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Abstract

®

CrossMark

In the last few years, significant effort has again been devoted to ferrite-based permanent magnet
research due to the so-called rare-earth crisis. In particular, a quest to enhance ferrites maximum
energy product, BH ,,x, is underway. Here, the influence of composition and sintering conditions
on the microstructure and consequently magnetic properties of strontium ferrite-based hybrid
composites was investigated. The powder mixtures consisted of hydrothermally synthesised
Sr-ferrite with hexagonally shaped platelets with a diameter of 1 ;sm and thickness up to 90 nm,
and a soft magnetic phase in various ratios. Powders were sintered using a spark plasma
sintering furnace. The crystal structure, composition and microstructure of the starting powders
and hybrid magnets were examined. Their magnetic properties were evaluated by vibrating
sample magnetometer, permeameter and by single-point-detection measurements.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Permanent magnets (PMs) are crucial elements in modern
devices and are enabling technologies as they allow storing,
delivering and converting energy [1]. Due to their properties,
PMs are one of the vital components of the green revolution,

Original content from this work may be used under the
BY terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1361-6463/21/204002+8$33.00

1

playing an essential role in both renewable energy (i.e. in wind
turbines there is an 80-650 kg MW~! of PM [2]) and electric
mobility (for example, there is 5-10 kg of PM in a single elec-
tric car [3]). Apart from wind power and electric vehicles, PMs
are also found in electric bikes, acoustic transducers, hard disk
drives and many other applications.

In 1960, the PM market underwent a total revolution
with the appearance of rare earth (RE) PMs. Their energy
products rise to over 240 kJ] m~3 for SmCo and to over
400 kJ m—3 for NdFeB. Since raw materials were abundant
for the fabrication of PMs located in non-developed countries
with low production costs, the RE PM rapidly covered most

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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of the market. Nevertheless, the situation changed dramat-
ically around 2010, when the so-called RE-crisis struck [4].
With the industrial development of emerging countries (espe-
cially China), their requirements for PMs has increased sub-
stantially, and consequently, the prices of PMs has increased.
Accordingly, an urgent need to find alternatives to RE PMs,
especially in the intermediate energy product, BH,.x, range
between 50 and 200 kJ m~3 has emerged [5-7]. There-
fore, novel, low-cost hybrid magnets based on ferrites/alnicos
or any of their combinations with BH %, between 50 and
200 kJ m~3 represent an interesting and viable solution to
close the gap in the magnetic performance between ferrites and
RE magnets [7]. One of the approaches to achieve enhance-
ment of the energy product of already known and well-
researched materials is the exploitation of magnetic inter-
actions in composite materials prepared from (at least two)
different magnetic phases [8—13]. Namely, hybrid magnets
based on a high magnetisation material (soft phase) magnet-
ically coupled (exchange or magneto-dipolar interactions) to
a material with large anisotropy (hard phase) can result in
a magnet with high BH,,x values [8]. However, in order to
achieve efficient exchange-coupling the size of the soft phase
should not exceed two times the size of the domain wall
width of the hard phase and both phases should be in close
contact [8].

Spark plasma sintering (SPS) has gained interest as a con-
solidation technique also in the field of magnets [13—19] since
it enables fast heating rates, lower sintering temperatures and
shorter sintering times compared to conventional sintering
[20, 21]. All this presents an option for densification of mater-
ials with no, or with a limited grain growth [20, 21], which
would positively affect the size of both phases after consolid-
ation. A direct application of uniaxial pressure during densi-
fication by SPS could positively impact the magnetic proper-
ties (especially on remanence) of hexagonally shaped grains
by aligning them in the preferential orientation [22].

A vast number of research papers present various exchange-
coupled composites [10, 23-27], but papers reporting
increased BHp,x values based on exchange-coupled hard—
soft consolidated magnetic materials are scarce. The BH 5« of
14.3 kJ m~3 for a hard—soft magnetic ceramic composite was
reported by Roy and Kumar [11], in which they presented a
hard—soft magnetic composite consisting of BaCa,Fe ;50,7 as
the hard phase and Fe;O,4 as the soft phase. Jenus et al [13]
reported on Sr-ferrite/Co-ferrite bulk composites with BH .«
of 26.1 k] m—3. Despite those composites promising prop-
erties, cobalt is still considered a critical raw material [28]
and its saturation magnetisation is among the lowest of the
spinel ferrites [29]. Moreover, the electrification of society is
happening at the speed of light and new/hybrid magnets with
a low carbon imprint would mean a significant step forward in
reaching carbon neutrality. Our goal is to produce ferrite-based
magnets with enhanced magnetic properties, contributing to a
greener future.

In this paper, we present the magnetic performance of hard—
soft hybrid sintered composites based on the combination of
hydrothermally synthesised strontium hexaferrite (SFO) and

Zng,Fe; 304 (MP) nanoparticles with a cubic spinel struc-
ture. The average size of the soft nanoparticles is adequate
to achieve the exchange coupling with the hard ferrite while
its composition is optimised to be the largest in the family
of Zn-doped ferrites [30]. Tailoring the magnetic properties
of hard—soft ferrite magnets towards an increased maximum
energy product was explored.

2. Experimental

2.1. Synthesis of powders

SrFe,019 (SFO) particles were synthesised by the hydro-
thermal method adopted with some modifications by Primc
et al [31]. Briefly, aqueous solutions of metal ions were pre-
pared from strontium (II) nitrate (Sr(NOs),, 99%, Across
Organics, Thermo Fisher Scientific, Geel, Belgium) and iron
(IIT) nitrate nonahydrate (Fe(NO3)3 x 9H,0, 98%, Carlo Erba
Reagents (Peypin, France)) salts. The reagents were used as
received, without any further purification. The exact metal
concentration of the reagents was determined by chemical
analyses (ICP-AES, PE OPTIMA 3100RL (Perkin Elmer
Optima, Waltham, MA)). To the aqueous solution of Sr** and
Fe’*, with a Sr>*/Fe’t ratio of 1/6, the sodium hydroxide
(NaOH, 98%, Alfa Aesar, Karlsruhe, Germany) aqueous solu-
tion was added at room temperature so that the NO; ~/OH™
ratio was 1/2. The mixture was then put into a stainless-steel
autoclave and put in an oven pre-heated to 245 °C, kept at the
temperature for 15 min and then cooled down to room temper-
ature. The as-synthesised powder was additionally annealed at
1000 °C for 5 h.

Zn-doped ferrite (MP particles) was prepared through a co-
precipitation synthesis, which is a low-cost, eco-friendly and
industrially scalable approach. The stoichiometry of the soft
ferrites was adjusted with the target to maximise the satura-
tion magnetisation according to literature data [30]. In short,
Zn>* (ZnCly, >98%, Sigma Aldrich), Fe** (FeCl, x 4H,0,
98%, Sigma Aldrich) and Fe** (FeCl; x 6H,0, 98%,
Sigma Aldrich) amounts were adjusted accordingly to the
desired stoichiometry. These synthesis details are reported
in table SO1 in the supporting information (available online
at stacks.iop.org/JPD/54/204002/mmedia). In a typical syn-
thesis, 40 g of NaOH (>98%, Sigma Aldrich) was solubilised
in 1 1 of N, purged demineralised (DM) water. The basic solu-
tion was heated up to reflux under vigorous stirring and N,
flow. A solution of transition metals, prepared by solubilising
the metal chlorides in 250 ml of N, purged DM water, was
added quickly dropwise to the basic one at reflux, under vig-
orous stirring and N; flow.

The resulting black mixture was kept at reflux for 2 h, then
cooled down to room temperature. The black precipitate was
collected with the PM, washed several times with N, purged
water, ethanol and acetone and dried under N, flow. The stoi-
chiometries were checked through x-ray fluorescence spectro-
scopy (Rigaku Primus II, equipped with an Rh Ko radiation
source and a wavelength dispersive detector) and always found
equal to the nominal ones. In this study, the as-synthesised
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Table 1. Selected hard and soft phase particles (names,
composition, size and saturation magnetisation).

Name Composition  Particles’ size* M, Am? kg~
SFO SrFe ;019 1 pm 59
MP Zno_zFez_gO4 10 nm 85

2Determined by TEM or SEM analyses (see figure 2).

nanopowders without additional thermal treatment (sample
MP) were used.

Powder mixtures of SFO and MP particles used for the con-
solidation were prepared in different ratios (SFO-xMP, x = 5
and 10 vol%, corresponding to 4.8 and 9.1 wt%, respectively)
by mixing in isopropanol and homogenised with an ultrasonic
processor VCX500 (Sonics & Materials Inc., USA) for 2 min
at a power of 250 W, frequency 20 kHz and pulse on/off of 1 s.
Basic properties of single phase materials used in this study are
presented in table 1.

2.2. Consolidation

Prior to sintering, the powder mixtures were dispersed in
isopropanol and oriented under an applied magnetic field of
0.5 T. The used mixtures were assembled in a graphite die,
commonly used for SPS. In order to remove the solvent,
the graphite die was placed in an oven at 80 °C and dried
overnight. Powders were consolidated by SPS (Dr SINTER
SPS SYNTEX 3000, Fuji Electronic Industrial) at 850 °C with
a heating rate of 100 °C min—', holding times between 1 and
10 min and applied uniaxial pressure of 90 MPa. The sintered
magnets had a cylindrical shape with a diameter of 10 mm and
a thickness of approximately 2 mm.

2.3. Characterisation

The crystal structure of constituent powders and sintered
samples were identified by x-ray diffraction (XRD, Siemens
D5000 (Munich, Germany)) with the CuKa radiation. EVA
and TOPAS softwares (Bruker AXS, Karlsruhe, Germany)
were used for the analysis and refinement of obtained XRD
data. The measuring step was 0.02° s~! with a 4 s measur-
ing time per step. The soft phase morphology and crystallinity
were characterised using a transmission electron microscope
(TEM) with an accelerating voltage of 200 kV (Jeol 2100,
Tokyo, Japan). The powder microstructures and sintered com-
posites were investigated with a field-emission scanning elec-
tron microscope (SEM; Jeol 7600F). Their chemical phase
composition was determined with energy-dispersive x-ray
spectroscopy (EDXS; Inca, Oxford Instruments Analytical
Ltd, Abingdon, UK). The composites density after the SPS
was calculated from the pellets dimensions and is presented
in table 2.

The room-temperature magnetic properties of the powders
were measured with a vibrating sample magnetometer (VSM;
Lake Shore). The maximum energy product of sintered com-
posites was determined with the permeameter (Steingroever

EP2). Powders were oriented in an external magnetic field
of 2 T prior to the magnetic characterisation. The anisotropy
field (H,) of selected SPS sintered single-phase and composite
magnets were determined using the singular point detection
(SPD) technique. SPD is a unique technique that allows meas-
uring the H, and metamagnetic transitions in polycrystalline
materials directly [32]. The derivatives of magnetisation with
respect to time are recorded when the sample is under a mag-
netic pulse. The pulse shape is recorded and the derivatives
with respect to the magnetic field are obtained. In materials
with uniaxial magnetocrystalline anisotropy, the second deriv-
ative d’M/dH? features a peak at H = H,, originated by the
grains with an easy axis oriented perpendicularly to the mag-
netic field [32-35].

3. Results and discussion

The phase composition of the starting powders and powder
mixtures determined by XRD, presented in figure 1, revealed
that in the case of individual powders only peaks corres-
ponding to the single-phase materials were present, while in
the powder mixture peaks corresponding to both phases were
detected. The hard phase powder (SFO) displayed sharp, well-
defined peaks indicating a high degree of crystallinity. On the
other hand, the XRD analysis of soft phase, MP, powder resul-
ted in broader diffraction peaks typical for nanometric mater-
ials. XRD analyses also confirmed that prepared powder mix-
tures (for the sake of clarity is in figure 1 presented only one
of them) consisted of selected phases in corresponding ratios.
XRD patterns shown in figure 1 are also presented in sup-
porting information as individual figures S2—-S4 in which each
samples diffractogram is compared to its calculated pattern.
Phase analyses, which confirmed the composition of selected
powders and powder mixtures, were followed by the electron
microscopy (transmission and scanning) examination of selec-
ted starting powders and mixtures. The representative micro-
graphs are presented in figure 2.

The morphology of starting hard phase powder analysed
by SEM revealed SFO particles (figure 2(a)) with a diameter
of approximately 1 pm and thickness of a few tens of nano-
meters (up to 100 nm). They had typical hexagonal shape and
high diameter to thickness ratio. The average particles size of
selected soft phase material was determined to be 10 nm. Their
shape was irregular leaning towards spherical (figure 2(b)),
which is a typical morphology for nanometric spinel ferrites.

Starting powders and mixtures were also characterised in
terms of magnetic properties by VSM measurements in a
random orientation and after orientation in an external mag-
netic field. The hysteresis loops presented in figure 3 represent
single-phase materials, the effect of volume fraction and prop-
erties of soft phase on magnetic properties and shape of hyster-
esis loops. Soft phase particles (MP) displayed almost super-
paramagnetic behaviour with a very narrow hysteresis loop
with saturation magnetisation (Mg) values of 85 Am? kg’l.
On the other hand, SFO displayed typical hard-ferrite mag-
netic properties with a coercivity (Hc) of slightly higher than
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Figure 1. XRD diffractograms of starting powders, powder
mixtures and corresponding reference patterns.

Figure 2. Electron microscopy (EM) micrographs of starting
powders: (a) SEM of SFO and (b) TEM of MP.

300 kA m~! and Ms of 59 Am? kg~'. While 5 vol% of
MP particles does not significantly affect either the mag-
netic properties or shape of the hysteresis loop of the hard—
soft powder mixture, 10 vol% addition affects both the mag-
netic properties and shape of the hysteresis loop (figure 3).
Namely, with an increasing amount of the soft phase in the
mixture, the M increases (62 Am? kg~ for the mixture with
10 vol% of the soft phase). The measured Mg values of powder
mixtures are also in accordance with calculated Mg values
for given composites, which are 60.3 Am? kg~' for SFO-
5MP and 61.4 Am? kg~! for SFO-10MP, respectively. On
the other hand, with an increase in the soft phase content
Hc is decreasing (278 kA m~! for the mixture with 10 vol%
of the soft phase) and the knee in the hysteresis loop, char-
acteristic for a physical mixture of hard and soft magnetic
phase, is getting more and more pronounced. The latter was
expected since particles of both phases were not in close con-
tact in the prepared powder mixtures. The magnetic behaviour
observed was caused by magnetic phases without an exchange
interaction.

As described in section 2.2, powder mixtures were
compacted by SPS at 850 °C with an applied pressure of
90 MPa and with holding times varying between 1 and 10 min.
XRD analysis of sintered pellets was done on the polished pel-
lets top surface, which is perpendicular to the applied magnetic
field and pressing direction. The diffractograms of sintered
SFO and SFO-10MP are presented in supporting information
in figure S5. The phase analysis has revealed that during the
processing and consolidation, the texturing occurred. Namely,
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Figure 3. Hysteresis loops of starting single-phase powders and
powder mixtures.

SFO particles used in this study had strongly anisotropic
shape—thin hexagonal platelets with a diameter approxim-
ately ten times larger than its thickness. This, together with
an applied magnetic field prior to the sintering and applied
uniaxial pressure during the sintering, caused orientation of
SFO platelets with its c-axis parallel to the applied mag-
netic field and pressure. The orientation of SFO particles is
in XRD patterns shown as changes in the intensities or even
absence of some characteristic hkl peaks with [ # 0 [36-38].
The microstructural analysis of sintered samples was done
on the fractured surfaces (on figure 4 denoted as ‘Fractured
surface—side view’) and also on polished surfaces (on figure 4
denoted as ‘Polished surface—top view’). The distribution of
hard and soft phase in the composite is essential since the
(in)homogeneity of phases influences magnetic interactions
between both phases and magnetic properties of sintered com-
posite magnets [23, 31]. Therefore, polished top surfaces of
sintered samples were examined by EDXS elemental map-
ping analysis to determine the phase distribution after sinter-
ing. Since Fe and O are constituent elements in both, hard and
the soft phase, it was expected that both elements are equally
distributed in examined samples, and that was also the case
here (supporting information, figure S6). The Zn and Sr maps
(figure 4, bottom) are the ones that tell us the distribution of
phases in the prepared composites. It can be seen that mac-
roscopically the soft phase is relatively homogenously dis-
tributed in the hard phase matrix. However, despite the mix-
ing of starting powders in the solvent by using a sonicator,
the size of “Zn islands’ indicate an agglomeration of the soft
phase particles, which could have a detrimental effect on mag-
netic properties of sintered composite magnets. The latter sug-
gests that even mixing by sonication is not enough to break the
agglomerates of nanoparticles formed in a powder. Although
the use of nanoparticles in the form of stable suspensions is
less favourable from the potential scale-up point of view, it
would benefit to a more homogenous mixture of constituent
phases.
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Figure 4. SEM micrographs of sintered composite SFO-10MP sintered at 850 °C for 5 min and applied pressure of 90 MPa, representing
fractured surface, polished surface and corresponding EDXS elemental maps obtained on the presented polished surface. The scale bar for

the maps is the same as for the ‘polished surface’ image.
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Figure 5. Demagnetisation curves of sintered magnets.
Single-phase SFO sintered at 850 °C, 5 min, 90 MPa vs composites
with 5 or 10 vol% of nanosized Zng,>Fe, g4 sintered at 850 °C,

90 MPa and different holding times.

To determine magnetic properties of sintered single hard-
phase and composite magnets the demagnetisation curves
were measured. Figure 5 represents a comparison between
hard—phase SFO and SFO-MP composite magnets prepared

under the same conditions. The corresponding remanence
(BRr), coercivity (Hc), maximum energy product (BH ,,x) and
sintered density (p) values are listed in table 2. It can be seen
from figure 5 that single-phase SFO displays a square-like
shape of the demagnetisation curve with the remanence of
365 mT and coercivity of 183 kA m~!, leading to the BH x
of 23.9 k] m—3. Those magnetic properties are promising, but
still lower than magnetic properties of currently available com-
mercial sintered Sr-ferrite magnets (Bgr ~ 400 mT and BH ,x
up to 40 kJ m~3) [39]. Remanence of consolidated magnets
also depends on the bulk piece’s density, so one of the reas-
ons for lower values can be found in the sintered densities of
our material (4.84 ¢ cm™> or 94.5% of theoretical density).
Although some orientation was observed in our samples, it was
not enough to be compared to the industrial oriented ferrite
magnets.

One way to improve the maximum energy product of mag-
nets lies in a composite consisting of hard and soft magnetic
phase with an exchange interaction between the phases. The
theory of exchange interaction between hard and soft mag-
netic phases says that apart from being in close contact, the
soft phase’s size should not exceed a certain limit [8]. If the
hard phase is Sr—ferrite, then this size is roughly 28 nm [29].
Therefore, the used soft phase material had an average particle
size of 10 nm, which is well below the above-mentioned size
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Table 2. Magnetic properties and density of selected SPS sintered magnets.

B; (mT) He (kAm™") BHax (K m™?) p(gem™)
SFO 365.1 183.8 23.9 4.84
SFO-5MP_850-5 min 358.4 167.9 20.9 4.70
SFO-10MP_850-1 min 373.9 156.3 21.1 4.61
SFO-10MP_850-5 min 361 161.5 20.3 4.74
SFO-10MP_850-10 min 335 158.9 17.1 4.95

00
;: 0.1
o
B
T
=
o
°

02~

b —s=— SFO_850-5
—e— SFO-10MP_850-5
500 1000 1500 2000 2500
H (kA/m)

Figure 6. The second derivative of magnetisation of SFO and
SFO-10MP magnets both sintered at 850 °C, 5 min and 90 MPa
measured by singular point detection (SPD) technique.

limitation. While there was no substantial difference between
the magnetic performance of composites with 5 or 10 vol%
of soft phase (composites SFO-5MP and SFO-10MP) con-
solidated using the same sintering conditions (SPS, 850 °C,
5 min and 90 MPa), there was a decrease of magnetic proper-
ties, especially remanence, when longer holding times (SPS,
850 °C, 10 min and 90 MPa) were used. This indicates the
beginning of the possible diffusion/reaction between magnetic
phases or the reduction of the soft phase [40—42] leading to the
deterioration of magnetic performance. Namely, a decrease in
BH ,x to 17 kJ m—3 was observed.

Although different sintered composite magnets varying soft
phase composition and sintering conditions were prepared,
none of the investigated samples displayed better magnetic
properties than the single-phase Sr-ferrite. One of the reasons
for this can probably be found in the (in)homogeneous distri-
bution of both phases, possible diffusion between phases or in
the reduction of the soft phase. That the later could also be a
case in our study indicates the decrease in the magnetic prop-
erties when sintering time is prolonged (composite sintered for
10 min). Moreover, the addition of the soft phase can alter the
shape of the demagnetisation curve leading to the reduction of
the maximum energy product.

Selected samples were also investigated in terms of aniso-
tropy field, H,, by using the SPD technique [32, 35]. The
H, of ferrites depends on the magnetocrystalline anisotropy

and the shape anisotropy [29]. However, an effective coupling
between the hard and the soft phase in the composite would
decrease the effective H, compared to the pure hard phase
[8]. The determination of H, is even now a technical issue,
being mainly possible in bulk monocrystals. In polycrystals
and nanocrystals, H, is calculated from the analysis of the
approach-to-saturation law, from the transversal susceptibility
or the radiofrequency measurements. By using SPD, however,
the direct measurement of the H, and metamagnetic trans-
itions in polycrystalline materials is possible [32, 35]. Figure 6
represents the second derivative of magnetisation of SFO and
SFO-10MP composite magnets sintered at 850 °C, for 5 min
and applied pressure of 90 MPa. The H, was determined as
the minimum of the second derivative of the magnetisation at
which the change of the magnetisation regime of grains with
the easy axis oriented perpendicularly to the magnetic field
occurred. H, of single-phase SFO and SFO-10MP was little
less than 1500 kA m~!, both similar to the anisotropy field of
bulk Sr-ferrite, which is 1432 kA m~! [29]. No observable dif-
ference in the H, of composites, when compared to the pure
SFO, indicates that the exchange-coupling between the hard
and the soft phase was not effective even though that particles
were in close contact and that the size of the soft phase was
within limits. This presumption is supported by the recently
published paper by Soria et al [43] in which it was shown that
for the effective coupling between the phases also a structural
match must exist.

4. Conclusions

Ferrite-based composite magnets were prepared by sintering
nanosized Sr-ferrite and Zn-ferrite by SPS. Depending on the
concentration of the soft phase and sintering conditions, the
magnetic properties of ferrite-based hybrid composites can be
altered. The highest maximum energy product was determined
for the single-phase Sr-ferrite. It was observed that longer sin-
tering times (10 min) lead to the deterioration of hybrid com-
posites’ magnetic properties.
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