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Abstract

This paper presents an experimental study on the performance of shielding concrete
with additives of magnetite nanoparticles. Two concretes with magnetite additives
as well as one based concrete were tested. In order to achieve the high-performance
concrete, all concrete mixes had a constant water/cement ratio of 0.45. In order
to measure the mechanical properties, concrete samples were made in accordance
with dimension such as 40 x 40 x 160 mm. But, for measurement of protective
properties the concrete was made in accordance with dimension of rotary antennas
such as 400 x 400 mm with a thickness of 10 mm. The nanoparticles Fe;O, were
synthesized by chemical condensation method. XRD have shown the presence of
cubic structure of Fe;O, spinel with crystallite size is equal to 130.0 A. The TEM
microphotograph shows that the Fe;O, nanoparticles are spherical, the range of sizes
is 12-30 nm. The magnetic retardation suggests that the magnetite nanoparticles
have superparamagnetic properties. This is explained by the fact that under the
influence of external magnetic field, they are single-domain, in other words, they
become uniformly magnetized throughout the volume. The additives of magnetite
nanoparticles at a concentration of 0.5% mass have not a negative effect on flexural
strength. The samples with additives of magnetite nanoparticles showed better
shielding of microwave radiation in the frequency range from 0.7 GHz to 13 GHz.
The maximum efficiency of suppression of electromagnetic disturbance is equal to
19.9 dB at a frequency of 1.5 GHz with a thickness of 10 mm.

1. Introduction

contribution to the reaction of biological objects.
Very often, the reactions of biological objects are

With the explosive development of information
technology, particularly in the use of electromag-
netic waves in the gigahertz (GHz) range, seri-
ous electromagnetic interference problems have
emerged. Electromagnetic interference pollution
can disturb equipment and systems for medical,
industrial, commercial, and military applications
[1-3]. It is possible to say that the electromagnetic
radiation of radio frequency band, is generated by
the radio electronic means, is distinguished from
natural background by its frequency and power
characteristics and of course, makes an additional

*Corresponding author. E-mail: i_dos_90@mail.ru

difficult to predict and have complex character [4,
5] so, in the modern world, there is a necessity in re-
liable protection against electromagnetic radiation.
The development of protection systems, shielding
and absorption of broad — banded electromagnetic
radiation is a fairly complex task, both from the
theoretical and practical point of view. Rigorous
specifications to such systems specify the neces-
sity for search of complex solutions, concerning
protective tasks from electromagnetic radiation, as
well as information security contained in electro-
magnetic radiation [6].
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When manufacturing shielding materials, it
should be considered that the effectiveness of their
operation is associated with absorption phenomena
and reflection of electromagnetic energy, while a
part of the energy damps in the thickness of materi-
al. In case of providing the radioelectronic devices
by electromagnetic radiation, it is important that
the major part of electromagnetic radiation energy
(EMR) is absorbed, but not re-reflected on adjacent
devices or external environment [6].

Shielding effectiveness (SE) can be divided into
the product of three terms each represents one of
the phenomena of reflection loss, absorption loss
and multi-reflections. The shielding effectiveness
is defined in decibels (dB) and its magnitude can
be written as follows [7].

SE4 =20 1g [E/E| = Ry, + Ag, + Mg, (1)

where E; and E, are the electric fields that are in-
cident on and transmitted through the shield, re-
spectively. Ryg is the reflection loss caused by the
reflection at the surface of the shield, Ag; is the
absorption loss of the waves as it proceeds through
the shield and Mg is the additional effects of mul-
tiple reflections and transmissions in the interior of
the shield [7].

When developing the construction of shields or
electromagnetic wave absorbers, the various ma-
terials are used, that having the ability to reflect or
absorb the electromagnetic radiations in a certain
frequency range. It should be noted that in nature
there are no ideally reflecting or ideally absorbing
electromagnetic energy materials, therefore, the
suppression of electromagnetic radiation most of-
ten is provided due to both processes [8].

The ability of a medium to absorb the electro-
magnetic radiation is determined by its electrical
and magnetic properties, to which the specific elec-
trical conductivity, dielectric and magnetic perme-
abilities are belong. These characteristics are used
when describing the process of electromagnetic
wave propagation and in general, are nonlinear,
tensor, complex quantities. The electromagnetic
absorption is occurred due to dielectric, magnetic
losses and conductivity losses [8, 9].

New shielding materials are the complex of ma-
terials that complement one another with requisite
properties. Such composites may include the cer-
mets that filled with metal filler or metallic-woven
cloth. Heavy weight and good electrical conductiv-
ity are typical for such materials. But for building
materials there are suitable additives in the form

of powders, which increasing the shielding when
added. In this regard, the magnetic nanoparticles
are excellent as additives with magnetic properties.

The synthesis of magnetite nanoparticles by
chemical condensation method is very simple and
allows to control the most probable size of obtained
particles at synthesis [10]. In work [11], the authors
have tested the addition-agent effect of various ag-
gregates in heavy-weight concrete for shielding of
gamma radiation. The additives of magnetite have
shown the possibility to obtain a concrete with high
density and best indications for compression. The
concrete is containing a fine-grained magnetite has
higher physico-mechanical properties. Also, the
additions of magnetite particles reduce the nega-
tive influence of high temperatures on mechanical
properties of concrete [12].

The aim of the work — is a study of physi-
co-chemical properties of magnetite nanoparticles
that obtained by chemical condensation method.
Investigation of magnetite addition effect on me-
chanical and shielding properties from microwave
radiation was carried out.

2. Experimental

The synthesis of magnetite nanoparticles was
carried out by chemical condensation method. For
synthesis of magnetite there were used some sub-
stances as ferrous sulphate FeSO,, iron trichloride
FeCl; and 25% — aqueous ammonia. For realization
of synthesis the FeSO, and FeCl; were dissolved in
distilled water and placed in an ultrasonic bath. A
further synthesis was carried out at permanent ac-
tion of ultrasonic radiation, and at the same time the
temperature of iron salts solution was maintained
at 50 °C. The aqueous solution NH,OH in amounts
of 20 ml was added into the iron salts solution at a
rate of one drop per second.

FCSO4 + 2F6C13 + 8NH3 : H20 — Fe304l +
6NH,CI + (NH,),SO, + 4H,0 )

Obtained precipitate was filtered and washed
with distilled water until the neutral medium, and
dried to complete water removal [13]. The result-
ing magnetite nanoparticles were used as an addi-
tive in the structure of concrete slabs in order to
improve the shielding properties of electromag-
netic radiation. At the same time, the magnetite
nanoparticles should not significantly affect on the
mechanical properties of concrete. Also, a test for
mechanical strength of prepared concrete samples
was performed.
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In order to quantify the influence of nanomag-
netite addition on the mechanical properties of
cement based materials, studies were performed
on the binding phase of concrete, i.c., the cement
paste. For the purpose of material characterization,
cement paste specimens were prepared. All pastes
used ordinary Portland cement as a binder and a
water-to-cement ratio of 0.45. Three different mix-
tures were used [14], with different levels of nano-
magnetite addition: a reference mixture and mix-
tures containing 0.5 wt% and 1 wt% Calculated in
accordance with a formula:

m(c) N m(w) N m(m) _ "

pc)  pw) p(m) 3
) 6 45 (
m(c)

Lﬂ’l) — Wt%

m(c)+ m(m)

where m(c, w, m) — is the mass of cement, mass
of water and mass of magnetite, p(c, w, m) — is
the density of cement, water and magnetite, w%
— is the mass fraction of dissolved substance in
percent.

The pastes were mixed in accordance with EN
196-3:2005+A1:2008 (E) [15] using mixer. First,
the dry material (cement and nanomagnetite pow-
der) was placed in a bowl. Water was added with-
in 10 s. This was followed by mixing for 90 s at
low speed. The mixer was stopped for 30 s during
which all paste adhering to the wall and the bot-
tom part of the bowl was scrapped using a scrap-
er and added to the mix. The mixing was then re-
sumed at height speed for additional 90 s. The total
mixer running time was 3 min. Then the mixture
is poured into rubber molds with an internal size
of 40 x 40 x 160 mm. In order to make the mix-
ture of proper form there is required 24 h. Then
the finished cement slabs were stored in water for
27 days. At the end of 28 days after preparation of
cement mortar, the tests on mechanical properties
were carried out. In order to measure the shielding
properties, the dimensions of cement material were
as 400 mm by 400 mm, the thickness was the same
for all samples (10 mm). The samples were dried
thoroughly, and afterwards the measurements of
shielding properties were made. Additives of mag-
netite nanoparticles were made in accordance with
mass concentration 0.5 wt% and based sample
without additives, respectively.

Previously, the samples with different content of
magnetite nanoparticles by mass in cement stones
were investigated. The measurements concerning
the damping of electromagnetic waves on a fre-
quency of 10 GHz were carried out. The samples at
a concentration of 0.5% mass have shown best re-
sults. With increasing of nanoparticles concentra-
tion, the absorption of electromagnetic waves has
not improved. In this regard, the samples only with
0.5% mass at broad banded frequency range such
as 0.7 ... 2 GHz and 2 ... 17 GHz were investigated.

The measurement of shielding characteristics
was carried out using an automated instrument
(coefficient module for transmission and reflection
- SNA 0.01-18), the waveguide transmission line
with horn antennas 6P-23M, in horn mouth, in the
frequency range of 0.7 ... 2 GHz and 2 ... 17 GHz
(Fig. 1). The weakening is introduced by investi-
gated sample, is determined by the ratio of wave
strengths, falling and passing through the sample,
and is separated by the blocks A and B. The re-
flection coefficient R is characterizing the fraction
of incident energy of electromagnetic radiation
which is reflected from the sample. The strengths
of wave are measured by the blocks A and B, and
afterwards the signal-processing module calculates
the ratio.

A=20 log (\/ Ei/Et), dB 4)
R =20 log (vE/Ei),dB (5)

where E;, E, —is a strength o field, is designated by a
detector of reflected and incident waves A/R; E, —is
a strength of wave field, is passing through a sam-
ple, is designated by block B.

Measuring signal processing unit | Qscillation
frequency
generator

input B input R unit
A
>
E
0]
3
Unit B 5 Unit AR o+
5
2
)]

Fig. 1. Scheme of setup in mode of electromagnetic
radiation weakening
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3. Results and discussion

The X-ray diffractogram of pure Fe;O, nanopar-
ticles is shown in Fig. 2. For pure Fe;O4 nanoparti-
cles, there are characteristic peaks at 20 = 30.205,
35.452, 57.239, and 62.787 which can be assigned
to (220), (311), (511), and (440) planes of Fe;0,,
respectively (JCPDSO01-1111). The d values calcu-
lated from the XRD patterns are well indexed to
the cubic spinel phase of Fe;O,. The uncorrected
crystallite size D is calculated from the XRD peak
broadening using Debye—Scherrer’s [15] Eq. (6) is
itis 13 nm.

As can be seen, except the crystalline phases,
which are represented by diffraction lines, (in
diffractogram there is a halo with a maximum of
18.8° 20 a) of the X-ray amorphous phase. The dif-
fractogram has a weakly intensified no identified
line with an interplanar distance of 8.0994 A.

pcosd (6)

where: Dygp — is the mean size of the ordered (crys-
talline) domains, which may be smaller or equal to
the grain size; K — is a dimension less shape fac-
tor, with a value is close to unity. The shape factor
has a typical value of about 0.9, but varies with
the actual shape of the crystallite; 4 — is a X-ray
wavelength; f — is the line broadening at half the
maximum intensity (FWHM), after subtracting
the instrumental line broadening, in radians. This
quantity is also sometimes denoted as A(20); 8 —is
the Bragg angle (in degrees).

As can be seen from TEM (Fig. 3) and SEM
(Fig. 4) images, the obtained magnetite nanopar-
ticles are the particles of homogeneous spherical
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Fig. 2. XRD pattern of Fe;O, magnetite.
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Fig. 4. SEM images of magnetite nanoparticles.

shape, the particle size is 15-30 nm. The nanopar-
ticle sizes have a small scatter, which is equally
important for homogeneous mixing in the struc-
ture of concrete. It can also be seen from the
photographs that the magnetite nanoparticles are
uniformly spherical in shape, but in the dry state
there is observed an agglomeration. In order to add
into the mixture, the magnetite nanoparticles were
mixed into a colloidal solution with an alcohol and
applied the ultrasound treatment.

The flexural and compressive strengths of the
cement mortars were measured according to the
standard of ASTM C349 [16] but with some minor
revisions. For each type of cement, mortar prisms
with the size of 40 x 40 x 160 mm were prepared.
After 28 days the flexural strengths as well as
compressive strengths were examined respec-
tively. The flexural strengths of the mortars were
first measured and then both of the two portions
of prisms broken in the flexural strength test were
used for the compressive strength test (Table).
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Table
Results of flexural strength (kN) and compression (kN)

Mass fraction Flexural strength (kN) Compression (kN)
0% 4100 4350 4300 126.8 150.1 151 155 149 154
0.5% 4250 4370 4650 115.5 148.3 152.5 1123 126.3 127.5

For each test, three of the flexural strengths and six
of the compressive strengths were averaged. The
flexural strength factor for basic sample without
additives averaged 4250 kN, but for the sample
with nanomagnetite additives at a concentration of
0.5 mass the flexural strength average was 4423
kN. The average compressive strength for based
sample was 147.6 kN, but for the sample with ad-
ditives was 130.4 kN. Dispersion in the readings
of test is explained by the fact that after a flexural
test, the cracks of various kinds may be appeared.
Before the test, a visual inspection concerning
the cracks was carried out. It should be noted that
microcracks may affect on mechanical properties
of concrete. After flexural test, two samples are
obtained from one sample for compression mea-
surement. Before a compression test, an inspec-
tion related to cracks is carried out in a mandatory
manner. Then a compression test is performed. In
this method, the flexural test is a main indication
of the mechanical properties of concrete. Relying
on the literature, the magnetite additives do not
have a negative effect on the mechanical proper-
ties of concrete [11].

From Fig. 5 it is possible to see the magnetic
hysteresis of magnetite nanoparticles at room tem-
perature. It is seen that magnetite nanoparticles
have superparamagnetic properties. Which is char-

0
0, 08 09 10 1,1 12 13
al
Sy L —
i) e il |

mn
NS ol
a4

ol
s %J W 14071
116,787

— 0% wt == 0,5% wt
-25

80

60

40

20

M (emu/g)

-20

-40

-60

80 4— . . . . . . . . —

H(kOe)
Fig. 5. Magnetic hysteresis of magnetite nanoparticles at
room temperature.

acteristical for ferrimagnetic nanoparticles. This is
explained by the fact that they passing a water-do-
main state, in other words, they become uniformly
magnetized throughout the volume.

Shielding properties of the materials were inves-
tigated in frequency range from 0.7 GHz to 17 GHz.
Concrete tiles are made with uniform thickness at a
concentration of magnetite nanoparticles of 0.5%
wt and a based sample. The measuring technique
of absorbent characteristics and current equipment
allows to analyze the results of two subranges such
as 0.7 +2 GHz and 2 + 17 GHz respectively.

= | — 4 =
| 7 iy I| | - =
I kll b~ = = e | o e
o W LV o | W P i
10 2\ A = [ | A (H ] L h | o l
I ¥ | a = =
Lll_
Yl

Frequensy (GHz)

Fig. 6. Frequency dependences range from 0.7 GHz to 2 GHz of R, for Fe;O, nanoparticles and based sample of

concrete at a thickness of 10 mm.
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Fig. 7. Frequency dependences range from 2 GHz to 17 GHz of R, for Fe;O, nanoparticles and based sample of concrete

at a thickness of 10 mm.

As can be seen from the Fig. 6, the addition of
nanoparticles has an effect on shielding properties
of concrete in the particle range from 0.7 GHz to
2 GHz. Maximum values dropped from -12.5 dB,
for based sample, to -19.9 dB at a concentration of
0.5% wt.

At frequencies from 2 GHz to 17 GHz, it can be
seen (Fig. 7) that the shielding is improved only in
the range from 7 GHz to 13 GHz. In the range from
2 GHz to 7 GHz the nanoparticles affected slightly.
At higher frequencies from 13 GHz to 17 GHz, the
effect of nanoparticles is not observed.

4. Conclusions

The synthesis of magnetite nanoparticles by the
method is presented in this work, make it possi-
ble to synthesize the nanomagnetites in the range
of sizes such as 12-25 nm, also according to the
literature, the liquid-vapor deposition method
provide a possibility to control the particle sizes
from 7 nm till 70 nm depending on the synthesis
temperature and valence of iron. Studies of syn-
thesized nanoparticles have shown that they have
a structure is characteristic for ferrites with super-
paramagnetic properties at room temperature. It
was found that the additives of magnetite nanopar-
ticles at a concentration of 0.5% mass have not a
negative effect on flexural strength.

Concrete with additives of magnetite nanopar-
ticles is used for shielding of gamma radiation.
In article there are presented measurements on
shielding in microwave range. The additives of
magnetite nanoparticles showed better evidence in
frequency range from 0.7 GHz to 13 GHz. Maxi-
mum efficiency of electromagnetic radiation sup-
pression was not more than twenty decibels, which

is conditioned by small thickness of the samples
is compared to the operating wave length of elec-
tromagnetic radiation. At a frequency of 0.7 GHz
to 17 GHz, the wave length ranges from 43 cm to
1.7 cm. Because, the concrete samples belong to
dielectrics, and it may be assumed that the suppres-
sion is occurred only in the magnetic component
of magnetite nanoparticle. By this, there is reduc-
ing an electromagnetic background of the environ-
ment, and the appearance of secondary waves.
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