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Abstract

The sludge powders of Nd—Fe—B sintered magnets were oxidized at 2505-8252 h and then the-Fe/FeB/Nd,Os/amorphous carbon
(a-C) nanocomposite powders were prepared by ball-milling the sludge with the a-C powder for 12—40 h. The resin composites of 75 mass%
of these nanocomposite powders showed excellent electromagnetic wave absorption properties in GHz range. The effective absorption of
RL <—20dB were observed in a range of 7.6-18.0 GHz and the minimum absorption peaks affi6diB appeared at 12.0 GHz with
matching thickness of 1.9 mm for the samples heated at@G@6r 2 h and then ball-milled with 4.8 mass% a-C for 30 h.
© 2005 Published by Elsevier B.V.
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1. Introduction Sugimoto et al[2,3]have reported the-Fe/SmO compos-
ite powders which possess good microwave absorption prop-
Recently, the electromagnetic wave (EM) absorbing mate- erties (RL <-20dB) in 0.73-1.30 GHz range, and good mi-
rials have been attracting much attention because the electroerowave absorption properties of theFe/YoO3 nanocom-
magnetic interference problems become more common alongposite at 2.0-3.5 GHz were demonstrated by our previous
with the rapid development and spread of electronic devicesstudy[4]. In these works, both nanocomposite materials were
using the electromagnetic wave in GHz range. An establish- prepared by the hydrogen disproportionation process for rare-
ment of the electromagnetic compatibility (EMC), improve- earth intermetallic compounds, SRe7 and Y>Fep7, fol-
ments in noise resistance and suppressions of radiation oflowed by the oxidation for forming the rare-earth oxides as
useless noises, in or between those devices are an urgent andsulators, SmO or ¥Os, which increase the electrical re-
serious problems. For these EMC problems, various kinds sistivity owing to their effective isolation fox-Fe particles.
of ferrite materials with spinel-type crystal structure were Presentauthors have also developed an efficient recovery pro-
mainly used as impedance elements or EM absorbing mate-cedure for the sludge powders of Nd—Fe—B sintered magnets
rials. In high frequency range, however, large permeability to nanocomposite powders efFe/FeB/Nd>03 as EM ab-
values can hardly be expected for these spinel-type ferritessorbing materials in the GHz range by similar disproportion-
because of the Snoek’s linfit]. Therefore, it is possible to  ation process€$].
produce the materials with excellent EM absorbing proper-  The loss of the high-frequency permeability)(for mag-
ties by using metal magnetic materials with large saturation netic materials by the eddy current is expressed as follows:
magnetization than such ferrites, and by suppressing the gen- 22122 12
eration of reflux magnetic domains or eddy current through ww = =~ = J (1)
down-sizing them to the finer particles. 6o
wherel is the magnetizatiord the thickness of the material,
fthe frequency and is the electrical resistivity. Through the
* Corresponding author. Tel.: +81 6 6879 4209 fax: +81 6 6879 4209, iImprovement of electrical resistivity, the present authors have
E-mail address: machida@casi.osaka-u.ac.jp (K.-i. Machida). recently discovered that the amorphous carbon (a-C) with low
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electrical conductivity ina-Fe/a-C or FegB/a-C nanocom-  wherefis the frequency of the microwavéthe thickness of
posites plays a role as an insulating barrier to enhance thean absorbetZy the impedance of air andis the velocity of
electrical resistivity[6,7]. In addition, Rochman et al. have the light.

reported the decrease in crystallite size of Fe mechanically
alloyed with fine graphite powdef8]. A smaller crystallite
size will also help to suppress the eddy current induced in
Fe fine particles. The purpose of this study is to prepare the : :
a-Fe/FeB/Nd,Os/a-C nanocomposite powders by dispers- derFsI,gkbl) s;thO\c/)v)zglhzeeé( Zthg?;ttg? 32 Lc?r(ga;rzzvg)s I;Jsd_ggr(]ai”p;c;w

ing the disproportionated sludge powders of Nd—Fe-B sin- powders for 20 and 30 h, respectively. The XRD pattern for

f[eredt_matgntehts |nt|o t’?"C E_owdk;erts with a balllt-_mllllnlg, tand 0w sludge powders was assigned toRel 4B (tetragonal),
investigate the relationships between resuiting electromag-, .,y seer oxidation at 300 for 2h, a broad peak around

netic wave a_kgsorb|tng. plropertrlles anq thet chtaracterlstlcs of29:44o and weak peaks a2 63’ and 8% were indexed
nanocomposite materials such as microstructures, composi-, ¢ (110), (200) and (2 1 1) reflectionscofe, respectively.

tions as well as preparation conditions. Weak peaks arounddZ30° were assigned to N@s, in-
dicating that thex-Fe/FeB/Nd,O3 nanocomposite powders
were formed according to the following reaction equation:

NdzFersB + 30, — Nd2O3 + 12Fe+ FeB

For raw materials, the sludge powder (particle size=  The peaksfrom F were notdetected inthe XRD pattern
1-4p.m) produced from Nd—Fe-B sintered magnets and a- 5o that the crystallinity was poor or the formation amount was
C (particle size = 1-4m) were used. Firstly, 10g of sludge  small. For the heating temperature at 260 the oxidation
powders were heated at 250-3%5for 2 h with ball-milling  \yas insufficient and the peaks of NekyB still remained in
type electric furnace in air. Resultant powders and 4.8 mass%he XRD pattern. On the other hand, the oxidation completely
of a-C were then put into a container for the ball-milling  finished at 325C and excess oxygen content values were
together with a surfactant (Aerosol OT), 10 steel bafls ( detected for the resultant powders (7.29 wt.%), suggesting
9.5mm) and 10ml ofn-hexane. After a ball-milling at  thatthe Fe component became oxidized. The oxygen content
200rpm for 12-40 h, powders obtained were washed-by  of powders treated at 30 (4.95wt.%) was close to that
hexane several times, and then dried in vacuo at room tem-ca|culated as all Nd components were oxidized (4.25 wt.%).

3. Results and discussion

2. Experimental

perature. ) From these results, the composite powders oxidized atG00
The crystal structures of powders were characterized \yere used for further investigations.
by X-ray diffraction (XRD, RIGAKU, RINT2200), the Thea-Fe/FeB/Nd,Os/a-C hanocomposite powders were

microstructures were analyzed using a scanning electrongptained after ball-milling with a-C as reported elsewljéte

microscope (SEM, HITACHI, S-3000HXS), and the oxy-  Forthese nanocomposite powders, the XRD patterns were al-
gen content was measured on an oxygen/nitrogen analyzer

(HORIBA, EMGA-550). The epoxy resin composites of , T
75 mass% of powders were pressed into disc-shaped com-
pacts of 2.0t 0.5 mm thickness. These compacts were heated (d) milled for 30 h
at 170°C for 30 min in air and then were cut into toroidal
shaped sampleg/(out=7.00 andg in=3.04 mm) using

an ultrasonic cutter (CHO-ONPA KOUGYOU). Thepa-
rameters for these resin composites were measured by the
coaxial method using a vector network analyzer (Agilent
Technologies 8720ES) at 0.05-18.0 GHz range. The rela-
tive complex permeability iy = p; — ju) and permittiv-

ity (er = &; — je) were evaluated by these parameters, and
the electromagnetic wave absorption properties were calcu-
lated as a frequency dependence of reflection loss (RL) at
a thickness by using, and e, according to the following (a) raw sludge
equations:

_ ur\ 2 . (2nfd 1 20 40 60 80
Zm:zo() tanh{J( c )w rér)? (2) 20 - CuKa (degree)

Er

Intensity (arb. units)

=

Fig. 1. XRD patterns for sample powders: (a) raw sludge, (b) as-oxidized at
3) 300°C for 2h and (c and d) ball-milled with 4.8 mass% of a-C for 15 and
30h, respectively.

Zin—Zo

RL = 20 log
Zin+ Zo
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most similar to those of the samples ball-milled up to 25h
and the typical pattern is shown Fig. 1(c). A broad peak

of a-C, weak peaks of N3 and three peaks ef-Fe were
observed at thePangles around 2830, 44°, 63° and 87,
respectively. Meanwhile, the XRD pattern was changed by
extending the ball-milling time for 30 h, as showrHiy. 1(d).

The decrease in the relative peak intensity of a-&-fe (see
Fig. 1(d)) presumably suggests some improvements in the
uniformity of a-Fe/FeB/Nd,Os/a-C nanocomposite pow-
ders, and the diffusion of carbon from the a-C particles to the
grain boundaries of-Fe/FeB/Nd,O3 nanocomposite par-
ticles was performed by further extending the ball-milling
time similar to the cases of-Fe/a-C or FeB/a-C nanocom-
posite particleg6]. A similar tendency was also observed
on the SEM images shown iRig. 2 For the as-oxidized
sludge powderKig. 2(a)), the particle size distribution of the
a-Fe/FeB/Nd,O3 nanocomposite powders (3—Ltn) was
decreased to about 245n with increasing the ball-milling
time to 20 h and finally average particle size of abouti
was attained after 30 h (sé€g. 2(b and c)). In addition,
Fig. 2c) showed us after that the nanocomposite powder par-
ticles are uniformly dispersed together with the a-C powders
after 30 h of ball-milling. For more detail discussions, trans-
mission electron microscope (TEM) observations for these
nanocomposite powders are in progress.

The EM absorbing properties for resin composites of
75mass% of nanocomposite powders studied are summa-
rized in Table 1 The frequency dependences of imaginary
part (u/) of relative permeability for the resin composites
of nanocomposite powders ofFe/FeB/Nd>Os and ball-
milled a-Fe/FeB/Nd,Oz/a-C for 15, 20, 30 and 40 h were
plotted inFig. 3 While thepn;” value fora-Fe/FeB/Nd2O3
nanocomposite powders gave a maximum peak of 0.8 around
6 GHz, broad peaks with maximum values at different fre- rig. 2. SEM images for sample powders: (a)Fe/FeB/Nd,Os/a-C
quencies between 6—-11 GHz were observed for ball-milled  nanocomposite and (b and €)Fe/FeB/Nd,0s/a-C nanocomposite ball-
Fe/FeB/Nd,Os/a-C nanocomposite powders. Additionally, milled with 4.8 mass% of a-C for 20 and 30 h, respectively.
the u; value of these latter composites was increased with
the ball-milling time up to 30 h and then decreased after 40 h. composites ofx-Fe/FeB/Nd>Oz/a-C nanocomposite pow-

Fig. 4 shows the frequency dependence of resulting RL ders studied here, since the deviation in their RL values
values for the resin composites @fFe/FeB/Nd,O3 pow- mainly depended on the variation of thé values, the high-
ders. Efficient EM absorbing properties (R=-20dB) were  est . value, which was obtained after the ball-milling for
observed at 4.5-8.3 GHz range, and the minimum peak of30 h, resulted in the most excellent EM absorbing proper-
—46.7 dB appeared at a matching frequenfy) @nd thick-  ties as listed inTable 1and Fig. 5. Compared to thex-
ness ¢m) of 6.4 GHz and 2.0 mm, respectively. For the resin Fe/FeB/Nd,Os resin composite iffig. 4, the frequency re-

I;g:—:estf nanocomposites, milling time and the electromagnetic wave absorption properties for resin composites with 75 mass% of sample powders
Type of nanocomposite Milling time (h) Electromagnetic wave absorption properties for resin composites
Minimum RL (dB)  fm (GHz) (minimum RL)  dyn (mm) (RL Frequency range (GHz)
<-20dB) (RL <—20dB)
a-Fe/FeB/Nd,O3 0 (as-oxidized) —46.7 64 2.1-3.6 3.6-7.0
15 —23.8 136 1.6-2.3 11.0-17.2
ocFelFeBING;OsaC % oy 12 128 76180

40 —45.2 Q9 1.4-3.0 6.5-18.0
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Fig. 3. Frequency dependence of imaginary part of the relative permittivity
for the resin composites with 75 mass% of sample powders: (a) as-oxidized
at 300°C for 2 h and (b—ex-Fe/FeB/Nd,0Os/a-C nanocomposite powders
ball-milled for 15, 20, 30 and 40 h, respectively.

Reflection Loss (dB)

Frequency (GHz)

Fig. 4. Frequency dependence of the RL values for the resin composites with
75 mass% ofx-Fe/FeB/Nd,O3 nanocomposite powders. Numbers repre-
sent the thickness of EM absorbing materials.

gion of RL <—20 dB was greatly extended from 4.5-8.3 GHz
to 7.6-18.0 GHz, and the minimum RL value 668.5dB
was obtained gf, =12.0 GHz and/ =1.9 mm.

The excellent EM absorbing properties are responsible for
the following improvements: during a milling time up to 30 h,
a-Fe/FeB/Nd>O3 nanocomposite and a-C powders are ef-

Reflection Loss (dB)

10
Frequency (GHz)

Fig.5. Frequency dependence of the RL values for the resin composites with
75 mass% of-Fe/FeB/Nd,Os/a-C nanocomposite powders ball-milled for
30h. Numbers represent the thickness of EM absorbing materials.
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fectively down-sized as well as the nanocomposite powders
are dispersed and isolated by the a-C fine particles, and fi-
nally the carbon of a-C diffuses through the grain boundaries
of a-Fe/FeB/Nd,0O3 nanocomposite particles as shown in
Figs. 1(d) and 2(c)Although theu; value is decreased due
to the dilution effect induced by the addition of a-C as shown
in Fig. 3, the electrical resistivity is enhanced, because the
a-C powder plays a role as the insulator. As a resultuthe
value improves along with the milling time up to 30 h due
to the effective suppression of the eddy current in Fe fine
particles. Moreover, the peak shifts to the higher frequency
in the ;" and RL curves are supposedly ascribable to the
largeHp value of FgC, as suggested by Zhang and [,
formed at these ball-milling processgs10]. However, the
ball-milling time is prolonged to 40 h, the g€ are formed
excessively and thg; value comes to decrease due to the
much smaller saturation magnetization og€e 8.2 emu/g
[11], than that ofx-Fe (215 emu/g). From the high{’ value

at 18 GHz and the tendency of RL curvedHig. 5, efficient

EM absorbing properties (RL<20 dB) are expected at the
frequency range above 18 GHz for the resin composite of
a-Fe/FeB/NdoOs/a-C nanocomposite powders.

4. Conclusions

The conclusions obtained in this study are as follows:

. Thea-Fe/FeB/Nd>Os nanocomposite powders derived
from the sludge powders of Nd—-Fe—B sintered magnets
by the oxidation at 300C for 2 h are promising as EM
absorbing material, which shows good absorbing proper-
ties in the 4.5-8.5 GHz range

. Theresin composites afFe/FeB/Nd,Os/a-C hanocom-
posite powders prepared by ball-milling with 4.8 mass%
of a-C show the better EM absorbing properties
than «-Fe/FeB/Nd,O3 nanocomposite powders at
6.5-18.0 GHz, and the further excellent absorption also
is expected in the range above 18 GHz.

3. By optimizing the ball-milling time (30 h), the high EM
absorbing properties are obtained due to the electrical re-
sistivity of a-Fe/FeB/Nd,0s/a-C nanocomposite pow-
dersincreased by the uniform dispersionefe and FeB
metallic particles for the nanocomposite powders by a-C.

. The amorphous carbon (a-C) with low electrical conduc-
tivity plays an important a role as the insulating separator
to the decrease in permeability caused by the eddy current
induced in Fe fine particles.
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