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a b s t r a c t

Reactive flash-sintering technique has been used in order to obtain strontium ferrite magnets from a
mixture of SrCO3 and Fe2O3 commercial powders. This technique allows preparing sintered SrFe12O19 at a
furnace temperature of just 973 K during just 2 min by applying a modest field of 40 V cm-1, instead of the
conventional sintering process employed in ferrite magnet manufacturing that demands high temperature
and long dwell times. Analysis of structural and magnetic properties were performed as a function of time
in which the flash event was held. Mössbauer spectra show the existence of five different kinds of local
environments, confirming the formation of strontium hexaferrite. The resulting samples exhibit comparable
magnetic properties to the state-of-the-art ferrite magnets. In particular, produced samples reach a coer-
civity of 0.4 T and a specific saturation magnetization of 70 Am2 kg-1.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Magnetic materials and, particularly, permanent magnets play a
key role in many applications including motors, recording media or
high frequency devices, such as millimeter wave absorbers and ro-
tators [1–3]. On the quest to find alternatives to the rare-earth based
permanent magnets, hexaferrites are one of the most important
alternatives families, reaching an annual production of one million
tons [4–7]. Among them, one of the most studied compounds is
strontium hexaferrite, SrFe12O19, due to the competitive advantages
it offers including availability, price and environmental friendliness
during both mining and production [6]. This hexaferrite, with
magnetoplumbite structure, exhibits superior chemical stability [8],
outstanding magnetocrystalline anisotropy and relatively high Curie
temperature [9].
The preparation technique used to produce SrFe12O19 plays a key

role in determining the magnetic properties and structure of the
final product. The conventional and earliest method to prepare this
compound is by calcination and subsequent sintering of a mixture of
oxides and carbonates in a furnace at 1573 K [10]. However, this
method consumes extensive energy and time, and produces large
particles, which decrease the hard magnetic behavior of the sample

[6]. For that reason, different chemical synthesis approaches have
been considered to prepare nanostructured ferrites, such as sol-gel
[11] and hydrothermal [12] followed by calcination at high tem-
peratures or precipitation in molten salt at temperatures up to
1473 K [13]. These methods usually require the use of solvents and
relatively long or complex preparation procedures. Moreover, me-
chanochemical synthesis has been also proposed for preparing this
compound with high coercivity and magnetic saturation [14].
However, it requires of high milling times (> 5+ h) [14–16] that
promote iron contamination from the milling media limiting the
energy-saving and cost-reducing. In this sense, flash sintering, a
relatively novel technique by which the application of electric field
at moderate temperatures leads to the fast densification of most
oxides within a few seconds [17], has attracted the interest of the
scientific community. The main advantages of FS when is compared
to conventional techniques are the significantly reduced processing
times and temperatures, which allows for substantial energy saving
[18] and, at the same time, results in reduced grain size and vola-
tilization losses [19]. Moreover, it has been recently shown that it is
possible to simultaneously induce the reaction and densification of
compounds from a mixture of their precursors oxides powders in
green state [20]. This new methodology has been denominated re-
action (or reactive) flash sintering (RFS) and has been used to pre-
pare different materials. The more novel attempts by RFS have been
aimed towards preparation of a wide range of ceramic composites
[21–23], oxide compounds [18,24] and recently, even high-entropy
oxides [25–27].
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In this work, SrFe12O19 samples were successfully prepared by
reactive flash sintering in just few minutes starting from a mixture of
Fe2O3 and SrCO3 powders. The partial and final products of the flash
process have been studied by X-ray diffraction, scanning electron
microscopy, Mössbauer spectroscopy and magnetometry. To the best
of our knowledge, there are no reports on the preparation of
SrFe12O19 or any other hard magnetic ceramic using RFS technique.

2. Experimental

Commercially available -Fe2O3 (Sigma-Aldrich, 99 % purity)
and SrCO3 (Sigma-Aldrich, 98 % purity) were used for the pre-
paration of the SrFe12O19 samples. The powders, with an additional
amount of 5 % mass excess SrCO3 [14,28,29], were mixed for 20min
with the objective of obtaining a homogeneous mixture in an Emax
(Retsch) ball mill using hardened steel balls and vials as milling
media. The initial powder mass was 10 g, the ball to powder ratio
10:1 and the speed of the vials of 500 rpm. To prevent the over-
heating of the vials, the experiments were carried out by alternating
5min of milling with 1min at rest.
Reaction flash sintering technique was employed in order to

produce the SrFe12O19 compound. Approximately 0.8 g of the mixed
precursors were uniaxially pressed into dog-bone shaped specimens
and placed into a tubular furnace by means of two platinum wires
attached to the handles of the dog-bone. Platinum paste was added
into the holes of the handles of the green-body dog-bones in order to
provide a good contact sample-electrode. The electrode wires were
connected to a 1500W DC power supply (EA-PSI 9760–06 DT). The
furnace was heated from room temperature at a constant heating
rate of 5 K/min and, simultaneously, the power supply was operated
in a voltage-controlled mode until the flash event took place. As the
sample conductivity increases, the current density traversing the
specimen rises until a maximum preset value is reached. At this
point, the power supply automatically switched to current-con-
trolled mode to counteract the abrupt non-linear rise of the con-
ductivity. The flash event was maintained for a certain time lag
before the power supply was turned off.
Powder X-ray diffraction patterns, recorded in a Rigaku MiniFlex

diffractometer using Cu-K radiation at room temperature, were
used to monitor the formation of the strontium ferrite. The local
environment of Fe atoms was analyzed at room temperature by
Mössbauer spectrometry (MS) in transmission geometry using a
57Co(Rh) source. Values of the hyperfine parameters were obtained
by fitting the measured spectra with the NORMOS program [30] and

isomer shifts were measured relative to that of a standard foil of
pure Fe at room temperature.
Microstructural analysis of the samples was carried out by

scanning electron microscopy (SEM) in secondary electrons mode
performed in a Hitachi S-4800 microscope (Hitachi, Ltd.) operated at
2 kV. Phase transition temperatures of the samples were determined
by differential scanning calorimetry (DSC), and SrCO3 decomposition
was studied by thermogravimetric (TG) curves. These experiments
were carried out in a simultaneous TG/DSC (Q650 SDT, TA
Instruments), at a heating rate of 10 K/min under a nitrogen flow of
100 cm3 min-1.
Magnetic hysteresis loops for all the consolidated pellets were

measured at room temperature under a maximum applied external
magnetic field of ±1.5 T using a Lakeshore 7407 Vibrating Sample
Magnetometer (VSM).

3. Results and discussion

3.1. Preparation of SrFe12O19 by reactive flash sintering

A careful control of the experimental conditions (applied electric
field and current density limit) is essential to develop high quality
samples by reactive flash sintering [31–33]. In this section, we have
investigated reactive flash sintering, in which Fe2O3 and SrCO3 can
react and sinter and the same time to produce a single phase of a
complex ferrite, SrFe12O19. In order to do that, up to 16 different
experiments have been performed using different combinations of
electric fields and current density limits. The obtained results are
shown in Fig. 1. Well-differentiated regions can be observed: two
large regions where reaction process was either incomplete (pre-
sence of precursor phases) or localized producing heterogeneous
pellets (the localization of the current represents a preferential path
for current flow through the specimen, which avoids the production
of homogeneous samples with the desired microstructure [34]), and
a very narrow range where the conditions in terms of applied
electric fields and current density limits are optimum (complete
formation of the desired structured without localization of the cur-
rent) for the preparation of homogeneous materials. According to
Fig. 1, at least an electric field of 40 V cm-1 and a current density limit
of 80mAmm-2 are needed to induce the reaction (blue symbols),
while for lower values the reaction is incomplete. Therefore, op-
timum conditions are 40 V cm-1 and current density limits in the
range from 80 to 100mAmm-2. Only under these specific conditions,
homogeneous samples can be prepared without distortion of the
current flow. In any other case, experimental conditions lead to lo-
calization (red symbols) or to incomplete reactions and poorly dense
pellets (black symbols).
Fig. 2a shows, as an example, the evolution of electric field and

current density as a function of the furnace temperature for a re-
active flash sintering experiment at an electric field of 40 V cm-1, a
current density limit of 100mAmm-2, and with the flash event held
for 0.5min. The classical three stages of flash sintering [35] can be
clearly observed. Incubation stage starts at approximately 913 K,
where there is a slow increase in the conductivity of the sample. At
stage II, there is a sharp rise in the conductivity to a maximum value
of 100mAmm-2. At this point, the sample was maintained in a flash-
activated state under controlled current for 0.5min, which was
reached at a furnace temperature of ~920 K.
Inset shows the power density dissipated during the reaction

process in the specimen, given by =P IE , where I is the current
density and E the electric field. The observed behavior at low tem-
peratures is interrupted when the flash event occurs, with a sharp
increase of the power dissipation. It is similar to those found in the
literature for flash sintering of several materials but, in this case,
reaction and sintering take place at the same time [36]. In fact, it has
been shown that field-assisted processing techniques can enhance

Fig. 1. Experimental conditions tested in the reactive flash sintering process of
SrFe12O19, in terms of applied electric fields and current density limits (flash event
holding 2min).
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the kinetics of powder synthesis, accelerate sintering processes, and
drive phase transformation at significantly lower temperatures
compared to conventional methods [37]. Although it has been
shown that synthesis and sintering of materials can be both re-
markably accelerated by using electric fields, the reaction and den-
sification could happen either simultaneously [20,38] or not [39].
Ex-situ XRD patterns (Fig. 2b) were taken at different tempera-

tures during the reactive flash experiment (marked in Fig. 2a). At
863 K (point 1), the obtained XRD pattern is consistent with the
mixture of the starting materials, where all the peaks correspond to
Fe2O3 and SrCO3. At 936 K, which corresponds to a furnace tem-
perature at the beginning of the increase of the conductivity (point
2), the XRD pattern can be still indexed with the starting
compounds. At this point we can conclude that these experimental
conditions do not provide enough energy to produce the reaction
corresponding to the formation of the strontium hexaferrite. The
most crucial difference among the XRD patterns of the samples at

points 1, and 2 and the flashed sample (point 3) is the formation of
the hard magnetic SrFe12O19 (JCPDS 33-1340) after the flash event.
Thermogravimetric measurement for SrCO3 initial powder is

shown in Fig. 3. An important mass loss occurs between 1200 and
1400 K, due to the SrCO3 decomposition into SrO and CO2. These
temperatures are much higher than those in which flash event is
observed (Fig. 2a). In fact, it has been shown that the heat generated
during the induction of the flash event of one of the constituents of
the mixture can be used to induce the flash or other kinds of
transformations, such as chemical reactions or decomposition, in the
other compounds of the mixture [40]. Interestingly, in the studied
samples, the flash event not only induces the formation of the fer-
rite, but it also induces the decomposition of the SrCO3 at lower
temperatures (point 3 in Fig. 2b). Therefore, strontium carbonate
decomposition and chemical reaction to produce SrFe12O19 is con-
comitant to the flash process.

3.2. Structural characterization

Fig. 4a shows the XRD patterns taken at room temperature of the
resulting pellets obtained after the flash experiment carried out
under an electric field of 40 V cm-1, a current limit of 100mAmm-2

and with the flash event held for different times. Considering the
XRD patterns, SrFe12O19 dominates the XRD reflections peaks,
identified by hexagonal crystal lattice structure with P mmc6 /3 space
group. Only in the case of sample flashed for 0.5min, some traces of
-Fe2O3 phase can be observed (marked in the figure). This phase is
identified by hexagonal crystal lattice structure with R c3̄ space
group and it is distinctly observed at the diffraction angle of 2 ~33
degrees. The appearance of -Fe2O3 phase for the sample flashed for
0.5min indicates the insufficient time and energy required for the
formation of SrFe12O19 from -Fe2O3 and SrCO3. There is no evidence
of -Fe2O3 in XRD patterns collected when holding times of 2min
and 5min are used.
A Le Bail fitting was performed to estimate the lattice parameters

of the SrFe12O19 structure for the three studied specimens. Fig. 4b
shows, as an example, the Le Bail refinement at room temperature of
the XRD pattern corresponding to the sample flashed for 2min. The
obtained values of lattice parameters a and c as well as the crystal
size, D, corresponding to the SrFe12O19 structure, have been collected
in Table 1. These results show that the experimental X-ray profile fits
well the calculated pattern with good confidence factors. The ob-
tained values of the cell parameters are similar to those obtained for
pure SrFe12O19 structure [41]. The worst GOF obtained in the case of
the sample flashed for 0.5 is due to the existence of the residual
-Fe2O3 phase. On the other hand, an increase of D can be observed
with the increase of time of flash, as it was expected for a higher
exposition to high temperature of the samples.

Fig. 2. a) Evolution of electric field and current density as a function of furnace
temperature during a reactive flash experiment carried out at an electric field of
40 V cm-1, a current density limit of 100mAmm-2, and a flash event held for 0.5min.
Arrows indicate the corresponding temperatures up to which different samples have
been heated. Inset: power dissipation profile of the resulting pellet. b) X-ray diffrac-
tion patterns recorded at room temperature of the samples taken at the indicated
points in a). All the peaks of the pattern at the point 3 correspond to SrFe12O19 (JCPDS
33-1340).

Fig. 3. Thermogram corresponding to SrCO3 decomposition.
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57Fe Mössbauer spectroscopy is a powerful tool for studying the
local magnetic properties of materials which contains Fe [42,43].
This technique allows to obtain different information from their
spectra. In this work, the use of this technique has allowed the
quantitative analysis of the different phases which present the
analyzed compounds, their identification and their magnetic char-
acterization. Fig. 5 shows the room temperature Mössbauer spectra
obtained from the prepared samples. One ferromagnetic site was
used to describe the ferromagnetic contribution of the original
mixed powder, assigned to single site in -Fe2O3 phase. The spectra
of the samples after the flash process show a complex behavior. In
fact, the SrFe12O19 structure can be considered as a sequence of al-
ternating spinel and rocksalt blocks, where the 24 iron cations are
distributed over five different sub-lattices, with five different cation
environments which correspond to the 2a, 2b, 4f1, 4f2, and 12k

positions in the Wickhoff notation [44]. At the spinel block, iron at
the four octahedral (4f1) sites are antiferromagnetically coupled. In
the rocksalt block, the presence of the Sr2+ distorts the neighboring
octahedral iron sites, and gives rise to two distorted octahedral sites
(4f2) which are antiferromagnetically coupled to the rest of the oc-
tahedral sites (12k). It also has an unusual bipyramidal Fe site (2b),
coupled ferromagnetically to the majority of octahedral sites.
Therefore, Mössbauer spectra have been fitted using five ferromag-
netic sextets, one for each iron crystallographic site. Moreover, be-
yond the corresponding sextets of the SrFe12O19 structure, a
distribution of hyperfine fields from 46 to 54 T was used to show the
contribution of the -Fe2O3 phase. Although a more realistic model
should fit this contribution using only a discrete site, this procedure
is generally found when analyzing disordered systems with complex
unit cell in order to avoid overlapping and difficulties in the con-
vergence of the fitting [42]. Even though the -Fe2O3 phase was only
detected by XRD in the case of the sample flashed for 0.5min, the
area fraction of this phase is evident by the Mössbauer spectra in the
other specimens. In fact, it is known that MS is a more sensitive
technique than XRD in order to detect small fractions of Fe com-
pounds [42].
The hyperfine parameters obtained from the fit of the Mössbauer

spectra are summarized in Table 2 for each of the five crystal-
lographic sub-lattices. The obtained hyperfine parameters and
spectral areas are all reasonably within the range of those reported
previously for this material. The hyperfine field, as well as the
quadrupolar splitting of the SrFe12O19 samples, show similar values
to the previously obtained for this ferrite [45,46]. The isomer shift, ,
of all iron cations reaches values between 0.2 and 0.4mm/s, in-
dicating that iron exits in the 3 + state (typical value of for the 2 +
state can be found in the range from 0.9 to 1.5mm/s [46]). No sig-
nificant variation in the different hyperfine field parameters can be
found with the increase of the flash time.
The occupancy of the iron cations in the different sub-lattices are

related with the area of each sub-spectrum normalized to 24 (last
column of Table 2). It can be observed that the results of the sites
1–3 are somewhat higher than those theoretically expected (12, 4
and 2, respectively), obtaining lower values in the case of the sites 4
and 5 (corresponding to 4f2 and the 2b Wyckoff positions). These
low values have been observed systematically in these kind of
compounds [46,47], which have been associated to the presence of
vacancies [47], which inhibit the exchange interactions and, there-
fore, decrease the magnetization. In fact, the presence of vacancies is
habitual of this production route [48–51]. On the other hand, it
should be noted that the best agreement between theoretical and
experimental data is reached in the case of the sample flashed for
2min, in which the amount of the Fe2O3 is lower.
The surface morphology of the cross section fracture of the re-

active flash sintered specimen for 2min, as observed by SEM, is
shown in Fig. 6. The microstructure of the sample corresponds to a
well-sintered material with a fairly uniform distribution of micro-
metric grains. The observed microstructure is typical of samples
produced by RFS technique, characterized by reduced grain size [19].
In fact, the smaller grain sizes in RFSed samples were mainly at-
tributed to the ultrafast densification under rapid heating. The
density of the samples was estimated from Archimedes method,
obtaining a relative density around 87 % using 5.1 g/cm3 as the
theoretical density value of SrFe12O19 [6].

3.3. Magnetic characterization

Fig. 7 shows the magnetic hysteresis loops H( ), where H is the
applied field, recorded at 300 K for the studied specimens. The loops
exhibit similar behavior, characterized by high coercive fields, HC , as
it is expected for hard magnets, and a considerable slope at high
fields. It indicates that the saturation value of magnetization, s,

Fig. 4. a) X-ray diffraction patterns at room temperature of the resulting pellets ob-
tained after the reactive flash process carried out under an electric field of 40 V cm-1

and a current density limit of 100mAmm-2 and held during different times. The main
reflection peak of hematite (α-Fe2O3) is indicated in the figure. b) Le Bail refinement of
the XRD pattern corresponding to the specimen reactive flashed for 2min.

Table 1
Le Bail refinement parameters of the specimens flashed during different times at an
electric field of 40 V cm-1 and a current density limit of 100mAmm-2.

Time (min) a ( ) c ( ) D (nm) GoF

0.5 5.870 23.000 62.0 1.8
2 5.872 23.015 63.5 1.3
5 5.875 23.030 77.2 1.5
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could be only reached by means of higher applied fields. The specific
magnetization at 1.5 T, T1.5 , and HC have been collected in Table 3.
The ferro-paramagnetic phase transition at the Curie temperature,
TC , has been observed from calorimetric measurements
(Supplementary information). Obtained values of this parameter
have been collected in Table 3, which are in close agreement with
those of high quality samples reported in literature [9].
The obtained values of HC are higher than those reported for

samples produced by conventional solid-state reaction method [52],
other techniques that require long dwell times and high

temperatures [53] and for SrFe12O19 nanocrystallites produced by
hydrothermal synthesis and consolidated by Spark Plasma Sintering
[29]. However, HC values are lower than those found for samples
produced by mechanochemical synthesis, but that require much
more longer time of processing (5 h of milling + annealing at 973 K
for 2 h) [14].
In order to estimate the value of s, an approximation to sa-

turation derived from the Stoner-Wohlfarth (SW) model has been
used. In SW model, materials are considered as a single magnetic
domain, so multi-domain related effects or inhomogeneities are not

Fig. 5. Experimental (symbols) and fitting of the Mössbauer spectra (continuous lines) of the original mixed powders and of the resulting pellets obtained after the reactive flash
process carried out under an electric field of 40 V cm-1, a current density of 100mAmm-2 and held during the indicated times.

Table 2
Hyperfine parameters obtained from the room temperature Mössbauer spectra of the analyzed samples. Bhf is the magnetic hyperfine field, Q S is the quadrupolar splitting, the
isomer shift relative to -Fe and A the Fe atomic fraction of each contribution. Intensity corresponds to the occupancy of the iron cations in the sub-lattices of the SrFe12O19
structure normalized to 24. Estimated errors in Bhf , , Q , and A are ±0.3 T, 0.03mm/s 0.02mm/s and 0.1 respectively.

Time (min) Component Bhf (T) Q (mm/s) (mm/s) A (%) Intensity

0 Fe2O3 Site 1 51.7 0.23 0.37 100
0.5 Fe2O3 distribution 51.0 0.23 0.33 10.6

SrFe12O19 Site1 (12k) 41.3 0.39 0.35 48.8 13.2
Site2 (4f1) 49.7 0.10 0.19 16.9 4.4
Site3 (2a) 52.3 0.17 0.36 7.8 2.1
Site4 (4f2) 50.2 0.18 0.45 12.5 3.3
Site5 (2b) 41.1 1.60 0.30 3.3 1.0

2 Fe2O3 distribution 48.6 0.24 0.32 4.5
SrFe12O19 Site1 (12k) 41.2 0.38 0.35 51.3 12.9

Site2 (4f1) 49.8 0.09 0.21 16.7 4.1
Site3 (2a) 52.3 0.23 0.35 8.4 2.1
Site4 (4f2) 50.4 0.26 0.45 13.9 3.5
Site5 (2b) 41.2 1.60 0.30 5.2 1.5

5 Fe2O3 distribution 50.0 0.24 0.28 5.7
SrFe12O19 Site1 (12k) 41.3 0.37 0.35 50.3 12.8

Site2 (4f1) 49.8 0.07 0.21 16.9 4.3
Site3 (2a) 52.3 0.19 0.37 8.7 2.2
Site4 (4f2) 50.4 0.26 0.41 14.1 3.6
Site5 (2b) 41.2 1.67 0.28 4.3 1.1
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considered. However, this simple model is adequate enough to de-
scribe the physics of magnetic grains that are small enough to
contain single magnetic domains. Despite the simplicity of this
model, it is capable to predict the existence of hysteresis loops for
isotropic samples with identical particles. This approximation leads
to the next equation [54]:

=H H H( ) (1 sin 2 /8 ),s a
2 2

0
2 (1)

where Ha is the anisotropy field, and 0 is the angle between the
applied field and the anisotropy axis. This model is intended for non-
interacting, single domain particles with uniaxial anisotropy. From
Eq. (1) it is expected a linear relationship of the measured magne-
tization at high fields as a function of H1/ 2. This analysis has been
applied to the studied specimens and depicted in Fig. 8, showing the
expected linear behavior. The obtained S , as expected, are higher
than T1.5 values and have been collected in Table 3.

The ratio between remnant and saturation magnetization is
commonly used in the evaluation of sample alignment. According to
the SW model, an ideally aligned sample gives a ratio equal to unity,
leading to hysteresis loops of enhanced rectangularity, while it de-
creases to 0.5 for complete randomly oriented crystallites [55]. The
obtained ratio /R s of the studied samples is close to 0.5. Similar
values of this ratio can be found in samples prepared by conven-
tional methods [52]. However, clearly higher values have been re-
ported when orientation methods are used in order to pre-align the
powders during sintering [29,53,56]. /R s parameter is important to
determine the energy product BHmax, which represents the energy
stored outside the magnet in the magnetic field lines and is con-
sidered the figure of merit of a hard-magnetic material. For a fully
dense and perfectly oriented sample with R= S , the theoretical
upper limit of BHmax is given by µ /4S0

2 , where µ0 is the vacuum
permeability. For randomly oriented grains, where R=0.5 S, a re-
duction in BHmax by a factor of 4 occurs. In the case of the studied
samples, the theoretical maximum value of BHmax corresponds to
45 kJ/m3 [2]. Our samples are far from this value, but they are similar
to the highest BHmax value obtained for pre-aligned powders sintered
by SPS (29(4) kJ/m3) [29]. Moreover, this parameter has been de-
termined without considering the demagnetizing factor. This fact
implies that the obtained values for BHmax are just a minimum es-
timation of the parameter.
The differences found between the different studied specimens

can be rationalized with the information provided by XRD and MS. A
clear decrease of S and HC can be observed with the increase of the
flash time, being the obtained values higher in the case of the sample
flashed for 0.5min HC is directly related to the particle size and to
optimize it, it is necessary to be in the narrow size range close to the
critical diameter for single-domain particles, which for SrFe12O19
ranges from 0.6 to 1 µm [57]. In the studied samples, the impurities
of α-Fe2O3 phase could act as an extra blockage of the magnetic wall
movement. Moreover, Mössbauer spectra show a decrease of iron
cations in 12k octahedral sites with the increase of the flash time,
while the iron cations in tetrahedral positions are practically con-
stant. It is known that the 12k octahedral sites point in the net
magnetization direction of the SrFe12O19, while the 4 f tetrahedral
cations point in the opposite direction. Therefore, the variation of
the cation population detected by MS suggests a lower spin mag-
netic moment in the case of the samples flashed during longer time,
in agreement with the obtained results. Moreover, although the ef-
fect of parameter a of the SrFe12O19 structure on the magnetic
properties is not fully explained, it has been emphasized that the
decrease in the parameter c causes an increase in magnetic

Fig. 6. SEM micrograph showing the microstructure of a cross section fracture of the
SrFe12O19 sample prepared by reactive flash sintering at 40 V cm-1 and 100mAmm-2

holding the flash event for 2min.

Fig. 7. Magnetic hysteresis loops taken at room temperature of the studied SrFe12O19
samples.

Table 3
Curie temperatures from the DSC experiments and magnetic parameters measured at
room temperature of coercivity, HC , remnant magnetization, R , and magnetization at
1.5 T, 1.5, and the value of the saturation magnetization, S . The values of the ratio

/R S and the BHmax parameter have been included.

Time
(min)

TC (K) HC (T) R
(Am2

kg-1)

1 5T.
(Am2

kg-1)

s
(Am2

kg-1)

/R S (%) BHmax
(kJ/m3)

0.5 734 0.43 36.6 66.9 74.2 0.49 30
2 734 0.42 35.4 62.5 68.9 0.51 24
5 734 0.40 34.5 60.9 67.3 0.51 21

Fig. 8. Linear behavior of the magnetization at high field as a function of H1/ 2 for the
studied samples. R2 is the correlation coefficient.
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saturation [58], in agreement with the obtained results by XRD and
magnetometry.
It is worth mentioning that using the reactive flash sintering

technique, state-of-art nominal magnetic performance values are
reached using a sintering process without dwell time, which implies
an important reduction in the energy consumption required to
produce ferrite magnets. This fact has been demonstrated for other
ceramics produced by RFS, reaching a decrease of about 82 % in the
energy consumption with respect to conventional preparation [18].
The obtained results indicate the good magnetic properties of the
produced samples as well as point to enhance of the magnetic
properties in RFS samples by applying an orientation method.

4. Conclusions

SrFe12O19 samples have been successfully synthesized and sin-
tered in a single step by Reactive Flash Sintering technique, RFS, for
the first time in just 2min. Magnetic properties of the studied
samples are closely linked to structural variations in the unit cells by
the incorporation of the remnant hematite phase. Mössbauer ana-
lysis detects an increase of the occupation of tetrahedral sites with
respect to octahedral ones when the flash time is increased, re-
flecting the reduction of the magnetic moments of the samples. The
obtained values of coercivity, specific saturation magnetization and
BHmax parameter can be compared with those previously reported
and prepared by more complex techniques that require more time
and energy. The results presented here show the potential of RFS
technique for the synthesis and consolidation of SrFe12O19 magnets
in a greener way, that leads to energy and time saving, which should
translate well to other ceramic magnets.
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