Composites Part B 224 (2021) 109173

Contents lists available at ScienceDirect

Composites Part B

journal homepage: www.elsevier.com/locate/compositesb

Research advances in composition, structure and mechanisms of microwave

absorbing materials

Check for
updates

Huifang Pang, Yuping Duan , Lingxi Huang, Lulu Song, Jia Liu, Tuo Zhang, Xuan Yang,

Jiangyong Liu, Xinran Ma, Jingru Di, Xiaoji Liu

Key Laboratory of Solidification Control and Digital Preparation Technology (Liaoning Province), School of Materials Science and Engineering, Dalian University of

Technology, Dalian, 116085, PR China

ARTICLE INFO ABSTRACT

Keywords:

Microwave absorbing materials
Metamaterials

Structural materials

Infrared stealthy material
Nanocomposite

High-temperature microwave absorbant

The earliest microwave absorbing materials (MAMs) are fabricated in the early 20th century for military purpose
to inhibit radar detection. Currently, the application of MAMs has been existing in every part of human’s life to
prevent radiation and interference. The microwave absorbant and microwave absorbing coatings classified by
composition including alloys, metal oxides, conductive polymers, carbon materials, ceramic materials both in
traditional and innovative forms are introduced in this work. Considering the harsh and complex application
environment, MAMs with high temperature resistance and infrared-compatible stealth performance are involved.
Metamaterials, showing excellent electromagnetic properties which are far beyond that of the materials can
achieve, including perfect absorber, digitally coded control metamaterials, bionic structural materials, and
adjustable smart metamaterials, are also introduced specifically in this work. In addition, to investigate elec-
tromagnetic response of absorbant, the first-principles calculations works are overviewed. The electromagnetic
properties, loss mechanisms, structure, fabrication method, regulation approaches, designing principles, current
applications, and future prospects of MAMs are involved in this work. This work gives a comprehensively
overview over the MAMs for their theoretical and experimental advances in recent years including the military
radar (frequency range of 2-18 GHz) stealth materials, relevant infrared compatible (infrared-visible, infrared-

radar, infrared-laser) stealth materials, and other stealth materials with multifrequency adaptability.

1. Introduction

The MAMs are first proposed in the early age of the 20th century for
military purpose, are initially applied for commercial usage in second
world war period, and rapidly evolve in mid-late page of that century.
Materials will interact with electromagnetic (EM) waves impinging on
them in the forms of reflection, absorption, transmission, also secondary
reflection and transmission based on optic rules. The MAMs can atten-
uate and absorb the EM waves by convert electromagnetic energy to
heat or other forms energy to reduce the wave reflection and trans-
mission. Currently, the MAMs has been applied in every part of human’s
life including anti-radiation devices, buildings, clothes, and stealth
coatings on warplanes, warship, vehicle, etc., to protect human beings’
health, prevent electromagnetic interference, and avoid radar detection.
To satisfy the increasing requirement on MAMs, various advanced ma-
terials have been explored. Certainly, the development of MAMs cannot
happen without the extensive support from other fields of science and
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technology including nanotechnology, material chemistry, polymer
science, solid state physics, optics, and electromagnetism, etc.

MAMs are generally composed of absorbent with effective micro-
wave attenuation, and matrix materials with good wave transmission
properties [1-7]. Besides the type of materials, the loss mechanisms
consisting of dielectric loss, magnetic loss and conductive loss, are the
most general way to classify the absorbant of MAMs [8-11]. As the
microwaves can be regarded as a coupling of an oscillatory, inter-
generative electric field and magnetic field propagating in the same
direction, MAMs attenuate and absorb them through interacting with
either or both of these two fields. According to the Maxwell’s equations,
the EM field perturbation resulting from the interaction with the ma-
terials medium on either of these two fields may induce a response on
another field. Dielectric and conductive loss are the characteristic
directly applied on the electronic field to attenuate the whole electro-
magnetic field. When the EM wave impinge on a non-magnetic dielectric
material, with rare electronic carriers participating in the conduction
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process, the bound charges and other particles are drawn in similar
motion in a very limited displacement to reach a polarization state, but
reverse and recover very fast corresponding to the oscillating electric
field. In that repeated arrangement process of particles, the misalign-
ment between the motion and external EM field appears, that makes the
permittivity become a complex parameter (¢ = ¢ — £j). The imaginary
permittivity (¢”), quantifies the dielectric loss of EM wave in this process
[1,12-14]. The real part (¢') quantifies the lossless potential generated
by the materials medium on EM wave, when the dielectric polarized
particles returns to its original state [15,16]. In general, the dielectric
polarization comes from the bound charges, atoms, ions, specific func-
tional groups, and is sensitive to interfaces, defects, crystal structure,
impurities, particle shape, grain size, porosity, microcracks, and crystal
orientation. While the conductive loss always occurs in the conductive
materials, whose large number of free electronic carriers can form
induced current under the alternating EM field and produce heat to
attenuate the EM energy. According to the Debye’s theory, ¢” = &," +
e, where g,” = (&5 — £0)07/(1 + 027%), e.” = 06(T)/eow, and o(T) are
associated to dielectric loss, conductive loss and temperature-dependent
electrical conductivity, respectively. The conductive loss increases with
the increasing electrical conductivity of materials, and also can be
quantified by the imaginary part of permittivity. Magnetic loss is the
dominated loss mechanisms occurring in magnetic materials and is the
specific interaction for magnetic field. Similar to the electrical loss
(dielectric and conductive loss), magnetic loss can be also expressed by a
complex characteristic which is known as complex permeability(u =
4 — u"j) [17]. The u” quantifies the magnetic loss caused by the eddy
current, natural resonance, magnetic hysteresis loss, domain-wall reso-
nance, magnetic aftereffect, etc. Due to the frequency-dependent char-
acter of these mechanisms, magnetic hysteresis loss, domain-wall
resonance, and magnetic aftereffect can be neglected, while the eddy
current and natural resonance dominate the loss mechanism in the
gigahertz frequency band [17]. As eddy current loss increases as the
increasing electrical conductivity, the magnetic alloys always have a
huge eddy current loss. Besides the intrinsic characteristics of materials,
magnetic properties of MAMs also depend on the particles size, crystal
defects, internal stress, and particles shape, etc. More details on the
magnetic characteristics and magnetic loss mechanisms will be
introduced.

The most applied dielectric-loss dominated MAMs is the non-
magnetic metal oxides such as ZnO, TiOy, MnO; and BaTiOs3, dielec-
tric ceramic such as SiC, and other inorganic nonmetal materials such as
Si0,. The conductive-loss dominated MAMs refer to that with excellent
electrical conductivity such as carbon materials [18,19] and conductive
polymer. The magnetic-loss dominated MAMs often contain the mate-
rials with high permeability such as magnetic alloys and magnetic metal
oxide. It is easy to form a large conduction current in the conductive
materials. While, only pursuing a large conductivity or permittivity will
turn into the opposite, because the huge ‘difference’ leading to the
impedance mismatching between materials and free space will make
most of the EM waves reflected before impinging inside the materials.
On this account, to balance the requirement of lightweight, high ab-
sorption and wide absorbing bandwidth, materials are always used in
the form of mixture and composites. In addition, the approaches to
improve the performance of MAMs such as atom doping, composition
design, microstructure regulation, etc., are also comprehensively dis-
cussed in this review.

In addition, the MAMs are often required to work in harsh high-
temperature environments. For example, the temperature of the sur-
face of a high-speed-flying aircraft can reach over 300 °C even though in
a high altitude, the temperature of some critical parts such as engine’s
jettube and adjustment sheets can even reach up to over 700 °C. As we
know, the electrical conductivity and magnetic properties of materials
are strongly influenced by temperature. Besides, according to Debye
theory we mentioned above, zas the temperature-dependent relaxation
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time will influence the dielectric polarization process and dielectric loss
[20-23]. Therefore, the thermal properties including high-temperature
stability, high-temperature oxidation resistance, and high temperature
microwave absorbing properties will be crucial for the MAMs in a
practical application. We also review the recently progress for
high-temperature MAMs in this work, their influence factors and
developing prospects are also discussed.

The current numerical techniques make it possible to investigate
electromagnetic response of absorbant through calculation by using
validated theoretical methods to support their experimental research.
Permittivity and permeability can be researched by analyzing the in-
formation of magnetic moment, charge transfers, and electric dipole,
etc., which are essentially depends on the electron structure and
behavior. The relationship between electromagnetic response and
electron behaviors involves the integration of atomic level dynamics,
nonequilibrium thermodynamics, and defect physics, etc., which can be
further researched by first-principles calculations based on density
functional theory (DFT) [24-28]. We will present some theoretical re-
searches in this paper.

Besides the absorbant mentioned above, the subwavelength-scale
structure of MAMs also plays important role in the absorbing perfor-
mance. Many structural absorbing systems achieve excellent absorbing
properties that are far beyond those of the same synthetic materials.
Through special structural design, the structural MAMs can decrease the
radar reflection cross section (RCS) and improve the impedance
matching to reduce the EM wave reflection, the EM wave signal that can
be detected by radar device is also reduced. To enhance the military
target detection, infrared detection is applied together with the radar
detection to hunt for military targets. The infrared radiation energy is
closely related to the thermodynamic temperature. Most objects show
higher temperature than that of the background, and the MAMs on the
surface of targets generate massive heat when attenuating EM waves,
which make them easily detected by the infrared detector. It seems
incompatible for materials to have both good microwave absorbing
performance and low infrared emissivity. While many approaches have
been proposed to fabricate infrared-radar compatible stealth materials,
e.g., to design multiple-layered functional coatings or to control the
target’s infrared radiation band out of the atmospheric window. The
research on infrared low emissivity stealth material will be also dis-
cussed in this paper.

Metamaterials is also a kind of structural materials showing unnat-
ural electric and magnetic properties (i.e. negative or ultrahigh
permittivity and permeability, which is nonexistent in nature materials),
which is mainly attributed to their special artificial structures. The
periodically structure helps to obtain excellent microwave absorbing
properties which are far beyond that of the materials can achieve, even
some lossless materials can show huge microwave absorption. The
efficient permittivity and permeability of MAMs can be regulated by
designing unite array structure. Essentially, metamaterials reduce the
EM wave reflection by improving the impedance matching between the
materials and free space, and increase the absorption by electric and
magnetic resonance between the arrayed units in structure. Currently,
the researches on metamaterials applied as MAMs such as the invisible
cloak and broadband adaptable MAMs, have attracted extensive atten-
tion. Recently, researchers are inspired by the nature creatures to design
bionic structural metamaterials to obtain a wide band absorption which
even cover several electromagnetic bands. Besides the traditional met-
amaterial without circuit analog, the advanced metamaterials such as
active circuit analog metamaterial with adjustable smart performance
are proposed recent years.

This overview will restrict itself primarily to the MAMs on the usage
of military purpose, focuses on the military radar (frequency range of
2-18 GHz) stealth materials, involved infrared compatible (infrared-
visible, infrared-radar, infrared-laser) stealth materials, and other
stealth materials with multifrequency adaptability. Ultimately, the
extent and complexity of this field are daunting and will require
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immense amounts of global research efforts to be comprehensively
elucidated. Therefore, this review is by no means an exhaustive list, we
just focus it on a number of MAMs systems that we are interested in.
Many systems are only superficially mentioned. The technological rev-
olutions improved rapidly in the past one hundred years, and will
probably develop in a greater speed in the further one hundred years if
universal properties permit.

2. Alloys absorbent

Due to higher saturation magnetization (M) and stronger magnetic
loss ability, alloys are one of the most commonly used electromagnetic
(EM) wave absorbers, which mainly lose EM wave through eddy current
loss and natural resonance in the range of GHz frequency band. At
present, the commonly used alloying EM wave absorbers mainly include
traditional alloys, high entropy alloys (HEAs), and composite alloy
materials.

2.1. Traditional alloys
2.1.1. Fe-based alloys
1. Alloy powders

Flaky Fe-based alloy powders with nanocrystalline structure are also
prepared by grinding annealed amorphous ribbons, and the aspect ratio
has an important effect on its EM properties [29]. The obtained flaky
Fe73.5Cu;Nb3Sij3.5Bg powders are sieved into two categories with
different particle sizes [30]. The large flakes have larger demagnetiza-
tion factor in the direction of thickness (N ) and smaller demagnetiza-
tion factor in the direction of width (Ny). According to the following
shape-dependent Snoek’s law (formula 8-10), a higher permeability ()
and a smaller resonance frequency (f;) can be obtained. The particle size
of Feg4Co4B11Nd powders decrease with the extension of milling time
[31]. The maximum p’ is 3.8 at 2 GHz for the sample with the particle
size of 50-240 pm Fe77.8Cu2,39Nb3‘338i16,28B0,62 alloy ribbons with
nanocrystalline also get a high permeability after milling into powders
[32]. To accurately measure the anisotropy energy of alloy particles
have become an urgent task due to its mixed and disorderly arrange-
ment. Magnetically aligned Sm; 5Y¢.5Fe;7.xSix flaky alloy materials are
prepared by fixing the particles in epoxy resin under a magnetic field of
10 kOe [33]. The values of in-plane and the out-of-plane magnetic
anisotropy fields are the field strength corresponding to 85% of the Mg
for the magnetic fields parallel and perpendicular to the aligned direc-
tion, respectively. Based on the anisotropic field, M and initial perme-
ability measured by experiments, the natural resonance frequency is
calculated according to the Snoek formula, and it can be changed by
adjusting the Si content. A maximum effective bandwidth reaches 3.7
GHz (12.7-16.4 GHz) for the Sm; 5Y¢.5Fe;7.xSix-paraffine composite in
thicknesses of 1.0 mm.

2. Alloy ribbons

The amorphous alloy ribbons prepared by melt spinning method
have low H, (3-24 A/m), because of no long-range periodicity and the
near zero value of magnetocrystalline anisotropy in the amorphous
matrix [34]. After annealing at 673 K, smaller a-FeCo(Si) nanocrystal-
lines with size of 25 nm are precipitated in FeCoSiBNbCu alloy under the
influence of Nb and Cu, which is lower than the ferromagnetic exchange
correlation length (30-40 nm). All these alloy ribbons present good EMI
shielding (>20 dB) in 0.2-8.5 GHz.

2.1.2. Co and Ni-based alloys

In addition to Fe-based absorbing materials, magnetic metals such as
Co and Ni also have the characteristics of simple crystal structure, high
saturation magnetization and low anisotropy. Many exploration
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attempts have also been made in the field of wave absorbing materials.
Electromagnetic absorbers containing Co and Ni metals have two main
research directions, including alloy powders and composite materials.

1. Pure Co and Ni based alloys

The morphology, composition, size and crystal structure of the
magnetic metal or alloy are all important factors that restrict the elec-
tromagnetic wave absorption performance. Urchin-like Ni powders
synthesized by Liu et al. [35] are achieve a maximum reflection loss of
—43 dB at a thickness of 2 mm at 10 GHz. Electromagnetic property of
the nickel chain 3D network synthesized by Cao et al. [36] show obvious
temperature dependence.

FeCo alloys with different atomic ratios (3:7, 5:5 and 7:3) prepared
by simple hydrothermal reduction method are successfully synthesized
[37], and SEM images are shown in Fig. 1. As the Fe/Co atomic ratio
increases, the alloy morphology transformed from lamellar structure to
cone-shaped structure and finally the cone-shaped structure gradually
become smooth. The alloy with an atomic ratio of 7: 3 had the best
absorption effect: the optimal reflection loss RL (1.55 mm) reached
—53.6 dB at 14.3 GHz and effective bandwidth covered the entire K,
band (11.2-18 GHz).

Huang et al. [38] synthesized FeCo alloys of different morphologies
by adjusting the Fe?*/Co®" molar ratio, and the particle shapes showed
nanocubes, nanoplates, and nanoflowers, respectively. The RLy, (3.4
mm) of the flower-shaped FeCo is up to —43 dB at 13.1 GHz, and the
effective absorption bandwidth is 5.8 GHz (2.7-5.4 GHz and 12-15.1
GHz). CoNi nanoflowers with different sizes (0.6, 1.3 and 2.5 pm) are
obtained by one-step solvothermal method, and such microstructures
had obvious dependence on the concentration of precursors and sur-
factants. Among the three samples, the 2.5 pm CoNi nanoflower had the
best RL (—28.5 dB, 6.8 GHz), while the 0.6 pm nanoflower sample had
the widest effective bandwidth (6.5 GHz) [39].

Magnetic metals listed above have excellent performance in wave
absorption performance, but the absorbers with a single loss mechanism
often cannot meet the needs of multi-band absorption. Moreover, it is
impossible to fundamentally solve the problems of high density and poor
corrosion resistance of metal powders in material application only by
adjusting the components and surface modification. Therefore, the
proposal of composite materials also provides new ideas for solving the
limitation of such absorbents.

2. Co and Ni based composites

According to the current development status of wave absorbing
materials, it is difficult for magnetic metal absorbers to meet the
increasing comprehensive requirements of radar wave stealth technol-
ogy. The composite materials with multiple advantages have become the
focus of RAM research and development. Many researchers combine
magnetic metals with metal oxides, carbon materials or organic mate-
rials to obtain core-shell structured absorbing materials. This type of
absorber can fully exert the synergistic effect of each component
through the effective recombination between the core particles and the
shell particles on the micro-nano scale, and has a relatively wide range
of applications in microwave absorption.

Quan et al. [40] synthesized the porous structure CoxNiy/C com-
posite material by spontaneous cross-linking reaction and calcination,
and adjusted the proportion of the components through the Co?*/Ni%*
ratio. The porous structure realizes the adjustment of dielectric constant
and impedance adaptation, and achieves good electromagnetic wave
absorption through multiple magnetic loss and dielectric loss mecha-
nisms. The RLpj, of the three samples (S1-S3) with 50 wt% fillers are all
below —35 dB. The strongest reflection loss of 1.4 mm is —49.08 dB
(17.36 GHz), which appears in the Co;Niy/C sample. Co;Ni;/C shows
significant effective bandwidth at various thickness intervals, and its
widest bandwidth reaches 6.68 GHz at 2.2 mm.
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Fig. 1. (a)-(d) SEM images of FeCo alloys with different atomic radio (0:10, 3:7, 5:5 and 7:3); (e) 3D plot of RL values for Fe;Cos; (f) RL curves of FeCo-paraffin
composites (70%) with different atomic ratio at 1.55 mm in the frequency range 2-18 GHz [37].

Zhao et al. [41] successfully prepared Ni@void@SnOy (Ni3Sny)
yolk-shell composite material through a simple two-step method. After
the reaction time reached 15 h, the samples showed excellent micro-
wave absorption performance, and the reflection loss is as low as —43 dB
at 6.1 GHz. Zhao et al. [42] also proved that core-shell microspheres
with Ni core and TiO, two-phase shells had better ability to absorb EM
waves than pure nickel. The RL with thickness of 1.8 mm of Ni@TiO»
(rutile) composite is —38.0 dB at 11.1 GHz.

The core-shell composite material type absorber greatly improves
the impedance adaptability, and also obtains a small density of powder,
which provides the possibility to obtain a light-bandwidth electromag-
netic absorber. However, the current research is mostly concentrated in
the laboratory exploration stage, and there are still many technical
difficulties to achieve the goal of large-scale application. Future research
needs to make continuous attempts in the exploration of cost-effective
process flow, selection of core-shell materials, and verification of
absorbing coatings.

2.1.3. Fabrication of alloys
1. Milling

Traditional alloys, such as carbonyl iron, FeSiAl, FeSiCr, and FeCoNi
et al., have been investigated. Flaky alloy particles with large aspect
ratio are desirable, and milling is the most commonly used method to
prepare. Study shows that flaky carbonyl iron prepared by utilizing
spherical milling medium has larger aspect ratio, complex permittivity
and permeability than by cylindrical milling medium [43]. The
maximum p’ can reach 7.5 at 1 GHz (85%). Therefore, in the absence of
special instructions, the grinding medium is spherical. Due to the for-
mation of larger aspect ratio alloy powder, higher complex permittivity
and permeability are obtained after milling alloy powders. The
improvement of EM properties can be achieved not only by increasing
the aspect ratio of the alloy particles, but also by subsequent heat
treatment and changing the arrangement. The complex permeability of
Fey6.5Si21.5Cra alloy powders increase first and then decrease with the
annealing temperature increase [44]. The largest permeability appears
at the critical temperature (450 °C), which corresponds to the starting
formation of DO3 ordered phase. Sphere-shaped and flake-shaped FesAl

particles are prepared by changing the milling environment [45]. A
rotational orientation method is used to prepare the mixture of paraffin
and flaky alloy particles with the same orientation. The flaky particle has
a larger permeability than sphere particle, and the maximum EM pa-
rameters can be obtained for the oriented flaky sample.

2. Chemical synthesis

Due to the advantages of controllable morphology, the preparation
of alloy powders by chemical synthesis method has become a popular
trend in recent years, and the magnetic and EM properties can be
improved significantly. P-doped FeCo microcubes are fabricated by
using solvothermal method [46]. Experimental results demonstrate that
the morphology and particle size of the alloy powder depend on the
content of assisted agent (NaH;PO»-H50), and the particles gradually
change into cubes with its content increase (Fig. 2). Due to NaH;PO,
sticks to the [100] crystal plane, growth is impeded on this crystal plane,
which results in the different growth rate between [100,111] crystal
plane and the formation of cubic particles. Due to the unique
morphology and the incorporation of P dopants, the saturation magne-
tization (M) increases from 164.81 emu/g to 192.62 emu/g, and the EM
wave absorption performance shows the RLy,, is —51.67 dB at 1.6 mm.

Hierarchical cobalt dendrites consisted of nanoflakes are also pre-
pared by a hydrothermal method [47]. The reaction conditions,
including the molar ratio of pyromellitic acid to cobalt chloride, the
concentration of sodium hydroxide (NaOH), and the reaction tempera-
ture and time, play an important effect on the morphology, magnetic,
and EM properties of the powders. Co dendrites present larger EM pa-
rameters and better microwave absorption than that of spherical and
sword-like aggregates. Similar method has been used to prepare other
alloy powders. Polyhedral FeCo alloy particles are synthesized by using
hydrazine hydrate reduced iron and cobalt salt in highly alkaline media
[48]. With the decrease of Co content, the particles change from flower
shape to pyramid shape, and the permeability can reach 2.7 by adjusting
the Co content. The minimum reflection loss is —52.20 dB and the
effective absorption bandwidth is 6 GHz for FegCo4 sample at a thickness
of 1.7 mm.

3. Other methods
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Fig. 2. SEM photographs of FeCo particles, (a) FeCo(1); (b, c) P-FeCo(2); (d) P-FeCo(3), (e) the corresponding magnetic hysteresis loops [46] .

In addition to the above milling and hydrothermal methods, other
technologies are often used to prepare alloy powders. FeSiAl hollow
microspheres alloy powders are prepared by two steps [49]. The pre-
cursors are obtained through twice-balling adhesive precursor method,
including milling, mixing, drying, and carbonizing process. And the
powders are obtained in self-reactive quenching technology, which
makes the liquid powders quench quickly. Various shapes of Fe nano-
particles are prepared by changing the Al content in the anode target
using arc-discharge method [50]. The presence of Al purifies the raw
material and atmosphere, which makes Fe hold the polyhedral crystal
habit. The absent and excessive Al interfere the growth of Fe, which
promotes the formation of quasi-spherical particles. A higher EM pa-
rameters and stronger absorbing can be obtained for polyhedral alloy
powder.

2.2. High entropy alloys

HEA, also known as a multi principal elemental alloy, is defined by
Yeh et al. [51], which is generally composed of FCC, BCC, or two-phase
coexistence. Due to the large number of components and high mixing
entropy, HEA has different properties from traditional alloys, such as
good mechanical properties, corrosion resistance, high temperature
stability, and oxidation resistance. Recently, more and more researches
have been done on the magnetic and EM properties. Research shows that
M; depends on the composition and atomic-level structures, while H, is
sensitive to microstructure, impurity, and the subsequent
heat-treatment process.

2.2.1. FeCoNiCrAl

EM wave absorbing materials can be often used in harsh environ-
ment, such as alkaline or high-temperature environment. HEAs are
promising as a new generation of absorbing materials due to their
comprehensive properties. In recent years, researchers have begun to
explore the EM properties of HEAPs. Flaky FeCoNiCrAl HEAPs are pre-
pared by mechanical alloying method [52]. The Mg and H. for 70
h-milling powders are 20.21 emu/g and 142 Oe, respectively. The RLp;,
is —35.3 dB at 10.35 GHz and the effective absorption bandwidth is 2.7
GHz (9.2-11.9 GHz) with a thickness of 1.5 mm. Also, FeCoNiCrAly g
HEAP with crystalline structure has better EM properties than amor-
phous structure [53]. In addition, the increase of Cr content and
annealing process promotes the increase of complex permittivity for

FeCoNiAlCry HEAPs due to the enhancement of larger particles, particle
size and conductivity [54]. The as-milled FeCoNiCr alloy powders
heated with a magnetic field of 10 T show a better impedance matching
effect, with RLyi, of —60.96 dB at 13.84 GHz. But the Cr content and the
annealing process have little effect on the complex permeability.

2.2.2. FeCoNiSiAl

The traditional FeSiAl alloy has higher permeability and good EM
absorption performance, and the magnetostriction coefficient of the
FeCoNi alloy reduces after adding Si element, which promotes the
FeCoNiSiAl HEA being a potential superior EM absorption material.
FeCoNiSig 4Alg4 HEAPs are prepared via mechanical milling and
melting-strip casting-milling methods [55]. Different solution and phase
formation rules are founded; the former is related to crystal structure
and atomic radius of elements, and the latter is determined by covalent
electron concentration (VEC). The as-cast milling powders have larger
aspect ratio, better elemental uniformity, and fewer defects, which leads
to smaller magnetocrystalline and stress anisotropy as well as larger
shape anisotropy, manifesting smaller M; (93.6-104.4 emu/g) and
larger H. (81.5-159.6 Oe). Also, a larger p’ (varying from 1.78 to 1.90 at
2 GHz) and p” (up to 0.52) of the as-cast milling powders are obtained.
Flaky FeCoNi(Sigp.cAlg.2Bg.2) HEAPs are fabricated by melt-spun-milling
method [56]. The aspect ratio and grain size can be tuned by changing
milling time. As the milling progresses, the My exhibits a downtrend
from 88.1 to 78.6 emu/g, and H, also reduces from 79.5 to 63.3 Oe. The
maximum p’ (1.84 at 2 GHz) is obtained after milling 50 h.

Crystal structure and microstructure have an important role in
adjusting magnetic and EM properties. FeCoNiSixAly 4 HEAPs with dual-
phase nano-crystalline and nano-amorphous structure, simultaneously
with larger aspect ratio, are prepared by a combination technology
containing arc-melting, strip-casting, and milling [57]. Due to the for-
mation of unique microstructure and ingenious preparation technology,
a small magnetocrystalline and stress anisotropy and large shape
anisotropy are obtained, which leads to a less H. (14.05-23.43 Oe) and a
large magnetic permeability (2.41-2.80, 1 GHz), and the properties can
be tuned by the crystallinity of HEAPs. The crystallinity of FeCoNiSiy.
.4Alg 4 HEAPs with same composition is tuned by utilizing the same
technology [58]. Different phase proportions of milling precursor (rib-
bons) are obtained by changing the annealing time. A small H, varying
from 12.97 Oe to 28.33 Oe, and a large complex permeability, varying
from 2.60 to 2.30, can be obtained. The same group also reports that the
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effect of Si content and annealing treatment on conductivity, magnetic,
and EM parameters for FeCoNiSixAlp 4 HEAPs prepared by mechanical
milling [59]. The formation of CoFe;O4 phase in annealing process plays
an important role in magnifying Mg and minishing He.

2.3. Relevant composite materials

2.3.1. Composition regulation

Magnetic loss is the main type of EM loss for alloy materials. In order
to enhance impedance matching and EM loss, researchers usually
combine alloy materials with dielectric and conductive materials. The
EM properties of sendust/polymer and sendust/multiwalled carbon
nanotube (MWCNT)/polymer composites are compared [60]. Due to the
formation of conductive network by the addition of MWCNTSs, the
conductive loss of the composite increases, thus effectively improving
the EM absorption and shielding performance. In addition, the flaky
sendust particles are aligned in the same direction by a roll-milling
machine at 90 °C for 10 min, and its EM properties are better than
that with disorder arrangement [61]. FeSiAl/ZnO-filled resin composite
coatings are prepared by mixing FeSiAl with ZnO. The increase of FeSiAl
and ZnO content would lead to the increase of mixture dielectric con-
stant, and the RLp,;, of —40.5 dB at 10.4 GHz and the effective absorp-
tion bandwidth of 3.5 GHz (8.6-12.1 GHz) are obtained.

2.3.2. Surface modification

For traditional alloys, the high real part of permittivity causes the
impedance mismatch of the alloy powders. The surface treatment of the
alloy powder or the preparation of the core-shell structure is often used
to improve the EM absorption performance. Fe-9.6 wt% Si-5.4 wt% Al
alloy powder coated with bilayer nitride shell is synthesized by surface
nitriding [62]. Due to the different affinity between Fe/Si/Al and N
element, selective nitride leads to the main formation of Fe4N in the
outer layer and SisN4 in the inner layer. Although €’ decreases after
nitriding treatment, the dielectric and magnetic loss of the alloy powder
increase significantly. Excellent impedance matching promotes the
strong reflection loss of —34.5 dB at 12.95 GHz and absorption band-
width of 8.11 GHz for the nitrided composites.

In addition to nitriding, oxidation and acidification are also
commonly used methods. Flaky Fegy.36Sig.02Al4 62 particles are prepared
by milling irregular particles, and then oxidizing the surface of the
particles [63]. The EM parameters for flaky particles are larger than the
irregular particles, while the complex permittivity for modified particles
decreases significantly, and the complex permeability keeps unchanged
fundamentally. A better match between dielectric and magnetic losses
can be obtained. CoFeBSiNb metallic glass powders are treated with
hydrochloric acid solution [64]. Due to the formation of a large number
of loose structures and nanopores, the specific surface area increases,
enhancing the interfacial polarization. The RLy,, value of —45.2 dB at
14.64 GHz with the thickness of 2.3 mm and the bandwidth of 14 GHz
(below —10 dB) are obtained.

2.3.3. Structural control

The multi-shell microstructure would provide more interface polar-
ization for enhancing the microwave absorption performance, and
magnetic@dielectric-loss type microwave absorbing composites are
used to design. Due to the unique structure, the enhancement of inter-
facial polarization leads to the increase of the complex permittivity and
the dielectric loss. Moreover, the gradient dielectric constant for the
multilayer structure is conducive to the improvement of impedance
matching and thus to the absorption of EM waves. Fe-cored carbon
nanocapsules (Fe@C) are prepared by using microwave-metal discharge
technology [65]. The coexistence of magnetic and dielectric loss and the
interfacial polarization loss make the EM loss better, with the RLpyy
being —22.5 dB at 10.2 GHz for a thickness of 2.5 mm. Differently, the
relationship between magnetic domain and Mg and EM properties in 3D
Fe/C interpenetrating networks consist of hollow microsphere are
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explored [66]. The vortex domain and stripe domain inside the wall
interact with each other, and positive and negative magnetic-charge
localize at the two ends, thus the formation of stray field leads to a
higher Ms of 340 emu/g, which is 1.55 times as that of bulk Fe. The
minimum microwave absorption is up to —55 dB and the effective
bandwidth (<10 dB) is 12.5 GHz (5.5-18 GHz).

2.4. Summary and prospects

Alloys, as one of the most commonly used EM wave absorbers,
convert EM energy into heat energy through such magnetic loss types as
eddy current loss and natural resonance. Flaky alloy particles with larger
shape anisotropy can get larger permeability and better EM absorption
performance. Also, the EM properties of various shapes of alloy particles
have been tried to explore. HEAs are expected to be a new generation of
EM wave absorbing materials due to their superior comprehensive
properties, such as corrosion resistance and oxidation resistance. Alloy
materials are often mixed or compounded with dielectric or conductive
materials to achieve impedance matching. In addition, surface treatment
is used to reduce the complex permittivity and enhance the impedance
matching effect.

3. Metal oxides absorbant
3.1. MTIOZ

As one of transition metal oxides with a variety of microstructures,
manganese dioxide has been extensively researched due to its
outstanding physical and chemical performances, such as molecular
absorption, good thermal stability, easy synthesis and environmentally
friendly. Manganese dioxide has been a promising candidate for mi-
crowave absorption material due to its various phases and morphol-
ogies. The basic MnOg octahedral units can make up «, B, y, & and e-type
polymorph according to different linkage ways. Different polymorphs
and morphologies of manganese dioxide have different electromagnetic
wave absorbing properties. As one of the microwave absorption mate-
rials, electromagnetic loss mechanism of manganese dioxide is dielectric
loss with dipolar polarization.

Duan et al. [67] build the 8-MnO2 and a-MnOy by hydrothermal
method through trace element doping. The pure §-MnO; nanosheets
own the lowest permittivity whose average values of real and imaginary
are 2.52 and 0.01, respectively. The Ag atom doping a-MnO2 shows
larger complex permittivity whose real and imaginary part can reach up
to 15.08 to 9.57, respectively. Besides, the magnetic loss of &- and
a-MnO; is much lower compared to permittivity because of its
dielectric-dominant character. The real and imaginary permeability of
a-MnOs are 1.06 and 0.05, respectively. The huge difference between
permittivity and permeability makes the impedance matching undesir-
able. Besides, the electrical conductivity of a-MnO5 is 3.33 x 1072 S/cm
which is better than that of §-MnO, which is at ~0.11 x 1072 S/cm,
which indicates the MnO, to be a kind of semiconductor materials. Pang
et al. [68] fabricate the p- and y-MnO; used as microwave absorbing
materials by hydrothermal method. Through controlling the reaction
condition, the crystal type of MnO; changes from y to § whose
morphology also changes from urchin to rectangular pyramid. Research
shows that compared to y-MnOs the pyramid p-MnO, has better mi-
crowave absorbing properties with the reflection loss reaching up to
—13.3 dB. Guan et al. [69] synthesis the 1D a-MnO, nanorods through a
low-temperature water-bathing method. Attributed to the high interfa-
cial polarization and space charge polarization of 1D materials, the
reflection loss of MnO3 nanorods is —25 dB which is much higher than
other reported MnO, absorbant. Nevertheless, most pure MnO, shows
low microwave absorption and poor impedance matching, numerous
strategies have been made to prepare MnO, composites to enhance the
electromagnetic wave absorbing properties. Generally, dielectric loss
not only derives from polarization, but also derives from conductivity
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loss. Increase of conductivity and addition of interfacial polarization are
good strategies to enhance microwave absorption property. Combining
manganese dioxide with other suitable materials into a hybrid com-
posite has been proposed to endow them with more polarization types or
enhance conductivity loss, which would solve the problems of poor
impedance matching and attenuation.

3.1.1. MnOgy/dielectric composites

Considerable efforts have been devoted to combining dielectric
materials with manganese dioxide to form hybrid composites, which can
induce multiple loss mechanism. On the one hand, the designed complex
structure would bring multiple reflection and scattering, good imped-
ance matching and multi-interface polarization. On the other hand, the
addition of suitable dielectric material can further enhance the dielectric
loss because of ameliorating electrical conductivity. Due to the synergy
of these two aspects, the attenuation of the electromagnetic wave energy
would be greatly improved.

Reasonable designed morphology would bring multiple reflection
and scattering, good impedance matching and multi-interface polari-
zation. Combination of MnO, with other dielectric material can further
increase the dielectric loss. Due to synergy of above two aspects, the
attenuation of the electromagnetic energy would be greatly improved.
The electromagnetic wave absorption properties of p-MnOy/PVDF
nanocomposites have been investigated. Hybrid composite generates
more surface and interfaces. The increased surface and interfaces
contribute to multiple reflection and increase multi-interface polariza-
tion. The resulted B-MnO,/PVDF nanocomposites exhibit enhanced
microwave absorption properties [70]. MnOy nanorod loaded PVB
nanocomposite is found more efficient for microwave absorption as
compared to MnO; nanosphere. The maximum reflection loss value of
—37 dB of PVB-MnO3 nanorod composite is obtained with large band-
width in X-band for the thickness of 2 mm. The factors such as effective
permittivity, degree of EM impedance matching, antenna mechanism,
and dielectric dissipation are found to depend on the morphology of
PVB-MnO; nanocomposites. Various morphologies of o-MnOy

Composites Part B 224 (2021) 109173

nanostructures are synthesized on the surface of woven Kevlar fiber
(WKF) by hydrothermal method under different reaction conditions in
Fig. 3 [71].

The core-shell structure is benefited to electromagnetic wave atten-
uation. The special structure not only improves the multiple scattering,
multiple reflections and absorption of electromagnetic wave, but also
reduces the weight of materials efficiently. Besides, the presence of de-
fects from core-shell interfaces can be easily excited under the electro-
magnetic field, and these defects can act as polarized centers that
increase the space charge polarizations by trapping space charges,
resulting in the improvement of microwave absorption ability. In addi-
tion, the core-shell structure makes the dielectric constant adjustable,
which is conducive to impedance matching, and thus conducive to the
attenuation of electromagnetic energy. Recently, carbon materials are
performed to form core-shell nanocomposites with manganese oxide,
which induced strong attenuation of microwave. The CS@MnO; com-
posite shows enhanced dielectric loss [72]. The incorporation of MnO,
nanoflaky shells with spherical carbon cores ameliorates the electrical
conductivity and the impendence matching of the CS@MnO2 compos-
ites. Polymer has also been combined with manganese oxide to form
core-shell nanocomposites with strong attenuation of microwave. For
example, hollow lightweight polydopamine@a-MnO, microspindles are
synthesized with the tunable absorption frequency governed by the
aspect ratio (Fig. 4) [73]. The hollow polydopamine@a-MnO; micro-
spindles with optimized aspect ratio for the cavity of ~2.8 achieved
strongest reflection reaches —21.8 dB at 9.7 GHz and 3 mm thickness.
The dielectric polarization is regulated by different aspect ratios.

3.1.2. MnOy/magnetic materials composites

Due to the high conductivity, excellent magnetism, and high satu-
ration magnetization, magnetic nanoparticles/alloy/magnetic oxide,
have attracted extensive attention in the field of electromagnetic
attenuation. Therefore, combining magnetic materials with manganese
dioxide into a hybrid composite has been proposed to improve their
impedance matching performance.

Fig. 3. Schematic diagram of the varied morphological growth of MnO, nanostructures on the surface of woven Kevlar fiber (WKF) and the formation of WKF/MnO,
nanofibers/polyester (PES)/polyaniline nanofiber-reduced graphene oxide (PANI-RGO) [71].
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Fig. 4. FE-SEM images of microparticles with different aspect ratios: (a) HCM-1, (b) HCM-2, (c) HCM-3, (d) HCM-4, and (e) HCM-5. (f) Broken particle image of
HCM-1. TEM images of microparticles with different aspect ratios: () HCM-1, (h) HCM-2, (i) HCM-3, (j) HCM-4, and (k) HCM-5 [73].

For examples, the carbonyl iron/MnO; composite with different
mixture ratios is prepared by a mechanically milling method. As the
weight fraction of MnOs increased to 30%, the maximum reflection loss
of the composites reaches —39.1 dB, at 4.4 GHz with a matching
thickness of 3.5 mm. The enhanced microwave absorption properties of
the composites could be attributed to the good electromagnetic match
and the coexistence of dielectric loss and magnetic loss. A rod-like
shaped MnOy/Fe binary composite is designed by loading magnetic Fe
nanoparticles on MnOs rods [74]. The rod-like MnOs/Fe material can
form the conductive loss network, benefiting to dielectric loss ability and
EM transfer properties. By controlling the mass ratio of Fe, the EM
transfer properties are tunable.

Core-shell Fe304@MnO; composite microspheres with three
different surface architectures, namely mushroom-, honeycomb- and
corolla-like morphologies, have been synthesized through a facile two-
step method. Both mushroom-like and corolla-like Fe304,@MnO5 com-
posite microspheres have very broad absorbing bandwidth in the fre-
quency range of 2-18 GHz, and the corolla-like composites exhibit the
strongest absorbing capability with the maximum reflection loss value of
—48.5 dB (11.2 GHz) [75]. Electromagnetic energy absorption mainly
derives from matching impedance, conductive loss, multiple scattering
and absorption in the cavities, and interfacial polarizations between
Fe304 cores and MnOs, shells in the composites.

3.1.3. MnOgz/magnetic-dielectric materials composites

Benefitting from the excellent properties of two or more magnetic-
dielectric coupling materials, their hybrid composites have displayed
outstandingly performed. Simultaneously integrating carbonaceous

material and magnetic material into MnOs is a promising method to
achieve excellent electromagnetic performance.

Hierarchical structures of graphene@Fe304 nano-
cluster@carbon@MnO nanosheet arrays are prepared by a multi-step
route by combining the in situ hydrothermal reaction thermal, subse-
quent treatment process and finally in situ redox replacement reaction
[76]. The resultant hierarchical graphene@Fe3O4 nano-
cluster@carbon@MnO, nanosheet array composites exhibit signifi-
cantly enhanced microwave absorption properties compared with
graphene@Fe3;04 nanoclusters, which originates from the unique hier-
archical structure and larger surface area. The watermelon-like
Fe304@C@MnO;, hybrid is synthesized via a typical two-step sol-
vothermal method [77]. The excellent performance of this hybrid can
mainly be attributed to its ideal matching of magnetic loss and dielectric
loss, large specific surface area, interfacial polarizations and some other
causes. A novel kind of Ni-based foam that modified by MnO, nano-
sheets (denote as Ni@MnOy NS foam) are synthesized by a facile hy-
drothermal reaction [78]. The excellent electromagnetic wave
attenuation could be responsible for magnetic loss natural resonance of
Ni frameworks and dielectric loss of interface polarization and dipole
polarization.

Meanwhile, core-shell structure and other structures are constructed
to boost microwave absorption. Cubic hollow Co/N/C@MnO, structure
is synthesized via a self-templated and eco-friendly route in Fig. 5, where
polydopamine (PDA) acts as carbon source and hierarchical MnO,
nanosheets are incorporated for improving impedance mismatch by
introducing hierarchical MnO, sheets and modulating filler loading for
regulating the excessive permittivity in Co/N/C [79,80].
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Fig. 5. FESEM images of (a) ZIF-67 nanocubes, (b) Co/N/C nanoboxes, (c) hierarchical Co/N/C@MnO,. TEM images of (d) ZIF-67 @PDA yolk-shelled structure, (e)
Co/N/C nanoboxes and (f) hierarchical Co/N/C@MnO,. (g) the corresponding SAED pattern. (h) high-resolution TEM images of Co/N/C and MnO; sheets,

respectively [79].

Co/N/C@MnO; composites display maximum reflection loss of —58.9
dB and a broad bandwidth of 5.5 GHz. The excellent microwave ab-
sorption properties are attributed to synergetic effects of excellent
impedance match, and dramatic electromagnetic wave attenuation
ability arising from multiple helpful constituents, abundant interfaces,
and extraordinary hollow structure. A hierarchical hollow core-shell
ZnxFe3 yO4@porous MnO, spheres for loading on graphene nano-
sheets are synthesized by multistep solvothermal reaction progresses
[81]. The ternary composites show excellent electromagnetic wave ab-
sorption performance in both reflection loss and bandwidth. The
maximum reflection loss of —50.6 dB occurs at 8.96 GHz and effective
bandwidth below —10 dB could shift from 3.6 to 18.0 GHz with a
thickness of 1.5-5.5 mm. The excellent electromagnetic wave absorp-
tion properties of rGO/hollowZnxFe3 yO4@porous MnO, composites
are attributed to strong impedance matching, high attenuation, good
A/4 cancellation foundation, eddy effect, natural resonance,
multi-interfacial polarization, and multiple reflections/scatterings. A
three-layered CoFe@C@MnO> hierarchical nanocube is designed by
consisting of CoFe nanoparticles embedded within porous carbon and
the growth of MnOs nanoparticles on the nanocubes. The magnetic
losses of the CoFe alloy nanoparticles, dielectric loss of carbon and

MnO,, interfacial polarization between the CoFe alloy, carbon shell, and
MnO; nanoparticles are contributed to good matching condition and
superb electromagnetic wave performance. Due to these structural and
compositional features, the as-synthesized CoFe@C@MnO5 nanocubes
achieves maximum reflection loss of —64 dB at 15.6 GHz with a thick-
ness of 1.3 mm and effective absorption bandwidth achieves 9.2 GHz
with a thickness of 1.6 mm [82]. The enhanced microwave absorption
property derives from the synergistic effects of the magnetic loss and the
intrinsic dielectric losses, which facilitates multiple interface polariza-
tion and appropriate impedance matching. The flower-like MnO2/RGO
nanocomposites are prepared by a facile hydrothermal method. The
introduction of RGO nanosheets in MnO, improves the electrical con-
ductivity, contributing to the microwave propagation on the material
surface. And the special framework and synergistic effects between
flower-like MnO5 and RGO nanosheets endows remarkable microwave
absorption performance in 8-12 GHz. The maximum reflection loss
achieves —37.1 dB at 10.8 GHz when the matching thickness of 2.0 mm
[83]. Conductive network formed by RGO, multiple dipole polarization
and defects polarization relaxation on the surface of RGO nanosheets, as
well as interfaces polarization between flower-like MnOy; and RGO
improve the impedance matching, and enhanced electromagnetic wave
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scattering and absorption. The yolk-shell Fe3O4@carbon@MnOy mi-
crospheres are synthesized via a series of processes including coating,
carbonization and etching in Fig. 6. The MnOy shell plays significance
role in restricting the electrical polarization between the carbon shells
and meanwhile improving the impedance matching condition of the
composites. The yolk shell Fe304@carbon@MnO» composite samples
exhibit that the maximum reflection loss value is —58.25 dB at 5.56 GHz
with the thickness of 4.2 mm [84]. The excellent electromagnetic wave
absorption performance is contributed by the hollow yolk-shell struc-
ture, and the effective complementary between Fe3O4 core and the
carbon@MnO, double-layer shells, which results in multiple reflection,
strong polarization loss and conduction loss.

3.1.4. Summary and prospects

Integrating two or more kinds of materials with MnO, is a useful
strategy to achieve outstanding absorption performance, which has been
devoted to tuning the electromagnetic parameters and adjusting the
impedance matching characteristics. The network composed of many
nanoparticles could increase the specific surface area of the material and
improve the conductive loss. The multiphase heterostructures could
modulate the electromagnetic wave response, including dipole polari-
zation, interfacial polarization, and magnetic resonance. These varieties
of electromagnetic wave absorption factors endow these nano-
composites with good electromagnetic wave absorption abilities. It is
believed that these challenges will be solved continuously with the joint
efforts of scientists around the world. In the future, MnO5-based nano-
composites will still be the most competitive candidates for microwave
absorbers.
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3.2. Ferrite absorbent

In terms of chemical composition, ferrite is a composite metal oxide
composed of iron group ions, oxygen ions and other metal ions. Classi-
fied by crystal structure, ferrite materials can be divided into three types:
spinel, garnet and pyrrhotite ferrite. Among the choices for MAM, ferrite
materials have been widely applied due to its high crystal magnetic
anisotropy, permeability, and magnetic resonance frequency. Their
microwave absorption mainly contributes to magnetic loss mechanism
including self-polarization, hysteresis loss, domain wall resonance and
natural resonance. Although the ferrite absorbing materials have the
advantages of strong absorption loss, high abrasion resistance, thin
coating and low price, but the performance of narrow absorption band,
high weight and poor thermal stability still limits their application. In
order to improve the comprehensive properties of ferrite absorbing
materials, researches are focusing on the following two direction. On the
one hand, other materials are introduced to form composite materials
which shows increased dielectric loss and optimized impedance
matching. On the other hand, the elements doping and microstructure
designing are used to increase the attenuation of EM waves and improve
its absorbing performance.

3.2.1. Pure ferrite

Spinel ferrite crystal has high symmetry, small magnetic anisotropy
and good soft magnetic properties, which can be used as EM waves
absorbing materials. For example, NiFe;O4 has a minimum reflection
loss of - 16 dB at X-band [85]. BaFe;O4 has a minimum reflection loss of -
30.67 dB at 11.14 GHz [86]. However, due to its low permittivity and
permeability and poor impedance matching, its application frequency is

Fig. 6. (a) The TEM images of hollow Fe3;0, microspheres; (b) the TEM images of yolk-shell Fe;04@carbon microspheres, (c) the SEM images of yolk-shell
Fe304@carbon@MnO;microspheres, (d) HADDF-STEM image and element mapping of yolk-shell Fe;04@carbon@MnO, microspheres. (e) Schematic illustration

of the synthesis process of yolk-shell Fe;04@carbon@MnO, microspheres [84].
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limited. The research of spinel ferrite is mainly to improve its absorbing
effect by nano and composite. At present, M-type ferrite (BaFe;2019) and
W-type ferrite (BaFe;5027) are most widely used as microwave absor-
bant research directions [87,88]. Compared with pure ferrite, doping
and substituting can change the magnetic anisotropy and enlarge the
absorption bandwidth. For example, BaFe 5,019 prepared by coprecipi-
tation method has weak electromagnetic wave absorption performance,
while the doped BaZng.5Cog.5ZrFe;pO19 has obvious improvement in
electromagnetic wave absorption performance, with a reflection loss of
—14dB [89].

3.2.2. Ferrite composites

To overcome the disadvantages of high density, poor thermal sta-
bility, and low impedance matching of pure ferrite materials, the
research on ferrite composite materials is particularly attractive in
improving the comprehensive characteristics to satisfy the multiple re-
quirements in the microwave absorption application [90,91].

1. Ferrite/metal composites

The microwave absorbing properties of ferrite can be improved by
atom doping and replacement in the microstructure. Metal-ion
replacement in ferrite can improve the electromagnetic loss, further
improve the attenuation and microwave absorption performance of the
material. The magnetocrystalline anisotropy in hexagonal ferrite is
caused by the obvious axial component of ion at 2B site. When Ni%™" is
added, it will occupy the B site preferentially, which increases the ag-
gregation of the main chain of ferrite colloid, leading to the loss of
mesoporous network structure. The resistivity of the sample is high and
decreases with the increase of temperature. With the increase of Ni?*,
the ferromagnetic region increases, the paramagnetic region decreases,
and the saturation magnetization of ferrite increases. In addition, the
addition of Zn?*, Zr**, Cd?* and Sr?" ions also improved the magnetic
properties of the materials. For example, with the increase of Ru?*, the
absorption performance of SrFe;s xRu;O19 increases gradually. When x
= 1.5, the minimum reflection loss is —33.3 dB [92]. However, when
non-magnetic Mg?" is added to the ferrite lattice, it occupies the B site
firstly, which reduces the magnetization of the B site and the exchange
effect. It is not conducive to the improvement of the absorption
performance.

Adding metal powder into ferrites is another effective way to fabri-
cate the composite materials with a superior microwave absorbing
performance. Due to the existence of metal powder, the dielectric loss of
the material is increased, and the disadvantage of low absorption effi-
ciency of ferrite in low frequency band is made up. Thus the frequency
range of the absorbing material is widened. Spinel ferrite grows on the
surface of metal powder and forms the interface of metal ferrite. The
interface polarization effect increases with the increase of material
surface. The absorption property of ferrite is improved. For example,
combine carbonyl iron flakes and ZnFe;04. YC-100 sample at 1.5 mm
has a RLpj, value of —47.0 dB [43].

2. Ferrite/carbon composites

Due to their good conductivity and low density, adding carbon into
ferrite composites can increase the dielectric loss, reduce the weight,
improve the impedance matching, and finally broaden the absorption
bandwidth [93].

The combination of ferrite and graphene increases the dielectric loss
of ferrite and further improves the comprehensive microwave absorp-
tion performance [94]. The reduced graphene oxide/-
Nig.4Zng.4Cog.2Fe203 (rGO/NZCF) nanocomposites are prepared by
uniformly dispersing the nano-NZCF particles on the rGO nano sheet.
The eddy current caused by electromagnetic field produces additional
magnetic field, which can eliminate the external magnetic field.
Compared with the pure NZCF and rGO, the rGO/NZCF nanocomposite
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has more excellent electromagnetic performance [95]. Cog33N-
ip.33Mng 33Fe204 is prepared by introducing a large number of polar
groups —COOH and —OH on the surface of graphene. The residual defects
and groups in graphene can cause polarization relaxation and electronic
dipole relaxation, which can further improve the absorption of EM
waves [96]. The addition of carbon material can also prevent the
agglomeration of ferrite nanoparticles, and effectively improve the
dielectric loss of the composite. In addition, the special physical struc-
ture can also improve the absorbing properties of the composite. The
porous microspheres are assembled on the surface of the multilayer
graphene to form BisFe4O9/rGO composite. When the thickness of the
coating is 2 mm, the absorption loss value at 13.8 GHz is —71.88 dB. It is
much better than that of ferrite/graphene composite [97]. The fancy
structure formed by coating CoFepO4 nanoparticles in graphene sheet
effectively reduces the aggregation of graphene and enhances the
interface polarization between CoFe;O4 particles and graphene. The
impedance matching of the material is further improved [98]. The 3D
network structure also increase the electromagnetic loss by increasing
multiple reflection and scattering of EM waves.

3. Ferrite/conductive polymer composites

In the microwave band, the small adjustable range of dielectric
constant of ferrite leads to small dielectric loss, which limits the
improvement of absorption performance and the broadening of ab-
sorption band. Conducting polymer has high conductivity and dielectric
stability. The combination of ferrite and conducting polymer increases
the dielectric loss, improves the impedance matching and microwave
absorption performance. In addition, the double-layer composite struc-
ture has stronger interface effect. Polyaniline (PANI)/Ba ferrite (BF)
bilayer chiral composite is prepared by using L-camphorsulfonic acid as
chiral inducer. PANI improves the impedance matching between BF and
air. The maximum absorption loss of the composite is —30.5 dB at 33.25
GHz, the effective absorption bandwidth is 12.8 GHz, covering the
whole Ka band [99,100]. For Nig.5Zng.sFes04(NiZn ferrite)/polyaniline
(PANI) nanocomposites, the interaction between polyaniline chain and
ferrite particles improves the thermal stability of the composite.
Compared with single-layer composite, double-layer composite has
better impedance matching performance and interface effect.

3.2.3. Atom doping and morphology controlling

The rare earth ions doped in ferrite will replace the smaller-radius
metal ions to increase the lattice constant which leads to the increase
of lattice distortion and dielectric loss. At the same time, the doping of
rare earth ions will also increase the magnetocrystalline anisotropy field
and coercive force of ferrite crystal, thus increasing the hysteresis loss.
La®" doping can improve the microwave absorption performance of
ferrite [101]. La>" ions partially replace Fe3t ions, resulting in the
conversion of Fe>" ions into Fe?* ions. The saturation magnetization
decreased and dielectric constant increased. With the increase of La®*,
the overall magnetic interaction and magnetic loss of the sample
decrease, the dielectric polarization and dielectric loss increase. The
difference between ¢" and p" decreases, and the impedance matching and
absorption properties are improved.

The microwave absorbing property of ferrite also depends on its
microstructure. The common ferrites are needle like, rod-shaped, flaky,
and fibrous. In recent years, ferrite nanofibers have been successfully
prepared. In the Nig.4Co¢.2Zng.4Fe304/BaTiO3 composite fiber prepared
by electrospinning, the distribution of NCZFO and BTO particles along
the fiber axis reduces the magnetic coupling between NCZFO particles. It
promotes the resonance absorption of magnetic particles [102]. In
addition, the coercivity of BaFe;2019 hollow fiber prepared by electro-
spinning is far less than that of the common fiber, which shows strong
coercivity, soft magnetic property and high saturation magnetization.

For the composite structure, the core-shell structure can effectively
improve the EM waves absorption capacity. The core-shell structure
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provides more paths for the refraction and reflection of EM waves and
increases the attenuation of EM waves [103], as shown in Fig. 7. In the
core-shell Fe304@C composite, the presence of Fe3O4 microspheres
improves the graphitization degree of carbon shell. The coating of Fe304
microspheres on carbon shell improves the composite dielectric constant
and impedance matching [104]. For the core-shell of nano--
Mgo.96Tbo.04Fe204@polypyrrole, terbium ions successfully enter the
ferrite nano lattice, and change its electromagnetic parameters,
enhancing the coupling effect between Mgg.96Tbg.04Fe204. The satura-
tion magnetization and coercive force of the composite increase with the
increase of Mgp.96Tbg.04Fe204 content, which improves the absorbing
property of the composite [105]. In addition, the thickness of the shell
also has a certain influence on the absorbing properties of the composite.

3.2.4. Summary and prospect

The microwave absorbing properties of ferrite are improved by the
preparation of ferrite composite and the morphology control. Firstly,
when the interface of composite materials is increased, which leads to
the increase of interface polarization effect, as well as the dielectric loss.
Secondly, a higher dielectric constant is obtained in the composite ma-
terials to make up for the low dielectric loss of ferrite. Thirdly, in the
core-shell structure, there are multiple reflections and scattering of EM
waves, which increases the consumption of EM waves. Fourthly,
increasing the impedance matching of ferrite is beneficial to the EM
waves entering into the material. Fifth, reducing the density of materials
can meet the lightweight requirements in application. Besides, in order
to develop a ferrite absorbing material with wide absorption band,
strong absorption capacity, good environmental and temperature sta-
bility, innovative research must be carried out to meet the increasing
requirements.

4. Conductive polymers absorbant

Conducting polymers (CPs) present high sensibility to modificaitons,
controllability in micromorphologies, especially the flexibility in
dielectric and electrical properties. Due to the enormous advantages
compared with metals and semiconductors, many typical conducting
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polymers including polyaniline (PANI), polypyrrole (PPy), and poly-
thiophene (PTh) are widely used as effective dielectric loss-type
absorbing components. Therefore, extensive applications have been
obtained in the fields of microwave absorption and electromagnetic
interference (EMI) shielding. However, according to free electron the-
ory, high permittivity resulting from high conductivity and huge gap
between permittivity and permeability of conventional pristine CPs al-
ways lead to poor impedance matching and absorbing performance.
Therefore, researches on CPs absorber most focus on the impedance
matching improvement which can be realized by decreasing conduc-
tivity and permittivity, or increasing permeability through properly
design on microstructure and composition.

4.1. Structure regulation

Among the numerous CPs, PANI and PPy are the most welcomed for
their versatile morphologies with significant differences and resulting
various conductivities and dielectric performances affected by plenty of
parameters, especially for PANI, such as types of doped acid (macro-
molecular or protonic acid), chemical oxidation processes (rapid mixing,
interfacial or electrochemical polymerization), different types of oxi-
dants and temperatures. Therefore, “there are as many different types of
polyaniline(s) as there are people who make it”, stated by Alan Mac-
Diarmid [106].

Due to the high conductivity and resulting impedance mismatch,
conventional PANI nanorods [107] only exhibit a minimum reflection
loss (RL) of —9.85 dB at 7.33 GHz, and do not have effective absorption
bandwidth (EAB, RL value < —10 dB). Small irregular self-assembly
porous PANI microspheres [108] show better impedance match level,
whose minimum RL and EAB values reach —26.5 dB and 4.1 GHz,
respectively. By constructing nanoring-shaped morphology [109], this
PANI NRs porous structure contributes to enhanced reflection and
refraction of incident EM wave, then continuously consumed their en-
ergy, ensuring excellent microwave absorption property with minimum
RL reaching —39.10 dB at a thickness of 2.00 mm and EAB reaching
4.75 GHz (11.80-16.55 GHz).

The optimum conditions of conventional PPy are investigated [110],

Fig. 7. The structure schematic of poly (NMPy-CO-Py)/BNCF composite and the possible interaction [103].
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taking account of reaction time, reaction temperature, types of doping
agents and the molar ratio of initiator (APS) to pyrrole (Py) monomer on
the electrical and dielectric properties. The PPy sample with 2 mm
thickness has a minimum RL value of —19.68 dB at approximately 16
GHz and an EAB of 6.2 GHz in the range of 8-18 GHz. While the helical
nanostrutures [111] exhibit striking microwave absorbing performance,
attributed to their high aspect ratios and especially increased circular
polarizations, even under low filler loadings and excellent EMI shielding
efficiency (SE) at relatively high filler loadings, indicating their tunable
EM protecting abilities. The EAB of L-MDGA templated helical PPy
nanofibers (LHF-PPy) can reach 7.04 GHz (10.6-17.64 GHz) only under
a filler loading ratio of 7 wt%. Both L-MGA templated helical PPy
nanotubes (LHT-PPy) and LHF-PPy are effective MAMs for both X (8-12
GHz) and Ku (12-18 GHz) bands. For EMI shielding, the SE higher than
10 dB covers a frequency range from 2 to 18 GHz only at a thickness of 1
mm.

According to the Faraday’s law of electromagnetic induction [112],
when EM waves irradiate on helical structures, an inductive current can
be induced in this helical structure. Meanwhile, circular polarization
also takes place and polarizes to form right-handed and/or left-handed
circular polarized waves. While, the speed of circular polarized waves
is not equal to that of the incident EM waves, resulting in significant
increased attenuation compared to nonchiral materials. In addition,
circular polarization greatly increases the polarization relaxation of
p-electrons or defects, and further improves the attenuating ability
[113]. Hence, helical structures can be a promising structure for novel
MAM.

4.2. Composition strategy

4.2.1. Introducing wave-transparent or magnetic components

According to the concept of impedance matching, the characteristic
impedance of the absorbent should be close to Zy, the impedance of free
apace, to realize that much more EM waves can incident into absorbents
and achieve zero reflection at the interface between the free space and
absorbents. Actually, an overly large gap between the complex permit-
tivity e, and permeability p, is not expected [114]. As the relatively high
dielectric performance resulted from the high conductivity and the
nearly negligible magnetic loss characterization, the impedance
matching level and microwave absorbing performance of pristine CPs
are not promising. Hence, effective efforts to minish the large gap be-
tween ¢ and p, have been made by means of compositing with
wave-transparent and/or magnetic components, or other components to
restrain the conductive network of pristine CPs.

Numerous traditional magnetic materials, Fe, Co, Ni and relevant
alloys and compounds for instance, have been widely investigated to
composite with CPs for significant dielectric-magnetic synergistic effect,
enhanced magnetic loss performance and better impedance matching.
Highly regulated core-shell Fe304@PPy microspheres [115] with
adjustable PPy shell thickness from 20 to 80 nm by regulating the
relative ratio of pyrrole to Fe3O4 can reach as much as —31.5 dB
(>99.9% absorption) reflection loss at 15.5 GHz with a matching layer
thickness of 2.5 mm. Nano-stick shaped Fe;O3-PPy conducting ferro-
magnetic polymer nanocomposites [116] are simultaneously equipped
with high electrical conductivity of the order of 1072 S/cm and satura-
tion magnetization (Ms) value of 35 emu/g. PPy nanocomposite having
weight ratio [pyrrole]/[Fe;03] = 1:3 shows microwave absorption as
high as SEA22.5 dB (>99% attenuation) in the frequency range of
12.4-18 GHz (Ku-band). The Ms, remnant magnetization (Mr) and
coercivity (Hc) of cobalt ferrite hollow microspheres with pro-
trusions/polythiophene (CFHMP/PTh) [117] composites are 566.4 Oe,
40.8 emu/g and 17.6 emu/g, respectively. Contributed to the
dielectric-magnetic synergistic effect, the dielectric property of
CFHMP/PTh composites is better that of pristine CFHMP, while the
magnetic property is worse. CFHMP/PTh composites exhibit strong
electromagnetic dissipation ability (RL = —33.8 dB at 9.5 GHz) and the
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EAB is 3.1 GHz (8.2-11.3 GHz) at a thickness of 3.0 mm.

Typical wave-transparent components and other semiconductor
components, such as graphene oxide (GO) and SiO,, SnO3 and MnO5 are
employed to restrain the conductive network of CPs, then improve the
impedance matching. Sanghamitra Acharya et al. [118]reported fabri-
cation of a novel microwave absorbing material through one port
chemical reduction of graphene oxide (GO) in presence of magnetic
inclusion of nano-strontium aluminium ferrite SrAl4FegO19 (SAF) to
make ternary composite films in Poly (Vinylidene) Fluoride (PVDF). The
microwave shielding ability as well as absorbing nature of both as pre-
pared films are found to be excellent, RGOSAF21PVDF is found to be
more efficient shielding material as compared to other. Well-ordered
core/shell/shell-like Fe304@SiO2@PPy microspheres with prominent
electromagnetic microwave absorption performance are obtained
[119]. The tailored shell thickness can be tuned from 20 to 60 nm
(including SiO layer) via changing the molar ratio of Fe304@SiO» to
Pyrrole. The minimum RL reaches —40.9 dB at 6 GHz with the coating
thickness of 5 mm. The EAB could reach 6.88 GHz from 11.12 to 18 GHz,
completely covering the whole K (12-18 GHz) band. SnO, nano-
particles@polypyrrole hybrid aerogels [120] display excellent electro-
magnetic wave absorbing performance. Only with 10 wt% of nano-SnOg
filler loading in wax, the EAB of the hybrid aerogel can reach 7.28 GHz.
Through the regulation of sample thicknesses, effective electromagnetic
wave absorption at lower frequencies can also be achieved.

4.2.2. Constructing interfaces and pores for composites

Constructing interfaces and pores plays an important role among the
development of MAM, because the resulting huge specific surface area
can facilitate the propagation and multiple scattering and enhance the
interfacial polarization of the incident EM waves, which provides more
opportunities for interaction between absorbents and the EM waves.
Constructing interfaces and pores not only enhances the EM wave
attenuation, but also decreases the bulk density of the absorbents. Hence
it has been an efficient route to meet the demands of strong absorption
intensity and broad effective bandwidth coverage with thin width and
light weight of MAM.

1. 0-D core-shell structure

Investigations on the mechanism of microwave absorption indicate
that interfacial polarization at the interface between core and shell
contributes to the dielectric loss significantly, which is of benefit to
create well matched characteristic impedance in core-shell composites,
then produce strong RL. Highly uniform core-shell PPy@PANI com-
posites [121] as shown in Fig. 8, whose PANI shells can be well
controlled from 30 to 120 nm by changing the weight ratio of aniline
and PPy microspheres, display excellent microwave absorbing perfor-
mance, especially for PPy@PANI-0.8 and PPy@PANI-1.2, whose

Fig. 8. Calculated RL of core-shell PPy@PANI with adjustable PANI shell
thickness (St) from 60 nm to 120 nm in the frequency range of 2-18 GHz [121].
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minimum RL values can reach —43.1 dB at 7.1 GHz and —51.3 dB at 8.8
GHz with thicknesses of 4.0 and 3.0 mm. The core/shell/shell-structured
Ni/SiOy/PANI hexagonal nanoflakes possessing in-plane [111] easy
magnetization and out-of-plane interfacial polarization are synthesized
by a three-step liquid chemical method [122] . As a result, the
H-V-oriented composite achieves the best electromagnetic impedance
matching and absorption with a broad absorbing bandwidth of 4 GHz, a
wide thickness range of 7-10 mm, and a minimal RL of —41.5 dB in the
Ku (12-18 GHz) band.

2. 1-D nanotube or nanofiber structure

PANI nanorods with tunable chirality [123] are grew on helical
carbon nanotubes (HCNTSs), a typical nanoscale chiral structure. The
experimental results show that the hierarchical hybrids (PANI@HCNTSs)
exhibit distinctly dual chirality and a significant enhancement in EM
losses compared to those of either pure PANI or HCNTs. The minimum
RL of the as-prepared hybrids can reach —32.5 dB at 8.9 GHz. Further
analysis demonstrates that combinations of chiral acid-doped PANI and
coiled HCNTs with molecular and nanoscale chirality lead to synergistic
effects resulting from the dual chirality.

Massive multiple interfaces existing in polydimethylsiloxane/multi-
walled carbon nanotubes (PDMS/MWCNT) nanocomposites con-
structed by the incorporation of cotton fibers (CTF) make EM waves
efficiently attenuated by the wave reflection at the multiple interfaces
and then absorbed at the interfaces of PDMS/CTF and CTF/MWCNT.
The EMI shielding effectiveness values of the PDMS/MWCNT nano-
composites with 2.0 and 3.0 vol% MWCNT increase from ~16 to ~30
dB, ~20 to ~41 dB by adding 15 vol% CTF, respectively [124].

3. 2-D vertical arrays on sheet

PANI/GN hybrid [125] prepared by in situ intercalation polymeri-
zation shows a minimum RL and EAB reaching —36.9 dB and 5.3 GHz
(8.2-13.5 GHz) at the thickness of 3.5 mm. However, the ribbon-like
PANI nanofibers and large-scaled GN layers can be clearly recognized
under TEM and SEM. Improved Debye relaxation process [126] is found
in the sandwich-like PANI-GN-PANI structure compared to pristine
PANI and GN, and increases the RL and EAB to 45.1 dB and ~8 GHz with
a thickness of 2.5 mm. J. Liu et al.

4. 3-D porous structure

Conductive thermoplastic composites containing both MWCNTSs and
PANI doped with para-toluene sulfonic acid (PTSA) are formulated using
two different methods [127]. In the first method, PANI-PTSA-coated
MWCNTs are synthesized and processed into an insulating matrix. The
second method involves mechanical mixing of separate synthetic
PANI-PTSA and non-coated MWCNT solids into an insulating matrix.
Microwave absorption measurements at X-band frequencies (8-12 GHz)
indicate that the former composites are poor absorbers, while the latter
are good absorbers and showed stronger absorption than composites
containing only PANI-PTSA or MWCNTs. 3D polypyrrole/poly (3,
4-ethylenedioxythiophene) (3D-PPy/PEDOT) composite is prepared via
a self-assembly method [128]. The composite consisting only 5 wt%
3D-PPy/PEDOT in a wax matrix exhibites an EAB of 6.24 GHz at a
thickness of 2.5 mm, and highest EABof 6.28 GHz can be reached.
Dielectric carbon nanotubes@polyaniline (CNTs@PANi) hybrid micro-
wave absorbeents [129] are synthesized via an interfacial modulation
strategy and the CNT nanocore structure is optimized. The heteroge-
neous interfaces from PANI and CNTs can be well regulated by longi-
tudinal unzipping the multi walls of CNTs to form 1D CNT-and 3D
CNT-bridged graphene nanoribbons and 2D graphene nanoribbons. By
controlling the oxidation peeling degree of CNTs, their interface area
and defects are enriched, thus producing more polarization centers to
generate interfacial polarization and polarization relaxation, and also
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introducing more PANI loadings.
4.3. As precursors for nitrogen-containing carbon materials

Carbon materials, such as carbon black, carbon fiber, carbon nano-
tube, graphene, etc. have been widely studied as MAM, and details are
demonstrated in Chapter 4. Recently, heterogeneous atom-doped carbon
materials are expected to be promising candidate as microwave absor-
bents, especially the N atoms, which can donate electrons to the carbon
conjugated system and lead to enhanced dielectric loss contributed to its
larger electronegativity. N-containing conjugated CPs, like poly-
acrylonitrile (PAN), PANI and PPy are widely used precursors by means
of high temperature carbonization. It is demonstrated that morphology
diversity can be inherited to N-doped carbon materials, because
carbonization process does not destroy the complicated morphologies of
the polymer precursors [130]. Hence, equipped with enhanced dielec-
tric loss capacity, morphology (interfaces and pores) diversity and
reduced conductivity, N-doped carbon materials obtained from N-con-
taining CPs precursors have a great potential for development of MAM.

Thanks to the emergence of the special heterostructure and associ-
ated significant interfacial polarizations, carbonized hydrochars/ZnO
nanocrystals (CH/ZnO) composites [131] are endowed with the opti-
mized RL achieving —49.24 dB with the thickness of merely 1.24 mm,
and EAB ranging from 13.2 GHz to 16.6 GHz.

Accordingly, the existence of the surface amorphous carbonized
layer can effectively improve the impendence match and alter both the
interfacial and dielectric loss. Barium haxe-ferrite nanoparticles coated
with amorphous carbon layers, carbonized from PANI ranging from 10
to 30 nm thickness [132], display a minimum RL reaching —35 dB at
15.5 GHz and EAB reaching ~2.0 GHz (ranging from 14.4 GHz to 16.4
GHz) thickness of 5.5 mm. Unique hierarchical configuration of
core-shell FeCo@C nanoparticles encapsulated in polydopamine
(PDA)-derived carbon nanocages [133] show strongest RL located at
—67.8 dB at 15.8 GHz, and the EAB covering 11.0-16.3 GHz with the
thickness of 2.00 mm.

4.4. Summary and prospects

In summary, composition strategy for dielectric-magnetic synergistic
effect and better impedance matching, as well as structure design by
constructing interfaces and pores to enhance interfacial polarization and
multiple scattering, are the two dominating routes to broaden the
application of conducting polymer-based MAM. Superior environmental
stability, morphology and physicochemical property diversities and
really low synthesis cost will endow CPs and relevant composites a
strong vitality as MAM and also other applications. In addition, the
theoretical calculation of CPs-based composites MAM is to be explored.

5. Carbon absorbent

Carbon materials, including carbon black, carbon fiber, carbon
nanotubes, graphene, etc., are one of the most widely used MAM due to
their high electrical conductivity, low density. The conductive loss
attributing to its high electrical conductivity is the main microwave
absorbing mechanism for carbon materials. However, no magnetic loss
leads to a poor impedance matching which results in a high reflection
and low absorption of EM wave. The fabrication of carbon-based com-
posites is an effective way to improve the impedance matching and
microwave absorbing performance. The current researches on carbon-
based composites are mainly focusing on the following two designs:
adding dielectric material (manganese oxide, zinc oxide and silicon
carbide) into carbon to decrease the electrical conductivity and micro-
wave reflection, and adding magnetic materials (alloys and oxides of Fe,
Co, Ni, and etc.) to increase the permeability and introduce magnetic
loss mechanism. Carbon based composites can satisfy the multiple re-
quirements of light weight, thin thickness, wide frequency bands and
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enhanced properties of MAM in changeable circumstance.

5.1. Traditional carbon absorbent

5.1.1. Carbon black

Carbon black (CB) is a kind of amorphous carbon. It has good EM
wave absorption characteristics in the high frequency range, and also
has stable and lasting conductivity, good dispersion, low density and
low price [134]. The high conductivity of CB results in a strong reflec-
tion of EM waves when CB is used alone. According to the absorption
mechanism, the impedance matching can be improved by uniting car-
bon black absorbent with the permeable material. For instance, a
double-layer absorbing material is designed using the quartz glass fiber
reinforced polyimide (SiO»f/PI) composite as a matching layer and CB as
an absorption layer [135], thus achieved better absorption.

In addition, carbon black can enhance dielectric loss performance by
compounding with dielectric loss materials, resulting in improved
impedance matching. It is found that the epoxy resin (EP) matrix
composited with tetrapod-like ZnO whiskers (T-ZnO) and carbon black
as absorbent has porous structure and adjusted complex permittivity as
shown in Fig. 9. The dispersion distribution of ZnO whiskers in the
epoxy resin matrix leads to interface electronic polarization, while the
whisker needle leg has a stronger electronic polarization, which can
greatly increase the effective absorption of EM waves [136]. The carbon
black/reduced graphene oxide (CB/RGO) composites with enhanced
absorbing properties are synthesized via freeze-drying and reduction
processes [137]. The significant enhancement is mainly due to the
unique local conductive network structure formed by introduced gra-
phene sheets. The loss mechanism of the enhanced dielectric properties
covers the local conductive networks, electron hopping, interfacial po-
larization and relaxation loss. Besides, CB is often introduced to mag-
netic material to obtain both magnetic and dielectric loss mechanism,
such as the coating of CB-based carbonyl-iron powder (CIP) or ferrite
absorbent.

5.1.2. Carbon fiber

Carbon fiber (CF) is a multi-functional material with high strength,
high modulus, low density, small coefficient of thermal expansion,
corrosion resistance and excellent electrical properties [138]. Because of
these advantages, CFs are being widely used as reinforcement phase in
the ceramics, metallic and polymeric matrices. CF is a kind of conductive
loss material, which is easy to form a large continuous conduction cur-
rent under the action of electromagnetic field, and resulting a strong
reflection of radar waves. Generally, CF is scarcely used as a wave
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absorbing material alone. The surface modification and structural
design of carbon fiber are carried out to meet the requirements of new
wave absorbing materials.

Compared to the common solid CFs, hollow carbon fibers (HCFs),
porous carbon fibers (PCFs), hollow porous carbon fibers (HPCFs) and
carbon nanofibers (CNFs) possessed the superior properties because of
the large surface area, low density and multiform framework. Their
microscopic morphology is shown in the Fig. 10. Research has shown
that introducing a hollow or porous structure are both beneficial to the
strong absorption [139]. Hollow structures could accelerate the
increasing rate of the real part of complex permittivity while lowering
that of the imaginary part, while porous structures enhance multiple
reflections and scattering. As a kind of nanomaterials, CNFs have surface
effect and quantum size effect. The size of CNFs-based composite ma-
terials is controlled in the nanoscale is beneficial to improving absorbing
property and lowering matching thickness.

In a general way, magnetic loss absorbent such as magnetic metal
and metal oxides, carbonyl iron, etc., are combined with carbon fiber to
prepare low density and strong absorption composite materials. By
chemical doping or surface modification on the surface of carbon fiber, a
layer of magnetic powder is deposited to improve its magnetic perme-
ability, so as to obtain excellent absorbing performance. For example,
abundant interfaces brought by Fe304 coated on the surface of the car-
bon fiber and the synergistic effect between dielectric/magnetic com-
ponents contribute to the enhancement of impedance matching and
dominate the mechanisms of attenuation ability. In order to further
improve the absorbing property of carbon fiber composites, on the basis
of magnetic surface modification, the dielectric material such as man-
ganese dioxide and reduced graphene oxide is used to enhance the
dielectric property to attenuate EM waves. Moreover, the dielectric
material can be also decorated on the carbon fiber surface, such as sil-
icon carbide.

5.2. Nano-carbon absorbent

Currently, there are mainly three categories of nanostructures for
carbon materials: carbon nanotubes (CNTs), graphene, and other special
carbon nanostructures. Compared with traditional carbon materials
such as CB and CF, carbon nanomaterials have larger specific surface
area, smaller size effect, higher ratio of surface atoms and more surface
hanging bonds due to their size advantages at the nanoscale. Hence,
carbon nanomaterials have attracted much attention from researchers in
recent years. However, carbon nanomaterials such as graphene and
carbon nanotubes have the same poor impedance matching as

Fig. 9. The frequency dependence of complex permittivity of pure T-ZnO, pure CB and CB/T-ZnO/EP composites [136].
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Fig. 10. SEM images of (a) common CFs, (b)HCFs, (c)PCF, (d)HPCF and (e)CNFs [139].

traditional carbon materials. Besides, they are more prone to agglom-
eration. Therefore, carbon nanomaterials are generally used after com-
posite with magnetic loss materials or dielectric loss materials, which
can not only improve impedance matching to enhance microwave ab-
sorption, but also effectively solve the confusion of agglomeration.

5.2.1. Graphene composites

Graphene, like other carbon materials, faces the problem of poor
impedance matching and easy agglomeration, which can be improved
by compounding with other materials [140,141]. In situ synthesis by
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simple hydrothermal reaction is a common method for the synthesis of
rGO-based composites. Some oxygen-containing functional groups, such
as carboxyl and hydroxyl groups, and some specials structural defects
will generate on the surfaces of rGO. They can provide reaction sites for
the precipitation process. The ions are fixed to the rGO surface by
electrostatic interactions with the functional groups. And then the
desired crystal in situ crystallize. Aunique structure of rGO/starlike-ZnO
is constructed with the minimum RL reaching —77.5 dB and the
maximum effective bandwidth reaching 6.9 GHz. The starlike ZnO
hinders the aggregation of rGO, and the ZnO nanocrystals on rGO sheets
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effectively improve the interface of the heterostructure and the imped-
ance matching of rGO [142]. Similar methods are also used to prepare
NiFeo04-rGO, M0S,/rGO and other complexes. In brief, hydrothermal
synthesis is a mature method to prepare carbon nanocomposites.

The composite components in graphene-based composites have va-
rieties of morphologies. This can also affect the microwave absorption
performance of composites to a certain extent. For example, the cubic
crystal ZnSnOg particles in the ZnSnO3/rGO hybrid material (Fig. 11)
can be regarded as a scaffold to support the layered graphene to increase
the surface area [143]. A larger surface area can cause multiple re-
flections and provide more active points for energy to escape, and mi-
crowave energy can be converted into other forms of energy over a
longer propagation period. Then, floral Co304 is implanted on the sur-
face of rGO [88]. Flower-shaped Co304 with a capacitor structure can
induce multiple interfaces and dipole polarization due to its large
number of interfaces and pores. In particular, the pore structure of
Co304 petals produces a large number of defects and functional groups,
resulting in a great dipole polarization. Furthermore, the core-shell
structure of carbonyl iron/SiOy decorated reduced graphene oxide
(CI/Si05/RGO) is fabricated [144]. The core-shell structure of CI/SiOy
can generate additional interfacial polarization, space charge polariza-
tion and multiple scattering, which are also conducive to EM wave ab-
sorption. The wave transparent medium SiOs as the shell improved the
impedance matching and attenuation capacity of the absorber. By
growing CuS nanosheets on magnetically modified graphene, a hybrid
nanocomposite with microwave absorption enhancement is still
designed [145]. When the electromagnetic wave penetrates CuS nano-
flakes, it can be subjected to multiple reflections and diffusions caused
by the relatively large surface area and high pore volume of the internal
pore space.
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Doping of rGO with heteroatoms has been regarded as an effective
approach to tailor the electrical properties of rGO. It is expected that
doping elements into graphene may produce more defects, which is
beneficial for microwave absorption. Especially, nitrogen doping in the
crystal lattice of rGO could not only enhance the defects or dipole po-
larization and conduction loss capacity, but also optimize the impedance
matching condition. Enhanced microwave absorption performance had
been achieved in CoNi/nitrogen-doped graphene hybrids, nitrogen-
doped reduced graphene oxide/nickel-zinc ferrite (NRGO/
Nig.5Zng.sFe204) composite, FegO4 nanocrystals anchored on nitrogen-
doped graphene nanosheets, y-Fe;O3 nanoring/porous nitrogen-doped
graphene (y-Fe;O3 NR/PNG) composites and so on.

5.2.2. CNT composites
1. CNT

The arrangement of carbon nanotubes will affect their microwave
absorbing properties. By changing the angle of intersection of carbon
nanotube films when stacking, a remarkable reflection loss of —47.66 dB
is achieved by stacking four aligned CNT sheets with an intersectional
angle of 90° between two neighboring ones. The propagation of elec-
tromagnetic wave can be affected by adjusting the angle between
adjacent CNT film layers, thus affecting the absorption performance.
Carbon nanotubes can composite with dielectric materials like TiO,,
ZnO, manganese oxide to improve impedance matching [146]. These
dielectric oxide particles decorating on the surface of the carbon nano-
tubes lead to the formation of polarizations and capacitor-like structures
at the interfaces between MWCNTs and the dielectric material. The
capacitor-like structure at the interfaces could attenuate the power of

Fig. 11. The TEM images of the ZnSnO3/rGO [143].
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incident microwaves by aligning the polar bonds or charges in the
alternating electromagnetic field. A simple, room-temperature water
bath method came forward to prepare crystalline manganese oxide and
CNT-MnOy nanocomposites at atmospheric pressure [147]. Altering the
PH of the reaction solution allows better control over the phases of the
composite product, which can be either CNT-MnO; or CNT-Mn304
[148,149].

Except for composite dielectric materials [150], the other way is to
increase magnetic loss through composite CNT with magnetic materials
including Fe, Co, Ni metals, alloys, and their oxides, etc. The addition of
magnetic loss materials made up for the low permeability of CNTs, and
realized the dual attenuation of EM waves with conductivity loss and
magnetic loss. For instance, Fe3O4 nanoparticles coated on the CNT
surfaces result in high incidence probability, multiple reflection and
absorption of microwaves, and effective complementarities between the
dielectric loss and the magnetic loss. Carbon nanotubes are easy to form
conductive networks in composites due to their large aspect ratio. Such a
conductive network is hard to convert the electromagnetic energy into
thermal energy, owing to the ultralow resistivity which always results in
strong inverse radiation, as shown in Fig. 12. In order to reduce inverse
radiation, tunable graphitized amorphous carbon layer block the
directly contact between MWCNTs and Fe layers [151]. This amorphous
carbon layer played a key role on suppressing inverse radiation, eddy
current and simultaneous boosting efficiently conductivity loss ability.

5.3. Microstructure regulation

5.3.1. Core-shell nanostructure

Many scientists have shown their interests in constructing core-shell
structures to improve the chemical homogeneity and enhance the
functionality of carbon-based composites. The multiple reflections be-
tween the core and the shell can improve the dielectric loss of the
composite material, thus significantly improve the wave absorption of
the composite materials. For example, a novel Fe304@C@MnO; hybrid
is successfully synthesized with core-shell structure [152]. The
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introduction of MnO5 nanosheet is beneficial to increase dielectric loss.
Besides, the space formed by MnO, nanosheet can effectively enhance
the reflection loss by interface reflection. Due to the polar interface
between MnO, and carbon, other ways such as interface relaxation,
interfacial polarizations and eddy current loss can also enhance the
hybrid’s reflection loss.

Owing to high specific area and special porosity structure, metal-
organic frameworks (MOFs) using magnetic metals (Fe, Co, Ni or
bimetallic) as metal center can be directly pyrolyzed to design metal/C
nanocomposites with porous carbon and magnetic constituents for high-
efficient EMW absorbers due to the synergy effect between magnetic loss
and dielectric loss [153]. Multi-interfacial Ni@C@ZnO composites
[154] with optimized yolk-shell structure are synthesized by involving
the initial bimetal Ni-Zn MOF precursor and a subsequent pyrolysis
under Ar, atmosphere. It creates unique “Schottky contact barrier” in
the MOF-derived hierarchical magnetic-dielectric system. It can be
shown in the Fig. 13, reduced metallic nickel nanocrystals/clusters
catalyze the formation of graphitized carbon matrix, which provides
electron transportation path and increases the conductivity loss.
Meanwhile, the core-shell Ni@C micro-unit assembly into a magnetic 3D
hierarchical microsphere, inside which the thin dielectric loss ZnO flakes
are embedded. The Schottky barrier at the Ni@C-ZnO boundaries
intensify the local electric field and thus improve the interfacial
polarization.

5.3.2. Other special nanostructure

There are some other carbon materials with special microstructures
that are also conductive to the microwave absorption such as porous
carbon, carbon nanofiber, nanorod, nanosheet, nanowires, etc
[155-159]. Porous carbon (PC) materials demonstrate great potential in
EM wave absorption due to their ultralow density, large surface area,
and excellent dielectric loss ability. 2D hierarchically laminated
FesOs@nanoporous carbon (NPC)@rGO magnetic/dielectric nano-
composites is developed [160]. It is found that the high-density mag-
netic stray field located around the laminated nanocomposites, which

Fig. 12. Schematic illustration of (a) electromagnetic wave propagation route and (b) conductive network in MWCNTs-related composites; (c—d) micro-current loss

mechanism for MWCNTs-related composites [151] .
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Fig. 13. The microwave absorption mechanism of yolk-shell Ni@C@ZnO absorber [154].

confirmed the micron-scale 3D magnetic coupling network in the
laminated composites which is helpful to the enhancement of magnetic
loss and the optimization of impedance matching. Two-dimensional
Co/C nanosheets by directly carbonizing ZIF-67 nanosheets is synthe-
sized [161]. As expected, the as-fabricated two-dimensional C/Co
composites exhibited excellent performance for microwave absorption
on account of increased dielectric loss by providing effective pathway
for electron hopping and migration and multiple reflection. Unique
peapod-like Cu/C core-shell nanowires (CSNWs) are specifically
designed and prepared [162]. The outer carbon shells can improve the
chemical stability of Cu core. The gap between Cu nano-
rods/nanoparticles is filled with air with low permittivity, which can
tune impedance matching. Modulation over the composition and aspect
ratio of Cu nanorods/nanoparticles encapsulated by carbon shells can
control dielectric loss and conductivity.

5.4. Summary and prospects

In this section, the recent advanced developments of carbon-based
composites including CB, CF, graphene, CNT, and other microstruc-
ture carbon material for microwave absorption are comprehensively
introduced and summarized. The combination of carbon materials with
other loss materials (conductive polymer, magnetic metal, ferrite and
ceramic, etc.) can improve the impedance matching characteristics of
carbon-based materials, introduce more loss mechanisms (such as
magnetic loss, more kinds of polarization loss, etc.), and effectively
improve the absorbing performance of materials. In addition, the
morphology and structure of the absorbing material will also affect the
conductive loss, magnetic loss, dielectric relaxation, interface
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polarization and impedance matching of the material, and then have a
certain impact on the absorbing. In conclusion, carbon and its com-
posites show excellent EM wave absorption properties. However, there
are many challenges of multicomponent carbon nanostructures com-
posites such as the balance of broadband and strong absorption, the
combination of structure and function and clear EM wave absorption
mechanisms for carbon nanostructures. It is believed that these chal-
lenges will be solved continuously with the joint efforts of scientists
around the world. In the future, carbon nanocomposites will still be the
most competitive candidates for microwave absorbers.

6. Ceramic absorbant

The electrical conductivity and dielectric properties of ceramic ma-
terials such as SiC and BaTiOgs can be tuned by controlling the defects,
morphology, structure, etc. Ceramic materials also show high strength,
excellent high temperature resistance, outstanding chemical stability
and low density. These characteristics make them as one of promising
candidates used as MAMs. At present, researches of ceramic absorbant
mainly focus on the microstructure controlling and composition
designing. Their composites consist of carbon materials, magnetic ma-
terials or others have been widely studied.

6.1. SiC

6.1.1. Pure SiC

When pure SiC is used as absorbing agent, the influence of
morphology and structure on absorption efficiency should be consid-
ered. At present, SiC nanowires, nanotubes, nanoribbon, nanohollow
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spheres and other structures have been successfully synthesized. Liter-
atures have confirmed that SiC structures with low dimension exhibits
better microwave absorption performance than bulk SiC materials.
Therefore, the nanowires and nanotubes with high aspect ratio attract
more attention in microwave absorption field. Dielectric materials with
a large length-diameter ratio present better conductive properties. With
the length increasing, SiC nanowires (SNW) connect with each other to
form a conductive net and present a low resistance. The conductive net
consisting of SiC would have large complex permittivity and polariza-
tion loss. The SiC containing more stack fault (SF) are benefit to
dielectric loss. SFs inside the SiC crystal structure can disrupt the bal-
ance of the electric charge distribution, create a large number of inter-
facial dipoles, oppose the EM field and induce energy dissipation. The
SiC with the highest density SFs [163] shows largest permittivity. Be-
sides, the materials owing better absorption performance need to satisfy
both of the loss ability and impedance matching. Hollow SiC micro-
spheres (HSS) (Fig. 14) with the thin shell and air cavity have better
impedance matching and microwave absorption properties [164].

6.1.2. SiC composites

The absorption performance of pure SiC is undesirable in the low
frequency band. Numbers of methods have been performed to improve
EM wave absorption performance of SiC materials, including atom
doping, defects regulation, surface modification and preparing com-
posites [165,166]. Carbon materials and polymers with lower density,
high electric conductivity is widely used to prepare SiC-based composite
materials. In C-doped SiC ceramic nanocomposites [167], the amor-
phous carbon and graphite uniformly coat on the SiC matrix. The
dielectric properties of the nanocomposites can be tailored via changing
the C contents.

As known, the net-like structure is beneficial to EM wave absorption
due to the excellent impedance matching and multiple reflections. The
net-like C skeleton often derives from polymeric and biological mate-
rials. For example, the C skeleton originates from pyrolysis of melamine
foam, then thin SiC coating is fabricated on the skeleton [168](Fig. 15).
SiC/C-900 °C has high attenuation constant and multiple polarization
due to the existence of defects and interfaces. Carbon materials such as
carbon fibers (CFs), carbon nanotubes (CNTs), graphene shows excellent
conductive attenuation on microwave. But the physical properties, such
thermal stability and mechanical properties are inferior to the ceramic
materials. As reported, when SiC nanowires coating on the outside
surface of graphene, The yield strength and Youngs modulus increase
rapidly [169]. In addition, SiC nano wires have a major contribution to
the improvement of thermal stability of graphene aerogels. The hydro-
phobicity of graphene aerogel-SiC nanowires is also improved owing to
the microscopic roughness of macropores in SiC layer. The graphene
aerogel-SiC can exhibit a better absorbing property whose minimum RL
value is 54.8 dB at 5.3 GHz.

Universal transition metal oxides containing MnO, NiO, Fe3O4, etc.
are introduced into SiC-based absorption materials, due to their special
magnetic properties. It is worth noting that structure, morphology,
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crystallization, content of transition metal oxides would make much
influence on electromagnetic properties of the composite. MnO/SiC
composites shows better absorption performance than SiC [170]. The
better impedance matching and loss performance of MnO/SiC are the
main factors to increase the microwave dissipation compared to the pure
SiC. Antiferromagnetic materials such as Fe3O4 and NiO are also widely
used for microwave absorption. The microwave absorbing performance
of SiC/Fe304 hybrid nanowires [171] is adjusted by changing the weight
ratios of Fe3O4. The huge interfaces between SiC and Fe3O4 particles are
beneficial to the polarization loss. The coercivity and residual magne-
tization of all the SiC/Fe304 nanowires is zero which implied that the
hybrid nanowires are superparamagnetic at room temperature. As the
ratio of Fe3Q4 increases, the magnetic saturation and permeability rises
which lead to an excellent microwave absorption. According to the
research, compared to the ferromagnetic materials, the influences of
antiferromagnetic component on magnetic properties are very limited.
The Fe, Co, Ni forming composites with SiC is worth expected. However,
ferromagnetic particles always forming Si-O-metal bonding with SiC
due to the existence of the silica layer between SiC and magnetic metal.
This not only influence the magnetic properties but also the electrical
conductivity.

6.2. BaTiO3

BaTiOs is a kind of typical perovskite ferroelectric oxide. It is widely
applied in harsh condition such as high-temperature and corrosive en-
vironments. Meanwhile BaTiOj3 is a kind of dielectric materials which
makes it a strong candidate as microwave absorbing materials.

6.2.1. Atom-doped BaTiO3

The microwave absorbing properties is undesirable for the pure
BaTiOs. Element doping is beneficial to improve the microwave atten-
uation. The doped ion can change the particle size and electromagnetic
properties of BaTiOs. The average particle size of Fe doped BaTiOg
nanocrystals [172] decreases after Fe doping. The doping ions are
located on particle surface and inhibite the particle growth during the
nucleation process. Zhang et al. [173] synthesized a series of novel Ag
doped BaTiO3 (Ba; xAgxTiO3) nanocomposites. Compared with the pure
BaTiOs, there are peaks of permittivity and permeability at high fre-
quency for doped BaTiOs. Rare earth element La doped BaTiO3 [174]
shows the reflection loss of —41.0 dB at 9.8 GHz and effective bandwidth
(below —10 dB) of more than 1.7 GHz when La®" content is 0.6%.
Especially, the oxygen vacancies of BaTiOs also have huge influence on
the dielectric properties. The accumulation of charges around oxygen
vacancies slows down the motion of domain wall and increases the
polarization loss.

6.2.2. BaTiO3 composites

BaTiO3/C composites can take both advantages of conductive loss
and polarization loss. Cui et al. [175] fabricate the core-shell BaTiO3@C
microspheres, hollow carbon shells (HCS), and BaTiO3(BTS) for

Fig. 14. SEM of Hollow SiC microspheres [164].
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Fig. 15. Pyrolysis and CVD preparation process of SiC/C foam and SEM of SiC/C foam [168].

microwave absorption. It is found that individual BTCs or HCSs possess
very low ¢ and ¢” values. The relative complex permittivity and
dielectric loss capability of mixed BTCs and HCSs are much higher than
those of pure BTCs and HCSs, but lower than those of BaTiOs@carbon.
This indicates that the interfacial polarization between BTCs and HCSs
contribute to microwave absorption. The loss mechanism is shown in
Fig. 16. For the BaTiOs/reduced graphene oxide (RGO)composites
[176], the BaTiO3 nanotube has high aspect ratio. Multiple phase het-
erostructure materials have huge interfaces that may capture space
charges due to the different conductivity which will enhance the mi-
crowave attenuation.

BaTiO3 shows excellent polarization properties, but poor impedance
matching because of its low magnetic properties. Their composite with
ferromagnetic materials exhibits excellent electric polarization and
strong magnetoelectric coupling at room temperature which potentially
contribute to microwave attenuation. Composites consisting of dielec-
tric and magnetic materials shows good impedance matching and
excellent microwave absorption due to the strong polarization around
the interfaces. Magnetoelectric coupling between the ferromagnetic and

ferroelectric phases could also effectively enhance the ferromagnetic
and dielectric polarization. The BaTiO3 coated Ni nanocomposites syn-
thesized by Shi et al. [177] present significantly enhancement on mi-
crowave absorption compared to the pristine Ni nanoparticles. The ¢’
and &”’ of Ni@BaTiOs are higher than those of Ni in the frequency range
of 1-18 GHz. The u’ and u’’ values of Ni@BaTiO3 nanoparticles are
slightly lower than those of Ni in low frequency but higher in high fre-
quency. Huang et al. [178] investigates the microwave absorbing
properties of Fe304-BaTiO3 composites in the frequency range of 1-18
GHz. All the composites have larger ¢’ and €’° compared to those of pure
BaTiO3 and Fe3O4 materials.

6.3. MXenes

MXene is a kind of 2D ternary ceramic material with very high aspect
ratios, abundant natural defects and special metallic features, whose
thicknesses is corresponding to a few atomic layers. Tx denotes the
functional groups on surface such as -OH, =0, and -F. Its extraordinary
structure endow it special electromagnetic performance which makes it

Fig. 16. Three-dimensional maps of calculated RL values of BTCs (a), HCSs (b), and BTCs/HCSs (c) with varying absorber thicknesses in the frequency range of
2.0-18.0 GHz. Schematic illustration of microwave-absorption mechanisms in BT@carbon microspheres [175].
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widely applicated as microwave absorbing and shielding materials
[179-182]. As one of the most important family members, Ti3C2Tx has
been extensively researched as microwave absorbant. Liang et al. [183]
design a dielectric RGO/Ti3CTx aerogel anchored with magnetic Ni
nanochains through directional-freezing method and hydrazine vapor
reduction process. The addition of MXene helps improve the attenuation
constant due to its high electrical conductivity and high active groups
numbers. Besides, the heterogeneous dielectric/magnetic interfaces and
oriented cell structure both contribute to the absorption performance by
improving the impedance matching, electric-magnetic coupling effects
and multiple polarizations. In particular, the 2D MXenes-based com-
posite is much lighter than metal materials. Yin et al. [184] use TizCyTx
MXenes as dielectric mediator to obtain RGO/TigC2Tx hybrids foam for
the first time. The composites are of hollow core-shell architectures and
tunable dielectric attenuation. The prepared RGO/Ti3CoTx foam shows
excellent microwave absorbing property which is better than other re-
ported foam-based counterparts. The abundant charges can migrate and
hop under the alternated EM field between conductive Ti3CyTx spheres
and RGO flakes through defects and heterointerface which will form
huge field-induced microcurrents and give rise to conductive attenua-
tion. Yin et al. [185] also fabricate f-Ti3CoTx/SiCnws hybrid foams with
ultralow density. The absorption performance is enhanced with the
increasing content of Ti3CyTx in composite, which is because of the
increasing conductive loss. The combination of conductive TizC2Tx and
dielectric SiCnws makes the impedance better matched with free space
and efficiently decreases the microwave reflection. The layered TizCyTx
also contributes to the formation of hierarchically porous structure in
composites which can not only results in low mass loading but also
contributes to the microwave dissipation. The micro current between
the nanosheets contributed by defects and interface under EM field also
enhance the conductive a lot. The extraordinary 2D structure of MXenes
plays a crucial role in their excellent electromagnetic property. The 2D
materials, such as graphene and layered transition metal dichalcoge-
nides (LTMD) are widely used as microwave absorbing materials
attributed to their defined dimensionalities, exotic electronic properties,
high specific surface areas and polymorphism. MoS; is a widely known
LTMD material consisting of S-Mo-S triple layers which are bounded by
weak van der Waals forces. Ning et al. [186] fabricate few-layered MoS;
nanosheets by top-down exfoliating from bulk MoS, used as dielectric
dominant microwave absorbing materials. Its microwave absorbing
properties are first reported. By comparing the MoS, nanosheet and bulk
materials, the dependency of dimension on dielectric properties and
microwave absorption are further studied. Research shows that the
dielectric attenuation capacity (imaginary permittivity) of MoS, nano-
sheet is twice as high as that of bulk materials. The main attenuation
mechanism is dielectric polarization loss arising from Mo and S defects
and the high specific surface area. Ning et al. also reports their re-
searches on MoS; nanosheets encapsulated hollow carbon spheres [187]
and MoSs-linear 2H/1 T dual-phase materials [188]. The 1T/2H phases
in MoS; sheet help to rearrange the inhomogeneous charge distribution
so that to facilitate electrons behavior. The 2D MoS; nanosheet can
endow abundant interfaces between 2H and 1 T phases to boost
impedance matching and EM wave absorption. These works present
facile strategies for designing transition metal sulfide absorbant used for
microwave absorption in practical application.

6.4. Summary and prospects

Most ceramic materials such as SiC, BaTiOs, basalt, MXenes etc, can
be used as microwave absorption materials due to their excellent
dielectric and conductive attenuation properties. While the pure ceramic
materials can not satisfy requirement, it is necessary to fabricate ceramic
based composite materials with carbon, magnetic materials (ferromag-
netic or antiferromagnetic materials), and conductive polymers, etc. The
conductive loss, multiple polarization, and magnetic loss mechanisms
can be enhanced by fabricating composites. Besides ceramic materials
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show outstanding mechanical properties, high-temperature resistance
and corrosion resistance, which will satisfy the requirement of harsh
application condition.

7. Absorbent with high temperature resistances

The harsh working environments like high temperature and corro-
sion atmosphere requires MAMs have not only wide and strong ab-
sorption but also good mechanical properties and high resistance to
oxidation, corrosion, and high temperature. In terms of high tempera-
ture resistance, there are still many problems to be solved. Currently,
most people use ceramic materials and carbon materials to explore and
optimize high temperature dielectric properties. Some progress has been
made. However, improving the magnetic properties at high tempera-
tures is also important to get a good impedance matching. The main
reason limiting the application of magnetic materials at high tempera-
tures is their low Curie temperature. Materials will lose magnetism if it
exceeds the Curie temperature. Therefore, raising the Curie temperature
of the magnetic material and improving the high temperature soft
magnetic properties of the magnetic material are the urgent and effec-
tive to increase the absorption at high temperature. In addition, the
composition controlling, material modification and structure optimiza-
tion can be used to improve the impedance matching and high tem-
perature microwave absorption performance.

7.1. Temperature-dependent dielectric materials

7.1.1. Temperature-dependent conductivity

Due to good oxidation resistance and dielectric properties at high
temperature, carbon and ceramic materials are widely used for high-
temperature wave absorption research [189]. Both the real and imagi-
nary part of the dielectric constant of carbon and ceramic materials
increases with temperature increasing (Fig. 17). The increase of the real
part is due to the shorter relaxation time in high temperature, while the
increasing imaginary part is because of the increasing conductivity.

In order to improve the high-temperature absorbing performance of
the dielectric absorbing materials, many researches focus on increasing
the high temperature conductivity. Carbon materials can form conduc-
tive networks, their high temperature conductivity can be increased by
increasing the concentration of carbon materials. By combining multi-
walled carbon nanotubes (MWCNT) with silica [190], the reflection
loss of the entire X band in the range of 30-600 °C can be less than —10
dB (wave absorption rate reaches 90%). Besides carbon materials,
ceramic materials also show good high temperature conductivity, and
their conductive loss can be enhanced by atom doping and structure
modifying. For example, Ni doped SiC has a higher conductivity loss
than that of pure SiC, which is due to the electronic transition between
Ni nanoparticles. Doping SiC with Fe particles can change the crystal-
linity [23]. The special structure consisting of SiC particles as electro-
magnetic (EM) absorbers and SiOy as transparent matrix has a high
dielectric constant at high temperature. The minimum reflection loss
(RL) at 500 °C is —32 dB, which can be effectively absorbed the mi-
crowave in entire X band. Through simple mixing, cold pressing and
sintering, SiO2 matrix composites reinforced by TiC nanowires are pre-
pared. As the content of TiC increases, a conductive network is formed
and the conductivity of the material increases. When the thickness is 3.0
mm at 200 °C, the minimum reflection loss RL at 9.1 GHz is —61.0 dB.

7.1.2. High-temperature oxidation resistance

The oxidation resistance will affect the dielectric properties, thereby
affecting the high temperature microwave absorption performance. The
oxidation behavior of bulk Ti3SiCy/cordierite composite ceramics are
studied [191]. The result shows that the composite ceramics have
excellent oxidation resistance at 800-1000 °C. When the temperature
increases from 800 to 1000 °C, due to the oxidation of the Ti3SiC, filler
surface, the complex dielectric constant will decrease in the initial
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Fig. 17. (a) The real part and (b) the imaginary part of the permittivity vs. frequency and temperature [189].

oxidation stage, but it will remain stable as the oxidation time increases.
BaTiO3 and MgAl,04 composite ceramics are synthesized by traditional
solid-state sintering method [21]. As the temperature increases to
473-573K, the real part of the dielectric constant of the material in-
creases significantly. As the temperature further rises to 873 K, the real
part of the dielectric constant gradually decreases. Ceramic coating are
prepared by atmospheric plasma spraying [192]. The sample is very
stable at high temperature and can be repeatedly processed in the
temperature of 300 K-1173 K without flaking. At the same time, ceramic
coatings with a thickness of 1.5 mm shows considerable microwave
absorption in the range of 8 GHz-18 GHz at temperature of 673-1173 K.
A single-layer radar absorption structure are fabricated by combining
conductive carbon black (CB) with SiC¢/AIPO4 [193]. Oxidation exper-
iments show that the material has good strength after being oxidized in
air at 1273 K for 50 h, and the complex dielectric constant is not much
different from that before oxidation. By simulation, the effective ab-
sorption bandwidth for the RL < —10 dB for o SiC¢/AIPO4 composites
can be more than 3 GHz.

7.1.3. Temperature coefficient of dielectric constant

The stability of the dielectric constant at high temperature is very
important for materials that work at high temperature. In order to study
the temperature stability of the dielectric constant at high temperature,
dielectric constant temperature coefficient t. is defined. The dielectric
constant temperature coefficient t. represents the relative average
changing rate of the dielectric constant during unit time when the
temperature rises by 1 °C. When 7, is close to 0, the dielectric constant of
the material has good temperature stability. The 7. is related to the
density of the material. (NayLi;.x) 9.5sNdo5TiOs is synthesized by solid-
state reaction [137]. By adjusting x, the material density can be
changed, and the dielectric constant increases from 9.65 to 10.15, and 7,
decreases from 112 to —36.4 ppm/°C. When x is 0.6, the 1. of prepared
composite substrate is close to zero (—0.9 ppm/°C). The three-layer
structure NiSnTayOg ceramics are prepared using traditional solid
state methods [194]. The sample has good dielectric constant temper-
ature stability. The microwave dielectric properties of TaNiSnTayOg
ceramics are: g, = ~21.04, 1, = —2.63 ppm/°C (1425 °C). In addition, as
the temperature increases, there will be crystal transformation and py-
rolysis which will change the dielectric properties greatly. The micro-
wave dielectric properties of five pyrolusite-biomass mixtures are
measured by resonant cavity perturbation technology [195]. The results
show that as the temperature increases, the dielectric properties of these
mixtures show similar variation: increase firstly, then decrease sharply,
and finally increase. That trend is mainly attributed to the crystal
transformation of amorphous MnO, and the reduction reaction of py-
rolusite caused by biomass pyrolysis.
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7.2. Temperature-dependent magnetic materials

7.2.1. Magnetic properties influenced by temperature

To obtain a high My at high temperature, the curie temperature T,
need to be improved. For iron-based amorphous alloys, high curie
temperature T, and high temperature soft magnetic properties can be
obtained by changing the element content or doping elements to change
the crystallization temperature and crystallinity of materials. For
(FexCo1x) 73.5Cu1Mo3Sij3.5Bg amorphous and nanocrystalline alloys
[196], replacing Fe with Co atoms reduces the initial crystallization
temperature of the material and increases the secondary crystallization
temperature, thereby increases the Curie temperature of the material.
Replacing Fe with Co reduces the magnetic permeability at room tem-
perature, but it has better soft magnetic properties at high temperature.
The initial permeability at 10 KHz can be maintained at about 600 °C.
The nanocrystalline FeAlSiBCuNbGe alloy shows good thermal stability
and high initial permeability at high temperature [197]. Doping Ge in
the alloy will reduce the activation energy, thereby reduce the amor-
phous forming. When Ge is added to the alloy, the average grain size
increases and the thickness of the intercrystalline amorphous layer de-
creases. This will increase the curie temperature of the amorphous phase
and significantly improve the high temperature soft magnetic proper-
ties. By changing Al content of the (Fey.5Cog5) 73.5Nb3Si;3.5CuBg xAlx
alloy, the curie temperature of the aluminum alloy containing amor-
phous phase is lower than that of the aluminum alloy free phase, but the
high temperature magnetic flexibility is improved [198]. The addition of
other elements can change the magnetic properties such as the coercive
force Hc, saturation magnetization Mg, the curie temperature and
permeability.

Compared to traditional alloys, high entropy alloys have better
corrosion resistance, high temperature resistance, and oxidation resis-
tance. Therefore, high entropy alloys are a strong candidate as high
temperature absorbing materials. As the temperature increasing
(Fig. 18), the saturation magnetization Mg and coercive force Hc; of the
high entropy alloys gradually decrease. As the temperature increases,
the arrangement of magnetic domains saturation trend to be disordered
which makes the decrease of magnetization M. The magnetocrystalline
anisotropy constant K; decreases with increasing temperature that
makes coercive force Hcy gradually decreases. Both of the above factors
contribute to the increase of initial permeability u; when temperature
increases [199].

7.2.2. Magnetic properties regulated by heat treatment

By annealing, ultrafine crystals forms and the crystallinity increases
which will improve the high temperature soft magnetic properties.
Nanocrystalline (Feg.5C0¢.35) 78.45i19BgNb2.¢Cuy alloy [200] is annealed
for 0.5 h at different temperature between 460 °C and 640 °C to obtain a
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Fig. 18. (a) Variation of Mg and Hc¢y from 300 K to 60 K. (b) Variation of magnetic anisotropy constant (K1) from 300 K to 60 K [199].

two-phase nanocrystalline structure composed of amorphous matrix and
FeCo. As the annealing temperature increasing, the volume fraction of
crystals increases which results in an increase of saturation magnetiza-
tion M;. However, when the annealing temperature is 640 °C, the
saturation magnetization decreases due to the formation of the boride
phase [200]. The high temperature soft magnetic properties can be
improved by annealing to change the crystal volume fraction and
thickness of the intercrystalline amorphous layer. Fe-Si-Cr alloy has
three steps phase transformation under heat treatment [44]. As the lo-
cality of the 3d electrons decreases, the ultrafine magnetic field in-
creases after the Ay phase is formed. This contributes to better soft
magnetic performance. However, as the temperature continues to in-
crease, the formation of the DO3 phase will reduce the soft magnetic
properties. Therefore, Fe-Si—Cr alloy with high magnetic permeability
can be obtained by heat treatment at the critical temperature when DO3
phase forms.

7.3. Summary and prospects

In summary, conductance loss is the main mechanisms of dielectric
loss and the conductivity at high temperature, and it can be improved by
element doping, phase modifying, and constructing conductive network.
In addition, high temperature absorbing materials must have good
structural stability, oxidation resistance and dielectric constant tem-
perature stability. The studying on high temperature magnetic proper-
ties is mainly focusing on Fe based amorphous alloys and high entropy
alloys. The curie temperature T. of Fe based amorphous alloy can be
increased by adding other elements to change the crystal structure and
crystallinity. In addition, for iron-based amorphous alloys, annealing
can be used to increase the crystal volume fraction, reduce the thickness
of amorphous layer, strengthen the exchange coupling effect, and form
ultrafine crystals to improve high temperature magnetic properties.

8. Theoretical calculation for microwave absorbant

8.1. First-principles calculation for metal oxides and carbon materials
First-principles calculations have become a powerful method to

supplement experiments to predict and explain the atomic-scale elec-

tromagnetic phenomena. In this section, we will discuss the theoretical
modeling of materials based on density functional theory (DFT).
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Depending on the situation, the exchange-correlation functional has
been considered. Through analyzing the results of electronic structure
calculation, the basic information, such as the charge distribution,
density of states, Muliken population can be obtained. The absorbing
properties of materials are predicted indirectly from these results of
computation.

8.1.1. MnO3

The first-principles calculations are firstly used to reveal the rela-
tionship between electronic structure and absorbing performance by
Duan Yuping Group [201,202]. In the atomic structures of MnOg, the
point defect are considered as substitutional doping. The bond length of
metal atoms-O become shorter and the bond strength enhanced after Fe
doped. The increasing bond strength would reduce the dielectric loss.
While considering the Ni doped MnO», the charges of Ni enter into the
conduction band, which can enhance the conductivities of MnO, and
contribute to the conduction loss. At the same time, the Ni-doped MnO,
shows magnetic characteristic [203]. Considering the feasibility of
heteroatomic doping, the results shows that under the O-rich growth
condition, Mn atom is easier to be displaced by Al atom rather than Al
insertion reaction [204]. In the Al-doped model, as the increasing
doping concentration of Al, the conductivity of a-MnO; is gradually
improved, because the Al ions provides more electrons for a-MnOj,
contributing to the improvement of conductivity of a-MnOy [205]. In
short, for a-MnOs,, doping strategy shows positive effect on conductivity
and can enhance the conductive loss.

The study on Co-doped B-MnO; showed the similar results [206]. The
weak bound electrons enter into the conduction band, which contributes
to the loss-free displacement polarization process, so that increase the
real part of complex permittivity. The defects effects on conductivities
can observe in particular plane or area, while the bulk material often
shows electric insulation characteristic. The defects have limited
improvement in bulk conductivities.

By analyzing the electronic polarizations of Co doped §-MnO,
models, both the Co defects and Mn, O vacancy are considered [28]. The
defective formation energies (DE) of the defective models are calculated
to value the possibility of forming the relative samples. According to the
results, the DE of two Co-doped is lower than 0, which mean the process
synthetic process is thermodynamic spontaneous process. While for Mn
and O vacancies, the DE is positive, which means the non-spontaneous
process. Considering the process of synthesizing substitutional Co and
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the lowest DE of institutional Co system, the institutional sites are the
prefer sites for Co ions to dope.

Different from the Fe ions effect on a-MnO,, after Co doped into
8-MnO,, the bond strength of Mn-O get weaker and band length gets
longer, which indicate the stronger dielectric response. To calculate the
electron density distribution of the system, it uncovered that the defects
can influence the distribution of the electrons, the electron clouds in the
conductive band can contribute to dielectric conductivity and enhanced
the dielectric response properties. Depend on this situation, the va-
cancies have been researched deeply in other types of MnO,. Compared
the density of states (DOS), the effects of doping ion have limited in-
fluence than the vacancy situation. The reduced band gap can contribute
to the conductivities and enhance the conductive loss. The pure MnOy
B-MnOg perform the antiferromagnetism [207]. According to these re-
searches, the defects in MnO,, including heteroatoms and vacancies,
both can bring the magnetic characteristic. However, in the experiments
they can barely exhibit magnetic performance much less magnetic loss
[208].

8.1.2. Carbon material

The ideal CNTs owns the high conductivity and no band gap. As
shown in Fig. 19, the effect of vacancies on the energy gap (Eg = Er-Ey)
of CNTs is calculated [209], where E; and Ey are represent lowest un-
occupied molecular orbital and highest molecular orbital, respectively.
As the increasing of the vacancy concentration, the band gap increases
firstly and then decreases, which indicates controlling vacancy can
adjust the conductivity of CNTs and then affect the conductive loss.
While, the terminal function group —H and —OH increase the band gap of
CNT from 0 eV to 0.813 eV and 1.018 eV respectively, which lower the
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conductive loss [210].

8.1.3. Other defective structures

For SiC structure, the formation of Si vacancy is more difficult than C
vacancy, according to the defective formation energies. And the C va-
cancy system exhibit lower band gap than intrinsic SiC, which
contribute to improving the conductive loss [211]. As shown in Fig. 20,
the effect of Co doped in SiC mainly attributes to two aspects [212].
Firstly, doping breaks the periodic charge distribution and causes va-
cancies in the crystal to increase the numbers of dipoles. Secondly, the
bandgap gets narrow after doped so that the number of conductive
carriers arise to increase the conductive loss. In conclusion, the dielectric
loss has been improved after Co doped.

Introducing Fe ions into SiC, from DOS curves, there are carriers
show at Fermi level in Fe3Si;¢5Ci g, while there is obvious a band gap in
SiC. These results indicate that Fe doping can increase the charge car-
riers and change the system to a half-metallic material. Therefore, the
electric conductivity has been increased through Fe doping and further
enhance the conduction loss [11]. The effect of the rare earth ions the
perovskites materials are studied. The strong forces between the rare
earth ions influence the polarization. Combining the results of experi-
mental characterizations, La/Nd doped BiFeOs shows rhombohedral
structure and La/Nd replaced the Bi sites [213] . The asymmetric dis-
tributions mainly occur on the Bi sites. The study of Gd-doped BiFeO3
shows that the cell volume increase after doped [214]. The net charge of
Gd is positive which indicate that the charge transfer from the Gd to
surrounding atoms. And the band gap decreases after Gd doped, which
can improve the conductivity of the system.

Fig. 19. (a) The ideal CNTs, (b) CNTs with vacancy defects, (c) the plots of vacancy concentrations versus band gap [209].
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Fig. 20. Electrons distribution of (a) SiC, (b) Co doped SiC, (c) SiC with C-vacancy, and (d) Co doped SiC with C-vacancy [212].

8.1.4. Relevant composites

For composites, it is hard to establish the crystal structure that used
to do the calculation. There are two examples of the applications of first-
principles calculations. For the composites Co/CoO, to investigate the
effect of two phases proportion on the microwave absorption property,
the modeling is based on CoO crystal, and gradually increase the
reduction degrees of CoO, which is the path from CoO crystal to Co
crystal. And then calculated the relative properties to explain the com-
posites absorption behaviors [215]. The band gap of CoO is 0.75 eV,
while adding Co, the band gap reduces to 0. As the Co amount is grad-
ually increased, the electrovalent bond of Co—Co is increased, and the
electrical conductivity is enhanced, affecting the dielectric properties of
the products.

The electronic structure of BiFeO3 Nanowire- RGO Nanocomposite is
explored [216], in which the structure of sample is simplified into
BiFeO3 (BFO) added a monolayer graphene (G) with 15 Avacuum space.
After relaxing and optimizing, the superlattice structure used to calcu-
late is shown in Figure (a). The banding energy between BFO and G is
—5.4 eV. From the electron density mapping and difference charge
density, on the G sheet, the distribution of charges is imbalance, accu-
mulating on the C atom that close to Fe. And there is no band gap in the
BFO-G structure, which mainly contribute from C 2p orbitals. The strong
hybrid interaction is observed between O 2p and Fe 3d, which is
considered the origin of ferroelectricity of BFO-G and has positive effect
on electronic polarization.

8.1.5. Summary and prospects

According to these researches, the application of first-principles
calculation on absorbing materials mainly focus on the explanation
the variations of dielectric performance between the defective model
and the origin model. There are two significant conclusions from these
researches:

(1) Introduction of defects can improve the dielectric response.
Compare to the perfect model, the existence of defects will break
the symmetry in the localized microstructure and bring the
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asymmetrical charge distribution, which are the origin of electric
dipole that contribute to dielectric loss.

(2) The defects can change the electronic structures, according to
DOS, generally can increase the conductivities of materials. In
some cases, after introducing defects, the materials alter from
insulator or semiconductor to half-metallic materials. The
increased conductivities point to the enhanced conductive loss.

However, there is few studies about predicting the magnetic loss,
which waits for further studies to break through. Generally speaking,
even though the modeling cannot represent the materials completely, it
can explain the micro absorption behaviors to some degree. The ex-
plorations of the theoretical research are well conformed the experi-
mental results, which confirm the availability of the application of first-
principles calculation in the studies of absorbing materials.

8.2. First-principles calculation for alloys

First-principles calculation based on the density functional theory
(DFT), performed through Vienna Ab-initio Simulation Package (VASP)
on powerful calculation, are one of the most widely used method to
analyze the energy, electronic properties, magnetic properties, structure
information, microparticle interactions, etc. DFT calculation and
phonon calculation can help analyze the phase transition assisted
twinning by estimating the stacking fault energies, temperature-
dependent phase stabilities of different structures. In addition, first-
principles calculations can also be used to evidence the result of other
computational methods or experimental data. In this section, the
recently research on first-principles calculations for magnetic materials
including traditional alloys, Heusler alloys, High Entropy alloys (HEAs)
and some other alloys are presented. The influence mechanisms on the
magnetic properties are also revealed.

8.2.1. Traditional alloys

As ferromagnetic elements, Fe, Co and Ni alloys show excellent
magnetic properties and widely used as MAMs. The magnetic properties
of materials are obviously dependent on the composition and
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microstructure, the influence mechanisms can be further revealed by
analyzing the density of states (DOS) and magnetic moments informa-
tion through first-principles calculation.

Atomic magnetism can be affected by neighboring atoms. Re-
searchers report that the magnetism of Co atoms is very sensitive to the
Fe atoms around them, and Fe atoms could provide different magnetic
moments in different sites of Al;sFe4 alloy [217]. It can be proved by the
changes of the magnetic properties in MyPt; x (M = Co, Niand V) [218].
The main contribution of total DOS comes from the hybridization of
M-3d and Pt-5d states, which can effectively enhance the spin and
orbital magnetic moment and then improve the magnetic properties.
CoPt alloy has larger total magnetic moment of 4.31pg and higher
magneto-crystalline anisotropy than NiPt and VPt alloys, whose total
magnetic moment are 1.86pp and 0.80pp, respectively.

In spite of the structure of alloy, the concentration of special atoms is
also a necessary factor which can make great changes in alloy magne-
tism. It is found that the magnetic properties of Mn;3.,Co, clusters are
strongly depended on the concentration of Co, especially for those with
n = 0,1,3 and 4, whose magnetic moments increased greatly with the
addition of Co. This is because of the decrease of antiferromagnetic
coupling of Mn atoms which are on the surface of cluster via increasing
the concentration of Co [219]. Moreover, the calculations of the mag-
netic properties of Hg; Mn,Te alloys show that the change from
anti-ferromagnetic to ferromagnetic could result in a metal-insulator
transition at higher Mn concentrations [25].

8.2.2. Heusler alloys

Although Cr and Mn atoms are antiferromagnetic elements, in spe-
cific structure they may provide considerable magnetic moments, thus
enable the systems to exhibit great magnetic properties. The magnetic
property of ferromagnetic MnaMoAl Heuslar is reported. The total
magnetic moment of Mny,MoAl is 1.04pp, which is mainly from Mn
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(0.70pp), while the magnetic moments of Mo and Al are —0.28up and
—0.01pp, respectively [220]. And in other types of Mn based Heusler
alloys such as NipMnX (X = Ge, Sn, Sb) Heusler alloys, Mn atoms have
the largest magnetization density which result in the largest magnetic
moment. The total magnetic moment of NioMnSn reached 4.110pg,
among that the magnetic moment of Mn is 3.486pg [221], as shown in
Fig. 21.

In some alloys, the magnetic properties of materials are also affected
by the external factors. The changes in lattice constant can also cause
changes on the magnetic properties of atoms. First-principles calculation
can help to obtain the required material properties through component
design and structural optimization. The spin polarization and Fermi
level are two essential parameters to evaluate the material properties. As
reported, spin polarization and Fermi level are tuned by using Co atoms
to replace the Mn sites in MnyVIn alloy [222]. With the increase of the
concentration of Co (0.25-1.75), the spin polarization raised from
15.38% to 93.60%, but the total magnetic moments decreased because
of the decreasing magnetic moments of Mn atoms. Moreover, by
calculating the magnetic moment, the magnetic information of the
material can also be obtained [223].

8.2.3. High (medium) entropy alloys

High (medium) entropy alloys (HEAs/MEAs) show excellent
comprehensive performance because of its cocktail effect which takes
advantages of all the element components. Regulating the composition
and content of component in alloy helps control on the magnetic
properties of high entropy alloys. Research shows that CoFeMnNiAl
alloy has better soft magnetic properties than CoFeMnNiGa and
CoFeMnNiSn, while CoFeMnNiCr shows a paramagnetism behavior. The
First-principles calculation showed that the total electron density of
states (DOS) of CoFeMnNi and CoFeMnNiCr are more symmetric, while
the spin-up distribution of CoFeMnNiAl is higher than that of spin down,

Fig. 21. The calculated charge (upper panel) and magnetization (lower panel) density distributions of Ni,MnX (X = Ge, Sn, Sb) in the (110) plane [221].
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which makes Mn provide large positive magnetic moment. Therefore,
with the addition of Al, BCC phase is obtained and the anti-
ferromagnetic properties of Mn are suppressed, which promote the
magnetic property of the alloy [224]. In the high entropy alloy, the
calculation of the first principle reveals the micro mechanism of the
magnetic change resulting from the element doping and phase trans-
formation, which would be a very useful for the design of magnetic
absorbing materials.

8.2.4. Other magnetic materials

Besides the alloys mentioned above, some other magnetic materials
such as polycrystalline materials, coating materials and amorphous al-
loys show favorable magnetic properties because of the magnetic mo-
ments provided by the transition element atoms. The magnetic
properties for a single Fe atom chain wrapped in the armchair (n,n)
boron nitride nanotubes (BNNTs) (4 < n < 6) are analyzed using the
density functional theory [225], as shown in Fig. 22. The magnetic
moment of Fe will increase by increasing the diameter of Fe nanotubes.
With the increasing Fe concentration at Cr sites, the total magnetic
moment and ferrimagnetic transition temperature (T¢) increase [226].
Another investigation report that the magnetic susceptibility of
CoggFe4B15Si13 amorphous alloy has a positive correlation with the
cluster size and fraction of metal atoms, while it shows a negative cor-
relation with the fraction of metalloids. With the increase of boron and
silicon atoms in the cluster, the magnetic susceptibility decrease obvi-
ously [227].

8.2.5. Summary and prospects

First-principles calculations helps further understand the changing
mechanisms of magnetic properties. For the metals consisting of tran-
sition elements, the interaction and orbital hybridization between those
elements are the main factors that determine the magnetic moment of
materials. Thus, the rational utilization of first-principles calculations
based on density functional theory (DFT) will help analyze the electronic
behaviror and magnetic properties of materials.

9. Microwave absorbing coatings

Microwave absorbing coating is the mixture composed of absorbents
and resin. It is coated on the surface of aircraft, ships and other structural
parts to attenuate the power of scattered electromagnetic wave and help
realize electromagnetic stealth. Generally speaking, researchers have
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two ways to improve the microwave absorbing performance of coatings.
On the one hand, by the design of composition, microstructure of ab-
sorbents the electromagnetic absorption can be regulated. On the other
hand, the structure of coating in wavelength scale can also significantly
influence the microwave loss capability of coating. In addition,
embedding the frequency selective surface into coating and introducing
corresponding electrical resonance and magnetic resonance into coating
is also an effective way to broaden the effective absorption bandwidth of
coating.

9.1. Composition design

9.1.1. Coatings filled by dielectric absorbents

It is difficult for dielectric material to possess multiple loss mecha-
nisms simultaneously, so mix different dielectric materials to enhance
the microwave absorbing performance is performed. For example,
compared to BaTiOs/epoxy resin coating, the nanocrystalline carbon
black/BaTiO3/epoxy resin composite coating exhibits a higher absorp-
tion at a thinner thickness. The significant increase in the imaginary part
of the dielectric constant indicates that the addition of carbon black
effectively increases the conductivity loss and enhances the electro-
magnetic wave loss efficiency per unit volume of coating. Although
carbon black can adjust the dielectric properties of coating to a large
extent, it trend to be agglomerated, and the density difference from
other materials is large, which cause an uneven distribution of carbon
black in coating [8]. Therefore, some researchers use metallic materials
(Fe, Cr, FeCrAl) or aluminum oxide to increase the conductive loss of
coating. The uniform dispersion of two materials in coating not only
effectively improves conductive loss of coating but also enhances
interface polarization between the different particles.

Adding particles with high conductivity into coating can efficiently
control the microwave absorption properties. Heat treatment and
morphology control on absorbent are two common methods to control
the dielectric constant of coating. When ZnO/Al;03 composite coatings
are annealed in vacuum, there will be a higher concentration of oxygen
vacancies and higher electrical conductivity of ZnO particles. In addi-
tion, the increased crystallinity and elimination of internal stress during
annealing process also help to improve the complex permittivity of ab-
sorbers. At the same time, the microwave absorption performance of the
coating has also been adjusted [228,229].

Fig. 22. The model of a linear Fe atom chain bound in the armchair (6, 6) BNNT [225].
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9.1.2. Coatings filled by magnetic absorbents

Microwave coatings with wider absorption bandwidths and less
thicknesses are required. Compared with dielectric materials, magnetic
absorbers have higher loss efficiency per unit thickness, so introducing
magnetic absorbers into coating can effectively reduce the thickness of
coating. Although the coating has a certain microwave absorption ca-
pacity at low thickness, the Snoek’s limit indicates that the spherical
iron carbonyl cannot obtain high permeability in the microwave band.
To break this limitation, Zhao et al. [43] transform spherical carbonyl
iron into flake carbonyl iron by ball milling. The plate morphology en-
dows the carbonyl iron a higher magnetic permeability and the corre-
sponding reflection loss reaches to —7.5 dB in the range of 8-18 GHz.
Adjusting the grain size of magnetic absorbers on the basis of appro-
priate morphology can further improve the electromagnetic wave ab-
sorption. You [230] et al. change grain size by changing annealing
conditions. Results prove that an appropriate increase in grain size is
beneficial to reduce the number of disordered domains, improving the
magnetic loss ability of absorbers and enhancing the microwave ab-
sorption to —43.4 dB. These changes in morphology and grain size of
absorber are significant to the improvement of the microwave absorp-
tion performance of coating, but the above changes may also cause a
substantial increase in the permittivity, which may cause the impedance
mismatch. Therefore, some researchers add both spherical and flake
carbonyl iron to coating, which can effectively prevent the permittivity
from being too large [231].

9.1.3. Coatings filled by dielectric-magnetic composite absorbents

A single dielectric material or magnetic material usually cannot meet
the impedance matching. Therefore, dielectric-magnetic composite
absorbent is widely used. Adding different dielectric loss absorbents to
carbonyl iron can effectively improve the microwave absorption per-
formance. Carbon material is one of the widely used absorbents because
of its multiple electrical loss mechanisms. Adding CB into CIP can in-
crease the conductivity loss and interface polarization [232].
Multi-walled carbon nanotubes (MWCNTSs), as one-dimensional mate-
rial, have large aspect ratio, which have less aggregation than the 1D
carbon materials such as CB. A better dispersion of absorbents and better
impedance matching than pure MWCNTs and CIP materials improve
microwave absorbing properties [233,234]. Besides, graphene, SiOo,
CuSiOs, Ti3Cy MXene/flake iron carbonyl are also widely used with
magnetic materials to improve the impedance matching and increase
microwave attenuation mechanisms.

9.2. Structure design

9.2.1. Coatings with special structure

Besides the absorbent, the coating thickness and structure can also
influence the microwave absorption performance of coating. The multi-
layer structure coating can reflect EM waves many times and attenuate
their power during this process. The structure design such as multi-layer
and “island” discontinuous structure can help to improve the impedance
matching and enhance microwave absorption.

Multi-layer coating can also help to break through the restrictions on
material selection. By fabricating multi-layer structure, each layer of
coating can be systematically designed. Double layers coating consisting
of cobalt flakes with high shape anisotropy can cover 4.17-12.05 GHz
with the thickness of 2.66 mm [235]. Two-layer coating with the top
layer of CNTs/epoxy and bottom layer of graphite/epoxy is prepared.
The absorbing bandwidth (RL < —5.0 dB) achieves 2.4 GHz [236].
Flexible double-layer coatings is fabricated using carbon-coated nickel
nanoparticles and carbon nanotubes as the matching and loss layer,
respectively, which achieve a RL of —30.78 dB [237]. Apart from simple
multi-layer structure, novel honeycomb sandwich structure coating is
fabricated to effectively enhance the properties. FeCo, Tb and epoxy
resin composites are sprayed onto the honeycomb sandwich core. The
nano titanium powder is dispersed in a hydrogenation
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acrylonitrile-butadiene rubber using as the matching layer [238]. The
absorbing bandwidth (RL < —5 dB) of the above structure reach 2.6-18
GHz.

In order to balance the absorbing properties and mechanical prop-
erties of coating, some fiber materials are applied to the structural
design. A new sandwich structure, coating-carbon fiber-coating, is
designed by Asif Shah et al. [239] The addition of carbon fibers can not
only improve the flexural properties of the Fe nanoparticle/epoxy
coatings but also adjust the microwave absorption performance of the
coating. When the carbon fibers’ array is vertical to the direction of
incident microwave, a strong reflection of microwave will inwardly
form, which is conductive to the attenuation of EM wave by absorbent.
On the basis of the above research, those research team also prepares
nanocomposite plate using similar materials. Arrayed carbon fibers and
gradient dispersion of Fe nanoparticles not only provide structural
resonance but also good impedance matching. Based on these advan-
tages, some researchers further optimize the coating into a pyramidal
multilayer structure. Compared with traditional multi-layer microwave
absorption coating, this pyramidal structure takes advantages of insen-
sitivity for EM incident angle and ultra-wide absorption band. The
carbonized cotton/wax mixture is used as absorbent to fabricate a
polymeric patterned shell which provides shape support and mechanical
robustness [240]. The pyramid structures not only greatly broaden the
effective absorption bandwidth, but also show stable reflection loss
when the incident angles changing from 5° to 60°as shown in Fig. 23.

9.2.2. Frequency selection surface coating

Multiple-layer structural coatings have shown strong microwave
absorption properties. However, coatings with such structures always
have a large thickness, which limits their application. In order to get
desirable microwave absorption properties with less thickness, some
researchers embed the frequency selection surface (FSS) into coating.
There will be electrical and magnetic resonance between frequency-
selective surface and EM waves which will effectively increase the mi-
crowave absorption without increasing the thickness. The FSSs used in
coatings are commonly square loops, circular metal sheet, cross metal
sheet, split ring resonators, and rectangular sheet, etc. Different FSSs can
make the coating exhibit different microwave absorption characteris-
tics. For example, multiple square loops with multiple resonance peaks
in a wide frequency band are often used to broaden the effective mi-
crowave absorption bandwidth. Cross pattern can effectively enhance
the microwave absorption in low frequency range. In order to further
improve the microwave absorption performance without increasing the
weight, some researchers fabricated the inhomogeneous substrate
coating such as nesting FSS, which can absorb a broadband microwave
from low to high frequency bands.

9.3. Summary and prospects

Microwave absorbing coating has been developed for decades.
Through composition and structure design researchers aim to fabricate
the thin and lightweight coating with broadband and strong absorption.
But the increasing requirements such as compatibility of radar and
infrared, self-healing and self-cleaning characteristics, high-temperature
resistance, self-adaptive and other multi-functional integrated coating
are to be satisfied for the future research on microwave absorbing
coating.

10. Infrared stealth materials

Precision and resolution of infrared detection have been greatly
improved in recent years. Infrared detection has become one of the most
important detection and tracking method in modern war. Therefore,
improving low infrared emissivity materials to protect devices from
infrared detection becomes an urgent topic in stealth field. In most cases,
the temperature of people and devices is higher than that of the



H. Pang et al.

Composites Part B 224 (2021) 109173

Fig. 23. Effects of 3D printed patterned shell on the electromagnetic absorption performance [240].

background. There are three main ways to achieve infrared stealth. The
first, use low infrared emissivity coatings to reduce the infrared emission
of the object surface. Secondly, control the temperature of the object and
reduce the radiation energy. Thirdly, reduce infrared radiation in the
atmospheric window wavelength range. For now, researchers are
focusing on searching or synthesizing efficient low infrared emissivity
materials, designing multiband compatible stealth coatings, and devel-
oping coatings that can be applied at high temperatures.

10.1. Low infrared emissivity materials

The application of low infrared emissivity materials is the most
efficient way to realize infrared stealth. According to Stefan-Boltz-
mann’s law, one of the important means is to prepare low infrared
emissivity surface. In recent years, a variety of low emissivity materials
such as metals, alloys, composite, multiple-layer low emissivity mate-
rials, and photonic crystals have taken large effect in infrared stealth,
which show great research potential.

10.1.1. Metals and alloys

The initial research on low infrared emissivity materials focuses on
the exploration of low emissivity pigments. Some metals, such as Au, Ag,
Zn, Cu, Fe and Al, have been widely studied due to their low emittance
and easy availability. Considering the cost, Ag and Au are generally used
in composite materials. Cu and Al are also widely researched because of
their abundant storage, mature metallurgical process and low cost. By
spraying 50 pm Al/epoxy resin coating onto tinplate, the effects of size,
shape, and Al content on the infrared emissivity of the coating are
studied [241]. The result shows that the flake aluminum powder pig-
ments with micron size particles have the lowest emissivity. The lowest
infrared emissivity can be 0.16. Directional distribution of numerous
flaky Al powder on the surface increases the effective reflection area and
makes infrared radiation difficult to enter the coating.

Compared to pure metals, alloys have better corrosion resistance. An
epoxy-polyurethane (EPU) and bronze low infrared emissivity coating is
prepared by a spray technique. It demonstrate that the EPU/bronze
composite coatings with 40 wt% bronze have the lowest infrared
emissivity and the best corrosion protection compared to PU/Cu, PU/
(ball-milled) Ag-Cu and PU/AIl coatings [242]. The reflection area,
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roughness, microscopic energy band, crystal structure will have obvious
effect on metal infrared emissivity. LaggSrp2MnOs samples with
rhombohedral, orthorhombic, and monoclinic structures are prepared
[243]. The Kirchhoff’s law and theory of wave optics are used to explain
the influence of grain size, morphology, and lattice parameters on the
infrared emissivity. The result shows that the orthohombic
Lag.gSrg.oMnO3 which has the smallest particle size has the lowest
infrared emissivity. But the honeycomb structure of orthohombic sam-
ple results in repeated reflection and scattering, which increases the
infrared emissivity. The research has promoted the progress of low
emissivity metal system.

10.1.2. Composites and multiple layers

Changes in chemical bond, structure, and atomic or molecular dis-
tribution result in a change in performance. Interaction between the
functional groups and interface of each component is beneficial to the
low emissivity materials. Surface modification is a simple and effective
method to improve the performance of coatings. Flux-capping method is
used to coat polyethylene wax on Cu and Al powders, then use the
modified Al and Cu powders to prepare low emissivity coatings [244,
245]. The simple linear chain structure and great liquidity of poly-
ethylene wax can effectively decrease the emissivity of coatings. The
coating prepared by the modified powders has lower infrared emissivity.
A facile vacuumed hot-pressing method is used to synthesize silver
particles modified (SMCNP)/glass fiber reinforced polymer [246]. The
addition of a small amount of silver particles greatly increases the
conductivity of the carbon nanotube paper. The infrared emissivity of
the modified carbon nanotube paper composite in 2-14 band is inferior
to raw material and the relative radiation energy is lower, as shown in
Fig. 24. In the meantime, the polymer possesses thin, lightweight,
admirable mechanical properties and can integrate with engineering
matrix material successfully. It means the composite material can
perform well in practical infrared stealth application.

Multilayer structure is also widely used to reduce the infrared
emission. A three-layer core-shell composite [247] which is SiO2/Ag/-
TiO4 ‘sandwich’ composites with SiO5 in the center, Ag in the middle,
and TiO; in the surface is synthesized. The addition of silver increases
the reflectivity of the material. Meanwhile, during the deposition of Ag
on SiO, particles, disorder of the elementary dipole decreases the
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Fig. 24. Infrared emissivity and relative radiant energy of SMCNP/GFRP and CNP/GFRP composite at different temperatures [246].

infrared absorption. Furthermore, infrared emissivity of anatase TiOy
with less lattice distortion after heat treatment is lower than amorphous
TiOy without heat treatment. The infrared emissivity of particles is
reduced to 0.558. But it is difficult to design multi-layer pigments
because of the complicated preparation process. In contrast, multilayer
coating has a better application prospect.

Multilayer coatings not only have good infrared stealth performance
but also possess other excellent properties. Layers with different prop-
erties can supplement each other to improve the practicability. Layer-to-
layer interactions, such as addition of electron migration networks and
formation of chemical bonds will influence the electrical properties.
TiO4/Si/Ag(Cr)/TiNy multilayer thin films with low infrared emissivity
values and high transparency are obtained by using RF and DC
magnetron sputtering on soda-lime glass [248]. Fig. 25 illustrates how
the structure works. On the one hand, multilayer thin films have good
electrical conductivity, therefore the films can prevent most infrared
rays from entering. On the other hand, after absorbing the energy, the
wetting angle between the coating and water can be reduced. In addi-
tion, heterojunction film composed of wide bandgap semiconductor and
narrow bandgap semiconductor can prompt the hydrophilicity of the
coating.

10.1.3. Photonic crystal

In traditional coatings, more than 50% of the compositions in coating
are organic resin, which has poor stability at high temperature. The
photonic crystals make up for these disadvantages. Since Yablonovitch
and Tohn proposed the concept of photonic crystals, researchers have
done a lot of work on developing photonic crystal materials with
controllable electromagnetic properties.

Photonic crystal is a kind of metamaterial, and it has band gaps for
some photons with specific wavelengths which can has a selectivity
characteristic on the electromagnetic wave. High vacuum electron beam
coating technology is used to prepare Ge/TiOy//Si/SiO2 one-
dimensional heterostructure photonic crystal (1DHPC) (Fig. 26). The
test result indicates that for the microwave with wavelength of 3-5 and
8-14 um, the infrared emissivity of prepared 1DHPC is as low as 0.060
and 0.239, respectively. in wavelength range of 5-8 pm, the as-prepared
1DHPC has higher infrared emissivity of 0.562. the Ge/TiO2//Si/SiO4
one-dimensional heterostructure photonic crystal has obviously infrared
spectrally selective characteristic [249]. In recent years, infrared emis-
sivity can be controlled by applying external voltage to photonic crystal
such as the intelligent photonic crystals with low infrared emissivity.
However, although scientists have improved the preparation technology
of photonic crystals, its complicated fabrication still limits its

Fig. 25. Interaction between multilayer coating and electromagnetic wave and hydrophilicity of the structure [248].
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Fig. 26. Structural model and infrared emissivity of Ge/TiO,//Si/SiO2 [249].

application. Therefore, simplifying the preparation of photonic crystals
is an urgent problem to be solved in the future research.

10.2. Multi-band infrared stealth materials

The low emissivity infrared stealth coatings of single traditional
pigment have high reflection to electromagnetic wave, what means they
are cannot camouflage under the detection of electromagnetic wave in
other bands. The compatible stealth has become a major challenge to
scientists.

10.2.1. Infrared-radar compatible stealth material

The absorption mechanism of radar wave such as dielectric loss and
magnetic loss can be introduced by adding absorbing materials into the
materials with low infrared emissivity. Researchers from Dalian Uni-
versity of Technology [250] find that when the composition ratio of the
surface layer is Al: PU: ZnO = 0.6: 1: 0.6, the infrared emissivity of the
coating can decrease to 0.504 while radar wave can be effectively
absorbed in 11-18 GHz. Cavities forming during the surface modifica-
tion can help to increase the impedance matching. At the same time, the
interface polarization between different layers improves the absorbing
property of the low emissivity materials. AI/MWCNTs (multi-walled
carbon nanotubes) composite shows good compatibility [251]. Al sheets
intersects among the MWCNTSs, forming a cavity and resulting in elec-
tromagnetic resonance. Oxygen-containing groups introduced by
multi-walled carbon nanotubes conductive networks and defects be-
tween Al coatings lead to the molecular polarization and dipole polar-
ization of the material under the effect of an external electromagnetic
field. The highest reflection loss is —39.2 dB in the wavelength range of
9.2-12.24 GHz and the infrared emissivity is 0.67 [252]. Some surface
modification materials can also form a conductive network to absorb
electromagnetic ~wave. Surface metallized perovskite type
La0-7Ba0-3MnO3 powders are used to prepare Ni-P/Lag.7Bag.sMnO3
composite. The infrared emissivity of the surface modified powder de-
creases by 0.2. The formed conductive network increases the value of
imaginary parts of the permittivity. Meanwhile, Ni has a strong mag-
netic loss ability, which increases the value of real and imaginary of the
permeability. The synergistic effect of dielectric and magnetic loss
broadens its effective absorption bandwidth. The study provides an
approach for making infrared-radar compatible stealth material. Some
researchers have also made infrared and radar-compatible camouflage
by designing the structure of the coatings.

10.2.2. Infrared-visible light compatible stealth material

Low emissivity materials always have high reflectivity for visible
light. How to reduce the brightness of low infrared emissivity materials
is a new problem for researchers. The surface modification on materials
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with high reflectivity is used to reduce the specular reflection by
increasing the surface roughness and diffuse reflection, to get low
brightness. For instance, researchers coat MnO3 and Co304 on the sur-
face of Al by ball milling. Low infrared emissivity multilayer coatings
have been widely used as multifunctional coatings. An excellent
infrared-visible light compatible stealth performance is obtained from
OMO materials (oxide-metal-oxide structure) [253]. The metal layer
shows low infrared emissivity, and the dielectric layers regulate the
brightness and color. The TiO5/Cu/TiO2(TCT) coated polyester fabric
has controllable color with different sputtering time of Cu. The infrared
reflection of the TCT coated polyester fabric changed from 5% to 30%
compared with untreated polyester fabric.

10.2.3. Infrared-laser compatible stealth material

An efficient method of synthesis composite with infrared and laser
stealth materials is proposed to get infrared-laser compatible stealth
materials. Similar to infrared-visible light stealth, low infrared emis-
sivity materials are surface modified to increase the scattering and
diffuse reflection to reduce the laser reflection intensity. Al powder is
coated with antimony-doped tin oxide (ATO) to obtain an infrared-laser
compatible stealth materials [82]. The Al/ATO composites exhibited
optimal infrared-laser compatible stealth performance with the infrared
emissivity of 0.708 and the reflectivity of 43.4%. Besides surface
modification, researchers also propose grating structure [254]. The
composed structure contains two-dimension polar crystals SiC grating
and Ag/ZnS multilayer films substrate. The former excites surface
phonon polariton and gets high absorption at specific wavelengths,
while the latter works for high reflection in the infrared band. According
to simulation results, the structure absorbs around 90% of the electro-
magnetic wave at the wavelengths of 1.06 and 10.6 pm. At the same
time, the reflection in the infrared band is 95%, and the average trans-
mission in the visible band is 75%.

10.3. Infrared stealth material with high temperature resistance

Based on Stefan-Boltzmann’s law, the infrared energy emitted by an
object is proportional to the fourth power of the temperature. The
infrared detector uses the difference of infrared radiation energy be-
tween the object and the background to image, and temperature is one
of the most important factors. It is imperative to study the high tem-
perature performance of stealth materials because many devices work at
high temperature. However, oxidation of metal materials and cracking
of binder in high temperature cause failure of stealth materials. The
research on the improvement of thermal stability is required.

Adhesive is the weakest part of coatings at high temperature. Addi-
tion of Si can effectively strengthen the heat resistance of binder.
Si—O-Si groups form when the coating is sintered. The net structure can
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prevent the diffusion of combustible degradation products. The Al
powder is add into epoxy-siloxane to prepare high temperature resis-
tance with low emissivity composite coatings [255]. The lowest infrared
emissivity value of coatings is 0.15 in the wavelength of 8-14 pym when
the Al concentration is 40%. Emissivity stays in the low level when
temperature below 500 °C. Meanwhile, the composite coatings exhibit
high thermal stability and good thermal shock resistance. CrsgNi;C
powders are used to prepare heat-resistant low emission coatings, and
the inorganic silicate is used as binder [256]. The Si-O-Si bands and
high crystallinity improve high temperature resistance of the coatings.
As the temperature rises to 600 °C, infrared emissivity can be further
reduced to 0.55. Inorganic silicate is one of the stable adhesive at high
temperature. Besides, ZnO is an insulating semiconductor filler with low
infrared emissivity. ZnO with flake, flower and acicular morphologies
have different properties at high temperature [257]. The flake ZnO
powders have the lowest emissivity in the wavelength of 3-5 pm at 500
°C. The Drude model can be used to explain infrared reflection proper-
ties of ZnO with different morphologies. Researchers also analyze their
behavior at high temperature from electron average scattering time and
lattice vibration.

At present, there are few systematic researches on high temperature
resistant infrared stealth materials. By looking for stable pigments and
adhesives at high temperatures, or by developing new coatings through
structural design, the application of low infrared emissivity materials at
high temperature is feasible.

10.4. Summary and prospects

The infrared stealth materials in the future require light weight, thin
thickness, and wide coverage of microwave band. Metals and their ox-
ides, conductive polymers, semiconductors, composites, and photonic
crystals exhibit excellent low infrared emission properties. However,
there are few studies on the theories of low emissivity, and the inter-
action mechanism between various materials is not fully researched. To
further reduce the emissivity and improve the comprehensive properties
of materials, the theoretical research is required.

11. Microwave absorbing metamaterials
11.1. Bionic microwave absorption metamaterials

The microwave absorption metamaterials also could be inspired by
natural models, such as biological evolution of animals, plants, insects,
seashells et al. There are “natural meta-atoms” on the body surface of
these creatures, and could play a role in absorption or self-adaptivity of
EM waves. However, the natural models are always act in visible light
frequency range, whose wavelength is much less than microwaves.
Thus, the “natural models” used for microwave absorption that need to
be re-analyzed and re-designed.

In order to escape visual detection of natural enemies, biologies have
been evolved and possessed the specific photonic structures, and they
are not work through microscopic structures like atoms and molecules,
but they are ordered by “functional units” that are orders of magnitude
larger than molecules and atoms. Chameleons are typical natural models
that could dynamic regulate EM waves, there are non-close-packed array
of guanine nanocrystals on their body surfaces which construct a natural
photonic crystals and that could control the photonic band gap from
spacing of guanine nanocrystals. The models of chameleons could avoid
the absorption restrict from the band gap. Along the route of dynamic
color conversion by this photonic model, the non-close-packed of silica
particles could embedded in the elastomer matrixs, the different elon-
gation or compression of the elastic photonic film exhibits a structural
color shifts from red to blue.

In addition to chameleon, octopus and cephalopods in oceans also
have adaptive ability to EM wave. There are any central chromatophore
pigment cells ringed by muscle cells on the squid skin, and the
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chromatophore pigment cells expanded and contracted through the
mechanical action of the muscle cells, thus absorb or reflect visible light
within corresponding wavelength. Encouraged from the mechanism,
researchers have translated the function from visible light to infrared
spectrum, and developed an adaptive and camouflage material in
infrared frequency regime. And the dynamic concepts could apply in
many fields and frequency range. Some plant also has the self-adaptive
ability that is the phototropism, a phenomenon in which the growing
organs of plants are bent by the irradiation of one direction of light, such
as sunflower. The nano cylinders are constructed by photothermal and
mechanical materials, which could make the cylinders bent under
incoming light, and track the light from beginning to end. The principle
behind the concept and mechanism also could inspire the MAM, which
realize self-adaptability and broadband absorption.

In addition to self-adaptive models, moth-eye micro structure is a
typical model in EM waves anti-reflection within visible light frequency
range. There is a sub-wavelength structure of gradual refractive index
unit, which have significant eliminates reflections of visible light. The
micro structure of moth eye surface is arrayed hexagonal hump [258],
and a glass fabricated a bionic moth eye structure by Langmuir-Blodgett
deposition technique and oxygen plasma treatment, and the treated
glass revealed an excellent antireflective function, as well as a hydro-
phobic properties is displayed by the bionic structure [258]. The similar
moth eye structure also could be found in Rosa petals and cicada wings,
the researchers inspired by these structures to fabricate bionic materials,
also demonstrate the antireflection ability.

The butterfly also has regulating abilities of EM wave, which stem
from the microstructure on their body surface. Only some specific but-
terflies’ micro structures are suit for microwave materials. The wings of
butterfly could realize transparent within whole frequency range of
visible light [259], moreover, in the report, the ability could maintain
even for large view angles of 80%. The property is like moth eye model,
but the micro structure is novel, which is small nanopillars. This func-
tional structure and concept could apply in microwave absorption ma-
terials, to enhance the impedance matching between the absorption
material and free space. Some butterfly wings reveal as black, re-
searchers have been found that there is nano hole micro structure on
these butterfly wings, and it cooperate with the black pigment in their
bodies, could realize effective absorption within whole visible light
band, as shown in Fig. 27. This concept and structures also could be used
in the MAM, and it could make the materials realize broadband ab-
sorption [260].

Some beetles have particular ability to manipulate light polarization,
which derived from the gyrotropic chiral structures on their carapace,
this chiral structure also could be found in some plants. When the EM
waves with line polarization enter into the helix chiral materials, its
polarization is rotated to circular type, this property of chiral structure
has been demonstrated in many studies [261,262]. But there is EM
waves loss when polarization rotation, this loss effect could be used in
microwave absorption metamaterials to enhance absorption.

To date, researchers have used the natural models to enhance the
performance of microwave absorption metamaterials, and have been
demonstrated it is a feasible design route. E.g. inspired by the micro-
structure of the moth eye [263], the broadband absorption at deep
sub-wavelength thickness and the 8.04-17.88 GHz absorption band-
width at 1 mm thickness are realized, which demonstrated that
anti-reflection ability of natural model also could be used in microwave
frequency range, and through the multilayer and multiscale structure
constructed by the moth eye model, the multi-band adaptability and
hydrophobicity are realized, constructing a superior stealth, ultraviolet
shielding, hydrophobic model. The chiral structure of jeweled beetles
also successfully enhanced the property of MAMs [264], as shown in
Fig. 28. The fibers of the beetle’s carapace show a spiral chiral structure,
which could rotate the polarization of EM wave, and corresponding loss.
In this work, the loss effect is used in microwave absorption materials,
bionic chiral metamaterials are prepared and realized enhanced
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Fig. 27. Micro structure of butterfly wings [260].

Fig. 28. Chiral micro structure of beetles and corresponding bionic structrues [264].

absorption EM wave by rotate the polarization, by construct the dextral
intrinsic chiral structure (twisted 15°), there are six absorption peaks
within 4-18 GHz frequency range, while the extrinsic structure (none
twisted) are only four. And this bionic metamaterials used the porous
matrix, which could be found in any natural models [265,266], realized
ultrasonic wave absorption, water wave absorption, as well as impact
resistance.

Some natural concept also could be used in microwave absorption
materials, such as Qian et al. prepared an intelligent stealth meta-
material based on deep learning model [267], which derived from the
self-adaptive concept of chameleon. That metamaterial with reconfig-
urable metasurface that tuned by deep learning artificial neural
network, and could dynamically adapt to the changing background
environment, and achieve adaptive stealth.
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11.2. Metamaterial perfect absorbers

Metamaterial Perfect Absorbers (MPAs) based on a metamaterial
high impedance surface is postulated. They consist of arrays of split
resonant rings above a ground plane with a dielectric between them
[268]. All the incident waves will be reflected and generate large electric
fields on the surface of the metamaterial. A resistive sheet places on the
outward surface of the metamaterials could absorb the energy of EM
waves before reflecting it back, such as the thin thickness for Salisbury
Screen. However, the original theoretical prediction still requires a
much thinner dielectric layer than the operational wavelength.

Although the previous design does utilize metamaterials to create
MAMs, the absorption mechanism is not the same as many traditional
MAMs. The first experimental demonstration is designed by Landy in
2008 [269]. The combined design allows for individual tuning of the
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electric and magnetic responses. The electric response derives from the
top split resonant ring structure, and the magnetic response results from
anti-parallel currents between the top and bottom metal layers. The high
absorptivity is also experimentally realized or numerically predicted in
the THz regime in 2008, Mid-infrared frequency frequencies in 2010,
Near infrared frequencies in 2008, and in the visible light frequency in
2011 [270,271]. the versatility of the MPA utilization of a number of
configurations which include: polarization dependent or independent
absorptivity, variable angular dependent light absorptivity (both wide
and narrow), broad or narrow frequency band absorptivity. A few
particular examples are demonstrated in detail as follows.

11.2.1. Polarization independence

Polarization independent magnetic metamaterials are first proposed
for near infrared frequencies to eliminate bianisotropy. Electric meta-
materials are also proposed for both polarization dependent and polar-
ization independent dielectric response. The design achieves
polarization independent absorptivity by introducing structures, as
show in Fig. 29 [272]. These metamaterials mentioned above have EM
absorption by using unit cells with 1/2 rotation symmetry. However, it is
demonstrated that approximate polarization independent absorption is
possible by utilizing an asymmetric unit cell. In this case, the unit cell
without n/2 symmetry could also get the polarization independent ab-
sorption based on other mechanisms [273].

Chiral metamaterials could also achieve polarization independent
absorption. Unlike the standard 3-layer design, this group utilizes a
chiral version consisting of two stacked rings which can create inductive
effect to increase the EM wave absorption [274]. A folded eta-shaped
metamaterial shows that it is capable of generating gigantic optical
chirality and spectrally breaking the spin degeneracy of optical trans-
mission at multiband. A remarkable circular dichroism approaching
unity is experimentally achieved, with the maximum transmittance
exceeding 93% [275]. These MAMs shows absorption properties using
rotationally symmetric structures or other symmetry structures for the
EM spectrum in various bands, such as infrared frequencies and THz
frequencies.

11.2.2. Broad angle and broad bandwidth adaptivity

It is possible to create resonance in multiple bands by adjusting
resonance frequencies. By simulation, it is possible to improve the
effective impedance for the whole system by structure design, such as
the multilayer structures and nested elements used in the microwave
and THz ranges. Some researches utilize higher order modes to get a
broad resonance or a multi-resonant response. The device consisting of
planar single unit-cell layer of metamaterial yields over 95% absorption
and reaches an absorptivity of 77% at 1.145 THz [276]. Water-based
[277] materials is also used recently to broaden the microwave
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absorbing bandwidth, which have been proposed and investigated by
employing water as primary element. The paper designed two structure:
the one is water-droplet structure, the other is water-tube structure. The
dielectric permittivity of water unit rapidly decreases with the
increasing frequency while the loss tangent significantly increases in the
microwave region. Simulation and experimental investigation show that
the induced currents loop in the droplets will couple to EM wave to
increase the energy attenuation.

11.3. Digitally coded control metamaterials

In 2014, the concept of encoding metamaterials is firstly proposed by
Cui [278]in Southeast University. So far, many attempts have been
made to exploit dynamic metasurfaces. To realize the metamaterials
coding, 0 and IT phase responses are introduced to mimic the ‘0’ and ‘1’
elements of 1-bit digital so that they can be controlled by a biased diode.
This concept can be extended to 2 bits or more bits to realize different
functionalities, thereby realizing coding metamaterials. Then, He [279]
utilizes split-ring resonators to realize 3-bit digital coding states, and
demonstrates the capabilities of manipulating both EM and acoustic
waves simultaneously. He also designs programmable metasurfaces
[280] which allow dynamic and real-time control of EM waves in sub-
wavelength resolution. By combining metamaterials with computer, the
discrete elements are controlled to realize multiple functions including
steering, bending, focusing, and random scattering of EM waves.

11.3.1. Frequency coding metamaterials

Frequency coding metamaterials [281] can control EM energy ra-
diation with fixed spatial coding pattern when frequency changes. Due
to different frequency sensitivities of unit cells, two units with the same
phase responding to the initial frequency may have different phase
response to higher-frequency microwave. The authors design four
different structures as show in the Fig. 30. The anisotropic encoding
metamaterials [281] are fabricated. The coding behaviors are dependent
on the polarization status of the EM waves propagating in different di-
rections. The author experimentally demonstrates an ultrathin and
flexible polarization-controlled anisotropic coding metasurface that
works in the terahertz regime using specially designed coding elements.
It reveals that the anisotropic coding metasurfaces can generate a beam
splitter and realize simultaneous anomalous reflections and polarization
conversions, thus provide powerful control on different polarized EM
waves.

11.3.2. Structure coding metamaterials

By adjusting structures and periodic arrangements, polarization
conversion can be achieved with metamaterials. It has been demon-
strated [282] theoretically and experimentally that a specific

Fig. 29. (a) Measured reflection under normal incidence at different forward bias voltages (indicated in the inset). (b) Surface current density distribution on ELCs at

peak absorption frequency for one particular polarization [272].
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Fig. 30. The four digital units of frequency coding metamaterials and their reflection response curves. a) Square block. b) Crisscross. ¢) Square loop. d) Circular

loop [281].

gradient-index metasurface can convert a propagating waves to a sur-
face waves with nearly 100%. The structure consisting of a metallic ‘H’
and a metal sheet which are separated by a dielectric spacer is designed.
Simulation research shows that the surface waves generated on the
meta-surface can indeed be guided out to flow on the mushroom as a
surface plasmon polaritons. It is demonstrated that gradient-index
metasurface is a bridge to link propagating waves and surface waves
in the microwave region. Another sandwiched structure [283]
composing of double L arrays and two orthogonal metallic
sub-wavelength gratings is proposed. Its polarization conversion rate is
over 0.99 in 0.20-1.97 THz which is almost 1.74 times of that in other
works. A reflective Pancharatnam-Berry phase metasurface is fabricated
by standard print circuit board technique and tested in microwave
range. Experiments and simulations validate that a free and independent
realization of the cone angle and OAM mode would able to achieve by
this metasurface, which greatly simplifies the design process of conical
beam generation. Xu [284] also adjusts the patch size to achieve the full
range (2x) reflective phase, thereby paves a way to generate the OAM
beams for wireless communication applications.

11.4. Adjustable smart absorbing material

Fabrication of smart stealth material and structure is an innovative
way to obtain improved stealth material. By manipulating the intrinsic
physical parameters and structure of materials, the EM response and
resonance peaks are regulated, which allows the control on their
response to EM waves. Smart EM stealth materials and structures have
excellent flexibility which helps reduce the thickness and mass of ma-
terials, and broaden the response bandwidth of microwave.

There are two types of smart EM wave response structures: active
control and passive control type. The active control structure usually
works with an active control device. The change of EM response can be
realized by controlling the structure parameters actively. In contrast, the
passive control smart EM response structure mostly have open archi-
tecture which can be adjusted by changing environment or external
field. Therefore, for the active control structure, the match between
structure and control device should be considered.
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11.4.1. Passive control smart absorbing materials
1. Loaded lumped elements control

The most typical passive control material is obtained by adding
electric controllable lumped elements into the frequency selection sur-
face (FSS) structure. By controlling the voltage or current of the external
power, the resistance, capacitance, and inductance of the components
are controlled, resulting in the change of resonance frequency and ab-
sorption performance. A passive adjustable absorber loaded with PIN
diode is designed [285]. When the absorber is loaded with different
current, different absorption depth and frequency will be obtained. The
absorptivity over 90% can be obtained in the range of 9-13 GHz. A
opened gap is designed on the metal ring, which realized the movement
of absorption peak between 6 and 17 GHz [286]. In addition, many
studies have been carried out by loading PIN diodes or varactor diodes
between dipoles to get a broadband absorption. The absorbing/reflect-
ing and absorbing/transmitting functions can be regulated by control-
ling the characteristics of PIN diode [287,288].

2. Mechanical performance control

By adjusting the mechanical parameters of structure, the resonance
frequency and absorption performance can be controlled. A V-type
adjustable structure can achieve adjustable performance by adjusting
the folding angle [289]. The periodic units of the structure are arranged
on the dielectric sheets in an origami-like manner. During the folding
and unfolding process, the interaction between incident field and ele-
ments lead to a change of resonance frequency. The resonant frequency
moves by 19% when the folding angle changes from 0° to 60°.

3. Other passive control methods

In addition, many new passive control smart absorbers have been
studied. Scholars have made in-depth research on optical passive control
smart absorber and plasma passive control smart absorber [290]. A
tunable absorber made of discrete plasma shell is fabricated by inte-
grating the ceramic gas seal cavity (plasma shell) with a tightly coupled
loss resonance layer. By changing the voltage of maintainer, the plasma
can be modeled as a frequency dependent inductor, which provides a
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dynamic absorption to the microwave with various frequency.

11.4.2. Active control smart absorbing material

Active control smart material is a kind of adaptive material system,
which can obtain information from environment, then react to that by
changing structure to coordinate with the environment. At present,
active control electronic devices are widely used in different field. Sb
medium with temperature response characteristic is introduced into the
metamaterial structure, and the absorption peak gradually increases
from 0.82 to 1.02 THz with the temperature changing from 160 K to 350
K [291]. By phase and frequency modulation, environment open EM
metamaterials can introduce or remove polar water molecules and ice
crystals in different weather conditions. Thus, the intrinsic properties
are regulated, and the smart regulation of EM properties corresponding
to environmental humidity and temperature is realized. It should be
emphasized that active control on EM stealth not only works in micro-
wave frequency but also in the optical band. By controlling the thickness
of nanometer silicon film (within 1/4 optical wavelength), the phase
interference cancellation is constructed [292]. On this basis, the elec-
trochemical cell is constructed, and the voltage is used to control the
lithium ion deblocking behavior in the nanometer silicon film in the
electrochemical cell. The intrinsic properties of the silicon film can be
adjusted to make the device interfere with the reflected light.

The smart EM response can be realized by designing the related EM
wave induction system and material control system. The coding
adjustable metasurface and the artificial neural network model based on
the deep learning algorithm are researched for microwave absorption.

11.5. Summary and prospects

The application of biomimetic materials in absorbing materials is
still in its infancy, while the natural organisms have evolved for billions
of years, their structures have become perfect for regulating EM waves,
so the current researchers’ attempts have shown that this research
paradigm is effective and can be used in MAMs. In the future, with the
research on biological models, more biological models suitable for
MAMs will be found, which will promote the development of absorbing
materials. Furthermore, additional the EM wave absorption model in
nature, there are many models could realize multifunctional properties
such as flexibility, impact-resistance, etc., which in favor of the inte-
gration of MAM. Metamaterial perfect absorbers has become a hotspot
which many scholars and institutions are researching in recent years. It
can flexibly adjust the absorption performance and facilitate wideband
absorption. The integration of coded metamaterials and computers be-
comes a new way to regulate the electromagnetic radiation behavior and
second harmonic. The proposal of this concept not only simplifies the
design and optimization processes of metamaterials, but also constructs
the axial direction of metamaterials in which physical spaces replace
digital spaces which enable people to understand and explore meta-
materials from the perspective of information science. More impor-
tantly, the digital coding and characterization of metamaterials is very
conducive to combining some active devices (such as diodes and MEMS
switches, etc.) under the control of field position gate array and other
circuit systems to digitally quantify EM waves in real time to achieve a
variety of completely different functions. The development of smart EM
response system is still in its infancy. The rapid development of many
disciplines has created a dynamic interdisciplinary environment for this
field. At present, both the smart EM response system and materials have
many scientific problems to be solved especially the integration mech-
anism of design and manufacture.

12. Conclusion
This overview restricts itself primarily to the MAMs working at 2-18

GHz bands. The most commonly researched MAMs currently are intro-
duced including carbon materials, metal oxides, ceramic materials,
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conductive polymers, and alloys. The MAMs applied for harsh high
temperature environment, infrared-compatible purpose, and multiband
compatibility metamaterials are also involved. We present MAMs from
their electromagnetic properties, loss mechanisms, structure, fabrication
method, regulation approaches, designing principles, current applica-
tions, and future prospects which concern with many fields of science
and technology including nanotechnology, material chemistry, polymer
science, solid state physics, optics, and electromagnetism, etc. In this
fashion, a comprehensively overview over the MAMs for their theoret-
ical and experimental advances in recent year can be summarized as
follows:

1. Integrating two or more kinds of materials is a useful strategy to
achieve outstanding absorption performance, which has been
devoted to tuning the electromagnetic parameters and adjusting the
impedance matching characteristics. Significant synergetic effects
and enhanced interfacial can be produced by combining magnetic
(alloys, ferrites, metal oxides), dielectric (ceramics, MnO», ZnO), and
conductive materials (conductive polymers, carbon materials)
through heterogeneous electromagnetic couplings.

2. Microstructure effect the microwave absorbing performance signif-
icantly. Surface modification, heat treatment, atom doping, ball
milling, chemical control, etc, are used to regulate the microstruc-
ture. Alloys with flaky particles showing larger shape anisotropy can
get larger permeability and better EM absorption performance than
others. Some materials with the structure of nanowires, nanotubes,
nanorods, and core-shell can achieve unique electrical transport or
exciting emissions. The network structure composed of different
nanoparticles could increase the specific surface area of the material
and improve the conductive loss, which attributes to the migration of
activated electrons in the network.

3. Currently, ceramic materials and carbon materials are most used to
explore and optimize high temperature dielectric properties.
Ceramic materials are resistant for high temperature, corrosion,
oxidation, etc., and show high strength, modulus, hardness due to
the covalent and ionic bonding. In addition, high temperature
absorbing materials in harsh environment must have good structural
stability, oxidation resistance and dielectric constant temperature
stability. HEA is one the new candidate if MAMs used in high tem-
perature condition. While the main reason limiting the application of
alloys at high temperatures is their low Curie temperature. The
composition controlling, material modification and structure opti-
mization can be used to improve the magnetic properties of the
alloys.

4. First-principles calculation are one of the most widely used method
to analyze the energy, electronic properties, magnetic properties,
structure information, microparticle interactions, etc. They are
mainly focusing on the explanation the variations of dielectric per-
formance between the defective model and the origin model, and
also on the magnetic materials for analyzing the phase transition
assisted twinning by estimating the stacking fault energies, and
temperature-dependent phase stabilities of different structures.

5. Besides the composition of absorbent, its microstructure, coating
thickness, and the structure of coating can also influence the mi-
crowave absorption performance of coating. Metamaterial are pre-
sented to obtain excellent microwave absorbing properties which are
far beyond that of the materials can achieve, even some lossless
materials can show huge microwave absorption. By structure
designing, digital coding, and active controlling, the metamaterials
can show multiband compatibility on microwave absorption.
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