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Six kinds of powder samples with a different particle size and its distribution have been prepared from
coprecipitated precursors by light grinding followed by sieving, and calcined in air to form the barium ferrite
(BaFe;019) phase. Correlation between the particle morphology and Fe/Ba molar ratio or magnetic properties
has been examined. The results indicated that the powders consisting of coarse particles (100-200 um) exhibit a
single phase of BaFe;;0,9, and a higher saturation magnetization and coercivity than the powders having fine
particles or a wide size distribution. The optimized powders showed a high coercivity of 5.85 kOe and a

saturation magnetization of 71 emu/g that are closed to the theoretical values.
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1. Introduction

Hexagonal barium ferrite (BaFe;0;9) is amongst the most
widely used material for permanent hard magnet applications
since its discovery. This is owing to its large coercivity and
saturation magnetization, high Curie temperature, excellent
chemical stability together with high magnetic stability,
corrosion resistivity and low prices."”-? To overcome milling
processes and to avoid undesirable chemical inhomegeniety of
particles in a conventional ceramic processing, chemical
coprecipitation is one of suitable methods for producing the
barium ferrite powders of appropriate properties in a lower
cost. The most important feature of this method is the
intimate mixing of the starting materials on an ionic level, so
that subsequent nucleation and crystallization can occur at
a relatively low temperature.” The following preparation
parameters are usually taken into account to fabricate
the barium ferrite powders by coprecipitation methods;
(1) starting Fe/Ba molar ratio #,*>> (2) pH of solution,>~>
(3) sequence of reagent addition,” (4) presence of NaCl,”
(5) grinding level of precursors (particle size),? ¥ (6)
calcination temperature,*>'9-1V (7)-time,'? (8)-atmosphere
(oxygen or air), and (9) addition of protective agents.!?-'3
Here, we can point out two additional important parameters
that affect the crystallization process of the precursor; (10) a
particle size and its distribution and (11) a final Fe/Ba molar
ratio in the precursor, which are not taking into account
widely, except for the case of ultra fine powders.” Therefore,
it is important to study all these preparation parameters in
detail for synthesizing the barium ferrite powders with high
quality.

The aim of this work is to prepare chemically homogeneous
aggregates of the barium ferrite powders having a high
coercivity together with a good saturation magnetization by
selecting and controlling the preparation parameters men-
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tioned above. All these parameters were experimentally
optimized so as to increase the magnetic properties. In this
report, special attention was paid on the parameters (5), (10)
and (11).

2. Experimental procedure

Both iron chloride [FeCl;-6H,O] and barium chloride
[BaCl,-2H,0] were used as starting materials. The eleven
preparation-parameters mentioned above and the experimen-
tal sequence optimized in this work are explained as follows:
(1) The starting Fe/Ba molar ratio n is equal to 11, (2) pH=
12, (3) [NaOH-Na,COs; ] solution was added to the [FeCls-
BaCl, | solution, and (4) the resultant precursor was washed
carefully by hot distilled water to eliminate all the residual
sodium chloride. (5) The precursor was subjected to light
hand-grinding, and (6) the obtained powders were calcined
at a temperature ranging from 900 to 1000°C, (7) for 1.5 h,
(8) in flowing air, (9) without adding protective agents. After
hand grinding the precursor at the experimental sequence (5),
(10) the powders were sieved and classified into six groups
depending on the size and its distribution (dyay/dmin) such as
shown in Table 1. (11) The change in the Fe/Ba molar ratio in
the precursor was measured by electron probe microanalysis
(EPMA) before calcination.

The barium ferrite powder samples were evaluated by
EPMA (JOEL, JAX-879), X-ray diffraction (XRD; Rigaku
Roterflex) using Cu Ko and differential thermal analysis
(DTA, Shimadzu TAS 100). For the characterization of
powder morphology, transmission electron microscopy
(TEM) is inadequate for the present samples since the degree
of agglomeration of the powders may change during sample
preparation by an ultrasonic technique for TEM, so that
photomicroscopy was used to investigate the powders. The
magnetic properties of the samples were characterized in a
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Table 1. Particle Size Classification of the Powder Samples
Prepared, Where d,,,, and d,,;, are Maximum and Minimum Particle

Table 2. Variation of Fe/Ba Molar Ratio in the Samples with
Different Particle Size Distribution

Size in the Sample, Respectively

Particle size distribution

Samples
Amax ~ Gmin (M) e/ in
A Rough powder (as ground) >>10
B >45 ~10
C 200~100 2
D 100~75 1.3
E 75~45 1.7
F 45> >10

SQUID (superconducting quantum interference device) mag-
netometer (Quantum Design MPMS XL) up to a field of 30
kOe.

3. Results and discussion

Since barium hydroxide and ferric hydroxide have a
different solubility in water, the precipitation of precursor
from these hydroxides will occur in a different rate. This may
lead to a change in the Fe/Ba molar ratio n from the starting
value,'? where the optimum reaction temperature may shift as
a function of #.'¥ So, the molar ratio in the precursor was
examined by EPMA. The results indicated that there are no
significant changes in the values of # for all the powders with a
different size distribution, as shown in Table 2 for the sample
A, C and F. The measured values are nearly the same as the
starting ratio n=11 and only fluctuating around this value.
However the fluctuation increases by reducing the particle size
and increasing the size distribution (dmax/dmin, in Table 1),
both of which depend strongly on the preparation and
grinding conditions of precursors.

Figure 1 shows the XRD patterns for the sample A (as-
ground, wide particle-size distribution) and C (100-200 4m in
particle size) before and after calcining at 925 and 920°C,
respectively, for 1.5 h. The coprecipitated precursor showed
an amorphous nature, and no significant difference was
recorded between the two samples A and C. After the heat
treatment, the precursor was converted completely into the
BaFe;,0;o phase for the sample C’, whereas undesirable peaks
such as Fe,0;, BaFeO;, and BaFe,O, are observed in the
sample A" having a wide particle-size distribution. In the case
of the sample F consisting of fine particles smaller than 45 um,
the XRD pattern coincided completely with that of the sample
A. The presence of such additional peaks affects the magnetic
properties of the samples, which will be shown later.

Photomicroscopic examination was performed to reveal the
difference in powder morphology between the sample A and
C. A typical example of microstructure is given in Fig. 2. It is
clear that there are only small changes in the morphology
before and after the calcination. The sample A exhibits a wide
particle size distribution and an inhomogeneous particle
agglomeration (dense or loose), whereas the sample C shows
a homogeneous distribution of coarse particles that provides a
porous structure in the precursor. These tendencies seem to be
amplified by the calcination as seen in Fig. 2(A), (A’) and
(C), (C"), respectively.

As indicated in Table 2, the samples containing fine
particles smaller than 45 um showed a higher fluctuation in the
n values than the coarse powder sample. This result can be
interpreted by assuming that most of the fine particles are
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Fig. 1. XRD patterns of the samples (A, A") and (C, C') before
and after calcination at 925 and 920°C, respectively, for 1.5 h.
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Fig. 2. Photomicrographs of the particles in samples (A, A") and
(C, C'), before and after calcination at 925 and 920°C, respectively,
for 1.5 h.

derived by grinding the parts of precursor that are remaining
in unachieved formation of chemically homogeneous well
developed particles and have an Fe/Ba molar ratio largely
fluctuating around the initial value of n. In contrast, the
coarse particles greater than about 100 um are homogeneously
coprecipitated with a molar ratio close to the starting value,
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Fig. 3. DTA curves for the samples A, C and F. The exothermic
peaks found in a temperature range between 700 and 800°C indicate
crystallization of the barium ferrite phase.

suggesting that most coprecipitation reactions were completed
in these particles.

DTA curves are shown in Fig. 3 for the samples A, C and F.
The endothermic peaks located below 150°C are attributed to
the elimination of absorbed water. The exothermic peak at
about 300°C is due to the decomposition of hydroxide and the
formation of crystalline oxides.” The barium ferrite phase
starts to crystallize at about 700°C, and a single-phase material
can be obtained after annealing at 900°C or above as reported
before.!” In a temperature range between 700 and 800°C,
three distinguished exothermic beaks appeared clearly at 735,
754, and 763°C for the samples C, A, and F, respectively. The
difference in the reaction temperatures is attributed to the
following differences in the particle morphology of these
samples: The sample C consisting of coarse particles may have
a homogeneous chemical composition, which is achieved by
well coprecipitated larger particles in the precursor resulting in
a porous structure supplying sufficient oxygen to crystallize
the BaFe ;09 phase during calcination. This will lead to the
formation of BaFe;;0;y at a relatively low temperature.?
On the other hand, rather higher reaction temperatures are
recorded in the samples A and F that have fine particles (<45
um) and a large fluctuation in the Fe/Ba molar ratio (n=11
+2-3). Following two factors could be pointed out for
this reason: First, inhomogeneous chemical composition is
achieved in the case of fine particles as explained above.
Secondly, since the fine particles tend to agglomerate to form
dense lumps with a low porosity even after grinding, the
amount of oxygen during calcination is deficient inside
these agglomerates resulting in the growth of chemically
inhomogeneous particles including second phases. Since the
powder color is sensitive to the presence of different phases
and the concentration of barium ferrite,!® we observed the
color of the samples to confirm the second assumption. The
results indicated that the exterior surface of the sample A
showed a color of more darkly brown than the interior,
whereas in the case of sample C, no significant change in color
was recorded between the both surfaces. These results suggest
the difficulty in synthesizing the BaFe ;0,9 phase from fine
particles obtained by grinding the precursor.

The magnetic properties were measured for all the samples
prepared at a temperature ranging from 900 to 1000°C, and
the results are listed in Table 3. Here, we can clearly notice
that the magnetization increases by removing the fine powders

Table 3. Maximum Coercivity (H,) and Saturation Magnetization
(o) at 30 kOe of the Samples Calcined at the Temperature (7°) in a
Range 900-1000°C

Samples T(°C) H. (kOe) o (emu/g)
A 925 3.84 65
B 925 5.15 67
C 920 5.85 71
D 950 5.63 68
E 970 4.55 59’
F 1000 3.18 65

# obtained at 10 kOe
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Fig. 4. Hystersis loops of the samples (A’) and (C") calcined at 925
and 920°C, respectively, for 1.5 h.

smaller than about 45 um, whereas the coercivity increases
with increasing average particle size and reducing the size
distribution (dmax/dmin, in Table 1) i.e. with increasing dmiy.
Accordingly, it is assumed that the porosity characterized by a
minimum particle size d;, in the aggregates greatly affects the
coercivity of the barium ferrite powders. All the samples
except C recorded a lower saturation magnetization due to the
presence of the second phases as mentioned above.

Figure 4 shows a comparison of the hysteresis curves for the
samples A and C. The sample C shows more superior magnetic
properties than sample A, and has a saturation magnetization
of 71 emu/g and a coercivity of 5.85 kOe. The particle size in
sample C is large (100-200 um) for accommodating the
multidomain (about 200 times larger than the domain size) .!”
Since a higher coercivity value in barium ferrite powders
usually results from the fine particles with a single-domain
structure, the following magnetic behavior of the sample C
observed in Fig. 4 is worthy to note: (a) The recorded
saturation magnetization and coercivity are very close to the
theoretical values according to the Stoner-Wohlfarth (SW)
curve,'® and (b) the demagnetization characteristics are
similar to those of the single-domain particles reported in
literatures.®-!” These may be rationalized by speculating
that the coarse particles in this sample are consisting of fine
crystallites operating as a single-domain structure. According
to the discussion given in foregoing sections, the magnetic
properties of the sample C are basically determined by the
geometrical factor of particle distribution in the precursor
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during crystallization, and therefore the microstructures
developed in the final particles. More detailed microstructural
examinations are required to confirm this view.

4. Conclusions

The present results clearly demonstrate that the process
consisting of both light grinding and sieving of coprecipitated
presursors is useful for obtaining chemically homogeneous
coarse particles with a narrow size distribution, which exhibit
superior magnetic properties. The samples having fine
particles are a mixture of the hard phase [BaFe;;09], soft
phase [BaFe,0,] and eventually no magnetic phases. This is
due to a large fluctuation in the Fe/Ba molar ratio and the
agglomeration of fine particles, which lead to an oxygen
deficient crystallization resulting in second phases formation.
In contrast, the sample consisting of large particles (100-200
um) precipitates with a homogeneous chemical composition
(n=11+£0.2), forms a porous precursor, and transforms into
the single phase of BaFe;,O¢ after calcination. It is concluded
from the magnetic measurements that the porosity rather
than the average particle size affects the magnetic properties
of the barium ferrite powders. The recorded-coercivity and
-saturation magnetization are very closed to the theoreti-
cal values.
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