the isotropic composites to a magnetic field of 1 T after cured,
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produces a good response of the Villari effect without having
touse a coil to magnetize the sample. A simple model based on
the magnetic remanence of the composite and on changing the
transverse cross-section of the sample under a tensile stress
has been developed to explain this result. The model was
tested in both the composites.

2. Experimental

2.1 Starting materials

High purity (99.9%) Fe and Ga metals were used as
raw materials. Fe75Ga25 alloy ingots were prepared by
induction melting under a vacuum atmosphere. From these
ingots, ribbons of 2 mm wide and 60 pm thick were
produced by planar flow casting in a vacuum atmosphere
with a roll speed of 17.5 m s~!. The chemical composi-
tion of the ribbons was determined by inductively coupled
plasma.

Ribbons were manually cut and then cropped in a crusher
(breaker) Fritsch Pulverisette P25 before being milled. This
procedure allows the homogenization of ribbon sizes, reduc-
ing them to <l mm. The milling was performed with
a high-energy planetary ball-mill Retsch PM-400 (Retsch
GmbH, Germany) in a 125 ml stainless steel vessel. Cropped
ribbons and grinding media (10 mm diameter stainless steel
ball) were loaded in a BPR 1:10 weight ratio with a rotation
velocity of 200 rpm. The powder was divided by the coulter
to obtain two different particle size distributions; one with a
diameter ranging from 20 to 50 pm and the other one from
50 to 100 pwm.

2.2 Powder characterization

The morphology of the powder was studied by using a
scanning electron microscope (SEM) JEOL 6460LV. X-
ray diffraction (XRD) patterns of the Fe75Ga25 powder
were carried out in the Seifert XRD 3000TT diffractometer.
The configuration of the equipment is Bragg—Brentano with
Omega—Theta movement (detector—sample), with radiation
being emitted by a thin focus Mo X-ray tube (A = 0.71075 A).
The measurements were taken from 7 to 57° in steps of 0.04°
at room temperature to determine the crystalline phases. The
crystallite size and lattice strain of the powder during milling
were determined by the Rietveld method using Topas 4.2
software.

2.3 Fabrication of composites

The powders with diameters between 50 and 100 wm have
been used to fabricate two sets of composites using a sili-
cone matrix (Silicone Ceys Ms-Tech). The composites were
prepared by mixing the powders in a proportion of 30 and
45 wt% of Fe75Ga25 with silicone in the following way: all
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the components were mixed with a stirrer bar at room
temperature and the mixture was put into a prism-shaped
mould with dimensions of 50 x 30 mm and a thickness of
10 mm. The samples were cured without applying any mag-
netic field (isotropic composites). After manufacturing, the
isotropic composites were subjected to an applied magnetic
field of 1 T in the longitudinal direction of the sample mag-
netizing it in this direction.

2.4 Composite characterization

The magnetic characterization of the composites at room
temperature was performed using a vibrating sample mag-
netometer (EV9-VSM 2.2 T).

The Young’s modulus of the composite has been obtained
from tensile stress—strain experiments and from the indenta-
tion test (P—h curves). The tensile stress—strain measurements
were performed in a universal tester MTS400/M. The machine
has a load cell of 2 kN and flat grips. The specimens were
tested in tension with a gauge length, as defined by the hot
zone, of 50 mm. A constant cross-head speed of 5 mm min~!
was employed to conduct the tension experiments along the
length direction of the composite at a frequency of 10 Hz. P—h
curves were performed with a Microtest device (MTR3/50-
50/NT), at an applied load rate of 1 N min~"! and a holding time
of 10 s. To perform the measurements, the samples were fixed
to a steel cylinder. The surface of the samples was prepared
using fine abrasive papers; the final polishing was performed
with diamond particles in suspension and colloidal silica. At
least five measurements were made for each type of material
and test condition. The Young’s modulus from the resulting
load—penetration curves were evaluated using the Oliver and
Pharr analysis [27-30].

The experimental system to measure the Villari effect is
shown in figure 1. It consists of a direct power supply which
provides an electrical current to a primary coil to magnetize
the sample. This coil of 50 mm inner diameter consists of
360 turns of copper wire of 1 mm diameter and generates a
maximum magnetic field of 2 mT A~!. The Villari signal is
obtained by means of a fluxmeter connected to the pickup
coil that surrounds the sample, which is also connected to
other identical secondary winding in series opposition. The
pickup provides a signal proportional to B, and the secondary
winding provides a signal proportional to poH,. Therefore,
the fluxmeter provides a signal proportional to M. These sec-
ondary coils of 7 mm inner diameter consist of 20,000 turns
of copper wire of 0.05 mm diameter.

To apply the tensile stress to the sample, one of its ends
was attached to a fixed jaw and the other to a mobile,
from which a weight holder was suspended. Various weights
could be added to the holder by changing the applied
stress.

The measurements of the Villari effect have been per-
formed in a five loading/unloading cycles to ensure their
repetitivities.
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Figure 1. Experimental setup for measuring the Villari effect.

Figure 2. SEM image of the Fe75Ga25 particles.

3. Results and discussion

A SEM micrograph of powder after 30 h milling is shown in
figure 2. The XRD patterns of Fe75Ga25 powder as well as the
XRD of a standard sample of Fe that allows us to determine
the alignment error in a diffractometer are shown in figure 3.
The reflections at 26: 19.8, 28.2, 34.7, 40.3, 45.3, 49.9 and
54.2° correspond to the phases (110), (200), (211), (220),
(310), (222) and (321), respectively. As can be seen, the XRD
patterns show that only peaks originating from the disordered
BBC structure are observed. The introduction of Ga atoms
into the cubic cell body-centred (BCC) Fe initiates an increase
in cell size, which results in a shift of the Bragg peaks at low
angles, while the grain size reduction due to grinding leads to
a widening of the same.

From the microstructural parameters, the average size of
the crystallite and average microdeformation have been deter-
mined according to the different directions of the reciprocal
space; so the average size of the crystallite is 1345 nm, while
the average microdeformation is 0.26 +0.13%. The reduction
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Figure 3. XRD patterns of Fe75Ga25 powder and a standard
sample of Fe.

in the grain size and an increase in microdeformation observed
in reflections (200, 310) are indications of the presence of
planar effects caused by the mechanical alloy to which the
Fe75Ga25 powder has been subjected.

Four different samples have been studied and from now on
we will refer to the composites as C30 and C40 correspond to
the samples with 30 and 45% powder, respectively and C30F
and C45F to the composites of the same percentage as the
previous ones and subjected to a magnetic field of 1 T after
curing.

Figure 4 shows the micrographs of C45 and C45F isotropic
composites. As can be seen, no differences in powder distri-
bution can be appreciated between both samples and confirm
the isotropic distribution of the particles.

The magnetic hysteresis loops of the composites are shown
in figure 5. As can be observed, the saturation magnetization
of the C30 sample is smaller than that of C45 samples. This is
due to its lower content of magnetic powder. In the inset of the
same figure, an enlargement of the central part of hysteresis
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Figure 4. Images of the isotropic composites; (a) as-manufactured
and (b) after submitting it to a magnetic field of 1 T.
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Figure 5. Hysteresis loops of the as-manufactured composites
with 30 and 45 wt% Fe75Ga25 powders. In the inset, the central
part of hysteresis loops is shown.

loops is shown and a remanence magnetization of 1800 £
20 A m™"' for the C30 sample and 2000 =20 A m™" for C45
sample can be appreciated.

Figure 6 shows the results of the Villari effect in the com-
posites with 30 and 45 wt% Fe75Ga25 powder cured without
any magnetic field and after subjecting them to an applied
magnetic field of 1 T after curing. As expected, it can be
seen that the Villari signal is greater in those samples with
a higher percentage in magnetic particles and also we can
observe that there is no hysteresis. Also, in the measurements
performed with an applied field of 2 mT, the samples C30F and
C45F present a greater Villari signal than their corresponding
as manufactured ones, samples C30 and C45. In addition, a
variation of the magnetic flux with tension has been measured
without the application of any magnetic field in samples C30F
and C45F.

The Villari effect in magnetorheological elastomers has
been recently studied [31,32]. In these studies, the Villari sig-
nal obtained when a magnetic field is applied to the sample
has been fitted to a second-order polynomial approximation.

In our samples, a Villari signal has been obtained without
the need to apply any magnetic field to the sample. So, to
explain these results, we propose a simple model based on the
change in the cross-section of the composite when subjected
to a tensile stress, which would explain the magnetic flux
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values obtained for the C30F and C45F samples when no
magnetic field is applied.

In this way, taking into account the elastic properties of
the studied composites and the narrow range of applied ten-
sile stresses (ranging from 0.01 to 0.1 MPa), we assume the
volume of the sample to be constant and therefore:

( + ADs' =1Is, (1

where [ and Al are the initial length and the length variation
after deformation; s and s’ are the cross-sections before and
after straining, respectively. On the other hand, as well known,
the relation between the tensile stress o, the Young’s modulus
E and the strain & can be written as:

o = Ee. 2)

From equations (1) and (2), we obtain after straining cross-
section

, sE
st = .
E+o

3

On the other hand, considering that magnetic flux in the com-
posite before and after straining are given by:

® = uoMNs and & = uyM'Ns’, )
where M and M’ are the sample magnetizations before and
after straining, N the number of turns of the pick-up coil
and 1o the permeability of free space. If we assume that the

composites present an initial magnetization and that AM is
due to the low stress, we can write according to Brown [33]:

AM = Bo?, (5)

where o is the applied stress and 8 a constant. The composite
magnetization after straining can be written as

M' =M + Bo>. (6)

Therefore, the change in magnetic flux resulting from the
application of stress is given by:

A® = poN (M's' — Ms) = uoN po’E — Mo %)

= s'— Ms) = s|— ).

Mo Mo Eio

To compare the predicted result by the model and the exper-
imental data, the Young’s modulus of the samples C30 and
C45 have been measured.

Figure 7 shows the stress—strain curve obtained under elon-
gation. Despite the lack of linearity that the curve presents,
due to the small stress applied to the composites, a linear
dependence between strain and stress can be assumed (inset
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Figure 6. Magnetic flux as a function of applied stress in composites of Fe75Ga25 with (a) 30 wt% powder and
(b) 45 wt% powder. For the C30 and C45 samples, the measurements have been carried out by applying a magnetic field
of 2 mT; the C30F and C45F samples have been measured by applying a magnetic field of 2 mT and without any applied

magnetic field.
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Figure 7. Stress—strain curves for composites with 30 and 45 wt%
of Fe75Ga25. The inset shows an enlargement of curves in the stress
range of the present work.

of figure 7). From these measurements, the Young’s moduli
obtained for the C30 and C45 composites are 3.3 + 0.2 and
4.1 £0.3 MPa, respectively. The values obtained by microin-
dentation are 2.72 £ 0.08 and 3.2 4+ 0.1 MPa, respectively,
and the corresponding P—h curves are shown in figure 8.

To check the model, the measurements without any applied
magnetic field, for the mentioned C30F and C45F samples in
figure 6, have been fitted using the function:

ac? — bo
E+o

AD = (8)

where a and b are parameters, according to the model, b
represents the initial magnetic flux of the sample without
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Figure 8. P—h curves for the as-manufactured C30 and C45
composites.

applied stress. Figure 9 shows the good agreement between
experimental data and fitting.

The initial magnetic flux measured by the induction method
and the values of the parameter b obtained from the fitting for
both samples are shown in table 1.

To check the model with the Villari effect measurements
performed with a magnetic field of 2 mT, it has been assumed
that this low field increases the initial magnetization of
the samples previous to the application of tensile stress.
Therefore, it is possible to obtain the different states of magne-
tization for the samples under this field from the experimental
data fitting. Figure 10 shows the fittings obtained for the Vil-
lari signal of the C30 and C30F composites with a magnetic
field of 2 mT. Again, a good agreement between experimental
data and fitting can be appreciated. The estimated initial mag-
netization of the C30F and C45F composites obtained from
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Figure 9. Magnetic flux, without any magnetic field, as a function
of applied stress and its fitting of C30F and C45F composites.

Table 1. Results of the initial magnetic flux for the as-manufactu-
red sample after submitting it to a magnetic field of 1 T after cured.

woNsMo x 10~* (Wb)

Sample Fitting Measures
C30F 2.95+0.06 3.84+0.1
C45F 82402 7.74+0.1
120 .
--- C30 fitting
100 — C30F fitting
% ® (C30 measurements
= 80 I I C30F measurements
s
~ 60}
S
x 40t
=3 e
< 20} T
_-a-F-
of s-*"*
_26) . X : .
.00 0.02 0.04 0.06 0.08 0.10
o (MPa)

Figure 10. Magnetic flux with a magnetic field of 2 mT as a
function of applied stress and its fitting of 30 wt% of Fe75Ga25
composites.

the measurement fittings is shown in table 2. As expected,
due to its low percent of magnetic particles, the C30F sample
has a smaller initial magnetization than the C45F sample. On
the other hand, the model predicts an initial magnetization
for both samples in the absence of an applied magnetic field
and applying a magnetic field of 2 mT in the measurement of
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Table 2. Initial magnetization obtained from the fitting of the mag-
netic field as a function of stress for C30F and C45F composites.

Initial magnetization (A m™ B

Sample noH = 0mT noH =2 mT
C30F 734 £ 15 808 +9
C45F 1660 % 40 2200 £+ 50

the Villari effect, the magnetization of the previously
magnetized samples is increased, which produces an increase
in the measured Villari signal.

The model developed in this work describes the results
obtained in premagnetized samples in the very low-stress
regime and considering the Young modulus and Poisson coef-
ficient constant.

4. Conclusion

In this paper, the Villari effect in silicone FeGa composites has
been studied. The results indicate, on the one hand, that the
samples with an applied field of 1 T after curing and submitted
to an applied magnetic field of 2 mT to measure the Villari
effect show a greater signal than those as manufactured; on
the other hand, the samples with an applied field of 1 T after
curing give an outstanding Villari signal without any applied
field. Taking into account that the samples are saturated after
being submitted to a magnetic field of 1 T (figure 5), this
behaviour is due to the initial remanence magnetization that
samples present.

A simple model, based on the change of the cross-section
of the composite has been developed to explain the results
obtained.

To check the model, the measured data for the samples with
an applied field of 1 T after curing have been fitted to A® =
(ac? — bo)/(E + o), with a and b as parameters; where b
means the initial magnetic flux of the sample without stress.
As can be seen in figure 9, there is a good fitting between the
experimental data and the measurements.

Obtaining a Villari signal in these samples without applying
amagnetic field, makes these materials very promising for use
in force and deformation sensors.
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