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Abstract

In the present study, we have investigated the influence of B,O5 addition on structural and magnetic properties of hard magnetic BaFe;,O;o foams.
In the presence of B,O5 open-celled foams were successfully fabricated at a calcination temperature of 1300 °C. Magnetization values have been
improved by 50% with B,O3-addition. Remanence magnetization (My), specific magnetization at 1.5 T (Ms) and coercive field (H.) values were
obtained to be 32.7 emu/g, 63.0 emu/g and 2100 Oe, respectively for the 0.5 wt% B,O; containing foams having 30 pores/in. Foams with these
magnetic properties have the potential to be used in different areas of technology as permanently magnetic materials.
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1. Introduction

M-type barium ferrite (BaFe12019) has been widely used in
permanent magnets, magnetic recording media and microwave
devices due to its high saturation magnetization, large coer-
civity, good chemical stability, corrosion resistance, etc.!™ We
have synthesized these materials in porous form by using con-
ventional replication technique and presented the results in our
previous publications.>® Our studies have shown that these foam
magnets are suitable for commercial use because they are perma-
nently magnetic as well as they have light weights. Besides, their
pore size lies between 0.5 mm and 1 mm. Therefore, itis possible
to fill the pores by other materials having different physical prop-
erties, such as semiconducting, superconducting and polymeric
materials. Thus, hybrid structures can be formed and advanced
functional properties can be gained by using these materials. On
the other hand, although these materials possess such functional
properties, their coercive field and remanence magnetization val-
ues have been found to be low. This may be due to the application
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of high calcination temperatures of ~1400 °C. Because of this,
the grains, which influence the magnetic parameters, grow in
an uncontrolled way. On the other hand, it was observed in our
previous studies that calcination at lower temperatures produces
fragile products. Besides, it has been reported that the magnetic
and structural properties of barium ferrite can be improved by
substituting the Fe3* ions with other cations such as Co, Mn and
Ru.”"!2 Boron oxide (B,03) is also known to lower the melting
temperature of oxide solutions.'3~17

In the present study, our aim was to fabricate hard magnetic
barium ferrite (BaFe|2019) foams of good mechanical strength
and magnetic properties while keeping the calcination temper-
ature below 1400 °C. With this purpose, we added high purity
B,>03 powder to the initial BaCO3—Fe> O3 mixtures in different
amounts. We obtained sturdier foam magnets after calcination
at 1300 °C, which is not possible without the addition of B,O3.
In addition to this, magnetic properties have been improved
significantly.

2. Experimental

Barium carbonate (BaCO3) and iron oxide (Fe;O3) were used
as the starting materials. B,O3 powder was added to the mix-
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Table 1

Evolution of the lattice parameters of BaFe 2019 foams with B,O3 addition.
Sample (30 pores/in.) a (A) (£0.0008) ¢ (A) (£0.0015)
Undoped 5.8932 23.2025
0.5wt% B,03 5.8926 23.2005

1.0 wt% B,03 5.8921 23.2000
2.0wt% B,03 5.8927 23.2018

tures of BaCO3 and Fe,O3 (Fe/Ba ratio was 10.5) at 0.5 wt%,
1.0 wt% and 2.0 wt%. Then the conventional replication tech-
nique was followed for the fabrication of foams.>® Polyurethane
sponge samples with cell sizes of 30 and 45 pores/in. were used
in this study. Different pieces of the samples were calcined at
different temperatures between 1000 °C and 1400 °C for 90 min.
Mechanically strong foams could be achieved on samples cal-
cined at 1300 °C and above. In order to see the influence of
B,0s3 addition on magnetic and structural properties of barium
ferrite, an undoped sample was also synthesized by conventional
solid state reaction method at the same conditions (1300 °C for
90 min). We must note that we did not obtain a sturdy foam
structure on the undoped sample by calcination at 1300 °C.

Magnetic properties of the samples were examined at room
temperature using a vibrating sample magnetometer (VSM) with
a maximum applied field of 15 kOe. For microstructural analy-
sis, samples were examined in a scanning electron microscope.
X-ray diffraction analysis was performed in order to determine
the phases present in the samples.

3. Results and discussion

Fig. 1 shows the XRD patterns of undoped, 0.5 wt%, 1.0 wt%
and 2.0 wt% B;03 added samples (calcined @ 1300 °C). It is
clearly seen that BaFe{2019 is the main phase in all studied sam-
ples. The undoped sample contains large amounts of Fe;O3 and
BaFe,;04 impurity phases. Amounts of impurity phases were
determined to be ~26% and ~12% for Fe,O3 and BaFe;Oy,
respectively, from the ratios of the most intense peaks. On the
other hand, impurity phases disappear with the addition of small
amounts of B,O3 (see Fig. 1b and c). Further increase of B>O3
concentration to 2wt% causes the Fe,O3 phase to reappear.
DICVOLO04 computer program was used to determine the lattice
parameters of BaFe|>019 phase. As seen from Table 1, the lat-
tice parameters tend to decrease with boron-doping, but it must
be noted that such decrease seen on both a and ¢ parameters
are in the limits of uncertainty. In fact, considering the ionic
radius of B3* and Fe3*, which is known to be 0.41 A for B3+ and
0.63 A for Fe3* (i.e. not too close to each other), it is expected
that lattice parameters must decrease with boron-doping if B>*
ions substitutes for Fe>* ions. Possible crystalline modifications
by B»>0O3 addition require more detailed investigations by using
some refinement programs as given in Refs.'®1° It will be topic
of our future work.

Fig. 2 shows the SEM pictures of (a—d) 0.5wt% and
(e-h) 2.0wt% B,03 added foam samples fabricated using
polyurethane sponge templates having cell sizes of 45 pores/in.
and calcined at 1300 °C. Pore dimensions are between 300 um

a

| unmarked BaFe, 0, undoped

* Fe0,
+ BaFeO,

1 !

0 1 40 50 60 70 80 90

30 pores/inch

b 0.5 wt% B,0,

i)

0 EIO - 3IO

0 10 éO 3IO 40 50 éO 7:0 80 90
0 éO éO
0 éO 3IO |

Intensities (a.u.)

40 50 60 70 80 90

1.0 Wi% B,O,
0 1

30 poresfinch
2.0 wt% B0,

d

[ & 30 pores/inch

o 1
20

Fig. 1. The X-ray diffraction patterns of the undoped powder and B,O3 added
foam samples.

and 500 wm and do not depend on the BoO3 concentration. As
seen from Fig. 2d and h, which shows the microstructures of the
struts of 0.5 wt% and 2.0 wt% B,0O3 added foams, respectively,
grains have mostly hexagonal shapes specific to the M-type
barium ferrites. In addition to small-sized grains with aver-
age dimensions of ~1 pm, large grains with dimensions of up
to ~10 wm are also visible in these samples. Grains are well
connected to each other and almost no porosity is seen in the
struts of both studied samples. On the other hand, the degree of
hexagonality seems to be higher in the 0.5 wt% B,O3 containing
sample. It follows that the 0.5 wt% B, O3 containing sample con-
tains more sharp-edged grains compared to the 2.0 wt% B;0O3
sample. The reason for this may be the higher crystallinity of the
0.5 wt% B, 03 sample and/or the presence of impurity phases in
the 2.0 wt% B,Os3 containing sample.

Fig. 3 shows the M—H loops of the foam samples containing
different amounts of B>0O3. Remanence magnetization (MR),
specific magnetization at 1.5 T (Ms) and coercive field (H,) val-
ues were extracted from these curves and given in Table 2. As
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Fig. 2. SEM images of (a—d) 0.5 wt% and (e—h) 2.0 wt% B,O3 added foam samples (45 pores/in.) for different magnifications.

seen, BoO3 addition improves magnetic properties significantly.
For instance, MR and Mg (@1.5T) values of the 0.5 wt% B,03
containing material are larger than those of the undoped material
by ~50% in magnitude. In fact, optimal magnetic properties are
also seen at this BoO3 concentration, above which magnetiza-
tion values start to decrease. These results are in good correlation
with structural measurements. The 0.5 wt% B,0O3; added sam-
ple has pure BaFe ;019 phase and well shaped grains. Besides,
it was observed that pore sizes also contribute to the magne-
tization values. The MR and Mg values of the foams having

30 pores/in. are larger than those having 45 pores/in. It must be
also noted that the Mg values measured at 1.5 T is even not
saturated. In order to see the real contribution of both B;0O3
content and foam size on magnetization, saturation magnetiza-
tion values (Ms+ @ H — oo) were derived from the approach to
saturation law and listed in Table 2.29-22 As seen, saturation mag-
netization of 0.5 wt% B,03 added sample having 30 pores/in.
is 70.8 emu/g, which is very close to the theoretically esti-
mated value of 72 emu/g.?> Increase of pore density causes
to decrease on saturation magnetization (Mg =65.7 emu/g for
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Table 2

Magnetic parameters of BaFe 2019 foams.

Sample (calcination temperature) Mg (emu/g) Ms (emu/g) (at 1.5T) Mg+ (emu/g) (at H — 00) MRr/Mg H. (Oe)
Undoped (not foam) (@1300°C) 21.5 42.6 45.6 0.505 2150
0.5 wt% B, 03 — 30 pores/in. (@1300 °C) 32.7 63.0 70.8 0.519 2100
1.0 wt% B, 03 — 30 pores/in. (@1300°C) 23.9 60.1 64.1 0.397 1400
2.0 wt% B,03 — 30 pores/in. (@1300 °C) 21.8 57.4 61.2 0.380 1100
0.5 wt% B, 03 — 45 pores/in. (@1300°C) 30.5 61.8 65.7 0.493 1920
1.0 wt% B,03 — 45 pores/in. (@1300°C) 19.8 58.8 62.6 0.336 960
2.0 wt% B, 03 — 45 pores/in. (@1300°C) 18.9 53.6 57.3 0.352 950
2Undoped — 30 pores/in. (@1400 °C) 14.3 55.1 58.2 0.259 800

4 Data from Ref. 6.
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Fig. 3. The M—H curves as a function of pore dimensions and B,O3 concentra-
tion. Inset: undoped powder sample calcined at 1300 °C.

45 pores/in.). Similarly, coercive field is also much dependent
on both B;O3 concentration and pore sizes. It decreases with
increasing B2O3 concentration and decreasing pore size. Dif-
ferent factors may be responsible for the observed variations
of the magnetic parameters. Effects of impurity phases, grain
dimensions and the presence of porosity are some examples of
these factors as discussed in the present text and in our previous
studies.®?* The good magnetization values (Mg and Ms), and
the coercive fields of foams containing 0.5 wt% B,O3 (which is
around 2000 Oe), may make the application of these material in
different areas of technology possible, for instance applications
which require light weight permanent magnets.

Magnetic parameters of the undoped foams with a calcination
temperature of 1400 °C and having 30 pores/inch are also given
in Table 1. It is clearly seen that the addition of BoO3 improves
all magnetic parameters significantly even if the calcination tem-
perature is decreased to 1300 °C. The Mg, Ms (@1.5T) and H,
values increase from 14.3 emu/g, 55.1 emu/g and 800 Oe to val-
ues as high as 32.7 emu/g, 63.0 emu/g and 2100 Oe, respectively.

4. Conclusion

The goal of the present study was to obtain hard magnetic
BaFe 2,019 foams by applying calcination temperatures lower
than 1400 °C and to control structural properties and thus, to
improve magnetic parameters of these compounds. We reached
this goal by adding different amounts of BoO3 powder (between
0.5wt% and 2.0 wt%) to initial BaCO3 and Fe,O3 mixtures.
Higher mechanical solidity was achieved on the foam mag-
nets calcined at 1300°C. Optimal magnetic properties were
observed on the 0.5 wt% B,0O3 added samples, which meet the
requirements expected from a permanent magnet. Our study also
reveals that magnetic parameters can be adjusted by changing
the amounts of B,O3 content.
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