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Abstract Barium hexaferrite powders were successfully
prepared by the modified Pechini method using citrate and
glycerol. The materials were prepared employing different
Ba:Fe ratios, iron(IIl) precursors and calcination tempera-
tures. The obtained powders were characterized by XRD,
VSM, SEM, EDX and FT-IR. The Ba:Fe molar ratio of 1:11,
for both chloride and nitrate series, is observed to be the
optimal ratio to attain the phase-pure barium hexaferrite.
Moreover, these barium hexaferrite powders synthesized
with the Ba:Fe ratio of 1:11 showed the highest saturation
magnetization among the samples in the same series. Inter-
estingly, the powders formed from chloride precursors had
significantly lower coercive fields than those from nitrate
precursors, highlighting the role of counter ions. The rea-
sons were likely to be the smaller particle sizes in materi-
als obtained from the nitrate precursors and possibly the
distortion of the barium hexaferrite structure due to the
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substitution of some oxide with the chloride species within
the materials obtained in the chloride series.

1 Introduction

Ferrites are one type of ceramic materials that have received
significant attention in scientific community during the last
decades due to their promising magnetic properties. Interest-
ingly, magnetic properties of ferrites can be controlled by
alteration of the crystal structures and tuning of the chemical
(atomic) compositions, resulting in a variety of coercivity
and remanence of the different ferrites after magnetization
and consequently a broad range of applicability [1-8]. On
one hand, soft ferrites e.g. zinc ferrite, which exhibit a low
coercivity and can be easily altered their magnetization
direction without dissipating much energy, could be a good
candidate for applying in transformers and electromagnetic
cores. On the other hand, hard magnetic ferrites such as
barium hexaferrite, BaFe;,0,y, with spinel structure have
been widely investigated due to its large magneto crystalline
anisotropy, high Curie temperature, high saturation magneti-
zation (M), high coercive field (H,) and excellent chemical
stability as well as corrosion resistivity [9—14]. Due to its
promising properties, barium hexaferrite has been used in
various applications such as permanent magnets in storage
media, electrical power generation and distribution [10],
disk drivers and video recorders [14]. In order to get the
properties required for the mentioned applications, such as
ultrafine powder for use in high density magnetic recording
media, synthetic conditions and methods need to be studied
and optimized.

For many years, there has been much research report-
ing synthetic routes for barium hexaferrite materials such
as solid-state reactions between the constitute oxides and/or
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carbonates [15, 16]. The main disadvantages of this method
are the occurrence of impure phases and inhomogeneity of
the products. To get the pure phase of barium hexaferrite
by this method, high temperature and long calcination time
are usually applied. In order to solve this problem, chemi-
cal syntheses such as hydrothermal method [17, 18], micro-
emulsion process [19], glass crystallization [20], chemical
co-precipitation [21-23], sol-gel method [24-26], colloi-
dal synthesis [27], organic resin method [28] and aerosol
synthesis method [29] have been alternatively used. The
Pechini method appears to have attracted much attention
in the recent years due to the achievement in synthesis of
homogeneous and ultrafine barium hexaferrite at a relatively
low calcination temperature [30].

Although barium hexaferrite has been studied in many
works, the optimum molar ratio of Ba:Fe to achieve pure
phase has not been clearly reported. Meng et al. [30] suc-
cessfully synthesized barium hexaferrite single phase via
sol—gel combustion technique with Ba:Fe molar ratio of 1:9.
Carp et al. [31] presented that the pure barium hexaferrite
phase was obtained at Ba:Fe molar ratio of 1:10.5. Mendoza-
Suarez et al. [32] and Yen-Pei et al. [33] reported that Ba:Fe
molar ratio to get the barium hexaferrite single phase should
be around 1:11 when the obtained powders were prepared
from sol—gel and microwave induced combustion methods,
respectively. The low temperature combustion method was
applied by Huang et al. [34] to produce the pure phase of
barium hexaferrite with Ba:Fe molar ratio of 1:11.5. Men-
doza-Suarez et al. [35] prepared pure barium hexaferrite
with Ba:Fe molar ratio of 1:12 by using the ball milling
technique. Note that, the optimum Ba:Fe ratio reported in the
literatures was varied, which could be assigned to the differ-
ent synthetic methods employed. Apart from the synthetic
methods, the metal sources were considered to be the other
influent factor. To clarify this point, we herein studied the
effects of starting materials, Ba:Fe molar ratios, and calcina-
tion temperature on phase composition, microstructures, and
magnetic properties of the barium hexaferrite synthesized by
the modified Pechini method.

2 Experimental
2.1 Materials synthesis

The starting materials, barium nitrate (Ba(NO;),) and dif-
ference iron salts (FeCl; and Fe(NO;);-9H,0) were firstly
dissolved in 10 ml distilled water to form a clear aqueous
solution. The Ba:Fe molar ratio was varied from 1:9 to 1:12.
10 ml of glycerol was further added into the solution to che-
late Ba>™ and Fe** and form the complex precursors. The
mixture solutions were heated to 120 °C on a hot plate with
magnetic stirring. After water was evaporated, the solution

became viscous and finally formed very viscous brown dried
gels. Then, the dried gels were transferred to an autoclave
and heated in an oven with the temperature of 80 °C for 24 h
to get the barium hexaferrite precursors. Further, the precur-
sors were calcined in the ambient atmosphere at different
temperatures (800—1200 °C) to obtain the powder products.

2.2 Materials characterization

Fourier-Transform infrared (FTIR) spectra were recorded
by a Fourier-Transform infrared spectrophotometer (Bruker,
Alpha FT-IR spectrometer). The sample powders were finely
ground with KBr and pressed into pellets before measure-
ment. All the peaks in the range 4000375 cm™! were
recorded with spectral resolution of 2 cm™".

The phase compositions of the obtained powders were
determined by X-ray diffraction (XRD, X’PertPRO MPD dif-
fractometer) using Cu Ka radiation. Diffraction patterns were
recorded over the range of 20 angles from 10° to 90° in step-
scanning mode (0.02° steps with a step counting time of 2 s).

The morphology of the samples was observed by a Scan-
ning Electron Microscope (SEM, XL30 series, Phillips)
operating at an acceleration voltage of 13—15 kV and mag-
nification value of x5000. Samples were mounted on stubs
using carbon tape and then sputtered with Au prior to the
SEM measurements.

All the resulting powders were pressed into pellets with
the same pressure of 10 MPa. The magnetic properties in
terms of saturation magnetization (M,), magnetic remanence
or remanent magnetization (M,) and coercivity (H.) were
measured by a vibrating sample magnetometer (VSM) with
a maximum applied field of 10,000 Oe by using nickel as
a standard.

3 Results and discussion

3.1 Effect of Ba:Fe molar ratio on the phase
compositions and magnetic properties

The powders obtained after the calcination at a temperature
of 1200 °C for 2 h in the ambient atmosphere were studied
in the phase compositions by using an X-ray diffractometer.
Figure 1 shows the XRD patterns of the powders synthe-
sized from barium nitrate and iron(III) chloride as metal
sources with various Ba:Fe molar ratios of 1:9, 1:10, 1:11
and 1:12, respectively. The results show that the single bar-
ium hexaferrite (BaFe,0,9) (JCPDS. No. 74-1121) phase
can be obtained from the Ba:Fe molar ratio of 1:11. There
was a minor barium monoferrite (BaFe,0,) (JCPDS. No.
25-1191) phase coexisting with barium hexaferrite when
the Ba:Fe molar ratios were 1:9 and 1:10. The occurrence
of barium monoferrite can be explained as there were not
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Fig.1 XRD patterns for the
obtained powders after calcined
at 1200 °C of the metal complex
precursors prepared from
barium nitrate and iron(III)
chloride (the chloride series)

with various Ba:Fe molar ratio 4
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enough iron ions (in other words, barium ions were exces-
sive) to completely form phase-pure barium hexaferrite.
Hence, the barium monoferrite, which was required lower
content of iron ions than in the formation of barium hexafer-
rite, was attempted to form as the minor phase when using
the deficient amount of iron source in the synthesis (e.g. 1:9
and 1:10 Ba:Fe ratio). On the other hand, the Ba:Fe molar
ratio of 1:12 yielded the barium hexaferrite phase with a
little amount of a-hematite phase (a-Fe,05;) (JCPDS. No.
33-0664). This meant that there were too many iron ions
for the formation of single-phase barium hexaferrite or not
enough barium ions to entirely form the barium hexaferrite
phase. Therefore, the excess iron ions were forced to form
their oxide phase instead. According to the XRD results of
barium hexaferrites synthesized from iron chloride, the most
suitable Ba:Fe molar ratio in order to get the phase-pure
barium hexaferrite was 1:11.

Furthermore, the barium hexaferrite powders were syn-
thesized by calcining the complex precursors formed by
using barium nitrate and iron(IIl) nitrate as metal sources
with the various Ba:Fe molar ratios at 1200 °C for 2 h in
the air (XRD patterns of the obtained products were illus-
trated in Fig. 2). Note that, the Ba:Fe molar ratio of 1:11
was also found to be the proper molar ratio of the metal
sources in order to achieve the phase-pure barium hexafer-
rite phase. Again, the XRD pattern of the powder product
with Ba:Fe molar ratio of 1:12 showed a little amount of
a-hematite phase mixed with the barium hexaferrite phase
as also observed from chloride salt. Barium monoferrite was
also observed in the XRD patterns of the calcined products
from nitrate salts with the Ba:Fe molar ratios of 1:9 and
1:10. This result was similar to the one observed in cases

@ Springer

of using the iron(Il) chloride salt but the relative intensity
of the barium monoferrite peak in the XRD patterns herein
was higher. Moreover, the a-hematite was also found as
the minor phase. Since the iron ions were not excessive in
this case, the reason for the presence of a-hematite was the
incompletion of the reaction between barium monoferrite
and a-hematite to get the desired product, barium hexafer-
rite. However, the further increase of the amount of iron ions
can reduce the amounts of barium monoferrite phase as the
reaction of barium monoferrite with iron to form barium
hexaferrite phase was endorsed.

Lattice constants, a, b and c, of the prepared powders
were refined from the Eq. 1, where h, k and 1 are miller
indexes, and d is interplanar distance. Here, the planes (107)
and (114) of barium hexaferrite phase were used for the cal-
culation. Then, lattice parameters, a, b and ¢, obtained from
Eq. 1 were used to determine lattice volume (V) according to
Eq. 2. X-ray density (p,) can be determined by using Eq. 3,
where M is the molecular weight of the barium hexaferrite,
N is Avogadro’s number and 2 stands for the number of
formula units in a cell.

L _4(RP+R+hka) P
2 c?

773 L

V = /1 + 2 cos(a) cos(B) cos(y) — cos2(ar) — cos2(f) — cos(y)
(2)

oM

Pe= Ny 3)

As shown in the Tables 1 and 2, the intermediate phases,
a-hematite and barium monoferrite, presented in the
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obtained powders affected the length of the c axis and the
lattice volume and X-ray density. From the nitrate series,
the lattice parameters, lattice volume and X-ray density
of the calcined powder are similar to the standard barium
hexaferrite (JCPDS No. 74-1121). Note that, the product
obtained from the synthesis using the Ba:Fe molar ratio of

1:11 shows the closest values to the standard one. This was
in agreement with the XRD and VSM results. However, the
mentioned values for the calcined powders obtained in the
chloride series were deviated, of which no calcined powders
had similar parameters to the standard one. Apart from the
impure phases, it would be other factors to alter the lattice

Fig. 2 XRD patterns for the
obtained powders after calcined
at 1200 °C of the metal complex
precursors prepared from
barium nitrate and iron(III)
nitrate (the nitrate series) with
various Ba:Fe molar ratio a 1:9,
b1:10,c¢ 1:11 and d 1:12 -
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Table 1 Lattice constants (a, Parameters  JCPDS No.74-1121  Ba:Fe=1:9  Ba:Fe=1:10 BawFe=1:11  Ba:Fe=1:12
b and c¢), lattice volume (V),
X-ray density (p,), saturation a(A) 5.8930 5.8780 5.8881 5.8712 5.8790
magnetization (M,), remanent b (A) 5.8930 5.8780 5.8881 5.8712 5.8790
magnetization (M,) and .
coercivity (H,) of the obtained c(A) 23.1940 23.1799 23.1714 23.1679 23.1513
powders after calcined at V (A% 697.5600 693.5951 695.7239 691.6257 692.9540
1200 1°C usifng thc(e1 r;letsl . p, (g/lem®) 5.2900 5.3212 5.3049 5.3364 5.3261
COI'Ilp €Xxes 1orme y arium
nitrate and iron(I1T) ehloride M (emu/g) 48.7081 53.0033 53.0850 49.6452
salts with various Ba:Fe molar M, (emu/g) 18.0351 18.6583 16.6540 15.5592
ratios M,/M, 0.3703 0.3520 0.3137 0.3134
H, (kOe) 0.6180 0.6410 0.5040 0.5820
Table 2 Lattice constants (a, Parameters ~ JCPDS No.74-1121  Ba:Fe=1:9  Ba:Fe=1:10 BaFe=1:11  BaFe=1:12
b and c), lattice volume (V),
X-ray density (py), saturation a(A) 5.8930 5.8809 5.8876 5.8952 5.8897
magnetization (M), remanent b (A) 5.8930 5.8809 5.8876 5.8952 5.8897
magnetization (M,) and R
coercivity (H,) of the obtained c (AD) 23.1940 23.1455 23.1356 23.2241 23.1388
powders after calcined at V (A% 697.5600 693.2493 694.5315 698.974 695.1168
1200 ;C usifng thz I;letgl _ p, (glem®) 5.2900 53239 53140 5.2802 5.2690
complexes rorme y barium
nitrate and iron (I1I) nitrate salts M (emu/g) 47.3251 45.1666 54.0514 50.1282
with various Ba:Fe molar ratios M, (emu/g) 26.0525 26.3764 31.6237 29.4242
M/M 0.5505 0.5840 0.5851 0.5870
H, (kOe) 1.5140 2.2640 2.1539 2.4890
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parameters, lattice volume and X-ray density, for example
the substitution of remaining chloride to the lattice at the
position of oxygen atoms. This would be the reason why
the coercive fields of all the materials prepared from the
chloride series were comparatively low compared to the
nitrate series, in which the nitrate ions were much easier to
eliminate from the barium hexaferrite lattice.

The magnetic properties of the obtained powders with
various Ba:Fe molar ratios of 1:9, 1:10, 1:11 and 1:12 were
investigated by vibrating sample magnetometer (VSM).
Hysteresis loops of the calcined powders obtained from the
iron(III) chloride precursor with the different Ba:Fe ratios
(1:9, 1:10, 1:11 and 1:12) are illustrated in Fig. 3. It was
observed that the powders with the Ba:Fe ratios of 1:10
and 1:11 showed the highest saturation magnetization. The
saturation magnetization (M,) values for the powders with
1:10 and 1:11 were 53.0033 and 53.0850 emu/g, respec-
tively. However, the calcined powder with the Ba:Fe ratio of
1:10 gave the greatest magnetic remanence (M,) of 18.6583
emu/g. These results supported the results from XRD that
the powder prepared using the Ba:Fe ratio of 1:11 gave
the pure phase of hard magnetic barium hexaferrite. The
obtained powder with the Ba:Fe ratio of 1:9 had lower M
and M, values due to the presence of the antiferromagnetic
BaFe,0, [30]. The M, and M, values of the powder with the
Ba:Fe ratio of 1:12 was the lowest due to a-hematite impu-
rity [30]. However, the trend of coercivity did not show such
a clear-cut. As seen from Table 1, the coercivity (H,) of the
prepared powder using the Ba:Fe ratio of 1:11 was the low-
est even though it was the pure phase of barium hexaferrite.
Hence, there would be the other factors that affect the coer-
cive field. Hysteresis loops for all the samples prepared from

the nitrate series are depicted in Fig. 4. Again the Ba:Fe ratio
of 1:11 yielded the pure barium hexaferrite with the highest
M; and M, values. The other powders with impurities had
lower saturation and remanence magnetizations. Here it was
easy to notice that the powder with the Ba:Fe ratio of 1:9 had
a comparatively lower coercive field than those other sam-
ples as it contained the largest amount of antiferromagnetic
BaFe,0,. When compared with the powders prepared from
the nitrate series with the chloride ones, all the powders
prepared from the nitrate series possessed slightly higher
saturation magnetization but significantly higher coercivity.
This result led to the conclusion that the saturation mag-
netization of magnetic materials depended mainly on the
phase composition while the coercivity leaned on the phase
composition as well as the other factors such as counter ions.

3.2 Effect of calcination temperature on the phase
composition, microstructure and magnetic
properties

In this part, the metal complex precursors obtained from
both the iron(III) chloride and iron(IIl) nitrate salts were
prepared with the fixed Ba:Fe molar ratio of 1:11 in order to
synthesize barium hexaferrite materials. The obtained metal
complex precursors were calcined at different temperatures
(i.e. 800, 900 1000, 1100 and 1200 °C) for 2 h in ambient
atmosphere. Phase compositions, microstructures and mag-
netic properties were determined by XRD, SEM and VSM,
respectively. Figure 5 shows the XRD patterns of the cal-
cined powders derived from the chloride series. The results
indicated that the obtained powders after being calcined at
800-1000 °C had the a-hematite as a major phase. Moreover,

Fig. 3 VSM hysteresis loops
for the obtained powders after
calcined at 1200 °C of the metal
complex precursors prepared
from barium nitrate and
iron(IIT) chloride (the chloride
series) with various Ba:Fe
molar ratios a 1:9, b 1:10, ¢
1:11and d 1:12
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Fig. 4 VSM hysteresis loops P
for the obtained powders )
after calcined at 1200 °C of 150 :3))
the metal complex precursors (a)
prepared from barium nitrate 140 (b)
and iron(III) nitrate (the nitrate —_
series) with various Ba:Fe %‘D
molar ratios a 1:9, b 1:10, ¢ g 120
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Fig. 5 XRD patterns for the
obtained powders after calcin-
ing the metal complex precur-
sors of the chloride series with
Ba:Fe molar ratio of 1:11 at
different temperatures a 800,
b 900, ¢ 1000, d 1100 and e
1200 °C; Note that, the phase
formations are indexed in the
similar fashion with illustrated
in Figs. 1 and 2

Intensity (a.u.)

. . @

Il A s A A A A
10 20 30 40 50 60 70 80 90
2Theta (Degree)

the barium monoferrite phase was also detected. Even if the
calcination temperature was up to 1000 °C, the barium hexa-
ferrite peaks were still weak (observed as a minor phase).
However, if the calcination temperature was up to 1100 °C,
the barium monoferrite and a-hematite phase were totally
wiped out resulting in the pure barium hexaferrite phase.
The calcination temperature of 1200 °C also yielded the pure
barium ferrite phase with higher intensity and crystallinity.
Hence, the phase transformation of the chloride complex

precursors to form as the barium hexaferrite with spinel
structure can be shown as the equations below.

Precursor — o-Fe,O; (major phase)
+ BaFe,0, + BaFe,0,y ... (800 — 1000 °C)

a-Fe,0; + BaFe,0, + BaFe,0,y — BaFe ;0,4 ... (1100 — 1200°C)

The powders obtained after calcining the metal complex
precursor of the nitrate series at temperatures (800, 900
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1000, 1100 and 1200 °C) for 2 h were studied by the same
means as in case of the chloride series. According to XRD
results in Fig. 6, the mixed phase of barium hexaferrite,
a-hematite and barium monoferrite phases were detected
when calcining the precursors at temperature of 800 °C. The
intensities of the barium hexaferrite peaks were crucially
higher than the peaks at 800 °C of the powder obtained from
the chloride series. Specifically, the barium hexaferrite peaks
were found only at temperatures of 1100 °C and higher in the
chloride series, while they were started to be found at 800 °C
in the nitrate series. Therefore, chloride ion was likely to be
the inhibitor for the formation of barium hexaferrite phase.
If the calcination temperature was increased from 800 to
900 °C, nearly complete barium hex aferrite phase was
obtained and the intermediate phases (a-hematite and bar-
ium monoferrite) were explicitly decreased. The crystalline
phase-pure barium hexaferrite was found at the minimum
calcination temperature of 1000 °C. The calcination tem-
peratures of 1100 and 1200 °C would also give phase-pure
barium hexaferrite phase with higher intensity XRD peaks
and also crystallinity. Hence, the phase transformation of
the metal complex precursor of the nitrate series to form the
barium hexaferrite can be shown by the equations below.

Precursor — a-Fe,0; + BaFe,0,
+ BaFe,,0,4 (major phase) ... (800°C — 900°C)

a-Fe,0; + BaFe,0, + BaFe,,0,, — BaFe,,0 ... (1000 — 1200 °C)

The magnetic properties of the obtained powders with
the fixed Ba:Fe molar ratio at 1:11 but varied the calcination

temperatures (800-1200 °C) using iron(III) chloride and
iron(III) nitrate are shown in Figs. 7 and 8 and Tables 3 and
4. The trend of saturation magnetization was in line with
the XRD results. For the chloride series, the hard-magnetic
barium hexaferrite began to form at 1100 °C so that the
saturation magnetization was increased sharply when the
calcination temperature was changed from 1000 to 1100 °C.
For the nitrate series, the barium hexaferrite was observed
in all the calcination temperatures employed in the study
so that there was no sharp change in the magnetic property
observed in the obtained powders in the nitrate series. The
saturation magnetization gradually increased as the calcina-
tion temperature was increased from 800 to 1100 °C. The
maximum saturation magnetization was at 1100 °C, as this
was the lowest temperature that provided the pure barium
ferrite phase. The result confirmed that the saturation mag-
netization depended mainly on the phase composition. The
calcination of 1200 °C gave rise to the decrease in the satura-
tion magnetization and coercivity. This would be the result
of the agglomeration of the particles and the change in the
size of the magnetic domain of barium hexaferrite prod-
uct when the particles were agglomerated. Like the results
observed in the first part of this work, the coercivity of the
materials from the nitrate series was essentially larger than
those of the powders obtained from the chloride series. The
factor that had an influence on the great difference in coer-
civity was not the phases, as the XRD results showed that
at calcination temperatures of 1100 °C and above, in both
the chloride and nitrate precursors offered the pure barium
hexaferrite phases. Therefore, further investigation would
be needed.

Fig. 6 XRD patterns for the
obtained powders after calcin-
ing the metal complex precur-
sors of the nitrate series with
Ba:Fe molar ratio of 1:11 at
different temperatures a 800,
b 900, ¢ 1000, d 1100 and e
1200 °C; Note that, the phase
formations are indexed in the
similar fashion with illustrated
in Figs. 1 and 2

Intensity (a.u.)
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Fig. 7 VSM hysteresis loops
for the obtained powders after
calcining the metal complex
precursors of the chloride

series with Ba:Fe molar ratio of
1:11 at difference temperatures
a 800, b 900, ¢ 1000, d 1100
and e 1200 °C

Magnetization (emu/g)

Fig. 8 VSM hysteresis loops
for the obtained powders after
calcining the metal complex
precursors of the nitrate series
with Ba:Fe molar ratio of

1:11 at difference temperatures
a 800, b 900, ¢ 1000, d 1100
and e 1200 °C
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SEM images of the prepared powders from the chloride
and the nitrate series are shown in Figs. 9 and 10, respec-
tively. SEM images of the powders synthesized from the
chloride precursors showed hexagonal shapes related to the
hexagonal structure of the barium hexaferrite. The well-
defined hexagonal particles are clearly observed for the sam-
ple with the calcination temperature of 1100 °C (Fig. 9d).
This result was in agreement with the XRD and the VSM
results. The impurities found in samples with other calcina-
tion temperatures resulted in the imperfect hexagonal par-
ticles shape. Unlike the morphologies of the samples from

Magnetic field (Oe)

the chloride series, the powders from the nitrate series did
not show the hexagonal shape since the nitrate precursors
could cause the generation of huge amounts of gases i.e. NO
and NO,. The gas formation would obstruct the growth of
the hexagonal shape that triggered the irregular shapes with
porosity. Therefore, the particles morphologies and sizes
was likely to be the factors that affected the coercivity of
the prepared materials. As seen from the SEM images, the
smaller the particles, the higher the coercivity.

EDX spectra of the powders prepared from the chloride
and the nitrate precursors are shown in Figs. 11 and 12.
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Table 3 Average crystalline size (D), average particle size, lattice
constants (a, b and c), lattice volume (V), X-ray density (p,), satura-
tion magnetization (M), remanent magnetization (M,) and coercivity
(H,) of the obtained powders after calcining the metal complex pre-
cursors formed by barium nitrate and iron (III) chloride salts at differ-
ent temperatures from 800 to 1200 °C

Table 4 Average crystalline size (D), average particle size, lattice
constants (a, b and c), lattice volume (V), X-ray density (p,), satura-
tion magnetization (M), remanent magnetization (M,) and coercivity
(H,) of the obtained powders after calcining the metal complex pre-
cursors formed by barium nitrate and iron(III) nitrate salts at different
temperatures from 800 to 1200 °C

Parameters Calcination temperature (°C) Parameters Calcination temperature (°C)
800 900 1000 1100 1200 800 900 1000 1100 1200

Average crys-  44.0600 31.4900 35.9000 44.0900 44.1400 Average crys-  44.1900 44.2000 36.8000 36.8200 44.1200

talline size talline size

(nm), (from (nm), (from

FWHM) FWHM)
Average parti- 3.0200  3.9200  4.9000 5.0600 6.6400 Average 0.1400 0.3300 0.3900 0.5300  1.8400

cle size (um), particle size

(from SEM) (um), (from
a(A) * * * 57949 58712 SEM)
b (A) * * * 57949  5.8712 a(A) 5.8001 5.7871 5.8344  5.8046 5.8952
c(A) * * * 227461 23.1679 b (A) 5.8001 5.7871 5.8344  5.8046 5.8952
V (A% * * * 661.4977 691.6257 c (A) 22.8497  22.7545 22.9310 22.8123 23.2241
p, (g/cm®) * * * 55794  5.3364 V (A% 665.7054 659.9635 675.9989 665.6475 698.974
M, (emu/g) 05157 3.3949 32124 504576 53.0850 py (g/em?) 5.5441 59240 54597 55446 52802
M, (emu/g) 0.1612 1.5298 1.5476 16.1456  16.6540 M (emu/g) 39.0165 45.8219 53.5452 56.9942 50.1282
M/M, 03125 04506 04817 0.3199 0.3137 M, (emu/g) 23.0743  27.5169 31.6676 34.1849 29.4242
H, (kOe) 11801  1.0147 1.0147  0.6853  0.5040 M/M 0.5895  0.6005  0.5914  0.5998  0.5870

H, (kOe) 4.2666 3.3028 4.5866 3.7852  2.4890

*The samples have no diffraction peaks of the barium ferrite hexago-
nal phase to calculate

4

. E ,,-.)..
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C Magn Det WD F——— 1opm
130KV 40 §000x SE 134

Fig. 9 SEM images for the obtained powders after calcining the metal complex precursors of the chloride series with Ba:Fe molar ratio of
1:11 at difference temperatures a 800, b 900, ¢ 1000, d 1100 and e 1200 °C
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Fig. 10 SEM images for the obtained powders after calcining the metal complex precursors of the nitrate series with Ba:Fe molar ratio of
1:11 at difference temperatures a 800, b 900, ¢ 1000, d 1100 and e 1200 °C

The characteristic X-ray fluorescent peak of chloride spe-
cies was observed in the EDX spectrum of the powder with
the Ba:Fe ratio of 1:11 calcined at 1100 °C of the chloride
series. This revealed that chloride cannot be eliminated from
the sample even when a high temperature is used in the syn-
thesis. It was believed that the chloride is substituted the
oxide within the structure of barium hexaferrite since no
others impure-crystalline phases were recognized according
to the XRD patterns. This substitution may cause the distor-
tion of the structure of the barium hexaferrite, and may be
the reason of the significant drop in the coercivity. Herein,
we reveal that the material properties synthesized by the
thermal decomposition method are varied and can be con-
trolled by the choice of metal-complex precursors, which
also observed in the cases of ceria-based materials in our
previous works [36-38].

4 Conclusions

The barium hexaferrite powders were prepared by the
modified Pechini method using citrate and glycerol as the
ligand for the formation of metal complex precursors. By
varying the synthetic conditions, i.e. Ba:Fe ratios, iron(IIT)
precursor salts and calcination temperatures, the powders

with the different magnetic properties were obtained.
XRD results showed that the most suitable Ba:Fe molar
ratio was 1:11 for both the chloride and the nitrate series
indicating by the presence of only the crystalline barium
hexaferrite phase. The other ratios resulted in the lower in
magnetization saturation due to the presence of the anti-
ferromagnetic barium monoferrite and the non-ferromag-
netic a-hematite. The lowest calcination temperature that
gave the pure barium hexaferrite phase for the chloride
series was 1100 °C. No barium hexaferrite (or only small
amounts) was formed in the chloride series at temperature
lower than 1100 °C, confirmed by XRD and VSM. For
the nitrate series, barium hexaferrite was found as a major
phase mixed with barium monoferrite and a-hematite
minor phases at 800 °C. The higher temperature allowed
the barium monoferrite to react with a-hematite and finally
obtain the higher purity of barium hexaferrite product.
The most appropriate calcination temperature was also
1100 °C which offered the highest magnetic properties
for the materials. The temperature higher than 1200 °C
led to the particle agglomeration which resulted in the
lower saturation magnetization. Comparing between dif-
ferent series, the powders obtained from the chloride pre-
cursors had significantly lower coercive fields than those
of the nitrate precursors. The reasons were likely to be the
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Fig. 11 EDX spectrum of
barium hexaferrite powder
obtained from the chloride |
series by calcined at 1100 °C =
for2h S
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Fig. 12 EDX spectrum of 0K
barium hexaferrite powder
obtained from the nitrate series ]
by calcined at 1000 °C for 2 h ::
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smaller particle sizes in materials obtained from the nitrate
series. Moreover, the chloride species possibly substituted
some of the oxide within the barium hexaferrite structure
(indicating by the presence of chloride species in EDX
spectra) leading to the distortion of the structure and con-
sequently the significant lower of coercivity.
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