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Abstract

Ferrites are a well-known class of ferrimagnetic materials. In the form of nanoparticles 
(NPs), they exhibit novel and fascinating properties, leading to an extremely wide variety 
of applications in electronics, biomedical and environmental fields. These applications 
result from nanoscale effects on physical properties, particularly magnetic properties. 
For applications in electronic devices, however, a high-density, consolidated body, with 
very fine grains is needed, in order to retain the nanoscale properties. To our knowledge, 
spark plasma sintering (SPS) is the only method permitting a full densification with final 
grain size in the nanometer range. In this review, we examine the SPS method as applied 
to ferrites and, in particular, the effects of SPS parameters on the final nanostructures 
obtained. Due to their technological impact, we also discuss the SPS fabrication of hybrid 
multiferroic nanostructures composed of a ferrite and a ferroelectric phase.

Keywords: spark plasma sintering, ferrites, nanostructures

1. Introduction

Ferrite materials have been widely used because of their excellent magnetic and electric prop-

erties. With three basic crystal structures, spinel, garnet and hexagonal unit cells, they can 

form a virtually endlessly number of solid solutions and thus be tailored for most applica-

tions [1]. Ferrite-based devices [2] are used in all communication systems (magnetic storage, 

microwave absorbers, high frequency inductors, radar devices, phase array antennas), dif-

ferent electric motors (a modern car has more than 30 DC motors), as permanent magnets. 

Hexagonal ferrites still constitute about 75% of the permanent magnet world market [3].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Developed since the 1930s, ferrites are sometimes considered as a “mature” technology, with 

the implication that advances in this field would only be incremental. This, in fact, is very far 
from reality [4]. A simple look at specialized literature shows that advances in ferrite process-

ing and devices during the last 10 years have been dramatic and significant.

The ferrite size reduction from bulk to nanoscale has opened a whole new field of potential 
applications, as well as many issues on basic research. Magnetic properties of nanoparticles 

can be quite different [5] from those of their microsized or bulk counterparts. As the dimen-

sions are reduced below a critical size, magnetic properties change from those of multidomain 

to those of single domain structure. Magnetic moments at the particle surface become noncol-

linear due to broken exchange bonds at the external layer of the particles. An additional com-

plexity arises from the interactions (dipolar, exchange) between particles, a subject which so 

far, has been poorly understood. The macroscopic magnetic properties of nanoparticle-based 
materials can be therefore extremely complex. But as it occurs very often, a source of complex-

ity can become also a source of novel applications and knowledge once properly understood.

Nanoferrite technology has been ongoing for the last 20 years, with recent advances in mag-

netic fine particle production by many innovative routes. However, for most applications in 
electronic devices, a nanoparticle powder is unsuitable; a high density and fully consolidated 

material is needed. Conventional sintering–usually operated at temperatures in excess of 

1100°C for a few hours–leads to an excessive grain growth, making such a method unaccept-

able to consolidate nanoscale materials.

A novel sintering technique has been recently developed in Japan, known as spark plasma 

sintering (SPS) [6], consisting of generating internally heat by means of DC current pulses 

directly through a graphite die containing the powder compact. This technique allows very 
fast heating and cooling rates (up to 1000°C/min) and has shown its potential to consolidate 

nanoparticle powders into high-density samples with controlled grain growth. Contrary to 

conventional sintering, ferrites have been consolidated to high density at temperatures as 

low as 500°C with sintering times as short as 5 min, while keeping grain size in the 100 nm 

range [7].

Recently, SPS has also shown [8, 9] the capability to consolidate nanohetero-structures in 

order to fabricate multifunctional materials of strong scientific and technological interest. 
Typically, ferrites combined with ferroelectric perovskites may lead to extrinsic multiferro-

ics in which the magnetization of the former can be driven by the application of an electric 

field and vice-versa. The efficiency of this magnetoelectric exchange depends critically on the 
morphology of interfaces [10, 11], which in turn is controlled by the SPS process parameters.

In this chapter, we present a review of nanostructures that have been obtained by means of 

SPS. In Section 2, a self-contained review of the basic aspects of ferrites is given. Section 3 

describes the main features of the spark plasma sintering method. The methods to synthesize 
ferrite NPs that can be used as precursors for the subsequent SPS consolidation are briefly 
described in Section 4. A review of results obtained on spinel ferrites using SPS is given in 

Section 5. The consolidation of ferrites with garnet and hexagonal unit cells is discussed in 
Sections 6 and 7, respectively. Section 8 describes the application of SPS to the fabrication of 

ferrite-based multiferroic composites, and a general conclusion is given in Section 9.
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2. Overview of crystal structure and magnetic properties of ferrites

2.1. Spinels

Spinel ferrites possess the crystal structure of the natural spinel MgAl
2
O

4
, where Mg and Al 

have been substituted by transition cations. This structure is particularly stable, and there is 
a large variety of oxides which adopt it, fulfilling the conditions of overall cation-to-anion 
ratio of 3/4, a total cation valence of 8. An important ferrite is magnetite, Fe2+Fe3+

2
O

4
(Fe

3
O

4
), 

the oldest known magnetic solid which is still being researched due to the fascinating prop-

erties associated with the coexistence of ferrous and ferric cations. Another important ferrite 

material is maghemite or γ-Fe
2
O

3
, which is a defective spinel Fe3+

8/3
□

1/3
O

4
, where □ represents 

vacancies on octahedral cation sites. The cation distribution, that is, the occupancy of sites by 
cations depends on many parameters [1] such as ion size, valence, electronic symmetry, and 

even cooling rate when they are prepared by sintering, which is the most frequently used pro-

cess. When divalent cations occupy tetrahedral (or “A”) sites and trivalent ones are on octahe-

dral (or “B”) sites, it is known as a normal spinel. A different cation distribution, where half 
of trivalent cations occupy A sites and B sites, is shared by divalent cations and the remaining 

trivalent cations are known as the inverse spinel. An intermediate cation distribution has been 

obtained for some ferrites, where cations are statistically distributed on the two sites.

A remarkable characteristic of spinel structure is that it is able to form an extremely wide 

variety of solid solutions by the partial or total substitution of divalent, or trivalent cations, 

leading to an extremely wide diversity of magnetic properties. Magnetic transition tempera-

ture, for instance, varies from 9 K for ZnFe
2
O

4
 to –958 K for Li

0.5
Fe

2.5
O

4
 [1].

2.2. Garnets

Magnetic garnets possess the crystal structure of mineral Mn
3
Al

2
Si

3
O

12
, with rare-earth (RE) 

and Fe3+ cations instead, leading to the general formula RE
3
Fe

5
O

12
, RE is in the series from La3+ 

to Lu3+. The garnet unit cell includes 160 atoms; rare-earth cations occupy dodecahedral sites, 
and iron cations are distributed among the tetrahedral (three) and octahedral (two) sites. An 

additional case is yttrium iron garnet, known as “YIG”, Y
3
Fe

5
O

12
, which can be prepared as a 

very homogeneous phase and exhibits remarkable magnetic properties, especially at micro-

wave frequencies.

As in the case of spinels, cations can be partially or totally substituted to obtain a large num-

ber of compositions. Also, as in spinels, magnetic interactions are of the superexchange type. 

Rare-earth and octahedral magnetic sublattices are oriented parallel and opposite to tetra-

hedral sublattice. The spontaneous magnetic moments in rare-earth cations are localized in 
orbital 4f, which is an internal one; additionally, dodecahedral sites are very large. These two 
factors lead to a diminished superexchange interaction, which decreases rapidly with increas-

ing temperature. The main results are that all rare-earth magnetic garnets exhibit virtually the 
same Curie temperature (560–573 K), as well as a “compensation temperature” where magne-

tization vanishes due to the mutual compensation of sublattice magnetic moments, and which 
depends on the rare-earth cation [1].
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2.3. Hexaferrites

Hexaferrites are a “family” of hexagonal (and some rhombohedral) closely related structures. 

The main formulae can be written as follows: BaFe
12

O
19

 (M), Ba
2
Me

2
Fe

12
O

22
 (Y), BaMe

2
Fe

16
O

27
 

(W), Ba
2
Me

2
Fe

28
O

46
 (X), Ba

4
Me

2
Fe

36
O

60
 (U) and Ba

6
Me

24
Fe

48
O

82
 (Z). Me represents a divalent 

cation such as Zn, Cu, Mg, Co and Mn. Ba can also be substituted totally or partially by Ca, Sr, 

Pb. Hexagonal ferrites lead to an extremely wide variety of compositions and hence magnetic 

properties. Their magnetic structures are quite complex; for example, in the M structure, the 

magnetization results from interaction between five sublattices coupled by superexchange 
interactions. Hexaferrites are used mostly as permanent magnets due to their hard magnetic 

properties.

2.4. Magnetic properties of ferrite nanoparticles

The nanoscale adds a complexity level to the magnetic properties of materials [12]. Most of 

the critical lengths for magnetic properties and structures fall in the nanometer range. Two 
of the most important changes are the transition from multidomain to single domain and 

then the change from the long-range ordered ferrimagnetic to the superparamagnetic (SPM) 

behavior. The former occurs when a nanoparticle (NP) becomes very small, and the energy to 
produce a domain wall is larger than the magnetostatic energy produced by a single domain 

configuration. A single domain structure is usually characterized by a maximum on the coer-

cive field. If the size of the particles is still decreased, then the coercive field and the remanent 
magnetization can vanish as SPM state takes place. Superparamagnetism [5] appears when the 

particle is very small, and its total anisotropy energy E
K
 (E

K
 = K⋅V, with K = anisotropy constant 

and V = particle volume) is smaller than the thermal energy ET = k
B
⋅T (with k

B
 = Boltzmann 

constant and T = temperature). Thermal energy thus overcomes anisotropy, and the magne-

tization oscillates randomly. The main difference with the classic paramagnetic behavior is 
that in the case of SPM, it is the whole magnetization vector which exhibits random reversals, 

instead of the individual spins. Magnetization, that is, spins coupling is maintained up to the 

Curie point, T
C
.

Since anisotropy energy usually decreases with temperature, and thermal energy increases with 

T, there exists a “blocking” temperature, T
B
, for which E

K
 = ET; below this point NPs behave 

as ordered ferromagnetic (anisotropy dominates), and above T
B
, NPs become superparamag-

netic, with random magnetization.

Superparamagnetism is catastrophic for materials intended for magnetic recording, since 

any information (in the form of a particular magnetic domain structure) is lost at room tem-

perature. For medical applications, however, SPM is just the magnetic behavior needed. In 

cancer tumor removal techniques, magnetic NPs (conveniently functionalized) are injected 

into the patient to be selectively localized onto the tumor. Single domain ferromagnetic 

NPs, due to their magnetostatic fields, can become aggregated and form large clusters. 
Once the tumor is eliminated, magnetic NPs can be easily recovered with a magnet because 

under the effect of a magnetic field, SPM NPs acquire a significant magnetization and are 
attracted.
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The consolidation of NPs by SPS leads to the formation of a polycrystalline structure with 
grains separated by grain boundaries and the tendency to grain growth. Both of them strongly 

decrease the surface effects observed in NPs. Magnetic properties can therefore exhibit dra-

matic changes as compared with the properties of original NPs powder; typically, saturation 

magnetization increases to approach the bulk value, and coercive field shows a definite value 
(and thus a remanent magnetization). An interesting case is cobalt ferrite, which can be syn-

thesized as fine NPs in the 5–10 nm range [13]. For such small NPs, cobalt ferrite shows a SPM 

behavior at room temperature, as in Figure 1(a). Zero-field-cooled, field-cooled (ZFC-FC) 
experiments usually lead to a blocking temperature in the 100–150 K range (Figure 1(b)). 

Below this T
B
, a normal ferromagnetic behavior is observed; at higher temperatures, the 

anisotropy is overwhelmed by thermal agitation and a SPM phase is observed. However, 

when these NPs are consolidated by SPS, a typical hysteresis loops with well-defined coer-

civity and remanence are observed at all temperatures (below the Curie point), as shown in 

Figure 1(c) [14].

3. The spark plasma sintering process

In the SPS process, the sample (typically a powder) is placed in graphite die and then com-

pressed by two pistons, Figure 2. The heating is by Joule effect, by electric current pulses. 
High currents (up to 1500 A) and strong pressures (up to 120 MPa with graphite dies and up 

to 600 MPa with tungsten carbide dies) can be applied, which allow significantly large heating 
rates (up to 1000°C/min). It is a versatile technique with many processing parameters: sinter-

ing temperature T
s
, heating and cooling rates (Hr, Cr, respectively), maximum load (P

s
), load 

rate Pr, load removal rate (Pc). By measuring the distance between pistons (Z) and its more 

sensitive time derivative (dZ/dt) during the process, an estimation of the density changes is 

recorded, which has a direct relationship with sintering. A typical temperature and shrinkage 

profile are shown in Figure 2. The main objective of the process is to transform a particle pow-

der into a high density solid. In some cases, a chemical reaction can occur during the process, 

in addition to densification; in this review, only the densification process is discussed.

Figure 1. (a) SP behavior of cobalt ferrite NPs in the 10 nm diameter range; (b) magnetization behavior in ZFC-FC 

measurements, showing a blocking temperature ca. 150 K; and (c) magnetic hysteresis of consolidated sample at 500°C 

for 5 min (adapted from Refs. [13, 14]).
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The densification process, that is, the removal of porosity (corresponding to empty spaces 
between the original particles) requires diffusion; this is produced, of course, by increasing 
the temperature. It appears, however, that electric current pulses have an effect also on atomic 
diffusion, since high densities can be reached at very low temperatures and extremely short 
times as compared with classic sintering processes. This additional effect of current has been 
attributed to an increase in point defect concentration [15], as well as a reduction in the acti-

vation energy for mobility of defects [16]. In the case of insulators, it appears that it is the 

electric field that leads to such enhanced diffusion since these materials can also be effectively 
consolidated by SPS.

The heating rate can have a strong effect on the final microstructure of the material. During 
the process, there is a competition between densification and grain growth (or “coarsening”). 
The former, which is basically the removal of porosity, depends on volume diffusion, while 
grain growth is controlled essentially by surface diffusion. Volume diffusion involves mass 
transport and hence occurs at higher temperatures than surface diffusion. A high heating rate 
therefore can “bypass” the range of grain growth alone and start readily the densification 
with limited coarsening. The possibility to separate these two mechanisms makes SPS the 
ideal, and so far, the only suitable process to fabricate full density nanostructured materials.

The pressure has a significant influence on final density. At relatively low temperatures, an 
increase in pressure leads to higher densities. At high temperatures, the increase in density 

is accompanied by an increase also in grain size. A measure of the shrinkage rate [17] can 

be obtained from the time derivative of distance between pistons, dZ/dt, which is directly 

obtained in most SPS available systems.

4. Brief review of synthesis methods for ferrite nanopowders

To date, a variety of synthetic methods have been applied to produce magnetic nanopar-

ticles, including those of ferrites. These methods can be divided into two main approaches, 

Figure 2. (a) SPS electrodes and die set up; (b) a typical temperature profile (left axis), and shrinkage trace (right axis), in 

the form of time derivative dZ/dt for a spinel ferrite (adapted from Ref. [7]).
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a top down and a bottom up ones. Bottom-up routes are attractive in terms of their low 
cost and sustainability; there is, however, a generic challenge in directly obtaining particles 

with a calibrated size and a uniform shape. They mainly consist on a direct precipitation 
of the desired phase starting from selected precursors dissolved for an adjusted atomic 

ratio in a given solvent and heated at a high enough temperature. The involved reactions 
depend on the operating conditions: hydrolysis [9, 13], thermal decomposition [18, 19] and 

condensation.

In some cases, the synthesis is indirect and an intermediate solid phase, like an alcoholate, a 

hydroxide or a hydroxycarboxylate, is first obtained and then calcined at moderated heating 
conditions (less than 800°C for a couple of hours in air) in order to form the target phase (see 

for instance [20, 21]).

The heating conditions of the reaction solution in all these wet chemical methods can be 
conventional or microwave assisted [22, 23]. They can be achieved under standard pressure 
or under autogenous pressure (solvothermal route [24–27]). The synthesis can be achieved 
under high intensity ultrasounds (sonochemical technique [28]) or under energetic radia-

tion (radiolysis method [29, 30]). Surfactants or polymers can be introduced in the reaction 

medium to improve the control of the size and the shape of the particles and/or to avoid their 

aggregation.

The top-down method is based on an energetic milling process of a powder [31]. The powder 
can be the commercial bulk ferrite phase or a mixture of the raw oxide or hydroxides of the 

metallic cations constituting its composition. The milling process can be carried out using 
different apparatus, namely attritor, planetary mill or a linear ball milling (Figure 3) but in all 

the cases, the introduced powders are cold welded and fractured during mechanical alloying, 

favoring in one case its nanostructuration and its chemical reactivity [32, 33].

For all nanocrystalline materials prepared by high-energy ball milling synthesis route, less-

effective size control, surface and interface contamination and amorphization are major con-

cerns. In particular, mechanically attributed contamination by the milling tools (Fe, WC, etc.) 
is often the problem. Recently, surfactant-assisted ball milling has been exploited for the syn-

thesis of various nanomaterials, nanograins, and nanocomposites from solid bulk materials. 

Figure 3. Schematic representation of (a) the indirect direct milling equipment, including (b) linear and (c) planetary mill 

equipment and that of the direct one (d), called attritor. Republished with permission of the Royal Society of Chemistry, 
from Ref. [34]; permission conveyed through Copyright Clearance Center, Inc.
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Promising results have been obtained in terms of nanostructure assembly, micro-/nanoenvi-

ronment, surface functionalities, and dispersion [35].

Focusing on spinel ferrites, all these approaches were successfully used to produce nanopar-

ticles. For instance, cobalt ferrite particles having different sizes were prepared from 2 to 50 
nm by sol-gel method [20] and from 2 to 10 nm by polyol process [7, 9, 13, 14, 36], without 

using any additional capping agents/surfactants. In these cases, the particle size was varied 

by controlling the temperature of the calcination of the precipitated intermediate solid and 

that of the heating reaction solution, respectively. As this temperature is elevated, the size of 

the resulting particles is large, and their crystalline quality is high (see for instance [37–40]). 

Moreover, such nanoparticles can exhibit a deviation from the thermodynamic spinel stable 

structure. This deviation, mainly consisting on a change in the cation occupancy of spinel 
sites, increases with temperature.

By opposition, garnets and hexaferrites nanopowders can be scarcely produced directly. 

Whatever the employed synthesis route, wet chemistry or ball-milling, the total processing 

route often involves a subsequent annealing step in order to obtain highly crystallized and 

pure perovskite or hexagonal phases. For instance, nanostructured M-type SrFe
12

O
19 

hexa-

ferrite powder was produced by combining forced hydrolysis in polyol followed by subse-

quent annealing at 836°C [41]. It was also successfully prepared by combining ball milling 

followed by annealing at 700°C [42]. This annealing step makes the resulting nanopowders 
typically polycrystalline of several tens of nanometers in crystal size with a magnetization 

relatively close to that measured on their bulk counterparts. The situation is almost the same 
for nanostructured garnets. Annealing is required after ball-milling [43] or after sol-gel pre-

cipitation [44] for YIG preparation. In some cases, the precursors from these reactions can 
be used not only for SPS sintering but also for “reactive” SPS treatment, which include the 

chemical reaction.

5. Consolidation of spinel ferrites by SPS

In a typical SPS powder consolidation experiment, the starting powder is put in the elec-

trically conductive toroidal die made of graphite, and uniaxially pressed by the upper and 

lower graphite punches. Most of the electric current flows through the mould, and specimen 
is heated up by Joule effect. The electric current can also flow through the powder materials 
itself, and self-heating occurs at the inside of the sample. Low temperature and short time 

sintering are therefore possible. In the case of spinel ferrites, this technique was first used to 
reduce sintering time on micrometer-sized powders [45, 46]. Then, it was used to reduce the 
sintering temperature using nanometer-sized powders [7, 9, 47–49].

Spinel nanoferrites were readily synthesized by soft chemistry methods (see Section 3) in a 

wide variety of compositions and can be directly consolidated by SPS. Ni-Zn ferrites have 

been consolidated at temperatures as low as 350°C for 10 min, to densities about 85% [50]. 

Density and grain size increased by increasing the sintering temperature to 400 and 500°C, as 

appears in Figure 4.
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Magnetite can be consolidated by SPS into a high density, high crystallinity solid at 750°C for 

15 min, with a final grain size in the 150 nm range [49], as shown in Figure 5(a). The reductive 
atmosphere of SPS prevented the oxidation of initial magnetite NPs to maghemite, γ-Fe

2
O

3
, 

first, and then to hematite, α-Fe
2
O

3
. The quality of the crystals can be assessed by means of 

the resolution of the Verwey transition [52], which occurs about 120 K in two steps: first the 
crystallographic transition [53] from the monoclinic to the cubic system and then the spin 

reorientation from uniaxial to cubic symmetry [54], as shown in Figure 5.

The aggregation state of initial NPs can have an important effect on the final grain size of the 
consolidated sample (Figure 6). By varying the polyol during the NPs synthesis (by hydro-

lysis in a polyol method), different aggregation clustering can be achieved [9], from mono-

dispersed NPs (reaction with diethylenglycol), ~10 NPs clusters (by using propanediol), and 

~100 NPs clusters (prepared with ethanediol).

The size of the NPs was the same (~5 nm) in all clusters. The final grain sizes after consolida-

tion exhibited the opposite tendency, that is, the largest grain size was found for the mono-

dispersed sample. This points to the dependence of grain growth on surface diffusion; large 

Figure 4. Nanostructures produced by consolidation of Ni-Zn NPs by SPS by 10 min at (a) 350°C, (b) 400°C, and (c) 

500°C [51].

Figure 5. (a) SEM micrograph of magnetite consolidated by SPS at 750°C, 15 min and (b) magnetization measurements 

showing the Verwey transition (adapted from Ref. [49]).
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clusters grow mainly through the cluster surface, while monodispersed NPs coalesce directly 

from their individual surface.

The importance of heating rate appears in Figure 7, where the nanostructure of a cobalt fer-

rite is shown for SPS processing at the same sintering temperature and times (2 min at 600°C 

followed by 5 min at 500°C), but with heating rates of 80°C/min, and 15°C/min [9]. Grain size 
is about 70 nm for the former, and 290 nm for the slow heating rate. This illustrates again the 
differences between surface and volume diffusion, as previously discussed.

Figure 7. Co ferrite processed with different heating rates to reach the sintering temperature (600°C): left 80°C/min, and 
right 15°C/min. Reprinted from Ref. [9] Copyright (2014), with permission from Elsevier.

Figure 6. Polyol-synthesized NPs in different media: (a) diethylenglycol, (c) propanediol and (e) ethanediol; they led to 
SPS consolidated nanostructures (b), (d) and (f), respectively. Reprinted from Ref. [9] Copyright (2014), with permission 

from Elsevier.
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6. Consolidation of garnets

To the best of our knowledge, only hydrothermal, and more generally solvothermal, synthe-

sis techniques may allow the more or less direct production of ferrites with the garnet struc-

ture. From a general point of view, dense oxide structures, namely crystalline cells containing 

a high number of atoms per unit volume like orthoferrite, garnet or hexaferrite cells, require 

a high activation energy to nucleate. This can be achieved by a postannealing treatment as 
explained above or by increasing the pressure during reaction solution heating.

If a consolidated phase is sought, then a SPS treatment can be applied by using the resulting 

precursors of a soft chemistry synthesis reaction. Yttrium iron garnet (YIG) can be prepared 
by a SPS treatment at 750°C for 15 min at 100 MPa from the precursors obtained from a polyol 

synthesis reaction [55], in big contrast with the typical parameters of the solid state reaction 

(1350°C for a few hours). Note that in these original shaping conditions, highly dense and 

ultrafine grained ceramics (Figure 8) were systematically obtained.

7. Synthesis of hexaferrites by SPS

Nanostructured hexaferrites can be synthesized by various methods such as sol-gel [56], 

coprecipitation [57], spray-drying and microemulsion [58], ball-milling [42], among others. 

However, the obtained products still need thermal posttreatments in the range of 800–1200°C 
to crystallize into hexagonal ferrites and get sintered. Different ways are used to minimize 
the grain growth before sintering. The annealed particles can be postmilled, resulting in 
smaller particles that in turn increase the density and decrease the sintering temperatures 

[59]. Another way is the containment of the particles in an amorphous glassy matrix before 

their annealing to form the desired phase while limiting its grain growth. One of the most 

impressive result is the crystallization of 57 nm M-ferrites obtained at 642°C with the addition 

of B
2
O

3
 glass vs 260 nm at 800°C with silica [60]. Besides, doping hexaferrites with Zn2+ and 

La3+ can also act as a grain growth inhibitor during annealing treatment [61].

Figure 8. SEM micrograph of YIG obtained by polyol reaction + SPS treatment at 750°C, 15 min, 100 MPa. Reprinted with 
permission from Ref. [55], Copyright (2013) Wiley.
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Recently, the spark plasma sintering (SPS) method has brought an interesting alternative to 

synthesis/sinter hexaferrites and optimize their magnetic properties. Indeed, SPS is carried 

out at relatively low temperatures in a very short time of few minutes only, and additionally, 

it allows a convenient control of grain growth. Such observations apply to SrM-type hexafer-

rites prepared by the mechanical compounding method [62]. The resulting ceramics have a 
fine microstructure as illustrated in Figure 9 [63].

SPS of SrFe
12

O
19

 at 1100°C for 5 min leads to a maximum density of 5.15 Mg/m3, while the 

maximum density obtained by ordinary sintering at 1240°C for 2 h is only 4.83 Mg/m3. In this 

case, the samples prepared by SPS showed half-sized grains (400 nm) and harder magnetic 

properties. The effect of SPS temperature and time on the density and magnetic properties of 
SrM ferrites was also significant. A high energy product (BH)

max
 of 18.3 kJ/m3 was found for 

such strontium hexaferrites [63]. Similarly, the sintering of Ba hexaferrites by SPS has also led 

to harder magnetic properties due to the limited grain growth: grains of ~100–150 nm by SPS 
vs 1.5–8 µm by conventional sintering [64].

SPS is not only useful to consolidate nanopowders, but it also promotes the chemical reaction 

of nanoparticles. Thus, SPS has been also used to complete the formation of nanostructured 
hexaferrites. SPS treatments were applied to a high-energy ball milled mixture of SrO and 

Fe
2
O

3
 precursors. The formation of 70 nm M-type strontium hexaferrites has been achieved 

at only 700°C, under 800 MPa [65]. XRD measurements revealed that such hexagonal fer-

rites crystallize from nucleation sites of Fe
2
Sr

2
O

5 
that is an intermediate metastable phase 

formed at 600°C. In comparison with the simple annealing of the same ball milled precursors 

at 800°C, denser SPS treated samples show higher saturation magnetization (67 emu/g vs 58 

emu/g) and lower coercivity (3.7 kOe vs 6.4 kOe) (Figure 10(a)) that are interesting features 

Figure 9. Ball-milled SrFe
12

O
19 

NPs annealed at different temperatures: (a) 700 and (c) 900°C and their related ceramics 

(b and d, respectively) resulting from SPS consolidation. Reprinted with permission from Ref. [63] Copyright (2016) 

American Chemical Society.
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for recording media and electromagnetic fields wave absorption [66]. The linear M vs 1/H2 
relationship–well fitted with the Stoner-Wohlfarth model of noninteracting single domains 
with uniaxial anisotropy–indicates that the decrease in coercivity is most likely due to the 

grain growth reduction below the single domain limit (Figure 10(b)). This result therefore 
contrasts with SPS-induced harder magnetic properties discussed earlier [62, 64], since reduc-

ing the grain growth in a range above or below the single domain limit has opposite effects 
on the coercivity.

The SPS-assisted synthesis of barium hexaferrites has also been demonstrated. BaFe
12

O
19

 was 

synthesized and sintered by SPS operated at 800°C for 10 min [67]. Interestingly, textured 

samples in nanobelt and nanorod microstructures were obtained showing an aspect ratio of 

200 nm/several µm. Compared to textureless barium hexaferrites, the SPS-induced micro-

structures are characterized by higher Ms (65.5 emu/g) and lower coercivity H
c
 (1.4 kOe) 

reflecting an easier magnetic domain wall movement and/or a coherent magnetization rota-

tion often observed for uniform microsized multidomains. It also reveals that the ultra-fast 

decomposition of BaCO
3
 and Fe(OH)

3
 precursors by SPS results in volume shrinkage leading 

to an accommodated nanostructure of barium hexaferrite. Furthermore, SPS can also pro-

duce hexaferrite bulk magnets of highly aligned single-magnetic domains without applying 

any magnetic field. This has been reported for the SPS compaction of SrFe
12

O
19

 nanoplatelets 

synthesized by supercritical hydrothermal flow method [68]. This effect is attributed to the 
highly aligned crystallites of the as-synthesized nanoplatelets together with the oriented crys-

tal growth during SPS along the c-axis. Thus, SPS compacted samples at 950°C under 80 MPa 
for 2 min are composed of 80–100 nm nanocrystallites characterized by single-crystal-like 

magnetic properties, that is, high coercivity H
c
 (301 kA m−1), M

s
 (69 A m2 Kg−1), M

r
 (59 A m2 

Kg−1) and energy product BH (26 kJ m−3).

As a final note, the SPS heating and pressing not only permits to decrease the crystallization/sin-

tering temperatures of hexaferrites and to tailor their magnetic properties, but it also prevents the 

Figure 10. Sr-Fe
12

O
19

 prepared by SPS-assisted mecanosynthesis: (a) Hysteresis loops M vs H showing the effect of the 
SPS temperature on the magnetic properties and (b) comparison of the saturated magnetization Ms vs 1/H2 obtained 

after either SPS heating or conventional annealing. Republished with permission from Ref. [65] Copyright 2014, with 

permission through Copyright Clearance Center, Inc., Elsevier.
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formation of secondary phases such as α-Fe
2
O

3
 [68]. On the other hand, the reductive atmosphere 

in SPS can lead to hexaferrite decomposition and the subsequent magnetite formation (reduction 

of Fe3+ to Fe2+) [69]. Nevertheless, a recent study has shown that such a Fe
3
O

4
 secondary phase 

can be suppressed by using protecting discs of aluminum oxide between the graphite mold and 

the samples [66].

8. Preparation of hybrid multiferroic composites by SPS

Multiferroic materials are commonly understood as those materials exhibiting at least two 

ferroic orders (i.e., ferroelectric and ferro- or ferrimagnetic orders) coupled in the same 

matrix, leading to a magneto-electric effect (ME), that is, a magnetic field induces a change 
in the electric response, or vice-versa. A strong interest has been aroused by such materials 

since many high-tech applications can be based on it. While ME effects may exist in a single 
phase material, the combination of two phases (i.e., a ferromagnet and a ferroelectric) in the 

same matrix (a “hybrid” multiferroic) has many advantages [70]. The ME effect can be tuned 
by varying the phase composition and interphase connectivity, which depend directly from 

the nanostructure.

The ME effects in hybrid multiferroics can be enhanced by increasing the contact area between 
the involved phases [10, 11]. In the case of homogeneously mixed grained composites, an 

effective way to do this is retaining the grain growth during the sintering process in order to 
keep the final grain size at nanoscale. It will increase the grain boundary surface and therefore 
the contact interface between different phases. The SPS technique has been demonstrated to 
be a very fast and efficient route to consolidate high-density bulk oxide ceramics, retaining 
grain sizes of the sintered materials at the scale of ~100 nm [7, 9, 14]. A very small grain size 

means a larger interphase surface and, therefore, a stronger ME coupling.

8.1. Spinel ferrite-based composites

The ferrite (ferromagnetic)/perovskite (ferroelectric) system has been mainly investigated. 
Nickel ferrite NiFe

2
O

4
/lead zirconate titanate PZT (or NFO/PZT for short) was investigated 

by Jiang from laboratory synthesized and commercial submicrometer sized precursors, 

respectively [71]. They obtained layered and homogeneously mixed multiferroic composites 
with submicrometer sized grains by using sintering temperatures between 900 and 1050°C, 

and pressures between 50 and 100 MPa (Figure 11). A certain degree of interphase diffusion 
between both phases was reported for this system. Although the last system was found to be 

suitable for practical applications because of their good ME properties and high density, the 

employment of lead in ceramics and other materials is nowadays discarded by most of the 

scientific community because of their impact on the environment.

To solve the lead problem, barium or strontium titanate is used, together with cobalt ferrite. 
In fact, the system CFO

x
/BTO(1−x) has been widely researched. Hybrid multiferroics in this 

system have been prepared from commercial nanopowder reagents [72], commercial BTO 
and autocombustion synthesized CFO [73], at temperatures in the 1050°C range. A reduction 

in temperature (860°C) [74] was not enough to eliminate the interphase diffusion. The use 
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of starting NPs synthesized by coprecipitation and ball milling allowed [75] to eliminate the 

interdiffusion and improve the ME coupling coefficient.

The use of both initial NPs synthesized by soft chemistry, low temperatures in the 650°C, 
higher pressures (100 Mpa) and short sintering times (5 min), producing grain sizes in the 

150 nm (see Figure 12), led to high ME coefficients and the absence of interdiffusion [76]. The 
use of Impedance Spectroscopy (i.e., the analysis of the electrical response of the material 

in a wide frequency range) exhibited three main components which can be associated [77] 

with the three corresponding interfaces: BTO-BTO, CFO-CFO, and CFO-BTO. Experiments 
as a function of frequency, temperature and applied magnetic field allowed establishing the 
polarization processes in the three interfaces.

In another work, Co-substituted Ni-Zn ferrite was synthesized using a nonconventional solid 

state reaction method and sintered by SPS at 850°C and 100 MPa [79]. This ferrite was used 
to make layered composites by pasting a layer of commercial PZT to the sintered pellet with 
silver epoxy. ME performances obtained with an optimized composition of NiCoZn ferrite/

PZT bilayer were compared to those obtained with the same structure combining Terfenol-D 
and PZT. It was shown that the low piezomagnetic coupling performance of the ferrite (in 
comparison to the Terfenol-D) is balanced by a low compliance. Furthermore, they used 
Co-substituted Ni-Zn ferrite associated with PZT in a tri-layer structure to design a ME cur-

rent sensor. This sensor can be readily used in the field of power electronic applications.

Figure 11. SEM image of homogeneous NiFe
2
O

4
 (NFO) ferrite/PZT composite revealing the grain size and morphology; 

the inset shows the interface between ferrite (NFO) and PZT (adapted from Ref. [71].

Figure 12. SEM micrographs of CFO
x
/BTO(1−x) composites with (a) x = 0.25, (b) x = 0.75 and (c) x = 0.50, sintered at 650°C 

and 100 MPa for 5 min [78].
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8.2. Other hybrid multiferroic composites

Additional efforts in this area have been reported recently in other type of ferrite-based hybrid 
multiferroics sintered by SPS. Bismuth ferrite (BFO) and BTO composites, sintered by SPS at 
temperatures around 800°C, and uniaxial pressures of 50 MPa have been prepared [80] from 

precursors with an average particle size of 1 µm leading to final microstructures with grain 
sizes all above 2 µm (Figure 13). Strontium hexaferrite and BTO-based hybrid multiferroics 
by SPS, starting from nanosized precursors purchased commercially, were investigated [81]. 

They were fabricated by SPS at a temperature of 900°C, a uniaxial pressure of 75 MPa and a 
sintering time of 3 min. These conditions (low T and short time) allowed final microstructures 
with grain sizes down to 200 nm and no interphase diffusion.

8.3. General trends

The general trends in fabrication and characterization of hybrid multiferroics by SPS can be 
summarized as follows. It is possible to fabricate new high-density hybrid multiferroics by 

SPS, with enhanced dielectric, magnetic, and ME properties. Important variables such as the 

interphase diffusion, final microstructure of the sintered composites, as well as the nature and 
microstructural features of the starting precursors, all play a crucial role on the design of these 

materials. A fine grained high-density microstructure, with homogeneous average grain sizes 
down to 100 nm and well-defined grain boundaries, can be produced from soft-chemistry 
synthesized NPs. In order to retain the already formed phases of NPs and avoid interphase 

diffusion, short time and low temperature sintering is necessary. Sintering temperatures near 
to or higher than 1000°C are not recommended because a possible promotion of the inter-

phase diffusion could result in a decrease of the dielectric constant.

9. Conclusions

At present, SPS appears to be the only practical method to produce high-density solids with 

grain size in the nanometer range. Additionally, SPS requires relatively lower temperatures 

and shorter times for densification compared to conventional sintering. In a very general 
way, final density increases with temperature, and grain size increases with time, so there 

Figure 13. SEM images of 75% BFO-25%BTO at (a) 30 min mechanochemical synthesis, (b) 48 h of mechanochemical 
synthesis, and (c) after SPS sintering at 1000°C. Reprinted from Ref. [80] Copyright (2012), with permission from Elsevier 

[80].
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is a  compromise. The solution can be to use a relatively high sintering temperature, with a 
high heating rate. Finally, a problem with oxides can be the strong reductive medium of SPS, 

which can lead to reduction to metallic impurities in an oxide. Again, this can be minimized 

by means of short sintering times.
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