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a b s t r a c t

Based on the Maxwell equation, the electromagnetic model in the coaxial fiber was described. The inter-
action with electromagnetic wave was analysed and the theoretical formula of axial permeability (lk),
axial permittivity (ek), radial permeability (l\) and radial permittivity (e\) of Fe-C coaxial fiber were
derived, and the demagnetization factor (N) of fibrous material was revised. Calculation results indicate
that the composite fiber has stronger anisotropy and better EM dissipation performance than the hollow
carbon fiber and solid iron fiber with the same volume content. These properties can be enhanced
through increasing aspect ratio and carbon content. The lk is 5.18-4.46i, l\ is 2.58-0.50i, ek is 7.63-
6.97i, and e\ is 1.98-0.15i when the electromagnetic wave frequency is 5 GHz with the outer diameter
of 0.866 lm, inner diameter of 0.500 lm, and length of 20 lm. The maximum of the imaginary part of
lk and ek are much larger than that of l\ and e\ when the structural parameters change, and the max-
imum of lk and ek can reach 6.429 and 23.59. Simulation results show that greater conductivity, larger
aspect ratio, thin iron shell play important roles to improve the electromagnetic matching ability and
microwave attenuation for the Fe-C coaxial fibers.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction to be applied in a wide frequency range [5,6]. Therefore, electro-
In recent years, the demand for electromagnetic wave absorbers
and electromagnetic wave absorbing materials is ever growing in
military (reduction of radar signature of aircraft, ships, tanks, and
targets) as well as in civilian applications (reduction of electromag-
netic interference among components and circuits, reduction of the
back-radiation of microstrip radiators). Electromagnetic wave
absorbing material is a kind of functional material that can absorb
electromagnetic wave effectively and convert electromagnetic
energy into thermal energy or make electromagnetic wave disap-
pear by interference [1–4]. The basic requirements for the design
of electromagnetic wave absorbing materials are as follows: (1) it
should minimize the front-face reflection and improve the impe-
dance matching at the air to materials interface (impedance
matching characteristic), (2) it should increase the absorption of
electromagnetic waves through high values of dielectric and
magnetic losses (attenuation characteristic), and (3) it is expected
magnetic wave absorbing materials with ‘‘low density, wide band,
thin thickness, and high absorptivity” are currently gaining much
attention in the field of electromagnetic compatibility (EMC) and
electromagnetic interference (EMI) [7,8].

To a large extent, the theoretical and experimental efforts
designed to provide electromagnetic wave absorbing materials
are associated with two important features of their electromag-
netic properties. The first is based on enhanced magnetic losses
due to resonance phenomenon. Additionally, it has been argued
that the second feature is related to enhanced dielectric losses.
Many studies were carried out to investigate the electromagnetic
absorption properties of electromagnetic wave absorbers employ-
ing ferrite [9–12], carbonyl iron powders [13], polycrystalline iron
fibers [14], metallic magnetic nanosized powders [15], graphite
[16], carbon black [17,18], carbon fibers [19–21], carbon nanotubes
[22–24], graphene [25], and so on. However, the key point is that
the dielectric absorbers have narrow absorbing frequency band-
width. At the mean time, the utility of magnetic absorbers is also
constrained due to the fact that high weight penalty particularly
for applications is on airborne systems and that absorption
performance is governed by Snoek’s limit, i.e., the product of the
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Fig. 1. The schematic for composites loaded Fe-C coaxial fiber in electromagnetic
field and single fiber geometric model.
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resonance frequency and the initial permeability is approximately
constant. Thus, if the resonance frequency increases, the initial per-
meability decreases in inverse proportion [26]. Fortunately, recent
considerable researches [27,28] indicate that the magnetic absor-
bers in combination with dielectric absorbers for electromagnetic
wave absorbing materials can offer multiple absorbing mecha-
nisms and tune the real and imaginary parts of the effective per-
mittivity and permeability, which provide a large flexibility for
design and properties control.

Generally, the electromagnetic absorbing performance of any
electromagnetic wave absorbing materials is linked to their intrin-
sic electromagnetic properties (i.e. conductivity, complex permit-
tivity and permeability), which can be tailored through changing
geometry, composition, morphology, and volume fraction of the fil-
ler particles, as well as to extrinsic properties such as the thickness
and working frequencies. It is clear that the electromagnetic wave
absorption properties can be improved by adjusting the above
parameters. A primary question with these materials is how the
electromagnetic parameters of a composite medium can be evalu-
ated as a function of the intrinsic parameters of the phases, volume
fraction, shape and size, and geometrical arrangement associated
with the material mixture. Note that the present-day numerical
techniques allow us to deal directly with the experimentally rele-
vant range of the model parameters, e.g., density functional theory
(DFT) [29], finite element method (FEM) [30], boundary integral
equation (BIE) [31], first-principles molecular dynamics (FPMD)
[32], finite integration algorithm (FIA) [33], Monte Carlo (MC)
[34], multipole moments [35], differential evolution (DE) [36],
genetic algorithm (GA) [37], or finite-difference-time-domain
(FDTD) [38]. However, most of researches are based on the
absorber-fillers loaded polymer composites and the absorber-
fillers have fallen short of this goal for a variety of reasons, such
as the efficiency of computational methods and computing power.
Themain problem of the validated theoretical methods used for the
electromagnetic response of absorbers-filler is that real calculations
are not easy, and the challenge is to find a reasonable balance
between the choice of method, desired accuracy, and computa-
tional expense, because the shape size, geometry, and composition
of the absorber-fillers is different. Current research is pushing avail-
able approximations toward the description of fluctuations on the
hierarchy of structure scales that are relevant to the problem.

As both computing power and the efficiency of computational
methods are steadily increasing, it is becoming possible to investi-
gate new absorber-fillers through computer simulations, before
they have even been synthesized. For example, based on Maxwell–
Garrett mixing law, the real permeability of spherical, flaky and aci-
cular particles is determinedby shapes of theparticles and related to
the ratio of demagnetizing field and magnetization in the uniform
magnetizationmaterial, i.e., demagnetizing factor [39]. The physical
parameters characterizing these systems are numerically tunable so
that it is viable for one to do the theoretical design and optimization
of novel optimized multifunctional materials. Different geometry
particles including solid sphere [40], core-shell particles [41], solid
fiber [42], hollowfiber [43], profiled fiber [44] and single ormultiply
layers structures [45] have also made great progress currently.
Fibrous materials have attracted much attention in recent years
becauseof their shapeanisotropy. The aspect ratio of fiber is a crucial
parameter in determining the charge and wave transport mecha-
nisms in such compositematerials, a larger aspect ratio can increase
the anisotropy field, and consequently influence the absorption fea-
tures induced by natural ferromagnetic resonance.

Due to their potential applications in electromagnetic wave
absorbing materials, this research attempts to apply Fe-C coaxial
fibers as an absorber to electromagnetic wave absorbing materials
[46]. Knowledge of the electromagnetic wave properties of Fe-C
coaxial fibers is essential for applying them to producing
electromagnetic wave absorbing materials. In this paper, the
theoretical formula of electromagnetic parameters of Fe-C coaxial
single fiber will be derived based on the macroscopic electromag-
netic theory and Maxwell theory and the numerical calculations of
electromagnetic anisotropy of these fibers will be described in
great detail according to their aspect ratio, inner and outer diame-
ter, and electrical conductivity.

2. Model and theoretical analysis

2.1. Electromagnetic model construction

Consider the Fe-C coaxial fiber structure placed in microwave
field, and the external magnetic field component is H0; the external
electric field component is E0. Suppose that linearly polarized plane
harmonic electromagnetic wave with time dependence of exp
(�ixt) (x = 2pf is an angular frequency, f is a linear frequency in
Hz; we will use f in figures) is normally incident in the surface of
the structure, shown in Fig. 1 (Electromagnetic model). It is suffi-
cient to consider an electromagnetic wave polarized along the par-
allel and perpendicular plane due to the anisotropy of the problem
[47]. With the axis of the fiber as the z-axis, the length, radius of
iron shell and carbon core are denoted respectively l, a and b.

In high frequency electromagnetic field, the permeability and
permittivity of a short Fe-C coaxial fiber are second-order tensors
due to shape anisotropy [48]. The relative permeability and permit-
tivity components parallel to the fiber are denotedlk and ek, respec-
tively, and the relative permeability and permittivity components
perpendicular to the fiber are denoted l\ and e\, respectively. In
this section, the theoretical formula of permeability lk and l\

and permittivity ek and e\ will be derived in turn. In electromag-
netic field, the permeability and permittivity of the Fe-C coaxial
fiber can be described as following

~l ¼
l? 0 0
0 l? 0
0 0 lk

0
B@

1
CA ~e ¼

e? 0 0
0 e? 0
0 0 ek

0
B@

1
CA
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The excellent functional properties of the composites are
obtained through the function of the composition effect of compos-
ites, which involve two aspects: thematerial design and the process
operation. Generally according to the composite phenomenon in
composites, the composition effect of composites can be divided
into two categories: the linear effect and the nonlinear effect. Due
to the Fe-C coaxial fiber is regularly composed of two types of mate-
rials, the two estimation methods to solve the relative intrinsic
electromagnetic parameters of materials depend on the volume
fraction are used [49,50], the first method is given by,

ei ¼ V1e1 þ V2e2; li ¼ V1l1 þ V2l2 and r ¼ V1r1 þ V2r2

the second method is given by,

ei ¼ 1
V1

1
e1
þ V2

1
e2

; li ¼
1

V1
1
l1

þ V2
1
l2

and r ¼ 1
V1

1
r1

þ V2
1
r2

where e1 and l1 are the relative permittivity and relative
permeability of iron shell, e2 and l2 are the relative permittivity
and relative permeability of carbon core, r1 and r2 are the electrical
conductivity of shell and core, V1 and V2 are the volume fraction of
shell and core.

2.2. Axial permeability

There is magnetic momentm generated from the fiber under the
high-frequency magnetic field. Due to the movement and interac-
tion of electrons, magnetic moment should be constituted by: (1)
intrinsic magnetic moment mi produced by magnetization of rota-
tion of magnetic domain and displacement of magnetic domain
wall; (2) induced magnetic momentme generated by eddy current,
according to the superposition principle known as [51,52],

m ¼ mi þme ð1Þ
in addition,

mi ¼
ZZZ

ðli � 1ÞHdV ð2Þ

me ¼ 1
2

ZZZ
r � jðrÞdV ð3Þ

where li is the intrinsic permeability, r is the position vector, j(r) is
the eddy current density that is given by jðrÞ ¼ r� H in the light of
the Maxwell Garnett law, V is the volume of the Fe-C coaxial fiber.
Time-harmonic electromagnetic field in the Fe-C coaxial fiber is
applied to Maxwell Equation form in the passive and borderless
space [51,52],

r� E ¼ �jxlH ð4Þ
and the wave equation is obtained,

r2H � jxrl0liH ¼ 0 ð5Þ
where r is the electrical conductivity of the composite fiber, l0 and
lr are the vacuumpermeability and relative permeability of the com-
posite fiber, respectively. When the polarization direction of the
electromagnetic wave magnetic field is parallel to the z-axis
(HðeÞ ¼ H0ejxtez), taking into account the boundary conditions and
lk ¼ 1þ

a2l1l2

ða2 � b2Þl2 þ b2l1

2

a
�jxl0l1l2½ða2 � b2Þr1 þ b2r2�

ða2 � b2Þl2 þ b2l1

( )1
2

J1ða

J0 a

0
@

a2l1l2

ða2 � b2Þl2 þ b2l1

� 1

 !
rotational symmetry of fibers, magnetic field component within
the fibers can be expressed as, Hr = H0 = 0, Hz – 0, and
Hzjr¼a ¼ H0ejxt in the cylindrical polar coordinates. Then, formula
(5) can be rewritten as,

d2Hz

dr2
þ 1

r
dHz

dr
� ixrl0liHz ¼ 0 ð6Þ

Formula (6) is the Bessel function of order 0, its general solution is

HZ ¼ A1J0ðkrÞ þ A2N0ðkrÞ ð7Þ

where, k is defined as k2 ¼ �jxrl0li (l0 is the vacuum permeabil-
ity), according to the second method k can be simplified as,

k ¼ �jxl0l1l2½ða2 � b2Þr1 þ b2r2�
ða2 � b2Þl2 þ b2l1

( )1
2

ð8Þ

J0 is the Bessel function of order 0, N0 is the Neumann function of
order 0, A1 and A2 are the undetermined constants. Considering
J0(0) = 1 and N0(0) =1, and justification of formula (7), A2 must

equal 0, and A1 should be H0ejxt

J0ðkaÞ from the boundary conditions.

Therefore, magnetic field inside the Fe-C coaxial fiber is,

H ¼ J0ðkrÞ
J0ðkaÞ

H0ejxtez ð9Þ

Taking into account the demagnetizing inside the fiber and uni-
form magnetization of magnetic materials, the time factor should
be omitted and the axial demagnetization factor can be defined
as Nk. The real magnetic field inside the fiber is,

H ¼ J0ðkrÞ
J0ðkaÞ

H0 � NkM
� �

ez ð10Þ

and the eddy current density jðrÞ ¼ r� H ¼ k J1ðkrÞ
J0ðkaÞH0ez can be

obtained from Maxwell equation (J1 is the Bessel function of order
1), substitute this equation and formula (7) with formula (2) and
formula (3). The solutions of intrinsic magnetic moment mi and
induced magnetic moment me are,

mi ¼
ZZZ

ðli � 1ÞHdV ¼ pa2lðli � 1Þ 2
ka

J1ðkaÞ
J0ðkaÞ

H0 �NkM
� �

ez ð11Þ

and

me ¼ 1
2

ZZZ
r � jðrÞdV ¼ pa2l 2

ka
J1ðkaÞ
J0ðkaÞ

� 1
� �

H0ez ð12Þ

Furthermore, the total magnetic moment m=pa2lM and the average
magnetization can be learned through simplifying simultaneous
equations (9) and Eq. (10).

M ¼
li

2
ka

J1ðkaÞ
J0ðkaÞ � 1

ðli � 1ÞNk þ 1
H0ez ð13Þ

Axial magnetic permeability of Fe-C coaxial fiber is,

l ¼ 1þ
li

2
ka

J1ðkaÞ
J0ðkaÞ � 1

ðli � 1ÞNk þ 1
ð14Þ

From the second method of linear effect and Eq. (8),
�jxl0l1l2½ða2 � b2Þr1 þ b2r2�
ða2 � b2Þl2 þ b2l1

( )1
2

Þ

�jxl0l1l2½ða2 � b2Þr1 þ b2r2�
ða2 � b2Þl2 þ b2l1

( )1
2
1
A

� 1

Nk þ 1

ð15Þ
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2.3. Radial permeability

When the incident direction of electromagnetic wave is along
the x-axis, which perpendicular to the Fe-C coaxial fiber direction,
outside the magnetic field is HðeÞ ¼ Hm0ðr; tÞejxtex and formula (5)
can be written as [53],

H ¼ bkH0ejxt J1ðkrÞ
r

cos her þ J1ðkrÞ
r

� kJ0ðkrÞ
� �

sin heh

� �
ð16Þ

It can be obtained from the symmetry of fiber and the direction of
magnetic field that the direction of the average magnetization is
along the x-axis. Also let M =Mex, the time factor is omitted and
the demagnetization factor is substituted, the actual magnetic field
in the composite fiber is,

H ¼ bkH0
J1ðkrÞ

r
cos her þ J1ðkrÞ

r
� kJ0ðkrÞ

� �
sin heh

� �
� N?Mðcos her � sin hehÞ ð17Þ

where N\ is the radial demagnetization factor.
In order to solve the undetermined coefficients b, the boundary

condition equations should be solved first. Since the magnetization
of the composite fiber have great influence on the outside magnetic
field, H(e) is converted into HðeÞ–H0ejxtex, but the outside magnetic
field still satisfies the Maxwell equation, r�HðeÞ ¼ 0 and
r � HðeÞ ¼ 0. Besides, HðeÞ ¼ �rUm, where Um is the magnetic scalar
potential and it should meet the following equation,

r2Um ¼ 0 ð18Þ
When r ! 1, Um ¼ �H0r cos h. At the same time, considering
Umðr; hÞ ¼ Umðr;�hÞ from the symmetry, it follows the answer of
formula (18), Um ¼ �H0r þ B

r

� �
cos h, where B is the undetermined

constant. Through the above results, the modified outside magnetic
field can be obtained,

HðeÞ ¼ H0 þ B
r2

� 	
cos her þ �H0 þ B

r2

� 	
sin heh ð19Þ

From the boundary conditions which (1) r = a and h ¼ p
2, H

ðeÞ ¼ Ht;

(2) r = a and h ¼ 0, HðeÞ ¼ liH
ðeÞ; and the formula (17), formula

(19), b can be obtained,

b ¼ a
kH0

2H0 þ N?ðli þ 1ÞM
ðli � 1ÞJ1ðkaÞ þ kaJ0ðkaÞ

ð20Þ

Formula (20) is substituted into formula (17), and the intrinsic
magnetic moment should be,

mi ¼
ZZZ

ðli � 1ÞHdV

¼ pa2lðli � 1Þ J1ðkaÞ½2H0 þ N?ðli þ 1ÞM�
ðli � 1ÞJ1ðkaÞ þ kaJ0ðkaÞ

� N?M
� �

ex ð21Þ

and the induce magnetic moment

me ¼ 1
2

ZZZ
r � jðrÞdV ¼ pa2lbkH0

2a
½2J0ðkaÞ � kaJ0ðkaÞ�ex ð22Þ

The total magnetic moment is,

m¼miþme ¼pa2l 2liJ1ðkaÞ�kaJ0ðkaÞ
ðli�1ÞJ1ðkaÞþkaJ0ðkaÞ

H0þ1
2
N?ðliþ1ÞM

� ��

�N?ðli�1ÞM
�
ex ð23Þ

with the simultaneous formula (23) and m = pa2lM, the average
magnetization is,

M ¼
li

2
ka

J1ðkaÞ
J0ðkaÞ � 1

ðli � 1Þ 1
ka

J1ðkaÞ
J0ðkaÞ þ 1þ N?ð3li � 1Þ 1

2 � 1
ka

J1ðkaÞ
J0ðkaÞ

h iH0ex ð24Þ
The radial magnetic permeability of Fe-C coaxial fiber is as follows,

l? ¼ 1þ
a2l1l2

ða2�b2Þl2þb2l1

2
ka

J1ðkaÞ
J0ðkaÞ � 1

a2l1l2

ða2�b2Þl2þb2l1
� 1


 �
1
ka

J1ðkaÞ
J0ðkaÞ þ 1þ N?

3a2l1l2

ða2�b2Þl2þb2l1
� 1


 �
1
2 � 1

ka
J1ðkaÞ
J0ðkaÞ

h i
ð25Þ

where k ¼ �jxl0l1l2 ½ða2�b2Þr1þb2r2 �
ða2�b2Þl2þb2l1

n o1
2

2.4. Axial permittivity

The electric field direction is parallel to the axial direction of the
composite fiber, that is to say,

EðeÞ ¼ E0ejxtez ð26Þ
And make the average electric field inside the fiber meet the condi-
tion that,

E ¼ EðrÞejxtez ð27Þ
Wu [53] solved the voltage of the conductive fiber in the high fre-
quency electromagnetic field by describing a conductive single fiber
as an equivalent circuit (RC circuit). In this study, since the wave-
length of the applied microwave electric field is also much greater
than the size of single fiber and the inductance in the fiber is not
significant, single polarized fiber can also be equivalent to the RC
circuit [54]. The voltage inside the fiber can be expressed as,

V ¼ R
dq
dt

þ q
C

ð28Þ

where R is the equivalent resistance of the Fe-C coaxial fiber, C is the
equivalent capacitance of the Fe-C coaxial fiber, q is the electric
charge on the Fe-C coaxial fiber, which can be calculated through
that,

V ¼ Elejxt R ¼ 1
pa2r

C ¼ pa2e0
Nkl

The axial depolarization factor and radial depolarization factor are
still represented by Nk and N\ since the demagnetization factor
and depolarization factor of the Fe-C coaxial fiber are provided by
the same form. If polarization meets the condition that

P ¼ Pejxtez, the electric charge should be,

q ¼ p
l
ejxt ð29Þ

When substituting formula (29) and the calculated V, R, C, q into for-
mula (28), the dipole moment can be expressed,

p ¼ pa2l e0r
Nkrþ jxt

Eejxtez ð30Þ

this formula coincide completely with the expression of dipole
moment solved by Swinford [55] using different approach, and

according to Helmholtz equation (r2H � k2H ¼ 0 and

r2E � k2E ¼ 0), electric field inside the Fe-C coaxial fiber can be
derived from formula (9),

E ¼ J0ðkrÞ
J0ðkaÞ

E0 � Nk
e0

p
� �

Ejxtez ð31Þ

The average electric field inside the Fe-C coaxial fiber is,

~E ¼ 1
pa2

Z 2p

0
dh
Z a

0

J0ðkrÞ
J0ðkaÞ

E0 � N?
e0

P
� �

rdr ¼ 2
ka

J1ðkaÞ
J0ðkaÞ

E0 � Nk
e0

p

ð32Þ
Substituting the average electric dipole moment that is obtained
from formula (32), the polarization equation, P ¼ pa2lpejxt into for-
mula (30), then the polarization of the Fe-C coaxial fiber should be,



Fig. 2. The calculated filed point P and magnetic field of circular disk with magnetic
charge.
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p ¼ e0r
2Nkrþ jxe0

2
ka

J1ðkaÞ
J0ðkaÞ

E0ejxtez ð33Þ

And the axial permittivity of Fe-C coaxial fiber can be easily
obtained:

ek ¼ 1þ
ða2�b2Þr1þb2r2

a2

2Nk
ða2�b2Þr1þb2r2

a2 þ jxe0
� 2

a �jxl0l1l2 ½ða2�b2Þr1þb2r2 �
ða2�b2Þl2þb2l1

n o1
2

�
J1ða �jxl0l1l2 ½ða2�b2Þr1þb2r2 �

ða2�b2Þl2þb2l1

n o1
2Þ

J0 a �jxl0l1l2 ½ða2�b2Þr1þb2r2 �
ða2�b2Þl2þb2l1

n o1
2

� 	 ð34Þ

2.5. Radial permittivity

When the electric field direction is perpendicular to the z-axis,
the initial outside electric field can be expressed as,

EðeÞ ¼ E0ejxtex ð35Þ
the electric dipole moment is

P ¼ Pejxtex ð36Þ
The same procedure from the axial permittivity may be easily
adapted to obtain the electric dipole moment,

P ¼ 2al
e0r

N?rþ 2jxe0
Vex ð37Þ

For the purpose of solving the voltage in formula (37), the electric
field must be solved first. When the average polarization is set as

P ¼ Pejxtex, the electric field can be obtained according to formula
(17) and duality principle between the electric and magnetic fields:

E ¼ bkE0ejxt J1ðkaÞ
r

cos her þ J1ðkrÞ
r

� kJ0ðkrÞ
� �

sin heh

� �

� N?
e0

Pejxtðcos her � sin hehÞ ð38Þ

where the constant b is defined under these boundary conditions.
For the electric potential, generated from the outer space of the

Fe-C coaxial fiber, it is referred as the electric dipole moment with
unit length. It is

ue ¼ �E0r þ N?P
e0

a2

r

� 	
cos hejxt ð39Þ

thus,

EðeÞ ¼ �rue ¼ E0 þ N?P
e0

a2

r2

� 	
cos hejxter

þ �E0 þ N?P
e0

a2

r2

� 	
sin hejxteh ð40Þ

When r ¼ a and h ¼ p
2, E

ðeÞ ¼ Et , simultaneous formula (40), b can be
defined as,

b ¼ a
k

1
kaJ0ðkaÞ � J1ðkaÞ

ð41Þ

And through the symmetry of electric field, the average electric
field is,

~E ¼ 4
pa2

Z p
2

0
dh
Z a

0
Exdr ¼ bkE0

J1ðkaÞ
a

� N?P
e0

ð42Þ

The voltage can be obtained from formula (42) and formula (41),

V ¼ 1
2a

Z a

�a
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � y2

p
~Eejxtdy ¼ pa

2
J1ðkaÞ

kaJ0ðkaÞ � J1ðkaÞ
Eh � N?P

e0

� �
ejxt

ð43Þ
and the polarization is also obtained from formula (43), formula
(17) and P ¼ pa2lpejxt ,

p ¼ e0r
2N?rþ 2jxe0

J1ðkaÞ
J0ðkaÞ � J1ðkaÞ

E0ejxtex ð44Þ

Thus, the radial permittivity of Fe-C coaxial fiber is realized as

e? ¼ 1þ
ða2�b2Þr1þb2r2

a2

2N?
ða2�b2Þr1þb2r2

a2 þ 2jxe0
�

1
ka

J1ðkaÞ
J0ðkaÞ

1� 1
ka

J1ðkaÞ
J0ðkaÞ

ð45Þ

where k ¼ �jxl0l1l2 ½ða2�b2Þr1þb2r2 �
ða2�b2Þl2þb2l1

n o1
2
.

2.6. Demagnetization factor and depolarization factor

Considering the internal demagnetizing and depolarizing pro-
cess of composite fiber material, the demagnetization factor and
the depolarization factor were used during the calculation process.
There are two viewpoints about the theory of magnetic medium in
physics. One is the magnetic charge theory and it is considered that
the magnetic field is generated by the positive and negative mag-
netic charges. The other is the molecular current theory (Ampere
hypothesis) and the minimum unit (magnetism molecule) used
to compose the magnet is circle electric current. The meanings of
magnetic flux density and magnetic field strength of these two
views are different, but the calculation results can be equivalent
[56]. Also based on magnetic charge theory, the magnetic field H
generated by the magnetic charge which are uniformly distributed
on the end face of the cylinder can be calculated. The point Pwhich
is in the yz plane is taken as the calculated filed point (as shown in
the Fig. 2, P(r, z)). The surface element dS is taken from the circular
disk whose magnetic charge surface density is u,

dS ¼ qdqdh ð46Þ
and the surface element dS carry magnetic charge,

dqm ¼ rdS ¼ rqdqdh ð47Þ
And the magnetic field intensity from the surface element dS to the
point P should be [57],

dH0 ¼ 1
4p

dqm

s2
ð48Þ

where s is the distance from the surface element to the point P,

s ¼ ½ðq cos hÞ2 þ ðr � q sin hÞ2 þ z2�
1
2 ð49Þ
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The z component of the magnetic field intensity should be,

dH0
z ¼

1
4p

zdqm

s3
¼ u

4p
zqdqdh

½ðq cos hÞ2 þ ðr � q sin hÞ2 þ z2�
3
2

ð50Þ

The z component of the magnetic field intensity generated by
magnetic charges of the disk should be,

H0
zðr;zÞ ¼

u
4p

Z a

0
qdq

Z 2p

0

zdh

½ðqcoshÞ2 þ ðr�qsinhÞ2 þ z2�
3
2
¼ rAðr; zÞ

ð51Þ
where, the function A (r, z) is defined as,

Aðr; zÞ ¼ 1
4p

Z a

0
qdq

Z 2p

0

zdh

½ðq cos hÞ2 þ ðr � q sin hÞ2 þ z2�
3
2

ð52Þ

According to superposition principle of magnetic field, the total
magnetic intensity H of the point P is the magnetic intensity vector
sum generated by the magnetic charges of the two end face, and the
z component is,

Hzðr; zÞ ¼ u½Aðr; zÞ þ Aðr; l� zÞ� ð53Þ
Finally, the axial demagnetizing factor of the point P(r, h, z) can be
obtained,

Nzðr; zÞ ¼ Aðr; zÞ þ Aðr; l� zÞ ð54Þ
In order to analyse conveniently, set l0 = l/a, m = r/a, n = z/a, and the
function A(r, z) can also be expressed as,

Aðr; zÞ ¼ Cðm;nÞ ð55Þ
where Cðm;nÞ ¼ 1

4p

R 1
0 ndn

R 2p
0

ndh

½ðn cos hÞ2þðm�n sin hÞ2þn2 �
3
2
, and n = q/a.

Thus the axial demagnetizing factor of the point P(r, h, z) is
expressed as,

Nzðr; zÞ ¼ Cðm;nÞ þ Cðm; l0 � nÞ ð56Þ
and the axial demagnetizing factor is obviously related to not only
the shape of cylinder, but also the point position. For the point of
axis of the cylinder, the demagnetizing factor should be,

Nzð0; zÞ ¼ Cð0;nÞ þ Cð0; l0 � nÞ

¼ 1� 1
2

nffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2

p þ l0 � nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðl0 � nÞ2

q
2
64

3
75 ð0 < n < l0Þ ð57Þ

Because of

Cð0;nÞ ¼ 1
4p

Z 1

0
ndn

Z 2p

0

ndh

ðn2 þ n2Þ
3
2
¼ 1

2

Z 1

0

nndn

ðn2 þ n2Þ
3
2

¼ 1
2

1� nffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2

p
� 	

ð58Þ

For a single fiber, the mean value of the factor Nz is used to repre-
sent axial demagnetizing factor of the fiber,

Nk ¼
R l0

0 Nzdn

l0
¼

R l0

0 1� 1
2

nffiffiffiffiffiffiffiffi
1þx2

p þ l0�nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðl0�nÞ2

p
" #

dn

l0

¼ 1þ 1
l0
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

l02

r
ð59Þ

According to the literature [58], the radial demagnetization factor of
the fiber should be,

N? ¼ l2

2ðl2 � 4a2Þ
� a2l

ðl2 � 4a2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 � 4a2

p ln
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 � 4a2

p
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 � 4a2

p ð60Þ
In addition, due to the similar fiber model is referred as an ellipsoid
in the process of solving the depolarization factor [53], the depolar-
ization factor should keep the same with the demagnetization
factor.
3. Results and discussions

In order to further study the influence of geometric parameters
on the effective electromagnetic parameters, and optimize the
structural parameters of Fe-C coaxial fiber, we proceed the cou-
pling calculation for multiple sets of data with the real and imagi-
nary part of permeability and permittivity (l0, l00, e0, e00) as the
fibrous characteristic varies. If: (1) the composite fiber geometric
parameters include the radius of core and shell, the length of fiber;
(2) electromagnetic environmental parameters, mainly refer to
external electromagnetic field harmonic frequency; (3) intrinsic
parameters of the component material of composite fiber are clear.
Suppose: (1) a = 0.866 lm, b = 0.5 lm, l = 20 lm; (2) f = 5 GHz; (3)
l1 = 7.5-9i [59], l2 = 0.9-0.1i [60]. (Carbon is used as core material
in this fiber because carbonaceous materials are generally used as
dielectric absorber, and l0 � 1, l00 � 0.) (4)r1 = 1 � 107 S/M,
r2=0.65�107 S/M [61]. According to the formula (15), (25), (34)
and (45), the effective permittivity and effective permeability of
Fe-C coaxial fibers in different directions rate were calculated.
The electromagnetic parameters of different types of fiber at
5 GHz are shown in Table 1.

The results show that the effective permittivity and permeabil-
ity of Fe-C coaxial fibers have significant anisotropy, and the axial
electromagnetic parameters is much greater than that of radial
electromagnetic parameters, which is due to the much greater
radial demagnetization factor and depolarization factor of fibrous
material than its axial value. The demagnetization effect has a sig-
nificant influence on the effective electromagnetic parameters of
fiber-based material. It can also be seen from Table 1 that the
imaginary part of the four electromagnetic parameters of Fe-C
coaxial fiber are much greater than single solid iron fiber and hol-
low carbon fiber, and the values of tanr are significantly larger
than those of the other two materials, which indicates that (1)
the Fe-C coaxial fibers can inhale more waves than the other two
fibers, (2) the more inhaled waves will be converted into thermal
energy instead of reflection, which makes great significance to
improve the electromagnetic wave absorbing performance.
3.1. The influence of inner and outer diameter on the electromagnetic
parameters

The composition ratio of these two materials will directly affect
the changes of the electromagnetic parameters because the Fe-C
coaxial fiber is made of the iron shell and the carbon core. Accord-
ing to the EM model, the material composition is determined by
the respective volume fraction. Based on the second method of lin-
ear effect, the influence of the volume fraction on the electromag-
netic parameters can be simplified to study the trends of axial and
radial electromagnetic parameters when the shell and core diame-
ters change and determine the value of inner and outer dimensions
when extreme point of electromagnetic parameters occur. In this
study, the variation of the real and the imaginary part of perme-
ability and permittivity are simulated when the inner and outer
dimension are defined from the range of 0–0.5 lm and 0.5–
0.7 lm as the boundary conditions change. Fig. 3 shows the influ-
ence of the combination of shell diameter and core diameter com-
bination on the axial permeability.

When b (inner radius) is smaller, with the increase of a (outer
radius) of the Fe-C coaxial fiber, both the l0

k and the l00
k are declin-

ing; when b is larger, with the increase of a, above parameters



Table 1
Electromagnetic parameters of different types of fiber.

Type of fiber lk
a tanrb l\

c tanr ekd tanr e\e tanr

Carbon solid fiber 0.90–0.12i 0.134 0.90–0.13i 0.145 4.39–3.61i 1.076 2.04–0.05i 0.024
Iron hollow fiber [43] 6.94–6.77i 1.477 2.55–0.42i 0.166 23.87–1.28i 0.054 1.19–0.03i 0.025
Fe-C coaxial fiber 5.18–4.46i 1.164 2.58–0.50i 0.196 7.63–6.97i 1.296 1.98–0.15i 0.076

a lk is axial permeability.
b tanr is loss tangent.
c l\ is radial permeability.
d ek is axial permittivity.
e e\ is radial permittivity.

Fig. 3. The axial permeability vs inner and outer diameter at 5 GHz.

Fig. 4. The radial permeability vs inner and outer diameter at 5 GHz.
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increase significantly. The critical value of these two different vari-
ation is 0.2 lm (b = 0.2 lm). The maximum of l0

k is 6.674 when a is
0.7 lm, b is 0.12 lm. Minimum of both the real part and the imag-
inary part appear are respectively 0.899 and 0.1069 as a = 0.5 lm,
b = 0.5 lm. It can also be indicated from Fig. 3 that the trend of the
imaginary part is significantly greater than the real part, which will
cause a rapid change of the tanr. Since the good conductor skin
effect, the impact on the permeability of the inner diameter is sig-
nificantly greater than the outer diameter while the real part of the
axial permeability of the Fe-C coaxial fiber significantly decreases,
the imaginary part steeply increases with inner radius increasing
continuously.

Fig. 4 shows a relationship between the inner and outer diam-
eters and radial permeability. The relationship between l\ and a
is similar to lk. When b is small, due to the skin effect, the real
and imaginary parts of permeability will increase as the outer
diameter decreases. However, both the real parts and the imagi-
nary parts firstly increase then decrease with the increase of the
inner diameter. The maximum of the l0

? and the l00
? respectively

present at a = 0.5 lm, b = 0.21 lm; a = 0.53 lm, b = 0.49 lm, and
the values are 2.6770 and 0.5685. The minimum values of the l0

?
and the l00

? are 0.8990 and 0.1169 when a = b = 0.5 lm. Obviously,
the more the carbon is, the smaller the value of magnetic
parameters of the Fe-C coaxial fiber is, which is caused by poor
performance of magnetic conductivity of carbon.

Fig. 5 shows the influence of shell diameter and core diameter
combination on the ek. The trend of the e0k is similar to the e00k . Both
increase with continuously increasing the outer diameters and
decreases with declining the inner diameters. That is to say, to
make the value of the ek larger, the outer diameters should be lar-
ger and the inner diameters smaller. The maximum of the real
parts is 14.43 when a = 0.7 lm, b = 0.04 lm, and the maximum of
the imaginary parts is 46.76 when a = 0.7 lm, b = 0. The minimum
of the real parts and the imaginary parts are 4.284 and 3.617
respectively when a = 0.5 lm, b = 0.5 lm. At this time, Fe-C coaxial
fibers are completely filled with carbon. It can be observed from
Figs. 3 and 5 that the effect of outer diameter on the ek is much lar-
ger than the e\. Through formula (59), it can be learned that the
aspect ratio (l0) has a significant influence on the Nk which is sub-
stituted into formula (34) resulting in a dramatic change in the ek.

The relationship between the radial permittivity and inner and
outer diameter is shown in Fig. 6. Different from effect on the
permeability, the trend of the e\ is complex under different
conditions. The e0? increases with increasing outer diameters and



Fig. 5. The axial permittivity vs inner and outer diameter at 5 GHz.

Fig. 6. The radial permittivity vs inner and outer diameter at 5 GHz.

Fig. 7. The axial permeability (a) and radial permittivity (b) vs aspect ratio at 5 GHz.
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decreasing internal diameters. When a = 0.7 lm, b = 0.5 lm, the
maximum of e0? is 2.023 and when a = 0.7 lm, b = 0 the minimum
is 1.694, in this case, the Fe-C coaxial fiber is composed entirely of
iron. The imaginary part enlarges with increasing the outer diam-
eter. Under the influence of decreasing internal diameter, it
enlarges firstly and reduces later. The maximum is 0.1962, mini-
mum is 0.01474, respectively appearing at a = 0.7 lm,
b = 0.17 lm and a = 0.5 lm, b = 0.5 lm. From these datas, the key
to control the equivalent permittivity depends on content of car-
bon become clear.
3.2. The influence of aspect ratio on the electromagnetic parameters

Considering the demagnetization factor (N), which is greatly
affected by the aspect ratio (l0) according to formula (59), has a sig-
nificant influence on the electromagnetic parameters of absorbers,
the numerical simulation of relative relationship in electromag-
netic parameters is carried out with the fiber length. Since the axial
electromagnetic parameter is much larger than the radial electro-
magnetic parameters, and the fiber length has a significant effect
on the axial electromagnetic parameters, the relationship between
the length and the axial electromagnetic parameters can be shown
without the radial electromagnetic parameters. Other parameter
conditions are identical in the last section, specifically,
a = 0.6 lm; b = 0.4 lm. The relationship between axial permeabil-
ity and fiber length is shown in Fig. 7(a), axial permittivity in
Fig. 7(b).

Fig. 7(a) indicate that the l0
k increases first, then decrease while

the length of Fe-C coaxial fiber continues growing, and the maxi-
mum is 4.242. During the initial stage, the l00

k shows rapid growth,
and the growth trend gradually decline. When the length is 25 lm,
both the l0

k and the l00
k are 4.196 which is the only equal point, and

the magnetic loss angle is 1. When the length increases to 40lm,
the imaginary part reaches 4.46, by this time, the growth trend is
not obvious. The above objectives indicate that with the increase
of the fiber length, its magnetic loss tangent will continue to



Fig. 8. The axial permittivity vs electrical conductivity at 5 GHz.
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increase so that the capability in magnetic energy dissipation of
the electromagnetic wave are gradually improved.

Fig. 7(b) indicates that while the length of the Fe-C coaxial con-
tinues to grow, both the e0k and the e00k are almost linear increase.
Moreover, the growth trend in the imaginary parts is faster than
the real parts. e0k = e00k = 8.863. When the length is 30 lm (dielectric
tanr is 1), this trend also reflects dielectric loss angle increase,
which will cause the improvement on capability in electric energy
dissipation of the electromagnetic wave. Evidently, the increase in
the aspect ratio results in the decrease in axial demagnetization
factor, which further contributes to the rapid increase of the imag-
inary parts of axial permittivity. Importantly, controlling length of
the fiber has a great impact on improving tanr.

3.3. The influence of electrical conductivity on the permittivity of
coaxial fiber

Generally speaking, it is meaningful to research the relationship
between the electrical conductivity and the permittivity, especially
for dielectric absorber. Based on previous researches, the shell and
core are made of good conductor which has great electrical con-
ductivity such as iron fiber and carbon. Fig. 8. shows the axial per-
mittivity of Fe-C coaxial fiber changing with the electrical
conductivity at 5 GHz. In Fig 7, the geometric parameters are iden-
tified as: a = 0.6 lm, b = 0.4 lm, l = 20 lm, and the transparent
grid-like surfaces represent the e0k and the shaded surfaces repre-
sent the e00k . In addition, when the electrical conductivity of a single
material becomes greater, the electrical conductivity of other
material will have a greater impact on the permittivity, and the
maximum of the real parts can reach 6.914. But the real parts
and the imaginary parts have roughly the same growth rate, so
the dielectric loss tanr have little change. Therefore, it is an effec-
tive way to consider the dissipation of absorbed electromagnetic
wave so as to enhance electrical conductivity.

4. Conclusions

Through combining electrodynamics theory with composite
materials theory based on Maxwell theory, the original calculation
formula of EM parameters of the electromagnetic model of Fe-C
coaxial fiber is modified. Theoretical formula of effective perme-
ability and effective permittivity of the Fe-C coaxial fiber are
obtained. In 5 GHz EM field, lk and ek are 5.18-4.46i and 7.63-
6.97i, l\ and e\ are 2.58-0.50i and 1.98-0.15i, respectively. The
imaginary parts and tanr of permeability and permittivity of the
Fe-C coaxial fiber are larger than that of two other fibers with
the same volume. In addition, axial and radial dielectric tanr reach
1.296 and 0.076 that are much greater than two other fibers.
Dissipation capability of inhaled electromagnetic wave of the
Fe-C coaxial fiber is significantly superior.

Optimized parameters of Fe-C coaxial fiber are obtained as
follow: when radius is 0.5lm and carbon content is 3.2%, l00

k reach
maximum, 6.429; when radius is 0.53lm and carbon content is
85.5%, l00

? reach maximum, 0.569; when aspect ratio are 4.16 and
5, both magnetic and dielectric tanr are 1; when r is greater, e is
increased. Due to significant anisotropy, the variation of axial
and radial parameters is different, and the axial value is more rep-
resentative than the radial value. Therefore, for the purpose of
increasing the axial electromagnetic parameters and improving
the ability of electromagnetic loss, the composite fiber with greater
conductivity, larger aspect ratio, thin iron shell materials, should
be employed as the idea absorbent.
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