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Abstract. Barium hexaferrite (BHF) with the chemical formula BaFei,019 is a well-known
permanent magnet and is still primarily used in various electrical devices. Because of its excellent
magnetic properties, BHF is potentially one of the best candidates as a microwave absorber. For this
investigation, the magnetic and microwave absorption characteristics of nanostructured BHF and
BaFesMn15Ti15019 were study. The high coercivity of BHF was substantially reduced through Mn-Ti
partial substitution for Fe atoms with a minor reduction of its saturation magnetization.
Nanostructured Mn-Ti-doped BHF was obtained through particle size reduction with high-powered
ultrasonic irradiation. After 12 h of ultrasonic irradiation, the mean particle of BHF reduced to 61
nm from 380 nm, and the Mn-Ti-doped BHF reduced from 545 nm to 95 nm. The mean crystallite
size of the two samples was 15 and 18 nm, respectively. Hence, the particles of both samples
contained only a few crystallites. The characterization of reflection loss revealed that the highest
absorption value achieved by the nanostructured BaFeosMn1s5Ti1.5019 sample was 19.75 dB at 13.6
GHz, and approximately 90% of the intensity of incoming electromagnetic waves was reduced by
the material.
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1. Introduction

Barium hexaferrite (BHF) is a permanent magnetic material characterized by high
values of coercivity, saturation magnetization, magnetic transition temperature, and
corrosion resistance (Kerschl et al., 2002). The high value of saturation magnetization in
BHF provides an opportunity for employing it in microwave absorption applications.
However, its high coercivity must be reduced to some extent to facilitate the interaction
between the magnetic field of electromagnetic waves and the magnetization of BHF. The
reduced coercivity of Mn-Ti-substituted BHF was shown to increase microwave absorption
(Manaf et al., 2017). Studies have shown that BaFe12.yMnyTiyO19 (y = 0.0; 0.5; 1.0; 1.5) with
y = 1.5 was the best absorption up to a 40 dB reflection loss in 1-5 GHz (Priyono and Manaf,
2009). BHF as an electromagnetic wave absorber is widely used in many applications like
information, communication using electronics components, and radar-absorbing material
(Priyono and Manaf, 2009; Adi et al., 2017; Fitriana et al., 2017; Manaf et al., 2017).
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Mechanical alloying is a simple tool for the preparation of crystalline materials. Mn-Ti-
substituted BHF has been employed by several researchers to prepare microwave
absorption materials. Large crystallites resulting from mechanical alloying can be further
fragmented to smaller sizes of crystallites by means of high-powered ultrasonic irradiation.
There have been several methods available for the fabrication of nanoparticles, including
salt-assisted ultrasonic spray pyrolysis (Hwan An et al, 2014), microwave-induced
combustion (Fu et al, 2003), ceramic routing (Hessien et al, 2007), microwave-
hydrothermal (Sadhana et al., 2012), and citrate sol-gel combustion routing (Sozeri et al.,
2012). Mechanical alloying has some advantages: it is a simple technique, produces waste-
free material, and can be implemented on a large scale.

In terms of magnetic properties, remanence and coercivity are affected by crystallite
size. Magnetic materials with nanostructures allow the grain exchange interaction effect,
resulting in enhanced remanence and reduced coercivity (Manaf et al., 1993). The effect is
further beneficial for microwave absorption applications since nanoscale crystallites have
become a center for electromagnetic wave scattering due to a high density of surfaces in the
material. A combination of high remanence and nanostructure would be a potentially
powerful source for electromagnetic wave absorption.

In this work, we explored the potential of BHF and its physical effects on its magnetic
properties and microwave absorption characteristics. BHF-based magnetic materials were
fabricated through mechanical alloying combined with high-powered ultrasonic irradiation.
The material under study is BaFeosMn15Ti15019, a selected composition from the BaFe1-
yMnyTiyO19 (y = 0.0, 0.5, 1.0, and 1.5) series, which has been previously studied (Priyono and
Manaf, 2009; Repi and Manaf, 2012; Manawan etal., 2014). However, the focus of the current
work of this composition is to further explore its excellent absorption characteristics.

2. Experimental Methods

Stoichiometry quantities of standard research-grade BaCOs3, Fe;03, MnCO3, and TiO>
precursors of Sigma-Aldrich with at least 99% purity level were mixed and milled in a
planetary ball mill apparatus for preparation of BHF and BaFegMn1.5Ti15019 (BFMTO). The
mass ratio between precursors and balls mill was 1:10. All mixed precursors were
mechanically milled at 160 rpm for 60 h and produced heavily deformed powder materials.
The paste was then dried in an oven to release the water content and packed together in a
cylindrical die at a 10-ton load. It produced green compact samples that were 25 mm in
diameter and 3 mm thick. The green compact samples were sintered at 1100°C for 4 h,
leading to polycrystalline samples. Ultrasonic irradiation was then employed on the
polycrystalline powder of each sample obtained after being remilled for 20 h. The powder
was further refined using the Qsonica Sonicator Q700 (20 kHz and 60 pm amplitude) for up
to 12 h. The ultrasonic irradiation was applied to the dispersed media containing particles
with concentrations of 10, 30, and 50 g/L to produce monodispersed particles. The addition
of 0.54 pL non-ionic polyoxyethylene 20 sorbitan monolaurate of 0.01 as a surfactant was
required to prevent agglomeration before the completion of the ultrasonic irradiation.

All mechanically alloyed samples were evaluated using an XRD PANalytical Empyrean
with an X'Pert MPD diffractometer (Cu Ka radiation, A = 1.5406 A and generator settings of
30 mA and 40 kV). The ultrasonically irradiated particles were evaluated using XRD for
quantitative analysis by the whole powder pattern modeling (WPPM) software to obtain
crystallite size distribution. The magnetic properties were evaluated using a hysteresis
graph (PERMAGRAPH® L MAGNET-PHYSIK Dr. Steingroever GmbH), and microwave
characteristics were evaluated using a KEYSIGHT PNA-L Network Analyzer N5232A in the
frequency range of 8-20 GHz. Sample BHF and BFMTO were placed in a sample holder of
VNA with a dimension of height 10.15 mm, width 22.85 mm, and thickness 1.8 mm. We
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calculated reflection loss (RL) using the Nicolson-Ross-Weir method (Nicolson and Ross,
1970) from the measurement of the transmitted signal (S21) and reflected signal (S11)
using Equations 1 and 2.

RL (dB) = 20 log [(Z - 1)/(Z+1)] (1)
Z=,/p/etanh [(—j2rfd/c)V €] (2)

where Z is the characteristic impedance of samples, i is complex relative permeability (n =
W —ju"), e is complex relative permittivity (¢ = € —je"), f is the frequency of the
electromagnetic wave, d is the thickness of the samples, and c is the light velocity. The
distribution of particle sizes was obtained with the particle size analyzer (PSA) Malvern
Zetasizer Nano ZS. The transmission electron microscope (TEM) FEI Tecnai G2 SuperTwin

was employed in the microstructure studies.

3. Results and Discussion

3.1. Structural and Physical Characterization

The X-ray diffraction patterns obtained from the XRD examination of BaO.6Fe:.
xMny/2Tix/203 samples with x = 0 and 0.5 are displayed in Figures 1a and 1b, respectively, along
with a fitting curve on each diffraction trace. Obviously, the diffraction peaks are mostly
broadening (see the inset), suggesting that the crystallites in the samples were of ultra-fine
size. Diffraction data of each pattern were further analyzed by software based on WPPM
(Scardi and Leoni, 2002; Leoni et al., 2006) to determine the crystallite size.
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Figure 1 Diffraction pattern of Ba0.6Fez.«Mny/2Tix/203 (a) x = 0; and (b) x = 0.5

Table 1 Results of XRD data refinement studies for BaO.6Fez>xMny/2Tix/203 (x = 0 and 0.5)
samples

Description x=0 x=0.5
Goodness of Fit 1.09 1.08
Chemical Formula BaFe12019 BaFe9Mn15Ti15019
Calculated Density (g/cm3) 5.30 5.26
Crystal Structure Hexagonal Hexagonal
Lattice Parameters (A)
a=b 5.889 5.904
c 23.187 23.236
a, B,y (deg.) 90,90, 120 90,90, 120

Volume of Cell/10-3 Nm3 696.53 701.50
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Table 1 summarizes the results of the XRD refined data analysis of two samples for
comparative study. For both patterns, theoretical and experimental data are well fitted;
these are indicated by flat residue data within the scanned 2-theta diffraction angle. The
formation of a single phase at the peak of the diffraction pattern was well confirmed,
according to international crystal structure database number 98-006-0985, in which the
two diffraction traces correspond to the BaFe12019 phase. The calculated mass density of
sample x = 0.5 was slightly lower than that of x = 0 because of the increase in the cell unit
volume.

The goodness of fit for the two traces was almost identical, with a value near 1.0,
indicating that the refined data should result in reliable information. It was then confirmed
that the two samples were a single-phase material with hexagonal BaFe12019 as the only
phase present in the samples. Figure 2 shows a small change occurring due to the Mn-Ti
substitution. The diffraction pattern shift is generally due to crystal defects, including
substitution or surface roughness and the non-alignment of samples during the experiment.
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Figure 2 Shifting of XRD diffraction peaks due to Mn-Ti substitution

Physical characterization of the mechanically alloyed BHF and BFMTO samples are
shown in Table 2. The milling process yielded a mean particle size of 2.1 pm and 1.9 um for
BHF and BFMTO samples, respectively. Milling involved the mixing of precursors to form
paste through the milling process for 60 h followed by sintering at 1100°C for 4 h to become
polycrystalline bulk samples. The powdered material from the milling process consisted of
multi-crystallite particles with mean crystallite sizes of 110 nm and 279 nm, respectively.
Hand grinding involved manual grinding and sieving for bulk samples with a width of 2.5
cm and a thickness of 3 mm until a powder was obtained. Hand grinding obtains a more
even powder size by using 60-mesh sieving. Hand grinding the powdered material of the
two samples helped reduce the particle size down to 1.1 um and 0.9 um, respectively, but
the mean crystallite size remained unchanged. Hand grinding was shown to be previously
effective in reducing particle sizes (Yustanti et al,, 2016). However, this is only practicable
for a small portion of the materials. The most efficient manner to further bring down the
sizes of crystallites in mechanically alloyed powder is to precede the remilling treatment of
the crystalline powder with a long milling period. Remilling involved milling again to
smoothing the particle size for 20 h to prepare irradiated sonication process effectively
when the particle size was at least 600 nm. Such particle and crystallite sizes suggest that
the milled particles still contained multi-crystallite particles. We then introduced an
additional treatment to transforms the multi-crystallite particle to monocrystallite
particles through high-powered ultrasonic irradiation treatmen.
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The particle size distribution of the BHF and BFMTO obtained after ultrasonic
irradiation that was applied to the particles in dispersed media of three different
concentrations is shown in Figure 3. Even after 3 h of irradiation, the mean particle size was
still between 260 nm (BHF) and 355 nm (BFMTO). The particle concentration in a
dispersion medium determines the mean size value of the particles under ultrasonic
irradiation. The ultrasonic irradiation was effective when applied to the particles in
dispersed media of low density. When the particle density in the ultrasonic reactor is
relatively high, even though the bubble burst produces ultrasonic waves with high
pressure, particles can only accelerate at low particle speeds. Impact energy may not be
large enough to break down the particles (Ali et al.,, 2014).

Table 2 Reduction of BHF and BFMTO particle and crystallite size in various processes

Particle Size (nm) Crystallite Size (nm)
Process
BHF BFMTO BHF BFMTO
Milling 2100 1900 110 279
Manual Grinding 1100 900 100 258
Remilling 380 545 39 39
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Figure 3 The particle size distribution after ultrasonic irradiation for 3 h: (a) BHF; and (b) BFMTO

Figure 4 shows the plots of particle size distribution of the two sample types, which
show progressive size reduction after the ultrasonic irradiation at various irradiation times.
Initially, the BHF particles had a mean size of 380 nm with a broadened size distribution
where the sizes were in the range of 100-700 nm. Longer irradiation time resulted in finer
particle size along with a progressive reduction in the size variation. Plots in Figure 4
demonstrate how the volume fraction of particles increased continuously with the increase
in irradiation time. After 12 h of irradiation, the mean sizes of BHF and BFMTO particles
were 61 nm and 95 nm, respectively.

The crystallite size of particles in dispersed media is less affected by ultrasonic
irradiation according to the results of previous studies (Yustanti and Manaf, 2018; Yustanti
etal, 2017), which also demonstrated that particle size tends to decrease significantly. High
nucleation rates and large bubble sizes can be achieved when particle density in the reactor
is low. The current finding confirms that the reduction of the particle density at 10 g/L was

better than the values of 30 g/L and 50 g/L.
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Table 3 shows that the mean particle sizes of BHF and BFMTO before treatment were 380
nm and 545 nm, respectively, and that they were brought down to 61 nm and 95 nm,
respectively, after ultrasonic irradiation for 12 h. Hence, ultrasonic irradiation applied to
the untreated particles reduced the particle size of the two samples by approximately six
times than their initial size. However, the crystallite size only reduced to approximately half
of the initial size after 12 h of irradiation.
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Figure 4 Effect of ultrasonic time on the reduction of particle size: (a) BHF; and (b) BFMTO

Table 3 Summary of the number of crystallites in the polycrystalline particles after being
irradiated

BHF BFMTO
Irradiation Mean Mean Mean Mean
time (h) particle size  crystallite size N particle size  crystallite size N
(nm) (nm) (nm) (nm)
0 380 39 925 545 39 2729
3 173 17 1054 260 22 1651
6 147 17 647 156 22 357
9 121 16 433 147 20 397
12 61 15 67 95 18 147

The number of crystallites in a particle (N) was calculated based on the assumption that
the particle and crystallite are considered as a solid sphere. Data in Table 3 reinforce that
the 12 h of ultrasonic treatment to the BHF and BFMTO particles was able to reduce the
particles to the size of monocrystallite particles. Physical characterization of the particles
subjected to ultrasonic irradiation demonstrates that ultrasonic irradiation is a reliable
method of fabricating the monocrystallite particle with the size in the nanometer scale. The
input energy of the instrument during irradiation is converted into heat in liquid media and
wave energy on the transducer (Merouani et al., 2014). The irradiation power increases the
wave energy in a liquid medium, when increased ultrasonic irradiation time and amplitude
(Merouani et al,, 2014). However, in this case, the increase in the particle density of liquid
media provides non-optimal cavitation bubble formation, which is in line with the results
of Ali et al. (2014). The size and number of cavitation bubbles formed and the lifetime of
ultrasonic waves, which are strongly affected by power, frequency, and particle density in
the ultrasonic reactor (Kanthale et al., 2008), all determine the effectiveness of the
refinement of the particles. Particle and crystallite sizes determined by PSA and XRD,
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respectively. Figure 5 shows a comparison micrograph of SEM and TEM in the BMFTO
sample. Figure 5a shows that the mean particle size of BFMTO before ultrasonic irradiation
was 585 nm. However, after 12 h of ultrasonic irradiation, the average particle size of
BFMTO decreased dramatically to 28 nm (Figure 5b). Analysis of particle size distribution
on SEM and TEM was conducted using image] software.

Figure 5 Micrograph of particles size of BFMTO: (a) SEM-FEI before ultrasonic irradiation; (b) TEM
after 12 h of ultrasonic irradiation

3.2. Magnetic and Microwave Absorption Characteristics

Figure 6a shows a comparison of the hysteresis loop of two BHF samples before and
after additional ultrasonic irradiation with that of BFMTO. The two BHF samples differed
only in their respective mean particle sizes. Their remanence and coercivity before
receiving ultrasonic irradiation were 0.20 T and 248 kA/m, respectively, whereas the
remanence and coercivity of the ultrasonically treated samples were 0.23 T and 203 kA/m,
respectively. Hence, the treated sample had a remanence enhancement and a slightly
reduced coercivity, a typical effect of grain exchange interaction (Hadjipanayis and Prinz,
1991). According to the data in Table 3, the mean crystallite size of BHF samples before and
after ultrasonic irradiation were 39 nm and 15 nm, respectively. These values are far below
the size of a single domain particle (460 nm) for the BHF (Rezlescu et al,, 1999). Hence,
enhancement in remanence and reduced coercivity occurred only in a BHF sample with an
average crystallite size of 15 nm. The total surface-to-volume ratio of crystallites in the
sample was likely the reason for the remanence enhancement. The finer the crystallite size,
the higher the surface-to-volume ratio of the sample.

Based on the random orientation model (isotropic) of non-interacting particles,
remanence to the saturation magnetization ratio J:/Js should have been < 0.5 (Stoner and
Wohlfarth, 1948).1fJs=0.39 T (Liu et al,, 2006) is taken as a reference for the calculation of
the J:/Js ratio, the calculated J:/]s values of 0.51 and 0.59 are obtained from the BHF samples
before and after ultrasonic treatment, respectively. The higher ] value of the treated sample
than the untreated one is evidence of the inter-grain exchange interaction effect on the
nanoparticle system (Hadjipanayis and Prinz, 1991). In addition to this, a slight reduction
of the corresponding coercivity in the treated sample provided further evidence of the
effects (Herzer, 2005). The reduced coercivity is associated with average out the anisotropy
constant of individual crystal within the exchange-coupled volume as addressed by Herzer
in the so-called random anisotropy model (Herzer, 1989; Herzer, 1990). According to the
model, the average anisotropy constant of the magnetic phase is reduced by the exchange
length Lex (Herzer, 2005). The calculated Lex value of the BHF is 31 nm subjectto Js=0.39 T
value and the exchange stiffness constant, A= 10-11]/m (Herzer, 1990). Lex is twice the mean
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crystallite size of the ultrasonically treated BHF sample (15 nm, see Table 3). Hence,
remanence enhancement and reduced coercivity obtained in the ultrasonically treated
sample suggests that inter-grain exchange interaction took place in the sample.
Nevertheless, grain exchange interaction has little effect on the remanence enhancement in
the BHF sample that received no ultrasonic treatment.
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Figure 6 (a) Loop hysteresis and (b) RL value of BHF, BFMTO, and BFMTOU12 in the frequency
range of 8-20 GHz

Figure 6b shows comparisons of plots of RL values of BHF, BFMTO, and BFMTOU12. A
sample that coded BFMTOU12 refers to a sample of BMFTO after being ultrasonically
treated for 12 h. All three samples showed their ability to absorb EM waves in the frequency
range of 8-20 GHz when entering the material. Broadband and high percent absorption
ability are one of the requirements of electromagnetic absorption (Zhao et al., 2015e¢). The
BHF had an RL value of 9 dB at a frequency of 14.3 GHz, meaning that approximately 65%
of the incoming EM intensity was absorbed by the BHF at that frequency. A slight increase
in the RL value was obtained from the BFMTO, which showed approximately 75%
absorption. The high value of RL was achieved in a BFMTO U12 sample, which revealed an
absorption level of 19.75 dB at a frequency of 13.6 GHz in bandwidth between 11 and 15
GHz. Hence, almost 90% of the incoming EM wave intensity was absorbed by the material.
EM wave absorption materials with excellent design and absorption potential such as high
efficiency, absorption width, and small thickness are always interesting to be developed,
which has been explored (Zhao et al,, 2015a; Zhao et al., 2015b; Zhao et al., 2015e). The
difference in the three samples was due to their microstructure in which the crystallite size
determined the absorption enhancement, which was associated with larger amounts of
wave-scattering sources in the nanocrystal system.

The amount of power absorbed by the material per unit volume (W/m3) is determined
by magnetic permeability (p) and electric permittivity (€). The imaginary part of the two
quantities determines the quantities of magnetic and dielectric loss tangents, which
represent the amount of the power losses of EM in the material. The higher the value of the
loss tangent, the greater the power of EM loss in the materials. The loss of power through
such a damping mechanism depends on the microstructure of the material. The amorphous
crystallite surface acts as the wave-scattering source, which would reflect the EM wave in
many directions (Zhao et al., 2017). Hence, extrinsically, the mean crystallite size in the
nano-regime would be credited with the ability of the EM wave to absorb the materials. As
shown by studies from previous researchers (Zhao et al, 2015c; Zhao et al, 2015d),
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nanoparticles can be obtained through a bottom-up process by evaluating the particle size
of the material. However, in this study, the production of nanoparticles was carried out with
the aid of additional treatment by ultrasonic irradiation as schematically illustrated in
Figure 7, the process of nanoparticle synthesis through two combined processes:
mechanical milling and ultrasonic irradiation.
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Sintering e-mi Ing rradiation %
Fe.0O3 o, ° °
Ml’l_COa é .%0:.’;?‘8‘.: 22 . é
o BFMTO
Precursors Bulk sample BFMTO Multicrystallite Nanoparticles

Figure 7 Schematic illustration of nanoparticle synthesis through mechanical milling and ultrasonic
irradiation

As indicated in Figure 6b, the effect of nanoparticles obtained after 12 h of ultrasonic
irradiation gave the best RL value of all samples analyzed. Nanoparticles in large numbers
become an effective source of microwave scattering when the microwave enters the surface
of particles in the material (Qiu et al.,, 2005). The result is that the absorption ability is
enhanced, which is characterized by a large RL value.

4. Conclusions

Ultrasonic irradiation treatment to the mechanically alloyed BHF and BFMTO powders
for 12 hresulted in monocrystalline powders with mean sizes of 15 and 18 nm, respectively.
The BHF sample with a mean crystallite size of 15 nm allowed inter-grain exchange
interaction, leading to a remanence-to-saturation ratio value of greater than 0.5. The
BFMTOU12 sample with the mean crystallite size of 18 nm was characterized by a high RL
value, where almost 90% of the incoming EM wave intensity was absorbed by the material.
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