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Barium hexaferrite samples were prepared by mechanical alloying using the stoichiometric amounts of BaCO3
and Fe2Og3 precursors followed by heat treatment applied in the temperature range 700-1150 °C. It was found that
the high energy ball mill with a milling rate enabled to obtain powders with the finer particles at the reduced milling
time mechanical alloying of the initial powders linked to the formation of barium hexaferrite phase. The exothermic
reaction peaks corresponding to the formation of BaFei2019 phase shift from 928 °C to 793 °C for the increased
milling time up to 6 h. This was resulted in improved magnetic properties that the M value of the as-blended sample
sintered at 800 °C rised from 31.16 emu/g to 53.46 emu/g after milling for 6 h. The saturation magnetization and
remanence values of the samples mechanically alloyed for 3 h and sintered at 1150 °C also increased to 63.57 emu/g
and 31.26 emu/g, respectively, more than for 800 °C and 900 °C. The increase in the annealing temperature favours

the formation of BaFe12019 phase in the samples.
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1. Introduction

Barium ferrite has the formula of BaO-6Fe;O3, a
hexagonal crystal structure, and fairly large uniaxial
crystal anisotropy. The hexagonal ¢ axis is the easy
axis and the crystal anisotropy constant K is 3.3 X
10% erg/cm? or 330 kJ/m3. The M is 380 emu/cm?
or 72 emu/g at room temperature and the Curie point
is 450°C. The hexagonal unit cell of barium ferrite con-
tains 64 atoms, the Ba?* and O?~ ions both are nonmag-
netic, the magnetic Fe3* ions are ferromagnetic, each will
a moment of 5 ug. The Fe3t ions have their moments
normal to the plane of the oxygen layers, and thus has
parallel or antiparallel to the ¢ axis of the hexagonal cell,
which is (0001) direction [1-3]. Besides their high Curie
temperature, high coercivity as well as excellent corrosion
resistivity, barium hexaferrites are fabricated due to ease
of processing and low cost of raw materials, which makes
them technologically attractive permanent magnetic ma-
terial most widely used in the fabrication of magnetic and
magnetooptic recording and microwave devices [4-7].

High saturation magnetization, sufficient coercivity
and structural stability are important criteria for a per-
manent magnet. It is known that high coercivities re-
quire fine structures, with a particle size significantly
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small about 1 ym. There are several techniges to pro-
duce fine particle barium hexaferrites, which are co-
precipitation [8] glass crystallization [9], mechanochemi-
cal activation [10] and mechanical alloying [11, 12]. High-
energy mechanical milling (mechanical alloying) is a sim-
ple technique used to obtain high coercive hexaferrites
associated with fine microstructure. By utilizing this pro-
cess, the particle size can be reduced from multidomain
to a single domain by using different milling processes to
reach high coercivities up to 6-7 kOe and high saturation
magnetization about 75 emu/g [13, 14]. BaM-hexaferrite
produced by high energy ball mill (HEBM) indicated su-
perior magnetic properties over the ceramics prepared by
conventional solid-state reaction for magnetic recording
applications [15, 16].

However, HEBM as a prevalent technique requires a
comprehensive synthesis of M-type hexaferrites prepared
by HEBM powders, because a systematic investigation
on this process and effects on magnetic properties are
still missing in the literature.

Therefore, in the present study, Ba-hexaferrite pow-
ders were prepared by high energy ball milling for dif-
ferent periods, thermal reactions of the milled powders
were determined by differential thermal analysis (DTA)
analysis. The influences of the process on the reaction
temperature, phase formation, magnetic structure and
magnetic properties were investigated.
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2. Experimental procedure

Barium carbonate (BaCO3) powders (Merk™, mean
particle size: 319.3 nm) and iron oxide (FepOg)
(DETSAN™  mean particle size: 1.60 um) were blended
and mixed in a molar ratio of Fe/Ba: 1/12. The amounts
of prepared powder batches weighed in a XB320M (Pre-
cisaTM, Dietikon) sensitive balance were 5-6 g. HEBM
(mechanical alloying) were carried out in a vibrating
ball mill (Spex™ 8000 D Mixer/Mill) with a speed
of 1200 rpm in a hardened steel vial (50 ml capacity) and
hardened stainles steel balls with a diameter of 6.35 mm
(1/4 in.) with a ball-to-powder weight ratio (BPR)
of 10:1. Mechanical alloying duration varied from 3 h
to 20 h. Stearic acid was used as the process control
agent (PCA) to minimize cold welding between powder
particles and thereby to inhibit agglomeration. Milling
was not interrupted and at the end of mentioned du-
rations, mechanically alloyed (MA’d) powders were un-
loaded under air. The mechanically alloyed powders were
cold pressed into pellets with a diameter of 12 mm. Cold
pressed samples were annealed for 1 h at the tempera-
tures of 800°C, 900°C, 1150°C under air. Exothermic
reactions were determined by differential thermal analy-
sis (DTA) analysis by heating the as-blended and milled
powders up to 1200 °C with the heating rate of 10°C/min
in air. The phase compositions of the milled powders and
the sintered samples were performed by X-ray diffraction
(XRD) technique using a D8 Advanced Series Powder
Diffractometer (Bruker™) with Cu K, (1.54060 A) ra-
diation in the 26 range of 20—80° with 0.02° steps at
a rate of 1°/min. International Centre for Diffraction
Data@®)(ICDD) powder diffraction files were utilized for
the identification of crystalline phases. Density measure-
ments of the sintered pellets were determined by the
Archimedes method. The annealed bulk samples were
covered by wax before the measurements and the volume
of the wax was taken into account in the calculations.
For the magnetic measurements the bulk samples were
cut in rectangular shape with a long edge to short edge
ratio of about 2. The external magnetic field was applied
along the long axis of the specimens. Magnetic proper-
ties of the barium hexaferrite samples were measured by
vibrating sample magnetometer (VSM) PPMSIT system
of Quantum Design™ with an applied field up to 40 kOe
at room temperature.

3. Results and discussions

Figure 1 shows the XRD patterns of the BaCO3 and
Fe; O3 powders MA’d at different durations. The XRD
pattern of as-blended powders (Fig. 1a) reveals the pres-
ence of the characteristic peaks of the BaCO3 (Bravais
lattice: primitive orthorhombic, space group: Pnma;
a = 0.646 nm, b = 0.522 nm, ¢ = 0.883 nm) [17]
hematite (Fe;O3) phase (the Bravais lattice: rhombo-
hedral, space group: R3c; a = b = 0.542 nm, ¢ =
1.371 nm) [18] and the diffraction peak reflected from
the (119) diffraction plane belongs to maghemite (Fe2O3)

phase at 20 = 35.86° detected in the XRD measurements
of initial FeoO3 powders (the Bravais lattice: primitive
tetragonal, « = b = 0.834 nm, ¢ = 2.502 nm) [19].
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Fig. 1. XRD patterns of the as-blended (a), MA’d for
6 h (b), 12 h (c), and 20 h (d).

Two diffraction peaks which are reflected from the
(110) diffraction plane of the hematite phase and the
reflection from (119) plane belonging to the maghemite
phase overlapped at 26 = 34.85° (Fig. 1a). Figure 1b—
d shows a significant decrease in the intensity of this
peak with increasing MA duration which might be due
to transformation of maghemite phase into hematite by
mechanical alloying of the initial powders. Furthermore,
the increased milling time caused the broadening of the
diffraction lines of the mixed FesO3 and BaCO3 pow-
ders (Fig. la—c). Any reflections to the hard magnetic
BaFe 5,019 phase were not detected in the XRD spectra
of the milled powders (Fig. 1).

Figure 2 displays the XRD patterns of the samples
as blended and MA’d for different times (3-20 h) and
heat treated at 700°C for 1 h. The main peaks reflected
from all the specimens belong to the FeoO3 phase and
any diffraction peaks of BaFe;2019 were not detected
in the XRD spectra of the specimens. A small peak
from an intermediate phase of BasFegO1; (the Bravais
lattice: primitive orthorhombic, space group: Pnnm;
a = 2302 nm, b = 0.518 nm, ¢ = 0.89 nm) [20]
was reflected from the samples milled for 3 h and 6 h.
Further milling of the powders leads to the broaden-
ing of the peaks, small reflections from the BaOs phase
(the Bravais lattice: body centered tetragonal, space
group: I4/mmm; a = b = 0.378 nm, ¢ = 0.677 nm) [21]
were detected in the sample as blended, it can be said
that BaCOg3 phase were partially transformed to the
BaOs after annealing of the mixed powders.

DTA of the as-blended and MA’d powders for 3, 6, 9,
and 20 h are presented in Fig. 3. Two initial exother-
mic peaks were observed for the milled powders at
about 230°C and 282 °C, respectively. The curve belong-
ing to the as-milled sample shows an exothermic peak
at about 928°C pertaining to the decomposition tem-
perature of the precursors into the hexaferrite phase.
The exothermic peaks shifted from 928 °C to 793°C for
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Fig. 2. XRD patterns of the samples (a) as blended,
(b) MA’d for 3 h, (c¢) 6 h, (d) 9h, (e) 12h and (f) 20 h
and sintered at 700 °C for 1 h.
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Fig. 3. DTA patterns of as-blended and MA’d Fe;Os3
and BaCO3 powders.

the increased milling durations as a result of more re-
active surface of the powders to form BaFe 2019 hard
magnetic phase with the finer particles. In a reported
study, after the milling of the initial powders for 30 h by
using high energy ball mill with 300 rpm this exother-
mic peak temperature was 834 °C [15]. In our study, this
temperature decreased to 804 °C for the sample milled
for 3 h by using high energy ball mill with 1200 rpm.

TABLE

Exothermic reaction temperatures of as
blended and MA’d powders.

Milling time [h] | Reaction temperature | °C]|
as blended 928
3h MA 804
6 h MA 793
9h MA 797
12 h MA 801
20 h MA 814

On the other hand, Table shows that the exothermic
peak temperature increased for the powders MA’d for 9 h

and 20 h which may be attributed to the created internal
strains and defects by overmilling.

In order to identify the initial exothermic peaks be-
tween 230°C and 300°C for the samples milled be-
tween 3 h and 20 h, an XRD investigation (Fig. 4) was
carried out on the powders MA’d for 6 h and annealed
at 500 °C for 5 h. The XRD pattern of the annealed sam-
ple revealed the diffraction peaks of the BaFeOs phase
(the Bravais lattice: rhombohedral; space group: R—3m;
a =b = 0.569 nm, ¢ = 2.801 nm) [22]. The milling
process might enable the formation of this phase at low
temperature associated with the increased reactive sur-
face of the powders. Figure 4b shows a small increase in
the intensities of the BaCOj3 and Fe;O3 phases. The re-
lease of the cold work energy in the system stored during
the mechanical alloying process might be another factor
for the initial exothermic peaks of MA’d powders at low
temperatures. Figure 3 displays endothermic peaks for
the samples between 850 °C—1000 °C, this might be most
probably due to the growth of the crystals belonging to
the formed magnetic BaFe;5019 phase.
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Fig. 4. XRD patterns of the sample (a) MA’d for 6 h
and (b) annealed at 500 °C for 5 h.
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Fig. 5. DTA patterns of FeoO3 powders MA’d for 6 h.

Figure 5 shows DTA measurement of the FesO3 pow-
ders milled for 6 h. The endothermic reaction peak ob-
served at about 312 °C may belong to the transformation
of maghemite into hematite since the reduction of particle
size creates more reactive surface of the powders to form a
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new phase. Because in a dry state, maghemite depending
on its origin and the content of foreign ions, transforms
to hematite in the temperature range 370-600°C [23].
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Fig. 6. XRD patterns of the samples (a) as blended,
(b) MA’d for 3 h, (c) 6 b, (d) 9h, (e) 12h and (f) 20 h
and sintered at 800 °C for 1 h.

Figure 6 shows the XRD patterns of the samples as-
blended and milled at different durations (3-20 h) and
annealed at 800°C for 1 h revealing the peaks belong-
ing to the FeoO3 phase and BaFe;3019 phase (the Bra-
vais lattice: simple hexagonal; space group: P63/mmc;
a = b= 0.586 nm, ¢ = 2.309 nm) [24]. The diffrac-
tion peaks of this intermediate phase disappeared af-
ter heat treatment as shown in Fig. 6f. For all sam-
ples, the formation of the magnetic BaFe;5019 hard fer-
rite phase was not completed after the heat treatment
at 800°C for 1 h. The main peaks diffracted from the
as-blended sample belong to the FeoOs phase in accor-
dance with the exothermic peak temperature to form
hard magnetic BaFe;2019 phase observed in the DTA
analysis (Fig. 3). According to the DTA thermograph,
the exothermic reaction temperature is 928 °C for the as-
blended sample and 800 °C is not enough to obtain pure
hard magnetic BaFe;2019 phase. The diffraction peaks
of the BaFe15019 phase increased sharply after milling
for 3 h. Similar peaks were observed at the same anneal-
ing temperature for the 15 h milled sample annealed at
the same temperature as reported by Jin et al. [25].

Figure 7 shows the XRD investigations of the samples
milled for 3 h and annealed at 800°C, 900 °C and 1150 °C
for 1 h. The diffraction peaks of the hard magnetic
BaFe,019 phase were observed in the samples milled
for 3 h and sintered at 800°C and 900 °C with the pres-
ence of the peaks reflected from the Fe;O3 phase. The in-
tensities of peaks which belong to the Fe;O3 phase de-
creased with increasing annealing temperature and dis-
appeared after sintering at 1150°C. The influences of
annealing temperature and milling time on the magnetic
properties of the BaCO3+6Fe;03 powders are shown in
Fig. 8a—c. The lowest values of the saturation magne-
tization and coercivity were exhibited by the as-milled
samples heat treated at 800°C. This can be attributed
to uncomplete formation of BaFe;2019 hard ferrite phase
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Fig. 7. X-ray diffraction patterns of the samples MA’d

for 3 h and sintered at different temperatures.
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Fig. 8. Magnetic properties of the mechanically al-
loyed samples sintered at different temperatures for 1 h.

with the presence of FeoO3 which has a major diffraction
peak detected in the XRD diffraction analysis in Fig. 6a.
This antiferromagnetic phase is detrimental to the mag-
netic properties of the sample. In Fig. 8a and b, the sat-
uration magnetization and remanence of the samples me-
chanically alloyed for 3 h and sintered at 1150 °C reached
the maximum values of 63.57 emu/g and 31.26 emu/g re-
spectively more than that annealed at 800 °C and 900 °C,
because the higher annealing temperature favoured the
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formation of BaFe 5019 crystallites in the samples during
sintering process but at the expense of decrease in H¢ due
to the grain growth. Increase in milling time up to 6 h im-
proved magnetic properties at low sintering temperatures
of 800 °C reflecting the increased amount of the hexafer-
rite phase in the composition. It is also consistent with
the DTA results, due to the fact that the milled powders
are already in activated state before annealing process be-
cause the increased milling time reduces the particle size
and enhances the reactivity of the powders to enable the
nucleation and growth of BaFe;5019 phase much faster
than as-milled powders even at lower temperatures. But
further milling durations lead to a small decrease in Mg
and Mg values in accordance with the increase in the
diffraction peaks reflected from the Fe;O3 phase (Fig. 6)
as a result of the defects and internal strains which make
hard the crystallization of the hexaferrite phase.
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Fig. 9. Densities of the samples as blended and me-

chanically alloyed for different times and sintered
at 800 °C (a), 900°C (b) and 1150° (c).

As shown in Fig. 8c for the as blended samples sin-
tered at 1150°C, H¢ has the highest value. This might
be due to the presence of antiferromagnetic FeoO3 phase
on the grain boundaries which prevents the interaction
of the magnetic BaFe;2019 grains as a result of the un-
complete formation of the BaFe;5019 phase. It is due
to the not well blended powders and the larger particles
associated with the smaller reaction surface. Also the
low density and porous structure may cause less interac-
tion between magnetic BaFe;3019 grains. After milling
for 3 h, Hc value increased sharply for the samples sin-
tered at 800°C and 900°C, most probably due to the
existence of antiferromagnetic FeoO3 phase (Fig. 7) in
the between hard magnetic BaFe;2019 grains and lower
density values. However, Hc decreased for the sample
sintered at 1150 °C, it might be because that Fe;O3 phase
disappeared in this sample as shown in Fig. 7 leading to
an increase in hard ferrite phase ratio in the material.
Thus, more magnetic BaFe 2019 grains in contact with
each other result in higher Mg and My and lower H¢ val-
ues. In addition, Fig. 9 showed that the highest density
value belongs to the samples sintered at 1150 °C leading
to high magnetization and low coercivity because of the

existence of demagnetization fields created in pores in the
magnetic material.

The highest coercivity is 5.31 kOe for the sample an-
nealed at 900°C and mechanically alloyed for 9 h, it
decreased to 4.99 kOe for 20 h, probably due to the
lower formation of barium hexaferrite phase. In an early
report, He is 279 kA/m (about 3.5 kOe) observed as
for 50 h mechanical alloying time and at the same an-
nealing temperature [26]. In another study, Hc is in the
range 5-5.5 kOe obtained between 750°C and 1000°C
for 24 h milling time, by using SPEX 8000 mixer /miller
for milling of powders [13].

In addition, it was observed that the influence of
milling duration on the formation of Ba hexaferrite phase
and magnetic properties of the samples decreases with
the increase of the sintering temperature.

The density measurements of the pellets sintered at
various temperatures and milled for different times are
given in Fig. 9. As shown in the figure sintering tem-
perature influences significantly on the densities of the
samples. Theoretical density of BaFe;2019 is 5.3 g/cm3.

The density of the pellets sintered at 800°C has the
lowest value 3.85 g/cm? which increases up to 4.22 g/cm?
for the sample mechanically alloyed for 9 h, further
milling time decrease the density values since defects cre-
ated by milling process. The highest measured density
is 4.88 g/cm? for the sample mechanically alloyed for 3 h
and heat treated at 1150 °C which has the highest satu-
ration magnetization (Mg) value because of the increase
in hard magnetic material per unit volume of the sample.

4. Conclusions

1. The formation temperature of the barium hexa-
ferrite phase is closely related to the milling pro-
cess. It was observed that the higher milling rate
enables to obtain powders with finer particles at
the reduced mechanical alloying durations linked
to the formation of BaFe ;5019 phase. The exother-
mic peak temperature represented by the decompo-
sition of the precursors to form hexaferrite phase
decreased significantly with the increase in milling
time from 928 °C for the as-milled sample to 793 °C
to the milled sample for 6 h by using high energy
ball mill with 1200 rpm. This is also confirmed by
the XRD analysis and magnetic properties of the
samples annealed and milled for 6 h and sintered
at 800°C for 1 h. The main peaks diffracted from
the as-blended sample belong to the FesO3 phase
in Fig. 6 and M, value of the as-blended sample
rose from 31.16 emu/g to 53.46 emu/g after milling
for 6 h.

2. The highest M value of 63.57 emu /g was measured
for the sample mechanically alloyed for 3 h and
sintered 1150°C for 1 h. The highest Hc value
is 5.31 kOe obtained for the sample milled for 9 h
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and heat treated at 900°C for 1 h, but the mag-
netization is 50.33 emu/g which is lower than that
sintered at 1150 °C because of the presence of the
antiferromagnetic hematite (FepOs) phase in the
material.

. Any reflections to the hard magnetic BaFe;501g

phase were not detected in the XRD spectra of the
specimens sintered at 700°C for 1 h (Fig. 2).

. Magnetization values increase gradually with the

increases in sintering temperatures and mechanical
alloying durations up to 6 h, because overmilling
causes defects and internal stresses in the crystal
structure which deteriorate the magnetic properties
of the sample. On the other hand, the effect of
mechanical alloying duration on the formation of
Ba hexaferrite phase and magnetic properties of the
samples decreases with the increase of the sintering
temperature.
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