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ARTICLE INFO ABSTRACT

Keywords: Recently, with the quick evolution of electronic technologies, and the development of telecommunication, high-

Ferrites performance microwave absorbing composites in which ferrite is one of their components have attracted a lot of

}lzerm_ea]?l?lty attention. These composites should have high absorption intensity, a wide absorption bandwidth, a thin thick-
ermittivity

ness, and finally light weightiness. These composites often exhibit efficiency to fulfill coveted magnetic and
dielectric characteristics. This review provides a brief presentation of ferrites and among them are spinel ferrites
and hexagonal ferrites. In addition to that, it discusses the classifications of ferrites according to magnetic
properties, the synthesis methods to prepare nano ferrites, and control their properties. Also, it presents the main
mechanism to absorb the microwaves (e.g. dielectric and magnetic losses) and finally discusses the microwave
absorbing characteristics of ferrites and their composites in terms of matching frequency, reflection loss (RL)

Reflection loss
Absorption bandwidth

values, and absorption bandwidth.

1. Introduction

With the widespread use of microwaves, many researchers worked
on studying the microwave absorption properties of many absorbent
materials, as shown in Fig. 1 and that due to the increase in electro-
magnetic (EM) pollution as a result of the rapid advancement of wireless
electronic devices and electronic systems and their use of high fre-
quencies, in addition to new standards and rules relating to EM inter-
ference resulting from this kind of apparatuses [1-6]. Radar absorbing
materials (RAMs) are significant means that we can use to concealment
sensitive aims. Moreover, microwave absorbing materials (MAMs)
applied vastly to prohibit and reduce EM reflections on great bodies like
planes, tanks, and military equipment. Absorbent materials can be made
in various shapes like coatings, sheets, and sponges [7,8]. At the
beginning of the twenty-first century, new studies appeared in the field
of microwave absorbers that focused on the preparation of novel nano
ferrites such as hexagonal ferrites and spinel ferrites by introducing new
doping elements into the structure of these materials and studying the
effect of these dopings on their ability to absorb microwaves, as well.
Researches have focused that nano ferrites can be synthesized by various
techniques such as sol-gel, co-precipitation, microemulsion, etc. In
order to obtain composites that have an elevated reflection loss, a wide
absorption bandwidth, and a lightweight [9-13]. Scientific researches
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are currently focused on finding novel nanomaterials more effective to
absorb microwaves. Nano ferrite constitutes one of its components of the
composites, such as composite materials with a nano ferrite core and a
conducting polymer shell (e.g. polyaniline (PANI), Polypyrrole (PPy),
etc.), and different composite materials such as (ferrite/carbon),
(ferrite/graphene), (ferrite/graphene oxide), etc. The results have
shown the superior microwave absorption performance of these com-
posites compared with nano ferrite materials alone. Furthermore, they
are characterized by their lightweight and relatively low thickness.

Usually, microwave absorption behaviors of the absorbent sub-
stances are determined by complex permittivity (¢;) which describes the
interaction of the electric field with the absorbent substance and com-
plex permeability (4,) which describes the interaction of the magnetic
field with the absorbent substance as illustrated in equations (1,2)
[14,15].

e = € —ie" (@]

poo= g —ig )

The interaction of the electric and magnetic field with the absorbent
substance occurs in two ways: stored power of the external electric and
magnetic field in substance (real parts €, 4'), lost power because of the

Received 28 September 2020; Received in revised form 14 January 2021; Accepted 6 February 2021

Available online 20 February 2021
0304-8853/© 2021 Elsevier B.V. All rights reserved.


mailto:khubi_anas@live.kaznu.kz
www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2021.167839
https://doi.org/10.1016/j.jmmm.2021.167839
https://doi.org/10.1016/j.jmmm.2021.167839
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2021.167839&domain=pdf

A. Houbi et al.

Journal of Magnetism and Magnetic Materials 529 (2021) 167839

400 —— "Microwave Absorption" + "Permittivity" or "Permeability"
. "Reflection Loss" + "Permittivity" or "Permeability"
3 —— "Microwave Absorption" + "Materials"
~ —— "Microwave Absorption" + "Reflection Loss"
s 300
Q
=]
o
=
5
3 200
o
it /
=
E 100 ~
o
N
0
1960 1970 1980 1990 2000 2010 2020
Year

Fig 1. A curve showing the increasing trend of a number of papers reporting on microwave absorbers.

external electric and magnetic field (imaginary parts €”, ") [16-18].

In addition to that, dielectric loss tangent (tans,) can be represented
as the ratio of both £and ¢ by Eq. (3), and in the same way for the
magnetic loss tangent (tans,) Eq. (4).
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The reflection loss expressing the EM waves absorption ability can be
determined by the transmission line theory, as illustrated in the
following equation [19,20]:

2ah
Z = %tanh{j—ﬂfd ﬂ,E,:| (5)
\/ . c

Zl - Z()

Rl = —20log
Z+ 2y

(6)

where Z; and Z; are material impedance and air impedance, respec-
tively. f is the frequency of EM wave, d is the absorber thickness, and c is
the velocity of light.

The mechanism of reflection loss is due to firstly the dielectric loss
mechanism which happens essentially from conduction loss and polar-
ization relaxation. The ionic polarization, electronic polarization, dipole
polarization, and interfacial polarization are the main source of polari-
zation relaxation [21-24]. According to the free-electron theory,
elevated electrical conductivity (i.e., low resistivity) will promote the ¢
and thus the conduct loss performs the main role in dielectric loss and
polarization relaxation is small as shown in Eq. (7) [25].

, 1
£~ 727T/Jf80 7
where p and ¢, are the resistivity and the dielectric constant of free
space, respectively.

Secondly, the magnetic loss mechanism which happens essentially
from natural resonance, domain wall resonance, and eddy current effect
[26-29]. The natural resonance commonly occurs at a lower frequency
and is linked to the anisotropic domain [30], which can be shown using
equation (8).

ﬂHﬂ

2n ®

fr=
where f;, H,, andp are the resonance frequency, the anisotropic field,
and the gyromagnetic proportion, respectively.

In order to gain efficient EM wave absorption, there should be effi-

cient integration between dielectric and magnetic losses, so as to obtain
certain impedance properties. The impedance matching (Z) property of
the pattern can be calculated from Eq. (9) as the following:

z=2 ©)

20

When impedance matching is equal to or near to 1, the EM waves are
not reflected on the surface of the absorbent substance and are all
incident within the absorbent substance. At this period, the absolute
value of the RL will arrive at the maximum value.

The attenuation of electromagnetic waves within the absorbent
substance is a significant part of advanced MAMs because this attenu-
ation constant (@) defines the dissipation characteristics of the substance
as shown in Eq. (10) [31].
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It can be inferred from the attenuation constant equation that the
controlling attenuation mechanisms for microwave absorption are
dielectric loss and magnetic loss.

2. Purpose of the review

The purpose of this review is to present, summarize and tabulate the
recent results presented in the literature for nano ferrites and their
composites. In addition to that, we’ve highlighted the properties of
spinel ferrites and hexagonal ferrites. On the other hand, we’ve focused
on the synthetic techniques of nano ferrites and shown the advantages
and disadvantages of the synthesis techniques and a discussion of the
parameters impacting properties of nano ferrites.

3. Types of ferrite

Ferrites are ceramics made by blending iron (III) oxide (FeoOs3, rust)
with small ratios of one or more additional metallic elements. Ferrite is
ordinarily given by the general formula M—(FexOy) where M stands for
divalent mineral ions such as (Ba, Co, Ni) [32]. Ferrites have an elevated
saturation magnetization, elevated resistivity (0.1-105 Q-m), and
adjustable contrast range which give ferrites a preferred option in a
broad field of applications. The magnetic properties of ferrite materials
are the result of the magnetic moments related to the single electrons,
where the magnetic properties of the atoms are determined by the
number of single electrons around the nucleus, where every single
electron contributes a magnetic moment resulting from its rotation
around itself and around the nucleus. Ferrites can be divided into two
groups depending on their magnetic coercivity [33-37]. Hard ferrites
have distinguished high coercivity, so it is hard to demagnetize. They are
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Fig 2. Graphical design of different manufacturing methods leading to nano ferrites.

used to fabricate permanent magnets for applications such as loud-
speakers and small electric motors [38-40]. Soft ferrites have low
distinguished coercivity (H.), so they facilely change their magnetiza-
tion and work as conductors of magnetic fields. They are used to fabri-
cate efficient magnetic cores [41-44]. Ferrites are classified by names of
common minerals that have the crystal construction to the:

3.1. Spinel ferrite

This is ordinarily given by the general formula Q—(Fe30O4), where
tetrahedral and octahedral interstitial positions are determined with Q
(divalent mineral ions such as zinc, cobalt, nickel, manganese) and iron,
respectively. Given their usability in the microwave domain, spinel al-
loys can be utilized as MAMs, since these ferrites have low-conductivity
(semiconductor particular) and high magnetic losses. But, spinel ferrites
in microwave absorption uses are limited by the low resonance fre-
quency [45,46].

3.2. Garnet ferrite

This is ordinarily given by the general formula ResFes0;5 where Re
refers to a trivalent ion for example gadolinium, dysprosium, and neo-
dymium. This kind of ferrites has a comparable structure to the spinel
ferrites however with some additional positions (dihedral axis). Garnet
is a soft ferrite that has low H,, and a large M;. Furthermore, garnet has
good chemical stability and the ability to repress EMI [47].

3.3. Hexagonal ferrite

This kind of ferrites has an elevated crystalline magnetic contrast
field and flat contrast that enhances their normal resonance in the upper
GHz band. This hexagonal ferrite property raises its versatility in a di-
versity of uses. This ferrite crystallizes into a hexagonal structure. Aside
from spinel ferrites, the magnetic structure of these ferrites enables the
trait to operate in the entire gigahertz band because of their high
essential magnetic variance [48]. There are six kinds of hexagonal
ferrites:

3.3.1. M-kind

M-kind ferrites are presented through the general formula Q-
(Fe12019) where Q stands for mineral ions such as lead, barium, stron-
tium, etc. The contrast of big magnetic crystal properties, cheap cost,
elevated curie temperature (T¢), and particular My characteristics of
these types of ferrites make them efficient microwave substances.

3.3.2. Y-kind

Y-kind ferrites are presented through the formula T2Q2-(Fe;2022)
where T stands for mineral ions such as lead, barium, strontium, and the
same for the Q such as copper, zinc, cobalt, etc. This kind of ferrites is
ferromagnetic substances. Hence, the addition of mineral ions in these
hexaferrites will lead to dominant their magnetic properties with a view
to getting the best microwave absorption [49].

3.3.3. W-kind
W-kind ferrites are obtained with the formula T2Q2-(Fe16027). The
structures of these ferrites are linked to the M-kind. These ferrites
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Table 1
Summary of the features and limitations of the main synthesis techniques.
Technique Nanomaterial Calcination Size Features Limitations Refs.
temperature (°F) (nm)
Hydrothermal Mn;_yZn,Fe,04 338 15 Controlled size. Previous information on solubility is wanted. [73]
High yield. High pressure.
Scalable.
Mechano-Thermal ZnFe,0y4 248 9-20 Fine particle size. Time-consuming. [74]
MgFe;04 752-1292 5-8 Accumulation of ferric oxide. Existence of impurities. [75]
ZnFe304 752-1022 3-20 Poor yield. [76]
Microwave BiFeO3 356 130 Rapid operation. Exaggerated growth existence of impurities. [77]
—Thermal BiFeOs3 752-1112 20-160 Cost-effective. [78]
CoFe,04 1112-1472 11-12 They obtained a crystalline [79]
structure.
Combustion Zn;_xCoxFe;04 1742 30-40 Cost-effective process. Opportunity for impurity forming. [80]
CdFe,04 1742 12-27 Low-temperature wanted. High temperature is wanted. [81]
MgFe,04 932 12-25 Potentially of multi- [82]
BaNisFeq027 1292-1832 10-70 component. [83]
Nanoparticle forming.
Sol-Gel Sm;_yCa,FeOs 1292-1832 100 Controlled size and form. Expensive process. [84]
Sro7Ndo 3FexC09 3019 2012 40-50 Better homogeneity. Requests complete monitoring. [85]
Mn;_xZnyFe;04 1292-2012 500 Low cost. [86]
NiFe;04 842 11-16 [87]1
Co-precipitation NiFe;04 * >50 Decrease in the reaction The solubility of interactivity materials impacts [63]
Mgy sNig sFea04 290-340 temperature. the precipitation ratio. [64]
CoCryFey Oy 15-23 Aqueous media. Poor crystallinity. [65]
NiFe;O4 8-20 Symmetric sized. Time-consuming. [66]
Nanoparticle forming.
Micro Emulsion CoFe,04 1112 28 Single-phase nano-particles. Temperature-dependent. [671
SrFe 5019 752-1832 60 Regular crystalline structure. Existence of impurities. [88]
Ni ¢.5Zn ¢ 5Fe,04 1112 50 Cost-effective. Less yield. [89]
Wet chemical BiFeO3 842-1202 50-200 Low-temperature wanted. Poor yield. [68]
Mg1_x Zn cFe,04 752-1652 100-150 Fine particle size. Possible impurity. Contamination. [69]
MnFe04 1292-2192 14-40 [70]
Refluxing Niy Zn;_yFe;04 212 14-19 Control on reaction rate. Low yield. [72]

Symmetric size of particles.

Time-consuming.

properties relied on the particle shape and the way of composition and
arrangement of cations in the crystal body [50,51].

3.3.4. X-kind

X-kind ferrites are obtained with the formula ToQ-(FeogOg6) [52]. X-
kind hexaferrites can be thought of as a blend of M and W-kind hex-
aferrites. Compared with M and W- kind hexaferrites, these ferrites
possess bigger T. and M, thus they act as the best MAMs.

3.3.5. Z-kind

Z-kind ferrites are presented through the formula T3Q-(Fe14041).
These hexaferrites have a perfect permeability and more elevated
resonant frequency (f;) compared to spinel ferrites. This is a reason why
these ferrites are only utilized in microwave systems such as antennas,
inductors and permanent magnetic applications [53].

3.3.6. U-kind

The U-kind hexaferrites are obtained with the formula T4Q,-
(Fe3gOp0). Among the hexaferrites, these ferrites have greater thermal
stability, and high Mg [48]. Hence, this kind of ferrites has been utilized
in a lot of research on Electromagnetic interference uses.

4. Synthesis techniques of nano ferrites

The way of synthesis is of most important to get the desired output as
characteristics of different kinds of nano ferrites changes significantly
with various techniques of synthesis. For example, the size and form of
particles define the characteristics of nano ferrites, which in the turn are
organized by way of synthesis. Nano ferrites can be manufactured via
various techniques as shown in Fig. 2.

4.1. Thermal technique

An ideal thermal technique includes a chain of various steps for
getting nano ferrites and their composites. These methodologies of
synthesis involve hydrothermal, microwave-aided hydrothermal
(MAH), colloid mill or mechano-hydrothermal, combustion, and ther-
mal decomposition method techniques. Nano-particles acquired from
the thermal process on the decay of organometallic precursors usually
submit symmetric shape and size dispensation. Chemical reactions occur
in the hydrothermal method of initial materials (mineral salts) within an
aqueous medium under certain conditions of temperature and pressure.
The preparation process takes place in special reactors through which
the interaction conditions can be controlled to crystallize the ferrite
material directly from the solution [54-57]. Some researchers have
modified this method by linking it to microwaves treatment to obtain
products with unique characteristics such as grain size and microscopic
shape [58]. Table 1 shows the features and limitations of the thermal
technique.

4.2. Sol-Gel technique

The sol-gel technique can be defined as forming a relatively stable
solid phase at a specific temperature starting from the liquid phase. The
main reactions in this method are the hydrolysis phase, where the acids
and bases are used as catalysts, and the condensation phase. In this
phase, the molecules resulting from hydrolysis are linked together to
form a three-dimensional structure. The essential primary materials
used in this technique are chlorides and nitrates of metals [59-61]. On
the other hand, it is necessary to carefully control the variables of the
sol-gel method to obtain a homogeneous final product and good mag-
netic and microwave absorption properties, the most important of which
are: purity, quality of raw materials, reaction temperature, stirring
quality (mechanical, ultrasound, and magnetism), and finally the pH
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Fig 3. (a, b) Hysteresis loops have measured at various temperatures for x = 0 and x = 1 compositions.

value. Mallesh et al. prepared MnyZn; x\Fe;04 (x = 0-1) by sol-gel
technique. The microstructure and low-temperature magnetic charac-
teristics of ferrite nanoparticles were examined. The results showed the
average particle size between 13 and 20 nm. As for the temperature and
magnetic field reliance the results of magnetization, a super-
paramagnetic (SPM)-like conduct is shown with a big magnetic moment
(~104 pp) in particles [62]. The hysteresis loops have obtained at
various temperatures for x = 0 and x = 1 compositions as shown in
Fig. 3. Table 1 shows the advantages and disadvantages of the sol-gel
technique.

4.3. Co-precipitation technique

This technique is considered one of the most important to prepare
ferrite nanomaterials. It mainly depends on preparing an aqueous so-
lution based on suitable initial materials to form the ferrite, adding a
convenient sedimentation factor until a convenient pH is reached, and a
precipitate is obtained, followed by a filtration and drying process, and
heat treatment to obtain the nano ferrite powder. Among the most sig-
nificant initial materials used in this method: metal chlorides, metal
nitrate, metal sulfate as sources of mineral cations, ammonium hy-
droxide, and sodium hydroxide as sedimentation agents [63-66].
Table 1 shows a summary of the features and limitations of the co-
precipitation technique.

4.4. Microemulsion technique

The microemulsion technique is used for attaining more concern in
essential as well as manufacturing research due to their unique char-
acteristics. We mention some of them like thermodynamic stability,
sizeable interfacial area, and capability to get dissolvable in immiscible
liquids. The microemulsion technique includes three segments, water,
oil, and surfactant. During blending organometal antecedents, a pre-
cipitate is formed. This technique controls different particle character-
istics like homogeneity, geometry, morphology, and particle size. These
particles are used in magnetic recording and microelectronic devices
[67]. Table 1 shows the advantages and disadvantages of the micro-
emulsion technique.

4.5. Other techniques

These kinds of techniques, like the refluxing technique, ceramic
technique, wet chemical technique, etc. [68-72]. The selection of suit-
able synthetic techniques is of immense significance for the manufacture
of nano ferrites and is collected in Table 1.

5. Parameters affecting properties of nano ferrites:

The variation in nano ferrites characteristics can be tuned by con-
trolling the different parameters of synthesis, like the composition,

14 16
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Fig 4. The hysteresis curves of SrFe;,0;o manufactured by the co-precipitation technique (a) and the microemulsion technique (b) with various Sr*>*/Fe>* mole

percentage and calcined at 900 °C.
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Fig 5. Phenomenological model of phase development in MZF NPs.

combustion temperature, and value of pH.

5.1. Composition

The composition of interacting materials is a significant factor for
controlling the nano ferrites by changing the mole percentage of the
interacting substances. Drofenik et al. prepared SrFe;20;19 by the co-
precipitation technique. The results referred that the reduction in the
Sr?t/Fe®t mole percentage from 1:8 included a severe alter in magnetic
conduct that appeared by an extreme variation in the hysteresis loop as
shown in Fig. 4 [88].

5.2. Combustion temperature

Combustion or annealing temperature is the essential parameter that
absorbing properties, and

impacts the magnetic, microwave

(@) o
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morphological nature of nanoparticles [90-93]. Mallesh et al. prepared
MnyZn; 4FesO4 (0 < x < 1.0) compositions by sol-gel method. The
structure, thermal stability, and magnetic characteristics of as-prepared
and annealed patterns have been studied. Though, as-prepared and
1200 °C air annealed patterns show cubic spinel ferrite phase, they
crumble into a-FexOs, or/and o-MnyOs phases along with the poor
quality of ferrite phase on annealing at 600 °C in the air. Fig. 5 shows the
phenomenological model of phase development in MZF NPs. Present
investigations show that the stability of spinel ferrite phase is sensitive
to (i) Mn concentration (ii) the annealing temperature and (iii) envi-
ronments (air, Oxygen, and Argon atmosphere) in which annealing ex-
periments were executed [94]. Prabu et al. prepared the MgFe;O4 by
sol-gel method and studied the structure and magnetic characteristics of
Magnesium ferrite, The XRD samples of as studied and annealed nano-
particles of MgFe,04 patterns showed pure spinel phase. But annealing
at intermediate temperature (500 °C-1000 °C) outcomes in the
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development of a-Fe;O3, MgO secondary phases along with ferrite
phase. This leads to the deterioration of magnetic characteristics [95].

5.3. Value of pH

The variance in pH value controls the microwave absorbing char-
acteristics and morphologies of nanomaterials. Where the nano ferrites
are immediately impacted by the pH value [96]. Huang et al. studied the
Co-Zn ferrite by the co-precipitation technique at various pH situations
in the field of 9-11. The results detected when the pH situation was
raised from 9 to 11, the particle size for the compound reduced from 40
nm to 30 nm, the difference in microstructure considers a significant
factor in dominating the EM characteristics. The magnetic loss was
0.2-0.5, and the dielectric loss was 0.02-0.07 for the compound at pH of
9, which shows significantly improved magnetic loss and dielectric loss
characteristics than the patterns studied at pH of 10 and 11 [97].

6. Microwave absorbent of ferrite materials

The researchers worked to develop the absorption materials of the
microwave by studying several factors and variables such as the method
of preparation, the type of ferrite material, the effect of the process of
substitution with different mineral cations, the thickness of the absor-
bent substances, etc. Luo et al. prepared the Ti3SiC, particles encapsu-
lated by Nigs Zng s FeoO4 shell through the sol-gel technique, which
provides the NigsZngsFey04/TigSiC2 compound owning a good
permittivity and coveted bigger permeability, consequencing is a better
impedance matching characteristics and effective EM attenuation abil-
ity, as shown in (Fig. 6: a-b), the measured absorbing bandwidth under
—10 dB was 5.3 GHz and maximum RL of —38.6 dB were obtained for
the Nig 5Zng sFe304/TisSiCy absorbing coating with a thickness of 1.2
mm. The hysteresis loop of the NigsZng sFe204/TisSiCy pattern was
measured and the results were M and H, were 21.82 emu/g and 33.07
Oe, respectively as shown in Fig. 6(c) [98].

Mingyuan et al. studied Nig7Zng sFe204 and Nig 7Zng 3YxFes xO4 by
the sol-gel method. The absorption results show when the material is
thicker, that leads the matching frequency will displace towards the
lower frequencies, as shown in (Fig. 7: a-b) [99]. We can be explained
that the spreading wavelength in the absorbent materiall,is given by the
following relationship (11) [100-102]:

P — 11
N b
When the thickness of the absorbent material is equivalent to a
fourth of the spreading wavelength in the absorbent material, then the
reflected wave from the surface separating the two mediums (absorbent
material-air) will interfere with the phase-varying wave and reflected
from the surface separating the two mediums (metal-absorbent mate-
rial). This thickness is called the matching thickness, and it is given by
the following relationship (12) [103-105].
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Bueno et al. prepared Cug 2Nig 4Zng 4Fe204 by Citrate precursor and
studied the microwave absorption properties for this ferrite. The results
indicated this ferrite exceeded the —10 dB threshold within the range (X-
band) on a range reached to 2.4 GHz [106]. Ghosh et al. studied the
same previous compound but prepared it in a different method, which
was the co-sedimentation method. The results indicated this ferrite
exceeded the —10 dB threshold within the range (X-band) on a range
reached to 4.1 GHz with a thickness of 2.5 mm and the loading per-
centage 30%w/w [107]. Where the changes in microwave absorption
properties were noticed with the change of the preparation method.
Chen et al. prepared the spinel ferrite, which was NiyCo; xFeoO4 (x =
0.5, 0.8) by ball milling. The results illustrated for Nip gCog.2Fe204 that
the maximum RL was —35.5 dB at the frequency of 11.5 GHz for the
thickness of 2.5 mm, the absorption bandwidth under —10 dB was 3.2
GHz, the dielectric loss was (g; = 9.6 + i0.13), and the magnetic loss was
(ur = 1-i0.3). As for Nig 5Cog sFex04 that the RL was —30.6 dB at the
frequency of 11.9 GHz for the thickness of 2.5 mm, the absorption
bandwidth under —10 dB was 3.4 GHz, the dielectric loss was (¢, = 8.3
+ i0.25), and the magnetic loss was (u, = 0.7- i0.3) [108]. Where the
changes in microwave absorption properties were observed with the
change of the compound composition, as mentioned above.

On the other hand, other researchers have studied the effect of the
process of substitution with a number of mineral cations and substitu-
tion rates on ferrite. Almessiere et al. prepared [Nig4Cug2Zng 4]
(NdxYyFes.2x)04 (x < 0.05) with partly Nd/Y replaced by citrate sol-gel
auto-combustion method. The magnetic proprieties were studied for
specimens at temperature 300 K, where the hysteresis loops for the
specimens that are non-substituted (x = 0) showed superparamagnetic
conduct, whereas the specimens which Nd-Y substituted NiCuZn ferrite
showed soft ferrimagnetic status. It was noticed that the volume of
magnetization decreases with an increase in Nd** and Y**amounts.
ZFC-FC magnetic measurements detected the presence of dipolar re-
actions, which illustrate a partly blocked case in conformity with hys-
teresis loops at temperature 300 K. For all tested [Nig4Cug 2Zng 4]
(NdxYxFes.2x)04 (x < 0.05) NSFs, the maximum intense absorption was
noticed at the frequencies of 2.49-4.15 GHz. The maximum RL —44.69
dB was noticed [109]. Slimani et al. prepared Nig 4Cug 2Zng 4TbxFes 04
(0.0 < x < 0.10) by sonochemical method. The NSFs structure was
verified by XRD test. In addition to that, the microstructural was
investigated by SEM device. The results showed that the substitutions
rate gave a substantial impact on dielectric characteristics, whereas ion
substitution has limited however a distinguished impact on AC/DC
conductivity variation. Finally, the appearances of the EM absorption in
the field of 1.8-3.8 GHz were noticed [110]. Almessiere et al. prepared
the partly Eu substituted Nig4Cug 2Zng 4EusFes.4x04 (0.0 < x < 0.10)
nanostructured spinel ferrites (NSFs) via sol-gel auto-combustion tech-
nique. The XRD analyses confirmed the presence of the single-phase

(n=1,3,5) 12)



A. Houbi et al.

-60 |- 9
- NiFe, O, /rGO
50 |
= C/Co
@ -40 |- o :
= i S RGO ~__ C/Ni
-30 | spinel fevrite ‘(J—“/‘l‘)/“‘di\l
o 0 S@\In-Ti)/BaM
Bl - ®(Mn-Co-Zix)/BaM
20} Co/SFO
3 Ni/MnO, o ®Co/MnO
a 2 (Cu-Mg-Zr)/BaM :
-10 Tl L I

2 4 6 8
Bandwidth (GHz)

Fig 8. The comparing of the absorption characteristics got in this research with
those in other researches.

structure in all the studied patterns. The paramagnetic contribution of
the NSFs rose with the increase in Eu®* contents. The frequency dis-
persals of the permeability and permittivity were used to define the RL
in the 1 to 20 GHz frequency field [111]. Slimani et al. studied the
dysprosium ions (Dy3+)—substituted NFs of compound [Nig5Coq ;5]
(DyxFe2.x)04 (x < 0.08) utilizing the citrate gel method. All the NFs
referred that the absorption of the EM radiation was in the frequency
range 2.9-5.5 GHz because of the ferromagnetic resonance. It’s been
confirmed that by dominating the Dy>* contents accurately, the MA and
magnetic properties of the suggested spinel NFs can be designed [112].
From these studies were observed that the non-substituted ferrites were
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distinguished by their modest ability to absorb microwaves, which
necessitated the search for the effect of the process of substitution with a
number of mineral cations and substitution rates on ferrite through
which the microwave absorption and magnetic properties were
improved, as the tests result indicated.

On the other hand, other researchers have studied the effect of Doped
on microwave absorption properties. Bai et al. studied the Ni2*-Zr**Co
Doped barium ferrite ceramics, the results showed that BNZFO_g 4 and
BNZFO.¢ ¢ have bigger attenuation constant than the others, indicating
better MA or attenuation. The comparing of the MA characteristics got in
this research with those in other researches is shown in Fig. 8. It refers
that the RL and efficient absorption bandwidth under —10 dB of this
research are exceeding other researches. The high MA characteristic of
this absorbing is referred to as its essential double normal resonance in
microscale [113]. As well, the addition of 8th collection materials in
SiCN ceramics [114-118], and other materials in SiC ceramics
[119-121] can also promote the MA performance of absorbing to a big
range.

These studies were shown the great effect of the change of method of
preparation, the type of ferrite material, the effect of the process of
substitution with different mineral cations, the thickness of the absor-
bent substances, and Doped on the microwave absorption properties.
The microwave absorbing behavior of ferrite materials is shown in
Table 2.

Table 2
Microwave absorbing behavior of ferrites and their composites.
Nanomaterial T (mm) Freq (GHz) Max RL (dB) (B.W).10 as (GHz) € max € max  max M “max Refs.
Fe304 30 wt% 4.0 5.4 —26.9 3.1 9.3 0.3 1.2 0.52 [147]
Fe304 30 wt% 3.0 8.2 -21.1 2.7 9.5 0.4 0.9 0.38
Fe304 40 wt% 3.0 6.9 -23.3 3.1 11.1 1.6 1.06 0.45 [148]
Fe304 40 wt% 3.5 5.5 —27.8 2.6 11.0 1.4 1.23 0.54
Fe304 40 wt% 4.0 4.7 —44.7 2.1 11.0 1.3 1.30 0.58
Fe304 nanowires 2.5 8.3 -16.7 2.7 6.2 0.2 0.98 0.20 [149]
Fe304 nanosheets 2.5 10.2 —8.89 0.0 812 2.1 0.90 0.01
Fe304 90% 1.0 141 —42.3 4.3 23.6 2.9 0.3 0.3 [150]
Fe304 80% 1.3 15.1 -33.7 3.2 17.7 3.9 0.5 0.06
Fe304 70% 5.0 3.4 -34.9 1.5 12.1 1.2 1.2 0.6
Ni:B/Fe304 6.0 5.4 —28.4 2.6 6.6 1.0 0.8 0.3 [151]
(Nig 5Zng 5)Fe;04 2.97 11.9 -36.2 5.2 7.5 0.05 0.5 0.2 [152]
(Nig 4Cug 2Zng 4)Fez04 9.2 1.1 -35.6 1.6 8.1 —0.01 2.1 3.8
4.2 4.1 —48.1 3.6 7.05 0.03 1.56 1.49
MnFe,04 2.0 9.4 —42.5 0.3 1.5 0.35 4.7 0.73 [153]
Cog sMng sFez04 2.0 10.5 —47.0 1.0 3.8 0.36 7.1 1.02
CoFey04 2.0 10.7 —39.8 1.0 7.5 0.46 8.9 1.42
Big.sLag oFeOs3 6.0 11.5 —29.7 1.1 9.8 1.4 1.0 0.9 [154]
PANI/Lig 35Zng 3Fe2 3504 2.0 14.6 -37.5 2.0 8.2 5.0 1.04 0.1 [155]
NigZn ¢ 4Fe204/PANI 2.6 12.8 —41.0 5.0 6.2 6.0 0.97 —0.05 [156]
C/Fe304 1.9 12.1 —-52.8 2.5 12.0 1.5 0.94 0.10 [157]
C/Fe304 NR 8 (0.5) 6.2 3.4 —55.7 2.9 11.5 2.7 1.35 0.54 [158]
C/Fe304 NR 6 (1) 4.5 6.0 —55.1 2.8 10.6 2.5 0.88 0.26
C/Fe304 NR § (2) 4.2 6.1 —51.8 2.7 9.3 1.7 0.93 0.93
C/Fe304 NR & (4) 1.9 13.8 —55.3 3.8 6.7 1.6 0.95 —0.06
ZnO/Fe304 5.0 1.66 -12.92 0.85 3.4 1.23 2.4 4.0 [159]
Fe:Mn/Fe304 1.85 13.9 —27.7 4.2 8.9 2.5 1.0 1.0 [160]
(MnNi)o.»Cop ¢BaTiFe1¢010 1.8 13.5 —53.0 5.4 6.7 0.4 0.8 0.7 [161]
(MnNi)g 25C0g sBaTiFe; o019 1.8 14.1 —68.9 4.9 6.5 0.4 1.2 0.7
ZnO/BaFe 5019 6.8 16.0 —37.3 3.0 3.1 1.3 0.7 0.03 [162]
BaCep osFe11.05010 35 12.8 —37.4 8.1 2.72 1.38 1.10 0.38 [163]
5.0 11.3 -31.5 3.5 1.6 1.6 1.4 0.77
ZnFe;04/rGO 2.5 9.3 —41.1 2.6 11.6 3.7 0.94 0.07 [164]
NiFe;04/rGO 3.0 9.2 —39.6 3.0 8.0 3.0 1.0 0.1 [165]
1.9 14.5 —-36.9 5.2 9.0 1.6 0.78 0.2
CoFey04/rGO 1.6 14.7 —44.1 4.5 9.4 9.3 0.98 0.5 [166]
NiFe,04/grapheme/ polyaniline 2.5 12.5 —-50.5 5.3 6.3 1.9 0.96 0.02 [167]
3.0 10.0 -32.4 3.5 6.6 2.8 1.1 0.11
MWCNT/Ni o5Zng s FexO4 2 10.40 —-10.03 0.08 185 8.5 0.98 0.03 [168]
3 8.46 —19.34 1.24 11.7 4.2 0.94 0.01
CF/Fe304/BN 3.0 12.5 —-14.0 4.2 3.1 0.4 1.0 0.01 [169]
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Fig 9. Polymerization technique of PANI-ferrite nanocomposite.

7. Microwave absorbent of ferrite/polymer composites:

The researchers attempted to improve the microwave absorption
width by preparing composite materials with a microscopic structure
(core/shell). The outer shell is formed from conductive polymers, while
the inner core often is formed from ferrite material (spinel ferrite or
hexagonal ferrite) [122,123]. Peng et al. prepared an absorbent com-
posite material consisting of ferrite Nig 5xZng 5xCo2xFe204 (x = 0-0.5)
and thermoplastic polyurethane (TPU), with a Loading percentage of 80
wt% ferrite, where the highest absorption intensity was —20 dB at the
frequency 5.14 GHz for the thickness of 5 mm, and the absorption
bandwidth under —10 dB was 0.75 GHz [124]. Bhattacharyya et al.
Prepared an absorbing nanocomposite by mixing the Mg 5Zng sFe2O4

with thermoplastic polyurethane at the frequency range (4-15 GHz),
with a Loading percentage of 50 wt% ferrite, then applying the prepared
mixture as a coating (thin layer 100 pm). This coating showed wide
absorption with RL exceeding 88% of the incoming rays [125].
Furthermore, Singh et al. studied ternary core-shell Mgg ¢Cug 4Fe204
with PANI matrix nanocomposite by in-situ chemical polymerization
technique as shown in Fig. 9, this lightweight nanocomposite displayed
the important EM shielding impact of -32.8 dB in the frequency field of
X-band [126]. Zhao et al. prepared PANI/CogsZngsFexO4 by situ
polymerization. The results illustrated that the maximum RL was —39.8
dB at the frequency of 22.3 GHz for the thickness of 2 mm, the ab-
sorption bandwidth under —10 dB was 10.5 GHz, the dielectric loss was
(er = 19.3-113.1), and the magnetic loss was (u; = 1.7-i0.3) [127]. Dixit

SLP pan (. Cor'® Fes})ZNCF

— —

‘Ni2+ 9 Zn>
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~ _'_0_’

Fig 10. Schematic of MA mechanisms for the PANI/ZNCF compounds.
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1:1 ratio.

et al. prepared BaCog gFeq g5Sip.o5Fe10.1019 was dispersed in a poly-
urethane matrix according to the loading percentages (50, 60, 70, 80%).
The composite material with a loading ratio of 80 wt% ferrite showed
the highest absorption intensity was —24.5 dB at the frequency of 12
GHz for the thickness of 1.6 mm, and the absorption bandwidth under
—10 dB was 2 GHz [128].

On the other hand, other researchers have studied the core/shell/
shell on microwave absorption properties. Zhai et al. prepared
Fe304@SiO,@PPy (core/shell/shell) via microemulsion polymerization
technique. The highest absorption intensity was —40.9 dB at the fre-
quency of 6 GHz for the thickness of 5 mm, and the absorption band-
width under —10 dB was 6.88 GHz [129]. Weng et al. were able to
prepare the composite material Fe3O4/ polyaniline/Polypyrrole that

10

exceeded the —10 dB threshold across the entire frequency range (X-
band), 5.4 GHz within (Ku-band), and 1.3 GHz within (C-band) for the
thickness of 2.6 mm and a loading percentage of 20% /. As well, the
combination of polymer with ion-doped ferrites is also an efficient
approach to get EM absorbers with excellent behavior [130]. Yao et al.
explained the systematic impact of interaction circumstances on the
characteristics of Co-doped Zn-Ni ferrite/PANI hybrids prepared
through interfacial polymerization. The realization outcomes refer that
the hybrid gives premium EM absorbing characteristics with maximum
RL value of —54.3 dB and efficient absorbing bandwidth under —10 dB
was 6.02 GHz for the thickness of 6.8 mm in the optimized polymeri-
zation circumstances of 20 °C for 12 h. The outstanding EM absorbing
characteristics of this PANI/Zn-Ni ferrite hybrid can be illustrated in
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Fig. 10 for the perfect impedance matching properties, powerful dipole
polarization and interfacial polarization impact marked conductivity
loss, and multiple dissipation and reflection [131]. On the other hand, in
several states, the polymer-based ferrite compounds can be inserted with
carbon substances also, e.g. core-shell ferrite/graphene oxide/polyani-
line [15], Fe304@C@PANI [132], cobalt ferrite/graphene/polyaniline
[133], and so on. These compounds can own unique EM absorption
performance because of the connection absorbing mechanism to present
in every part. The review of these researches we were shown illustrates
the capacity of these composites to the microwave absorption better
compared to ferrite materials and which are characterized by their
lightweight and relatively low thickness. The microwave absorbing
behavior of ferrite polymer composites is shown in Table 2.

8. Microwave absorbent of ferrite/carbon composites

The nanostructured carbon materials have unique properties, like
high conductivity, control of porosity, high mechanical strength, and
superb physicochemical characteristics due to their nanoscale size, and
the ratio of surface area to volume is quite aloft [134,135]. These
prominent structural properties of carbon nanomaterials assist them in
reacting with other substances for many new applications, like micro-
wave absorption, and bio, chemical, and mechanical sensors. Many re-
searchers studied the effect of adding different types of carbon (eg,
carbon nanotubes (CNTs), carbon fibers (CF), graphene, etc) to ferrite
magnetic materials on the microwave absorption that aims to obtain
wide absorption bandwidth or reduce both the thickness and the loading
percentage. Ahmad et al. prepared a composite material of Ni-Zn ferrite
and carbon nanotube through physical mixing. They studied the mi-
crowave absorption of the prepared material with a loading percentage
of 2.0%y,y for the thickness of 1.0 mm. This material managed to
exceed the absorption threshold —10 dB within the two ranges
(8.0-12.5 GHz) and (1.0-8.0 GHz) with values of 3.7 GHz and 0.9 GHz,
respectively [136]. On the other hand, a number of researchers have
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studied the addition of amorphous carbon to FegO4, for example, Liu
et al. prepared amorphous carbon and Fe304/C, the results for amor-
phous carbon were showed for RL was —-23.6 dB for the thickness of 2
mm at the frequency of 17.5 GHz, the dielectric loss was (e, = 5.1-i3.2),
and the magnetic loss was (u; = 1.01 + i0.019). As for Fe304/C, the
results illustrated RL was —39.3 dB for the thickness of 2.5 mm at the
frequency of 15.5 GHz for a 1:1 loading percentage by weight, the
dielectric loss was (e; = 4.5- i2.5), and the magnetic loss was (u; = 1.04
+ i0.019). Fig. 11 shows the outcomes were compared between amor-
phous carbon and Fe304/C at different thicknesses and implemented
some experimental analyses for Fe304/C at a 1:1 ratio [137]. Besides, a
number of researchers have analyzed the effect of carbon concentration
on Fe30y4, for instance, Wang et al. prepared Fe304@C (17.84 wt%C),
and Fe304@C (23.41 wt%C) prepared through in-situ polymerization.
The results illustrated for Fe304@C (17.84 wt%C) that the RL was
—35.8 dB at the frequency of 4.7 GHz for the thickness of 5 mm, the
absorption bandwidth under —10 dB was 1.7 GHz, the dielectric loss was
(er = 9.4- i2.9), and the magnetic loss was (u; = 1.1- i0.2). As for
Fe304@C (23.41 wt%C) that the RL was —40.2 dB for the thickness of
1.5 mm at the frequency 15.8 GHz, the absorption bandwidth under
—10 dB was 3.9 GHz, the dielectric loss is (¢, = 10.2- i3.7), and the
magnetic loss is (u; = 1) [138]. In other cases, a number of researchers
have investigated the effect of carbon fiber on ferrite, for instance, Feng
et al. prepared CF@CoFe;04 and CF@CoFe304@MnO, composites by
the sol-gel technique and hydrothermal interaction. The as-synthesized
CF@CoFe3;04@Mn0O; composite showed superior MA performance
fundamentally because of reasonable EM matching, and its minimum RL
value equaled —34 dB with a pattern thickness of 1.5 mm. Fig. 12 shows
RL curves of CF (a), CF@CoFe;04 (b) and CF@CoFe;04@MnO, com-
posites (c) at a various thicknesses the efficient absorption bandwidth of
CF@CoFe304@MnO, composite (d) [139].

On the other hand, a number of researchers have studied the addition
of graphene to ferrite, for example, Huang et al. prepared NiFe;O4 with
garnished graphene (GR) as the substrate for the immediate growth of
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Fig 14. Illustration of the manufactured microstructure of interconnected network made of rGO and CNTs with Fe304 magnetic particles.

CuS nanoflakes by the hydrothermal process in alkaline conditions.
Fig. 13(a) shows the shaping operation of magnetically garnished
GR@CuS. The results illustrated the RL was —54.5 dB for the thickness
of 2.5 mm at the frequency of 11.4 GHz, and the absorption bandwidth
under —10 dB was 4.5 GHz. Fig. 13(b) shows the mechanism of MA, the
entering of magnetic particles in GR sheets, and CuS nanoflakes worked
as a significant factor in improving the microwave absorption charac-
teristics [140].

In other cases, a number of researchers have investigated the effect of
reduced graphene oxide (rGO) on ferrite, for instance, Zhang et al.
prepared CoFe04:SnS;/rGO composite by hydrothermal technique. The
results illustrated that the RL was —54.4 dB at the frequency 16.5 GHz
for the thickness of 1.6 mm, the absorption bandwidth under —10 dB
was 12 GHz, the dielectric loss was (¢; = 7.3-12.7), and the magnetic loss
was (u = 1-i0.1) [141]. Huang et al. prepared RGO/CoFe;04 composite
by hydrothermal technique. The results illustrated that the RL was
—37.2 dB at the frequency 11.6 GHz for the thickness of 2.5 mm, the
absorption bandwidth under —10 dB was 4.2 GHz, the dielectric loss was
(er = 7.1- i2.8), and the magnetic loss was (u, = 1-i0.1) [142]. Yunzhu
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et al. collected 3D network layers of reduced graphene oxide on the
surface of carbon nanotube/ Fe3O4 films by using an electrophoretic
method. The results illustrated that the high absorption intensity for this
composite was —50.5 dB at the thickness of 1.42 mm with the absorption
bandwidth under —10 dB is 5.7 GHz. Fig. 14 illustrated that the man-
ufactured microstructure of the interconnected network was made of
reduced graphene oxide and carbon nanotubes with Fe3O4 magnetic
particles [143]. Accordingly, it appeared that the graphene has elevated
special surface areas that were so fit for loading ferrite nanoparticles
[144-146]. Consequently like this hybrid is a unique candidate for uti-
lization as the microwave absorber.

The summary of these studies which we were shown illustrates the
ability of these composites to the microwave absorption, as these com-
posites were distinguished as having wide bandwidth and lightweight
with thin thickness. Table 2 is shown the microwave absorbing behavior
of absorbent ferrite/carbon.
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9. Summary and conclusions

The current review includes a discussion about the reflection loss
mechanism which is due to firstly the dielectric loss mechanism which
happens basically from conduction loss and polarization relaxations.
Secondly, the magnetic loss mechanism which happens basically from
natural resonance, domain wall resonance, and eddy current effect. In
order to obtain efficient EM wave absorption materials, there should be
efficient integration between dielectric and magnetic losses, so that to
meet the requirement of the impedance matching condition along with
the high absorption properties of the materials. Furthermore, the
properties of hexagonal ferrites and spinel ferrites were highlighted.
Hexagonal ferrites have a high crystalline magnetic field and that en-
hances their normal resonance in the upper GHz band, whereas the
spinel ferrites have a low crystalline magnetic field and are used in
microwave absorption applications that have a low resonance fre-
quency. Also, the synthesis techniques of nano ferrites were highlighted
and the advantages and disadvantages of each synthesis technique were
pointed outs. The data analysis indicates that the shape and size of
various nanomaterials are directly related to the preparation method.
Furthermore, the microwave absorption performances of nano ferrites
are organized according to different parameters like precursor compo-
sition, combustion temperature, pH of the solution, etc. The current
collection of scientific literature involves various groups of nano ferrites
that interact with incident EM radiation in various models. The shape of
the nano ferrites reaction with EM radiation is determined by the
permeability and permittivity of a prepared substance. The researchers
can estimate the RL of nano ferrites using complex permeability and
permittivity related to substance thickness and frequency. Studies have
shown that changing crystal structure, particle morphology, and a
composite percentage will impact reflection loss value, and as well as
absorption bandwidth. On the other hand, the results have shown the far
better performance of composite materials with a nano ferrite core and a
conducting polymer shell and composite materials (ferrite/carbon) than
microwave absorbers of nano ferrite materials which are characterized
by their lightweight and relatively low thickness. Eventually, under-
standing how to fabricate these materials is primary to control the
characteristics of the final microwave absorber according to its potential
applications.
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