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Chapter

Dielectric Responses in Multilayer 
Cf/Si3N4 as High-Temperature 
Microwave-Absorbing Materials
Heng Luo, Lianwen Deng and Peng Xiao

Abstract

High-temperature microwave-absorbing materials are in great demand in mili-
tary and aerospace vehicles. The high-temperature dielectric behavior of multilayer 
Cf/Si3N4 composites fabricated by gelcasting has been intensively investigated at 
temperature coverage up to 800°C in the X-band (8.2–12.4 GHz). Experimental 
results show that the permittivity of Si3N4 matrix exhibits excellent thermo-stability 
with temperature coefficient lower than 10−3°C−1. Taking temperature-dependent 
polarized bound charge and damping coefficient into consideration, a revised 
dielectric relaxation model with Lorentz correction for Si3N4 ceramics has been 
established and validated by experimental results. Besides, a general model with 
respect to permittivity as a function of temperature and frequency has been 
established with the help of nonlinear numerical analysis to reveal mechanisms of 
temperature-dependent dielectric responses in Cf/Si3N4 composites. Temperature-
dependent permittivity has been demonstrated to be well distributed on circular 
arcs with centers actually kept around the real (  ε   ′  ) axis in the Cole-Cole plane. 
Furthermore, space charge polarization and relaxation are discussed. These find-
ings point to important guidelines to reveal the mechanism of dielectric behavior 
for carbon fiber functionalized composites including but not limited to Cf/Si3N4 
composites at high temperatures, and pave the way for the development of high-
temperature radar absorbing materials.

Keywords: high temperature, microwave-absorbing material, dielectric, relaxation

1. Introduction

Wireless electronic devices and communication instruments have found wide 
application in our daily life. Their efficient operation depends strongly on transmis-
sion behavior of alternating electromagnetic wave with frequency ranging from 
kilohertz (KHz) to gigahertz (GHz), and vice versa, are very sensitive to interfer-
ence from external electromagnetic wave. Driven by the demand for both adequate 
interference rejection and controlled radiation, more and more efforts have been 
devoted to high-performance electromagnetic compatibility/interference (EMC/
EMI) materials. As we all know, the propagation behavior of electromagnetic wave 
when encountering a material could be divided into three types in principle: reflec-
tion, absorption, and transmission. As typical EMI materials, metals or materials 
with high electrical conductivity could prevent external electromagnetic wave from 
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penetration due to the large amount of free electrons. Last decades have witnessed 
intensive efforts toward exploring lightweight and cost-effective electromagnetic 
interference (EMI) materials with adequate shielding effectiveness [1–5], involving 
carbonaceous fillers-enabled polymers, novel lightweight metal composites, etc.

However, the primary function of EMI shielding is to reflect radiation using 
charge carriers that interact directly with incident electromagnetic field, and the 
back-radiation would in turn affect the surrounding environment and devices. 
What is more, the reflected radiation may also be caught by radar observation 
systems and lead to exposure of moving trace, which is extremely undesirable from 
the defense-oriented point of view. As a result, electromagnetic wave-absorbing 
materials with reduced reflection on the surface as well as enhanced internal 
attenuation are more favorable candidates for EMI shielding, especially in the 
GHz range. Polymers modified by carbon nanomaterials (e.g., carbon nanotubes 
[6–8], carbon nanofibers [9, 10], graphene [11, 12], etc.), metal powders [13, 14], 
and ferrite [15] have been demonstrated to be excellent microwave-absorbing/
shielding materials especially in the X-band (8.2–12.4 GHz) [16, 17], and have 
achieved successful application [18–20]. However, due to their inferior temperature 
stability and mechanical properties, their application is limited toward applica-
tion under high temperature. For example, the temperature on the windward side 
of high-speed aircraft (>3 Ma) could reach up to 1000°C due to the aerodynamic 
heating effect. As a result, ceramics and their derivative architecture (r-GOs/SiO2, 
CNT/SiO2, ZnO/ZrSiO4, SiCf/SiC, etc.) [21–30] with the integration of desirable 
dielectric responses, high strength, oxidation resistance, thermo-stability, and 
low density have attracted growing attention for high-temperature-absorbing 
materials. Besides, Si3N4 ceramics are one of the most intensively studied ceramics 
in high-temperature applications due to their superior antioxidation (>1200°C) 
and mechanical and chemical stabilization properties [31–38]. More importantly, 
owing to the excellent electrical insulation property and low dielectric constant, 
Si3N4 ceramics are expected to be a promising candidate matrix as high-temperature 
microwave-absorbing materials [25, 29, 30, 39–42]. However, previous work 
mainly focused on experimental evolution of complex dielectric responses with 
temperature and qualitative analyses according to the Debye theory. Still, model-
ing for high-temperature dielectric behaviors is relatively limited and remains a 
great challenge due to the complexity of the components and microstructures for 
high-temperature microwave-absorbing materials, as well as high-temperature 
measurement system. It also should be noted that microwave dissipation capacity 
of a composite is strongly dependent on the structural design. Many investigations 
have shown that incorporation of reasonable structural design, involving multilayer 
structure [43–45] and periodic structure in metamaterials [46, 47], is an effective 
way to regulate dielectric response and guarantee desirable attenuation perfor-
mance. Moreover, taking full advantage of tunable electromagnetic parameters in 
each layer, optimal microwave impedance matching as well as absorbing capability 
could be achieved. This fact means that it is essential to explore the mechanism of 
dielectric behavior of laminate-structure materials from new viewpoints.

In this chapter, we mainly focus on the microwave dielectric responses in 
laminate-structure or multilayer-structure Cf/Si3N4 composites from both experi-
mental and theoretical points of view. Furthermore, a general model with respect 
to permittivity as a function of temperature and frequency would be established 
to reveal mechanisms of temperature-dependent dielectric responses for Cf/Si3N4 
composites. These findings point to important guidelines to reveal the mechanism 
of dielectric behavior for carbon fiber functionalized composites including but 
not limited to Cf/Si3N4 composites at high temperatures, and pave the way for the 
development of high-temperature radar absorbing materials.
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2. Experiments

2.1 Preparation of multilayer Cf/Si3N4 composites

Commercially available carbon fibers (T700, 12 K, TohoTenax Inc., Japan) 
were used as starting materials in this work. In order to avoid damage at high-
temperature sintering, pyrolytic carbon(PyC)/SiC dual-coating on carbon fibers 
was prepared by chemical vapor deposition based on Methyltrichlorosilane  
(MTS)-H2-Ar system at 1150°C. The powder mixture of 85 wt% α-Si3N4 (purity 
> 93%, d50 = 0.5 μm, Beijing Unisplendor Founder High Technology Ceramics 
Co. Ltd., China), 5 wt% Al2O3, and 10 wt% Y2O3 was mixed with solvent-based 
acrylamide-N,N′-methylenebisacrylamide (AM-MBAM) system, and consolidated 
via gelcasting and pressureless-sintering route (as illustrated in Figure 1). Details 
of the multilayer Cf/Si3N4 samples’ preparation are given in our previous work [35]. 
Note that each layer of carbon fiber plays dominant role to attenuate microwave 
energy, which could be adjudged the surface density of short carbon fiber.

2.2 High-temperature electromagnetic measurements

In order to evaluate the high-temperature permittivity, specimens with the size 
of 22.86 × 10.16 × 1.5 mm3 were polished and determined in X-band through the 
wave-guide method with a vector network analyzer (Agilent N5230A, USA). As 
shown in Figure 2, the as-prepared Si3N4 ceramic sample was heated by an inner 
heater with a ramp rate of 10°C/min up to 800°C in air. For accuracy of measure-
ment, the device was carefully calibrated with the through-reflect-line (TRL) 
approach, and a period of 10 min was applied to guarantee system stability at each 
evaluated temperature.

Figure 1. 
The gelcasting process for preparation of multilayer Cf/Si3N4 composites (reprinted with permission from  
Ref. [35]).
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3. Microwave dielectric properties

3.1 Structure of multilayer Cf/Si3N4 composites

The optical image of cross-section of multilayer Cf/Si3N4 composites is shown in 
Figure 3(a). As expected, three layers filled with short carbon fibers are uniformly 
embedded in the Si3N4 matrix. The microstructure of Si3N4 ceramic was formed 
by rod-like particles, which are evenly distributed and intercross with each other 
to form the main pores. Energy dispersive spectroscopy (EDS) analysis at spots A 
and B in Figure 3(c) demonstrates that the PyC/SiC interphase could effectively 
promote the chemical compatibility between carbon fibers and Si3N4 ceramic at 
high-temperature circumstance, which could be further proved by the XRD inves-
tigations (see Figure 4). As seen in Figure 4, in addition to the main  β -Si3N4 peaks 

Figure 2. 
Schematic diagram of complex permittivity test apparatus (reprinted with permission from Ref. [48]).

Figure 3. 
(a) Cross-section of multilayer Cf/Si3N4 composites, facture surface located at (b) Si3N4 matrix and (c) carbon 
fibers (reprinted with permission from Ref. [39]).
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and Y-Al oxide peaks, additional C and  β -SiC peaks, corresponding to the carbon 
fiber and modification coating, were detected for Cf/Si3N4 composites.

3.2 Room-temperature dielectric properties of multilayer Cf/Si3N4 composites

According to the classical transmission line theory, microwave complex permit-
tivity ( ε =  ε   ′  − j  ε   ″  ) is an important parameter to determine the absorbing performance. 
Figure 5(a) shows the real and imaginary permittivity of multilayer Cf/Si3N4 
composites at X-band, as well as as-prepared Si3N4 ceramics. Clearly, the dielectric 
constant of Si3N4 ceramics presents frequency-independent behavior. The mean 
real and imaginary parts of permittivity and dielectric loss ( tan δ =  ε   ″  /  ε   ′  ) of pure Si3N4 
ceramic were 7.7, 0.04, and 5.3 × 10−3, respectively. The relatively low dielectric 
constant is considered to be helpful for microwave impedance matching with free 
space, which tends to reduce reflection of electromagnetic wave from the surface of 
material and enhance energy propagating in the material.

However, both the real permittivity and imaginary permittivity of Cf/Si3N4 
sandwich composites decrease markedly as frequency increases at X-band, varying 
from 12.3 and 5.1 to 7.9 and 1.2, respectively. This phenomenon is usually called fre-
quency dispersion characteristic, which is acknowledged to be beneficial to broaden 
the microwave absorption bandwidth. The reflection loss (R) of Si3N4 and Cf/Si3N4 
sandwich composites was calculated according to the formula as follows:

  R (dB)  = 20 log  |   Z  in   − 1 _____ 
 Z  in   + 1

  |   (1)

and

   Z  in   =  √ 
__

   
 μ  r   __  ε  r       tanh  [j (  2π ___ c  )   √ 

____
  μ  r    ε  r     fd]   (2)

where Zin refers to input impedance, j is the imaginary unit (i.e., equals to   √ 
___

 − 1   ), c 
is the velocity of electromagnetic waves in free space, f is the microwave frequency, 

Figure 4. 
XRD patterns of as-prepared Si3N4 ceramics and Cf/Si3N4 composites (reprinted with permission from Ref. [39]).
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and d is the thickness of the samples. As depicted in Figure 5(b), the microwave 
absorption ability of the Cf/Si3N4 sandwich composites was significantly enhanced 
compared with pure Si3N4 ceramic. The reflection loss of the Cf/Si3N4 sandwich 
composites gradually decreases from −3.5 dB to −14.4 dB with the increase of 
frequency, while that of the pure Si3N4 ceramic remains at −0.1 dB.

The enhanced microwave-absorbing performance could be mainly attributed to 
polarization relaxation. As we know, there exists migration of free electrons inside 
the electro-conductive carbon fibers, as well as charge accumulation at interfaces 
between short carbon fibers and insulated matrix when subjected to external 
electric field. As a result, the chopped carbon fibers are more inclined to be equiva-
lent to micro-dipoles. With increase of frequency, the orientation of these dipoles 
could not keep up with change of electric field gradually, resulting in the real part of 
permittivity (  ε   ′  ) of Cf/Si3N4 sandwich composites decrease gradually. Furthermore, 
the scattering effect from defects and the crystal lattice on the back-and-forth 
movement of electrons under alternating electromagnetic waves predominately 
contributes to the dissipation of EM energy, which results in thermal energy.

For a deep-seated investigation of frequency-dependent dielectric responses 
of multilayer Cf/Si3N4 composites (Figure 6(a)), here we proposed an equivalent 
RC circuit model, where each layer of carbon fiber plays a role of one electrode in 
a plane-parallel capacitor, while each layer of Si3N4 ceramic plays the role of the 
dielectric (Figure 6(b)). Considering the existence of leakage current, leakage 
resistances were applied in equivalent circuit (Figure 6(c)).

According to the circuit theory knowledge, the relationship between permittiv-
ity and frequency  ω  follows:

   
 ε   ′  =   Q   ( C  1   +  C  2  )    2   _____________  

  R  1     
2   C  1    C  2   ( C  1   +  C  2  ) 

   ⋅   1 __ 
 ω   2 

   +     QR  1     
2    C  1     

2    C  2     
2  _____________  

  R  1     
2   C  1    C  2   ( C  1   +  C  2  ) 

  
     

ω ⋅  ε   ″  = P     ( C  1   +  C  2  )    2  +   R  1     
2    C  1     

2    C  2     
2  ⋅  ω   2    __________________________   

 ( R  1   +  R  2  )    ( C  1   +  C  2  )    2  +   R  1     
2   R  2     C  1     

2    C  2     
2  ⋅  ω   2 

  
   (3)

where P, Q , and C are constants and are determined by the surface density of 
carbon fiber layers and thickness of Si3N4 layers. We have analyzed our experimen-
tal permittivity based on Eq. (3) using Trust-Region algorithm, which is illustrated 
in Figure 7. The points in Figure 7 indicate the experimental data, while the results 
predicted by equivalent circuit model are given as solid line. Clearly, for multilayer 
Cf/Si3N4 composites, both   ε   ′   and ( ω ⋅  ε   ″  ) are inversely proportional to the frequency 
square   ω   2  , and the predicted results agree quite well with the measured data. 
Additionally, the experimental data show oscillation phenomena at high frequency, 
which may result from charge and discharge processes between C1 and C2 (Figure 6)  
with the increase of frequency. Note that, even though the imaginary part of 

Figure 5. 
(a) The permittivity and (b) reflection loss curves of Si3N4 and Cf/Si3N4 sandwich composites over X-band 
(reprinted with permission from Ref. [35]).
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permittivity declines faster than the real part with frequency increase, the reflection 
loss presents enhanced trend with frequency increase. This phenomenon is mainly 
attributed to the fact that microwave-absorbing efficiency is the combination of 
reflection from the material surface and attenuation inside the material. The lower 
the permittivity, the better its impedance matching between air and absorber. As a 
result, in order to achieve optimal reflection loss, one must lower reflection as much 
as possible and keep a modest loss tangent simultaneously.

3.3 High-temperature dielectric behaviors of Si3N4 ceramics

Due to the fact that there will inevitably be some variation of electromagnetic 
performance or even the mechanical property of materials served in high-
temperature condition, the dielectric property would be supposed to dynamically 
change with temperature. How and to what extent does the permittivity dynami-
cally change with temperature (increase or decrease)? All these are quite critical 
in parameter modification strategy for improving the accuracy of radar detection 
and guidance. Consequently, it is of utmost importance to explore the evolution 
of dielectric properties of Si3N4 ceramics used in high-temperature circumstances. 
Three-dimensional (3D) plots of the effect of temperature on permittivity of Si3N4 
ceramics over X-band are shown in Figure 8. Clearly, the real permittivity  
(  ε   ′  ) shows no obvious change even though temperature rises up to 800°C. Likewise, 
thanks to the excellent electrical insulation of Si3N4 ceramics, the loss tangent (as 
shown in Figure 8(b)) is almost independent of frequency and temperature and 
remains lower than 0.06.

Herein, temperature coefficient  κ  is used to explicate the impact of temperature 
on dielectric response of as-prepared Si3N4 ceramics:

Figure 7. 
Experimental data and curves of (a)   ε   ′   and (b)  ω ⋅  ε   ″   versus   ω   2   (reprinted with permission from Ref. [35]).

Figure 6. 
(a) Cross-section morphology, (b) structural schematic diagram, and (c) equivalent circuit diagram of  
Cf/Si3N4 sandwich composites (reprinted with permission from Ref. [35]).
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  κ =   1 __ φ   ⋅   𝛥𝜑 ___ 
𝛥T

  ,  (4)

where T is the temperature and  φ  refers to either the dielectric constant or loss 
tangent. As summarized in Table 1, the temperature coefficients of both dielectric 
constant and loss tangent remain around 10−4°C−1. From this perspective, the 
as-prepared Si3N4 ceramics exhibit excellent thermo-stability of dielectric response 
within the range of evaluated temperatures. This weak temperature dependence 
further corroborates as-prepared Si3N4 ceramics to be a competitive candidate as the 
matrix of high-temperature microwave-absorbing materials.

It should be noted that the real permittivity increases slightly with frequency 
increase, which is contrary to the ordinary frequency dispersion effect described 
by the Debye model [49–55]. In order to further expound this peculiar frequency 
dispersion characteristic, it is essential to explore the details of electronic polarizing 
processing of Si3N4 ceramics. Considering the covalent bonding, the electronic 
polarization in Si3N4 ceramics mainly results from the bound charge’s displacement 
deviated from the equilibrium position. The motion equation of bound charge 
driven by an external electric field E0ejωt can be expressed as:

  m    ∂   2  x ___ 
∂  t   2 

   =  qE  0    e   j𝜔t  − fx − 2η   ∂ x ___ 
∂ t

    (5)

Temperature (°C)   κ   ε   ′     (×10−4°C−1)   κ  tan δ    (×10−4°C−1)

8.2 GHz 12.4 GHz 8.2 GHz 12.4 GHz

25 0.46 0.45 2.08 2.84

100 0.22 0.93 1.79 3.11

200 0.45 0.031 2.83 4.83

300 1.04 1.02 3.02 3.91

400 0.16 1.31 2.87 4.89

500 0.40 1.11 4.98 6.92

600 0.97 1.70 4.68 5.97

700 1.16 1.94 3.49 4.34

Table 1. 
Temperature coefficient of permittivity and loss tangent at selected frequency (reprinted with permission from 
Ref. [39]).

Figure 8. 
Three-dimensional plots of complex permittivity of Si3N4 ceramics versus frequency and temperature 
(reprinted with permission from Ref. [39]).
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where m, q, and x are the mass, charge, and displacement of single bound 
charge, respectively; f is the coefficient of restoring force; and η is the damping 
coefficient. Taking Lorentz correction [56–58] into consideration, the real permit-
tivity of Si3N4 ceramic containing N polarized bound charges could be obtained as:

  ε =  ε  s   +   
 Nq   2 

 ____  ε  0   m   ⋅     ω  0     2  −  ω   2  ______________  
  (  ω  0     2  −  ω   2 )    

2
  + 4  η   2   ω   2 

    (6)

where ω0 is the resonant frequency of Si3N4 ceramics, and ε0 and εs are the 
vacuum permittivity and static dielectric constant of Si3N4 ceramics, respectively. 
Theoretical results have shown that the order of magnitude of resonant frequency 
ω0 is around 10 eV (~1015 Hz) [59, 60] which is considerably larger than the tested 
frequency (~1010Hz). Combining with Eq. (4), the real permittivity increases 
slightly with frequency increase, which is closely coincident with the experimental 
results. Furthermore, taking the effect of temperature into consideration, N and η 
should follow:

  N ∝ exp  ( −  E  a   ⁄ RT )   (7)

  η ∝ exp  ( −  E  b   ⁄ RT )   (8)

where Ea and Eb are the activation energy of electrons and lattice, respectively. 
The dependence of real permittivity of Si3N4 ceramics on temperature at three 
representative frequencies and the best fitting diagram according to Eqs. (6)–(8) 
are shown by solid lines in Figure 9.

It can be clearly seen that the dielectric constant gradually increases as tempera-
ture increased, starting from room temperature to 800°C, and results show that the 
real permittivity is well distributed on the predicted curves with coefficient of deter-
mination (R2) ranging from 0.91 to 0.93. The characteristic parameters fitted from 
the temperature dependence of permittivity at three representative frequencies by the 
Trust-Region algorithm are also listed in Figure 8. The activation energy of electrons 
Ea is distributed between 15.46 and 17.49 KJ/mol, while the activation energy of 

Figure 9. 
Dependences of real permittivity of Si3N4 ceramics on temperature (reprinted with permission from Ref. [48]).



Electromagnetic Materials and Devices

10

lattice Eb is distributed between 33.29 and 40.40 KJ/mol. The activation energy of 
electronic Ea is less than that of lattice Eb, which is mainly attributed to the binding 
force between the electrons and nucleus being lower than the covalent bonding force 
of lattice. Another important feature to be noticed is that the real permittivity of 
Si3N4 ceramics shows symmetrical features between the heating-up and cooling-down 
periods. The excellent thermo-stability of dielectric properties of Si3N4 ceramics has 
established the foundation for high-temperature radar absorbing materials.

3.4 High-temperature dielectric behaviors of multilayer Cf/Si3N4 composites

The evolution of   ε   ′   and   ε   ″   for multilayer Cf/Si3N4 composites with temperature 
and frequency is illustrated in Figure 10(a) and (b), respectively. It can be clearly 
seen that both   ε   ′   and   ε   ″   of Cf/Si3N4 composites are enhanced with temperature. 
Similar phenomenon was also observed in other microwave-absorbing/shielding 
materials [24–26, 61–63]. Besides, as shown in Figure 10(c), the loss tangent of Cf/
Si3N4 composites remains higher than 0.6 over X-band and increases with increase 
in temperature. After comparison with low-loss  β -SiC [64] as well as Si3N4, it is fairly 
clear that short carbon fibers are dominantly responsible for the frequency and 
temperature-dependent permittivity of Cf/Si3N4 composites. This is attributed to 
the unique microstructure (named skin-core structure), which was confirmed from 
transmission electron microscope analysis and selected-area electron-diffraction 
patterns previously [65, 66]. As illustrated in Figure 11, the core region consists 
of graphitic basal planes with random orientation, whereas graphitic basal planes 
are parallel to the fiber axis in the skin region [66, 67]. Therefore, electron migra-
tion behaviors both within and between graphitic basal planes inside carbon fibers 
would lead to electric charge accumulation at interfaces between carbon fibers and 
Si3N4 matrix (usually referred to as space charge polarization) when exposed to 
electromagnetic field. Furthermore, this space charge polarization is supposed to be 

Figure 10. 
Three-dimensional plots of dielectric properties of Cf/Si3N4 composites versus frequency and temperature:  
(a) real part, (b) imaginary part, (c) loss tangent, and (d) attenuation coefficient (reprinted with permission 
from Ref. [39]).
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enhanced with temperature rise since more and more electrons would be excited, 
which is in accordance with results in Figure 10(a) and (b).

It should also be noted here that the lattice vibration also enhances with tem-
perature rise, corresponding to the enhancement of scattering effect on migration 
of electrons. Fortunately, the energy of lattice vibration, which is described by 
phonons, is so small [68] that the scattering effect on electron migration could be 
neglected reasonably.

Attenuation coefficient is a quantity that characterizes how easily a material 
can be penetrated by incident microwave. A large attenuation coefficient means 
that the beam is quickly “attenuated” (weakened) as it passes through the mate-
rial. The intrinsic attenuation coefficient of multilayer Cf/Si3N4 composites along 
with temperature and frequency derived from S parameters (i.e. A = 1-S11

2-S21
2) is 

illustrated in Figure 10(d). It can be clearly observed that attenuation coefficient 
of Cf/Si3N4 composites enhances continuously with increase in frequency, and 
reaches a maximum value around 0.7 at 12.4 GHz, which is almost twice as much 
as that reported for Cf/SiO2 composites [25]. This superior absorption performance 
suggests the multilayer Cf/Si3N4 composites to be competitive high-temperature 
microwave-absorbing materials. Another noteworthy phenomenon in Figure 10(d) 
is that the absorption coefficient remains steady in the investigated temperature 
range regardless of the loss tangent. As discussed previously, the overall absorbing 
performance results from reflection on the surface and attenuation inside the mate-
rials. However, the increasing permittivity means more severe impedance mismatch 
between air and the absorbing material, corresponding to reduction of penetrated 
electromagnetic energy. It could be explained by the reduced part of energy, which 
compensates the enhanced loss tangent, and consequently leads to a relatively 
steady absorption coefficient of Cf/Si3N4 composites with temperature rise.

3.5 Modeling of temperature-dependent dielectric responses for Cf/Si3N4 
composites

As explicated in Section 3.2, the dielectric responses for multilayer Cf/Si3N4 
composites have been evaluated experimentally over X-band. Additionally, the 
corresponding theoretical relationship of complex permittivity versus frequency at 
room temperature has been successfully established, which could be expressed as:

Figure 11. 
Sketches of microstructure arrangement and electronic motion in carbon fiber (reprinted with permission from 
Ref. [39]).
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   ε   ′  (ω)  =    c  1   __ 
 ω   2 

   +  c  2    (9)

   ε   ″  (ω)  =    ω   2  +  c  3   _________ 
 c  4   ⋅  ω   3  +  c  5   ⋅ ω

     (10)

where  ω  refers to the angular frequency (i.e.,  ω = 2𝜋 f ), and   c  1   ,   c  2   ,   c  3   ,   c  4   , and   c  5    are all 
pre-experimental parameters that are mainly associated with the surface density of 
short carbon fiber layers and thickness of Si3N4 layers. Herein, we first demonstrate 
this “room-temperature model” is still available at each evaluated temperature 
coverage up to 800°C or even higher with the help of nonlinear fitting technology. 
The best fitting curves of experimental data based on Eqs. (9) and (10) are depicted 
in Figure 12.

As expected, the measured results at each evaluated temperature agree quite 
well with the theoretical curve with coefficient of determination (R2) above 
0.98. These observed results suggest that both   ε   ′   and  ω  ε   ″   of Cf/Si3N4 composites 
are still inversely proportional to the frequency square   ω   

2
   within the temperature 

range of 25–800°C. However, a universal model coupled with frequency as well as 
temperature is urgently needed. Actually, a great deal of effort has been made to 
model frequency dispersive behaviors of permittivity for dielectrics [45]. It is well 
established that the development of all dielectric relaxation models that came after 
classical Debye’s could be explicated as:

  ε =  ε  ∞   +    ε  s   −  ε  ∞   ______ 
1 + j𝜔𝜏

    (11)

where   ε  s    and   ε  ∞    are “static” and “infinite frequency” dielectric constants, respec-
tively; j is the imaginary unit (i.e. equals to   √ 

___
 − 1   );  ω  is the angular frequency; and  

τ  is called the relaxation time. However, it is well known that the Debye model is 
originally developed for spherical polarizable molecules with a single relaxation 
time and without interaction between them [69]. Nevertheless, the short carbon 
fibers act as dipoles when exposed to altering electromagnetic fields oscillating in 
the microwave band, and electromagnetic field around each dipole is supposed 
to be coupled with that of neighboring dipoles. Furthermore, the relaxation time 
of chopped carbon fibers is supposed to be distributed over an interval rather 
than taking a constant value due to the variation of the fibers’ length and the 

Figure 12. 
(a) The real and (b) imaginary parts of permittivity for Cf/Si3N4 composites in X-band at the evaluated 
temperature (reprinted with permission from Ref. [39]).
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heterogeneity of fibers’ internal structure. This distribution property brings the 
Debye model (Eq. (11)) into more empirical and given by [25, 26, 70]:

  ε =  ε  ∞   +    ε  s   −  ε  ∞   ________ 
1 +   (j𝜔𝜏)    1−α 

    (12)

where  α  is a parameter which determines the width of the distribution of 
relaxation time. All parameters in Eq. (12) should be a function of temperature. 
Substitution of Euler’s formula   e   jx  = cos  (x)  + j sin  (x)   in Eq. (12) yields

   ε   ′  =  ε  ∞   +   
 ( ε  s   −  ε  ∞  )  ⋅  [1 +   (𝜔𝜏)    1−α  ⋅ sin   𝛼𝜋 ___ 

2
  ] 
   _______________________   

1 + 2   (𝜔𝜏)    1−α  ⋅ sin   𝛼𝜋 ___ 
2
   +   (𝜔𝜏)    2 (1−α)  

    (13)

   ε   ″  =   
 ( ε  s   −  ε  ∞  )  ⋅   (𝜔𝜏)    1−α  ⋅ cos   𝛼𝜋 ___ 

2
  
  ______________________   

1 + 2   (𝜔𝜏)    1−α  ⋅ sin   𝛼𝜋 ___ 
2
   +   (𝜔𝜏)    2 (1−α)  

    (14)

We finally obtain the relationship between   ε   ′   and   ε   ″  , which could be expressed as

    ( ε   ′  −    ε  s   +  ε  ∞   ______ 
2
  )    

2

  +   ( ε   ″  +    ε  s   +  ε  ∞   ______ 
2
   tan   𝛼𝜋 ___ 

2
  )    

2

  =     ( ε  s   −  ε  ∞  )    2  ________ 
4  cos   2    𝛼𝜋 ___ 

2
  
    (15)

Eq. (15) suggests that the locus of the permittivity in the (  ε   ′ ,  ε   ″  ) complex plane 
should still be a circular arc with different radius. To put this into perspective, 
the experimental data are re-plotted in Figure 13, in which the best fitted circles 
based on Eq. (15) are marked as solid curves. As seen, high agreement between the 
proposed model with experimental data is observed. Besides, the center tends to 
shift toward greater values of the   ε   '   axis with increase in temperature, suggesting 
enhanced dielectric strength with temperature according to the Eq. (15). This may 
be attributed to the Enhanced electron concentration which participated in the 
polarization process occurs with temperature.

In addition, it is important to highlight some additional details. Firstly, the 
y-coordinates of fitted circular centers remain so small (~10−3) that Eq. (12) would 
be reduced to the classical Debye expression. From this point of view, the electronic 
polarization of short carbon fibers still follows the classic Debye relaxation process. 
Besides, the effects of temperature and electromagnetic interaction between neigh-
boring short carbon fibers on relaxation time could be neglected reasonably.

Relaxation time also is one of key factors to analyze the dielectric behaviors for 
composites. After leaving out the effect of  α , Eqs. (10) and (11) could be rewritten 
as follows:

   ε   ′  =   1 __ τ   ⋅    ε   ″  __ ω   +  ε  ∞    (16)

It can be clearly seen from Eq. (16) that the real and imaginary parts of permit-
tivity in (  ε   '  ,    ε   '' ⁄ ω  ) coordinate should be linear, which is also confirmed in Figure 13. 
What is more, the slope of each line is exactly the inverse of relaxation time  τ  at a 
certain temperature evaluated. In this case, we can come to a conclusion that the 
relaxation time for multilayer Cf/Si3N4 composites is weakly dependent on the 
temperature since the differences between fitted lines are quite modest. For clar-
ity, a detailed plot of  τ  as a function of temperature is also illustrated as an inset in 
Figure 14. An increase from 216.1 to 250.2 ps has been derived when samples are 
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heated from room temperature to 800°C. This gradually increasing trend may be 
ascribed to the enhancement of scattering effect between electrons for increase 
both the number and energy of electrons. Furthermore, the relaxation time  τ  
(216.1–250.2 ps) is almost twice as much as a single cycle for time-harmonic electro-
magnetic wave in X-band (  t  0   =  1 ⁄ f  =  80.65–121.95 ps). As a result, electronic migration 
could not keep up with the pace of external alternating electronic field, which leads 
to continuous decrease of permittivity with frequency increase.

4. Conclusion

In this chapter, microwave dielectric properties of multilayer Cf/Si3N4 compos-
ites fabricated via gelcasting and pressureless sintering were intensively studied 
in X-band. Firstly, a strong frequency dependence of the real and imaginary parts 
of permittivity at room temperature was observed at the X-band. Particularly, an 

Figure 14. 
Plot of   ε   '   as a function of    ε   '' ⁄ ω   with an inset of temperature-dependent relaxation time (reprinted with 
permission from Ref. [39]).

Figure 13. 
(a) Argand diagram of Cf/Si3N4 composites at different temperature, (b) detailed view for the region marked 
by black box in (a) (reprinted with permission from Ref. [39]).
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equivalent RC circuit model concerning the frequency-dependent permittivity of 
multilayer Cf/Si3N4 composites has been established. The predicted results reveal 
that both   ε   '   and ( ω ⋅  ε   ''  ) are inversely proportional to the frequency square, and agree 
quite well with the measured data. Secondly, high-temperature dielectric behaviors 
of Si3N4 ceramic show that both permittivity and loss tangent exhibit excellent 
thermo-stability with temperature coefficient lower than 10−3°C−1 within the 
temperature range of 25–800°C. A revised dielectric relaxation model with Lorentz 
correction for as-prepared Si3N4 ceramics was established and validated by experi-
mental data. The activation energy of electrons (15.46–17.49 KJ/mol) was demon-
strated to be slightly smaller than that of lattice (33.29–40.40 KJ/mol). Finally, the 
microwave attenuation coefficient of multilayer Cf/Si3N4 composites was inclined to 
be independent of temperature, and a maximum value of 0.7 could be achieved. The 
obvious positive temperature coefficient characteristic for permittivity is mainly 
attributed to the enhancement of electric polarization and relaxation of electron 
migration for graphitic basal planes of short carbon fibers. In addition to the fact 
that the room-temperature model concerning frequency-dependent permittivity 
is still available when extended into the full range of temperature coverage up to 
800°C, an empirical equation with respect to temperature-dependent permittivity 
of multilayer Cf/Si3N4 composites has been established. It is concluded that the mea-
sured complex permittivity of multilayer Cf/Si3N4 composites is well distributed 
on circular arcs with centers actually kept around the real (  ε   

′

  ) axis in (  ε   ′ ,  ε   ″  ) complex 
plane. Furthermore, the relaxation time as a function of temperature also has been 
derived. Results suggest that the relaxation time for multilayer Cf/Si3N4 composites 
increases from 216.1 to 250.2 ps when heated from room temperature to 800°C, and 
is almost twice as much as a single cycle for electromagnetic wave in X-band which 
leads to continuous decrease in permittivity with frequency increase. These findings 
point to important guidelines for analyzing high-temperature dielectric behaviors 
and revealing fundamental mechanisms for carbon fiber functionalized composites 
including but not limited to Cf/Si3N4 composites.
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