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Abstract Barium hexaferrite (BaFe;7019) ceramics were
obtained by combination of polyol-synthesized precursors
subsequently consolidated by spark plasma sintering (SPS)
at a low temperature (800 °C). X-ray powder diffraction
studies showed the influence of the experimental parame-
ters to produce a virtually single- or multiphase material.
The room temperature magnetic properties exhibited inter-
esting variety of properties, including exchange coupling
(spring magnet) between hexaferrite and other magnetic
phases. The saturation magnetization and coercive field, at
room temperature, are in the 34—70 emu/g and 4.1-5.0 kOe
ranges, respectively. The combination of strong coercive
field and magnetization resulted in a maximum energy prod-
uct [(BH)max] = 10.9 kJ/m? for the sample with the highest
BaFe 2019 content.

Keywords Barium hexaferrite - Reactive spark plasma
sintering - Nanostructures - Permanent magnet

1 Introduction

In spite of impressive progress in rare earth permanent mag-

net (PM) technology, bulk hexaferrites M2TFe(,019 (M2
is a divalent cation, typically Ba, Sr) retain a dominant fraction
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of the world permanent magnets’ market, due to their
inexpensive primary sources and a well-known “mature”
technology [1]. Many efforts in the research activity are
currently oriented to the enhancement of magnetic proper-
ties of these materials mainly by cation substitutions [2, 3]
and reduction to the nanometric size range [4—6]. Another
aspect with intense research activity is the investigations on
preparation technology by means of inexpensive methods at
lower sintering temperatures [7]. Recent developments on
soft chemistry and sintering are leading to more performing
nanostructured hexaferrites, through an appropriate control
of microstructure.

In this work, we show that a combination of polyol-
synthesized precursors subsequently consolidated by reac-
tive spark plasma sintering (RSPS) can lead to materials
with a very high energy product, and hence, a large vari-
ety of PM applications. The experimental parameters can
be tailored to produce a virtually pure hexagonal, free from
other iron oxide phases. A detailed analysis of the mag-
netic properties of obtained materials shows additionally
that multiphase materials can provide an interesting variety
of properties, including exchange coupling between mag-
netic phases [8]. Such materials can be useful in many
applications. Here, we report results obtained from selected
samples; the complete study involves a much larger investi-
gation, which will be published later.

2 Experimental

2.1 Preparation of M-type Barium Hexaferrite
Nanoparticles by Polyol Process (Precursors)

According to the classical procedure [9, 10], barium hydrox-
ide, Ba(OH);-8H,O, and iron nitrate, Fe(NO3)3-9H;0,
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were dissolved in the stoichiometric ratio in a polyol. In this
work, we used diethylene glycol (DEG) for some samples,
and tetraethylene glycol (TTEG) for others as described in
Table 1. We also tested the effects of the hydrolysis ratio
h, which is defined as the water-to-metal molar total ratio.
Taking into account that the water provided by the reagents
led to &4 = 9; in some cases, extra water was added to reach
h = 15, as described also in Table 1. The solution was
carried out under argon atmosphere and mechanical stirring
for 4 h. The mixture was heated up to its boiling point at a
6 °C/min heating rate under mechanical stirring, and main-
tained in reflux for 3 h more. The resulting suspension was
then allowed to cool down to room temperature and the pre-
cipitated solid was recuperated by centrifugation, washed
three times with ethanol, and was then left drying overnight
at 60 °C. All powders were annealed in air at 800 °C for
1 h and subsequently used as starting materials to produce
nanostructured barium ferrite ceramics by RSPS process.

2.2 BaFe 2019 Consolidation by RSPS

The consolidation of all powders was performed under vac-
uum using an SPS apparatus, model Dr. Sinter 511S Syntex.
In order to test the effects of RSPS parameters, two main
protocols were used: a high-pressure low-temperature one,
by sintering at 290 °C for 8 min at 600 MPa (sample D5),
and the opposite, i.e., high temperature (800 °C for 5 min)
at a relatively low pressure, 100 MPa (samples T10 and
T8). The pellets were then polished to remove any traces
of carbon paper (“papiex”) used during the consolidation
process.

2.3 Characterization

Structural characterization were performed by x-ray diffrac-
tion (XRD) using a Panalytical XpertPro equipped with a
multichannel detector (X celerator) using Co-Ko radiation
(A = 1.7889 A) in the 15°-100°26 range and a scan step
of 0.25 for 2 s. A quantitative phase analysis was carried
out using Rietveld refinements with the MAUD software.
Information about the particles size and morphology were
obtained from scanning electron microscopy (SEM) inves-
tigations using a JEOL-JSM 6100 microscope. Magnetic

Table 1 Synthesis parameters of polyol method and composition of
RSPS precursor (powders) after annealing at 800 °C

Sample Polyol Hydrolisis BaFe;;019 «-FeoOsz  BaFe;Oy
ratio (h) (Wt%) (wt%) (Wt%)

D5 DEG 15 25 65 10

T10 TTEG 9 68 24 8

T8 TTEG 15 79 18 3

@ Springer

hysteresis loops for RSPS-consolidated pellets were mea-
sured at room temperature in a maximum applied field
of 7 Tesla using a Quantum Design MPMS®3 SQUID
magnetometer in VSM mode.

3 Results and Discussion
3.1 Polyol Synthesis

After annealing at 800 °C, the XRD patterns of pow-
ders revealed the presence of the desired BaFej;Op9
phase (JCPDS 98-006-0984), with variable amounts of
other phases, o-Fe, O3 (JCPDS 98-008-2134) and BaFe,O4
(JCPDS 98-000-2769), as shown in Fig. 1. The results of
the XRD analysis as a function of synthesis parameters have
been gathered in Table 1.

D5 sample was synthesized with DEG and 7 = 15; it
showed some ferrite (BaFe;04), a low content of hexafer-
rite, and a large amount of hematite. DEG was changed by
TTEG and to reduce the hematite content, we tested an &
value of 9 (no water added in addition to water provided
by the reagents) to obtain sample T10; the amount of hexa-
ferrite increased. As TTEG seemed to favor the hexaferrite
content, we increased again the & value to 15, resulting in an
even larger content of the desired hexaferrite phase, sample
T8. These samples were then sintered by RSPS, as explained
below.

3.2 Sintered Ceramics
The relevant parameters and results from RSPS can be

found in Table 2. We first carried out RSPS at very low
temperature (290 °C, for 8 min) and very high pressure
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Fig. 1 XRD patterns of annealing powders before SPS process
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Table 2 RSPS parameters,

composition, and density of Sample  Temperature = Time  Pressure BaFe2019 «-FeoO3;  BaFeoOs4  Fe3O4  Density

final pellets ®) (min)  (MPa) (Wt%) (Wt%) (Wt%) (Wt%)  (g/em®)
D5 290 600 43 50 7 0 5.56
T10 800 100 40 0 10 50 5.18
T8 800 100 99 1 0 0 5.09

(600 MPa) for D5 sample. This low temperature was
selected in order to avoid the grain growth, and a high
pressure was proposed to reach a dense material. Refined
XRD patterns (Fig. 2) showed an increase in hexaferrite
phase (43 wt%) in spite of the low sintering 7. Hexafer-
rite was accompanied by hematite and a small amount of Ba
ferrite.

We then sintered the NPs synthesized with a reduced
hydrolysis ratio (h = 9), which is labeled as T10. RSPS
was carried out at a high temperature (800 °C, for 5 min)
and low pressure (100 MPa). The XRD analysis revealed
the absence of hematite, but a considerable amount of its
reduced phase, magnetite (JCPDS 98-015-9976) was found,
see Table 2. The formation of magnetite during the con-
solidation by the SPS process has been previously reported
[11] and attributed to the strong reducing character of SPS
[12]. Additional to magnetite, T10 sample contained about

10 wt% of BaFe,O4. Therefore, a decrease in the hydrolysis
ratio did not favored the formation of hexaferrite.

We then decided to carry out RSPS in the same con-
ditions (800 °C, for 5 min and low pressure, 100 MPa),
for the T8 sample, which possessed a high hydrolysis ratio
(h = 15). This time, XRD pattern showed a single phase
(99 wt%, with just traces of Ba ferrite) with all diffraction
peaks assigned to BaFe 2019 phase, as appears in Fig. 2.

The morphological information about samples was
obtained from the SEM micrographs, shown in Fig. 2. D5
sample revealed irregular grain shapes with a small size
as expected for this sample sintered at very low temper-
ature. Micrographs from T10 and T8 samples showed a
faceted material with larger grain size, in agreement with the
increase in sintering temperature, and there is clear evidence
that some grains have coalesced to form larger grains due
to the high temperature. In all cases, the samples exhibited,

Fig. 2 XRD patterns and SEM
images of final pellets
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however, an average grain size below 500 nm, lower than
the values found in literature for sintered BaFe ;019 sam-
ples with classic methods [13]. This is a direct consequence
of the short sintering time and low temperature involved in
RSPS [14].

Figure 3 shows the magnetic hysteresis loop for T8 sam-
ple. Saturation magnetization (Ms = 70 emu/g) and coercive
field (Hc = 4.1 kOe) are in good agreement with the bulk
values reported for barium hexaferrite (BaFe12019) [1]. The
combination of strong coercive field and magnetization and
the tendency to a square loop resulted in the largest energy
value found in this work, (BH)max = 10.9 kJ/m3. This is
larger than the typical reported values for polycrystalline,
not-oriented samples [11]. With the pertinent preparation
parameters, RSPS can therefore produce a single-phase,
dense, nanostructured material with improved magnetic
properties. For comparison, the magnetic parameters of all
samples have been gathered in Table 3.

The analysis of the magnetic properties of other samples
is quite meaningful. The D5 sample values of Ms and Hc
are 34 emu/g and 5 kOe, respectively. A decrease in mag-
netization value (both saturation and remanent) is observed,
due to the presence of the antiferromagnetic (AF) phase
(hematite). This dilution effect, in addition to the small
grain size obtained by the low sintering temperature used,
exhibited the highest Hc value reported in this investiga-
tion. This result can be understood in terms of the isolation
of small, single-domain hexaferrite grains surrounded by
AF hematite grains, which break the tendency to continu-
ity in magnetic flux between ferrimagnetic grains. A similar
effect has been observed in cobalt ferrite mixed with a
non-magnetic phase [15]. The (BH)max value decreased to
2.1 kJ/m? due to the decrease in Mr value and a reduction
of the square shape in the hysteresis loop, see Fig. 3.
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Fig. 3 Hysteresis loops of consolidated ceramics at room temperature
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Table 3 Magnetic properties at room temperature of consolidated
samples

Sample Hc (kOe) Msat7T Mr (emu/g) (BH)max
(emu/g) (kJ/m?)

D5 5 34 16 2.1

T10 43 50 31 7.4

T8 4.1 70 41 10.9

Last but not least, T10 sample presents Ms = 50 emu/g
and Hc = 4.3 kOe. In spite of the low content of bar-
ium hexaferrite, Ms value increases due to the amount of
magnetite (Ms = 90 emu/g [16]) formed during the RSPS
process. Magnetite was formed because of a low hydroly-
sis ratio and the RSPS reducing conditions. SPS is indeed
a reductive process, as recently shown in the case of Ni—
Zn ferrite sintering [12]. Magnetite is a soft material with
a higher magnetization value and during measurements, it
is the total value of magnetization (contribution of all mag-
netic moments in the volume) which is detected. However,
what is remarkable is that in spite of the low value of Hc of
magnetite (typically below 200 Oe), the coercive field value
of this sample is high, comparable to sample T8 (virtually
pure hexaferrite phase). The absence of a “shoulder” in the
hysteresis loop (at the expected value of the coercive field
of magnetite) and the presence of a single Hc, as shown in
Fig. 3, can be explained by an exchange coupling between
the two ferrimagnetic phases. The soft phase is “driven” by
the hard phase and the material behaves as a single mag-
netic entity. This phenomenon is known as spring magnet
and allows to maintain a high Hc value while increasing the
magnetization value [8]. The (BH)max is 7.4 kJ/m>, a high
value for a sample with such low content of hard magnetic
material.

4 Conclusions

By means of a good choice of preparation parameters, the
combination of polyol-synthesized NPs, subsequently con-
solidated by reactive spark plasma sintering (RSPS) can
lead to single-phase nanostructured barium hexaferrite with
enhanced magnetic properties. These parameters included,
for the polyol synthesis, the use of tetraethylene glycol and
a hydrolysis ratio of 15. For the RSPS sintering, the opti-
mal conditions were 800 °C at a pressure of 100 MPa for
5 min. As expected, the single-phase hexaferrite obtained
exhibited a high energy product (BH)max. Variations in
these parameters resulted in other phases present in the final
material, in addition to the hexagonal ferrite. A careful anal-
ysis of such materials showed unusual magnetic properties;
a very high coercive field as a consequence of the dilution
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of small hexaferrite grains, as well as evidence of exchange
coupling (also known as spring magnets) associated with
the presence of a soft ferrimagnetic phase (magnetite). The
synthesis and sintering parameters involved in this pro-
posed process therefore allow the tailoring of magnetic
properties, and can provide novel materials for specific
applications.
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