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Abstract In this work, the various concentrations of Ti, Mn, and Zn were substituted instead of ferric cation of M-type Ba-hexaferrite
through the modified sol-gel auto-combustion synthesis procedure. The resulting nanoparticles were compounded with multi-walled
carbon nanotubes (MWCNTS), and thus, the BaTiyMn,Zn,Fe 24,019/ MWCNT (x = 0.0, 0.2, 0.3, 0.4, and 0.5) nanocomposites
were formed. With the help of Rietveld refinement on XRD patterns in FullProf software, the successful substitution of cations
in the single-phase hexagonal lattice structure was confirmed, and the tendency of each cation to occupy five ferric ion sites was
investigated. The FTIR analysis was employed to recognition of chemical bonds and confirmation of crystalline structure. FE-SEM
and TEM images confirmed the presence of nanoparticles sticking to MWCNTSs and homogenous dispersing. The VSM analysis
showed that the overall trends of Ms, M, and Hc are descending with increasing x, except for a few points described according to
the refinement results. The nanocomposites exhibited appropriate microwave absorption properties at the whole X and Ku frequency
bands by thickness change of only 0.8 mm. The minimum reflection loss was achieved to — 31.5 dB (equivalent to more than 99.9%
energy absorption) at a low thickness of just 0.9 mm, and the maximum bandwidth reached 3.89 GHz. As a result, these developed
nanocomposites are recommended for use in equipment such as aircraft and UAVs, where the thickness and weight of the absorbing
material are of particular importance.

1 Introduction

Due to the evolution of radars and the worldwide employment of electronic equipment, the development of microwave-absorbing
materials has become inevitable. This development is used for a variety of purposes, such as EMI (electromagnetic immunity)
shielding, radar invisibility (stealth), human and environmental health, and electronic information security considerations [1-6].
Microwave-absorbing layers are placed on the outside body of military vehicles and aircraft to reduce the probability of detection by
enemy radars by decreasing the radar cross section (RCS). Superior absorbents with strong absorption, low thickness, low density,
and wide bandwidth are in high demand for microwave absorption (MA) applications to eliminate unwanted electromagnetic (EM)
waves [7-10]. The synthesis of high-performance MA materials is achieved by adjusting and controlling the composition and
microstructure. In fact, by doing this, their electromagnetic parameters, such as magnetic permeability, electrical permittivity, and
so on, are optimized [11, 12].

One of the material categories used for MA applications is ferrites. These materials have significant magnetic losses, poor electrical
conductivity, relatively low density, and low manufacturing costs. One type of ferrites is hexagonal ferrites, called hexaferrite,
discovered in 1952 and is categorized into six groups of crystal structures named X, Y, Z, U, W, and M. Between them, M-type Ba-
hexaferrite, BaFe 2019, commonly known as BaM, is a permanent magnet with a magnetoplumbite crystal structure and P63/mmc
space group [13]. It has adequate potential for MA applications due to some distinct specifications such as outstanding chemical
stability, high saturation magnetization, large Curie temperature, uniaxial magnetocrystalline anisotropy, and appropriate hysteresis
loop. However, there is significant inequality between the permeability and permittivity of BaM, which leads to the impedance
mismatching and non-ideal absorption performance of the pure type of it [6, 14, 15]. Efforts are made to maximize impedance
matching and improve MA performance by promoting magnetic and dielectric losses caused by various methods such as adding
impurities to BaM or compounding with some dielectric materials such as carbon nanotubes (CNTs) [10, 16—18]. Studies show that
substituting multivalent cations instead of Fe™> and Ba*? in the BaM compound improves the magnetic and dielectric properties
[19-21]. In addition, the substitutions shift the magnetic resonance frequency from the higher values (47.6 GHz for the pure BaM
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[22]) to the lower desired frequency bands and also reduce the minimum reflection loss (RLyn) to larger negative values. For
example, in one of the recent works where Fe™ has been substituted with different concentrations of Co*2, Ti*4, and Mn*? cations
in the BaM structure, the value of RL i, 1s achieved to — 40.2 dB at the thickness of 2.3 mm, and the maximum bandwidth (RL <
— 10 dB) is reached to 7.0 GHz [23].

The addition of multi-walled carbon nanotubes (MWCNTs), which are the low-density carbon-based dielectric, to BaM, increases
the dielectric losses and hence increases the absorption of BaM-MWCNT composite. Moreover, multiple reflections of the electro-
magnetic waves from different walls improve MA performance [24].

Combining hexaferrite with a different volume percentage of MWCNT enables controlling the dielectric constant of the composite
and thus impedance more effectively. Therefore, due to the dependency of the RL formula on impedance and thickness of the
absorbent, it makes it possible to observe the minimum RL at the lower thicknesses. For example, in another research paper, RLin
reached — 47.4 dB with a bandwidth of 4.59 GHz only at a thickness of 1.5 mm [25].

A special focus must be placed on ferrites” microstructure and synthesis methods. There are various methods to synthesis ferrites
such as solid-state reaction [26], co-precipitation [ 19], hydrothermal [27], microemulsion [28], sol—gel [29]. Meanwhile, nanoferrites
are agglomerated due to dipolar interactions between particles. Therefore using a method that allows the maximum separation of
particles, as well as the formation of small particle size and appropriate morphology, can contribute to improving absorption properties
[30]. In some works, done by the solid-state reaction method, Fe™? was substituted with some different dual-dopant cations. The
dual-dopant Zn*?—Ti** and Mn*?-~Ti** had smaller particle sizes and better RL;;, comparing to others [31, 32].

In this study, a new nanocomposite containing Ba-hexaferrite substituted with different concentrations of divalent and tetravalent
cations Ti**, Mn*2, and Zn*2, with functionalized multi-walled carbon nanotubes, BaTiy, Mn,Zn,Fe2_4,/MWCNT, was synthesized
via the sol—gel technique. The structural, morphological, magnetic, dielectric, and MA qualifications have been investigated, and the
correlation of these properties has been evaluated. The initial reason for choosing the Ti** and Mn*? impurity ions is the reduction of
magnetic interactions, thereby magnetization, magnetic anisotropy, and particle size of substituted BaM [23, 33]. These factors shift
down the resonance frequency to demanded frequency bands for the MA applications and improve (reduce) the RLy;,. The Zn*?
impurity cation has a relative tendency to occupy bipyramidal 2b and the octahedral 4f2 sites in the BaM crystal structure, and Fe*3
also has upward and downward spins in these two sites, respectively [34]. Therefore, the competition of Zn*> as a non-magnetic
cation with other ones for substitution instead of Fe™® determines the increase or decrease of magnetization and anisotropy field
according to the substituted site.

Simultaneously usage of these three dopants is a new work and has not been observed in our literature reviews. Moreover, the
combination of this new nanoferrite with MWCNT is intended to improve MA parameters, especially at low thicknesses, and it
enhances the innovation of this research by itself.

2 Experimental procedure
2.1 Preparation of nanoparticles

Substituted BaM nanoparticles with a chemical formula of BaTiy,Mn,Zn,Fe12-4,019 (x = 0.0, 0.2, 0.3, 0.4, and 0.5) were manufac-
tured according to the modified sol-gel auto-combustion technique. For every value of x, raw materials were weighed and poured into
300 ml of deionized water at about 70 °C with stoichiometric considerations. The raw materials were Ba(NO3),, Fe(NO3)3-9H20,
MnCl,-4H;0, Zn(NO3);-4H, 0, and TiCly. While adding each precursor to the solution, the stirrer was working to homogenize the
solution. Precursors were added sequentially to ensure that there was no disruption in the dissolution process. The anhydrous citric
acid (C¢HgO7) was poured into the solution according to the moles of metal cations present. After a few more minutes of stirring,
ammonium hydroxide (NH4OH) 25% was dropped slowly until the pH decreased to 7. The time rate of adding NH4OH and the
final pH value are effective on the final particle size. The temperature was raised to 80 °C for the solution, and after about 1.5 h, it
slowly formed a gummy gel. The heater temperature was raised to 100 °C, and after a few minutes, the combustion occurred, and
a porous filiform powder was attained. The resulting powder was ground in a porcelain mortar and finally sintered at 900 °C in a
furnace so that the heating rate was 4 °C/min and staying at the final temperature was 2 h. What resulted were the M-type hexaferrite
nanoparticles. It is essential to adjust the proper sintering temperature profile and the adequate staying temperature to fully form the
hexaferrite crystallographic phase and achieve the smallest possible crystallites and particle sizes at the same time.

2.2 Preparation of nanocomposites

The —COOH-functionalized MWCNT was used to transform the hexaferrite nanoparticles into nanocomposites. For this purpose,
firstly, a weighed amount of MWCNT at a ratio of 15% by volume of ferrites was sprinkled into the 150 ml deionized water and
sonicated at 230 watts for 30 min. Hexaferrite nanoparticles were then added to the suspension, and all were sonicated for 30 min
and rested for 10 min. This process was repeated three times to ensure the dispersion of contents and binding of nanoparticles to the
MWCNTs. Finally, the suspension was placed within the oven at about 100 °C for water loss, and consequently, the nanocomposite of
ferrites and nanotubes was obtained. Ultrasonic power, applying time, and the number of repetitions of the process, are the significant

@ Springer



Eur. Phys. J. Plus (2022) 137:1171 Page30f 16 1171

Table 1 The lattice constants, a X al( A) c( A) cla Veen ( AS) D (nm)

and c, cell volume (Veqp), lattice

Constalfll_ts ratio élc)/)a} and | 0.0 5.892 23214 3.940 697.9 41.75

crystallite size or several

concentrations of impurities (x) 0.2 5.895 23.205 3.936 698.4 41.73
0.3 5.895 23.214 3.938 698.7 41.74
04 5.896 23.218 3.938 699.1 41.74
0.5 5.898 23.223 3.937 699.6 41.74

parameters that ensure the formation of ahomogenous nanocomposite. Also, in order to achieve the appropriate microwave absorption
specification, which will be described later, it is vital and decisive to use the right amount of carbon nanotubes.

2.3 Preparation of ring-shaped piece for MA analysis

A ring-shaped piece had to be made for the measurement of the microwave scattering parameters (S;;) and thus the complex
permeability (u)), permittivity (¢)), and reflection loss (RL) at X and Ku bands by the vector network analyzer. For this purpose,
the nanocomposites and melted paraffin were homogeneously mixed with the weight ratio of 80:20 with the assistance of toluene as
the diluent. Then the suspension was put into the oven at 70 °C to accelerate the evaporation of toluene. Finally, the shaping mold
was filled by resulted mixture and pressed to yield ring shape piece with a thickness of 2 mm, an inner diameter of 3 mm, and an
outer diameter of 7 mm.

3 Results and discussion
3.1 Structural, morphological, and chemical bonds properties

The structural and crystallographic properties of nanocomposites have been investigated by XRD analysis with Cu-Ka radiation (A
= 1.540 A). The X-ray intensity versus 20 was measured, and then Rietveld refinement was performed on data step by step using
FullProf software to achieve the most compatible fitting curve. One of the results of this analysis is to estimate the preference site of
impurities instead of Fe*? in the hexaferrite crystal structure, and another is obtaining the hexagonal lattice parameters. In Table 1,
structural parameters attained primarily through Rietveld refinement, except for the crystallite size, which is determined by X’ Pert
software. There are five crystallographic locations for Fe*3, ferric ions, in the BaM crystal structure called 2a, 2b, 4f1, 4f2, and 12k,
respectively. The tendency of substituted ions to occupy these sites is not the same. To determine the tendency of impurities for
substitution at Fe*? sites, five alternative crystallographic sites were defined for each Ti**, Mn*2, and Zn*? ion in FullProf software,
and the occupancy of each site was investigated at the end of the refinement process.

Figure 1 displays the XRD patterns of nanoparticles, which all are in a single hexaferrite phase with almost no extra crystallographic
phases. Rietveld refinement on XRD patterns showed that Ti** has preferred to replace Fe*? at site 5 (12 k) more than other sites,
and Zn*? has tended to occupy site 1 (2a). The tendency of Mn*? to occupy the sites is almost equivalent, and it has no preference
for occupying any particular site.

The ionic radius of Fet3, Ti**4, and Zn*? is 69, 74.5, and 88 pm, respectively, on 1 (2a) and 5 (12 k) sites where the crystal structure
is octahedral. As shown in Table 1 and Fig. 2, since the radius of the substituted ions is greater than Fe*3, the overall trend of the
hexagonal lattice constant c in the substituted specimens is ascending with increasing x. However, the hexagonal lattice constant a
is almost unchanged. As an exception to the above trend, it is seen that the sample x = 0.2 has a smaller ¢ value than the pure one
(x = 0). This exception seems to be due to the higher occupancy factor of Ti** in site 4 (4f2) for sample x = 0.2 compared to other
samples, which is one of the results of the refining process. The 4f2 site is tetrahedral, and the ionic radii of Fe*? and Ti** at this site
are 63 and 56 pm, respectively, so the replacement of iron with titanium at this site has resulted in a reduction of the c value [35].

Figure 3 displays the FE-SEM images of BaTiyMn,Zn,Fej2_4x/MWCNT (x = 0.0-0.5) nanocomposites. The nanoparticles
usually have irregular shapes as seen in the picture. However, the presence of some more grown hexagonal shapes confirms the
formation of crystallized BaM. The nanoparticles are optimally dispersed between the nanotubes. Some agglomeration has occurred
due to magnetic interactions and thus crystal growth; however, the average particle size of nanoparticles is about one hundred
nanometers. Electrostatic interaction between cations in the BaM structure and negative charges of the COOH functional group on
the outside of MWCNTs has led to the sticking of some nanoparticles across the length of MWCNTs. To better observe this bonding,
transmission electron microscopy (TEM) was applied (Fig. 4). In these pictures sticking of nanoparticles, less than 30 nm, to the
outer surface of MWCNTs can be seen clearly.

Fourier transform infrared spectroscopy (FTIR) was employed to validate the formation of BaM crystal structure and to identify
the chemical bonds. Figure 5 shows the FTIR spectra in the wavenumber range of 400—4000 Cm~! for pure BaM nanoparticles
and BaTiyMn,Zn,Fe12_4,/MWCNT nanocomposite for the various concentrations of dopants. There are two absorption peaks at
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Fig. 1 A Rietveld refinement on XRD patterns of BaTiy MnyZnyFejy_ 4,019 nanoparticlesatax =0.0,bx=0.2,cx=0.3,dx =04, andex =0.5

about the wavenumber of 434.70 Cm~! and 591.45 Cm~!, related to oxygen-metal stretching vibration like Fe—O in tetrahedral and
octahedral locations, respectively [36, 37]. The peak at about the wavenumber 550.01 Cm™~! relates to the Ba—O stretching vibration.
As shown in this figure, with increasing impurities, the redshift of the Fe—O peak (591.45 Cm™ 1y occurred, and the absorption peak of
550.01 Cm™! is gradually eliminated. The redshift of the Fe—O peak on doped-composite samples is due to the replacement of some
ferric cations by dopant ions, and it is also due to the intermolecular forces across the substituted ions and other ingredients of the
composite [38]. Other peaks in the interval of 850—1400 Cm~! are related to the vibrations of metal-oxygen-metal bonds (M—O—M)
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such as Fe—O—Fe [36, 37]. The small absorption peaks, seen only in the hexaferrite-MWCNT composites at 1615.55 Cm~! and
1797.5 Cm™!, are associated with the stretching vibration of C=C and C=0 bonds in the cyclic carbonate groups, respectively [38,
39]. These two peaks are not seen in the pure non-composite sample.

The absorption peaks at about 2921.77 Cm~!, 3408.14 Cm~!, and 3510.79 Cm~! correspond to the stretching vibration modes
of C—H, stretching vibration of surface OH groups, and other stretching vibration of —OH, respectively [25, 40, 41].

3.2 Magnetic specifications

It was applied the VSM analysis to measure the magnetic specifications. Figure 6a exhibits the M-H hysteresis curve at room
temperature for the BaTio,Mn,Zn,Fe12_4,/MWCNT samples with various amounts of impurities. Figure 6b represents the graph
of saturation magnetization (M), remanent magnetization (M), and coercivity (Hc) versus doping amount. The Mg values variate
from 58.0 emu/g for sample x = 0.0 to 46.4 emu/g for sample x = 0.5. The M, values range is also from 21.0 to 32.9 emu/g, and
the range of variation of Hc is from 1132 to 5989 Oe.

Figure 6b reveals that the overall trends of Mg, M, and Hc are descending with increasing x, with some exceptions which will
be described below.

As mentioned earlier, there are five positions for Fe*3 ferric ion in the BaM crystal structure, which are named 2a, 2b, 4f1,
412, and 12 k. The BaM unit cell included two molecular units of BaFe 2,09, with a total of 24 ferric ions. Sites 2a, 2b, and 12 k
have 2, 2, and 12 (16 in total) upward spin ferric ions, respectively, and sites 4f1 and 4f2 have 4 and 4 (8 in total) downward spin
ones, respectively. Fe*3 ion has five unpaired electrons in the d orbital, and the magnetic moment of every single ion is equivalent
to 5 up. Eight downward spins neutralize 8 spins from 16 upward spins, so the pure BaM unit cell has a net magnetization of
(16 — 8) * Sup = 40pnp and the net magnetic moment of one molecular unit of BaFe 2019 is half of this value 20up [13]. If the
magnetic ions such as Mn?*, whose magnetic moment is almost identical to ferric ions, are replaced at any of these five sites, no
significant change will occur in the magnetization. If non-magnetic ions such as Ti** or Zn?* are substituted instead of ferric ions at
upward spin sites, the magnetization will be decreased, and if they are substituted at downward spin sites, the magnetization will be
increased. Accordingly, the overall decreasing trend of Mg for substituted samples occurred due to the replacement of non-magnetic
impurities, titanium, and zinc, instead of iron at different sites, owing to reducing the super-exchange interactions of Fe—O—Fe bonds.
Despite this overall trend, sample x = 0.3 has a larger Mg than sample x = 0.2. This is explained by the results of the Rietveld
refinement. On this basis, for sample x = 0.3, the sum of occupancy coefficients of Ti** and Zn** for downward spin sites (4f1 and
4f2) was the highest value among all samples. Therefore, in the unit cell of this sample (x = 0.3), upward spin ferric ions were less
neutralized by downward spin ones, resulting in a slight increase in magnetization.

As the concentrations of non-magnetic impurities, titanium and zinc, increase, the M, decreases due to the spin canting and
reduction of magnetic collinearity. At low doping, Hc also decreased with increasing non-magnetic impurities. The reduction in
coercivity is also associated with a reduction in the magnetocrystalline anisotropy of the BaM structure, and an easy axis is rotated
from the c-axis to the basal plane. In general, anisotropy has a significant effect on the properties of Ba-hexaferrite, so that the
magnetic specifications such as ferromagnetic resonance and MA quality are entirely dependent on anisotropy configuration[42,
43].
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Fig. 3 The FE-SEM images with 150 Kx magnification of BaTiy,MnyZnyFe17_4,/MWCNT nanocomposites atax =0.0,bx =0.2,cx=0.3,dx =04,
andex=0.5
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Fig. 4 The TEM images of
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Fig. 5 The FTIR spectra for pure BaM (NP) and BaTiyxMnxZnyFe|7.4x/MWCNT nanocomposites for various concentrations of impurities (x)
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In general, some parameters such as morphology, particle size, ion substitution, crystal defects, strain, and interface structure
change the performance, form, and width of the hysteresis curve. Therefore, changing the concentration of cations such as titanium,
zinc, and manganese causes them to compete with each other and with iron for substitution in different sites [42].

3.3 Dielectric parameters and microwave absorption performance

In the following, it is necessary to describe some dielectric parameters related to microwave absorption properties. The complex
permittivity and complex permeability can be represented as &, = |e,|e® and w, = |u,|e!®, respectively. In these relations, 3
and 8y, are the electric and magnetic losses, respectively, which are equivalent to the tangent of the imaginary part divided by the
real part. The loss tangent is defined as:

"

P
tan8:tan86+tan8m:%+i,r (M
S
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Fig. 7 a The real part of
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where 8; and 8: are the real and imaginary parts of the permittivity, respectively, and ,u’, and pfr/ are the real and imaginary parts of

the permeability.

Figure 7 indicates 5/,, 8:, and tan d,, and Fig. 8 shows /L/r, /,L:, and tan §,, versus the frequency for pure nanoparticles and

nanocomposites with various amounts of impurities. These parameters have been calculated from scattering parameters in X and
. . ’ ! . .

Ku microwave bands which are measured by the vector network analyzer. In general, the real parts, ¢, and p,., signify the storage

capability, and the imaginary parts, 8: and /L:, indicate the dissipation of electrical and magnetic energy [44].
Figure 7 shows clearly that the addition of carbon nanotubes has increased s/,, 8;,/, and tan §, of nanocomposites. This is due to
the superior aspect ratio and high conductivity of MWCNTSs, which is justified by the following equations [45].

Es — €0
—+—7
1 + w2

@
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where €gs, €00, and &g are the static permittivity, high-frequency dielectric permittivity, and vacuum permittivity, respectively, T is
the relaxation time, w is the angular frequency, and o is the electrical conductivity.

Under the electromagnetic field, electrons in the composite gain the energy needed to pass through the BaM/MWCNT and
BaM/BaM interfaces, forming the accumulation of spatial charges specific to the BaM/MWCNT composite, which can improve the
dielectric loss of the composite [44]. These high values of electrical loss tangent provide the basis for improving the MA properties
by enhancing the impedance matchlng, which will be described below.

In Fig. 8, some fluctuations in M,, ,ur, and tan §,, can be observed, which is related to the natural resonance and eddy current loss
when materials are exposed to electromagnetic radiation [25, 44, 46]. Also, as seen in the VSM analysis, the coercivity decreased
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Fig.9 aCo =" (p/)_zf*' curve, b attenuation constant versus frequency for pure BaFe|2O19 nanoparticles (NP) and BaTip, MnyxZnyFe 74,/ MWCNT

nanocomposites with several amounts of x

with increasing impurity concentration, and the samples became so-called softer. Therefore, the larger permeability of samples with
larger x is not unexpected; in other words, the easier it is magnetized, the more permeable it is.

As it will be explained with the reasoning in the next few paragraphs, the relationship between resonance frequency (f;) and the
anisotropy field (H,) is based on the following equation [19, 47].

v
fr = L H, “
b4
In this equation y is the gyromagnetic ratio. The M-type ferrite’s imaginary part of permeability is written as follows [19]:
Ms
1
= 5
jz Y, ©)
where My is the saturation magnetization and « is the extinction coefficient. Using Eq. (4) we have:
v Ms
" — (6)
dmaf;

So 1 is related to f inversely. Now it is explained why in Fig. 8, u;’ and tan ,,, have grown at higher frequencies where u; is almost
constant. It is due to the fact that by increasing the frequency, we approach the natural magnetic resonance of the material, and the
magnetic energy dissipation mechanisms become more active. In other words, in higher frequencies, > 14 GHz, the frequency of the
orbital angular momentum and the frequency of the incoming electromagnetic wave are more coordinated. Therefore the wave is
trapped and absorbed in the matter. Since the substituted samples have a lower f due to the smaller H,, the growth of /,L;/ and tan §,,
starts from lower frequencies, proportional to the concentrations of impurities.

Also, the ,u/r/ peaks observed at around 12 GHz correspond to the eddy current loss and the synergistic interactions amid ferrite
nanoparticles and MWCNTs [44, 46]; this can be explained by Eq. (7). The Co remains constant throughout the frequency band if
the magnetic loss is just included with the eddy current loss [46, 48]. But some fluctuations which can be seen on the Cq curve (see
Fig. 9) prove that there is some other loss mechanism than eddy current in BaM-MWCNT composites. It means that combining
ferrite nanoparticles with MWCNTSs has not only improved the dielectric loss but also developed magnetic loss and enhanced MA
performance [47].

Co=u" (W) f~! ™

Figure 9b indicates the attenuation constant (o) curves of the pure nanoparticles and nanocomposites. This constant, given by
Eq. (8), is an estimate of electromagnetic energy dissipation in the matter [44, 49]. Pure composite and their doped one have a higher
attenuation constant than pure BaM due to higher dielectric and magnetic loss [50]. Meanwhile, for the specimens x = 0.3 and x =
0.5 in the frequency range higher than 13 GHz, the synergy between carbon nanotubes and impurities in increasing dielectric and
magnetic losses has led to an increase in a.

ﬁ "on o non ' rn "o
o= CJTf (/Lré‘r — ,ursr) + \/(urar — /L,S,)z + (upe) + u,er)z 8)

The MWCNT plays a significant role in enhancing microwave attenuation. By synthesizing a nanocomposite of the MWCNT-
ferrite NPs network in the paraffin medium, due to the existence of spatial charge accumulation in BaM/MWCNT interfaces, the
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dielectric loss is increased. Another advantage of this network is the creation of the multiple scattering process of microwave, thus
improving the microwave attenuation performance. In addition, the stray magnetic flux lines radiated from magnetic elements of
the nanoparticles can propagate into the non-magnetic void or paraffin space among the MWCNTs [51-53]. This leads to more
magnetic loss, better impedance matching, and further attenuation.

In the case of the interaction of electromagnetic waves with targets, the essential condition for achieving the minimum reflection
(maximum absorption) is impedance matching. The electromagnetic wave must have the appropriate requirements to enter the
absorber. To meet this purpose, the intrinsic impedance of the absorber (Z;,) must stay as near as feasible to the intrinsic impedance
of surrounding free space (Zy). It means the impedance matching condition is |Zi,/Zo| = 1. In this condition, most of the waves
enter the matter; then, based on various mechanisms of microwave absorption, energy is dissipated within it. The input impedance,
which depends on the incident frequency, is calculated from Eq. (9) [54].

Zin = Zo, /% tanh[j(@)wrer} ©)

where Zo = (uo/€0)'/> = 3772 is the impedance of free space, f is the input electromagnetic wave frequency, d is the thickness
of the absorbent piece, and C is the speed of light in a vacuum. A reflective metal plate is placed behind the absorber piece. The
more the reflected wave from the back metal plate is attenuated, the better performance of the absorbing material. The amount of
reflection loss in terms of absorbance (A), reflectance (R), and impedance is calculated based on the following equation [55].

Zin — Zy
RL(dB) = 10log(l — A) = 10log(R) = 20log| ———— (10)
Zin+ Zo
The conventional limit of RL = —10 is equivalent to 90% absorption. Those materials having an RL lower than or equal to this limit

are appropriate for MA applications. The bandwidth for the RL below —10 dB is essential, and the wider it is, the more applicable.

Here, 2D and 3D graphs were used to describe the impedance matching and reflection loss performance in the X and Ku microwave
bands for pure nanoparticles and BaTiy,Mn,Zn,Fej;_4,/MWCNT nanocomposites with different concentrations of dopants in the
thickness range of 0.8—1.6 mm (see Figs. 10, 11, and 12). It is clearly observed that adding impurities and carbon nanotubes improved
the RL and increased the absorption in these two well-known frequency bands. There are multiple reasons for this effect; first of
all, the presence of MWCNTs has resulted in better impedance matching conditions. In this case, multiple scatterings within the
matter due to higher interfaces are one of the reasons for increasing the reflection loss [17, 56]. The comparison of Fig. 10a with b
for nanoparticles and pure nanocomposites reveals the effect of MWCNTs addition alone.

Another significant factor in increasing the MA at the frequency range of 8-18 GHz is the ferromagnetic resonance (f;) shift
from higher frequencies to this range by adding Ti*#, Mn*?, and Zn*? cations. By definition, ferromagnetic resonance means the
co-frequency of the precession of an orbital angular momentum with the applied magnetic field H. According to Eq. (4), f; is
expressed in terms of Hc as: f, = %Ha. Anisotropy, which is an intra-structural field, tends to direct the magnetization along the
easy axis; consequently, the anisotropy field is proportional to the coercivity [36]. Hence, the shift down of resonance frequency
corresponds to the decreasing of coercivity, which occurred due to the addition of impurities and increasing them. Figure 11a shows
that for a given thickness (d = 1.1 mm), as the concentration of impurities is increased from x = 0.0 to x = 0.5, the resonance
frequency reduces quite proportionally. Figure 11b indicates the normalized impedance matching curve at the thickness of 1.1 mm.
As mentioned, the closer the Z;j,/Zg value is to 1, the better the impedance matching is and the most appropriate conditions to
enter the wave into the matter. The specimen with x = 0.5 has maximum normalized impedance matching (equal to 0.95) as it has
the minimum of RL in this thickness (Fig. 11a). In other thicknesses, the higher normalized impedance matching is seen too; for
example, at the thickness of 0.9 mm, the sample x = 0.3 has Z;j,/Zy = 1.004 which is the highest among all. In Eq. (9), based on
the condition of the hyperbolic tangent function, i.e., tank [ J@rfd/C)/irer ], impedance matching would be improved when the
magnetic contribution matched the dielectric contribution [55, 57].

Based on Figs. 10, 11, and 12, it turns out that the best reflection loss is taken place for the samples x = 0.4 and x = 0.5. The
lowest RL belongs to the sample x = 0.4, which has reached — 31.5 dB at the thickness of only 0.9 mm, and it is the lowest value
among all samples and in all thicknesses. The best maximum bandwidth (BWyy,x) of 3.89 GHz was achieved for the sample x =
0.5 at the thickness of 0.9 mm. The entire X and Ku frequency bands are covered by a thickness change of only 0.8 mm (d =
0.8-1.6 mm). It is great to obtain these appropriate values for RLy,;, and BWp,. in such a small thickness and narrow thickness
range.

Given the above, this nanocomposite is recommended for use in MA applications where the mass and volume considerations
of the absorber are of distinct prominence. For example, in the case of the stealth of aircraft and UAVs, weight consideration is an
essential issue, so the coating of this equipment with such a thin layer would be precious.

Table 2 shows the comparison of the performance of some composite absorbers reported in recent years. In none of the similar
works, the achievement of RLy;, to a value of about — 31.5 dB in such a small thickness (0.9 mm) has not occurred. In many papers
on microwave absorption, it is observed that the RLy;; is significantly weakened by reducing the absorber thickness even by 0.1 mm
as can be checked in some references in Table 2.
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Fig. 12 The 3D RL color maps of BaTiy, MnyxZn,Fe17_4,/MWCNT nanocomposites for a x = 0.4 and bx = 0.5

4 Conclusions

Substituted hexaferrite nanoparticles, BaTiy,Mn,Zn,Fe 2_4xO19 with various amounts of x were synthesized using the modified
sol-gel auto-combustion technique and then compounded with COOH-functionalized MWCNT to make nanocomposites. Refined
XRD and FTIR diagrams proved the forming of the M-type hexaferrite crystal structure. It was determined the tendency of dopants to
replace instead of ferric ions in different crystallographic sites. FE-SEM and TEM were used to study morphology. The confirmation
of nanoparticle formation and homogeneous configuration of nanoparticles and nanotubes were obtained. The M—H hysteresis
curves exhibited that by increasing the concentration of impurities, the coercivity and saturation magnetization decreased owing
to the reduction of anisotropy field and super-exchange interactions. However, there were a few exceptions explained by Rietveld
refinement outcomes. Consequently, according to the anisotropy field decreasing and the dependency of resonance frequency on it,
this frequency shifted from unwanted (in this work) higher ones to the lower values in X and Ku bands, as seen in RL graphs. RLp;,
reached -31.5 dB at the thickness of just 0.9 mm for the sample x = 0.4, and BW . attained 3.89 GHz for sample x = 0.5. The
entire X and Ku bandwidth were covered by the thickness change of only 0.8 mm (0.8—1.6 mm). Based on the above, this effective
thin nanocomposite is suitable for applications of MA in which weight and volume considerations are of particular importance such
as stealth and EMI shielding applications.
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Table 2 Comparison of the absorbing properties of some composite absorbers reported in recent years

Composite absorber Thickness (mm) RLyin (dB) Corresponding frequency (GHz) Bandwidth References
(GHz)
BaFe 2019 @ZnFe;O4/MWCNTSs 2.5 —423 8.2 ~2.5 [58]
RGO/MWCNTs/ZnFeyOq4 5.0 —23.8 44 2.6 [59]
Nig 4Cug cFe;04-MWCNT 1.3 —28.43 ~14.5 3.7 [46]
RGO/Coq.5Zr(.5Fey04 5.0 —31.89 42 4.0 [60]
CF@CoFe;04@MnO, 1.5 —34 14.5 5 [61]
BaFe 2019/CNT 1.5 —29.7 15.78 32 [62]
SrFeg gCoq.1Tij 1 O19-epoxy 1.5 - 304 13.5 >5.5 [17]
ZnFepO4/GNs (10 wt%) 1.3 — 34.56 ~15 4.05 [63]
CCF-Fe304 1.67 —56.8 10.9 7.1 [64]
BaTio_gMn0‘4zn0'4F610‘4/MWCNT 0.9 —31.5 17.1 3.64 This work
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