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Greatly enhanced microwave absorption properties
of highly oriented flake carbonyl iron/epoxy resin
composites under applied magnetic field
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ABSTRACT

Oriented flake carbonyl iron/epoxy resin (FCI/EP) composites with enhanced
microwave absorption properties were prepared by a magnetic field which was
applied to make the plane of FCI parallel to each other. The morphology and the
frequency-dependent electromagnetic and microwave absorption properties of
the composites were investigated. The measurement results showed that the
higher permeability and modest permittivity of the composites were obtained
after orientation in the frequency range of 2-18 GHz. The calculated absorption
properties indicated that the orientation plays an important role in decreasing
the absorber thickness and broadening the absorption bandwidths. The oriented
FCI/EP composites containing 75 wt% FCI show a wider absorption frequency
range of 12.5 GHz from 5.5 to 18 GHz with reflection loss below —10 dB at
thickness of 1.4 mm, while the bandwidth of the un-oriented one is only in a
narrow frequency range of 1.4 GHz. This work offers a promising approach for
the fabrication of magnetic absorbents for thin—thickness and microwave-ab-
sorbing materials with adjustable wider working frequencies range simply by
magnetic field.
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excellent properties of thin-thickness, light weight,
wide absorbing frequency range, and high absorption

Introduction

In recent years, electromagnetic waves in the range of
gigahertz (GHz) have been widely used in civil and
military areas. However, the increasing usage of
these electronic devices and communication facilities
results in severe electromagnetic wave interference
problems. Therefore, microwave-absorbing materials
have attracted growing attention because of their
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ability. It is well known that the absorbent can be
classified into three types according to the absorbing
mechanisms: the conductive loss, the dielectric loss,
and the magnetic loss types [1-6]. Compared with the
other two absorbents, the magnetic loss-type absor-
bents can achieve great microwave absorption prop-
erties such as lower thickness and strong microwave
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absorption due to its high dielectric loss and mag-
netic loss [7-9].

Among the magnetic loss-type absorbents, car-
bonyl iron (CI) particles are considered as excellent
magnetic absorbents owing to their high Curie tem-
perature, superior thermal stability, large saturation
magnetization value, and high permeability [10-12].
However, most of the microwave-absorbing materi-
als based on these CI particles show a RL of only
about —10 dB or less with a high weight fraction
(i.e., more than 80 wt%) of the absorbents, and
microwave-absorbing materials exhibit an effective
absorption only in a narrow frequency range [13-15].
This significantly limits their practical applications
in microwave absorbing in the fields of civil and
military areas. To improve the absorption efficiency
and the effective absorbing bands of the absorbers,
different methods have been applied, such as adding
optimized absorbent [16], using multi-layer structure
[17-19], and compounding different types of absor-
bents [20-22]. However, the enhancement of the
absorption properties of the absorber after adding
optimized absorbent is proven to be very limited. On
the other hand, it is an effective way to improve the
absorbing properties of the absorber using the mul-
tilayered impedance-graded structure, but its wide
application is restricted due to the complex prepa-
ration process. Furthermore, much attention have
been paid to fabricate highly efficient absorbing
materials by employing different loss types of
absorbents, such as constructing FCI-based com-
posites by incorporating carbon materials and fer-
rites. However, the value of the permeability of the
multi-component absorber cannot be enhanced
obviously due to the low permeability of non-mag-
netic absorbents. Moreover, these preparation
methods generally require complex processes, such
as functionalized treatment and complex chemical
preparation method and reaction. Additionally, it is
difficult for the absorbents to disperse in the matrix
completely, which significantly affect the EM prop-
erties of the composites. Therefore, it is urgent to
find out a more flexible and effective method to
improve the EM wave absorption performance of
FCI-based composites.

To improve the EM wave absorption properties,
higher complex permeability is necessary. It has been
proven that the permeability of many kinds of mag-
netic composites can be enhanced by employing ori-
ented structures [23, 24]. Thus, numerous approaches
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have been developed for orientation, such as electric
field-induced method [25], magnetic field-induced
method [26, 27], polymer extrusion technique [28],
melt processing method [29], and shear force-in-
duced method [30, 31] in a polymer matrix. Magnetic
field-induced approach is an efficient and direct route
to prepare materials with oriented structure. The
orientation of an object in a magnetic field has been
successfully obtained with different structures,
including micro-particles [32], carbon fiber [26], car-
bon nanotubes [33], and flake-shaped particles such
as FeCuNDbSiB [34] and Pr,Fe;yNj, particles [35].
Therefore, we estimate that the orientation of flake-
shaped CI fillers in polymers may result in higher
permeability, and further improve the microwave
absorption performances of the FCI/EP composite.

In this work, we developed a flexible and an
effective method by introducing a magnetic field to
prepare oriented FCI to achieve strong absorption,
thin—thickness, and broad bandwidths in microwave-
absorbing materials. The orientation was obtained
due to the mutual interaction between the FCI mag-
netic flakes in the magnetic field. Random dispersed
FCI in the epoxy polymer solution was subjected to a
magnetic field in two different directions, followed
by the cross-linking of the system. The higher com-
plex permeability and modest permittivity have been
obtained by the oriented FCI; the microwave
absorption properties of the composite were investi-
gated in detail and compared with the un-oriented
ones.

Experimental
Materials

The magnetic carbonyl iron particles were micro-
sized, flake-like shaped, and purchased from Xinhua
chemical Co. Ltd., Shaanxi province, China. The
particles have a variable size with 2-10 pm in diam-
eter and less than 1 um in thickness. Epoxy resin was
used as polymeric matrix. The curing agent used was
polyamide, and the solvent was absolute alcohol. All
chemicals were used without further treatment.

Preparation of FCI/EP composites

For the preparation of FCI/EP composites, the epoxy
resin was dissolved in absolute alcohol and stirred
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Figure 1 Schematic illustration of the Helmholtz coils set-up to
generate a uniform magnetic field to obtain samples with different
FCI structures. a Oriented FCI with its sample surfaces parallel to
magnetic field, b random distribution of FCI, ¢ oriented FCI with

for 30 min for complete dissolution. After adding the
FCI and the curing agent, the mixture was stirred for
1 h at 2000 rpm for further distribution, followed by
degassing in vacuum for 10 min. The FCI concen-
tration of FCI/EP composites was 75 wt%. As illus-
trated in Fig. 1, the oriented FCI/EP composites were
prepared by introducing a magnetic field, and the
control samples were produced without magnetic
field. For composites with random FCI magnetic
particles, the prepared mixture was poured into a
Petri dish and consolidated at room temperature
without magnetic field, as shown in Fig. 1b. For
magnetic orientation, the mixture was poured into a
silicon holder, and was ready for exposing to the
magnetic field. The mold containing the mixture was
placed in the magnetic field of 1 T, which is generated
by a pair of Helmholtz coils. In the process of mag-
netic orientation, the direction of the silicon holder
rotated 90 degrees per 2 min until the mixture lost
liquidity; then, the mixture was placed in the mag-
netic field for at least 24 h at room temperature until
the polymer composite completed consolidation.
After the FCI/EP composite was formed, it was
removed from the mold and dried in an oven for 24 h
at 50 °C, and a wafer sample of 10 mm thickness,
100 mm in length, and 60 mm in width was obtained.
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its sample surfaces perpendicular to magnetic field, d schematic
diagrams of a waveguide method set-up for electromagnetic
parameters measurement, e orientation of the testing sample.

The oriented FCI/EP composites were obtained in
two directions: oriented with its sample surface par-
allel to magnetic field (marked as direction A) and
perpendicular to magnetic field (marked as direction
B), as shown in Fig. 1a, c.

Characterization and measurement

The microstructure and fracture morphology of the
composites were investigated by scanning electron
microscope (SEM, Model JSM-6360, JEOL, Tokyo,
Japan). The complex electromagnetic parameters of
the composite were measured using a vector network
analyzer (Agilent technologies E8362B: 10 MHz-
20 GHz) in the frequency range of 2-18 GHz using
the rectangular waveguide method in collaboration
with the coaxial transmission line, which was previ-
ously reported by Yang Mu [36]. A schematic illus-
tration of the measurement set-up for electromag-
netic parameters is shown in Fig. 1d. A sample
holder with its input and output is connected to the
network analyzer. The sample was arranged per-
pendicularly to the incident electromagnetic wave
through the thickness direction as shown in Fig. le.
The electric field vector (E) of the incident electro-
magnetic wave transmitted along the length
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Figure 2 SEM images of a FCI, b oriented FCI in direction A, ¢ oriented FCI in direction B.

orientation of the sample and the magnetic field
vector (H) transmitted along the width orientation
when the sample is under testing on the network
analyzer are shown in Fig. 1a, c. The testing speci-
mens were cut into designated size corresponding to
different microwave frequency range for microwave
measurement: 725 x 33.82, 47.78 x 21.92, 34.48 x
15.42, 22.86 x 10.16, and 15.76 x 7.85 mm at the
same thickness of 1 mm for S, C;, C,, X, and Ku band,
respectively.

To evaluate the microwave absorption perfor-
mance of the FCI/EP composites, the microwave RL
of the composites can be calculated based on the
following equations for a single-layer absorbing
material [37]:

RL(dB) = 20log|(Zin — Zo)/(Zin + Zo)| (1)

Zo = 2oV () VG [ @)

where Z, is the impendency of the free space; Z;, is
the absorber normalized input impedance; u, and &,
are the effective permeability and permittivity of the
absorber; f is the frequency of the electromagnetic
wave; t is the absorber thickness, and c is the velocity
of light. Meanwhile, the RL of the oriented FCI/EP
composites was compared with the un-oriented ones
in detail.

Results and discussion

The microstructures of the un-oriented
and oriented FCI/EP composites

Figure 2 shows the SEM images of the un-oriented
(Fig. 2a) and oriented FCI/EP composites (Fig. 2b, c).
It can be seen in the images that FCI have flake shape
with diameters ranging from 2 to 10 pm and
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thickness below 1 pm. In the absence of an applied
magnetic field, the FCI are randomly oriented and
dispersed in the matrix homogeneously (Fig. 2a).
When FCI are exposed to an external magnetic field,
the FCI become parallel to the direction of the mag-
netic field (Fig. 2b, c). Each of the ferromagnetic FCI
is equivalent to a magnetic dipole; the FCI in polymer
solution turned to the direction of magnetic field
quickly to decrease their free energy when the mag-
netic field was applied. The significant structure
change of the flakes comes from the strong mutual
interaction between the flakes. The particles attract
each other when arranged end to end, and repel each
other in side-by-side situation [38]. Owing to the
interaction forces, oriented structure develops as
shown in Fig. 2.

The EM properties of the un-oriented
and oriented FCI/EP composites

It is believed that the microwave absorption proper-
ties of the absorbers filled composites are mainly
determined by its complex permittivity (¢ = & — je )
and complex permeability (u = g — ju’), where the
real parts of complex permittivity (¢£) and complex
permeability (1) represent the storage capability of
electromagnetic energy, and imaginary parts (¢” and
i) stand for the loss capability of electromagnetic
energy, respectively. In order to evaluate the micro-
wave absorption properties of the FCI/EP compos-
ites, the complex permittivity and permeability of the
composites were measured in the frequency range of
2-18 GHz. Figure 3 shows the complex permittivity
and permeability of the composites with 75 wt% FCI
with and without orientation. As shown in Fig. 3a, it
is interesting to note that the real part permittivity of
oriented FCI/EP composite in direction A is higher
than that of the un-oriented one in the whole
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Figure 3 Frequency dependence of a the real part and imaginary
part of the complex permittivity, b the real part and imaginary part
of the complex permeability, ¢ the corresponding dielectric loss

measurement range, while the permittivity of ori-
ented FCI/EP composites in direction B is lower than
that of the un-oriented one. The real part permittivity
value of un-oriented FCI/EP composite is between 41
and 26, whereas the oriented composite in direction
A increases to 43-28 and the oriented one in direction
B decreases to 6-7 rapidly. The enhancement of
effective permittivity from un-oriented to oriented in
direction A could be explained by cluster model [39].
As interpreted in the cluster model, the effective
polarization increases when there are increases the
content of metal fillers or the content of metal parti-
cles clusters, which corresponds to the ordered
structure of composites. It is reasonable that the
enhanced permittivity can be obtained by the com-
posites with ordered structure. In order to better
explain the reasons for the change of permittivity of
the FCI/EP composites after orientation, the interac-
tion direction between the electromagnetic wave and
FCI/EP composites measured on the vector network
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and d magnetic loss tangents of un-oriented FCI/EP composites,
oriented FCI/EP composites in direction A and direction B.

analyzer is shown in Fig. 1. As shown in Fig. 1a and
¢, the EM wave propagation direction is perpendic-
ular to the planes of FCI which oriented in direction
A (Fig. 1a), while it is parallel to the planes of FCI
oriented in direction B (Fig. 1c). Meanwhile, the
electric field direction of EM wave is parallel to the
planes of FCI oriented in direction A and perpen-
dicular in direction B. The conductivity of conductive
flake composite in the direction parallel to the ori-
entation is higher than that of perpendicular to the
orientation [21]. Therefore, the orientation would
affect the permittivity because of the electrical ani-
sotropy. This factor increases the permittivity of the
composite oriented in direction A because of higher
electrical conductivity and decrease the permittivity
of the composite oriented in direction B due to lower
electrical conductivity. Furthermore, it is clear to note
that the values of the complex permittivity of the
composites decreased with increasing frequency;
more visible frequency dependence was observed in
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the composite oriented in direction A, while the weak
frequency dependency was observed in the com-
posite oriented in direction B. The interfacial polar-
ization, one of important factors for influencing
the permittivity, occurs more easily at lower fre-
quency, and the production of displacement current
significantly lags behind the build-up potential as
the frequency increased. Moreover, the electrical
conductivity can affect the values and frequency
dependencies of the complex permittivity of FCI-fil-
led composites [7]. Therefore, the weak frequency
dependencies of complex permittivity of composites
oriented in direction B are due to their lower elec-
trical conductivity, while the strong frequency
dependencies result from the increase of the electrical
conductivity of the composites oriented in direction
A. The frequency-dependent dielectric response of the
oriented composites is profitable for proper impe-
dance matching and high microwave attenuation.
On the other hand, the imaginary permittivity for
the oriented FCI/EP composite in direction A is
higher than un-oriented composite, whereas the val-
ues in direction B are appreciably lower than that of
un-oriented one. According to Debye theory [40], the
imaginary permittivity can be defined as follows:

& = (& — )/ (1 + 0°7%) + 0/ weo, (3)

where o is the angular frequency, 7 the polarization
relaxation time, &, the static permittivity, ¢, the rela-
tive dielectric permittivity at the high-frequency limit,
and ¢ is the electrical conductivity. In the FCI/EP
composites system oriented in direction A (Fig. 1a),
electrical conductivity is a highly significant factor for
influencing the imaginary permittivity. Furthermore,
it is reasonable for oriented FCI to have more
opportunities to establish conductive paths at the
same mass fraction (Fig. 1a), thus achieving enhanced
electrical conductivity compared to the un-oriented
FCI/EP composites. Therefore, the improved electri-
cal conductivity mainly results in the enhancement of
the imaginary permittivity of the FCI/EP composites
oriented in direction A. For the FCI/EP composites
oriented in direction B, the lower imaginary permit-
tivity may be attributed to the decrease of electrical
conductivity caused by the FCI orientation direction,
which is perpendicular to the electric field.

Figure 3b shows the complex effective permeabil-
ity of the un-oriented and oriented FCI/EP compos-
ites with 75 wt% FCI. As shown in Fig. 3b, the real
part permeability of un-oriented FCI/EP composite
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at 2.6 GHz is 3.6, whereas the value reaches 4.3 for
the oriented one. The effective permeability of ori-
ented FCI/EP composites is higher than that of the
un-oriented one in the range of 2.6-6.6 GHz. For the
imaginary part of effective permeability, the oriented
composites value is higher than that of the un-ori-
ented ones in the whole measurement range; the
oriented composites reach a large value of approxi-
mate 3.0 at 3.7 GHz, whereas that of the un-oriented
one is 2.4. The enhanced permeability of oriented
composites is mainly ascribed to the increase in the
degree of planar anisotropy [34, 41, 42]. It was proved
that the magnetic moments lie preferentially in the
easy planes; the parallel arrangement of easy planes
of oriented FCI is ascribed to easy magnetization and
further results in the enhancement of permeability.
Tomotsugu Kato [42] had reported that the perme-
ability of aligned Z-type hexagonal ferrite whose
magnetic path lies in the textured plane is higher than
the other directions, which indicated that the higher
permeability of the aligned sample is ascribed to the
easy magnetization of textured planes. The studies
have shown that the complex permeability of the
oriented sample is 1.2-1.5 times higher than that of
the un-oriented samples, which further confirm the
validity of the planar anisotropy approach. More-
over, the complex permeability values of the oriented
composites in direction A and direction B are almost
the same. The magnetic field direction of electro-
magnetic wave is always parallel to the plane of FCI
whether the EM wave propagation direction is per-
pendicular or parallel to the planes of FCI, in other
words, the magnetic field direction of EM wave is
always parallel to the easy magnetization planes.
Therefore, the permeability of the FCI/EP composites
oriented in direction B is the same as the value of
composites oriented in direction A and are both
higher than the un-oriented ones.

Generally, dielectric loss (tand, = ¢ /¢) and mag-
netic loss (tandy, = ' /4) play important roles in the
microwave absorption performance of an absorber. In
order to determine the contributions of dielectric loss
and magnetic loss on the microwave absorption
performance of FCI/EP composites, both the dielec-
tric loss and the magnetic loss of the composite were
calculated based on the measured complex perme-
ability and permittivity, and are displayed in Fig. 3c,
d. The value of tand. increases when the FCI/EP
composites oriented in direction A and direction B
were compared with the un-oriented composites. The
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Figure 4 The calculated RL curves for a un-oriented FCI/EP
composites, b oriented FCIEP composites in direction A,
¢ oriented FCI/EP composites in direction B, d the A/4 curves
with frequency for the un-oriented composites and oriented FCI/
EP composites in direction A with 75 wt% FCIL.

tand,, of the oriented composites increases sharply in
the whole measurement frequency range. It is clear
that tand,, is much larger than tand, in the range of
2-18 GHz, which indicates that magnetic loss plays a
more important role in the FCI/EP composite in this
frequency range. Therefore, the enhanced values of
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dielectric loss and magnetic loss of the oriented
composites act as an important factor, which is
profitable for the enhancement of microwave
absorption of the oriented FCI/EP composites.

It is well known that higher complex permeability
and its suitable combination with the complex per-
mittivity represent one of the most important factors
for improving the microwave absorption efficiency of
absorbers. As mentioned above, owing to the orien-
tation, the higher permeability as well as modest
permittivity was obtained by the oriented FCI/EP
composites. It is indicated that orientation plays an
important role in tuning the EM parameters of the
composites and improving the level of impedance
matching, which is important in achieving micro-
wave absorbers with excellent microwave absorption
performance.

The microwave absorption of the
un-oriented and oriented FCI/EP composites

To investigate the microwave absorbing properties of
the composites, we calculated the RLs at different
thicknesses using Egs. (1) and (2). Figure 4a—c shows
the calculated RL curves for un-oriented and oriented
composites at various thicknesses for the FCI/EP
composite containing 75 wt% FCI. For the un-ori-
ented composite, the RLs exceeding —5 dB at differ-
ent thicknesses can be obtained, and the minimum
RL is —13.0dB at 4.0 GHz with a thickness of
1.5 mm, while the peak frequency is 3.5 GHz at the
same thickness for the composite oriented in direc-
tion A, as shown in Fig. 4a, b. It is obviously indi-
cated that the peak frequency of the samples oriented
in direction A is lower than that of the un-oriented
samples at thicknesses from 0.7 to 1.5 mm. The above
phenomenon can be explained by quarter-wave-
length cancelation model in composite filled with
metal magnetic particles. For quarter-wavelength
cancelation, the relationship between d and f is given
by the following equation [24, 43, 44]:

f:nc/<4d\/|ursr|)(n:1,3,5,...), (4)

where c represents velocity of light in free space, d
represents thickness of absorber, f represents the
frequency of incident electromagnetic wave, u, rep-
resents complex permeability, and e, represents
complex permittivity. According to Eq.(4), the
matching frequency decreases as the complex
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Refs.

(RL < —10 dB) GHz

Absorption band

(RL < —5 dB) GHz

Absorption band

Thickness

(mm)

EM values at 2-18 GHz
e

Table 1 Comparison of values of EM and RL of FCI/EP composites and other representative oriented or un-oriented magnetic particle composites reported in recent papers

Absorber and content

@ Springer

This work
This work
This work
This work
This work

(5]

3.2-48

2.6-8

1.5
0.8

2.4-1

2.6-2 3.6-0.6
4.3-0.5

5.6-2.9

41-26
43-28

75 wt% (un-oriented FCI/EP)

4-14.5
5-16
3-18

3-1.1

75 wt% (oriented FCI/EP in direction A)

0.7

5-17

1.5
1.4
1.6
1.5
1.5
1.5

~0.6 4.3-0.5 3-1.1
1.5

~7

75 wt% (oriented FCI/EP in direction B)

5.5-18

3.2-18

~9-11.5

~2.8-4.5

~7.7-13.7
~2.5-6.5

1.8-1.0 0.4-0

4.3-1

18-14
45-37
20-14

20 vol% (porous CIFs)

[13]
[31]

3.6-1.5
0.

10-5

50 vol% (oriented CIPs)
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~8.5-11.5

~6.5-12.5
~3.5-7
~13-18

5-0

29-1.2

4-1.2
7.5-3

35 vol% (oriented FeCo@C)
35 vol% (oriented Pr,Fe 7N3_5)

(33]

~4.6-6.6
~17-18

1.4-0.1
0.2-0.1

43-14

37-25
9-5

(42]

1.5-1.1

1.9-1.2
2.8-1.8
3-1

60 wt% (graphene/carbonyl iron)
60 wt% (graphene/h-Ni(245))

(43]

~8.5-14
~6.5-16

~4-11

2.0
2.0
2.0

0.1-0

1.1-1

11-9

[44]

~8-13.5
~6-9

2.8-0.5 0.7-0.3

2.8-1.2

11-10
15-14

25 vol% (Nig 5Zng sFe,O4/carbonyl iron)

20 vol% (Fe;04/carbonyl iron)

[12]

1.0-0.5

2-0.5

permittivity and permeability increase at the same
absorber thickness. Therefore, it is reasonable that the
peak frequency of composites oriented in direction A
shifts to a lower frequency, compared with un-ori-
ented composites at the same thicknesses. By com-
paring Fig. 4a, b, it is clear to indicate that smaller
absorber thickness is obtained by the FCI/EP com-
posite oriented in direction A when the absorption
peak appears at the same frequency. The absorption
peaks of the metallic magnetic particle composites are
attributed to the A/4 resonance effect; the absorber
thickness is equal to the A/4 of the composite which
is expressed by c/4f+/|u,&|- The /4 thickness with
peak frequency (f) for the un-oriented and oriented
composites is displayed in Fig. 4d. The given absor-
ber thicknesses and corresponding RL peak fre-
quency in Fig. 4d are indicated as squares and circles
dots for wun-oriented and oriented composites,
respectively. It is clear that the absorber thicknesses
agree well with the A /4 thickness of the composites at
their corresponding matching frequencies. The above
results confirm that the RL peaks for the FCI/EP
composites are attributed to the /4 resonance effect.
Smaller absorber thickness is accomplished owing to
the enhancement of y, and ¢, after orientation. These
results indicate that the FCI/EP composites oriented
in direction A can be used as a thin microwave
absorber in the frequency range of 2-18 GHz.

For the FCI/EP composites oriented in direction B,
better absorption performance and wider band-
widths with RL below —5dB are obtained at a
thickness ranging from 0.8 to 1.5 mm than that of the
un-oriented one. Additionally, the strong absorption
with RL below —10 dB is achieved at thicknesses
ranging from 1.3 to 1.5 mm, while the bandwidths
below —10 dB are only in a narrow frequency range
for the un-oriented FCI/EP composites. As shown in
Fig. 4d, the effective absorption bandwidth with RL
below —10 dB reaches 12.5 GHz from 5.5 to 18 GHz
at the thickness 1.4 mm for the composites oriented
in direction B, which shows enhanced absorption
efficiency and broader bandwidths than the un-ori-
ented one.

Detailed electromagnetic properties and RLs of FCI/
EP composites and a comparison of other representa-
tive oriented or un-oriented magnetic particle com-
posites are summarized in Table1 [5, 12, 13,
33, 35, 45-47]. As shown in Table 1, adding optimized
absorbent and compounding different types of



J Mater Sci (2017) 52:2373-2383

absorbents have been used to improve the absorption
efficiency and the effective absorbing bands of the
absorbers, such as adding carbon nanomaterials, fer-
rites. However, the values of both i and x' of the
composites, such as FeCo@C compounded absorber
and graphene/carbonyl iron composite, are much
smaller than those of the FCI/EP composites, espe-
cially for the oriented FCI/EP composites. It is visible
that higher complex permeability and modest per-
mittivity were both obtained by FCI/EP composites
after orientation. It is indicated that oriented FCI/EP
composites with wider microwave absorption band-
width and/or thin thickness can be obtained simply
by orientation comparing with the other magnetic
particle composites and can be optimized by changing
the orientation direction. It is well known that the
value and frequency dependency of complex permit-
tivity and its combination with permeability are very
important for the absorption performance of the
absorber. Therefore, the high values of ¢ and u’ and
their proper combination led to a decrease in the
absorber optima matching thickness for FCI/EP com-
posites oriented in direction A. The excellent micro-
wave absorption performance of FCI/EP composites
oriented in direction B comes from the low value of &
and its proper impedance matching with permeability.
Therefore, compared with other magnetic particle
absorbers with very narrow microwave absorption
bandwidth, the enhanced RLs of the oriented FCI/EP
absorbers presented here are mainly attributed to the
suitable values and frequency dependencies of com-
plex permittivity and permeability, a synergetic con-
sequence of proper impedance matching and high
microwave attenuation. Most importantly, the orien-
tation process developed here are simple, without
complex functionalized treatment and complex
preparation process and reaction, with great potential
for industrial-scale applications. Thus, such absorbers
could act as effective, thin—thickness and broadband
microwave absorbers in the GHz range.

Conclusions

Oriented FCI/EP composites were prepared by a
magnetic field, and the microwave absorbing per-
formance of the composites were investigated.
Compared with the un-oriented FCI/EP composites,
the oriented composites show a larger permeability,
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as well as modest permittivity due to the increased
planar anisotropy induced by FCI orientation. The
calculated absorption properties indicated that the
orientation plays an important role in decreasing the
absorber thickness and broadening the absorption
bandwidth. The oriented FCI/EP composites con-
taining 75 wt% FCI show a wider absorption fre-
quency range of 12.5 GHz from 5.5 to 18 GHz with
RL below —10 dB at thickness 1.4 mm. This study
presents an effective approach to enhance the
microwave absorption performance of magnetic
composites by magnetic field orientation and indi-
cates that oriented FCI/EP composites are promising
candidates as microwave absorption materials.
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