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Abstract: We fabricate hybrid magnetoactive materials (hMAMs) based on cotton fibers, silicone oil,
carbonyl iron and graphene nanoplatelets (nGr) at various mass concentrations ®yg;. The obtained
materials are used as dielectric materials for manufacturing plane electrical capacitors. The equivalent
electrical capacitance C, and resistance R, are measured in an electric field of medium frequency
f, without and respectively with a magnetic field of magnetic flux density B in the range from
0.1 T up to 0.5 T. The results are used to extract the components €, and €, of the complex
relative permittivity €;, and to reveal the magnitude of the induced magnetoelectric couplings
ky and magnetodielectric effects MDE. It is shown that e’,, e;/ , ky and MDE are significantly
influenced by f, B and ®,g,. We describe the underlying physical mechanisms in the framework
of dipolar approximation and using elements of dielectric theory. The tunable magnetoelectric
and magnetodielectric properties of hMAMs are useful for manufacturing electrical devices for
electromagnetic shielding of living organisms.

Keywords: magnetoactive materials; magnetoelectric effects; magnetodielectric effects; graphene;
cotton fabric; silicone oil; carbonyl iron

1. Introduction

Hybrid composites, in the form of electroconductive textiles and fibers [1-3] have attracted in the
last years an increased interest, due to their great potential in fabrication of performant medical devices,
in conversion and storage of electrical energy, or in electromagnetic shielding of living organisms.
An important class of such materials is represented by textiles based on electroconductive metals [4-6],
since they are highly stable in time and have good electrical and elastic properties, comparable with
classical ones.

Common fabrication methods in such materials, thereafter referred to as hybrid electric
composites (hECs), include electrophoretic deposition (EPD) [7], DC and pulsed DC-magnetron
sputtering (DC and DCP) [8] or electroless silver plating on tetraethoxy silane-bridged fiber glass [9].
However, while EPD, DC and DCP methods require sophisticated equipment, by depositing metals in
the form of thin films through electrolysis, uniform and continuous textile coatings can be achieved.
As such, silver coated conductive and antibacterial cotton fabric were fabricated in Reference [10],
electrical conductive silk fabric also with high antibacterial activity was prepared in Reference [11],
while simple and fast fabrication of conductive silver coatings on carbon fabrics has been reported in
Reference [12]. The obtained hECs have superior mechanical and electrical properties as compared
to textiles based on cotton or silk fibers, and this feature makes them suitable in fabrication of
photovoltaic devices.
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A second important class of hybrid composites, consists from natural polymeric fabrics
(hemp, cotton, bamboo, etc.) or artificial fabrics in which are embedded ferri/ferro-magnetic
nano/micro-particles. They are known in the literature as hybrid magnetic composites (hMACs),
and are particular useful in manufacturing of high-performance electromagnetic radiation (EMR)
absorbers. To this aim, hMACs with enhanced properties have been fabricated in Reference [13],
where a fabric coated absorbing material has been obtained on non-uniform fabrics coated absorbing
dope containing 85 wt% modified carbonyl iron (CI) powder, that is, CI particles on which are deposited
copper particles. The results show that the minimum reflection loss is —8.43 dB in the frequency range
of 8-12 Ghz for modified CI powder, while the non-woven fabric absorbing material has a reflection
loss of —26 dB at 9.35 Ghz. Also, polyester fabrics based on CI particles and nano carbon black along
with aluminium sputtering on polyethylene terephtelate exhibit good microwave absorbing properties,
particularly in the range 8.2 + 12.4 Ghz [14], while graphene/Fe nanocomposites have significantly
enhanced electromagnetic radiation absorbing properties [15]. In the later case, the maximum reflection
loss to electromagnetic waves is up to —31.5 dB at 14.2 Ghz. Other important applications of hMACs
can be found in remote controlled drug release [16], treatment of fungal infections and antimicrobial
indications [17], enhanced magnetic energy harvesting [18] or for water purification [19].

However, recent technological advancements expose living organisms to unprecedented radiation
levels of electromagnetic radiation, sometimes well beyond the limits of many existing hMACs,
and therefore, manufacturing of efficient, low-cost and environmental-friendly hMACs became a
stringent necessity nowadays. In this work we partially address this issues, and present the fabrication
of hMACs, and respectively of several types of hybrid electromagnetic active (hEMACs) materials.
The later ones can act both as hECs and hMACs, and are based on cotton fibers, silicone oil, CI and
graphene nanoplatelets at different mass concentrations. The obtained hMACs and hEMACs are
used as dielectric materials for fabrication of plane electrical capacitors. The corresponding electrical
capacitance and resistance are measured in an electric field with frequency between 1 kHz and
1000 kHz, without and with an external magnetic field.

The results show that magnetoelectric and magnetodielectric effects (MDEs) are induced in
both hMACs and hEMACsS, and they are sensibly influenced by the mass concentration of graphene
nanoplatelets, by the frequency of the electric field and magnetic flux density. The physical mechanisms
which lead to the observed effects are described in terms of magnetic dipolar approximation and
using elements of linear dielectric theory. The obtained results can be useful in fabrication of high
performance low- and medium-frequency electromagnetic radiation absorbers and magnetic/electric
field sensors.

2. Materials and Methods
The materials used for fabrication of hMACs and hEMACsSs are:

e  CI microparticles from Sigma-Aldrich (St. Louis, MO, USA) (product number C3518), with an
average diameter of 5 um and density 7.86 g/cm? at 25 °C. The saturation magnetization of the
microparticles is 245 Am? /kg at intensities H > 0.45 kA /m (Figure 1).

e  Graphene nanoplatelets nGr Sigma-Aldrich (product number 900394) with a height of few nm,
length about 2 pum, surface area 300 m? /g, and densities in the range 0.2 < 0.4 g/cm?. The pure
graphitic composition makes nGr excellent electrical and thermal conductors and can improve
mechanical properties such as stiffness, strength, and surface hardness of the matrix material.
In addition, they are compatible with almost all types of natural and synthetic polymers, and can
be an active ingredient in inks or coatings as well as an excellent additive to plastics of all kinds.

e Silicone oil (SO) from Siliconi Comerciale SpA (MS100 type) with density 0.97 g/cm3,
dynamic viscosity 179 = 0.7 mPaxs, and relative dielectric permittivity e;so =28at25°C.

e Gauze bandage (GB) from Medicomp (type 4) based on cotton fibers with granulation of 30 g/cm?.
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Figure 1. Magnetization curve of carbonyl iron (CI) microparticles. The measurements were performed
under sine waveform driving field conditions by means of a laboratory made ac induction hysteresis
graph described in Reference [20].

The main steps used in preparation of h(MACs and hEMACs are the following;:

One prepares at 150 °C for 300 s, polyphasic liquids L;, i = 0,1,2,3 based on CI, nGr and SO with
mass weights and concentrations given in Table 1.

One cuts four pieces of GB, each one with dimensions 30 mm x 30 mm. Their height is 1.40 mm
and the weight of each pieceis 0.25 g

On each GB is poured 1 g of L;, and a hMAC is obtained (for i = 0), and hEMACs are obtained
fori = 1,2,3. The mass fractions of each component in hMAC and hEMACs are indicated in
Table 2, and their dimensions coincide with those of GB.

Table 1. The mass m (g) and mass fractions ® (wt%) of CI, silicone oil (SO) and graphene nanoplatelets
(nGr) inside the polyphasic liquids L;, i = 0,1,2,3.

L; mcy mso mugr Pa Pso Pucr

Ly 100 400 0.00 20 80 0
Ly 100 390 0.10 20 78 2
L, 100 380 0.20 20 76 4
Ly 100 370 0.30 20 74 6

Table 2. Mass fractions ® (wt%) of CI, gauze bandage (GB), SO and nGr inside hybrid magnetic
composites ((MACs) and hybrid electromagnetic active materials (hEMACs).

Sample @®c; Pgp Pso Pucr

hMAC 16 20 64 0
hEMAC; 16 20 62.4 1.6
hEMAC, 16 20 60.8 3.2
hEMAC; 16 20 59.2 4.8

The electrical device (ED) is a plane electrical capacitor with hMACs, and respectively hEMACs

as dielectric materials, and is manufactured as follows:

1.

One cuts 8 textolite plates, covered with copper on one side, with dimensions
30 mm x 30 mm x 0.5 mm.

On four of the copper-coated side textolites are placed hMACs, and respectively hEMAC;,
withi=1,2,3.
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3. The remaining four plates are placed on top of the hMACs or hEMACs, with the copper side
inward, that is, in contact with the hMAC or hEMACs. At the end of this procedure one obtains
ED, with the geometry shown in Figure 2.

10 mm

Figure 2. The electrical device ED. 1-textolite plates; 2- hMACs or hEMACs.

The experimental setup used for investigating the MDEs induced in hMAC and hEMACs by
the superposition of the magnetic field on the medium frequency electric field, is shown in Figure 3.
The setup consists from an electromagnet (EM), the ED and Hall probe h fixed between the N and S
poles of the EM, the gaussmeter Gs (DX-102 type), the RLC bridge (E7-20 type), source of continuous
current (RXN-3020D type), and the computing unit L with dedicated software for the RS-232C interface.

Figure 3. Experimental setup for studying magnetoelectric and magnetodielectric effects (MDEs) in
hMACs and hEMACs. N and S-poles of the electromagnet (EM), ED—-electrical device, Gs-gaussmeter,
h-Hall probe, PS—source of continuous current, Br-RLC bridge, L-computing unit.

The hMAC and hEMACs are introduced by turn between the N and S poles of EM. They are
electrically connected to the RLC bridge. The voltage at the bridge terminals is 1 Vac, and the impedance
is fixed at 100 k). The electrical capacitance C, and resistance R, are measured in the presence of
a magnetic field superimposed on a low/medium-frequency electric field. The measurements are
recorded at time intervals of 5 s after the magnetic flux density B is fixed. This is achieved by changing
the electric current intensity provided by the source of continuous current through the coil of EM.

3. Results and Discussion

3.1. Electrical Capacitance and Resistance

The variation of C, and R, with the frequency f, at fixed values of B is shown in Figure 4,
and respectively in Figure 5. The results show that the variation of capacitance and resistance with
frequency f at fixed values of magnetic flux density B, that is, C, = Cp(f)p, and respectively
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R, = Ry(f)p are sensibly influenced by both f and B, as well as by the mass concentration of
graphene nanoplatelets ®,,G,. In particular, the capacitance increases with ®,,g, for fixed values of f
and B. However, for a fixed value of ®,,¢,, the capacitance increases with B, and decreases with f.

Similarly, the resistance decreases with @, at fixed values of B and f.
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Figure 4. Variation of capacitance C, with frequency f, at fixed values of magnetic flux density B. (a)
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Figure 5. Variation of resistance R, with frequency f, at fixed values of magnetic flux density B. (a)
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3.2. Theoretical Model

In the presence of a magnetic field, CI microparticles become magnetic dipoles and arrange
themselves in chain-like structures oriented along the magnetic field lines. This is schematically
illustrated in Figure 6.

SO +GB SO + +nGr
O O O
0 0 -
(a) (b)

Figure 6. Schematic representation of the arrangement of CI microparticles in hMACs and hEMACs,
in the presence of a magnetic field with density B. Here, x; and x; are the distances between magnetic
dipoles center-of-masses, ox-is the coordinate axis, while SO, GB and nGr are silicone oil, gauze
bandage, and respectively graphene nanoplatelets. (a) SO + GB (b) SO + GB + nGr.

Within each chain, dipolar interactions arise between magnetic dipoles. The intensity of such
interactions is given by [21,22]:

E, = —3uspom?/ (nx4> , 1)

where ps >~ 1 is the relative magnetic permeability of SO + GB + nGr, 1 is the vacuum magnetic
constant, m is the magnetic dipole moment, and x is the distance between the center-of-masses of two
neighbouring and identical magnetic dipoles at time f > 0, when B # 0. The minus sign in above
equation denotes that the dipoles forming the chain are attracted to each other.

At the initial moment, when the magnetic field is applied, the distance § between the
center-of-masses of the dipoles can be written as [21]: § = d/ <p*1/ 3 where d is their average diameter,
and ¢ is the corresponding volume fraction. For the solid phases present inside hMACs or hREMACs,
the following relation holds between the volume and mass fractions ® [23]: ¢ = (p1/ps) , where pq
and p; are the mass densities of solid, and respectively of the liquid phase from the polyphasic liquid
(see Table 1). Thus, for h(MAC, at t = 0, the distance between the center-of-masses of magnetic dipoles
is given by:

d

1/37
(vae)

Pcr

2

dhmac =

where @ is the mass fraction of CI, and psp and pcy are the mass densities of SO, and respectively of
CI microparticles. A similar relation holds for hREMACs, that is,

d

/3’
(qDCI@ (1 + q’ncr,%))

pcI

®)

OhEMAC =

where @, ; is the mass fraction of nGr, and py,G; is the mass density of nGr.

By using numerical values d = 5 um, pso = 0.97 g/cm?, pc; = 7.86 g/cm3, &c; = 16 wt%,
and ®cj given in Table 2, Equations (2) and (3) give dymvac = 18.50 um, dppvac, = 18.20 um,
dhemac, = 17.91 um and épviac, = 17.64 pm. This shows that by increasing ®g;, the initial distances
between center-of-masses of dipoles decreases with up to 4.65% (for hREMACs3;), and this has direct
consequences on the electrical properties of hREMACs.
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3.2.1. Magneto-Electric Couplings

To explain the underlying physical mechanisms, we consider first that the maximum intensity of
the dipolar interaction is attained when x = d in Equation (1), that is,:

FRaX — 3y ugm?/ (nd4) . (4)
However, a resistance force of the type:
EF = —ks (x —9), ®)

arise from the systems consisting from matrices GB + SO (for hMAC), or GB + SO + nGr (for hEMACs).
In the last equation, k; is the magneto-electric coupling between two neighbouring magnetic dipoles
and the matrix in which it takes place the interaction, while x and J are the equilibria distances between
center-of-masses of two identical and neighbouring magnetic dipoles at ¢t > 0, after the magnetic field
is applied, and respectively at t = 0.

The equilibrium condition between Equations (4) and (5) gives:

Bus pom?
frd 1 —_—
x 5( 7eoksd® ) ©)

where the magnetic dipolar moment m can be expressed as m = nd®B/ (2up) [21]. Therefore, the last
equation can be rewritten as:

37'cd2B2)
x=0(1———]. 7
( 4poksd @)
By using numerical values 1y = 47t10~7 H/m, and d = 5 um, one obtains:

2

18.50 <1 - 2.533Bk(T)> ,  forhMAC
s0
B*(T)

18.20 (1 —2.575 > , for hEMAC,
x (um) = o )

2
17.91 <1 —2.671 B (T) > , for hEMACGC,
52

B*(T)
ks3

17.64 <1 —2.657 > ,  for hEMACGs;.

From an electrical point of view, two neighbouring dipoles from a chain, and which are situated
at a distance x apart from each other form both an electrical capacitor and an electrical resistor.
The capacitance can be assimilated to one of a plane capacitor, and the electrical resistance to one of
a linear resistor. Therefore, the capacitance Cy and resistance Ry of two neighbouring electrical dipoles,
can be written as:

Cx = 7T€0€;Od2/ (4x), )

and respectively
R, = 4x/ (a{)ndz) . (10)

Here, €y and elro are the vacuum dielectric constant, and respectively the relative dielectric
permittivity of SO + GB (for hMAC), or of SO + GB + nGr (for hEMACs), and (7(/) is the electrical
conductivity of SO + CI (for hMAC) and of SO + CI + nGr (for hREMACs).

Geometrically, hMAC and hEMACs from the ED have the shape of a parallelipiped (see Figure 2)
with a thickness & = 1.40 mm, and the edges of the common plates surface L = 30 mm. Along the
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height h, which coincides with the direction of ox-axis in Figure 6, one considers that the number of
dipoles is ;. Then, for n; > 1, the thickness of the capacitor can be approximated by:

h=mngx+nyd, (11)
and thus, the number of dipoles from a chain can be expressed as:
ng="h/(d+x). (12)
By introducing Equation (6) in Equation (12), the number of dipoles inside each chain becomes:
h
ICEED)

Thus, by increasing B, the empty space along the dipole chains is filled with additional dipoles
from within the suspension, and as a consequence, the distance x between them decreases. Since the
number 1 of dipoles inside the chains can be approximated by n ~ ®L?h/V,, where ® is the volume
fraction of magnetic dipoles, each of volume V; = 7d>/6, one can write:

ng = (13)

6L%h . p1
= ——=d—. 14
Further, by expressing the number of dipole chains as n; = n/n;, and using
Equations (12) and (14), one can write:
ny = O o1 (1+3) (15)
S L d/)’

This relation shows that #; is influenced by the geometry of ED, the volume fraction of the solid
phase, and respectively by the magnetic flux density, since x also depends on B (see Equation (6)).

Within the model, the electrical capacitance C; of a chain of microcapacitors can be approximated
by C; = Cy/n4. Then, for n; > 1, and by using the expression of n; from Equation (13),
the capacitance becomes:

mrege o> d

Ci=—"T—1(1+-]. 16
! 4h ( + x (16)
Since the capacitance C, of the capacitor can be written as C, = n,C;, by using

Equations (15) and (16), we obtain:

2p2\ —1
3md*B ) , 17)

& =G0 (1= Fs

where Cy is the capacitance of ED when B = 0, and is given by Cyo = 1.5eoe;od>L2p1d / (hpsd).
Similarly, one can obtain an expression of the equivalent electrical resistance of ED, as:

212
37rdB>, (18)

Ry=Ry (1222
P po( 4dpokyd

where Rpo = hps/ (1.506/ L2<I>p1d) is the electrical resistance of ED when B = 0.
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The magneto-electric coupling k. appearing in Equations (20) and (21) influence the material
response when a magnetic and an electric field are applied. k, can be written as a function of the
capacitance Cp, and thus, by using Equation (20) one can write:

37td2 B2

(=)

(19)

By using numerical values d = 5 pm, py = 47 X 10~7 H/m, the values § = dppac (for hMAC)
and & = dpemacs (for hREMACs) obtained above, and the experimental values of the capacitances Cy
and C, from Figure 4, one can obtain in Figure Al the variation of ky with frequency f, at fixed values
of magnetic flux density B (see Figure Al in Appendix A).

3.2.2. Relative Dielectric Permittivity and Electrical Conductivity

The experimental results in Figures 4 and 5 show that, from an electrical point of view, the capacitor
has the structure of an electrical dipole consisting from a plane capacitor connected in parallel with a
linear resistor. For such case, the capacitance and resistance can be approximated by:

Cp = eoe, L2/, (20)

and respectively by:
Ry =h/ (d'12), (21)

where e, is the relative dielectric permittivity.
From the same figures one can see that the capacitors have dielectric losses, and one can write
a complex relative dielectric permittivity of the form €; = e, — jelrl, where j = y/—1, and e, is the
dielectric loss factor. By using numerical values ey = 8.854 x 10712 F/m, L = 30 mm and /# = 1.40 mm
in Equation (20), one obtains:
€, =~ 0.176 x Cp(pF). (22)

Thus, by using the functions C,, = Cp(f) g nGr from Figure 4, one obtains the variation of relative
dielectric permittivity €, =€ (f)BnGr as shown in Figure 7. The results indicate that for the same
applied voltage on the ED, the relative dielectric permittivity €, increases with @, while for a fixed
value of O, e/, increases with B. The observed effect is due to an increase of the number of charges
inside ED. However, by increasing the frequency f, €, decreases at fixed values of B and @, and this
is due to the changes in the polarization mechanisms which occur in ED. In particular, by increasing
f up to several kilohertz the dominant polarization is interfacial and of electrical conduction.

Similarly, by using the same numerical values in Equation (21), one obtains the electrical
conductivity of h(MAC and hEMACs, as:

/1555 x10°°

R, (MQ) (23)

Thus, by using experimental data from Figure 5 in the above equation, one obtains the variation
o =0 (f) BnGr- This is shown in Figure A2 in Appendix A.

The charge excess induced by nGr has direct consequences on dispersion characteristics and
magnetodielectric effects (MDEs), as we shall see below. To this aim, let us start from the well
known relation between the electrical conductivity and dielectric loss factor, that is, o =21 f eoe;/.
For the same numerical values of €y, L and / as those used in obtaining Equation (22), this gives:

" 25.165

- 2 4
o f(Hz)Rpma) =
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By using the experimental data of R, from Figure 5, one obtains in Figure 8 the variation of
" "
€& = € (f)B oy

140 1 1 1 1 140 1 1 1 1
m B=00T m B=00T
- ® B=01T
120+ : :;g:ﬂ - 1204 A B=02T [
- v B=03T
100+ v ososl b 100 * B-oaT |
<4 B=0ST < B=05T
&', 80 e, 80 L
60 F 60 F

10° 10* 10° 108 108 10* 10° 106
() f, (H2) (d) f, (H2)

Figure 7. Variation of relative dielectric permittivity €, with frequency f, at fixed values of magnetic
flux density B. (a) hMAC. (b) hEMAC;. (c) hEMAC;. (d) hREMAC;.
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Figure 8. Variation of dielectric loss factor e, with frequency f, at fixed values of magnetic flux density
B. (a) hMAC. (b) hEMAC;. (c) hEMAGC;. (d) hREMACs;.

The results show that €, increases with B at a fixed value of f, due to the increase of the electrical
conductivity of hEMACs, as discussed above. However, at fixed B, e/,/ decreases with increasing
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f, due to a decrease of magneto-electric coupling k, (see Figure Al). This can also be seen from
Equation (5), where a decrease of the force F; leads to a decrease of phase shift between the polarisation
vector of hREMACs and electric field intensity vector.

Thus, hMAC and hEMAC:s can be described by a complex electrical conductivity o* = =0+ ](7 ,
where the real part ¢ has been used above to determine e, ar1s1ng asa result of the presence of the
free pseudocharges [24], while the imaginary part is given by o =2n f €€, By using the variation
e; = elr (f)BnGr from Figure 7, one can obtain the variation o =0 (f)BnGr, as shown in Figure A3.

The data for real and imaginary parts of electrical conductivities (Figures A2 and A3)
give an absolute value of ¢* much higher as compared with other systems, such as core-shell
structured snowman-like poly (methyl metacrylate) microparticles [25], electrorheological fluids [26],
magnetorheological elastomer based on silicone rubber, carbonyl iron and Rochelle salt [27] or in
magnetorheological elastomers based on graphene nanoparticles [28].

3.2.3. Magnetodielectric Effects Induced in Hmac and Hemacs

Analysis of the influence of nGr on the dielectric function of the obtained composites is performed
by introducing he quantity:

ChEMAC
Ve 1) 100, (25)

o _ p
MPEC%) = (C?MAC (Fnc
nGr

where C;}EMAC (f)Bncr and C?MAC (f)BnGr are the electrical capacitances of hEMAC (see Figure 4b—d)
and hMAC (see Figure 4a) in the presence of a magnetic field superimposed on a medium-frequency
electric field.

The results are presented in Figure 9, and show that MDEs arise as a combined effects between
nGr and CI microparticles from one hand, and the values of magnetic field superimposed on the
electric field. The values of MDEs increase with @, and attain a maximum at B = 0.5 T for each
hEMAC. While for hREMAC; the highest value of MDE is about 70%, and for hMEC, this is about 110%,
for hREMAC; the increase is much pronounced, with values about 500%.

According to the proposed model (see Figure 6), the magnetic dipoles are found in the matrix
consisting from nGr and SO. By changing the magnetic flux density, the structural ensemble formed by
the magnetic dipoles changes also. Moreover, application of a medium-frequency electric field changes
also the structure of the GB + SO + CI + nGr leads to changes in the dielectric and electrical functions,
as shown in Figures 4 and 5. Addition of nGr induce an increase of charge density, the contribution of
dipolar polarisation decreases, and therefore the functions MDE = MDE (f)y o, are characterized by
a nonlinear behaviour. Note that the position of maxima and minima in Figure 9 is determined by the
frequency f.

Similar hMAc and hEMACs with magnetodielectric properties have been obtained din several
other works. In particular, in Reference [29] have been obtained hybrid magnetodielectric materials
based on magnetorheological elastomers (hMREs) which contain polyurethane sponge foam soaked
with magnetorheological suspensions (MRSs) consisting from SO + CI (vol.10%). In the presence of a
magnetic field gradient with values up to 1525 kA/m?, superimposed on an alternating electric
field with frequencies between 20 Hz and 1000 kHz, there have been induced positive MDEs.
However, they are about 20% smaller as compared with MDEs observed here (Figure 9). Also in
Reference [30] there have been fabricated hybrid MREs based on microfiber cloth soaked with a
mixture containing MRSs and silicone rubber (SR. In the same reference it has been shown that the
relative dielectric permittivity of the hybrid MRE is strongly dependent on B, but with significantly
smaller values as compared to those obtained in this work. In Reference [31], hybrid MRSs are prepared
by soaking a cotton fabric with a liquid solution based on honey, wax and various concentrations of
CI microparticles, and it has been shown that in a static magnetic field with intensities in the range
0.1 + 0.2 T, superimposed on an alternating electric field with frequency of 1 kHz, one obtains positive
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and negative MDEs. Although the reported values of MDEs are comparable with those obtained in
Figure 9, the volume fractions used in Reference [31] are about two times higher as compared to those
used here. Good MDEs have been obtained also in MREs based on SR in which are dispersed various
types of magnetizable phases. As such, in Reference [32], by using magnetically hard NdFeB fillers
as a magnetizable phase, it has been obtained an increase of up to 150% of the MDE as compared to
MRESs with other types of magnetizable phases, such as Fe or Fe3O4. However, these values are still
significantly smaller than MDEs obtained here for hREMACs;.
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Figure 9. Variation of magnetodielectric effects (MDEs) with frequency f, at fixed values of magnetic
flux density B. (a) hREMAC;. (b) hREMAGC,;. (c) hEMACs3;.

4. Conclusions

In this work we present a low-cost method for fabrication of a new class of magnetoactive
materials based on cotton fabrics, SO, CI and nGr at mass concentrations @, from 0 (hMAC), 1.6 wt%
(hEMACGC,;), 3.2 wt% (hEMAGC;) and 4.8 wt% (hREMAGCs3;).

It is shown that in the presence of a magnetic field, with magnetic flux density B, superimposed
on a medium-frequency electric field, the electrical and dielectric functions are sensibly influenced
by B, f and ®,¢;. In particular, the magnetoelectric coupling show an increase of about one order of
magnitude, for each concentration ®;,g, and in the whole range of frequencies 1 < f (kHz) < 103,
when B is increased from 0.1 to 0.5 T. The maximum increase of MDEs occurs when B = 0.5 T, and is
about 70% for hREMAC; (at f ~ 60 kHz), 110% for hEMAC,; (at f ~ 100 kHz), and up to 520% for
hEMAC; (at f ~ 150 kHz). A theoretical model, which can describe the physical mechanisms leading
to these effects is developed based on magnetic dipolar approximation and using elements of linear
dielectric theory.

The obtained results can be useful in fabrication of high performance low- and medium-frequency
electromagnetic radiation absorbers and magnetic/electric field sensors.
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Appendix A. Magneto-Electric Coupling k, and Electrical Conductivities ¢’ and ¢’

The data in Figure A1l show that k, decreases with increasing ®,¢;. This is a result of a decrease

of mechanical interactions between magnetic dipoles in the SO + GB + nGr matrix, when B and f are
kept fixed.
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Figure A1. Variation of magneto-electric coupling k, with frequency f, at fixed values of magnetic flux
density B. (a) hMAC. (b) hEMAC;. (c) hREMAC,. (d) hEMAGs;.

The results in Figure A2 show that the electrical conductivity increases with f, while for a fixed
B and f, it decreases with ®,¢,. This behaviour can be attributed to the dominance of the dipolar
electric polarization over the electronic and interfacial dielectric polarisation when hMAC is in a
medium-frequency electric field [24]. In a magnetic field, the dipolar dielectric polarization decreases
with increasing B, due to the increase of magnetic interactions. Thus, at a given f, the electrical
conductivity of hMAC decrease with increasing B, as indicated in Figure A2a. Addition of nGr leads
to the formation of a thin layer of graphene on the surface of CI microparticles. Thus, between the
carbon atoms of nGr and the iron atoms forming the surface of CI microparticles, is established a
semiconductor-metal contact, which is followed by generation of free electrical pseudocharges inside
hEMAUCs. The net effect is an increase of 0'; with @G, as shown in Figure A2b-d.
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Figure A2. Variation of electrical conductivity ¢’ with frequency f, at fixed values of magnetic flux
density B. (a) hMAC. (b) hEMAC;. (c) hREMAGC;. (d) hEMAGs;.

The results Figure A3 show that for frequencies f < 2 kHz the imaginary part of ¢* has a linear
variation with f, at arbitrarily values of B and ®,,g,. However, in the same frequency range, the real
part has a dependence of the type 0 frwithn >2,and ¢ « B2 When f > 2 kHz, the imaginary
part has also a dependence of type s f" withn > 2 and ¢ o B2. However, now the real part has a
variation of the type ¢’ « f, while the variation for which ¢’ & B2 is preserved.
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Figure A3. Variation of electrical conductivity ¢ with frequency f, at fixed values of magnetic flux
density B. (a) h(MAC. (b) hEMAC;. (c) hEMAC;. (d) hREMACs.



Nanomaterials 2020, 10, 1783 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Liu, X.; Qin, Z.; Dou, Z.; Liu, N.; Chen, L.; Zhu, M. Fabricating conductive poly(ethylene terephthalate)
nonwoven fabrics using an aqueous dispersion of reduced graphene oxide as a sheet dyestuff. RSC Adv.
2014, 4, 23869-23875. [CrossRef]

Yu, D.; Mu, S.; Liu, L.; Wang, W. Preparation of electroless silver plating on aramid fiber with good
conductivity and adhesion strength. Colloids Surf. A Physicochem. Eng. Asp. 2015, 483, 53-59. [CrossRef]
Lu, Y; Xue, L; Li, E Adhesion enhancement between electroless nickel and polyester fabric by a
palladium-free process. Appl. Surf. Sci. 2011, 257, 3135-3139. [CrossRef]

Afzali, A.; Mottaghitalab, V.; Motlagh, M.S.; Haghi, A K. The electroless plating of Cu-Ni-P alloy onto cotton
fabrics. Korean J. Chem. Eng. 2010, 27, 1145-1149. [CrossRef]

Lu, Y,; Liang, Q.; Xue, L. Electroless nickel deposition on silane modified bamboo fabric through silver,
copper or nickel activation. Surf. Coat. Technol. 2012, 206, 3639-3644. [CrossRef]

Zhao, W.; Xu, Z.; Sun, T.; Liu, S.; Wu, X.; Ma, Z.; He, J.; Chen, C. Carbon cloth surface-decorated with silver
nanoparticles for surface-enhanced Raman scattering. J. Alloys Compd. 2014, 584, 635-639. [CrossRef]

Mei, H.; Han, D.; Xiao, S.; Ji, T.; Tang, J.; Cheng, L. Improvement of the electromagnetic shielding properties
of C/SiC composites by electrophoretic deposition of carbon nanotube on carbon fibers. Carbon 2016, 109,
149-153. [CrossRef]

Baghriche, O.; Ruales, C.; Sanjines, R.; Pulgarin, C.; Zertal, A.; Stolitchnov, I; Kiwi, J. Ag-surfaces sputtered
by DC and pulsed DC-magnetron sputtering effective in bacterial inactivation: Testing and characterization.
Surf. Coat. Technol. 2012, 206, 2410-2416. [CrossRef]

Lien, WE,; Huang, P.C.; Tseng, S.C.; Cheng, C.H.; Lai, S.M.; Liaw, W.C. Electroless silver plating on
tetraethoxy silane-bridged fiber glass. Appl. Surf. Sci. 2012, 258, 2246-2254. [CrossRef]

Kwak, W.G.; Oh, M.H.; Gong, M.S. Preparation of silver-coated cotton fabrics using silver carbamate via
thermal reduction and their properties. Carbohydr. Polym. 2015, 115, 317-324. [CrossRef]

Yu, D.; Kang, G.; Tian, W,; Lin, L.; Wang, W. Preparation of conductive silk fabric with antibacterial properties
by electroless silver plating. Appl. Surf. Sci. 2015, 357, 1157-1162. [CrossRef]

Chen, H,; Liao, F; Yuan, Z.; Han, X.; Xu, C. Simple and fast fabrication of conductive silver coatings on
carbon fabrics via an electroless plating technique. Mater. Lett. 2017, 196, 205-208. [CrossRef]

Li, WP; Zhu, L.Q.; Gu, J.; Liu, H.C. Microwave absorption properties of fabric coated absorbing material
using modified carbonyl iron power. Compos. Part B Eng. 2011, 42, 626—630. [CrossRef]

Simayee, M.; Montazer, M. A protective polyester fabric with magnetic properties using mixture of carbonyl
iron and nano carbon black along with aluminium sputtering. J. Ind. Text. 2018, 47, 674—685. [CrossRef]
Chen, Y.; Lei, Z.; Wu, H.; Zhu, C.; Gao, P; Ouyang, Q.; Qi, L.H.; Qin, W. Electromagnetic absorption
properties of graphene/Fe nanocomposites. Mater. Res. Bull. 2013, 48, 3362-3366. [CrossRef]

Perera, A.S.; Zhang, S.; Homer-Vanniasinkam, S.; Coppens, M.O.; Edirisinghe, M. Polymer-Magnetic
Composite Fibers for Remote-Controlled Drug Release. ACS Appl. Mater. Interface 2018, 10, 15524-15531.
[CrossRef]

Wang, B.; Zheng, H.; Chang, M.W.; Ahmad, Z.; Li, ].S. Hollow polycaprolactone composite fibers for
controlled magnetic responsive antifungal drug release. Colloids Surf. B 2016, 145, 757-767. [CrossRef]
Annapureddy, V.; Kim, M.; Palneedi, H.; Lee, H.Y.; Choi, S.Y.; Yoon, W.H.; Park, D.S.; Choi, ].J.; Hahn, B.D.;
Ahn, CW.; et al. Low-Loss Piezoelectric Single-Crystal Fibers for Enhanced Magnetic Energy Harvesting
with Magnetoelectric Composite. Adv. Energy Mater. 2016, 6, 1601244. [CrossRef]

Zhao, R; Li, X,; Li, Y;; Li, Y;; Sun, B,; Zhang, N.; Chao, S.; Wang, C. Functionalized magnetic iron
oxide/polyacrylonitrile composite electrospun fibers as effective chromium (VI) adsorbents for water
purification. J. Colloids Interface Sci. 2017, 505, 1018-1030. [CrossRef]

Ercuta, A. Sensitive AC Hysteresigraph of Extended Driving Field Capability. IEEE Trans. Instrum. Meas.
2020, 69, 1643-1651. [CrossRef]

Melle, S. Study of the Dynamics in Magnetorheological Suspensions Subject to External Fields by Means of Optical
Techniques; University of Madrid: Madrid, Spain, 1995.

Bica, I.; Anitas, E. Magnetic field intensity effect on electrical conductivity of magnetorheological
biosuspensions based on honey, turmeric and carbonyl iron. J. Ind. Eng. Chem. 2018, 64, 276-283. [CrossRef]


http://dx.doi.org/10.1039/C4RA01645A
http://dx.doi.org/10.1016/j.colsurfa.2015.07.021
http://dx.doi.org/10.1016/j.apsusc.2010.10.129
http://dx.doi.org/10.1007/s11814-010-0221-8
http://dx.doi.org/10.1016/j.surfcoat.2012.02.059
http://dx.doi.org/10.1016/j.jallcom.2013.09.015
http://dx.doi.org/10.1016/j.carbon.2016.07.070
http://dx.doi.org/10.1016/j.surfcoat.2011.10.041
http://dx.doi.org/10.1016/j.apsusc.2011.09.059
http://dx.doi.org/10.1016/j.carbpol.2014.08.070
http://dx.doi.org/10.1016/j.apsusc.2015.09.074
http://dx.doi.org/10.1016/j.matlet.2017.03.070
http://dx.doi.org/10.1016/j.compositesb.2011.02.019
http://dx.doi.org/10.1177/1528083716667261
http://dx.doi.org/10.1016/j.materresbull.2013.05.020
http://dx.doi.org/10.1021/acsami.8b04774
http://dx.doi.org/10.1016/j.colsurfb.2016.05.092
http://dx.doi.org/10.1002/aenm.201601244
http://dx.doi.org/10.1016/j.jcis.2017.06.094
http://dx.doi.org/10.1109/TIM.2019.2917237
http://dx.doi.org/10.1016/j.jiec.2018.03.025

Nanomaterials 2020, 10, 1783 16 of 16

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

Aveyard, B. Surfactants: In Solution, at Interfaces and in Colloidal Dispersions; Oxford University Press:
Oxford, UK, 2019.

Moliton, A. Applied Electromagnetism and Materials; Springer: New York, NY, USA, 2007.

Liu, Y.D.; Fang, FF,; Choi, H.J. Core-Shell Structured Semiconducting PMMA /Polyaniline Snowman-like
Anisotropic Microparticles and Their Electrorheology. Langmuir 2010, 26, 12849-12854. [CrossRef] [PubMed]
Liu, Y.D.; Choi, HJ. Electrorheological fluids: smart soft matter and characteristics. Soft Matter 2012,
8,11961-11978. [CrossRef]

Bunoiu, M.; Bica, I. Magnetorheological elastomer based on silicone rubber, carbonyl iron and Rochelle
salt: Effects of alternating electric and static magnetic fields intensities. J. Ind. Eng. Chem. 2016, 37, 312-318.
[CrossRef]

Bica, I; Anitas, E.; Chirigiu, L. Magnetic field intensity effect on plane capacitors based on hybrid
magnetorheological elastomers with graphene nanoparticles. J. Ind. Eng. Chem. 2017, 56, 407-412. [CrossRef]
Bica, I.; Anitas, E.; Chirigiu, L.; Bunoiu, M.; Juganaru, I.; Tatu, R.F. Magnetodielectric effects in hybrid
magnetorheological suspensions. J. Ind. Eng. Chem. 2015, 22, 53—-62. [CrossRef]

Gavrilovici, A.M.; Anitas, E.; Chirigiu, L.; Bica, I, Negrutiu, M.L. Magnetodielectric Effects in
Magnetorheological Elastomers Based on Polymer Fabric, Silicone Rubber, and Magnetorheological
Suspension. Adv. Polym. Technol. 2019, 2019, 1983547. [CrossRef]

Bica, I.; Anitas, E. Magnetodielectric effects in hybrid magnetorheological suspensions based on beekeeping
products. J. Ind. Eng. Chem. 2019, 77, 385-392. [CrossRef]

Semisalova, A.S.; Perov, N.S.; Stepanov, G.V.; Kramarenko, E.Y.; Khokhlov, A.R. Strong magnetodielectric
effects in magnetorheological elastomers. Soft Matter 2013, 9, 11318-11324. [CrossRef]

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/la101165k
http://www.ncbi.nlm.nih.gov/pubmed/20593791
http://dx.doi.org/10.1039/c2sm26179k
http://dx.doi.org/10.1016/j.jiec.2016.03.047
http://dx.doi.org/10.1016/j.jiec.2017.07.039
http://dx.doi.org/10.1016/j.jiec.2014.06.024
http://dx.doi.org/10.1155/2019/1983547
http://dx.doi.org/10.1016/j.jiec.2019.05.002
http://dx.doi.org/10.1039/c3sm52523f
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	Results and Discussion
	Electrical Capacitance and Resistance
	Theoretical Model
	Magneto-Electric Couplings
	Relative Dielectric Permittivity and Electrical Conductivity
	Magnetodielectric Effects Induced in Hmac and Hemacs


	Conclusions
	Magneto-Electric Coupling kx and Electrical Conductivities ' and ''
	References

