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Abstract

The aim of the work was the study of preparation and properties of rubber magnetic
composites based on butadiene rubber (Buna CB 24). Three different types of
commercially used strontium ferrites, under the trade name FD8/24, UMBS8 and
S90 were applied as magnetic powdery fillers. Besides the rubber and the fillers, the
rubber compounds contained only ingredients that support vulcanization process. The
study was focused on the preparation of rubber magnetic composites and evaluation of
magnetic filler influence on their vulcanization characteristics and cross-link density.
Subsequently, the physical-mechanical and magnetic properties were investigated. The
results of the study revealed that the incorporation of ferrites into the rubber matrix
leads to the preparation of magnetic composites with improved physical-mechanical
and magnetic characteristics, which implies that ferrites provide not only suitable
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magnetic properties to the rubber composites, but also reinforce the rubber matrix.
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Introduction

Rubber magnetic composites are a group of smart materials
consisting of ferromagnetic fillers incorporated in soft rubber
matrix.'” The final properties of composites are strongly dependent on
characteristics of polymer matrix especially. However, by applying of
magnetic materials into rubber compounds by processing technologies
generally used in rubber industry, new properties and technological
abilities can be provided. The advantage of such type of materials is
that their properties can be modified for the requirements of specific
applications. Because of their elasticity and easy mouldability there
are suitable for additive devices, where elasticity and flexibility
are additional and important parameters. Rubber composites with
magnetic fillers are able to sensitively respond to vibrations and absorb
oscillations of various wavelengths. They can also change magnetic
and mechanical properties at different forms of strain. Moreover, they
have very good magnetic properties. Rubber magnets can absorb
shock and sound, so they can be applied in-dc motors, motor parts,
memo holders, intelligent tyres, in microwave and radar technology,
also in other technological applications.**

Metal ferrites with general formula MFe ,0 , (M is divalent cation
such as Ba, Sr, ect.) belong to the widely used magnetic materials.
They have domain structure which terminates over the Currie
temperature. High values of magneto-crystalline anisotropy and
saturation magnetization allow wide application of these materials as
permanent magnets. Ferrites have wide hysteresis loop and value of
Coercivity H>2.5kA/m. They also express high value of remanent
magnetic induction B, and high value of maximum energy product
(BH), . They may occur in several crystallographic modifications,
but in term of possible applications, ferrites with hexagonal structure
express the biggest interest.”!” As the magnetic powdery fillers, Ba
and Sr ferrites are very often used. Ferrite permanent magnets of
general formula StFe O, or BaFe ,0, contain approximately 80% of
iron oxide and 20% of strontium or barium. They have good chemical
stability, low specific weight and suitable magnetic characteristics.

Low price and chemical resistance are next benefits of these magnetic
materials which have become very important materials as media
for magnetic and magnetic-optical recording, as components for
reproducers, engines and generators in automobile industry. !4

Experimental
Materials

Butadiene rubber (BR, Buna CB 24, Lanxess, Germany) was
chosen as soft elastomeric matrix for the preparation of rubber
magnetic composites. Three types of strontium ferrites were applied
as magnetic powdery fillers. Anisotropic strontium ferrite, type
FD 8/24, was provided by Magnety, a.s. (Svétla Hora u Bruntalu,
Czech Republic). Strontium ferrite, commercially marked as
UMBSS8, was provided by Unimagnet Industry Co., Ltd. (Yhuji
City, China). Strontium ferrite, under the trade name S90, was
provided by Tridelta GmbH (Hermsdorf, Germany). The amount
of ferrite in rubber compounds changed from 0 to 100 phr. Besides
the rubber and magnetic fillers, the rubber compounds contained
components of vulcanization system (sulphur-1.3 phr, N-cyclohexyl-
2-benzothiazolesulfenamide-1.5 phr, ZnO-3 phr, stearin-2phr). [IPPD
(N-isopropyl-N*‘-phenyl-p-phenylenediamine) was introduced into
rubber compounds as an antioxidant.

Methods

Evaluation of structural characteristics of strontium ferrites: The
specific surface area and total porosity of strontium ferrites were de-
termined by applying the method of mercury porosimetry. The mea-
surement was carried out by using Porosimeter 1500 (Carlo Erba, Mi-
lan, Italy). Maximum press of mercury 150MPa enables to determine
pores up to the size of Snm. Particle size distribution of tested fillers
was investigated by using Cilas 1064L appliance (Cilas, France). Fine
particles are measured by scanning of scattering reflection, which is
formed by examined sample. The time of detection is 20 seconds in
liquid state. Measuring is performed in the range of attenuation of
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laser beam from 5 to 28%. The microstructure of the applied ferrites
was observed using the scanning electron microscope Tesla BS 300
with digitizing unit Tescan equipped with Wintip software. The surfa-
ce of ferrite powders was coated with a thin layer of gold and placed
into the scanning electron microscopy (SEM). Density of ferrites was
provided by the manufacturers.

Preparation of rubber compounds: The rubber compounds were
prepared in the laboratory mixer Brabender in two mixing steps.
In the first step, the rubber and the fillers were compounded (9min,
90°C), in the second step (4min, 90°C), the vulcanization system was
introduced. Subsequently the rubber blends were homogenized in two
roll calander. The vulcanization characteristics of rubber compounds
were investigated from the corresponding vulcanization isotherms
measured by Rheometer Monsanto R100 at 150°C. The vulcaniza-
tion process was performed at 150°C for the optimum vulcanization
time under a pressure of 15MPa by using the hydraulic press Fontijne.
Finally, thin sheets (width 15x15cm, thickness 2mm) of vulcanized
rubber compounds were obtained.

Determination of cross-link density of composites: The cross-link
density vwas determined based on equilibrium swelling of samples in
xylene. First, the samples were swelled in xylene until the equilibrium
swelling was reached. The cross-link density was calculated based
upon equilibrium swelling degree by applying the Krause modified
Flory-Rehner equation (1) for filled vulcanizates:'

2
V, m(1=-V)+V + xV
v=— r0 ( r) r zr (1)

13, 2/3
Vs Vr VrO _O'SVr

v - Cross-link density (mol/cm?)

V,, -Volume fraction of rubber in equilibrium swelling sample of
vulcanizate in absence of fillers

V. - Volume fraction of rubber in equilibrium swelling sample of
filled vulcanizate

V- Molar volume of solvent (for xylene=123.45cm*/mol)
x- Huggins interaction parameter (for measuring conditionsy=0.39)

Evaluation of physical-mechanical properties of composites:
The tensile properties of tested composites were evaluated by using
Zwick Roell/Z 2.5 appliance at a cross-head speed of 500mm/min
and laboratory temperature in accordance with the valid technical
standards, on the double side dumbbell-shaped test specimens (width
6.4mm, length 8cm, thickness 2mm).

Determination of magnetic characteristics of ferrites and
composites: Magnetic characteristics of tested ferrites and also
prepared composites were determined at a room temperature and
maximum coercivity of  =750kA/m. For this purpose, magnetometer
TVM-1 was used. The basic principle of measurement is induction
method of scanning of scattering magnetic flux induced by magnetic
vibrating sample. Magnetic field is generated by means of two cores of
Weiss electromagnet at a minimum distance of poles adapters 7.5mm.
The specimens of composites were of prism shape (8x4x4mm).

There was experimentally determined the coercivity H, the
maximum magnetic flux @ and remanent magnetic flux @ for all
composites. The maximum magnetic polarization J, and the remanent
magnetic polarization J were calculated based on experimentally
determined @ and @ values using equations (2) and (3):

Copyright:

©2017 Kruzelak etal. 162
()
J,=—".D @)
S
()
J =—".D 3)
S

S - surface area of the sample
D - constant of the used apparatus TVM-1 (D=16.4)

The magnetic saturation B and the remanent magnetic induction
B_were calculated utilizing equations (4) and (5):

B =y H, +J, “4)
B =pH+J =B =J Q)

u ~vacuum permeability
H -maximum intensity of magnetic field (/ =750kA/m)
H-intensity of magnetic field (H=0kA/m)

Results and discussion

Characteristics of ferrite fillers

For detailed characterization of applied strontium ferrites,
structural, magnetic and other physical characteristics were
determined. Structural characteristics (shape and size of ferrite
particles) were evaluated by scanning electron microscopy. SEM
images of ferrites powders at different magnifications are illustrated
in Figures 1-3. From them it is shown that magnetic fillers form
aggregates of various sizes and shapes. The structural characteristics
of ferrites S90 and UMBS seem to be very similar. As possible to
observe from Figures 1& Figure 2, the particles of those ferrites are
very similar in their size and shape. The particle size distribution
revealed that the size of ferrites S90 and UMBS ranged from 1 to
40um, while the highest amount of particles moved around 5-10pum.
From Figure 3 it becomes evident that the size of ferrite FD8/24 seems
to be larger, ranging from 1 to 80pm, which can be probably caused by
higher agglomeration of filler particles.

Figure | SEM images of strontium ferrite S90.

The detailed specifications of magnetic fillers are presented in
Table 1. As possible to see, the largest specific surface area exhibits
ferrite FD8/24, the smallest one ferrite UMBSS. Its value is more than
Im?/g smaller than that of FD8/24. By contrast ferrite FD8/24 shows
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the lowest total porosity, at about 10% lower in comparison with rest
two types of ferrite powders. The coercitive intensity of magnetic field
(coercivity) H , is the lowest for the type FD8/24. The coercivities
of ferrites S90 and UMBS are almost twofold higher in comparison
with FD8/24. The values of remanent magnetic induction of all type
ferrites are comparable, although the highest B, was determined in the
case of FDg/24.

Table | Characteristics of strontium ferrites

Characteristics S90 UMBS8 FD8/24
Density (g/cm?®) 4.99 4.98 4.73
Particles Size (um) Jan-40 Jan-40 Jan-80
Specific Surface Area (m?/g) 3.23 2.92 4.06
Total porosity (%) 64.87 65.34 55.62
Coercivity H_ (kA/m) 220 287 117
Magnetic Saturation B_(T) 1.18 1.21 1.26
Remanent Magnetic Induction 0.145 0.162 017

B (M

.,

Figure 3 SEM images of strontium ferrite FD8/24.

Influence of ferrites on vulcanization process of rubber
compounds

The influence of ferrites on vulcanization process of rubber
compounds was considered based on the determination of
vulcanization characteristics, the optimum vulcanization time 7 ,, the
scorch time z, and the difference between the maximum and minimum
torque dM. The values of these characteristics were determined from

the corresponding vulcanization isotherms measured at 150°C.

Copyright:
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From Figure 4 itis obvious that the scorch time of rubber compounds
filled with ferrite UMBSS first slightly increased when 20 phr of filler
was added into the rubber compound. With next increasing of ferrite
content the scorch time showed a decreasing trend. The scorch time
of rubber compounds filled with fillers S90 and FD8/24 was lower in
comparison with the scorch time of the reference unfilled sample in
all ferrite concentration range. The shortest scorch time were found to
have rubber compounds filled with filler S90. The scorch time of the
sample with 20 phr of S90 decreased in about 6 min in comparison
with the reference, but with next increasing of ferrite content, the
values of scorch time fluctuated in low range almost independently on
the amount of magnetic filler.
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Figure 4 Influence of ferrites content on scorch time t  of rubber compounds.

As seen in Figure 5, the presence of magnetic fillers in rubber
compounds leads also to the decrease of the optimum vulcanization
time. The rubber compounds filled with ferrite S90 required the
shortest time essential for their vulcanization process. In comparison
with the unfilled sample, the addition of magnetic filler S90 caused
the reduction of the optimum vulcanization time from about 28 to
approximately 11 minutes (for the sample with 100 phr of ferrite).
Taking into consideration that rubber compounds differed in ferrites
loading only, it is supposed that ferrites tend to accelerate sulphur
vulcanization process. Ferrites are complex substances consisting of
iron oxide and oxides of other metals, depending on the type of ferrite.
The presence of these oxides in the rubber matrix might have a similar
effect on vulcanization process as zinc oxide that acts as activator
of sulfur vulcanization. Thus the total acceleration of vulcanization
process of ferrites filled rubber compounds might be supported. From
graphical dependence of torque difference dM on ferrites content
(Figure 6) it is possible to observe the extension of dM values with
increasing amount of all tested strontium ferrites. The type of applied
ferrite has almost no influence on the torque difference.

Influence of ferrites on cross-link density of composi-
tes

The cross-link density is very important characteristic of all
vulcanized rubber systems. Not only the original properties, but also
their changes within time are dependent on the cross-link density. The
cross-link density v of prepared composites was determined based
on equilibrium swelling of samples in xylene by applying the Flory-
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Rehner equation (1). The calculated values of v for all composites are
presented in Figure 7.
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Figure 5 Influence of ferrites content on optimum vulcanization time t ,, of
rubber compounds.
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Figure 6 Influence of ferrites content on torque difference dM of rubber
compounds.

The highest cross-link density showed the reference unfilled
sample. The cross-link densities of all ferrites filled composites
were found to be lower when compared to the reference, but almost
independent on the amount of magnetic fillers. A slight decrease of
cross-link density with increasing content of ferrite was recorded only
in the case of composites filled with filler UMBSS8. The decline of
cross-link density of the composite with maximum UMBSS content did
not exceed 20% in comparison with the corresponding value v of the
reference. Composites filled with ferrite UMBSS exhibited the highest
cross-link density, although the differences in cross-link density in
dependence on the type of magnetic filler were not very significant.
The possible explanation of the decrease of cross-link density by
incorporation of ferrite can be the fact that ferrite particles could act
as a steric hindrance against forming of cross-links between rubber
chains segments, thus contributing the decrease of cross-link density.
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The lowest degree of cross-linking of composites filled with ferrite
FD8/24 might be then caused by higher particles size of that filler. The
similar results were also obtained in our previous work,'® although
other research papers did not confirm this presumption.'”'® Therefore
the type of filler and the type of rubber matrix must be also considered
and the contribution of magnetic fillers on cross-link density of rubber
magnets should be the subject of further investigation.
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Figure 7 Influence of ferrites content on cross-link density v of composites.

Influence of ferrites on physical-mechanical properties
of composites

The study revealed that application of ferrites into rubber matrix
leads to the improvement of physical-mechanical properties of
composite materials (Figures 8-10). Composites filled with S90
exhibited the highest tensile strength in all ferrite concentration scale.
The tensile strength of the maximally filled composite was almost
twofold higher when compared to the reference. The tensile strength
of composites filled with the rest two types of ferrites was found to
be lower, but it was also positively influenced by doping content
of both fillers (Figure 8). The lowest tensile strength of composites
filled with ferrite FD8/24 can be attributed to the highest particle size
of that ferrite. In generally, the lower is the particle size, the better
interaction between the rubber and the filler on the phase interface
is achieved, leading to the higher reinforcing effect of the applied
filler.! Therefore, composites filler with S90 and UMBS exhibited
higher tensile strength when compared with equivalent composites
filled with FD8/24. The elongation at break first rapidly increased
when 20phr of filler S90 was added into the rubber matrix, but with
the next incorporation of magnetic filler, the values of elongation at
break remained nearly unchanged. The composites filled with this
type of filler showed the highest elongation at break in all ferrite
concentration range (Figure 9). The increase of elongation at break
with increasing content of applied fillers can be attributed the decrease
of cross-link density of composites (Figure 7). The higher is the cross-
link density, the more restricted is rubber chains mobility, leading to
the lower elongation at break. From Figure 10 it becomes evident that
the values of modulus M100 were not possible to be measured for
the reference sample and most composites as they were ruptured at
the deformation less than 100%. In the case of composites filled with
filler FD8/24, the modulus M100 was determined only in case of the
composite with maximum ferrite content.
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Figure 8 Influence of ferrites content on tensile strength of composites.
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Figure 9 Influence of ferrites content on elongation at break of composites.
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Figure 10 Influence of ferrites content on modulus M100 of composites.
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Based upon the achieved results it can be stated that ferrites
applied in butadiene rubber matrix behave as reinforcing fillers, as
the improvement of physical-mechanical properties by incorporation
of ferrite powders was observed. As ferrite fillers have no chemical
functional groups able to react with the macromolecules of the
rubber matrix to form chemical couplings, it is estimated that there
are formed some physical interactions between the rubber matrix and
the particles of ferrite, which subsequently leads to the improvement
of compatibility and adhesion on the phase interface filler-rubber. In
generally, good adhesion and interactions between the rubber and
the filler on the interfacial layer are the basic principle of rubber
compounds reinforcement. Although, the degree of reinforcement
of rubber compounds filled with ferrites is not as significant as
in comparison with traditional fillers used in rubber technologies
(e.g. carbon black), the achieved results revealed that this is a very
promising aspect relating to the preparation of rubber composites with
incorporated magnetic fillers, especially ferrites.

Influence of ferrites on magnetic characteristics of
composites

The dependences of magnetic induction B on intensity of magnetic
field H are called magnetizing curves, which provide complete
information about technical properties of magnetic substances. Figure
11 illustrates the dependence of magnetic induction B in the material
on intensity of external magnetic field H, when the sample is cyclically
magnetized in the presence of external magnetic field from the point
a to the point d and back to the point a. Curve 1 corresponds to the
primary magnetization of the sample from the point 0 to the point
of magnetic saturation B_. In the point a the material is completely
magnetized. When the intensity of external magnetic field decreases,
the magnetic induction in the sample also decreases, following the
curve 2. This points out to the irreversibility of magnetizing processes
in ferromagnetic materials. When an external magnetic field vanishes,
the material exhibits the remanent magnetic magnetization B,. This
means that the sample is magnetized without the presence of the
external magnetic field. If the intensity of magnetic field is changed
to the opposite direction, external magnetic field intensity increases,
while the magnetic induction in the sample decreases. In the point
corresponding to coercive intensity of magnetic field /_ (or shortly
coercivity), the magnetic induction vanishes and the material becomes
demagnetized. The next increasing intensity of magnetic field leads
to the increase of magnetic induction in the sample to the point of
saturation d, but in the opposite direction. If the intensity of external
magnetic field is changed in the point d again, the magnetic induction
in the sample grows according to the curve 3 to the initial saturation
B_in the point a. Thus one magnetizing cycle is finished. This
phenomenon is called magnetic hysteresis and curve 2-3 is indicated
as hysteresis loop.

The remanent magnetic induction and the coercivity are the
most important parameters of all permanents magnets. Magnetic
hard materials, as also ferrites, usually exhibits high values of both
magnetic characteristics. Therefore, the incorporation of ferrites into
rubber matrix should also impart magnetic characteristics to the rubber
composites as well. The values of magnetic saturation B, remanent
magnetic induction B, and coercivity H, for all prepared composites
are graphically illustrated in Figures 12-14.

As seen in Figure 12, the magnetic saturation of prepared
composites was slightly improved in dependence on fillers content,
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but the type of ferrite has almost no influence on the values of
observed characteristics. From Figure 13 it becomes clearly evident
that the remanent magnetic induction of tested materials was found
to be strongly dependent on the amount of applied strontium ferrites.
In the case of all type composites, there was recorded nearly 500%
increase of B_by increasing of ferrites content from 20 to 100 phr. The
highest values of remanent magnetic induction seem to be achieved
by applying of ferrite FD8/24, the lowest B, values by using ferrite
S90. The obtained results for the remanent magnetic induction of
composites correspond with the results of B, for examined magnetic
fillers. The highest B, showed ferrite FD8/24, the lowest one exhibited
ferrite S90 (Table 1).

B Flux Density

Bs

H
Magnatizing Force

-H
Magnetizing Force
In Opposite Direction

I

. L
Saturali

ion
In Opposite Direction -B

Fux Density
In Opposite Direction

Figure || Hysteresis loop of ferromagnetic materials.
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Figure 12 Influence of ferrites content on magnetic saturation B of
composites.

By contrast, the coercivity of composites seems not to be
influenced by the magnetic fillers content, although there were spotted
big differences in coercivity in dependence on the type of applied
ferrite (Figure 14). The highest coercivity exhibited composites filled
with ferrite UMBSS. The values of H_ of these materials were at about
100kA/m higher in comparison the H_ of composites filled with ferrite
S90 and more than twofold higher in comparison with the equivalent
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coercivity of composites filled with ferrite FD8/24. These results also
correspond with the data mentioned in Table 1, indicating that the
highest coercivity possesses ferrite UMBS8 while the lowest one the
type FD8/24. This means that rubber magnetic composites filled with
ferrite UMBSS8 exhibit the highest resistance against demagnetization.
The obtained results showed that magnetic characteristics of rubber
magnetic composites are strongly dependent on the magnetic
characteristics and the content of applied ferrites.
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Figure 13 Influence of ferrites content on remanent magnetic saturation B,
of composites.
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Figure 14 Influence of ferrites content on coercivity H_of composites.

Conclusion

In this work rubber magnetic composites were prepared by
incorporation of strontium ferrites into the rubber compounds based
on BR. The study was focused on the preparation of composites and
evaluation of magnetic fillers influence on their cross-linking and
properties.

The results revealed that the incorporation of ferrite fillers into
the rubber matrix leads to the acceleration of cross-linking process
of rubber compounds, imparts magnetic properties and modifies
physical-mechanical properties of prepared composites considerably.
The remanent magnetic induction of tested composite system is
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strongly dependent on the content of magnetic fillers, while the
coercivity is influenced mainly by the type of strontium ferrite. The
physical-mechanical properties of rubber magnetic composites are
dependent on the characteristics of rubber matrix especially, but also
on the content of applied ferrites and interfacial conditions between
the components. The observed properties were improved by addition
of ferrites, which point out that there is good adhesion between the
rubber matrix and the particles of ferrite. Relating to the tested rubber
systems with incorporated magnetic fillers, the best compromise
between the appropriate mechanical and magnetic properties seems to
be achieved by using strontium ferrite S90.
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