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With the rapid development of electronic information technology, antenna systems in the fields of avia-
tion, aerospace, transportation, and 5 G communication services are becoming more and more intensive
and accurate. Polymer matrix wave-transparent composites with lightweight, low dielectric constant
(€) and dielectric loss tangent (tand), high temperature resistance, and excellent mechanical properties
are urgently needed in order to ensure high-fidelity transmission of electromagnetic wave and protect
antenna systems from external interference. This review introduces the wave transmission mechanism,
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key compositions (polymer matrix & reinforced fibers), and several typical testing methods for dielec-
tric properties of polymer matrix wave-transparent composites, mainly elaborates the latest research
progress and achievements of polymer matrix wave-transparent composites from polymer matrix, rein-
forced fibers and their surface functionalization methods, and presents the key scientific and technical
problems that need to be solved urgently in the application of polymer matrix wave-transparent com-
posites in the antenna systems. Finally, the future development trends and application prospects of the
polymer matrix wave-transparent composites are also proposed.
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1. Introduction

Wave-transparent composites refer to the functional compos-
ites that can transmit electromagnetic wave at a certain frequency,
and have been widely used in the fields of missiles, launch
vehicles, aircrafts, microwave towers, microwave relay stations,
radomes and antenna window of communication antennas, and
high-performance printed circuit boards (PCB) [1-5]. In addition,
wave-transparent composites can protect radar antennas, commu-
nication and microwave systems from harsh external environment,
and provide electromagnetic windows for transmission and recep-
tion of antenna electromagnetic wave, to ensure their long-term
efficient operation [6-8].

With the rapid development of electronic information technol-
ogy, the technical intensity and accuracy of antenna systems [9,10],
as well as the frequency of electromagnetic wave emission and
reception are getting higher and higher, and the 5 G signal trans-
mission [11] is also getting faster and faster [12-14], which puts
forward higher requirements for wave transmission efficiency, load
bearing, heat insulation, impact resistance, weather resistance, and
air tightness of the wave-transparent composites [15]. Polymer
matrix wave-transparent composites (Fig. 1) have shown broad
application prospects in the fields of aviation/aerospace, trans-
portation, and 5 G communication services due to their advantages
of lightweight, high strength, low dielectric constant (¢) and dielec-
tric loss tangent value (tand), strong designability, good structural
stability, and material/structure/function integration, and so on
[16-18].

This review introduces the wave transmission mechanism, key
compositions (polymer matrix & reinforced fibers), and the sev-
eral typical testing methods for dielectric properties of polymer
matrix wave-transparent composites, mainly elaborates the latest
research progress and achievements of polymer matrix wave-
transparent composites from polymer matrix, reinforced fibers, and
their surface functionalization methods, and also presents the key
scientific and technical problems that need to be solved urgently
in the application of polymer matrix wave-transparent composites
in the antenna system. Finally, the future development trends and
application prospects of polymer matrix wave-transparent com-
posites are also proposed.

2. Definition of polymer matrix wave-transparent
composites

Polymer matrix wave-transparent composites refer to
lightweight & advanced composites with both load bearing
capacity and wave transmission performance, which are mainly
composed of reinforced fibers and polymer matrix, and fabricated
by the methods of hot pressing, vacuum bag or resin transfer
molding [19,20]. The comprehensive properties of the polymer
matrix wave-transparent composites mainly depend on the poly-
mer matrix phase, the reinforced fibers phase, and the interface
(Fig. 2) of the reinforced fibers/polymer matrix [21,22].

Polymer matrix mainly plays the role of bonding and partially
bearing in the composites, and its heat resistance determines the
final thermal stability of the composites [23]. However, the dielec-
tric properties of different polymer matrix vary greatly. Therefore,
choosing a suitable polymer matrix is beneficial to fabricating
polymer matrix wave-transparent composites with high wave
transmission efficiency. Reinforced fibers mainly play the role of
reinforcement and bearing in the composites [24]. However, the
€ value of reinforced fibers is generally larger than that of poly-
mer matrix. Therefore, the intrinsic mechanical properties and
dielectric properties of the reinforced fibers must be considered.
Moreover, the interface of the reinforced fibers/polymer matrix is
the link between the two phases. Excellent interfacial compatibility
would make the mechanical properties and dielectric properties of
the reinforced fibers fully exert [25,26].

3. Wave transmission mechanism of the polymer matrix
wave-transparent composites

Wave transmission performance of the polymer matrix wave-
transparent composites is usually evaluated by € and tané [27,28].
The € can characterize the dielectric or polarization of the com-
posites, which is the capacitance ratio of the same size capacitor
with dielectrics under vacuum [29-31]. And € can also character-
ize the storage capacity of the composites. Dielectric loss means
that part electromagnetic wave is consumed when transmitting
through the medium, which is then converted into heat energy.
Dielectric loss is generally expressed as tand [32]. Moreover, the
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Fig. 1. Brief introduction of the polymer matrix wave-transparent composites and their typical applications.

relationship between the total loss value () of the electromagnetic
wave transmitted in the medium, €, tand, and electromagnetic wave
frequency (f) is shown in Eq. (1).

o = €V/2f . tans (1)

The « is proportional to € and tand. As € and tan§ decrease, the
electromagnetic wave loss during transmission also reduces [33].
According to the law of energy conservation, when transmitting
through the medium [34], electromagnetic wave is divided into
transmitted wave, reflected wave, and loss (Fig. 3). Electromag-
netic wave reflection mainly occurs at the interface between the
medium and air. According to the impedance matching theory [35],
the larger the ¢ of the medium, the more electromagnetic wave
is reflected, thereby reducing the electromagnetic wave transmis-
sion efficiency [36,37]. The electromagnetic wave loss is mainly
due to the polarization phenomenon of the medium in the external
electric field, which causes the electromagnetic wave energy loss
[38] (polarization phenomenon, such as electronic polarization or
atomic polarization, is a kind of resonance or elastic process, in
which energy dissipation occurs).

What's more, when the electromagnetic wave is incident on the
medium, the relationship of reflection coefficient (I"), energy loss
(A), and wave transmission coefficient (T) is as follows [39]:

2mdetand
A= —— "y (2)
(8 — sin’6)
- (e—sin29)(]/2) —€cosf 3)
(€ — sinze)(l/z) +e€cosf

Polymer matrix

Interface

' Reinforced fibers

Fig. 2. Schematic diagram of key composition for polymer matrix wave-transparent
composites.
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Fig.3. Schematic diagram of electromagnetic wave transmission for polymer matrix
wave-transparent composites.

where ¢ = ZT”d(e - sinze)] /2; drepresents the thickness of the com-
posites; A represents the wave length of the electromagnetic wave;
O represents the angle of incidence on the surface of the composites.
According to Egs.(2)-(4), the larger the € and tand, the more electro-
magnetic wave is reflected and the more energy of electromagnetic
wave is lost in the medium, thereby reducing the T.

In addition, polymer matrix wave-transparent composites are
composed of mediums with different € (reinforced fibers, €1; poly-
mer matrix, €; ). According to the Lichtenecher mixing rule [40], the
theoretical € of polymer matrix wave-transparent composites can
be calculated from Eq. (5).

loge = Vglogeg + Vyloger + Vo logey (5)

where, ¢grepresents the dielectric constant of air, V4, V5, and Vy
represent the volume fraction of the fiber phase, polymer matrix
phase, and pores in the total volume of the polymer matrix wave-
transparent composites, respectively, in which V; + V, + Vg = 1.
However, the above equation can only roughly estimate the € of
the polymer matrix wave-transparent composites. Choosing rein-
forced fibers and polymer matrix with low € and tan$ values is
beneficial to obtaining polymer matrix wave-transparent compos-
iteswith high T. Besides, the relationship between € and the internal
structure of the medium can be calculated from Debye formula (6)
[41].
Na

€e=1+3 3¢, _Na (6)
where, N represents the number of atoms in a unit volume and
the density of polarized molecules; « represents the polarizability.
From Eq. (6), reducing the density and polarizability of polarized
molecules is beneficial to descreasing the ¢, thereby increasing the
T of polymer matrix wave-transparent composites.

According to the microscopic mechanism of dielectric polariza-
tion, the polarization types can be divided into the following five
categories [42-44]:

3.1. Electronic polarization

Under the external electric field, the peripheral electron cloud
in the molecules, atoms, or ions that make up the dielectric is
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elastically displaced relative to the nucleus to induce a dipole
moment, which is called electronic polarization (Fig. 4(a)). The
required time for the process of electronic polarization is extremely
short, about 10-13-10-13 s, When the external electric field is
removed, the induced dipole moment is immediately restored
without energy loss. Therefore, electronic polarization is also called
reversible polarization or elastic polarization. Passchier et al. [45]
constructed and operated a compton polarimeter to measure the
longitudinal polarization of a stored electron beam. The compton
polarimeter was operated normally on the internal target device
where polarized electrons were generated and to measure the elec-
tronic polarization during its internal electronic operation. Jenkins
et al. [46] used a non-local dielectric theory to describe the elec-
tronic polarization induced by perturbing fields, and to characterize
spontaneous, quantum mechanical fluctuations in the polarization.
According to the fluctuation-dissipation theorem, for a molecule in
equilibrium state under a radiation bath at a fixed temperature,
the fluctuating electron polarization was positively related to the
dielectric function when correlating the spontaneous polarization
fluctuations to the imaginary part of the non-local polarizability
density.

3.2. Atomic polarization

When the molecular skeleton is deformed by external electric
field, the positive and negative charge centers in the molecules will
be relatively displaced. The process of atomic polarization takes
about 1013 s, and the molecular deformation process is accom-
panied by a slight energy loss (Fig. 4(b)). Li et al. [47] adopted the
wave function Cornu curl and the real & imaginary parts of the wave
function to investigate the process of atomic polarization, and pro-
posed a calculation method for the atomic polarization radius. The
obtained calculation results were generally better than those based
on Norman rules.

3.3. lonic polarization

Under external electric field, a relative elastic displacement
occurs between the positive and negative ions, which cause an
induced dipole moment. The corresponding polarization diagram
of the ionic polarization is similar to that of atomic polarization.
Ionic polarization generally exists inside ionic crystals composed
of ionic bonds or crystalline phases of ceramic media. Similar
to that of electronic polarization, the formation and disappear-
ance time of ionic polarization is extremely short without energy
loss. Wang et al. [48] analyzed the ion migration and dielectric
behavior of NaNbOs at 29.1 GPa. The interaction between Na* and
NbOg enhanced the vibration resonance damping of the system.
In the high-pressure stage, the ionic polarization and space charge
polarization of the NaNbOs3 interface layer affected its dielectric
properties.

3.4. Orientation polarization

Orientation polarization is also known as dipolar polarization.
Polar molecules with permanent dipole moments are aligned under
the external electric field (Fig. 4(c)). In the natural state, the irreg-
ular thermal motion of molecules causes their distribution to be
equal in each direction. The rotation of polar molecules in the direc-
tion of the external electric field needs to overcome their own
inertia and rotational resistance, which requires a long time for
orientation polarization, about 102 s. The orientation polarization
of polymers presents different unit orientations (side chain groups
and the orientation of the entire molecular chain), resulting in a
longer time for orientation polarization, similar to that of mechan-
ical relaxation. Wu et al. [49] investigated the dipole-oriented
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Fig. 4. Schematic diagram of dielectric polarization: electron polarization (a), atom polarization (b), orientation polarization (c), and interfacial polarization (d).

polarization characteristics of polar monolayer under external elec-
tric field by measuring the change of fluorescence polarization
characteristics of the monolayer. The polar single molecules of the
polymethyl methacrylate film displayed directional distribution.

3.5. Interfacial polarization

Interfacial polarization is the main form of polarization in a non-
uniform phase medium. Under the external electric field, carriers
accumulate at the interface between the two phases or are trapped
by defects, causing charge accumulation and uneven charge dis-
tribution in the medium and resulting in electric dipole moment
(Fig. 4(d)). Such polarization takes a long time, from tenths of a
second to a few minutes. Ma et al. [50] investigated dielectric
behavior of the polymer-derived amorphous silicon carbonitride.
The interfacial polarization occurs at the interface between the
silicon carbonitride phase and the free carbon phase, mainly due
to the migration and accumulation of charge carriers. And the
interfacial polarization of the polymer-derived amorphous silicon
carbonitride was enhanced at elevated temperatures, resulting in
an increase in € and tané.

Electron polarization and orientation polarization are both
called as deformation polarization or induced polarization, and the
polarization ratio does not change with temperature. Generally,
there is no ionic polarization in polymer matrix wave-transparent
composites. And the interface between the reinforced fibers and
polymer matrix is prone to interfacial polarization. If the rein-
forced fibers present poor interfacial compatibility with polymer
matrix, carriers accumulate at the interface of the two-phase
(reinforced fibers and polymer matrix) or are trapped by defects,
which increases the interfacial polarization, and further causes
multiple reflections and losses of electromagnetic wave at the
interface (Fig. 5), leading to an increase of tand, and reduction in
the T of polymer matrix wave-transparent composites [51]. There-
fore, desigining polymer matrix wave-transparent composites with
low € and tand can be realized through either by reducing the
polarization molecular density and polarization ratio of reinforced
fibers and polymer matrix, or by improving the interfacial bonding
strength of the composites.

4. Polymer matrix of wave-transparent composites

Polymer matrix is a host material that realizes the functional
characteristics of polymer matrix wave-transparent composites
[52], which needs to possess excellent mechanical properties, envi-

ronmental resistance, thermal stability, and low € and tané. Table 1
shows the main properties of the common polymer matrix [53-55].

4.1. Types of the polymer matrix

4.1.1. Epoxy resin

Epoxy resin is one of the most common polymer matrix for
wave-transparent composites due to excellent bonding pefor-
mance, wear & chemical resistance, low thermal expansion
coefficient, and mature curing process [56,57]. In the 1980s, epoxy-
based wave-transparent composites were already applied in the
radome of the US submarine-launched “Tomahawk” cruise mis-
sile. However, epoxy resin presents low heat resistance and cannot
meet the heat resistance requirements of aircraft under high Mach
number condition. It is currently only used for the radome of sub-
sonic aircrafts and civil aviation aircrafts. Moreover, epoxy resin
possesses relatively larger € & tand, and poor mechanical proper-
ties [58]. Xu et al. [59] designed and synthesized the imidazolium
diphenylphosphinate (IDPP) which was then blended with bisphe-
nol A epoxy resin (DGEBA) to prepare modified IDPP/DGEBA resins.
The glass transition temperature (Tg) of IDPP/DGEBA resins was
significantly improved while ensuring the excellent dielectric prop-
erties (¢ of 4.00 and tané of 0.004). When the amount of IDPP
was 15 wt%, the Ty of IDPP/DGEBA resins increased from 138.5
°C (pure DGEBA resin) to 172.7 °C. Weng et al. [60] synthesized
aredistributed polyphenylene oxide (rPPO) to modify epoxy resin.
Modified epoxy resin presented lower € (3.76) and tané (0.0021),
and the 50 wt% thermal weight loss temperature (Tsg) was 421.0 °C,
55.9 % higher than that of pure epoxy resin. In addition, Zhou et al.
[61] fabricated a hydroxyl-terminated polybutadiene liquid rubber
(HTPB) modified epoxy resin (HTPB-epoxy) with low € & tang, and
excellent mechanical properties. When the amount of HTPB was 10
wt%, the € of the HTPB-epoxy resin reduced from 4.53 (pure epoxy
resin) to 4.24, and the tand remained low (about 0.023). Meanwhile,
the tensile strength and impact strength of the HTPB-epoxy resin
were 67.3 MPa and 16.2 kJ/m?, respectively, higher than those of
pure epoxy resin (65.2 MPa and 8.6 kJ/m?).

4.1.2. Phenolic resin

Phenolic (PF) resin presents excellent mechanical properties,
heat & weather resistance, electrical insulation & flame retardant
properties, and so on [62,63], and is the polymer matrix originally
used in mass production of radomes. In addition, PF resin is com-
monly used in radomes with high heat resistance requirements.
For example, the Sam-6 missile radome and MiG series aircraft
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Fig. 5. Schematic diagram of electromagnetic wave transmission at the interface of polymer matrix wave-transparent composites.
Table 1
Main properties of the common polymer matrix.
Polymer matrix Density (g/cm?3) Flexural strength (MPa) Flexural modulus (GPa) € tand
Epoxy resin (EP) 1.30 97 3.8 3.7-4.1 0.018-0.020
Phenolic resin (PF) 1.30 92 3.5 6.5-8.3 0.015-0.030
Polyimide (PI) 1.40 170 3.8 3.1-35 0.005-0.012
Bismaleimide (BMI) 1.30 150 3.7 3.1-35 0.005-0.020
Cyanate ester resin (CE) 1.17 80 2.8 2.8-3.2 0.002-0.008
Unsaturated polyester resin (UP) 1.29 85 3.2 2.8-4.0 0.006-0.026
Polytetrafluoroethylene (PTFE) 2.20 90 - 2.1-23 0.0003-0.0004
Silicone resin - 85 - 3.0-5.0 0.003-0.050

radome of the former Soviet Union, and the supersonic shore ship
missile radome of China all adopted modified PF resin as polymer
matrix. However, PF resin generates low-molecular volatiles dur-
ing the curing process, resulting in high molding pressure and long
post-curing time. Besides, the cured product of the PF resin pos-
sesses poor toughness, high € and tand. Wu et al. [64] fabricated
SiO; nanoparticles/o-cresol formaldehyde epoxy/boron bisphenol
S formaldehyde (BCS) resin with excellent mechanical properties.
When the amount of SiO, was 6 wt%, the impact strength of the
BCS resin increased from 105 to 149 kj/m2. And the introduction of
SiO, had little impact on the dielectric properties of the BCS resin
(e of 8.05 and tand of 0.0131). Hou et al. [65] synthesized single-
crystalline @-SizN4 nanospheres with uniform size (about 50 nm)
by using a radio frequency (RF) thermal plasma system via a one-
step and continuous way. Si3N4/PF composites possessed excellent
thermal stability (thermal weight loss at 1200 °C was only 17.7
wt%), and lower € (6.0) and tand (0.09). However, PF resin is cur-
rently rarely used in the high-performance radomes field due to its
inherently high € and tané values than those of other thermosetting
resins (epoxy resin and cyanate resin).

4.1.3. Unsaturated polyester resin

Unsaturated polyester (UP) resin presents simple molding pro-
cess, low cost, and low € and tand. Moreover, UP resin can be cured
at room temperature, suitable for large scale production [66]. In the
early 1960s, Nan-gatuck Chemical Corporation developed modified

UP resin with the trade names of Vibrinl 35 and Vibrinl 36 for the
polymer matrix of bomarc missile radomes manufactured by Boe-
ing. However, UP resin possesses poor heat resistance, short storage
period, high curing shrinkage, and poor impact strength [67]. Hane-
mann et al. [68] reported a styrene/UP resin with excellent heat
resistance (thermal decomposition temperature of 260 °C), low €
(2.6) and tan$ (0.009). It could be potentially used in the fields
of aviation, aerospace, and communication services. Dorian et al.
[67] fabricated a polybutadiene/UP resin with low € (3.4) and tand
(0.009), and excellent fracture toughness. The corresponding plane
strain fracture toughness of the polybutadiene/UP resin increased
from 0.14 MN/m3/2 (pure UP resin) to 0.21 MN/m?3/2. Zhou et al. [ 69]
developed a unique high performance resin by co-polymerizing
UP resin with a novel benzyl alcohol terminated hyperbranched
polysiloxane (Vi-HPSi). There was little change for € value of Vi-
HPSi/UP resin compared to that of pure UP resin, and the tand
value of Vi-HPSi/UP resin reduced from 0.0315 (pure UP resin) to
0.0196, and the corresponding impact strength increased from 8.2
kJ/m?2 (pure UP resin) to 23.5 kJ/m2. Chen et al. [70] fabricated a
new type of highly heat-resistant modified UP resin by introducing
N-phenylmaleimides containing perfluoroalkyl substituents (-CF3
and -CgF;3). The modified UP resin presented low € (3.63), and the
weight loss temperature of 5 wt% (Ts) was 336 °C, higher than
that of pure UP resin (327 °C). Sethuraman et al. [71] developed
an organic-inorganic hybrid nanocomposites based on vinylsilane-
functionalized SBA-15 (VSBA-15) reinforced UP resin. The € value
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of obtained VSBA-15/UP resin was 2.4, 79.1 % lower than that of
pure UP resin (4.3), and the VSBA-15/UP resin still had excellent
heat resistance.

4.1.4. Polyimide resin

Polyimide (PI) resin possesses low € & tand, and excellent heat
resistance (thermal decomposition temperature is around 500 °C,
and T is greater than 250 °C) [19,27], which can be used as polymer
matrix for radome in the field of aerospace. PMR-15 and AFR-
7000 PI resins developed by Nasa Lewis Research Center and Air
Force Laboratory in the United States have been widely used in
the fields of radomes and high-performance PCB. However, the
solvents used to prepare PI resin are usually high boiling points
such as N, N'-dimethylformamide (DMF), N, N’-dimethylacetamide
(DMACc), and N-methylpyrrolidone (NMP). These solvents are dif-
ficult to remove completely during processing, and would easily
form holes in the PI resin. In addition, PI resin presents high molec-
ular chain rigidity, poor solubility, and complicated preparation
process. Li et al. [72] synthesized 9, 9-bis (3-(3-phenylethynyl)
phthalimide-4-hydroxyphenyl) fluorene (Cardo) to be doped into
PI resin (PI-Cardo). When the amount of Cardo was 40 wt%, the
€ of PI-Cardo-40 resin decreased from 3.4 (pure PI resin) to 2.5.
Moreover, PI-Cardo-40 resin presented excellent thermal stabil-
ity and good processability. The T5 of PI-Cardo-40 resin increased
from 459 °C (pure PI resin) to 470 °C. Koytepe et al. [73] adopted
the sol-gel method to prepare PI-SiO, hybrid composites contain-
ing bipyridine. The obtained PI-SiO, hybrid composites possessed
low € (2.15) and still maintained excellent heat resistance. In addi-
tion, Qiu et al. [74] adopted pyromellitic dianhydride (PMDA) as the
anhydride monomer and 2, 2-bis (4-(4-(4-aminophenoxy) phenyl)
propane) as the amine monomer to prepare PI resin microspheres,
which were then doped into PI resin. The € and tand of modified
PI resin with 50 wt% PI microspheres were 2.2 and 0.0066, respec-
tively, much lower than those of pure Pl resin (¢, 3.1; tan§, 0.0233).
The tensile strength of modified PI resin increased from 85.8 MPa
(pure Pl resin) to 128.5 MPa.

4.1.5. Bismaleimide resin

Bismaleimide (BMI) resin possesses fluidity and plasticity sim-
ilar to that of epoxy resin. In addition, BMI resin presents low
moisture absorption rate, high heat resistance, excellent mechan-
ical properties, and low € and tané in a wider temperature range,
and is widely used in the industrial fields of aerospace, commu-
nication services, and electronic information [75,76]. Hexcel P550
and Hexcel F855 type BMI resins developed by American Hexcel
Co., Ltd. were used as the polymer matrix for wave-transparent
composites. 4501A, 4501B, and 4503 BMI resins developed by
Northwestern Polytechnical University present excellent mechan-
ical properties, dielectric properties, and heat resistance, and are
also widely used as polymer matrix for wave-transparent compos-
ites. However, the cured BMI resin displays high brittleness and
poor processability. Yao et al. [77] designed a hollow silica tube
(mHST)/bismaleimide (DMA)/diallyl bisphenol A (DBA) resin with
excellent mechanical properties, and low € (3.3) and tané (0.003).
The impact strength of the mHST/DMA/DBA resin was 23.5 kJ/m?,
119.6 % higher than that of BDM/DBA resin (10.7 kJ/m?2). Chen
etal.[78] adopted sulfonated polyether ether ketone (SPEEK), 3, 3/~
diallyl bisphenol A (BBA), bisphenol A diallyl ether (BBE), and BMI
resin as the raw materials to prepare SPEEK/BBA-BBE-BMI resin by
compression molding. When the amount of SPEEK was 5 wt%, the
€ and tand of SPEEK/BBA-BBE-BMI resin decreased from 3.2 and
0.012 (BBA-BBE-BMI resin) to 2.4 and 0.009, respectively. Mean-
while, the flexural strength (147.9 MPa) and impact strength (15.7
kJ/m?) of SPEEK/BBA-BBE-BMI resin were increased by 49.5 % and
66.2 %, respectively, compared with those of BBA-BBE-BMI resin
(flexural strength of 98.9 MPa and impact strength of 9.5 kJ/m?).
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Hu et al. [79] developed a new type of mesoporous silica (MPSA)/2,
2’-diallyl bisphenol A (DBA)/4, 4'-bismaleimide diphenylmethane
(BDM) resin with improved mechanical and dielectric properties.
When the amount of MPSA was 5 wt%, the MPSA/DBA/BDM resin
presented low € (3.1) and tané (0.015). Compared with that of pure
DBA/BDM resin (tensile strength of 160.0 MPa), the tensile strength
of MPSA/DBA/BDM resin increased to 187.0 MPa, increased by 16.9
%.

4.1.6. Polytetrafluoroethylene resin

Polytetrafluoroethylene (PTFE) resin is a completely symmet-
ric non-polar linear polymer with very low € and tand. In a wide
temperature and frequency range, the € of the PTFE resin is sta-
ble around 2.1, and the tand is about 10~%. In addition, PTFE
resin displays excellent chemical resistance, environmental resis-
tance, thermal stability, and low moisture absorption rate (<0.01
%) [80,81]. When PTFE resin is subjected to temperatures above
400 °C, no carbon residue is produced and the ablation products
are all volatile compounds, which have little effect on the dielec-
tric properties. Ro3003, TLC-30, Duroid5650, and Avcoat8029 PTFE
resins developed by the United States and Russia have been suc-
cessfully applied in radio systems in the fields of launch vehicles,
aircraft, missiles, and return satellites. However, PTFE resin pos-
sesses large linear expansion coefficient, poor creep resistance and
molding process, which limits its wider application range. Jiang
et al. [82] adopted the soft-molding method to prepare the PTFE
resin with good dimensional stability (linear expansion coeffi-
cient of 1.31 x 10~% m/K) and excellent dielectric properties (¢
was 2.05 and tand was about 1073). Yuan et al. [83] fabricated
vy-aminopropyl triethoxysilane (KH550) modified SiO,/PTFE resin
by powder blending method. When the amounts of KH-550 and
SiO, were 1.5 and 57 wt%, respectively, KH-550-SiO, /PTFE resin
still maintained excellent dielectric properties (€ of 2.70 and tand
of 0.00135), and the corresponding thermal expansion coefficient
reduced from 34.1 ppm/K (pure PTFE resin) to 28.1 ppm/K. Jiang
et al. [84] discovered that an appropriate amount of small-sized
SiO; (2 pm) could fill the pores between large-sized SiO, (15 pwm),
which was beneficial to the formation of a dense microstructure.
When the amount of silica of both sizes was 31 wt%, the modified
PTFE resin maintained excellent dielectric properties (€ of 2.99 and
tand of 0.002), and the corresponding thermal expansion coeffi-
cient was 18.68 ppm/K, lower than that of pure PTFE resin (26.02

ppm/K).

4.1.7. Silicone resin

Silicone resin possesses low € and tand under various harsh
environmental conditions [85], and the long-term use tempera-
ture of silicone resin is around 250 °C. In Russia, silicone resin has
been applied in the radar, missiles, space shuttles, and other fields.
However, silicone resin presents small intermolecular forces and
low cross-linking densities, resulting in poor heat resistance, weak
mechanical properties, low viscosity, and complicated processing
molding process. Zhu et al. [86] blended methylhydrogensilox-
ane (MHSis) and poly(methylphenylvinylsiloxane) (Psi) to prepare
MHSis/Psi resin. The heat resistance of the MHSis/Psi resin was
significantly improved, and the thermal decomposition tempera-
ture increased from 355.7 °C (pure Psi resin) to 382.7 °C on the
basis of ensuring the excellent dielectric properties of MHSis/Psi
resin (e of 2.95, tand of 0.0045). Kim et al. [87] fabricated VHR
resin from functionalized poly (dimethylsiloxane) (V), polyvinyl
functionalized silicone resin (R) and crosslinking agent (H) by
hydrogenated silane addition reaction at high temperatures. VHR
resin displayed excellent tensile strength (1.34 MPa), low € (3.33)
and tan$ (0.002). Zhang et al. [88] synthesized a new type of ASiR
resin from poly (methylphenylvinyl siloxane) (PMPVSi) and hyper-
branched polysiloxane (EHFHPSi). When the mass ratio of PMPVSi
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to EHFHPSi was 2/1, the ASiR resin presented the lowest € (2.96) and
tand (0.0003), and excellent thermal stability (initial decomposition
temperature was 468 °C).

4.1.8. Cyanate ester resin

Cyanate ester (CE) resin contains two or more cyanate functional
groups (—OCN), and possesses the highly symmetrical triazine ring
structure (low polarity) after curing. In comparison to UP, BMI, PI,
and epoxy resin, CE resin displays better wave transmission effi-
ciency with low dielectric constant (€ of 2.6-3.2) and dielectric loss
tangent (tand of 0.005-0.010) in a wide range of temperatures and
frequencies [89,90]. In addition, CE resin presents excellent ther-
mal stability, adhesion, low density, high Tg (240—290 °C), and low
moisture absorption rate (<1.5 %) [91]. x 54 and 954-2A CE resins
produced by Fiberite and the XU 71787 CE resins produced by Dow
Chemical present excellent dielectric and mechanical properties,
and are widely used in aircraft radomes. However, CE resin presents
large brittleness due to the highly cross-linked triazine ring struc-
ture. Caoetal.[92] adopted precipitation polymerization to prepare
bisphenol A cyanate (BADCy) resin particles, followed by evenly
dispersing in BADCy resin matrix to prepare BADCy self-reinforced
composites. Compared with that of pure BADCy resin, the tensile
strength, flexural strength, and impact strength of BADCy com-
posites increased by 98.1 %, 40.2 %, and 85.4 %, respectively. In
addition, BADCy composites presented extremely low € (1.7, much
lower than that of pure BADCy resin), and the tand remained at
low value (0.005). Gao et al. [93] developed a polyphenylene ether
(PPO)/BADCy resin with low € (3.3) and tané (0.004), and excellent
mechanical properties. Compared with that of pure BADCy resin
(9.8 kJ/m?2), the impact strength (18.1 k]/m?2) of PPO/BADCy resin
increased by 84.7 %.In addition, Sun et al. [94] developed a modified
aluminum phosphate (AIPO4-KH-550)/CE resin with low € (3.10)
and tané (0.0080), and excellent mechanical properties (the stor-
age modulus of AIPO4-KH-550/CE resin increased from 2210 MPa
(pure CE resin) to 2600 MPa.

4.2. Synchronous improvement of dielectric properties and heat
resistance of polymer matrix

The dielectric properties and heat resistance of polymer matrix
affect the T and using temperature range of polymer matrix wave-
transparent composites. At present, there are two main ways to
reduce the € and tand of polymer matrix. One is to reduce the
density of polarized molecules of polymer matrix by reducing the
packing density of the internal structure, thereby reducing the €
and tané of the polymer matrix. The other is to introduce strong
electronegative elements to reduce the effect of the applied elec-
tric field on electrons to decrease the polarizability of polymer
matrix, thereby reducing the € and tand [95,96]. In addition, the
main method to improve the heat resistance of polymer matrix is to
introduce heat-resistant molecular skeleton or nanoparticles into
the polymer matrix [97]. However, only improving the dielectric
properties or heat resistance of polymer matrix has been unable to
meet the low € and tan§, and high heat resistance requirements of
polymer matrix wave-transparent composites.

The cage skeleton structure of polysilsesquioxane (POSS) is
highly symmetrical, and the Si—O and SiC— bonds exhibit low
€ and tand due to their low polarity. The bond energy of the
Si—0 and SiC bonds is much higher than those of CC and CO——
bonds, enduing POSS excellent thermal stability [98]. Lei et al.
[62] introduced epoxy-based POSS (EP-POSS) into phenolic novolac
(EN) resin to prepare a new type of organic-inorganic hybrid
resin (ENH). Compared with those of pure EN resin (¢ of 6.42
and tan$ of 0.1725), ENH resin with 2 wt% EP-POSS presented
lower € (4.11) and tané (0.0725). Meanwhile, the Tg of ENH resin
increased from 135.4 °C (pure EN resin) to 192.5 °C, Ts increased
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from 328.0 °C (pure EN resin) to 340.0 °C. Zeng et al. [99] com-
bined incompletely condensed POSS (TAP-POSS) containing allyl
groups, DBA and BDM resin via copolymerization to prepare
modified BDM resin (BDM/DBA/TAP-POSS). When the amount of
TAP-POSS was 3 wt%, the € of BDM/DBA/TAP-POSS resin decreased
from 5.94 (BDM/DBA resin, 1 Hz, 250 °C) to 4.39 (1 Hz, 250
°C), and the Tg increased by 36.0 °C. Zhang et al. [100] adopted
octa(aminopropyl)silsesquioxane (POSS-NH;) to modify CE resin.
When the amount of NH,-POSS was 1 wt%, the € and tan$ of POSS-
NH,/CE resin were 2.82 and 0.0032, respectively, lower than the
€ (3.05) and tand (0.0080) of pure CE resin. And the Ty of POSS-
NH,/CE resin (1 wt% NH,-POSS) increased from 268.0 °C (pure CE
resin)to311.0°C. Birtane etal.[101] fabricated a series of polyimide
(PI) nanocomposites containing [3-(2-aminoethyl)amino]propyl-
heptaisobutyl substituted polyhedral oligomeric silsesquioxane
(AHIP). When the amount of AHIP was 5 wt%, the € of AHIP/PI resin
decreased from 8.6 (pure Pl resin) to 5.5, and the Tg of AHIP/PI resin
increased from 264.0 °C (pure PI resin) to 284.0 °C.

Adamantane (AMT) and cyclodextrin possess the cage structure
similar to POSS, and are also widely used to improve the dielectric
properties and heat resistance of polymer matrix due to the rigidity
and low polarity [102]. Miao et al. [103] modified graphene oxide
(GO) with AMT through the diimide-activated amidation reaction,
followed by fabricating GO/AMT-CE hybrid composites. When the
amount of GO/AMT was 1 wt%, the € and tan§ of GO/AMT-CE hybrid
composites were 2.54 and 0.0063, lower than the € (3.94) and tand
(0.0122) of pure CE resin, respectively, and the Ts of GO/AMT-CE
hybrid composites increased from 403 °C (pure CE resin) to 431
°C. Tsai et al. [104] designed and synthesized a novel adamantane
epoxy resin (ADEP) with low € (3.07, 15.4 % lower than that (3.63)
of pure epoxy resin) and excellent heat resistance. In addition, Tang
et al. [105] synthesized a cyclodextrin microsphere (M-CDP), fol-
lowed by doped into CE resin to prepare M-CDP/CE resin. When the
amount of M-CDP was 5 wt¥%, the € of M-CDP/CE resin decreased
from 3.40 (pure CE resin) to 2.92. Meanwhile, the initial thermal
decomposition temperature of M-CDP/CE resin increased from 368
°C (pure CE resin) to 376 °C. In our previous work, Gu et al. [106]
synthesized a novel fluorine/adamantane containing compounds
(AEAF) from bisphenol AF, 1-adamantyl chloride, and epichloro-
hydrin (ECH) through successive esterification and O-alkylation
reaction, which was then introduced into the curing networks of
BADCy resins via copolymerization to obtain AEAF-co-BADCy resins
(Fig. 6). When the amount of AEAF was 6 wt%, AEAF-co-BADCy
resins displayed the minimum values of real part (¢’;), imaginary
part (€”;) of complex permittivity, and tand, which were 2.49, 0.012,
and 0.0048, respectively (at 10 GHz), and much lower than those
of pure BADCy (€'r of 2.93, €”; of 0.019 and tand of 0.0065, 10
GHz). Meanwhile, it presented the optimal thermal stability (heat
resistance index (Tygr) of 217.9 °C) and the highest Tg (276.3 °C),
increased by 5.1 % and 8.7 %, respectively, compared with those of
pure BADCy resins (Tyr; of 207.3 °C and T of 254.1 °C).

Fluorine (F) is the most electronegative element, and fluorine-
containing molecules present low polarizability [95]. Therefore,
the introduction of C—F bond is favor of reducing the € and tand
of polymer matrix. Moreover, the introduction of C—F bond can
also improve the heat resistance of the polymer matrix due to
high binding energy of C—F [107]. Yuan et al. [108] adopted the
perfluorocyclobutyl (PFCB) aromatic ether polymer to modify sili-
cone resin (Si-PFCB). The € and tan§ of Si-PFCB resin were 2.33 and
0.0021, respectively, much lower than those of the silicone resin
reported in other literatures (¢, 3.0—5.0; tand, 0.003-0.050). Mean-
while, Si-PFCB resin possessed high thermal stability, the Ts was
472°C,and the Ty was greater than 350 °C. Chen etal.[109] designed
and synthesized a fluorine-containing polymer with amino groups
in the side chain (PFNP) to modify epoxy resin. PFNP participated in
the curing reaction of epoxy resin and was evenly dispersed in the
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Fig. 6. Schematic diagram of preparation of AEAF-co-BADCy resins. Reprinted with permission from Ref. [106]. Copyright (2020) Elsevier Ltd.

Incident waves

JAVAVS

Airborne radgr\/\/\r. 9 4

Energy loss_

SRAVSAVAVAVE = T

— e

Lower energy loSS

A

Fig.7. Schematic diagram of electromagnetic wave transmission mechanism for FPBO-co-BADCy resins. Reprinted with permission from Ref. [110]. Copyright (2019) Elsevier

Ltd.

epoxy resin. When the amount of PFNP was 10 wt%, the € of EP-10
resin was 3.5, much lower than that of pure epoxy resin (5.4), and
the Ty of EP-10 resin increased from 156.1 °C (pure epoxy resin) to
175.1 °C. In addition, Jiang et al. [90] synthesized a novel bisphe-
nol 3,5-bis(trifluoromethyl)phenylhydroquinone (BTFMHQ) and
the corresponding modified epoxy resin (BTFMEP) via multi-step
procedure including the Meerwein arylation reaction, followed
by nucleophilic reaction. Compared with those (¢ of 3.01 and
tand of 0.0139) of commercially available DGEBA, BTFMEP pre-
sented lower € (2.59) and tané (0.0114), and excellent thermal
stability (Tg of 142 °C). In our previous work, Gu et al. [110]

synthesized the fluorine-containing epoxy-terminated PBO pre-
cursor (epoxy-preFPBO) from 2, 2-bis(3-amino-4-hydroxyphenyl)
hexafluoropropane (6FAP) and terephthaloyl chloride (TPC) via
condensation reaction followed by end-group functionalization
with glycidol. Afterwards, epoxy-preFPBO modified CE resins
(FPBO-co-BADCy resins, Fig. 7) were prepared by copolymerization
of epoxy-preFPBO and BADCy resin. FPBO-co-BADCy resins with 7
wt% epoxy-preFPBO displayed the optimal wave-transparent per-
formances. The € and tand were 2.48 and 0.0081, respectively,
lower than those of pure BADCy (¢ of 3.05, tand of 0.0090). More-
over, FPBO-co-BADCy resin possessed excellent thermal stability
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(Ts was 375.2 °C), which was a very promising polymer matrix for
radomes.

In addition, the cross-linking of different polymers could form
an interpenetrating polymer network (IPN), and the macromolec-
ular chains of polymer matrix are intertwined and penetrated
through each other in the curing network to refine the microstruc-
ture, thereby improving the compatibility between polymer matrix
[111,112]. Furthermore, the introduction of molecular chains with
low polarity in the curing network can effectively constrain the ori-
entation and relaxation of polar molecular chains, thereby reducing
the € and tand. Moreover, the interpenetrating network presents
high stability and excellent heat resistance [113]. For example, the
bismaleimide triazine (BT) resin fabricated by BMI and CE resin pos-
sesses the excellent performance: low € (3.0-3.5), high T¢ (190—-290
°C), low water absorption (0.2-2.5 wt%), and excellent dimensional
stability and processability. Hwang et al. [114] adopted BMI, 2,
6-dimethylphenol-dicyclopentadiene dicyanate (DCPDCY), and 2,
6-dimethylphenol-dipentene dicyanic acid ester (DPCY) to prepare
aseries of BT resins with low € (2.53) and excellent thermal stability
(Ts is 445 °C). In addition, Jie et al. [115] fabricated DBA/BT hybrid
resin. The € of DBA/BT resin was reduced from 3.07 (BT resin) to
2.91, and the thermal decomposition temperature exceeds 400 °C.
Guo et al. [116] fabricated the fluorine-containing BT resin from 2,
2’ -bis (4-cyanophenyl) propane (CY-1), 2’ -bis (4- (4-maleimide
oxy) phenyl) hexafluoropropane (6FBMP), and diallyl hexafluo-
rophthalol A (6FDABPA). The ¢ and tand of fluorine-containing
BT resin were 2.89 and 0.002, respectively, much lower than the
reported CE and BMI resins. And the fluorine-containing BT resin
presented excellent thermal stability (the Tg was 220 °C, and the
Ts was around 400 °C). Tu et al. [117] synthesized a new type
of diphenyl ether-containing phenolic resin (MPF), followed by
copolymerizing with BADCy resin to prepare MPF/BADCy resin.
When the amount of MPF was 30 wt%, the € and tané of MPF/BADCy
resin were 3.00 and 0.0062, respectively, lower than the € (3.2) and
tand (0.0080) of BADCy resin reported in other literatures. Mean-
while, MPF/BADCy resin still presented excellent thermal stability.

5. Reinforced fibers of polymer matrix wave-transparent
composites

Reinforced fibers for polymer matrix wave-transparent com-
posites are mainly divided into inorganic and organic fibers
[118-122]. Table 2 shows the physical and chemical properties of
common reinforced fibers.

Reinforced fibers generally possess high specific
strength/modulus, lower density, low € and tand. However,
the structure of reinforced fibers is highly ordered along the fiber
axis, resulting in a chemically inert surface and poor interfacial
compatibility with polymer matrix [123-126]. Therefore, a large
number of defects are likely to occur at the interface between
reinforced fibers and polymer matrix (Fig. 8). To our knowledge,
increasing the surface activity of reinforced fibers by surface func-
tionalization is beneficial to the interfacial compatibility between
the reinforced fibers and polymer matrix, thereby reducing the
interfacial polarization, and improving the interfacial bonding
strength and other related mechanical properties of polymer
matrix wave-transparent composites.

5.1. Inorganic fibers

5.1.1. Glass fibers (GFs)

GFs are the earliest and most widely used reinforced fibers in
radomes due to their low cost, low € and tand, excellent insulation
properties and mechanical properties [127-130]. In the 1950s, the
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Boeing Company successfully applied the radome made of GFs to
the main guided missile (3 Mach).

At present, E, S, D-GFs are main reinforced fibers of polymer
matrix wave-transparent composites [131-133]. E-GFs with low
cost, also known as alkali-free GFs, are currently the most widely
used GFs. S-GFs are mainly composed of oxides such as magnesium,
aluminum, silicon, etc, and mainly used in military and other fields
because of the expensive cost, high strength and elasticity. The ¢
and tané of D-GFs are the lowest of the three, suitable for the fields
with higher requirement on the wave transmission. For example, D-
GFs are used in the radomes of the US Hawk missile and SA-6 missile
of the former Soviet Union. However, the mechanical properties of
D-GFs are relatively poor, only 70 % of E-GFs, which limits their
wider application [134,135].

However, the chemical composition of GFs is very different from
that of polymer matrix [136,137]. It is necessary to adopt appropri-
ate methods to improve the interfacial compatibility of GFs and
polymer matrix. At present, researchers mainly improve the inter-
facial compatibility of GFs and polymer matrix through two aspects.
On the one hand, GFs are treated to eliminate impurities or weak
boundary layer on the surface, so as to improve the infiltration with
polymer matrix. On the other hand, active groups are introduced on
the surface of GFs to react with polymer matrix, to form an inter-
facial phase connected by chemical bonds. The common surface
functionalization methods of GFs mainly include plasma treatment,
acid etching, coupling agent treatment, chemical grafting modifi-
cation, and surface coating [138-140].

Plasma treatment mainly relies on high-energy plasma to
change the chemical composition of GFs’ surface [141-143]. The
electron in the plasma has high enough energy to break the chem-
ical bond, thereby destroying the chemical structure of the surface
and improving the surface activity of GFs. Meanwhile, plasma treat-
ment slightly etched the surface of GFs, increased the contact area
of GFs and polymer matrix, and further improved the interfacial
bonding strength of GFs reinforced composites. Researchers usu-
ally adopt low-temperature plasma to functionalize GFs to avoid
the destruction of GFs structure by high temperature. Lim et al.
[144] found that GFs treated by low-temperature oxygen plasma
presented smaller contact angle and higher surface energy. And
excess water and residues of GFs were removed during the treat-
ment, resulting in a reduction in the € of the functionalized GFs.
Iharaetal.[145] adopted low-temperature NH3 plasma to treat GFs.
Compared with that of pure GFs reinforced plastic (205.4 MPa), the
tensile strength (237.2 MPa) of the functionalized GFs reinforced
plastic (GFRP) increased by 15.5 %. Zhang et al. [127] applied air
plasma to improve the interfacial adhesion between GFs and adhe-
sive for preparing GFs reinforced laminated veneer lumber (LVL)
composites with excellent mechanical properties. Compared with
those of pure LVL composites, the modulus of rupture and elasticity
values of plasma-modified LVL composites increased by 36.0 % and
16.0 %, respectively. Kusano et al. adopted helium plasma to treat
GFs. The surface energy of functionalized GFs increased from 20
m]J/m?2 (pure GFs) to 80 mJ/m2. However, plasma treatment equip-
ment possesses high requirements, complicated operation, and is
difficult for industrialization.

The principle of acid etching is to dissolve Al,03, MgO, and Na,O
of GFs, resulting in the formation of depressions and micropores
on the surface, which plays an anchoring role and is beneficial
to adhering to the polymer matrix. In addition, the acid can react
with SiO, of GFs to form a large amount of silanol, further improv-
ing the interfacial bonding strength between GFs and polymer
matrix [146,147]. The functionalization effect of acid etching on
GFs is mainly related to the type and concentration of acid, treat-
ment time, and temperature. Too high acid concentration and too
long treatment time would lead to the destruction of the GFs
structure. Tomao et al. [148] found that the functionalized GFs
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Table 2
Physical and chemical properties of common reinforced fibers.
Properties
Fibers P
Density (g cm~3) Tensile strength (GPa) Modulus (GPa) € (1 MHz) tand (1 MHz)
E-glass fibers 2.54 3.75 72 6.13 0.0038
S-glass fibers 2.49 4.00 85 5.21 0.0068
D-glass fibers 2.60 2.40 52 4.00 0.0025
Quartz fibers 2.20 1.70 72 3.78 0.0002
Basalt fibers 2.80 3.50 80 2.63 0.0050
Kevlar 49 fibers 1.45 3.45 137 3.85 0.0010
UHMPE fibers 0.97 5.01 193 3.00 0.0001
PBO fibers 1.56 5.80 280 3.00 0.0010

Weak interfacial boding strength

Polymer matrix wave-transparent composites

Reinforced fibers

Polymer matrix

Strong interfacial boding strength

Polymer matrix wave-transparent composites

Fig. 8. Schematic diagram of interfacial defects for polymer matrix wave-transparent composites.

obtained by treatment with 20 % HCI for 6 h at 100 °C displayed
the highest content of silanol under the premise that the struc-
ture of GFs is not destroyed. Cho et al. [149] found that applying
20 % H,0, and 80 % H,SO4 mixed acid to treat S-GFs for 24 h
could obtain functionalized GFs with the highest surface activity
(Gr- (iii) GFs). And the interlaminar shear strength (ILSS) of Gr-
(iii) GFs/polyurethane dimethacrylate composites increased from
7.38 MPa (pure GFs/polyurethane dimethacrylate composites) to
10.30 MPa, increased by 39.6 % (Fig. 9(a)). Arunprakash et al. [150]
adopted H,SO4 and NaOH to successively treat GFs. Compared with
that of pure GFs/epoxy resin composites, the ILSS of functional-
ized GFs/epoxy composites increased by 12.5 %. Karunagaran et al.
[151] dipped GFs in H,SO4 for 24 h to obtain functionalized GFs and
found that the flexural strength of the functionalized GFs/epoxy
composites increased from 309 MPa (pure GFs/epoxy resin) to 380
MPa.

Coupling agent treatment is the most commonly applied surface
functionalization methods of GFs, among which silane coupling
agent is the most widely used [152]. The silane coupling agent
reacts with the silicon hydroxyl groups on the surface of GFs
to form a stable Si-O-Si structure, thereby improving its sur-
face activity. The corresponding silane coupling agent should
be selected according to different polymer matrix. Park et al.
[153] functionalized GFs with methacryloxypropyltrimethoxysi-
lane (KH-570), which was then applied to prepare functionalized
GFs/unsaturated polyester composites. The ILSS of the func-
tionalized GFs/unsaturated polyester composites increased from
16.2 MPa (pure GFs/unsaturated polyester composites) to 27.4
MPa. Sever et al. [154] adopted 3-(2, 3-epoxypropyloxy) propy-

Itrimethoxysilane (KH-560) to functionalize GFs. Compared with
that of pure GFs/epoxy composites, the ILSS of functionalized
GFs/epoxy composite increased by 59 %. In addition, Sever et al.
[155] found that if the treatment time of the silane coupling agent
was too long, a thick coupling agent layer would be formed on the
surface of the GFs, which made the contact angle of functionalized
GFs larger, resulting in poor wettability with polymer matrix. Nigel
et al. [156] adopted aminopropyltrimethoxysilane (APS) and KH-
560 to functionalize the surface of GFs. The ILSS of KH-560-GFs/PF
composites was 78.4 % higher than that of APS-GFs/PF composites.

Chemical grafting functionalization is usually combined with
the coupling agent treatment, and the functional groups of
the coupling agent are usually used for secondary function-
alization to make the surface-active group and molecular
chain segments more abundant, further improving the inter-
facial compatibility with polymer matrix. In addition, the
biggest advantage of chemical grafting functionalization is
that it can graft specific active groups on the surface of
GFs according to the structure of polymer matrix, to signifi-
cantly improve the interfacial bonding strength of the obtained
composites. Li et al. [157] synthesized triblock copolymer cou-
pling agent polystyrene-block-poly(n-butylacrylate)-block-poly(c-
methacryloxypropyltrimethoxysilane), (PS-b-PnBA-b-PMPS) by
atom transfer radical polymerization, which was then chemically
grafted on the GFs surface. The functionalized GFs presented bet-
ter interfacial compatibility with polyethylene, and the ILSS of
the functionalized GFs/polyethylene composites increased from 4.9
MPa (pure GFs/polyethylene) to 17.7 MPa. In addition, Zhang et al.
[158] grafted polymer brushes (PMMA or PS) on the surface of GFs
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pretreated by KH-550, and the surface roughness of the functional-
ized GFs was greatly improved (Fig. 9(b)). What’s more, acid treated
GFs presented a large number of silanol groups, which could also
be used for secondary functionalization. Tao et al. [159] grafted
hydroxyl-terminated poly-n-butyl acrylate-b-styrene (HO-P (BA-
bS)) onto the surface of GFs pretreated by H,SO4. The ILSS of the
functionalized GFs/polystyrene composites increased from 8.5 MPa
(pure GFs/polystyrene) to 14.9 MPa.

Surface coating refers to coating a layer containing polar groups,
to enhance the surface roughness and introduce active groups on
the surface of GFs, thereby strengthening the interfacial bonding
strength between GFs and polymer matrix through mechanical
engagement or chemical bonding. Surface coating presents simple
operation, mild conditions, and none destruction to the perfor-
mance of GFs. Asadi et al. [160] functionalized the surface of
GFs with cellulose nanocrystals (CNC), followed by preparing CNC
coated GFs/epoxy composites. When the amount of CNC was
0.17 wt%, the elastic modulus and tensile strength of CNC coated
GFs/epoxy composites increased by 10 %, and the corresponding

flexural modulus and flexural strength increased by 40 % and 43
% (Fig. 9(c)) respectively, compared with those of pure GFs/epoxy
composites. Nygard et al. [161] built a polypropylene/maleic anhy-
dride coating (PP-g-MAH) on the surface of GFs, which significantly
improved the ILSS of PP-g-MAH/GFs/PP composites. The ILSS of
the PP-g-MAH/GFs/PP composites increased from 6.6 MPa (pure
GFs/PP composites) to 20.2 MPa. In addition, He et al. [ 162] designed
ternary multi-scale hybrid coatings (nano Al,03, micro Al,03, and
short carbon fiber (SCF)) to functionalize GFs. Compared with that
of GFs reinforced polymer (GFRP), the type II interlaminar frac-
ture toughness of functionalized GFRP increased by 38.2 %. In
our previous work, Gu et al. [163] employed silica-sol, synthe-
sized from tetraethyl orthosilicate (TEOS) and KH-560 via sol-gel
method, to functionalize the surface of GFs (Si-GFs). The flexu-
ral strength (539.6 MPa) and ILSS (34.8 MPa) of the Si-GFs/epoxy
resin laminated composites respectively increased by 15.5 % and
24.7 %, compared with those (flexural strength of 467.1 MPa and
ILSS of 27.9 MPa) of pure GFs/epoxy resin laminated compos-
ites.
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5.1.2. Quartz fibers

Quartz fibers are currently the most used reinforced fibers for
polymer matrix wave-transparent composites due to their excel-
lent ablation resistance, impact resistance, outstanding chemical
stability, and ultralow € and tand (the tand is much lower than that
of GFs) [164-166]. In addition, quartz fibers can be used for a long
time at about 1050 °C, and the instantaneous heat resistance tem-
perature can reach 1700 °C, which is very suitable for radomes in
the aerospace and missile fields. However, the bare quartz fibers
present relatively poor mechanical properties. Coating a layer of
sizing agent on the surface of quartz fibers during the generation
process is in favor of repairing its surface defects, thereby improv-
ing the strength of quartz fibers.

Surface functionalization methods of quartz fibers are basically
similar to those of GFs. Wang et al. [167] adopted two silane cou-
pling agents (KH-550 and KH-570) to functionalize the surface of
quartz fibers. KH-550 functionalized quartz fibers presented better
interfacial compatibility with bisphenol A-glycidyl dimethacrylate
(bis-GMA). The corresponding flexural strength of functional-
ized quartz fibers/bis-GMA composites increased from 270.9 MPa
(pure quartz fibers/bis-GMA) to 620.3 MPa. Luo et al. [168] fab-
ricated functionalized quartz fibers pretreated by KH-550. The
tensile strength and impact strength of the functionalized quartz
fibers/PMMA composites increased by 13 % and 43 %, respectively,
compared with those of the pure quartz fibers/PMMA composites.
Ge et al. [169] utilized a silane coupling agent (AG-2) containing
terminal alkyne to functionalize the surface of the quartz fibers.
Compared with those of the quartz fibers/PSA resin composites, the
ILSS and flexural strength of the functionalized quartz fibers/PSA
resin composites increased by 34.77 % and 38.30 ¥%, respectively.
Zhang et al. [170] synthesized vertically aligned carbon nanotubes
(VA-CNT) composed of multi-walled carbon nanotubes (MWCNT)
on the surface of quartz fiber fabrics using plasma-enhanced chemi-
cal vapor deposition to prepare VA-CNT functionalized quartz fiber
fabrics. The contact angle of VA-CNT functionalized quartz fiber
fabrics with distilled water decreased from 96.5° (pure quartz fiber
fabric) to 30.6° (Fig. 10(a)).

5.1.3. Basalt fibers

Basalt fibers possess excellent tensile strength, high flame
retardancy, ablation resistance, wear resistance, low € and tané,
etc. Compared with GFs, basalt fibers present simple preparation
process, lower cost, and is the only non-carcinogenic, environmen-
tally friendly green high-performance fibers so far [171,172]. At
present, the application of basalt fibers in the polymer matrix wave-
transparent composites for radomes is still in its infancy.

Basalt fibers present smooth surface, which cannot realize
effectively physical or chemical connection to polymer matrix
[173-175]. Manikandan et al. [176] used H,SO4 to functionalize
basalt fibers. The ILSS of the functionalized basalt fibers/UP com-
posites increased by 24.15 %, compared with that of the basalt
fibers/UP composites. Liu et al. [177] combined HCI with KH-550
to functionalize the surface of basalt fibers. The impact strength
of the functionalized basalt fibers/bisphenol F-type epoxy compos-
ites was 77 % higher than that of the pure basalt fibers/bisphenol
F epoxy composites. In addition, surface coating can avoid dam-
age to the structure of basalt fibers. Wei et al. [178] constructed
an organic/inorganic hybrid coating (epoxy resin/silica hybrid
materials) on the surface of basalt fibers. The tensile strength of
functionalized basalt fibers was 15 % higher than that of pure basalt
fibers. Moreover, the functionalized basalt fibers displayed better
interfacial compatibility with bisphenol A epoxy resin. Compared
with that of the pure basalt fibers/bisphenol A epoxy resin compos-
ites, the ILSS of the functionalized basalt fibers/bisphenol A epoxy
composites increased by 10 %. Zhang et al. [ 179] adopted polyacry-
lamide/epoxy resin/nano-SiO, coating to functionalize the surface
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of basalt fibers, and functionalized basalt fibers possessed rougher
surface and improved hydrophilicity (Fig. 10(b)).

5.2. Organic fibers

5.2.1. Kevlar fibers

DuPont realized the industrialization of poly (p-phenylene
terephthalamide) fibers (trade name of Kevlar fibers) in 1972.
Kevlar fibers with a highly ordered molecule chain and high
crystallinity, present high specific strength/modulus, excellent
dimensional stability, chemical & fatigue resistance, low density
(1.44 g/cm?3), low € and tané, and are mainly applied in thin-walled
and flexible deployable radomes [180,181]. However, Kevlar fibers
possess high hygroscopicity (easy to cause € to increase in hot and
humid environment) and poor UV resistance. In addition, Kevlar
fibers present extremely chemically inert and poor interfacial com-
patibility with polymer matrix. Surface functionalization methods
of Kevlar fibers mainly include physical modification, chemical
modification, and surface coating [182-185].

The common physical modification methods include plasma
treatment, high-energy radiation treatment, and corona treatment.
Su et al. [186] used oxygen plasma to functionalize the surface
of Kevlar fibers. When the oxygen plasma treatment time and
power were 300 s and 60 W, respectively, the functionalized
Kevlar fibers/BMI resin composites presented optimal ILSS (161.0
MPa), which increased by 40 %, compared with that of pure Kevlar
fibers/BMI resin composites (115.0 MPa). Jia et al. [187] adopted air
plasma to treat Kevlar fibers. When the treatment time and power
were 12 s and 300 W, respectively, the ILSS (61.7 MPa) of the func-
tionalized Kevlar fibers/poly (phthalazinone ether sulfone ketone)
composites increased by 34.1 %, compared with that (46.0 MPa) of
Kevlar fibers/poly (hthalazinone ether sulfone ketone) composites.
Zhang et al. [188] adopted y-ray to treat Kevlar fibers, followed by
grafting KH-560 on the surface. The ILSS of the functionalized Kevlar
fibers/epoxy composites increased from 42.1 MPa (pure Kevlar
fibers/epoxy resin composites) to 55.6 MPa. Nejman et al. [189]
performed discharge treatment on Kevlar fiber fabrics. The sur-
face free energy of the functionalized Kevlar fiber fabrics increased
from 44.06 m]/m? (pure Kevlar fiber fabrics) to 70.01 mJ/m2. How-
ever, the above mentioned surface functionalization methods are
likely to destroy the structure of Kevlar fibers themselves, thereby
decreasing the mechanical properties.

Chemical grafting modification includes chemical substitution
and chemical oxidation. Hydrogen in the ortho- and para-position
of the benzene ring in Kevlar fibers can be substituted with
certain electrophilic substitution groups. Liu et al. [190] grafted
epichlorohydrin to the benzene ring of the surface of Kevlar fibers
through the Friedel-Crafts reaction. When the reaction time was
1 h, the functionalized Kevlar fibers presented the best inter-
facial bonding strength with epoxy resin, and the single fiber
pull-out strength of functionalized Kevlar fibers/epoxy resin micro-
composites increased from 8.0 MPa (Pure Kevlar fibers/epoxy resin)
to 12.1 MPa. Chemical oxidation grafting is to improve the surface
roughness and activity of Kevlar fibers with oxidizing chemical
reagents. Zhang et al. [191] used nitrification media to pretreat
Kevlar fibers, and then grafted hyperbranched polysiloxane (HPSi)
onto the surface of Kevlar fibers (HPSi-g-Kevlar). HPSi-g-Kevlar
fibers presented a rougher surface morphology, and its surface free
energy was 1.7 times that of pure Kevlar fibers. Lin et al. [192]
pretreated Kevlar fibers with bromine water, and then grafted
epichlorohydrin on its surface. Compared with that of Kevlar
fibers/epoxy resin composites, the ILSS of functionalized Kevlar
fibers/epoxy composites increased by 12.0 %. Tao etal.[193] applied
the methodology of metalation to pretreat the Kevlar fibers and
then grafted alkoxysilane on its surface. The ILSS of the function-
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alized Kevlar fibers/epoxy composites was 36.3 MPa, 57.1 % higher
than that (23.1 MPa) of pure Kevlar fibers/epoxy composites.
Coating polymers or other highly viscous substances on the
surface of Kevlar fibers is in favor of enhancing the interfacial bond-
ing strength between Kevlar fibers and polymer matrix [194,195].
Rodriguez et al. [196] deposited acid-treated oxidized multi-walled
carbon nanotubes (MWCNT) on the surface of Kevlar fibers. The
number of active functional groups such as —COOH and O—H on
the surface of the functionalized Kevlar fibers was greatly increased
(Fig. 11(a)). Zhou et al. [197] prepared BL-aramid fibers by alter-
nately self-assembling SiO, and MgAlFe layered double hydroxide
(LDH) on surfaces of aramid fibers through a green layer-by-layer
(LBL) self-assembly technique without using high temperature and
organic solvent. The surface energy of BL-aramid fibers was 1.8
times that of pure aramid fibers (Fig. 11(b)). Liang et al. [198]
constructed a new hybrid coating with hyperbranched polysilox-
ane (HSi)/CeggCap201g on the surface of Kevlar fibers by in-situ
method (HSi-CeggCag,01g8@Kevlar). The surface free energy of
HSi-CeggCag 01 3@Kevlar fibers was 40 % higher than pure Kevlar
fibers. Dopamine (DA) can form a polymer network (polydopamine,
PDA) through oxidative crosslinking, which firmly adheres to
the surface of Kevlar fibers. Rina et al. [199] used DA/KH-560
to functionalize the surface of Kevlar fibers (Kevlar-PDA/KH-
560). The ILSS of Kevlar-PDA/KH-560 fibers/rubber composites
increased by 61.5 %, compared to pure Kevlar fibers/rubber

composites. Fu et al. [184] designed and fabricated DA-coated
functionalized Kevlar fibers, which presented better interfacial
compatibility with olefin block copolymer (OBC). In our previ-
ous work, Gu et al. [200] adopted DA/POSS to functionalize the
surface of Kevlar (POSS-g-Kevlar@PDA, f-Kevlar) cloth. And the
ILSS of f-Kevlar cloth/BADCy matrix wave-transparent laminated
composites increased by 73.7 %, compared with that of pure
Kevlar cloth/BADCy matrix wave-transparent laminated compos-
ites. Moreover, the low-polarity of POSS reduces the interfacial
polarization of the f~-Kevlar cloth/BADCy matrix wave-transparent
laminated composites, further reducing the € and tané of the com-
posites (Fig. 11(c)).

5.2.2. Ultra high molecular weight polyethylene (UHMWPE) fibers

UHMWPE fibers possess molecular structure with low polarity
and low dispersion, excellent mechanical properties, low density
(0.90 g/cm3, which is the lowest density of reinforced fibers), excel-
lent UV radiation & chemical corrosion resistance, and low € and
tand [201-203]. However, UHWMPE fibers present low melting
point, poor dimensional stability, high surface inertness, and poor
interfacial interaction with polymer matrix. At present, the poly-
mer matrix wave-transparent composites of UHMWPE fibers are
only in the experimental research stage.

In order to improve the surface activity of UHMWPE fibers,
Wang et al. [204] applied tannic acid (TA) and Na* to coat the sur-
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face. The interfacial shear strength (IFSS) of TA coated UHMWPE
fibers/epoxy composites increased by 43.3 %, compared with that
of pure UHMWPE fibers/epoxy composites (Fig. 12(a)). Jin et al.
[205] applied oxygen plasma to pretreat UHMWPE fibers, then
coated polypyrrole (PPy) on their surfaces. The functionalized
UHMWPE fibers present better interfacial bonding strength with
epoxy resin due to the hydrogen bonding. And the single fiber
pull-out strength of the functionalized UHMWPE fibers/epoxy
resin micro-composites increased from 1.05 MPa (pure UHMWPE
fibers/epoxy resin) to 10.05 MPa. Shanmugam et al. [206] adopted
DA to coat UHMWPE (UHMWPE-PDA) fibers. Compared with pure
UHMWEE fibers/thermoplastic (Elium®) resin composites, the ILSS
of UHMWPE-PDA fibers/thermoplastic (Elium®) resin composites
increased by 25.1 %. Ahmadi et al. [207] used dibenzoyl peroxide as
the initiator and methyl glycidyl acrylate (GMA) as the monomer
to initiate free radical polymerization and form poly(glycidyl
methacrylate) on the surface of UHMWPE fibers, thereby contain-
ing a large amount of epoxy groups on the surface of UHMWPE
fibers. The surface energy of the functionalized UHMWPE fibers
increased from 33.39 mN/m (pure UHMWPE fibers) to 50.74 mN/m,
and the corresponding contact angle decreased from 95.0° (pure

UHMWPE fibers) to 87.7°. In addition, the ILSS of the functional-
ized UHMWPE fiber/epoxy composites increased from 2.44 MPa
(pure UHMWPE fibers/epoxy resin) to 7.13 MPa.

5.2.3. Poly(p-phenylene-2, 6-benzobisoxazole) (PBO) fibers

The molecular chain of PBO fibers is composed of benzene ring
and oxazole ring, and the angle between the external bonds of
each ring is 180°, so that PBO fibers present a linear rigid rod-
like molecular structure. Owing to their excellent comprehensive
performance, PBO fibers have very broad application prospects in
aerospace, weaponry, and other fields. The tensile strength of PBO
fibers is 5.8 GPa, which is the highest among the known rein-
forced fibers. The initial decomposition temperature of PBO fibers is
above 650 °C, and the long-term use temperature is 300 °C. Besides,
PBO fibers present excellent chemical resistance, which is stable in
most acid-based solutions, and only partially soluble in methane-
sulfonic acid (MSA) and polyphosphoric acid (PPA). In addition,
PBO fibers possess high flame retardancy, low density, and low €
and tand, which is an ideal reinforced fibers for polymer matrix
wave-transparent composites for radomes [208-210].
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However, PBO fibers present smooth surface and extremely
strong chemical inertness, resulting in poor interfacial compatibil-
ity with polymer matrix. Researchers usually apply acid, plasma,
and high-energy radiation to functionalize the surface of PBO
fibers. Wu et al. [211] used MSA to etch the surface of PBO fibers.
The surface free energy of the functionalized PBO fibers was 46.2
mJ/m?, increased by 34.4 %, compared with that of pure PBO
fibers (62.1 mJ/m?2). And the ILSS (40.2 MPa) of the functional-
ized PBO fibers/epoxy composites increased by 15.8 %, compared
with that of pure PBO fibers/epoxy composites (34.7 MPa). Liu
et al. [212] adopted PPA/acetic acid to etch the surface of PBO
fibers. The contact angle of functionalized PBO fibers with distilled
water reduced from 90.0° (pure PBO fibers) to 42.8°. And the single
fiber pull-out strength of the functionalized PBO fibers/epoxy resin
micro-composites increased from 7.5 MPa (pure PBO fibers/epoxy
resin) to 9.7 MPa. In our previous work [213], the high-modulus
PBO (HMPBO) fibers were soaked in the solution of PPA and abso-
lute ethanol (EtOH) (PPA: EtOH = 1:1, wt/wt), followed by ultrasonic
treatment to prepare functionalized HMPBO fibers. The function-
alized HMPBO fibers presented improved hydrophilicity, and the
contact angle with distilled water reduced from 75.1° (pure HMPBO
fibers) to 35.5°. Liu et al. [214] fabricated the functionalized PBO
fibers treated by air plasma. When the intensity of the air plasma
was 50 W/cm?, the ILSS of the functionalized PBO fibers/BMI com-
posites increased from 43.9 MPa (pure PBO fibers/BMI) to 57.1
MPa. However, the tensile strength of the functionalized PBO fibers
decreased by 10.7 %, from 5.6 GPa (pure PBO fibers) to 5.0 GPa.
Zhang et al. [215] grafted epichlorohydrin on the surface of PBO
fibers through y-ray radiation treatment. The functionalized PBO
fibers possessed a large number of active groups and rough sur-
faces. When the intensity of y-ray radiation is 30 kGy, the surface
free energy of functionalized PBO fibers reached the maximum,
increased by 14.5 %, compared with that of pure PBO fibers. The
compound functionalization technique can exert the synergistic
effect of the respective functionalization methods, in order to
achieve the effect of 1+1 >2.Huetal. [216] adopted acid treatment

and chemical grafting to functionalize the surface of PBO fibers.
Firstly, PBO fibers was treated by H,SO4 to obtain PBO—COOH
fibers, which was then grafted by metal-organic framework (MOF,
UIO-66) and tartrazine to prepare PBO@Tartrazine fibers (PTFs)
(Fig. 12(b)). Compared with that of pure PBO fibers, the single fiber
pull-out strength of PTFs/epoxy resin micro-composites increased
by 49.0%.In our previous work [217], oxygen plasma and POSS were
combined to functionalize the surface of HMPBO fibers. Compared
with that of pure HMPBO fibers/CE micro-composites, the single
fiber pull-out strength of functionalized HMPBO fibers/CE micro-
composites increased by 20.7 %. The above methods can effectively
improve the surface activity of PBO fibers to a certain extent, but
also inevitably damage the intrinsic mechanical properties of PBO
fibers.

Surface coating has attracted the attention of researchers as it
does not damage the intrinsic structure of PBO fibers. Qian et al.
[218] employed nano-titania (TiO;) to coat the PBO fibers. The
functionalized PBO fibers presented excellent interfacial bonding
strength with epoxy resin. And the single fiber pull-out strength
of the functionalized PBO fibers/epoxy resin micro-composites
increased from 13.5 MPa (pure PBO fibers/epoxy resin) to 17.4 MPa.
Zhu et al. [219] built a polyetherimide (PEI)/TiO, organic-inorganic
hybrid coating on the surface of PBO fibers, which significantly
improved their surface roughness. Yu et al. [220] designed and
fabricated graphene oxide-metal organic framework (RGO-UIO-
66) hybrid coating which was then coated on the surface of
PBO fibers (PGU-CHF). The ILSS of PGU-CHF fibers/thermoplastic
polyurethane composites increased from 63.2 MPa (pure PBO
fibers/thermoplastic polyurethane) to 71.3 MPa. Meanwhile, PGU-
CHF fibers also possessed excellent UV resistance. Lysozyme can
rapidly self-assemble at a gas-liquid or liquid-solid interface under
certain environmental conditions to form insoluble aggregates or
two-dimensional nano-films with ordered structure, which can
quickly, gently, and stably adhere to various materials surface. In
our previous work [221], lysozyme was coated on the surface of PBO
fibers (PBO@lysozyme), which was then grafted with epoxy-based
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POSS to prepare functionalized PBO fibers (f~PBO). The ILSS of the
f-PBO fibers/m-BADCy composites increased from 38.7 MPa (pure
PBO fibers/m-BADCy) to 47.6 MPa, increased by 23.0 % (Fig. 13(a)).
In addition, DA is also used to functionalize the surface of PBO
fibers. Chen et al. [222] adopted branched polyethyleneimine (b-
PEI)/graphene oxide/PDA to functionalize the surface of PBO fibers
(PBO@PDA-PEI-GO). The surface roughness of PBO@ PDA-PEI-GO
fibers increased from 26.6 nm (pure PBO fibers) to 69.4 nm, and
the single fiber pull-out strength of PBO@PDA-PEI-GO fibers/epoxy
micro-composites was 68.2 MPa, 68.8 % higher than that of PBO
fibers/epoxy resin micro-composites (40.4 MPa). In our previous
work [223], DA and KH-560 were synchronously performed to func-
tionalize the surface of PBO fibers (f~-PBO). Compared with that
of pure PBO fibers, the interfacial bonding strength between f-
PBO fibers and modified CE resin increased by 25 % (Fig. 13(b)).
Moreover, Gu et al. [224] synthesized random copolymers (P(S-co-
BCB-co-MMA)) containing benzocyclobutene in the side-chain by
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization, which were then utilized to form dense random copolymer
membrane on the surface of PBO fibers by thermally cross-linking
(PBO@P fibers, Fig. 14). When the Mn of P(S-co-BCB-co-MMA)
was 32300, the surface roughness of PBO@P fibers was increased
from 11 nm (PBO fibers) to 39 nm. In addition, PBO@P fibers pre-
sented the optimal interfacial compatibility with BADCy resins. And
the single fiber pull-out strength of PBO@P fibers/BADCy micro-
composites was 4.5 MPa, increased by 45.2 % in comparison with
that of PBO fibers/BADCy micro-composites (3.1 MPa).

Recent years, designing and synthesizing interfacial compat-
ibilizers, which present excellent compatibility with PBO fibers
and polymer matrix to improve the ILSS of polymer matrix
wave-transparent composites (PBO fibers/polymer matrix) with-
out damaging the intrinsic structure of PBO fibers, have attracted
wide attention of researchers. Liu etal. [225] designed and prepared
a novel interfacial compatibilizer (PCOO) based on hydroxyphos-
phorated castor oil and epoxy resin to functionalize the PBO
fibers. The single fiber pull-out strength of PBO fibers/PCOO/epoxy
resin micro-composites increased by 156.2 % in comparison with

that of pure PBO fibers/epoxy resin micro-composites. In our
previous work [226], a novel interfacial compatibilizer of epoxy-
terminated poly (p-phenylene-2, 6-benzobisoxazole) precursor
(epoxy-prePBO) was synthesized to modify BADCy resin via copoly-
merization. When the amount of epoxy-prePBO was 7 wt%,
the PBO-co-BADCy resin presented the best interfacial bonding
strength with PBO fibers. The ILSS of PBO fibers/PBO-co-BADCy
resin composites increased by 20.1 % in comparison with that of
pure PBO fibers/BADCy resin composites.

6. Test methods for dielectric properties

Dielectric properties (¢ and tand) are the main indicators for
evaluating the wave transmission performance of polymer matrix
wave-transparent composites. At present, test methods for dielec-
tric properties mainly include resonance methods, transmission
line methods and free space methods [227-229].

6.1. Resonance methods

Resonance methods are to calculate the complex dielectric
constant of polymer matrix wave-transparent composites by mea-
suring the resonance frequency (f) and quality factor (Q) before
and after loading the samples in the cavity. It mainly includes per-
turbation method, high-Q cavity method, and quasi-optical cavity
method [230-232].

6.1.1. Perturbation method

The perturbation method obtains the € and tan$ of the samples
by comparing the changes of the electromagnetic field structure
and resonance parameters in the cavity with or without samples
[233-235]. The testing device for perturbation method generally
includes the rectangular perturbation cavity and cylindrical per-
turbation cavity, as shown in Fig. 15.

The vector network analyzer is used to measure the fand Q val-
ues of the cavity before and after the disturbance. And the dielectric
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Fig. 15. Schematic diagram of testing device for perturbation methods: rectangular perturbation cavity (a); cylindrical perturbation cavity (b).

properties of the samples are calculated according to the perturba-
tion theory. The € can be calculated by the following formula:
Round bar samples

, al | [foo —foo
€ =1+2K [ } 7
{ndsz} fos @)
Rectangular bar samples
voq. 1 al 7 [foo —foo
@ =3k ) [P ®

where, foo represents the cavity resonance frequency; fos represents
the resonance frequency of the test cavity with samples; ds repre-
sents the diameter of the round bar sample; a represents the width
of the rectangular cavity; L represents the length of the rectangular
cavity; W represents the width of rectangular bar samples; t rep-
resents the thickness of the rectangular bar samples; K represents
the correction factor of the perturbation formula. The tand can be
calculated by the following formula:
Round bar samples

wed o~ a) ©

Rectangular bar samples

tand =

al 1 1
tanS_W [ﬂ_ﬁ} (10)
where, Qgo represents the unloaded quality factor of the test cavity;
Qgs represents the unloaded quality factor of the test cavity with
samples.

The perturbation method is based on dielectric perturbation
theory, which is suitable for testing low-loss materials. However,
the disturbance of the high-loss materials is too large, which greatly
reduces the accuracy of the above perturbation method.

6.1.2. High-Q cavity method

High-Q cavity method is divided into two categories. One is to
fix fand change the cavity size (fixed frequency method), the other
is to fix the cavity size and change f(frequency conversion method)
[236,237]. The samples tested by high-Q cavity method are in a non-
contact state with the cavity wall, and generally does not require
gap correction. Therefore, the high-Q cavity method has a high-test
accuracy for low-loss samples (shown in Fig. 16). In principle, the
high-Q cavity method presents no special restrictions on the test
frequency, but the lower the test frequency, the larger the volume
of the high-Q resonator system and samples size required, thereby
increasing the difficulty of preparing the samples. After inserting
the samples at the bottom of the high-Q cavity, the €g of the samples

is different from the €q of air, which causes the equivalent axial
distance of the cylindrical resonant cavity to change, resulting in a
change in f. And the Q value of the cylindrical resonator decreases
with the increase of tand, so the € and tané of the samples can be
calculated according to the fand Q of the cylindrical resonator with
and without samples.

The derivation process of € is as follows:

For system 1:

(foD)? = (%xm)2 +(%)2(§)2 (11)
For system 2:

=2y - 2y’ "

- () - ()

tanfed tanfo(1-d) _, (14)

Be Bo

where, Xy represents the root of the Bessel function, Sy and fBe
represent the propagation constants of the air part and the loaded
medium part of the cylindrical resonator, respectively. And D, n, Xp1,
and the speed of light (¢) are known. L can be obtained by measuring
fo, Bo can be obtained by measuring fye, and Be can be obtained by
Egs. (13) and (14), € can then be calculated accordingly.
According to the relationship between energy storage and
energy consumption of System 2, the Eq. (15) can be obtained:

tand = (1 +p:e') - (é - ﬁ)

where:

(15)

(Z1)* . (pv+u)+D (pB2 + £2)

ve - (32)7 (1= D)+ (2) " 1]

1 _L(b
Q&O_Q fOe

(16)
sin Bo(L—d)°
oL —
p:[ sin Bod } (17)
u:2(L—d)—w (18)
v:2d—5in;# (19)
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Fig. 16. Schematic diagram of testing principle for high Q cavity method.

Therefore, tand can be obtained by subjecting the quality factor
(Qgo) of the cavity and the unloaded quality factor (Qg¢) of the
cavity.

6.1.3. Quasi-optical cavity method

Quasi-optical resonant cavity is developed from the optical
Fabry-Perot interferometer [238,239]. The commonly used quasi-
optical cavity mainly include two types. The first type of the
reflection mirror is composed of two spherical mirrors, and the
samples are loaded in the middle. The second type of the reflec-
tion mirror is composed of a plane mirror and a spherical mirror,
and the samples are loaded on the plane mirror position (as shown
in Fig. 17). R represents the radius of the spherical mirror, D rep-
resents the distance between the two mirrors (also known as the
cavity length), and the part between the two dashed lines is the
beam range in the cavity.

The basic principle of the quasi-optical cavity method is to cal-
culate the € and tand by comparing the changes of f, cavity length,
and Q with or without samples, and combining the thickness of
samples and the initial length of cavity. Compared with closed res-
onators such as perturbation method and high-Q cavity method,
the quasi-optical cavity method presents many advantages such
as openness, higher Q value, simple working mode, sparse mode,
and accuracy. Therefore, the quasi-optical cavity method is suitable
for testing high-frequency dielectric properties, such as millimeter
waves, sub-millimeter waves, and terahertz, etc.

The accuracy and f of the quasi-optical cavity method are closely
related to the thickness of samples. Choosing appropriate f and
samples’ thickness can obtain a sufficiently high-precision mea-
surement. Therefore, it is necessary to predict the € and tand before
the measurement and design an appropriate samples’ thickness, so
as to obtain accurate results of the dielectric properties.

The € can be obtained from the electric field equation [236]:

tan [net — @(t)] = ntan[—ed — Po(t) + Po(t +d)] (20)

where, n represents the refractive index of the medium; t repre-
sents the thickness of the medium,; d is the difference between the
distance of the two mirrors and the thickness of the medium. Tak-

ing ¢r=¢1(t) and ¢p=¢,(t + d)-¢,(t), the €, of the samples can be
calculated from the following equations:

%tan[net—@]:—tan[éd*(ﬁol (21)
¢r = arctan(%) (22)
d t
¢p = arctan(%) - arctan(n—sO) (23)
wé:i\/(d+rfz)~(Ro—d—;) (24)
so=+/d(Ry—d) (25)
d=D-t (26)
’ t
d=d+ 27)
n=.e (28)

The corresponding €; values of the samples can be calculated by
subjecting the obtained t and resonance parameters values into the
above equations.

In addition, tand can be calculated from the following equations:

1 tA—d
tand =5, " tA T sin[2(ed — pd)] (29)
1 1 1
oot o
1 2(tA+d)
@ @ pra+) GU
w (32)

" n2cos?(net — ¢y ) + sin(net — ¢y)

where, Qgs represents the unloaded quality factor with samples; Qq
represents the unloaded quality factor with ideal lossless sample;
Qqp represents the inherent quality factor of the resonant cavity.
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Fig. 17. Schematic diagram of testing principle for quasi-optical cavity method: symmetrical structure (a) and hemihedrism structure (b).
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Fig. 18. Schematic diagram for the measurement of dielectric properties with waveguide transmission method.

6.2. Transmission line method

The principle of transmission line method is to measure the
transmission parameter of the transmission line, and the complex
dielectric constant (¢;*) of the samples can be calculated accord-
ing to the amplitude and phase position. This method is suitable
for liquids or high-loss medium and presents simple measurement
process and high accuracy [240-242]. At present, the transmission
lines mainly include coaxial lines, waveguides (Fig. 18) and other
types of transmission lines [243].

Assuming that the single master model of wave transmission is
the transverse electric (TE) mode, the characteristic impedance is
Zp, the operating wavelength is A, the wavelength of waveguide is
Ag, and the cut-off wavelength is A, when the samples are placed
in the waveguide, the characteristic impedance (Z¢) of the samples
waveguide can be calculated as follows [244]:

1207

€rlr — ()%)2)

For polymer matrix wave-transparent composites and other
electrically nonconducting materials, the u; is equal to 1, then:

7. — 120 (34)

& —(£))

The device is filled with air before measurement, so the ¢; is
equal to 1, then:

Zy = an (35)
1-(4)
Taking Ce=(Zo/Z¢)?, Eq. (36) can be obtained from Egs. (34) and
(35):

(XY
C€=% (36)
1-(£)

Considering 1/A% = 1/Ac2+1/A 4%, Eq. (36) can be changed to:

2
G+ ()

€r = 1+(i»7g)2 (37)
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When C¢ is a complex number, making Cc.=Ac+jBc, the €, is
expressed as Eq. (38):

. Ag 12
s Ae +JBE+(;TC)

€ =€ —je = —3 (38)
1+(5)

The real and imaginary parts of €,* are expressed as follows:

o <2
. A+ (52)
6=t (39)

Based on the above equations, the €,* can be calculated after
measuring the propagation parameters.

6.3. Free space method

The free space method is a non-resonant method without dam-
aging the samples. It can perform wide-band sweep and orientation
tests for the samples. In addition, this method is applicable in a wide
temperature range. It has no special requirements for the shape of
the samples [245]. However, the surface area of the samples needs
to be large enough to ensure reception and propagation of signals.
The free space method is widely used in the field of microwave
remote sensing to measure the € of samples with large surface
area [246]. The schematic diagram of measurement by free space
method is shown in Fig. 19.

When the wavelength of the electromagnetic wave is much
greater than the surface roughness of the samples, the relationship
between the €, of the samples and the measurement angles can be
described by the Fresnel Reflection Coefficient (Egs. (40) and (41)):

cosf — \/er —sin?0

Ry =
cosO + \/ e — sin’0

R € oS0 — v/ € — sin’0 (41)
) =
€-cosO+ /€ — sin%6

where, €} =€, —je,is the relative complex permittivity of the
samples, 0 represents the angle of incidence of the transmit-
ting antenna, Ry represents the reflection coefficient of horizontal
polarization, and R, represents the vector reflection coefficient of
vertical polarization. Provided |-je;”/(e:’-sin%0)|<1, and makingP =

\/ € —sin20, Egs. (40) and (41) can be expressed as follows:

(40)

2 "2
’RH}ZZ (cos@—p)z—i-;?22 )
er
(c059+p) + 35
o) (3 o)’ -

(e cos +p)2 +e2- (3p- c050)2

Based on the above equations, the €;* of the samples is only related
to the Ry, Ry, and 6. Therefore, the €, * of the samples can be obtained
after measuring the amplitude and phase position of the reflection
parameters and system calibration (metal plate or relative calibra-
tion).
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7. Applications of the polymer matrix wave-transparent
composites

7.1. Aircraft radomes

Aircraft radomes mainly refer to the radomes for high Mach air-
craft such as missiles, rockets, and satellites, which are an important
part for aviation and aerospace weaponry [247]. In addition, air-
craft radomes possess the advantages of high temperature, ablative
& rain resistance, and excellent mechanical & electrical properties
(low € and tand) [248]. In 1950s, the Boeing Company of Amer-
ica adopted E-GFs to fabricate the “Pomac” radome for Mach 3
active guided missiles. In addition, the hypersonic missile radomes
need to bear greater loads and thermal shocks in higher operating
temperatures and in harsher environment, thereby placing higher
requirements on the T and aiming error rate. China Aerospace
Materials and Technology Research Institute developed quartz fiber
fabrics wave-tranparent composites (low € and tand), which were
successfully applied to missile radomes. Georgia Institute of Tech-
nology in the United States designed and fabricated slurry-fused
molten quartz fibers composites, which were used in the American
“Patriot” air defense missile and the Italian Asped missile (Fig. 20).
In addition, Russia focuses on the development of quartz fabrics
reinforced radomes with stablility at 1500—1800 °C, which are
widely used in cruise missiles, anti-missiles, tactical missiles, and
space shuttles.

7.2. Radomes of ground, shipborne, and airborne

Aiming at ground radars with large-volume and high-power,
ground radomes present wide-band wave-transparent perfor-
mance, excellent electrical performance, high structural strength,
anti-humidity performance, and good processability [249,250]. The
main reinforced fibers and polymer matrix of the ground radomes
are glass fibers and UP resin, respectively. For example, D331 5 G
base station radome (Fig. 21(a)) fabricated by Dongguan MIYABI-
FRP Limited and 140 communication radar radome (Fig. 21(a’))
fabricated by Harbin Topfrp Composite Ltd. Co. have been widely
applied in the market. In addition, the ground radomes developed
by Jinfa Technology Corporation, Lotte Korea, and DuPon have been
widely used in ground base stations and other fields.

With the upgrading of shipborne radar antenna systems, the
shipborne radomes are required to possess multiple functions
such as rectification, bearing, wave-transparent, and environmen-
tal adaptability [251,252]. The reinforced fibers are mainly quartz
fibers. CE resins, silicone resins, and PTFE resins are often used
as polymer matrix. For example, “Xue Long” shipborne radome
designed by Laoling Jingbei Rongye composite material Co., Ltd
(Fig. 21(b)) and the type 120 shipborne radome (Fig. 21(b’)) fabri-
cated by Harbin Topfrp Composite Co., Ltd. have been widely used
in shipborne radomes and other fields.

As an aerodynamic/structure/wave-transparent integrated
functional composites, airborne radomes not only prevent radar
antennas from the invasion of heavy rain, strong wind, ice, snow,
sand, solar radiation, and salt fog, but also are the window of receiv-
ing and transmitting electromagnetic wave [7,253]. Meanwhile,
the airborne radome, as an integral part of the aircraft, also plays
a role in maintaining the overall aerodynamic shape of the air-
craft [254]. At present, quartz fibers and Kevlar fibers are common
reinforced fibers for airborne radomes. For example, the tapered
radome of the US F-15 and F-22 fighters adopted quartz fibers/CE
resin composites with excellent broadband performance. In addi-
tion, the paddle-shaped airborne radome fabricated by US Gunsner
Aircraft Company and the challenger airborne radome fabricated

246



L. Tangetal.

S
N
N
N
N
N e
P |
# \
s
7/ |
7 |
N . ,r
\ 7 4 "
I
7 };
Transmitting antenna |
I
3
Samples

Journal of Materials Science & Technology 75 (2021) 225-251

Receiving antenna

Fig. 19. Schematic diagram of measurement by free space method.

(b)

Fig. 20. Patriot air defense missile (PAC-3) (a) and Aspie air-to-air missile (b).

by Canadian Aircraft Manufacturing Company both adopted Kevlar
fibers-reinforced wave-transparent composites.

7.3. Print circuit board

Print circuit board (PCB), as the support part and the carrier
for transmitting signals of electronic components (Fig. 22), has
been widely used in the fields of aerospace, medical equipments,
communication services, computers, and civil industries due to
excellent mechanical properties and high wave transmission per-
formance (low € and tané, enabling high-speed and high-fidelity
transmission of signals) [255,256]. At present, the GFs/FR-4 epoxy
composites fabricated by the National Electronics Manufacturers
Association (NEMA) are used as the standard for PCB in industrial
field. In the 1960s, the GFs/epoxy composites had been used as
PCB for industrial and civilian electronic equipments in Japan. In
addition, Qisheng and Daikin Industrial Corporation in Japan, TTM
Technology Corporation in the United States, and Kingboard Group
Corporation in China adopted CE resins to prepare PCB. With the
advent of the 5 G technology, the performance and operating speed
of electronic devices will be greatly improved, which puts higher

requirements on the performances of PCB [257]. Zigong Tianlong
Chemical Corporation and Nanya Circuit Board Corporation have
developed a series of fluorine-based resin substrates such as PTFE
and fluorine-containing PI resin, which are widely applied in the
field of PCB with high integration, high speed, and high frequency.

8. Conclusions and outlook
Polymer matrix wave-transparent composites play an
extremely important role in cutting-edge industries such as
aerospace, transportation, and 5 G communication services. This
review focuses on the latest research progress and achievements
of polymer matrix wave-transparent composites from the types of
polymer matrix, reinforced fibers, and surface functionalization.
The dielectric properties and heat resistance of the polymer matrix
play a leading role in the T and service temperatures. The mechani-
cal properties, wave transmission performance, and heat-resistant
properties of the reinforced fibers determine the overall mechan-
ical properties of polymer matrix wave-transparent composites,
and also affect the T and service temperature. Meanwhile, the
interface between reinforced fibers and polymer matrix is the
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Fig. 21. D331 5 G base station radome (a), and 140 ground communication radome (a’); “Xue Long” shipboard radome (b), and 120 shipboard radome (b’).
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Fig. 22. Schematic diagram of signal transmission for PCB in electronic equipments.

main obstacle affecting the wave transmission performance and However, there are still three key scientific and technical
mechanical properties of the polymer matrix wave-transparent problems to be solved urgently in the research filed of the poly-
composites. mer matrix wave-transparent composites. (1) How to efficiently
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improve the surface activity of reinforced fibers (especially PBO
fibers) without destroying their intrinsic structures, finally to truly
achieve their excellent interfacial bonding strength with polymer
matrix; (2) How to realize the synergistic improvement of the
dielectric properties (wave transmission performance), mechani-
cal properties, and high-temperature resistance through integrated
structure/function design, to meet the high requirements of the
new generation radomes; (3) How to establish several more
accurate wave-transparent models to explain the internal relation-
ship of “molecular chain-electromagnetic wave-wave transmission
properties”, and develop the wave transmission mechanism.
Based on the research status and development trend of poly-
mer matrix wave-transparent composites, the following related
studies require urgent attention. (1) Making full use of mathemat-
ics and computer science to establish wave-transparent models,
adopting simulation software to dynamically simulate the reflec-
tion, loss, and transmission process of electromagnetic wave, and
finally to illustrate the transmission mechanism. (2) Developing
efficient surface functionalization methods of reinforced fibers,
analyzing & characterizing the surface pefotmances of reinforced
fibers and the transmission process of electromagnetic wave at the
interface applying advanced testing technology, in order to reveal
the nature of interfacial compatibility and interfacial polarization
from a microscopic perspective. (3) Designing and synthesizing
novel high-performance polymer matrix with high temperature
resistance, low € and tand, and studying the internal effects and
potential mechanism of the short-range, long-range, and aggregate
state structures on the intrinsic € and tand of the polymer matrix.
(4) Carrying out researches on the practical engineering and related
basic science problems, to accelerate the upgrading and application
of the polymer matrix wave-transparent composites in aerospace,
transportation, 5 G communication services, and other fields.
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