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Abstract

Complex permittivity, permeability, and electromagnetic wave absorption properties of resin compacts containing 80 wt% composite
powders of�-Fe/Y2O3 and�-Fe3N/Y2O3 were characterized by a conventional reflection/transmission technique. The real and imaginary
parts (ε′

r andε′′
r ) of relative permittivity for these resin compacts almost kept low constant between 0.5 and 10 GHz. The imaginary part

(µ′′
r ) of relative permeability exhibited a peak in the 1–5 GHz range on the�-Fe/Y2O3 resin composites, while “twin peak” dispersion in the

0.5–5 GHz range on the�-Fe N/Y O ones. The resin composites of�-Fe/Y O and�-Fe N/Y O powders with thicknesses of 3.0–5.0 and
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.3–19.3 mm provided good electromagnetic wave absorption performances (reflection loss <−20 dB) in ranges of 2.0–3.5 and 0.6–4.4 G
espectively.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Recent employment of communication devices using the
lectromagnetic (EM) wave range of 1–5 GHz (e.g., mo-
ile telephones, intelligent transport systems, electronic toll
ollection systems, and local area network systems) has
apidly expanded. Therefore, the electromagnetic wave ab-
orbing materials have been attracting much attention as anti-
lectromagnetic interference coatings, and self-concealing

echnology. For the magnetic EM wave absorbing materi-
ls, the complex permeability (µ′ − jµ′′), and permittivity
ε′ − jε′′) of materials determine the reflection and attenua-
ion characteristics of absorbers. In addition, since metallic
agnetic materials have large saturation magnetization[1,2],
nd the Snoek’s limit is at the higher frequency range, their
omplex permeability values remain still high in such high
requency range[3]. However, a serious problem is raised
hen metallic magnetic materials are used as absorbers. The
lectric conductivity of these materials is generally high, so
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that the high frequency permeability decreases due t
eddy current loss induced by EM waves. For this reaso
is suitable to use the smaller particles, which are isolate
insulating materials such as epoxy resin. It is well-known
melt-spun technique is an excellent way to produce hom
nously microstructured materials with attractive prope
for a variety of applications[4–6]. Many workers have inve
tigated that fine�-Fe microstructure can be produced fr
R–Fe compounds by a hydrogenation–disproportionatio
action. For example, Sm2Fe17 heated over 783 K in a H2
atmosphere disproportionates into�-Fe and SmH2 phase
[7]. Sugimoto et al.[8,9] have reported good electromagn
wave absorption properties of the�-Fe/SmO composite d
rived from the disproportionation reaction of the Sm2Fe17
ingots prepared by arc-melting technique. In this study
nanocomposite materials of�-Fe/Y2O3 were prepared b
melt-spun technique, and the electromagnetic wave ab
tion properties were characterized in the 0.05–20.05
range. In addition, the effect of�-Fe3N/Y2O3 nanocomposit
materials on the electromagnetic wave absorption prop
was also investigated because nanometer-sized�-Fe3N has
E-mail address: machida@casi.osaka-u.ac.jp (K.-i. Machida). larger anisotropy field than�-Fe[10,11].
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2. Experimental

Intermetallic compound ingots of Y2Fe17 were first pre-
pared from Y and Fe metals (>99.9% in purity) by means
of arc-melting in Ar. Alloy ribbons of Y2Fe17 with 1.5 mm
in width and about 50�m in thickness were prepared from
the above ingots of Y2Fe17 by the single-roller melt-spun
apparatus at a roll surface velocity of 20 m/s. After dry ball-
milling in Ar, the obtained Y2Fe17 powders with a parti-
cle size distribution of 2–4�m were heated at 873 K in H2
for 1 h, and then were heated at 523 K for 2 h in O2 stream.
The�-Fe3N/Y2O3 composites were prepared by nitriding�-
Fe/Y2O3 powders in NH3 stream at 623 K for 7 h. The resul-
tant powders were characterized by X-ray diffraction (XRD),
and the microstructures were analyzed by a high resolution
scanning electron microscope (HITACHI S-5000) and trans-
mission electron microscope (HITACHI H-800). Oxygen and
nitrogen contents of the resultant samples were measured by
an oxygen–nitrogen analyzer (Horiba, EMGA-550). Magne-
tization curves of the powdered samples were recorded by a
vibration sample magnetometer (Tamakawa, TM-VSM2014-
MHR-Type) in a field up to±1.6 MA m−1.

Epoxy resin composites were prepared by homogeneously
mixing the composite powders at a ratio of 80 wt% with epoxy
resin and pressing into cylindrical shaped disks. These com-
pacts were cured by heating to 453 K for 30 min, and then
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Fig. 1. XRD patterns of the powder samples: (a) as-obtained, (b) after
hydrogenation–disproportionation at 873 K for 1 h in H2, (c) after oxidizing
the sample (b) in O2 at 523 K for 2 h, and (d) after nitriding the sample (c)
at 623 K for 7 h in NH3.

for 2 h in O2, and (d) after nitriding the oxidized sample at
623 K for 7 h in NH3 stream. FromFig. 1(a), it was found
that single phase of Y2Fe17 was formed by using melt-spun
technique. After the hydrogenation–disproportionation, the
Y2Fe17 phase was decomposed and the composite powders
of both the�-Fe and YH2 phases were formed as shown
in Fig. 1(b). By oxidizing �-Fe/YH2 powders at 523 K for
2 h, the composite powders of�-Fe/Y2O3 were obtained (see
Fig. 1(c)). Any peak of Fe2O3 phase was not detected on the
XRD patterns. However, the peaks of Fe2O3 were only ob-
served above 723 K, suggesting that the�-Fe would be oxi-
dized above this temperature. In addition, the oxidized sample
at 523 K for 2 h showed the almost same magnetization value
(∼1.9× 10−4 Wb m kg−1) as that of�-Fe/YH2 nanocompos-
ites. Therefore, a two-phase�-Fe/Y2O3 composite powders
can be obtained by oxidizing�-Fe/YH2 at the temperature
around 523 K. After the nitrogenation in NH3 at 623 K for 7 h,
the XRD pattern of�-Fe3N/Y2O3 composites was measured
as shown inFig. 1(d), where not only the peaks of Y2O3 and
�-Fe3N were clearly observed, but also the intensity sequence
for the peaks of�-Fe3N agreed with the previous result re-
ported by Panda and Gajbhye[12]. Nitrogen contents of the
resultant�-Fe3Nx/Y2O3 composite powders were analyzed
to be 6.23 wt%, which was correspondent to the composi-
tion of stoichiometric�-Fe3N (x = 1). Mean grain sizes of the
Y O and�-Fe N particles were evaluated to be about 10 and
3 aks
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hey were cut into toroidal shaped samples with 7.00
uter diameter and 3.04 mm inner diameter. The scatt
arameters (S11, S21) of the toroidal shaped samples w
easured by a Hewlett-packard 8720B network analyzer

elative permeability (µr) and permittivity (εr) values were
etermined from the scattering parameters as measu

he frequency range of 0.05–20.05 GHz. The reflection
RL) curves were calculated from the relative permeab
nd permittivity at the given frequency and absorber th
ess according to the following equations:

in = Z0

(
µr

εr

)1/2

tanh

{
j

(
2πfd

c

)
(µrεr)

1/2
}

(1)

L = 20 log

∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣ (2)

here f is the frequency of the electromagnetic waved
he thickness of an absorber,c the velocity of light,Z0 the
mpedance of air, andZin is the input impedance of absorb
he attenuation of electromagnetic wave and reflectance
bsorber at the surface were determined from the frequ
ependence of reflection loss.

. Results and discussion

Fig. 1 shows a set of typical X-ray diffraction patter
easured on the Y2Fe17 powders: (a) as-obtained one,
fter the hydrogenation–disproportionation at 873 K for

n H2, (c) after oxidizing the hydrogenated sample at 52
2 3 3
0 nm from the line broadening of the X-ray diffraction pe
sing the Scherrer’s formula. On the TEM photograph o�-
e/Y2O3 composite powders, the particle size of�-Fe/Y2O3
as about 1–3�m composed of�-Fe (∼20 nm) and Y2O3
rains, which were embedded among the�-Fe crystallites a

nsulator as shown inFig. 2(a). The Y2O3 grains are too sma
o be observed. On the SEM photograph of�-Fe3N/Y2O3
omposite powders, the particles were found to be rou
f spherical shape and in a narrow second-particle size

ribution withd = 0.1–0.2�m as shown inFig. 2(b). But such
ubmicrometer-sized second-particles did not be obs
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Fig. 2. TEM micrograph of�-Fe/Y2O3 powders (a) and SEM image of�-Fe3N/Y2O3 powders (b).

for the�-Fe/Y2O3 powders (seeFig. 2(a)). Therefore, after
nitrogenation the particles of�-Fe/Y2O3 were decomposed
into smaller ones.

Fig. 3 shows theε′
r and ε′′

r values of relative permittiv-
ity for �-Fe/Y2O3 resin composites were almost constant
between 0.5 and 10 GHz, in which the relative permittivity
(εr = ε′

r − jε′′
r ) exhibited less variation (ε′

r =∼ 12, ε′′
r =∼

0.6). For the�-Fe3N/Y2O3 resin composites, theε′
r andε′′

r
values also kept almost constant (ε′

r =∼ 17, ε′′
r =∼ 2.0) in

the 0.5–10 GHz range. The electric resistivity of�-Fe/Y2O3
and�-Fe3N/Y2O3 resin composites was measured to be about
100� m. Such high resistivity is mainly attributed to the
epoxy resin embedded among�-Fe/Y2O3 and�-Fe3N/Y2O3
particles as an insulator in the resin composites.

Theµ′
r andµ′′

r values of relative permeability are plotted
as a function of frequency inFig. 4. Theµ′

r of �-Fe/Y2O3
resin composites declined with frequency from 3.4 to 0.76

F
a

in the 0.5–10 GHz. However, theµ′′
r first increased from 0.4

to 1.02 with frequency up to 2.7 GHz, and then decreased
in the higher frequency range. Theµ′′

r curve exhibited a
peak in the 1–5 GHz. For the�-Fe3N/Y2O3 resin compos-
ites, theµ′

r declined from 2.45 to 1.04 with increasing fre-

Fig. 4. Theµ′
r (a) andµ′′

r (b) curves plotted against frequency for the�-
Fe3N/Y2O3 and�-Fe/Y2O3 resin composites with 80 wt% powders.
ig. 3. The relative permittivity plotted against frequency for�-Fe/Y2O3

nd�-Fe3N/Y2O3 resin composites with 80 wt% powders.
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Fig. 5. Frequency dependences of the reflection losses (RL) for the resin
composites with 80 wt%�-Fe/Y2O3 (a) and�-Fe3N/Y2O3 (b) powders at
different thickness.

quency as shown inFig. 4. On the other hand, theµ′′
r curve

showed “twin peak” dispersion andµ′′
r value retained high in

the 0.5–5.0 GHz range, and then decreased gradually in the
higher frequency (Fig. 4(b)). This permeability curve can be
elucidated as the particle size effect as described by Viau et al.
[13] for Fe–Co–Ni elastomeric composites, in which a mul-
tiresonant behavior was observed when the size of Fe–Co–Ni
particles reduced from micrometer to submicrometer order,
e.g. 50–150 nm. Therefore, theµ′′

r curve had two resonance
peaks for the�-Fe3N/Y2O3 resin composites because the sec-
ond particle size of�-Fe3N/Y2O3 was 0.1–0.2�m as shown
in Fig. 2(b). Moreover, the�-Fe3N/Y2O3 composite powders
gave the lowered values in both the real (µ′

r) and imaginary
(µ′′

r ) parts of relative permeability as shown inFig. 4. This
is due to the fact that the magnetization of�-Fe3N is smaller
than that of�-Fe.

Fig. 5(a) shows characteristic relationships between the
reflection loss and frequency for the resin composite with
80 wt% �-Fe/Y2O3 powders. First, the minimum reflection
loss was found to move toward the lower frequency region
with increasing the composite thickness. Second, the RL
value of the resin composite below−20 dB was recorded
in the 2–3.5 GHz range. In particular, a minimum RL value

of −36 dB was obtained at 2.6 GHz with a matching thick-
ness (dm) of 4 mm, and the minimumdm value of 3 mm was
observed at 3.5 GHz. For the resin composites with 80 wt%
�-Fe3N/Y2O3 powders, the frequency dependence of RL less
than−20 dB was recorded in the 0.6–4.4 GHz range as ab-
sorbers with thickness ranging from 3.3 to 19.3 mm, and a
minimum RL value of−55 dB was observed at 1.8 GHz with
a matching thickness (dm) of 7.05 mm as shown inFig. 5(b).

4. Conclusions

The �-Fe/Y2O3 and �-Fe3N/Y2O3 nanocomposites are
uniformly prepared by melt-spun technique and the subse-
quent hydrogenation–disproportionation, oxidation, and ni-
trogenation treatments. The study of EM wave absorption
suggests that the�-Fe/Y2O3 and�-Fe3N/Y2O3 nanocompos-
ite powders can be used as good EM wave absorbing materials
in the 2.0–3.5 GHz, and 0.6–4.4 GHz, respectively.
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