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The urchin-like structure of Fe/α-Fe2O3 composite has been prepared by a simple ther-
mal oxidation method. The obtained products were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM). The microwave absorption property of the Fe/α-Fe2O3 composite
was measured by vector network analysis (VNA). The excellent microwave absorption
property of Fe/α-Fe2O3 composite was achieved due to the relatively low permittivity
and unique isotropic antenna-like morphology. When the matching thickness is 2.5 mm,
the optimal reflection loss of Fe/α-Fe2O3 reaches about −41.2 dB at 5.2 GHz. A possi-
ble mechanism of the improved microwave absorption properties of the composites was
discussed.

Keywords Composite materials; thermal oxidation synthesis; microwave absorption;
impedance match

1. Introduction

In recent years, there has been a growing and wide-spread interest in microwave absorp-
tion materials due to their military and civil applications such as stealth defense system,
microwave interference protection, and microwave darkroom [1–3]. Thus, the development
of microwave absorber is strongly demanded [4–6]. Generally, the microwave absorption
materials include magnetic loss, dielectric loss, Ohmic loss materials and their mixtures
[7–10]. Due to the narrow bandwidth of absorption frequency, single absorber cannot meet
the demand of industrial applications. Therefore, the preparation of the composites with
excellent microwave absorption performances is a great challenge [11, 12].

Carbonyls iron powders (CIP) have been widely used as microwave absorption materi-
als because of their low cost, large saturation magnetization, and high complex permeability
[13]. However, their metallic nature, high permittivity, large eddy-current effects induced
by the low resistivity and high oxidation activity of CIP limit severely their applications
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[14]. Therefore, surface modification of CIP is necessary to get higher values of com-
plex permeability. Up to date, very early studies [15–18] have reported the formation of
micrometer-sized fiber structures by thermally oxidizing iron. Fu et al. [15] have achieved
considerable success in the creation of iron oxide nanorods by using a mixture of CO2, SO2,
and NO2 gases together with a small amount of H2O vapor to react with iron at ca. 550◦C.
Li et al. [16] have obtained urchin-like CIP/α-Fe2O3 composite by thermal oxidation at
temperatures in the range of 300–450◦C. However, up to now, approaches that are simple,
direct, controllable, and suitable for large quantity production remain as a challenge for the
synthesis of well-crystallized urchin-like structure of FE/α-Fe2O3 composite.

In this work, a rapid and simple thermal oxidation method was used to synthesize the
urchin-like structure of Fe/α-Fe2O3 composite in much higher yields. The morphology,
microstructure and microwave absorption performances of the as-prepared samples were
also investigated in detail.

2. Experimental

2.1 Materials

Carbonyl Iron powder (CIP) was purchased from Jiangsu Tianyi Co. Ltd. Other reagents
used in the experiments were of analytical grade (purchased from Shanghai Chemical
Reagent Industrial Company) and used without further purification.

2.2 Synthesis

In a typical synthesis, 10 g CIP and 10 mL ammonia were loaded into a stainless steel
autoclave of 50 mL capacity. The autoclave was sealed and put into an electronic furnace;
and the temperature of the furnace was increased to 250◦C in 50 min and maintained at
250◦C for 12 h. Then, the autoclave was cooled to room temperature naturally. It was found
that the final products in the autoclave changed to brown powders from gray CIP. The
precipitates were dried in a vacuum oven at 60◦C for 8 h and collected for characterization.

2.3 Measurements

The phase identification was performed by X-ray diffraction (XRD) on a Bruker Advance
D8 X-ray diffractometer with CuKα radiation (λ = 1.5418Å) in the range from 2θ = 15◦

to 85◦ at a scanning rate of 1.5◦/min. The morphologies and structures of the synthesized
products were observed through a JEOL-6610LV scanning electron microscopy (SEM)
and a JEOL JEM-2100 transmission electron microscope (TEM). The complex dielectric
permittivity and magnetic permeability were obtained by a vector network analyzer (VNA,
AV3629D) using transmission/reflection mode in the frequency range of 1.0–18.0 GHz.
The as-prepared composites were mixed uniformly with molten paraffin wax (60 vol.%) and
compressed into a cylindrical toroid with an inner diameter of 3.04 mm, an outer diameter
of 7.00 mm and a thickness of 2.00 mm. The reflection loss (RL) of samples is simulated by
the transmission line theory. The RL of normal incident EM wave at the absorber surface
is given by the following equation [19, 20]

RL = 20 log

∣∣∣∣ Zin − Z0

Zin + Z0

∣∣∣∣ (1)
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Figure 1. The XRD patterns of CIP (a), Fe/α-Fe2O3 composite (b). The positions of the peaks of the
CIP are marked with asterisks (∗).

Where Z0 is the impedance of free space, Zin is the input characteristic impedance at the
absorber/free space interface, which can be expressed as

Zin = Z0

√
μr

εr

tanh

[
j

(
2πf t

c

) √
μrεr

]
(2)

where t is the thickness of the absorber, c is the velocity of the light, f is the frequency, μr

and εr are the relative complex permeability and permittivity, respectively. To evaluate the
microwave absorption performances, the RL can be calculated based on Eqs. (1) and (2).

3. Results and Discussion

3.1. Structural Characterization

Fig. 1 shows the XRD patterns of the CIP and as-prepared composites. In Fig. 1(a), the
diffraction peaks at 2θ = 44.85◦, 65.16◦, and 82.34◦ are assigned to (110), (200), (211)
planes of α-Fe (JCPDS card No.06-0696), respectively. After thermal oxidation at 250◦C
for 12 h, the intensity of α-Fe diffraction peaks decreases (in Fig. 1(b)). The peaks at
2θ values of 24.2◦, 33.2◦, 35.7◦, 40.9◦, 49.5◦, 54.0◦, 57.5◦,62.4◦, 64.0◦, 72.0◦ assign to
(012), (104), (110), (113), (024), (116), (122), (214), (300) and (1010) planes of the rhomb-
centered lattice of α-Fe2O3 (JCPDS card No. 86-0550), respectively. No peak of any other
phase can be detected except for the peak marked by an asterial referring to the typical
Bragg peak for α-Fe. This indicates that α-Fe partly transforms to α-Fe2O3 crystals after
thermal oxidation at 250◦C for 12 h.

A typical SEM image of the CIP is presented in Fig. 2a, which shows that the particles
are sphere-like with smooth surfaces and each sphere has a diameter in the range of 0.5-
3μm. Figs. 2b and 2c show the typical SEM images of Fe/α-Fe2O3 composites, which were
synthesized at 250◦C for 12 h by the simple thermal oxidation. From Figs. 2b and 2c, we can
see urchin-like Fe/α-Fe2O3 composites formed with tip diameters ranging from 10–20 nm
and lengths of a few mm. The high-resolution TEM (HR-TEM) observation found that the
nanoflake has a single-crystal structure with the [110] growth direction along its long axis.
The d-spacing of 0.251 nm reveals that the nanoflake is single-crystal α-Fe2O3.
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Figure 2. SEM images of CIP (a), Fe/α-Fe2O3 composite (b,c), and HRTEM of α-Fe2O3 (d).

3.2 Microwave Absorption Properties

Fig. 3a shows real part (ε′) and imaginary part (ε′′) of the relative complex permittivity
of the CIP and Fe/α-Fe2O3 composite in the frequency range of 1.0–18.0 GHz. Both ε′

and ε′′ values of CIP are as large as 54.0 and 11.8 at 1.0 GHz, respectively, and then
decrease in the higher frequency range. After coating a layer of α-Fe2O3 crystals, the
permittivity of Fe/α-Fe2O3 composite substantially decreases and almost keeps constant
in the whole frequency range. The value of ε′ at 1.0 GHz is about 29.0 and the value of
ε′′ is about 10.7, respectively. According to the free electron theory [21], ε′′ = 1/ρωε0,
where ω, ε0 and ρ are the angular frequency, the dielectric constant of free space and the
resistivity, respectively, it can be speculated that CIP has lower electric resistivity than α-
Fe2O3 due to the metallic behavior of CIP. In general, the real part of permittivity is mainly
related to the polarization, and the imaginary part implies the dielectric loss in the metal
particles [22]. In the metal-based composites, two kinds of mechanisms for the polarization
were reported: space charge polarization and dipole polarization. The presence of Fe2O3

crystals with higher electric resistivity on the surfaces of CIP can prevent the formation
of electric conducting networks and decrease the space charge polarization. Consequently,
the weaker space charge polarization and higher electric resistivity result in the relatively
low permittivity of Fe/α-Fe2O3 composite.

Fig. 3b shows real part (μ′) and imaginary part (μ′′) of the complex magnetic perme-
ability of the CIP and Fe/α-Fe2O3 composite. The μ′ values of CIP exhibit a sharp decrease
in the 1.0–6.0 GHz from 5.4 to 2.2 and retain a gradual decrease over 6.0–18.0 GHz.
The μ′′ curve of CIP exhibits a peak at 2.1 GHz, which attributes to natural resonance
of CIP. And then, the μ′′ values decrease abruptly from 2.2 to 0.5 in the range of high
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Figure 3. The frequency dependence real part ε′, imaginary part ε′′ of complex permittivity (a), real
part μ′ and imaginary part μ′′ of complex permeability (b), reflection loss with different thicknesses
of CIP (c), Fe/α-Fe2O3 composite (d).

frequency due to the effect of eddy currents at high frequency. The low μ′′ values limit the
application especially at high frequency. Compared with CIP, the μ′ and μ′′ values, after
coating a layer of α-Fe2O3 crystals, are lower in the range of low frequency and higher
in the range of high frequency. Meanwhile, the frequency of natural resonance shifts to
high frequency from 2.1 to 2.8 GHz after coating a layer of α-Fe2O3 crystals. The shift of
natural resonance may be ascribed two following reasons. On the one hand, the saturation
magnetizations of the as-synthesized Fe/α-Fe2O3 composites are smaller than that of CIP
because of the nonmagnetic α-Fe2O3. On the other hand, mixing Fe/α-Fe2O3 with paraffin
wax causes the decrease of saturation magnetization of the composites. According to Kit-
tel equation [23]: fγ = γHa , where fγ is the resonance frequency, γ is the gyromagnetic
ratio and Ha = 4 |K1| /3μ0Ms , we can deduce that the natural resonance peak will shift
to high frequency with the decreased Ms. From Fig. 3b, we also can see that the μ′ and
μ′′ values of the Fe/α-Fe2O3 composites prepared in this work is also higher than that
of ferromagnetic alloy-oxide composites reported elsewhere. For example, the μ′ and μ′′

values with 75 wt.% flower-like ZnO/carbonyl-iron composites as fillers prepared by Ma
et al. [24] decreases from around 1.9 to 0.9 and around 0–0.5 in the range of 2–18 GHz,
respectively. The μ′ of composites with 29 vol.% Fe microwires as fillers prepared by Liu
et al. [25] decreases from 1.8 to 0.9. The μ′ and μ′′ values are comparable to 30 vol.% pla-
nar anisotropy carbonyl-iron particles [26]. Additionally, a multi-resonance behavior can
also be observed for the Fe/α-Fe2O3 composite, which is ascribed to the inhomogeneous
particle sizes or“super-exchange mode” resonance created between the Fe/α-Fe2O3.
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The reflection loss (RL) values of the CIP and Fe/α-Fe2O3 composite as a function
of frequency are shown in Figs. 3c and 3d. It is clearly found that the minimum RL of
two samples moves toward lower frequency band with the increasing thickness from 1.0 to
3.5 mm. The RL value for CIP (Fig. 3c) less than −10 dB is obtained in the 1.2–2.5 GHz with
absorber thickness of 2.0–3.5 mm. In contrast, the minimum RL value for the urchin-like
Fe/α-Fe2O3 composite is –41.2 dB (more than 99.9% of EM wave absorption) at 5.2 GHz
(C band). The effective absorption bandwidth exceeding −20 dB reaches 0.8 GHz (from
4.8 to 5.6 GHz). RL values of less than –10 dB were observed in the range of 3.6–17.2 GHz
with absorber thickness of 1.0–3.5 mm. Compared with ZnO-coated Fe nanocapsules [27]
and Ni/C nanocapsules [21] reported in previous literatures, the urchin-like Fe/α-Fe2O3

composite apparently has excellent absorption properties. The results indicate that the α-
Fe2O3 crystal has an obvious effect on the reflection loss of composites. As we know,
the design of microwave absorption materials with low reflection requires two important
conditions: impedance matching characteristic and attenuation characteristic. To obtain low
reflection, impedance matching has to be satisfied, i.e., μ∗ equals ε∗, where μ∗ = μ′-jμ′′

and ε∗ = ε′-jε′′. But for most of the magnetic materials, μ′ is less than ε′ at high frequency.
Therefore, higher values of μ′ and μ′′ and appropriate values of ε′ and ε′ are required. As
to the CIP, the ε′ and ε′′ values are so large that it is difficult to attain impedance match,
which means most of the incident microwave reflects from the surface of CIP. Hence, the
microwave absorption property of CIP is unsatisfactory. After coating a layer of α-Fe2O3,
the ε′ and ε′′ values decrease and the μ′ and μ′′ values remain relatively high, which leads to
the easier penetration and absorption of incident microwave. On the other hand, the urchin-
like structure of Fe/α-Fe2O3 composite with the unique isotropic antenna-like morphology
attributes to the excellent absorption properties. Therefore, the absorption properties of the
urchin-like Fe /α-Fe2O3 composite will be enhanced.

4. Conclusion

The urchin-like structure of Fe/α-Fe2O3 composite has been prepared by a simple thermal
oxidation method. The as-prepared Fe/α-Fe2O3 composite shows excellent electromagnetic
absorption properties. It has an optimal RL of about –41.2 dB at 5.2 GHz with 2.5 mm
thickness layer. The effective absorption bandwidth exceeding −20 dB reaches 0.8 GHz
(from 4.8 to 5.6 GHz). Therefore, the optimal RL and the broad bandwidth of RL qualify
urchin-like Fe/α-Fe2O3 composite to be a prominent candidate for microwave absorption
applications.
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