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Abstract: Composite powder material of the Y;FesO,,—nSiC system was synthesized by a reverse
coprecipitation method to study its heat generation property in an AC magnetic field. For Y;FesOy,
(n=0), the maximum heat generation ability of 0.45 W-gf1 in an AC magnetic field (370 kHz,
1.77 kA-rnfl) was obtained for the sample calcined at 1100 ‘C. The SiC addition helped to suppress
the particle growth for Ys;FesO;, at the calcination temperature. The heat generation ability was
improved by the addition of the SiC powder, and the maximum value of 0.93 W-g™' was obtained for
the n=0.3 sample calcined at 1250 ‘C. The heat generation ability and the hysteresis loss value were
proportional to the cube of the magnetic field (H°). The heat generation ability (W-g™") of the
Y3Fes0,-0.3SiC sample calcined at 1250 °C could be expressed by the equation 4.5x107* - f+ H°
using the frequency /' (kHz) and the magnetic field H (kA m™).

Keywords: magnetic materials; composite material; Y3;FesO,; SiC; heat generation ability; AC
magnetic field

superparamagnetic magnetite (Fe;O,) prepared by the
chemical synthesis method has been investigated as the
candidate material for this type of therapy [11-14]. We
have searched for new magnetic materials having a
high heat generation ability in an AC magnetic field
and a high stability in the human body, and found
that Y3;FesO;, has the best heat ability among the
reported materials [15-22]. For the nano-sized
superparamagnetic Y3;FesO;; material, bead milling was
very effective for obtaining the high heat generation
ability [16-20]. The heat generation ability of Y;FesO,
was higher than that of the candidate Fe;O4 material for
such an application. The heat generation mechanism

1 Introduction

The heat generation ability in an AC magnetic field for
magnetic materials has been studied for the local
treatment of cancerous tissues [1-7]. Materials of the
needle type and powder type have been studied for this
purpose. For the needle type metal materials, they are
directly inserted from the surface into the tissues as in
the case of cervical cancer and heated by an eddy loss in
an AC magnetic field [8-10].

In the case of the powder type materials, a nano-sized
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was mainly ascribed to the Néel relaxation of the
superparamagnetic materials [21,22]. The high heat
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generation ability in an AC magnetic field was also
obtained for the ferrimagnetic Y;FesO;, powder
material prepared by a reverse coprecipitation method
[23]. For the normal coprecipitation method, the pH
value gradually increases, because an alkali solution is
added to the mixed metal solution. For this method, the
final pH value influences the phase formation and
particle size of the precursor [24]. In the case of the
reverse coprecipitation method, the mixed metal
solution was directly added to an alkaline solution to
maintain a high pH in order to obtain the homogeneous
metal hydroxide [25]. The heat generation for the
ferrimagnetic materials is due to the hysteresis loss for
the B—H magnetic property. In this Y3;FesOj,, the
maximum heat generation ability in the AC magnetic
field was obtained by calcination at 1100 C for the
sample having a ca. 1.0 um particle size. However, the
particle growth due to calcination at a higher
temperature caused a decrease in the heat generation
ability. The intentional addition of a second phase
would be an effective way to suppress the decrease in
the heat generation ability with the particle growth
during the calcination treatment. We considered that the
SiC powder having a high melting point acts as a
material that suppresses the particle growth. In addition,
it is possible to only evaluate in detail the effects of the
particle suppression, because the SiC itself does not
affect for the heat generation ability being the
nonmagnetic material.

In this study, the SiC powder was selected for the
second phase and the ferrimagnetic Y;FesO;—nSiC
system prepared by the reverse coprecipitation method
was investigated for its heat generation ability in an AC
magnetic field.

2 Experimental

2.1 Sample preparation and characterization

Y;FesO1, was prepared by a reverse coprecipitation
method [25]. For the preparation of the precursor,
stoichiometric materials of Y(NO3);6H,0 and
Fe(NOj3);-9H,0 as Y3FesOq; (0.03 mol) were dissolved
in pure water (200 mL) to form the mixed solution.
Stoichiometric SiC powder (Kojundo Chemical
Laboratory Co., Ltd., 99%) for the Y;FesO,—nSiC
system was suspended in this mixed solution. An NaOH
solution (6 mol/L, 140 mL) was placed in a hot water
bath at 100 ‘C. The mixed suspension of the nitrates and

the SiC powder was then directly added at the rate of
1.5 mL/min to the NaOH solution with stirring, and
held at 90-100 ‘C for 1 h. The final pH value of the
solution was higher than 13. The precipitate was filtered
and washed with distilled or deionized water until the
pH of the wash water dropped below 9. After the
powder (the precursor) was dried at 70 ‘C, it was then
calcined at various temperatures in the range of
900-1300 °C for 1 h in ambient air.

The X-ray diffraction (XRD) patterns of the calcined
powder were recorded using a Rigaku Rint 2000
diffractometer with Cu Ko radiation (scanning rate=
2 (°)/min at 40 kV and 20 mA). The specific surface
area was measured by the one-point Brunauer—
Emmett—Teller (BET) method and then the particle size
was calculated by assuming a spherical particle. The
estimated particle size using this method was ca. 0.9 um
for the mixed SiC powder.

2.2 Measurement of heat generation ability

Figure 1 shows the apparatus for measuring the heat
generation ability of the sample powder in the AC
magnetic field. The Y;FesO,,—nSiC sample powder
(20g) in 10mL of water (16.7wt% ferrite
concentration) was placed in a glass case (Pyrex:
20mm &, 45 mm) and the AC magnetic field (370 kHz
and 1.77 kA'm™") was applied to the sample using an
external coil. The temperature of the sample was
measured using a radiation thermometer (TP-L0225EN,
Chino Co.). The temperature measurement was started
after maintaining the temperature at 25 ‘C in ambient
air for several hours. Air was bubbled into the glass case
for stirring the sample powder in the water. The heat
generation ability (W-g™') was calculated based on the
temperature enhancement ratio d7/d¢ (K-s™') during the
initial 5 min of the temperature measurement using the

Radiation
thermometer
-—= :
1

Air
™~ Glass case
(20 mmg, 45 mm)

Copper pipe
(8 turns) .
Magnetic powder

in 10 mL of water

Power
source

Sample holder

Fig. 1 Apparatus for measurement of the heat generation
ability of the ferrite powder in an AC magnetic field.
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following equation:

Heat generation ability=C - (d7/ds) - M ™' (1
where M and C are the sample weight (g) and the
estimated total heat capacity (J-K™") of 10 mL of water
and the glass case, respectively. The average value for
the measurement of three samples or more was used for
this calculation.

2.3 Measurement of hysteresis loss

The hysteresis loss in the AC magnetic field (370 kHz,
0.1-1.77 kA-m™") was obtained using a B—H analyzer
(Iwatsu Electric Co., Ltd., SY-8258). For this
measurement, ring type samples (about 24 mm outside
diameter, about 13 mm inside diameter, about 5 mm
height) were prepared using a mixture of the ferrite
powder and epoxy resin adhesive (4:1 weight ratio, 80
wt% ferrite concentration).

3 Results and discussion

3.1 Characterization of sample powder

The precursor for Y;FesO,, obtained using the reverse
coprecipitation method mainly consisted of mixed
metal hydroxides. For the thermogravimetric (TG)
analysis, the weight of the precursor gradually
decreased with an increase in the temperature and
showed a constant value for forming the metal oxide at
around 820 ‘C. Figure 2 shows the XRD results for the
Y3Fes0,,-nSiC ((a) n=0, (b) n=0.3, and (c) n=1.0)
calcined at various temperatures. In the case of (a) n=0,
the main cubic Y;Fe;01, phase with a low intensity of
the orthorhombic YFeO; phase was detected for the
sample calcined at 1100 'C. The YFeO; phase almost

disappeared by calcination at 1150 °C or higher. The

.ZY]FESOM, VZYFEO3

.3Y‘F050L2‘ v 1YFCO]

peak intensity of YFeO; was increased for the SiC
added (Fig. 2(b), n=0.3). For the (c) n=1.0 sample, the
YFeO; phase was mainly formed with the Y;FesOy,
along with the added SiC phase for the sample calcined
at 900 ‘C. The peak intensity of the YFeOs and added
SiC phases was reduced with an increase in the
calcination temperature. The formation of the silicates
and peak shift (change in the lattice parameters) for the
Y3Fes0,, were not detected for the n=1.0 sample
calcined at a high temperature. The SiC phase would
decompose into an amorphous oxide phase at around
1000 ‘C. However, the YFeO; phase remained even by
calcination at 1250 C. The formed SiO, amorphous
phase at the grain boundary would act to suppress the
solid reaction to form the Y;Fes01, single phase.
Figure 3 plots the particle diameters of the calcined
samples for the Y;Fes01,—nSiC system. The particle
diameter was estimated from the surface area of the
powder samples. These values are listed in Table 1. The
particle diameter increased with the calcination
temperature for all the evaluated samples. For the
non-SiC added sample (n=0), the particles grew to
several micrometer for the samples calcined at 1150 C
and higher. The particle growth seems to occur when
the YFeO; second phase disappeared in the mixed
phase [23]. For the SiC added samples, the particle
growth was suppressed even for the samples calcined at
1200 ‘C and higher. Figure 4 shows the scanning
electron microscopy (SEM) images of the samples
calcined at various temperatures for the Y;Fe;0,,—nSiC
system. The samples having similar particle size were
selected for comparison of their particle shape. For the
non-SiC added sample (n=0) calcined at 1100 ‘C
(Fig. 4(a)), relatively large particles having a slim
elliptic shape were observed in the photo. For the SiC
added samples, the particle growth did not progress
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Fig. 2 XRD results of the calcined precursor for the Y3FesO1,—nSiC system synthesized by the reverse coprecipitation method:
(@) n=0, (b) n=0.3, and (c) n=1.0. The calcination temperature is shown in the figure.
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Fig. 3 Relationship between the calcination temperature
and particle size for the Y;FesO,—nSiC system.

even at higher temperatures, but formed homogeneous
round-shaped particles for the samples of n=0.3 at
1250 °C (Fig. 4(b)) and n=1.0 at 1300 C (Fig. 4(c)).

3.2 Heat generation ability

Figure 5 shows the relationship between the sintering
temperature and the heat generation ability in an AC
magnetic field (370kHz, 1.77kA'm™"). For the

non-SiC added sample (r=0), the heat generation
ability increased with the calcination temperature and
the maximum value of ca. 0.46 W-g ' was obtained for
the sample calcined at 1100 C. The heat generation
ability decreased with the calcination temperature
above 1150 ‘C for n=0. Although the tendency for the
heat generation ability was similar with n =0 for the SiC
added samples, the calcination temperature for the
maximum heat generation ability shifted to 1200—
1300 °C. The maximum heat generation value was
increased by the SiC addition. Figure 6 plots the
relationship between the n value and the maximum heat
generation ability in each n sample in Fig. 5. In the case
of the SiC added samples, the calcination temperature
for the maximum heat generation ability was increased
and showed a higher ability compared to that of the n=
0 sample. The maximum value for n=0.3 was
0.93 W-g ™' which was two times higher than that of the
n=0 sample. The excessive SiC addition reduced the
heat generation because of its nonmagnetic property.
This improvement in the heat generation ability
would be ascribed to the increase in the calcination
temperature to form homogeneous and suitable
Y3Fes0,, particles for the heat generation. Figure 7
shows the relationship between the particle diameter

Table 1 Particle size (um) and surface area (mz-g'l, in the brackets) for the calcined samples of the Y;Fes01,—nSiC system

Calcination temperature n=0 n=0.05 n=0.1 n=02 n=03 n=0.5 n=1.0

. 0.473 0.403 . . . . .
1000°C (2.45) (2.88)

. 0.569 0.478 0.422 . . - 0.248
1050°C (2.04) (2.43) (2.75) (4.78)
1100 C 0.763 0.652 0.629 0.532 0.430 0.440 0.359

(1.52) (1.78) (1.84) (2.18) (2.70) (2.64) (3.23)
1150 C 1.45 0.901 0.847 0.620 0.510 0.549 0.366
(0.800) (1.29) (1.37) (1.87) 2.27) 2.1 3.17)
1200 °C 4.28 2.07 1.01 0.973 0.670 0.817 0.770
(0.271) (0.560) (1.15) (1.19) (1.73) (1.42) (1.51)

1250 C - - 1.37 1.95 0.880 1.19 1.21
(0.847) (0.595) (1.32) (0.975) (0.959)

. o o o 2.13 1.26 2.07 2.53
1300°C (0.545) (0.920) (0.560) (0.458)

5.0kV x50.0k SE 1.00um 5.0kV x50.0k SE

1.00um [l 5.0k x50.0k SE " 1.00um

Fig. 4 Field emission SEM observations of the surface for (a) Y3;FesO, calcined at 1100 C, (b) Y3Fes0,,—0.3SiC calcined at

1250 °C, and (¢) Y3Fes0;,—1.0SiC calcined at 1300 C.
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Fig. 5 Relationship between the calcination temperature
and the heat generation ability in an AC magnetic field
(370 kHz, 1.77 kA-m™") for the Y3FesO,,—nSiC system.
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Fig. 7 Relationship between the particle diameter and the
heat generation ability in an AC magnetic field (370 kHz,
1.77 kA-m™") for the Y3FesO,,—nSiC system.

and the heat generation ability in an AC magnetic field
(370 kHz, 1.77 kA'm™"). The maximum heat generation
ability was obtained for the sample having an
approximate 1.0 um particle diameter. The heat
generation ability decreased with the further particle
growth.

Figure 8 shows the relationship between the cube of
the magnetic field (H3) and heat generation ability for
the n=0.3 samples calcined at 1200 ‘C and 1250 C.
The hysteresis loss values for the B—H analysis are also
plotted in this figure. The heat generation ability and the
hysteresis loss value were proportional to the cube of
the magnetic field (") for all the examined samples.
The heat generation ability and the hysteresis value
closely agreed for the sample calcined at 1200 C.
However, the hysteresis loss showed a higher value
compared to the heat generation ability for the sample
calcined at 1250 ‘C. In our previous paper, the high
concentration of ferrite powder was found to influence
the convergence of the magnetic field for the samples
having a large particle size, because the concentration
of the ferrite powder (80 wt%) in the hysteresis
measurement was greater than that (16.7 wt%) in the
measurement of the heat generation ability [23]. The
heat generation ability was also proportional to the
frequency of the AC magnetic field. Based on these
results, the heat generation ability is expressed as

Heat generation ability (W-g )=k f-H (2)
where £, f, and H are a constant value, frequency (kHz),
and the magnetic field (kA'm™"), respectively. The

H (kA-m™)
1.25 1.50 1.77 2.00
T T T T
14+
i
= 12F ,-"'.Hcat generation ability
0 y
- s
% 1.0 £ Hysteresis loss #1250 °C
2 4
£ 08f 1200 °C
= ¢
= ']
s 061 s
5) 4
8 s
%04+ Heat generation ability
02F 4 Hysteresis loss
1 1 1 1
00 2 4 6 8
H? (kA m™

Fig. 8 Relationship between the cube of the magnetic
field (H*) and heat generation ability in an AC magnetic
field (370 kHz) for the n=0.3 samples calcined at 1200 C
and 1250 “C. The hysteresis value using the B—H analysis is
also plotted in the figure.
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estimated k£ value in Eq. (2) using the heat generation
ability was 3.4x107* and 4.5x107* for the total loss of
1200 'C and 1250 C,
respectively. The heat generation ability (W-g™") of
these ferrite materials in an AC magnetic field knowing
the arbitrary frequency f(kHz) and the magnetic field H
(kA-m™") can be easily estimated using Eq. (2).

Figure 9 plots the heat generation ability and the
hysteresis loss for the samples of the Y;FesO,—nSiC
(n=0, 0.3, and 1.0) system calcined at various
temperatures. The heat generation ability and the
hysteresis value closely agreed for the samples calcined
at the lower temperatures for each n sample. As shown
in Fig. 8, the hysteresis loss value showed a higher
value compared to the heat generation ability for the
samples calcined at higher temperature. These
behaviors would be due to the influence of the ferrite
concentration for the samples having a large particle
size.

In our previous study, it was reported that Y;FesO,
is the best material having the heat generation ability of

the samples calcined at

2.2x107* fH 3 involving the arbitrary frequency
/ (kHz) and the magnetic field # (kA-m™") [23]. The
heat generation was strongly improved by the SiC
addition to the Y3FesO;, and the maximum value was
45x107" f-H® for the Y;Fes0,-0.3SiC sample
calcined at 1250 C.

4 Conclusions

The material having a high heat generation ability was

Z.5 T T T T T T T
A

20t ]

Hysteresis loss

° ;
15F & .

1.0 F ‘ ::':' n=0.3

Heat generation ability (W-g™)

Heat generation value
1 1 1

1000 1050 1100 1150 1200 1250 1300 1350

Calcination temperature (°C)
Fig. 9 Relationship between the calcination temperature
and heat generation ability for the samples of the
Y;Fes01,—nSiC (n=0, 0.3, and 1.0) system. The hysteresis
value is also plotted in the figure.

obtained for the Y;FesO;—nSiC system. The SiC
addition depressed the particle growth of the Y;FesOys.
The maximum heat generation ability was obtained for
n=0.3 by calcination at 1250 °C. This improvement in
the heat generation ability would be ascribed to the
increase in the calcination temperature to form
homogeneous and suitable Ys;FesOj, particles for the
heat generation. The heat generation ability (W-g ') in
an AC magnetic field could be estimated using the
equation 4.5x107*-f-H® relating the arbitrary
frequency f (kHz) and the magnetic field H (kA-m ™).
This value is about two times higher than that of
Y3F€5012 (I’l = O)
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