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Abstract

Micron size barium hexaferrite (BaFe;,0,9) platelets were prepared by the molten-salt synthesis method in various weight proportions of
NaCl-KCl salt mixtures as a liquid medium. The effect of molten salt composition—x wt% NaCl and (100 —x) wt% KCl—on the amount of
barium hexaferrite phase formation, as well as, on the morphology and magnetic properties of the final products are discussed. Inductively
coupled plasma-mass spectroscopy (ICP-MS) was used to determine the solubility of the starting materials in the salts in order to understand the
formation mechanism of barium hexaferrite. X-ray diffraction analysis (XRD), scanning electron microscopy (SEM) and vibrating sample
magnetometer (VSM) were used to identify the characteristics of the synthesized barium hexaferrite platelets. ICP-MS analysis showed that the
Fe,05 solubility is negligible, however, BaCO5 has very high solubility in both molten KCl and NaCl. Quantitative XRD and SEM results
showed that molten salt containing 100 wt% NaCl at 900 °C (for 2 h) resulted in the highest production of barium hexaferrite. Further, SEM
results showed that KCl-rich molten salt led to the formation of sharper faceted platelet morphology, whereas NaCl-rich ones resulted in more
round platelets.

Data from magnetic measurements showed that as the content of NaCl in the molten salt increases, hysteresis losses became higher. This is a
characteristic of the achievement of a harder magnetite behavior in the synthesized barium hexaferrite ceramics. The composition of the KCI/
NaCl molten salts was shown to play an important role on the extent of barium hexaferrite formation, resulting platelet morphology and the
magnetic properties.
© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Ferrites having certain magnetic and dielectric properties
have been used extensively for various purposes, such as
permanent magnets, chip inductors [1,2], microwave absor-
bers, etc. Polycrystalline barium hexaferrite (BaFe|,0,9) is a
hexagonal ferrimagnetic ceramic commonly used in permanent
magnets [3]. It has a large saturation magnetization, high Curie
temperature, excellent chemical stability, high corrosion resis-
tance, and it is easily processed [4].
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Various chemical methods such as the sol-gel process [5],
hydrothermal synthesis [6], chemical co-precipitation [7],
crystallization from a glass precursor [7], spray-pyrolysis [8],
and the molten salt method [9] have been used for the
production of platelet shaped barium hexaferrite. These meth-
ods result in varying particle sizes, morphologies and magnetic
properties. The composition and morphology of the resulting
ferrite has been reported by Singhal et.al. [8]. It was shown
that magnetic properties of the ferrite ceramics are related to
the anisotropy of the shape of the particles.

Molten salt synthesis (MSS) is a technique by which large (up
to millimeter-size) seed crystals are used in textured barium
hexaferrite processing. Such method allows for low temperature
synthesis starting from mixed oxides [10]. Reactions can be
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completed in a relatively short time interval because of the short
diffusion distances and high mobility of raw materials in molten
salts, in addition to the high reactivity of the salts [11]. Synthesis
of barium hexaferrite in NaCl/KCl molten salt solutions from
ferric chloride and barium chloride at a single temperature has
been studied by Wang et.al. [12]. However, the effect of
synthesis temperature and time on the morphology of the barium
hexaferrite ceramics has not been reported [12].

In a more recent study performed by Dursun et al. [13], the
effect of crystallinity and particle morphology on the magnetic
properties was investigated on barium hexaferrite powders.
Powders were synthesized using a solid-state calcination and
molten salt synthesis methods with KCI as the flux medium.

In the present study, barium hexaferrite platelets with
micron sizes were synthesized by molten salt synthesis method
using barium carbonate and iron(Ill) oxide as the raw
materials. This specific synthesis method was shown to allow
for the preparation of complex oxide ceramics with aniso-
metric morphologies [14,15] which will further facilitate
fabrication of bulk materials with crystallographically textured
microstructures [16—18]. The effect of synthesis time and
temperature, as well as, flux type and concentration on the
formation, morphology and the magnetic behavior of barium
hexaferrite have been investigated.

2. Materials and methods

In this process, reagent grade powders of Fe,O; (Sigma-
Aldrich, 99.999%), BaCO; (Sigma-Aldrich, 99%), KCI
(Sigma-Aldrich, 99%) and NaCl (Sigma-Aldrich, 99.5%) were
used as the raw materials. Fe,Os; and BaCO5; were mixed in a
molar ratio of Fe,03/BaC0O5=5.3 [16,19]. In order to deter-
mine the mechanism of barium hexaferrite formation in molten
salts (either NaCl or KCI), the salt and previously described
mixtures were placed in alumina crucibles with 1:1 wt% and
heated to 900 °C in air. The oxide/carbonate components were
then mixed in a mortar and pestle for 15 min and a typical
batch of 0.4 g mixture was calcined at 900 °C for 10 min in
0.4 g NaCl or KClI fluxes.

After each calcination step the mixture was cooled in air and
washed with 100 ml of deionized water. The aqueous suspen-
sion was filtered and the solution was analyzed using
inductively coupled plasma mass spectroscopy (ICP-MS,
Perkin-Elmer DRC II, Massachusetts-USA).

To investigate the effects of time and temperature, as well
as, flux type on the formation and morphology of barium
hexaferrite ceramics, Fe,O3/BaCO5 mixtures were added to the
salt mixture with the following compositions; 100 wt% NaCl,
90 wt% NaCl-10 wt% KCl, 80 wt% NaCl-20 wt% KCl, 70 wt%
NaCl-30 wt% KCl, 44 wt% NaCl-56 wt% KCl (1:1 mol), 70 wt%
KCI-30 wt% NaCl, 80 wt% KCI-20 wt% NaCl, 90 wt%
KCIl-10 wt% NaCl and 100 wt% KCI. The initial mixtures
comprised of 50 wt% flux and 50 wt% oxide/carbonate mix-
ture (Fe,05:BaCO5, 5.3:1 mol) were calcined at 850 °C,
900 °C and 950 °C for 1, 2, 2.5 and 3.5 h.

The filtration procedure mentioned above was conducted on
all of the calcined, cooled (solidified) and deionized water

dissolved mixtures. Quantitative XRD analyses were applied
to the solid residues obtained from the flux compositions of
100 wt% KCI, 10 wt% NaCl, 44 wt% NaCl, 90 wt% NaCl and
100 wt% NaCl by using the software of Rigaku D/MAX2200/
PC. Rietveld refinement was applied to the XRD analyses
using General Structure Analysis System (GSAS) which is
based on the non-linear least squares approach. Before starting
the GSAS refinement, Configuration Management Process
(CMPR) software was utilized to convert the raw data to the
GSAS format. The resulting data was then run through GSAS
and after several cycles of refinement, structures for all
compositions investigated were obtained.

Additionally, the average platelet radius was measured by
applying quantitative metallographic analysis on the scanning
electron microscope (FE-SEM, FEI 430 NanoSEM, Oregon-
USA) images of the solid residues. Magnetic behavior of the
synthesized barium hexaferrite ceramics was investigated via
magnetic hysteresis curves recorded by vibrating sample
magnetometer (VSM) (Cryogenic Limited PPMS, London-
UK) at 300 K.

3. Results and discussion

The ICP-MS results used for the investigation of barium
hexaferrite formation mechanism in the molten salts showed that
the solubility of Fe,O5 is near zero in both NaCl and KCI fluxes,
while BaCO; has extensive solubility in both, even after 10 min of
calcination (see Table 1). It can be concluded that BaCOj5 dissolves
in the fluxes and reacts with Fe,O5 particles. It is clear from the
Table 1 that the solution of the calcined material in deionized water
contains either of the corresponding salt cations along with Ba;
however, Fe was not detected in either of the solutions.

The platelets were synthesized in order to be used in a
further study for the fabrication of textured bulk barium
hexaferrite ceramics by utilizing a tape casting technique.
Thus, the largest possible platelet radius with high aspect ratio
is desired. Calcination time, temperature and flux type were
investigated systematically in order to determine the optimum
condition to achieve maximum possible platelet size.

Fig. 1 shows the platelet size distribution as a function of flux
composition for varying calcination durations and temperatures.
In Fig. 1, it is observed that under all conditions platelet size in
KCI flux is the smallest. With the increase in the NaCl flux
content, platelet size increased. However, after a certain concen-
tration approaching the equi-molar flux composition, platelet size

Table 1
Inductivelycoupled plasma-mass spectroscopy results of mixtures dissolved in
deionized water after calcination at 900 °C for 10 min in KCI and NaCl fluxes.

Flux type Element Amount (mg/l)
KCl1 Ba 128 + 1.0

K 53£1.0

Fe 0
NaCl Ba 1179+ 1.0

Na 39.9+0.6

Fe 0
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Fig. 1. Particle size as a function of flux composition at 850 °C, 900 °C and 950 °C for (a) 1 h, (b) 2 h, (c) 2.5h and (d) 3.5 h of calcination.

began to decrease. It should be noted that platelet size in NaCl
flux was larger than that in KCI for all the calcination
temperatures and durations applied. This demonstrates the lower
apparent activation energy for platelet growth in NaCl rich fluxes.
As a result, for the same calcination temperatures and durations,
the apparent activation energy for platelet growth in NaCl flux
should be lower than that in the KCIl flux. Compared to other
temperatures, platelet size at 900 °C was the largest for most of
the compositions, especially for 2 h calcination duration. For this
reason, morphology studies using SEM were concentrated on the
barium hexaferrite ceramics calcined at 900 °C for 2 h.

For the morphology of the barium hexaferrite platelets, in the
case of the synthesis at 900 °C in NaCl flux, corners of the
platelets became rounder (Fig. 2(e)). This is speculated to be
caused by the selective desorption from the corners as a result of
chemical potential change around the sharp corners of the platelets
in the molten NaCl flux. In the case of platelet synthesis in KCI
flux, either no desorption occurred or desorption occurred homo-
genously on all the surfaces and corners of the platelets so that
platelet shape with sharp comers was preserved (Fig. 2(a)).

The aspect ratios of the platelets were approximately 3 to 4 for
all calcination conditions. In addition to the platelet size and
morphology, yield (mass of products/mass of raw materials) and
amount of barium hexaferrite formation in the structure are crucial.
Since the amount of flux evaporation during calcinations is
unknown, yield of the barium hexaferrite ceramic production
was calculated by ignoring the flux as raw material and product. A
typical batch of 1.32 g containing equal amounts of salt and oxide/
carbonate gives 0.53 g barium hexaferriteresulting in the yield of
80%. Furthermore, Fig. 3 shows the amount of barium hexaferrite
formed during calcination at 900 °C for 2 h as a function of flux
composition which was determined using quantitative XRD
analysis. It is obvious that formation of barium hexaferrite phase
within the system was the lowest when synthesis was done in
100 wt% KCl flux. With the increase in the NaCl content, the
amount of barium hexaferrite phase increased gradually up to
97.8% at 100 wt% NaCl flux composition.

Magnetization curves were taken at 300 K for the barium
hexaferrite platelets synthesized at 900 °C for 2 h in 100 wt%
KCI, 10 wt% NaCl, 44 wt% NaCl, 90 wt% NaCl and 100 wt%
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Fig. 2. SEM images of barium hexaferrite platelets calcined in (a) 100 wt% KCl, (b) 90 wt% KCl-10 wt% NaCl, (c) 80 wt% KC1-20 wt% NaCl, (d) 70 wt% KCl-
30 wt% NaCl, (e) 44 wt% NaCl-56 wt% KCI (1:1 mol), (f) 70 wt% NaCl-30 wt% KClI, (g) 80 wt% NaCl-20 wt% KClI, (h) 90 wt% NaCl-10 wt% KCI, and

(i) 100 wt% NaCl at 900 °C for 2 h.

NaCl. In Fig. 4, B-H curves of synthesized barium hexaferrite
ceramics exhibit a clear hysteresis behavior for the magnetization
under applied magnetic field. When the applied magnetic field is
around 10 kO, the magnetization saturates.

As the NaCl content in the molten flux increases, the area
under the hysteresis curve increases, and the ceramic reveals a
stronger hard magnetic behavior (Fig. 4). The saturation
magnetization (M), remanent magnetization (M,), squareness
ratio (M/M,) and the coercive field (H.) of the barium
hexaferrite platelets obtained from Fig. 4 are given in
Table 2. As the NaCl content increases, there is an increase
in barium hexaferrite amount that improves the hard magnetic
behavior of the ceramics. Although magnetic saturation values
change around 55 emu/g for all flux compositions, the highest
saturation value of 56.5 emu/g was obtained in the case of
44 wt% NaCl composition. On the other hand, the highest

coercivity of 1600 O, was obtained for 90 and 100 wt% NaCl
flux compositions. It is clear that NaCl content increase in the
flux improves the barium hexaferrite conversion which in turn
results higher coercivity and remanent magnetization. High
coercivity and remanent magnetization indicate the augmenta-
tion in the hard magnetic behavior of the synthesized ceramics.

4. Conclusions

Micron size barium hexaferrite (BaFe|,O,9) platelets were
prepared by molten-salt synthesis method in various weight
proportions of NaCl-KCl salt mixtures. It has been determined
that Fe,O5 solubility in molten NaCl-KClI salts is negligible
and barium hexaferrite forms by dissolution of BaO followed
by diffusion of Ba*? and O ions in the flux. It was observed
that NaCl plays a prominent role on the formation of barium
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Fig. 4. 300 K hysteresis curves of barium hexaferrite ceramics synthesized in
100 wt% KClI, 10 wt% NaCl, 44 wt% NaCl, 90 wt% NaCl and 100 wt% NaCl.

hexaferrite phase. As the content of NaCl increases, barium
hexaferrite formation is enhanced. The highest conversion
which is 97.8% is obtained in the case of 100 wt% NaCln flux.
The morphology of the barium hexaferrite platelets are also
influenced by the NaCIl-KCl flux composition. Platelets
synthesized in NaCl flux are rounded which can be attributed
to the directional desorption of barium hexaferrite in NaCl rich
fluxes. However, either no desorption or homogenous deso-
rption on all the platelet surfaces occurs in the case of KCl
leading to the preservation of cornered platelet shape. The
platelets synthesized in NaCl have higher average sizes than
those in KCI.

Flux composition has clear impact on the magnetic proper-
ties of barium hexaferrite ceramics mainly based on the
efficiency of transformation. Increasing NaCl content in the
flux improves the coercivity and remanent magnetization of
barium hexaferrite along with the area under the hysteresis
curve leading to a more pronounced hard magnetic behavior
in the synthesized ceramics. In conclusion, presented results

Table 2
Magnetic properties of barium hexaferrite ceramics synthesized in five
different molten flux compositions.

Flux composition Barium hexaferrite H, M, M, MM,
(Wt%) amount(wt%) (Oe) (emu/g) (emu/g)

100KC1 95.3 753 219 55.0 0.40
10NaCl 95.8 838 25.0 54.3 0.45
44NaCl 96.8 1380 31.4 56.5 0.55
90NaCl 97.5 1600 32.0 55.2 0.58
100NaCl 97.8 1600 33.2 55.6 0.59

demonstrate that the composition of the NaCI-KCl flux as the
synthesis medium plays an important role on the extent of
barium hexaferrite formation, resulting platelet morphology
and the magnetic properties.
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