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Abstract:

The present thesis deals with the study of the physicochemical properties of two
types of ferrites: spinel cobalt ferrite (CoFe2Os) and hexagonal strontium ferrite
(SrFe12019). The first one is a semi hard magnetic material with considerable magnetic
properties, especially the saturation magnetization. In the other hand, the strontium
hexaferrite is a hard magnetic material with an important coercive field that makes him
hard to demagnetize.

Firstly, the effect of annealing temperature on the structural, microstructural and
magnetic properties of SrFe12019 were studied. The magnetic properties of Strontium
hexaferrite were enhanced and we were able to improve the maximum energy product
(BH)max by about 25%. The magnetic properties observed at low temperature are
explained and confirmed by ab-initio calculations.

Secondly, we have devoted a part of this thesis to study the effect of annealing
temperature in one hand and the effect of using different synthesis methods with low
annealing temperature in the other hand. The first study has given an improvement in
(BH)max value of about 6% which is low but still a considerable enhancement. For the
other study of the effect of synthesis method, we have obtained some important results
and enhanced (BH)max in the case of sol-gel auto-combustion by 89% when we go from
400 °C to 600 °C.

Finally, the last chapter is related to a first test of the preparation of a
CoFe;04/SrFe12019 composite via spray-drying method. Before that, the semi-hard
cobalt ferrite and the hard SrFe12019 Were prepared separately via solid-state reaction.
We have successfully prepared CoFe>04/SrFe12019 composite with single-phase-like
smooth hysteresis loops before and after performing an additional heat treatment.

(BH)max has increased after the heat treatment by approximately 17%.

Keywords: Strontium hexaferrite, spinel cobalt ferrite, ab initio, composite, spray-

drying, permanent magnet, maximum energy product.



Résume :

Cette thése aborde 1’étude physico-chimique des propriétés de deux types de
ferrites : ferrite spinelle de cobalt (CoFe>Os) et ferrite hexagonale de strontium
(SrFe12019). Le premier est un matériaux magnétiques semi dur avec des propriétés
magnétiques considérables, spécialement 1’aimantation a saturation. D’un autre coté,
I’hexaferrite de strontium est un matériau magnétique dur avec une valeur importante
du champ coercitif qui le rend dur a désaimanter.

Premierement, nous avons étudié I’effet de la température de calcination sur les
propriétés microstructurales et magnétiques de SrFe12010. Les propriétés magnétiques
de I’hexaferrite de strontium ont été améliorées et avec une augmentation du produit
énergétique maximum (BH)max par environ 25%. Les propriétés magnétiques observées
a basse température sont en bon accord avec les résultats obtenus par le calcul ab-initio.

Deuxiemement, nous avons consacré une partie de cette thése a étudier I’effet de
la température de calcination d’un coté et I’effet de 1’utilisation de différentes méthodes
de synthése avec une basse température de calcination d’un autre c6té. La premicre
étude nous a donné une augmentation de (BH)max d’environ 6%, qui est une faible
croissance mais reste une amélioration considérable. Pour I’autre étude concernant
I’effet de la méthode de synthése, nous avons obtenu quelques résultats importants et
amélioré le (BH)max dans le cas de la méthode sol-gel auto-combustion par 89% quand
on passe d’une température de calcination de 400 °C a 600 °C.

Finalement, nous avons effectué un premier test de préparation du composite
CoFe204/SrFe12019 par la méthode « spray-drying ». Avant cela, la ferrite spinelle de
cobalt et la ferrite hexagonal de strontium ont été séparément préparés par la méthode
de réaction a I’état solide. Nous avons préparé avec succes le composite
CoFe204/SrFe12019 avec des cycles d’hystérésis « single-phase-like » avant et aprés
avoir effectué un traitement thermique additionnel. La valeur de (BH)max @ augmenté
d’environ 17% apres le traitement thermique.

Mots clés : hexaferrite de strontium, ferrite spinelle de cobalt, ab initio, composite,
spray-drying, aimant permanent, produit énergétique maximum.



Résume détaillé :

Les aimants permanents font une partie vitale dans la vie moderne. Ils sont
utilisés pour produire presque toutes les commodités modernes aujourd'hui, allant des
hauts parleurs dans les téléphones mobiles vers les moteurs électriques dans les
voitures; les climatiseurs et les machines a laver... Les aimants permanents sont de plus
en plus utilisés dans les applications technologiques, y compris des tubes a ondes
progressives, des capteurs a effet Hall, des aimants permanents résistants aux hautes

températures...

Dans toutes ces applications, il est important que I'aimant permanent congu soit
de haute résistance, résistant a la corrosion et résistant a la désaimantation en raison
d'une grande valeur de chaleur. Les fabricants ont acquis une expérience dans la
conception et la production d'aimants permanents pour répondre aux besoins des

industries ayant des applications d'aimants permanents et d'assemblage magnétique.

Il existe un certain nombre de grandes familles d'aimants permanents
disponibles, allant de la ferrite, connue pour son faible codt et sa faible énergie
magnétique, aux matériaux de terres rares, qui sont plus chers et offrent des
performances plus élevées. Les fabricants doivent analyser l'intensité du champ de
magnétisation et les propriétés magnétiques des matériaux magnétiques avant de
décider que l'aimant est approprié. Les matériaux en ferrite se sont révélés tres
compétitifs dans un grand nombre de domaines d'application malgré leurs propriétes

modérées par rapport aux autres familles d'aimants permanents.

Dans le cadre de cette thése, nous avons étudié les propriétés structurales et
magnétiques de deux types de matériaux appartenant a la famille des ferrites. Le produit
énergétique (BH)max de la ferrite hexagonale de strontium peut étre amélioré en
contrlant les méthodes de synthese et leurs éléments. Dans ce travail, la ferrite
hexagonale de strontium a été préparée avec succes en utilisant la méthode d'auto-
combustion de sol-gel et analysée en utilisant différentes techniques de caractérisation.

Nous avons étudié l'effet de la température de calcination sur les propriétés
8



magnétiques. A température ambiante, nous avons obtenu de bons résultats
magnétiques avec une amélioration de (BH)max de 25%. A basse température,

I'aimantation a saturation expérimentale et la valeur théorique sont en bon accord.

L'autre matériau étudié est la nanopoudre de ferrite spinelle de cobalt préparée
avec succes en utilisant la methode d'auto-combustion sol-gel et analysée en utilisant
différentes techniques de caractérisation. Nous avons étudié I'effet de la température de
calcination sur les propriétés magnétiques. A température ambiante, nous avons montré
que le produit énergétique de la nanopoudre de ferrite CoFe2O4 peut étre amélioré en
contrélant et en optimisant les étapes de synthése. D'autre part, nous avons également
étudié des matériaux purs de ferrite de cobalt préparés a deux températures différentes
de calcination et utilisant quatre méthodes de synthése afin d'étudier leur effet sur les
propriétés magnétiques. La température de calcination fait varier toutes les propriétés
magnétiques qui deviennent de valeurs plus élevées quand on augmente la température.
Les valeurs les plus élevees de 1’aimantation & saturation, du champ coercitif et du
produit d'énergie maximum sont obtenues dans le cas des méthodes de coprécipitation,
sol-gel et sol-gel autocombustion, respectivement. Le produit d’énergie maximal est
affecté par toutes les autres propriétés magnétiques, en particulier le taux de
rectangularité. La meilleure valeur de (BH)max a été obtenue dans le cas de la méthode
sol-gel auto-combustion et améliorée de 89% lorsque nous augmentons la température
de calcination de 400 °C a 600 °C. Nous avons obtenu avec succes le composite
CoFe;04/SrFe12019 via la méthode spray-drying avec des cycles d'hystérésis
monophases. Le (BH)max a été augmenté de 17% par rapport au composite avant et apres
le traitement thermique. Les propriétés magnétiques peuvent étre améliorées en
contrélant et en faisant varier le rapport spinelle/ hexagonale des ferrites avec la taille

des grains de chaque élément.
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General introduction

Scientific research, represented by research teams in different fields, is in
continuous try to move forward human life in different forms. The contribution or
development of what already exists and/or innovation of new materials or technique, it
all helps in the positive movement of science and technology. For all this, scientific
researchers do their best in order to enhance the known and discover the unknown.

Magnetic materials are the materials which possess a magnetic behavior in the
presence or absence of a magnetic field [1]. These materials have been used in different
applications: permanent magnets, magnetic recording...etc [2]. Since the first men in
the stone age used magnetite [3], which is one of magnetic materials based on iron
oxide, to know directions and locate magnetic north, since magnetic materials were
used in different forms and have been useful since then.

Ferrites, being the type of materials that is largely studied and since they are
discovered dozens of years ago [4], always attract researchers’ attention and patient all
over the world. Ferrites are mainly composed of iron oxide among other metal oxides,
they represent a family of magnetic materials with decent properties considering their
low cost of manufacturing. Many workers have developed the ferrites from various
points of view and they can be prepared by high-temperature solid-state reaction
method, sol-gel method, coprecipitation, pulsed laser deposition, high-energy ball
milling and hydrothermal technique...etc [5-8].

Basically, ferrites are ceramic materials, dark grey or black in appearance and
very hard and brittle. Ferrites may be defined as magnetic materials composed of oxides
containing ferric ions as the main constituent (the word ferrite comes from the Latin
“ferrum” for iron) and classified as magnetic materials. The ferrites can be prepared by
solid-state reaction method, sol-gel method, coprecipitation, high-energy ball milling
and hydrothermal technique...etc [9-14].

Ferrites are ferromagnetic in nature which makes use of transition element Fe
as in Fe2Og, they exhibit magnetism similar to ferromagnetic materials below the Curie
temperature, Tc. Above the curie temperature, they become paramagnetic in nature.
Ferrimagnetism is observed only in compounds with complex crystal structures.
Ferrites are ceramic magnetic materials with high electrical resistance and high
magnetization. Ferrites comprises of iron oxide (Fe.Oz) and metal oxides (MO) of
divalent metal ions [15,16]. It is observed that ferrite have important physical
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properties, of which spinel and magnetoplumbite hexagonal ferrites are the most widely
used in various applications [17,18].

In the commercial ferrites, they can be divided into three important classes, with
each one having a specific crystal structure, namely:

- the garnet structure (e.g: YI1G) [19].
- the cubic spinel structure such as NiZn- and MnZn- ferrites [20]

- the magnetoplumbite (hexagonal) structure such as Barium and Strontium hexaferrites
[21].

The first and second types of ferrites are often considered a subdivision of soft
magnetic ferrites and are mostly utilized in applications such as a microwave
communication system and as core materials for transformers and inductors [22]. The
third type belongs to or under the hard magnetic ferrites, which are broadly used in
loudspeakers, motors and other electrical-mechanical energy conversion devices [23].

Since their discovery in the 1950s there has been an exponentially increasing
degree of interest in the hexagonal ferrites, which is still growing today. A record
number of hexaferrite papers were published in 2011 [24]. As well as their general
magnetic properties, uses as magnetic recording and data storage materials, and a
constant awareness of their properties, there has been an explosion of interest in
hexaferrites in the last decade for more exotic applications [25].

Hard magnetic hexagonal ferrite materials MFe12019 (M = Ba, Sr) with
magnetoplumbite structure have been widely applied. Strontium hexaferrite is one of
the best materials due to their magnetic properties, high coercivity, large unilateral
magnetic anisotropy and very low cost in comparison with other materials, which
makes him the most suitable for many fields of applications [26].

Among various types of spinel ferrites, cobalt ferrite, CoFe20s, is of utmost
importance. It has a high coercivity, moderate saturation magnetization and a high Curie
temperature. It has excellent chemical stability, good mechanical hardness and good
electrical insulation. It is a semi-hard magnetic material and its magnetic properties
exhibit size dependence. A large volume of work is reported on the modification of
different properties of cobalt ferrite via adopting different methodologies, reaction
conditions and substitution of different metal ions...etc [27,28].

By virtue of crystal structure ferrites (spinel, garnet and hexaferrites) can
accommodate a variety of cations of different size at the available sites and thereby
exhibit interesting structural and magnetic properties. The magnetic properties of
ferrites depend upon method of preparation [29,30], preparative parameters [8]...etc.

Magnetic composites are being used as magnetic fluids, microwave devices,
biomedicines and permanent magnets in various applications [1]. Composite with hard
and soft phases can improve the magnetic properties because of the high exchange
coupling of both phases. Consequently, with high exchange coupling between hard and
soft phases, the high saturation magnetization of the soft phase and high coercivity of

20



the hard phase can increase all magnetic properties rather than hard and soft phase itself
[31]. Ferrite composites composed of spinel and hexagonal ferrites are good candidates
for advanced permanent magnets, because of their low cost, excellent corrosion
resistance, relatively high Curie temperature and high electrical resistivity [32]. The
aim of making a combination of a spinel and hexagonal ferrite is to obtain a resulting
material with all the good properties of the two separated phases.

A permanent magnet [33] is a material where the magnetic field is generated by
the internal structure. It is fabricated from a hard material, which is a material that
retains most of its magnetism once magnetized with an external magnetic field [34]. It
is used in a large variety of fields, such as: motors, transformers, sensors...etc [35]. The
reason we need permanent magnets is to produce a stray field outside their volume in a
region known as the air gap, with no continual expenditure of energy. A uniformly-
magnetized film or platelet is useless in this respect.

The customary figure of merit for a permanent magnet is its energy product
(BH)max. This quantity is twice the energy stored in the stray field created by the magnet,
and it is related to the B(H) loop of the magnet itself. The maximum energy product
(BH)max is defined as the largest area of the rectangle that can fit in the demagnetizing
magnetic induction versus the applied field at the second quadrant. We plot the energy
product BH, which refers to magnetic induction B multiplied by magnetic field H taken
from the second quadrant of B(H) curves as a function of the applied field and then we
calculate the maximum value. Ferrites, especially hexaferrites, are considered as one of
permanent magnets families beside NdFeB, AINiCo and SmCo... They are largely used
in many fields due to their considerable properties in comparison with their low cost
[36]. The uses of ferrite magnets have multiplied, and we all benefit from the
availability of these cheap permanent sources of magnetic field. Every type of
permanent magnet has a unique set of characteristics that can affect how is performs in
various applications.

One of the most important parameters to consider when choosing a permanent
magnet is the temperature of use. As one might imagine, the magnetic field is not
constant; it changes with temperature, getting either stronger or weaker and every
family of permanent magnets is generally considered strong in a defined range of
temperature.

Issues of raw material price and availability are at the core of today’s discussion
on permanent magnets. These factors are influenced by the general availability of the
raw materials, geographic distribution, ease of recovery from mined ore, and open
market trading. Of all the elements used in magnetic materials, rare earth elements have
been the most problematic based on geographic limitations on sourcing. This is one of
the reasons why researchers are interested in the study and improvement of rare earth
free magnetic materials in general and ferrites in particular.

This work has been devoted to the elaboration, structural and magnetic
characterization of spinel (CoFe204) and hexagonal (SrFe12019) ferrites synthesized
within Materials and Nanomaterials center at MAScIR foundation.

This thesis is composed of five chapters:
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In the first chapter we describe the framework of this work, the different
keywords definition related to this thesis, the synthesis techniques and the performed
characterization methods and equipments.

The second chapter is about the experimental and theoretical investigation of
SrFe12019 nanopowder. In this work, we have prepared strontium hexaferrite using sol-
gel autocombustion method at different annealing temperatures. The structural,
morphological and magnetic properties of the prepared samples were investigated. In
addition, we have performed a theoretical calculation.

In the third chapter, we elaborate different structural and magnetic properties of
cobalt ferrite including the maximum energy product (BH)max prepared via sol-gel
autocombustion synthesis method at different annealing temperatures.

The fourth chapter is about the effect of low annealing temperature with
different synthesis methods on the structural and magnetic properties of CoFe.O4 and
how it affects different parameters including the maximum energy product (BH)max.

The fifth chapter is devoted to the structural, microstructural and magnetic
properties of CoFe204/SrFe12019 composite prepared via the spray-drying method with
cobalt spinel ferrites and strontium hexagonal ferrite synthesized with the solid state
reaction technique.

Finally, we end with a general conclusion that resume the entire work and the
perspective to be explored after.
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Chapter 1

State of the art, synthesis methods and
characterization techniques

In this chapter, we will talk about the state of art related to different terms and
elements that are linked to this thesis, different synthesis methods and all the
characterization techniques used to study the structures and different properties of our
materials.

|. State of the art:

I.1. Magnetism:

Magnetism is a class of physical phenomena that are mediated by magnetic
fields. Electric currents and the magnetic moments of elementary particles give rise to
a magnetic field, which acts on other currents and magnetic moments.

The magnetic materials are characterized by three principle quantities:

Their magnetic moments (i), that can be assimilated to dipoles coming from
atomic orbital moments and spin of the material. Under the effect of an external

magnetic field (ﬁ), they tend to get aligned in the direction of the field which

induces a magnetization (M) inside the material.
Their magnetic susceptibility (), it represents the tendency of magnetic moments
of the material to be aligned by the presence of an external magnetic field and

which can be defined by the magnetization/external field ration M/H.

Their saturation magnetization (Ms) representing the maximum magnetization
value that can be reached by a material when the external magnetic field increases:
it is given for a defined temperature.

In general, the magnetic field is expressed in Oersted, the magnetic
susceptibility has no unity and the magnetization is expressed in “’emu’’ (used term for
magnetic measurements and means: electromagnetism unit) per gram of the sample
(emu/g).

1.2. Hysteresis:

The hysteresis loop is the response curve of magnetic materials, through which
they keep the information about all their previous magnetization states through the
elementary domains. It is J.A. Ewing who showed this specific behavior in the case of
Iron, and he called it “Hysteresis” that means the delay of the effect on the cause (here,
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magnetization on applied field) [37]. The hysteresis loop of a ferromagnetic material
depends on the mobility of Bloch walls, itself is a function magnetic energies and
applied field. Thus, it can be considered as a characteristic of the material. The
hysteresis is the delay to demagnetization and the duplication of the characteristic B(H)
of the magnetic material. Therefore, the hysteresis loop is drawn from the induction as
a function of the external applied field H:

B=po (H+ M) (1.1)

The first magnetization curve and the hysteresis loop (Figure 1.1) are two
important properties of ferromagnetic substances. In fact, most of the technological
applications are based on the existence of this loop.
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Figure 1.1: First magnetization curve (OA) of a ferromagnetic material and its hysteresis loop
(ABCDEFA)

1.3. First magnetization curve:

When an external magnetic field is applied to a material, the magnetic domains
whose orientation is close to that of H grow at the expense of those whose orientation
Is opposite to that of H. At the limit, when the external magnetic field reaches a critical
value Hs, the monocrystal is no longer constituted of just one ferromagnetic domain
whose orientation is identical to that of H; the induction reaches a maximum value, Bs,
called saturation induction. This phenomenon is represented by the curve ’OA’’ in
Figure 1.1, called first magnetization curve or magnetization curve [38].
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1.4. Hysteresis loop:

When the intensity of the magnetic field H decreases to reach zero, the magnetic
domains have tendency to reappear (curve AB, Figure 1.1) however, since the moving
of Bloch walls is not instantaneous because of the magnetic anisotropy; a non-null
induction By is manifested in the material (B point, Figure 1.1). This is value By is called
remanent induction. It is important to apply a magnetic field in the opposite direction
of the field of the first magnetization so that the induction becomes null (curve BC,
Figure 1.1). The value Hc of the magnetic field which generates this null induction
corresponds to the coercive field (C point, Figure 1.1). When magnetic field intensity
increases, the induction reaches again the maximum value Bs (curve CD, Figure 1.1).
Finally, when we change field direction and we vary its intensity; we obtain the curve
DEFA (Figure 1.1). The obtained magnetization curve is the hysteresis loop
(ABCDEFA) whose characteristic parameters are Bs, Br and Hc...

The shape of the loop depends on the nature of the material, magnetization
processes and induction and on the geometry of the sample.

1.5. Hysteresis mechanism:

If we apply a magnetic field to a material, we change domains repartition by wall
displacement which results magnetization variation. This one is represented with dots
in Figure 1.2 and called first magnetization curve. If the magnetic field is sufficiently
weak, these wall displacements are reversible and so magnetization variations are
reversible too. If the applied field H is above certain critical value Hc, the wall
displacements are then brutal and irreversible. If the applied field H is sufficiently high,
the magnetization increases by Bloch domains rotation and it has the tendency to reach
a maximal magnetization which is the saturation magnetization Ms, then all the spins
are parallel.

25



Material magnetized
to saturation by

Magnetization alignment of domains.
of material M BQH!QGI
When driving magnetic fiakd drops | (aQ
to zero, the ferromagnetic material . pEme Q
retains a considerable degree of | ""‘\ I The material follows a non-linear
magnetization. This i useful as a magneatization curve when
magnetic memory device, f magnetized from a zero held value,
D L I [\~
K > < Applied magnetic
= g
= G AN~ / H field intensity

The driving magnetic field must be
reversed and increased 1o a large

valua 1o drive the magnetization 1o
zero again.

The hysteresis loop shows the "history
dependent” nature of magnetization of a

] sannatic . ie ‘:. Y p
DR gi ferromagnetic material. Once the
%;‘ material has been driven to saturation,
¢ ﬂ#
o the magnetizing field can then be

dropped to zero and the material wil
retain most of its magnetization (it
remembers its history).

Toward saturation in
the opposite direction

Figure 1.2: Hysteresis loop of a magnetized material

The coercive field represents here the value of the field from which the reversal
of moments becomes possible. The losses by hysteresis are the consequence of Bloch
walls movement.

1.6. Coercive field:

The coercive field [39] (its unity is Oersted Oe in the CGS system and A/m in
the International System 1S) is the applied field to magnetized particles in a given
direction to cancel their magnetization.

The materials with low coercivity are called “Soft”, and the ones with strong
coercivity are called “Hard” (this will be elaborated after). Although there is no clear
borders between Soft and Hard materials, the soft and hard magnetic materials are
distinguished by their small and large area of the hysteresis loop, respectively.

1.7. Magnetic domains:

In a ferromagnetic material, the magnetic moments interact between each other
and tend to be parallelly aligned one to the other. In absence of the applied magnetic
field, the moments are spontaneously arranged in domains, called magnetic domains or
Weiss domains [40]. Inside a domain, all the magnetic moments are maintained parallel
by exchange forces, so that each domain is presented as a small magnetically saturated
volume with a direction different than its neighbors so that the total magnetization can
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be zero. The interfaces between these domains are called Bloch walls [41] through
which magnetic moments orientation gradually move from one domain to another. It is
worth to mention that there is also another type of walls, which is Neel walls [42].
Similarly to Bloch walls, Neel walls also correspond to a change of direction of the
magnetization between two Weiss domains. The Neel walls are normally formed only
in the case of thin layers. For thicker layers or massive materials, Bloch walls are
energetically more favored than Neel walls.

1.8. Weiss domain:

In ferromagnetism, Weiss domains (Figure 1.3) [40] denote microscopically
small magnetized regions in the crystals of magnetic materials. They were discovered
by the French physicist Pierre-Ernest Weiss.

A ferromagnetic material is decomposed of a multitude of Weiss domains.
These domains are separated by very thin walls. In each domain, the magnetic dipolar
moments, that we assimilate to spins, are all oriented in the same direction. But, the
orientation of each domain is different. Macroscopically, the magnetization is null, the
different orientations canceling out on average. In the vicinity of the walls, the spins of
the adjacent domains influence each other according to their distance.

Figure 1.3: Weiss domains of a ferromagnetic material

When an external magnetic field is applied, the walls of the domains move and
the domains that are magnetized in the direction of the external field become larger at
the expense of the magnetized domains in other directions. If the application of the
external field is maintained, this process continues until all domains in the direction of
the external field are magnetized. The material is then magnetically saturated.

1.9.Magnetization:

In general, the magnetization corresponds the volumetric density of magnetic
moments of a material. A ferromagnetic material has the particularity of being
spontaneously magnetized, i.e. when the applied magnetic field is null, if the
temperature of the material is under Curie temperature Tc.
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In the case of a ferromagnetic material composed of only one ferromagnetic
domain. The spontaneous magnetization Msp inside of the ferromagnetic monodomain
will be the average local magnetization inside this one. The value of the spontaneous
magnetization is at its maximum (Msp=Mo) when T = 0K, and becomes null when T =
Tc. Note that, in the case of a ferromagnetic monodomain, the spontaneous
magnetization Msp is equivalent to the saturation magnetization Ms, which corresponds
to the magnetization when the applied magnetic field is equal to the saturation field (H
= Hsat)-

When an external magnetic field H is applied on a ferromagnetic monodomain,
the magnetization M behavior of the nanoclusters varies the following way (Figure
1.4), where M is the projection of MS on the direction of the magnetic field H. If H =
0, then Ms is parallelly aligned to the easy axis of the ferromagnetic monodomain and
the magnetization of nanocluster is called remanent magnetization M;. As the intensity
of H increases, Ms is aligned in the direction of the applied magnetic field and M
increases. When H is sufficiently strong to align Ms in its direction, the monodomain
is then considered as saturated (M = Ms). the applied magnetic field H is called the
saturation magnetic field Hsa:. If the intensity of H increases, the value of Ms increases
very slowly until M =Mo when H is infinite. However, the increase of Ms value is
significant for applied magnetic fields in the order of hundreds of kOe (dozens of Tesla)
[43].

Figure 1.4: The magnetization M behavior of a ferromagnetic monodomain as function of magnetic
field H

1.10. Different types of magnetic behaviors:
1.10.1. Diamagnetism:

In the case of diamagnetism, the application of a magnetic field leads to the
creation of an induced magnetization in the opposite direction of the magnetic field.

In fact, this type of magnetism exists in all materials, but it is generally masked
by paramagnetism and ferromagnetism effects when they coexist in the same material.
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1.10.2. Paramagnetism:

A material possesses by default, without applied field, freely oriented moments
(a disorder state) giving a null resulting magnetization. When we apply an external
magnetic field, these moments will get aligned with the direction of the field, and
arrange in a clearly defined direction. This orientation is counterbalanced by thermal
agitation that disperses the orientation of these magnetic moments (Figure 1.5).
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Figure 1.5; Paramagnetic moments arrangement

1.10.3. Ferromagnetism:

In ferromagnetic material, under a magnetic field, the magnetic moments are parallelly
aligned to the field until transition temperature from the ferromagnetic state to the
paramagnetic state called Curie temperature Tc (Figure 1.6). At a temperature above
Tc, the ferromagnetic bodies lose their characteristic properties and become

paramagnetic.
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Figure 1.6: Ferromagnetic moments arrangement

1.10.4. Antiferromagnetism:

In these materials, magnetic moments are equal and oriented in antiparallel
directions (Figure 1.7). Their total magnetization is null. At a temperature above a
temperature called Neel temperature Tn, the behavior of these materials becomes
similar to that of paramagnetism due to the increase of thermal agitation in the material.
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Figure 1.7: Antiferromagnetic moments arrangement

1.10.5. Ferrimagnetism:

The ferrimagnetism is a magnetic property that a material has, where the
magnetic moments are antiparallel but of different amplitude (Figure 1.8) which gives
a spontaneous magnetization of the material as a result. It is distinguished from the
antiferromagnetism for which the resulting magnetic moment is null, and from the
ferromagnetism for which the spontaneous magnetization results at the microscopic
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level of a parallel arrangement of magnetic moments. The name of this property is taken
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Figure 1.8: Ferrimagnetism moments arrangement

The simplest magnetic properties of spinel type ferrites are interpreted in the
framework of ferrimagnetism theory of “Louis Neel” [44]. According to his model, it
exists two magnetic sub networks in which the magnetic moments are antiparallel with
unequal values. These networks correspond to the two types of crystallographic sites A
and B of the spinel structure. Neel model is based on the existence of a magnetic order
resulting from the interaction between magnetic spins of the paramagnetic cations (like
Fe?*, Co?*, ...) via O% ions. This type of coupling is known under the name “super-
exchange”. Thereby, the coupling intensity depends on the nature of the two metallic
cations, on the length and the angle of the bonds the paramagnetic cations engaged in
the spinel structure. It is possible to observe three types of coupling between the first
close neighbors: an antiferromagnetic coupling between A site cations and B site
cations, characterized by an exchange integral 1ag (Ias < 0), a coupling between A site
cations characterized by an exchange integral Iaa and a coupling between B site cations
in which corresponds an exchange integral Igs. It is important to mention that the
coupling between paramagnetic cations in identic sites are weak than that between ions
in A and B sites. In fact, spin magnetic moments antiparallel structure is imposed by
the strongest couplings between A sites and B sites.

In a polycrystalline material, the crystallites have quite large dimensions
compared exchange length. So, in order to reduce its magnetic energy, each crystallite
is naturally subdivided into many magnetic domains called “Weiss domains” separated
by Bloch walls.

In the absence of applied magnetic field, as for the antiferromagnetism, the
magnetic moments of crystal ions are antiparallelly aligned inside a small Weiss
domain. However, the opposed magnetic moments are unequal and they are not totally
compensated. So, we find a magnetic moment in each domain. At the crystal level, we
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do not observe any resulting magnetic moment, given that Weiss domains are directed
in all directions.

1.11. Magnetocrystalline anisotropy

The magnetocrystalline anisotropy results of spin-orbit coupling combined with
crystalline field and dipole coupling between the magnetic moments [43]. Thereby, the
moments of the atoms tend to be oriented in certain crystallographic easy magnetization
directions (opposed to the directions of difficult magnetization) which depend on
crystal symmetry (cubic, hexagonal, etc.).

For a ferromagnetic material, the orientation of domains can be modified by
applying a magnetic field following a definite direction compared to the axes of the
crystal. This orientation of domains will provoke a resulting magnetization of whole
the crystal and the curve of magnetization M versus magnetic field H could be plotted.
This behavior is described by anisotropy energy, given by | HdM, the necessary
magnetic energy to lead all the moments in the direction of difficult magnetization [45].

The energy associated to the magnetocrystalline anisotropy is expressed by
direction cosines expansion series of the magnetization relatively to crystal axes.

This expansion is linker to crystal symmetries and involves anisotropy constants
(K1, Ko, etc.) (Figure 1.9). In the case of a crystal with hexagonal symmetry, the
anisotropy is uniaxial with the following expression:

FA= Ki sin(20) + Kz sin(40) +... (1.2)

where is the angle between easy magnetization direction and the magnetization under
the effect of a magnetic field applied following a given direction.

In this case, the anisotropy energy depends mainly on the first two terms depending
on K1 and K> values:

if K1 >0 and Kz > —K3/2: ¢ axis is then the easy magnetization axis (6 = 0°).

if Ky < 0and Kz < K1/2: the basic plan is then the easy magnetization plan.

if K1 <0 and K> > —K1/2: all the generators of a cone of revolution define
privileged directions of magnetization: 8 = sin™! |— % (6=0°0u6=90°).
if Ky >0 and Kz < K1/2: the existence of metastable regions (6 = 0° ou 6 = 90°).
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Figure 1.9: Hexagonal crystal magnetization privileged directions for K; and K3

1.12. Magnetic material depending on coercive field:

Depending on the coercive field Hc value, we can distinguish three type of
magnetic materials: soft [46], hard [47] and semi-hard [48]. As follows the definition
of each type of these materials.

1.12.1. Soft magnetic material:

A soft magnetic material is a material with a low coercive field (Figure 1.10).
For this type of materials, when the external magnetic field changes, no obstacle must
not oppose the Bloch walls displacement and the reorientation of magnetic domains,
I.e. the domain walls have to easily move under the applied magnetic field. In addition,
these materials present less defects in their crystal structures and a reduced anisotropy.
They are characterized by a very high permeability so that they can be easily
magnetized and demagnetized, high saturation magnetization and low coercive field
(they are not magnetized after canceling the applied external magnetic field) [29].
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A soft magnetic material is used when we need to funnel a variable magnetic
flow at high frequencies. The material has to react fast at the lowest variations of the
field inductor without warming up or without his reaction being too sensitive to the
frequency of the field. For that, the soft magnetic materials are used in the cores (or
magnetic circuits) of transformers, motors and generators...ctc.[46].

1.12.2. Hard magnetic material:

We call hard magnetic materials those characterized with a high coercive field,
high remanent induction and low permeability so that they become difficult to
magnetize or demagnetize (Figure 1.10). In these materials, we search to hinder as
much as possible the reorientation of magnetic moments in Weiss domains, as well as
the displacement of Bloch walls. Thus, a permanent magnet with good quality will be
characterized by a strong magnetic anisotropy necessary to the persistence of an
important part of the spontaneous magnetization (remanent) and the high value of the
coercive field.

We use the hard magnetic materials when the generated magnetic field by the
material has to still stable in time and be high if possible, even in the existence of
external magnetic fields. This type of materials is used in permanent magnets, speakers
cores and electric motors...etc. [49].
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Figure 1.10: Schematic representation of hysteresis loops of “Soft” and “Hard” magnetic materials

1.12.3. Semi-Hard magnetic material:

Materials with intermediate values between soft and hard materials are
classified as semi-hard [7]. As we know, coercivity describes the stability of the
remanent state and gives rise to the classification of magnets into hard-magnetic
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materials, semi-hard materials and soft-magnetic materials. Compared to permanent
magnets, which exhibit broad hysteresis loops with large coercivities, semi-hard
materials are mainly used in storage media which exhibit narrow but rectangular
hysteresis loops [50].

1.13. Permanent magnets:

A permanent magnet [51] is a component which, from its potential magnetic
energy, acquire once and for all at the moment it is magnetized, provides a magnetic
field. The ideal magnet must undergo a saturation magnetization as large as possible,
in a way to have a high remanent magnetization. In addition, the permanent magnet has
to be very difficult or even impossible to demagnetize (Hc the largest possible).

1.13.1. Evolution of permanent magnets:

During the last century, the field of permanent magnets has passed from
different families of materials, here is a brief historic of the chronological evolution of
materials for permanent magnets.

1.13.1.1. The first permanent magnets:

The first permanent magnets were made of magnetite stone which contains the
mineral magnetic iron oxide (FesOa). These natural magnets are present in many places
on earth surface and were initially used to attract iron metal ore, which becomes
available around 1200 before JC by the metallurgical melting extraction process [52].

1.13.1.2. AINiCo magnets (1930):

The AINiCo materials main components are Aluminum, Nickel, Cobalt and Iron. They
have a high remanence, about 1.2 T. But its coercive field reaches only some 0.1 T.
some AINiICo magnets are isotropic and can then be efficiently magnetized in any
direction. In the other hand, there are some AINiCo that are anisotropic with favored
direction of magnetization. Moreover, their coercive field is generally higher in easy
direction than the isotropic magnets. The AINiCo possesses the highest Curie
temperature: about 800 °C. due to this temperature, it finds application in the field of
high temperatures, as sensors and measurement devices [53].

1.13.1.3. The hard ferrites or hexaferrites (1950):

The hexaferrites are oxides with a hexagonal structure (magnetoplumbite type, M-type,

A= Pb, Ba or Sr) [54]. They are usually used on the fabrication of low cost motors or

closing seals. Ferrite magnets are still used due to their low cost and their interested

properties in addition of other criteria like mechanical physico-chemical properties. The
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ferrites are oxide materials, so they are chemically stable. In fact, they can only be
attacked by strong acids. Their chemical stability is limitless in time, there is no
magnetic aging. They cannot be corroded or oxidized. Another interesting property is
the volumetric mass (~ 4800 kg/m? for ferrite magnets). For an equal magnet volume,
the mass of ferrite magnets is less than other types of magnets [33].

1.13.1.4. SmCo magnets (1960 - 1980):

The development of permanent magnets has accelerated and has taken an unexpected
turn in mi 1960s. Unquestionably, the reign of "Super Magnets" based on rare earths
has been established. The permanent magnets RE(TM) have been developed in 1960.
Here, RE represents a rare earth or a mixture particularly composed of Y, Ce, Pr, Sm
and (TM) is a transition metal (generally Cobalt element) [2,55]. SmCo materials
present higher magnetic performance than the previous magnets and present also a good
temperature resistance. They are used in high temperature applications which need high
magnetic performances.

1.13.1.5. NdFeB magnets (1980):

The NdFeB magnets were first produced in mid 1980s using the rapid solidification
synthesis method. Their magnetic properties depend on the composition of the alloy,
the microstructure and the used preparation technique. The compound has a bit low
Curie temperature in comparison with the other families (~580K to 600K) [56]. For this
reason, NdFeB magnets cannot generally used in operating temperatures that exceed
400K (130 °C) in application like car motors, wind turbines etc.... Furthermore, NdFeB
magnets are mechanically fragile and corrodes easily.

1.13.2. Maximum energy product (BH)max:

The performance of a permanent magnet is given by the maximum energy that
can storage [57]. This energy can be deduced from B-H loop (Figure 1.11). B is related
to the applied magnetic field and the magnetization by the following formula:

B =po (H+ M) (1.3)

The B-H loop is then obtained directly from the hysteresis loop M(H) by plotting
(M(H)+H) (Figure 1.11). The second quadrant of the B-H curve, often called
“’demagnetization quadrant’’, corresponds to the conditions in which the permanent
magnets are used in practice.

The three more important characteristics in B-H loop are the remanence By, the
coercive field Hc, and the point where the product of B and H is the maximum (BH)max.
The (BH)max represents the performance of a permanent magnet. The higher is (BH)max,
the bigger is the magnetic energy per volume unit. For a given application, the necessary
magnet volume becomes low.

36



———- M-H loop
B-H loop

H {arbitrary unit)

Figure 1.11: The energy product of a hard magnetic material defined as the biggest rectangle in the
second quadrant of B-H loop

The (BH)max of a magnetic material depends strongly on the shape of the
hysteresis curve in the demagnetization quadrant. In the best case of a M(H) loop
perfectly rectangular, an intrinsic coercive field Hc > M//2 is necessary to be able to
reach the potential maximum value (BH)max = pno(Mi/2)? , where M is the remanent
magnetization. In the contrary case Hc < M/2, (BH)max = po(Mr-Hc) Hec.

1.13.3. On the research of rare earth free Magnets:

The choice of a magnet does not only depend on its magnetic characteristics but
on other factors like operating temperature [58], and therefore its thermal stability, the
possibility of miniaturization and also its cost [59].

While ferrites performance is way too low in comparison with rare earths based
magnets, they are dominant, thanks to their very low price, the worldwide sales is about
85% (in weight) of the entire sold permanent magnets.

The Figure 1.12 shows the nearly exponential growth of permanent magnets
sales, in dollars, as a function of years from 1985 projected to the horizon 2020 for the
four permanent magnets families: ferrites, AINiCo, SmCo and NdFeB. Ferrite
permanent magnets still have a respected share in the market beside NdFeB permanent
magnets because of its quality/cost ratio in comparison with the other families.
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Figure 1.12: Permanent magnets sales growth, in millions of dollars, from 1985 to 2020 horizon for the
four families: ferrites, AINiCo, SmCo and NdFeB.

The permanent magnets lose their magnetism in an extremely low rate except if
some critical parameters are exceeded. We can observe structural damages, for example
because of temperature. in general, the induction B and the coercivity Hc decrease the
temperature increases. In a practical point of view, since the user cannot re-saturate the
product at high temperature, the magnetic flow loss is irreversible, which is
inacceptable.

B Ferrte
Alnico
B NdFeB

2 SmCo

Figure 1.13: Global permanent magnets market share, 2018 (%)

Currently, as the Figure 1.13 demonstrates, ferrite and NdFeB magnets are the
two most used types. They represent approximately 96% of worldwide market share.
Ferrite permanent magnets are low cost materials. They have a high curie temperature
(~450 °C), despite their drawbacks in low temperature usage. NdFeB magnets have a
high maximum energy product, offer lightness, mechanical resistance and a lower cost
compared to the other rare earths magnets. However, their main disadvantage is the
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poor performance at high temperatures. NdFeB curie temperature is low (~580 to
600K), so they can be used in temperatures just above room temperature [56].

As we compare ferrite magnets with other rare earths magnets, we can find that
despite the difference in the performance point of view, but ferrite magnets still offer
good performance in comparison of their low cost and other properties that suit many
applications without forgetting that they are rare earth free permanent magnets.

1.14. Ferrite materials:

There are three types of ferrite materials depending on the structure: spinel [60],
hexagonal [61] and garnet [4]. In this work, we are more interested by the first and the
second structures.

1.14.1. Spinel structure:

Spinels are a part of ferrite family, considered among the most important
magnetic families due to its low price, low toxicity and moderate properties, have
shown great potential for permanent magnets application [9]. Its general formula is
MFe204 (AB2O4, originated from the natural structure MgAl204), where M designates
a divalent metal ion.

We can depict the structure of spinel ferrite (Figure 1.14) as a compact cubic
composed of an arrangement of oxygen atoms. In the unit cell, the layers of these
oxygen ions are composed of 64 tetrahedral (A) sites and 32 octahedral (B) sites in
which divalent or trivalent ions (Co?*, Fe* in our case) take 8 tetrahedral and 16
octahedral sites and as a result we obtain 8 AB2O4 units [62]. Distribution of the divalent
and trivalent cations between the tetrahedral and octahedral sites can be described by
(AsB1-5)[A1-5B1+5]0s formula, where & is the inversion degree [63]. 6 = 1 represents
normal spinel in which divalent cations occupy A sites and trivalent cations in B sites.
0 = 0 refers to the inverse spinel where divalent cations become in B sites and the
trivalent cations are distributed in A and B sites. The other case is when tetrahedral and
octahedral are occupied all together by divalent and trivalent ions, this is when 0 is
ranged between 0 and 1 [64].

The heat treatment process and chemical environment affect the actual cations
distribution in spinel structure [65].
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Figure 1.14: Spinel structure

1.14.2. Hexagonal ferrite structure:

This hexagonal ferrite structure is originated from lead ferrite, also called
magnetoplumbite (or type M, discovered since 1930). It is a magnetic solid with the
formula PbFe12019. It exists in nature state but the main magnetic ceramics are obtained
by replacing “Pb” by barium or Strontium. The basic formula is MO, 6Fe2O3 where the
nomination “Hexaferrites”.

The structure (Figure 1.15) consists in an alternance of blocs of spinel type
(Fe203), separated by less dense layers of oxygen ions, some of these oxygens are
substituted by Pb?*, Sr?* or Ba?* divalent cations.
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Figure 1.15: The unit cell (left) and spin configurations of Fe®* at each layer (right) for hexagonal
strontium ferrite (SrFe12019). The spins at the nearest neighbors are anti-ferromagnetically coupled as

shown (right) [66].

It corresponds to a compact stack along c axis of R (hexagonal bloc), S (spinel

bloc), R* and S* blocs, where R* and S* are deduced from R and S with a 180° rotation
around the c axis.

The magnetic ions Fe3* are situated in three types of interstitial sites:

Two cations are the tetrahedral sites in bloc S

Four cations in the octahedral sites in bloc S, five cations in the octahedral sites
in bloc R

One cation in the bipyramidal site
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and in five different crystallographic sites: three octahedral sites 2a, 12k, and 4f2,
one tetrahedral site 4f1 and one trigonal bipyramidal site 2b (Table 1.1).

Site Type Number of iron ions Spin Bloc
12k Octahedral 6 1T Up S-R
4f1 Tetrahedral 2 | Down S
412 Octahedral 2 | Down R
2a Octahedral 1 1 Up S
2b Trigonal bipyramidal 1 1 Up R

Table 1.1: Hexagonal ferrite different sites

The magnetic structure is given by the Neel theory [3] on the ferrimagnetism for
the five sites of which three are parallel (12k, 2a and 2b) and two antiparallel (4f1 and
4f2) which are coupled by the super-exchange interactions through Oxygen ions. The
resulting magnetic moment is then deduced by the algebraic sum of iron magnetic
moments in its different positions according to the following formula:

M =M (12k + 2b + 2a) 1 - M (4f1 + 4f2) | (1.3)

knowing that Fe®* magnetic moment is equal to five Bohr magnetons (5 pg), the
resulting moment is equal to 20 ug at 0 K by unit formula which gives a magnetic
moment of 40 ug per unit cell.

Il. Synthesis methods:

In this thesis, we have used different synthesis methods to prepare our CoFe204
and SrFe12019 samples and also their composite. In the following, we describe every
used synthesis method: solid state reaction [67], Sol-gel [68], Sol-gel auto-combustion
[69], coprecipitation [12], microemulsion [70] and Spray-drying method [71].

11.1. Solid state reaction (SSR) method:

The solid-state reaction method, called also ceramic method, contains several
steps as described in Figure 11.1.
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Figure 11.1: Solid state reaction steps

Before using this method, we choose the right ingredients (precursors) (often
are metal oxides) that constitute the wanted matrix (ferrites in our case).

The precursors are submitted to a milling process. This operation is essential for
the optimization of the chemical reagents. It allows the enhancement of the fineness of
the used precursors mixture in order to increase their reactivity. This first milling allows
also to mix the ingredients between them, which is important to have a good chemical
homogeneity at the end of the steps [72]. In all the milling steps, we have used un
electric grinder in agate with a ball with 50 mm of diameter (Vibratory Micro Mill
PULVERISETTE 0, FRITISCH-Germany).

The next step is the annealing process, where the prepared mixture is taken to a
high temperature heat treatment (Figure 11.2) in order to obtain a chemically
homogenous powder.

After that, the obtained powder is grinded a second time in order to decrease
grains size and increase more its reactivity [72].

t

Figure 11.2: Annealing cycle, temperature as a function of time T=f(t).

a: heat time; b: maintain time at the wanted temperature; c: cooling time until room temperature
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After the second grinding, the powder is submitted to second and final annealing
process but with a higher temperature than the first annealing. It is also called
“sintering”, it allows the adjustment of the chemical composition and to obtain the right
crystalline structure.

11.2. Sol-gel method:

The sol-gel procedure (Figure 11.3) is well known since the mid-nineteenth
century [73]. Sol-gel term refers to “solution-gelation”, where “sol” is a colloidal
suspension of oligomers with few nanometers of diameter. Thereafter, we can evolve
this “sol” by the bias of chemical reactions, in a network with infinite viscosity called
the “gel”.

This process offers various advantages to produce materials with high degree of
homogeneity and purity at low temperatures in comparison with other methods. This
method uses a solution containing precursors like alkoxides or metal salts. The
chemistry behind sol-gel method is based on hydrolysis and condensation of precursors
dispersed in an organic solvent, or hydroxylated metal ions in aqueous solutions [74].

The sol-gel technique allows the elaboration of various types of materials in
different forms (powders, thin films, fibers...). This diversity made this method very
attractive in different fields of research.

Solution of precursors Ceramic material

Hydrolysis T
Heat treatment

&
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Figure 11.3: sol-gel process scheme
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11.3. Sol-gel auto-combustion method:

This method (Figure 11.4) involves exothermic and self-sustaining thermally-induced
anionic redox reaction of xerogel, which is obtained from aqueous solution containing
desired metal salts (oxidizer) and organic complexant (reductant) [75]. Proportions
between complexant and salts are usually calculated according to the valences of the
reacting elements in order to supply the relation of oxidizer/reductant equal to 1 [76].
The nitrate salts are favored as precursors, because they serve as water-soluble low
temperature NO5 oxidant source for synthesis [77]. In some cases, metal nitrates and
complexant are directly mixed together by intensive stirring and heating without adding
water. Metal nitrates possess hygroscopicity; consequently, they easily absorb moisture
and become slurry. This variety of the sol-gel auto-combustion is called flash-
combustion method [77].

Metal mtrates} [ Citricacid }

{
[ Mixing in dlstllled water ]
|
|

2 L Ammonia solution W
pH value around 7 } ‘

3
Formation of a gel }

ﬂ*f — —
v

Increase of temperature — Water
evaporation

**—*# Increase of temperature 250 °C ’
[ Formation of combusted powder }

b |L Calcination W
‘ Final powder ‘

Figure 11.4: sol-gel auto-combustion steps

Sol-gel combustion methods show advantages over the other processes mainly
due to the following important facts:

- Low cost and low temperature process.

- Better control of stoichiometry.

- Crystalline size of the final oxide products is invariably in the nanometer range.
- Exothermic reaction makes product almost instantaneously.

- Possibility of multicomponent oxides with single phase and high surface area.
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11.4. Coprecipitation method:

Coprecipitation is considered as one of the simplest synthesis methods, it
consists on simultaneously precipitate at least two precursors in a solution (Figure 11.5).
The obtained precipitate is washed, filtered, dried and finally annealed.

The coprecipitation of cations leads to the formation of a suspension of solid
particles. It occurs in four steps. The first step is the formation of two precursors with
charge equals zero, by an inorganic polycondensation reaction whose concentration
increases with time due to the variation of pH value with the addition of basic solvent.

Solution A Solution B
\/ Precipitation
»n
&

Nucleation and Growth
1
.
Filtration

J
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Figure 11.5: Coprecipitation process scheme

As shown is Figure 11.6 When the concentration exceeds a minimum value
Cmin, condensation reactions between precursors become faster and there is an
appearance of germs in the solution, followed by a sudden decrease of precursors
concentration, and if this decrease is less than Cmin the further formation of germs is
blocked and the nucleation phase starts. The time separation of nucleation phases and
the growth permits the obtainment of homogenous particles size. The growth continues
as the concentration of precursors with zero charge exceeds the solubility of the
precipitated solid. The last phase is aging, which is an important step since it will give
the final characteristics of the particles.

In this method, the size, the form and the composition of the magnetic
nanoparticles, depend on type of used precursors (acetates, chlorides, sulfates,
nitrates...), reaction temperature, pH value, reagents ionic concentration and also the
nature of the used basic solution.
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Figure 11.6: LaMer diagram for monodispersed particle formation (homogeneous nucleation). Cs is the
solubility, Cmin* is the minimum concentration for nucleation, i.e. the minimum supersaturation level
for homogeneous nucleation, and Cmax™ is the maximum concentration for nucleation. The regions I, I,
and 111 represent pre-nucleation, nucleation and growth stage, respectively.

11.5. Microemulsion method:

This technique (Figure 11.7) is one of recent methods for inorganic
nanoparticles preparation. An emulsion is formed when an appropriate amount of a
surfactant agent, which is generally used to reduce the interfacial tension between two
immiscible phases, is mechanically agitated with oil and water resulting a two-phase
dispersion, where we distinguish one of the phases in a form of droplets coated with
surfactant, which is dispersed in the other phase. These emulsions have a milky or
cloudy appearance which is due to droplets size that varies between 0.1 and 1 um.

In microemulsions of water in oil, the aqueous phase is dispersed in
microdroplets surrounded by a monolayer of the surfactant agent. The size of the
micelles is determined by water: surfactant agent molar ratio.

The formation mechanism of nanoparticles in the microemulsion is not
completely understood yet. However, the proposed mechanism for nanoparticles
synthesis inside the microemulsions by some researchers [78] is represented in the
following figure:
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Figure 11.7: principle steps of a synthesis using microemulsion method

As described in the figure, when we mix two microemulsions water-oil that
containing the desired reagents. The reagents exchange takes place during the collision
of droplets in microemulsion. The exchange of reagents is very fast and the precipitation
reaction occurs in the nanodroplets, followed by the nucleation, the growth and the
coagulation of primary particles, which provoke the formation of the final nanoparticles
surrounded with water and stabilized with the surfactant. By adding a solvent, such as
Acetone or ethanol, the precipitate can be extracted by filtering or centrifuging the

mixture.
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11.6. Spray-Drying process:

The process of Spray-drying is based on powder shaping and it is widely
exploited in the industrial sector. It gives as a result a fine powder with a controlled size
distribution. It is a polyvalent process with many input parameters that influence on the
size, morphology or the aspect of the produced particles.

The Principle of spray-drying is based on the pulverization of a liquid in a hot
air current. At the contact with the hot air, the solvent and the volatile compounds of
droplets formed by the spray evaporate to leave only one “dry” particle. The principle
of this technique is represented in Figure 11.8. This technique is therefore frequently
utilized to dry suspensions and thus increase the size of the grains (agglomeration). It
also makes it possible to use the formed droplets as microreactors to perform in situ
chemical reactions.
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Figure 11.8: Schematic principle of a Spray Dryer device with co-current flow. 1- Dry air (or nitrogen)
inlet pipe; 2- Electric resistance; 3- Atomizer (nozzle system); 4- Drying chamber; 5- Cyclone, for the
separation of particles and gas; 6- Bowl collector; 7- Exit filter (polyester); 8- Aspirator

o

The mastery of the operating conditions such as: the formulation of the
precursor, the inlet temperature, the shear air / liquid flow rate ratio, the drying mode,
etc., make it possible to control the morphology of the final powder.
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11.6.1. Atomization of the feed:

The liquid feed can be a solution, an emulsion or a suspension. However, the
mixture should be homogenous in order to get a uniform size distribution in the
particles.

The solution is pumped with a peristaltic pump to the spray nozzle. On the other
side, nitrogen is transported under high pressure and velocity to the spray nozzle as
well. The contact between high velocity gas and liquid breaks up the feed into fine
droplets.

Atomization of the feed consists of successive steps:

1- A shear instability first forms waves on the liquid. The instability arises from the
relative difference between the velocity of the liquid jet (V1) and the gas (V2> V1).

2- Above a critical velocity (of about 20 m/s), the shears will give birth to digitations
form.

3- As a drop moves through a gas, the pressure gradient causes its spherical shape to
change and distort. As the distortion continues, the drop becomes an ellipsoid, or disk
shaped, until an upper limit is reached and breakup begins. These digitations will then
stretch and become ligaments.

4- The liquid ligaments are stretched in the air stream and their diameter decreases until
they break into drops. When these ligaments are stretched, their diameter decreases
until they break into drops resulting in the primary atomization.

5- If drops produced by this process are big enough, they will break again during the
process of secondary atomization.

The device that allows the atomization is called atomizer. Various types of
atomizers exist on the market including pneumatic atomizer, pressure nozzle, spinning
disk configurations, two fluid nozzle and sonic nozzle. The choice of the atomizer
depends on the desired droplet size that has an impact on the final particle size.
Compared to all the types of atomizers, the two fluid nozzle is the best suitable for
small-scale production because it tends to consume less atomizing gas.

11.6.2. Droplet-air contact:

Droplets are brought into contact with hot gas (air or nitrogen) inside the drying
chamber. The type of contact between the spray and the air is determined by the
direction of both spray and drying air. Two types of dryers exist: co-current and
counter-current dryers.

Counter-current dryer: the hot air flows in the opposite direction of the spray.
Accordingly, the spray is in contact with the coolest drying air. This type of dryers is
recommended for materials with internal moisture retention, requiring a longer cycle of
heat to draw out the moisture.
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Co-current dryer: the spray and the hot air have the same flow direction inside
the drying chamber. Co-current dryers are considered as the best designs for products
that are keen to suffer from heat degradation: the hottest drying air is in contact with
the droplets at their maximum moisture content (right after being released from the
nozzle), accordingly, the concurrent dryer results in a quick drying compared to the
counter-current dryer and is less harmful to heat sensitive substances.

Depending on the solvent used in the feedstock, Spray Drying experiments can
be carried out in open or close mode.

The open cycle is applied for aqueous feeds: the drying gas is the air and it is
vented to the atmosphere.

When the feedstock consists of solids mixed with flammable organic solvents
(volume in water greater than 50% in volume), the closed mode is applied: the drying
gas is nitrogen. The system will be connected to an accessory called inert Loop that
enables the safe use of organic solvent in a closed loop and avoids any explosion risk
or oxidation. The vapors of the solvents are condensed in a refrigerator and collected in
a closed bottle. The cleaned gas stream is then preheated and it flows back to the Mini
Spray Dryer.

A closed-cycle dryer recycles the drying gas, which is an inert gas such as
nitrogen.

11.6.3. Droplet drying:

It is important that droplets have sufficient residence time in the drying chamber
to get efficiently dried particles. The droplet residence time in the drying chamber can
give an idea whether or not the droplets are sufficiently dried. However, Spray Drying
process involves many parameters: atomization of the feed, spray air contact/mixing,
spray evaporation/drying, drying air temperature and humidity. Due to this complexity,
it is difficult to simulate the droplet residence time inside the chamber.

Droplet drying takes place in two stages:

- During the first stage, temperature at the surface of the droplet is less than the
temperature of the drying gas. The droplets are dried without any real evaporation.

- The second stage the temperature at the surface of the droplet is approximately equal
to the temperature of the drying air. Consequently, droplets will decrease in volume.

The evaporation begins when there is no longer enough moisture to maintain
saturated conditions at the droplet surface, causing a dried shell to form at the surface.
Evaporation will depend on the diffusion of moisture through the shell, which is
increasing in thickness. Once there is no longer enough moisture in the droplet, this
leads to a dried particle that has a temperature lower than the temperature of the drying
gas enriched with moisture.
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Different products have different evaporation and particle-forming
characteristics. Some expand, others contract, fracture or disintegrate. The resulting
particles may be relatively uniform hollow spheres, or porous and irregularly shaped.

11.6.4. Separation:

The dried particles are separated from the gas stream and collected by a conical
container called cyclone (Figure 11.8). The gas charged with dried particles enters
tangentially into the cyclone with an inlet velocity and moves in a spiral pattern. Thus,
the strong swirling flow forms a vortex inside the cyclone. Due to their high inertia,
large particles won’t be able to follow the curve of the vortex. Consequently, with the
effect of centrifugal force, they will collide with the cyclone walls, lose speed, and fall
to the bottom of the cyclone where they are collected. Smaller particles will remain in
the helical gas that will exit the cyclone through the gas outlet at the top of the cyclone.
Cyclonic separation is considered as an efficient method for Spray Drying process since
it is cheap, operates continuously with high safety without consuming energy, fits to
conditions of temperature and process pressure and requires little maintenance.

I11. Characterization techniques:

I11.1. Thermogravimetric analysis (TGA):

Thermogravimetry [79] (Figure 111.1) is a method which allows to follow mass
evolution of a sample as a function of thermal treatment temperature in a controlled
atmosphere. This variation could be a loss of mass in the case of vapor emission or a
gain of mass in the case of oxidation for example. this method allows to evaluate the
amount of hydroxide residues or organic matter existing in the samples as well as their
evaporation temperature, so that we can fix an optimal annealing temperature for our
samples.

In our work, the thermogravimetric analyses were performed using TGA Q500 V6.7
build 203 equipment at MASCIR laboratory with the following conditions:

-the used mass for each sample is between 10 and 30 mg
-the air is the analysis atmosphere
-the heating rate is 10 °C /min

-temperature varies between 25 °C and 1000 °C.
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Figure I11.1: TGA instrumentation

111.2. X-ray diffraction:

The x-ray diffraction XRD [80] is the basic technique widely used to
characterize different type of materials characterization. It is a convenient way to
qualitatively and quantitatively identify crystalline compounds, using materials
capacity to deviate x-rays beam [81]. x-ray diffraction allows us to access important
data contained in the arrangement of atoms within a crystallized material such as
geometric arrangement type, cell parameter and crystallite size.

This technique consists on the submission of the sample to a monochromatic x-ray
beam and collect the emitted spectrum of the diffraction.

The spectrum of x-ray diffraction of a crystallized compound has the following
characteristics:

dnii value depends on cell parameters and the mode of network
the intensity of the peaks depends on the nature and position of the atoms within
the cell

The x-ray diffraction diagrams of the samples were performed with a Bruker AXS
diffractometer in configuration (Bragg-Brentano 0-20) at room temperature. the used
wavelength of the radiation is that of K, of copper cathode represented with the
following equation:

__ 2Kgq1 + Kg2

ey = 1.5407 A (111.1)

The diffractograms were recorded in the largest angles from 20 degrees to 80 degrees
of 20 with a step of 0.02 degrees.
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111.3. Scanning electron microscopy and Energy-dispersive X-ray spectroscopy:

The scanning electron microscopy SEM is a fast way to obtain information
about the morphology and chemical composition of a solid material. It generally
coupled to a microanalysis system EDS (Energy-dispersive X-ray spectroscopy).

The surface of the sample is scanned by an accelerated electron beam at tensions
vary between 10 kV and 30 kV which is going to interact with the matter (primary
radiation). From these electronic interactions result a number of secondary radiations
which we will be able to exploit with the appropriate detectors:

Secondary electrons emission

Backscattered electrons emission (without energy loss)
X-ray photons emission

...etc.

The secondary and the backscattered electrons are collected with specific detectors,
by synchronizing the detection (intensity) to the scanning of the incident beam. We
obtain also a surface image where the contrast is as a function of the type of the selected
electrons via the detector, the chosen acceleration tension and the nature of the existing
atoms in the sample. We obtain images with:

A topographic contrast (related to the measured electrons rate and their access
to the detector) in which the peaks and the inclined surfaces appear brighter than
the flat surfaces.

A chemical contrast related to the diffusion coefficient of the atom and so to its
atomic number Z. in this image mode, the more an atom is heavy, the more the
number of backscattered electrons is bigger and the image zone becomes
brighter.

Following the interactions of the beam of the primary electrons with the atoms of
the analyzed material, x-ray photons are created (deexcitation phenomena). The collect
of these photons with a specific detector coupled to the SEM allows us to complete the
imaging part via chemical analyses with energy-dispersive x-ray spectroscopy (EDS).
In fact, the energy of these x-ray photons is characteristic of the atoms that emitted
them, hence the possibility of carrying out elementary analyzes that can be qualitative
(identification of the existing elements in the material) or quantitative (atomic and/or
mass percentage of each element).

We have obtained SEM results using an electronic microscope (FEI, Quanta FEG
450) with an EDS detector from Bruker company at MAScIR.

111.4. Mdssbauer spectroscopy:

The Mdossbauer spectroscopy [82] is a technique that gives information about
local electronic structure of the probed element, °’Fe in our case. The principle of
measurement is reported in the Figure 111.2. The sample (A) is exposed to a beam of
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gamma (y) radiation. For that, we have a source (S) emitting continuous gamma
radiation, and we move the source by oscillations. Behind the sample, we find a detector
(D) that record photons flux variations (N(v)) in terms of the velocity of the source (v).
The absorption curve is described by a Lorentzian of width at half maximum 2T".
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Figure 111.2: Experimental principle of transmission Mdssbauer spectroscopy

The Mdssbauer analyses are recorded at room temperature, with a conventional
spectrometer. The spectra were then modeled by curves with Lorentzian form with
hyperfine interaction parameters (6=Isomer Shift, AEq= Quadrupole Splitting, H=
hyperfine magnetic splitting) (Figure 111.3).
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Figure 111.3: Hyperfine parameters in Mdssbauer spectroscopy
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The isomer shift () is proportional to the electronic density of the nucleus. This
shift represents the displacement of the gravity center of the spectrum compared
to a reference (o-Fe, a-Fe203). Being directly related to nucleus electronic
density, the isomer shift characterizes the different states of oxidation of the
resonant atom. Thus, when we go from Fe** (3d°) ion to Fe?* (3d®) the isomer
shift increases (+0.7 mm/s on average).

The quadrupole splitting (AEq) represents the dissymmetry of the electronic
density around the nucleus and it characterizes the environment of the probed
atom. The quadrupole effect is influenced by everything that changes the
electric field gradient at the nucleus level. This parameter allows the
characterization of defects, deformation effects and anisotropy like preferential
orientations.

For the hyperfine magnetic field (Hns), it results from the interaction between
the nuclear magnetic moment of the resonant nucleus and a magnetic field
internal to the solid. In the case of ®>'Fe, we will have six allowed transitions,
each transition gives a line on the spectrum (sextuplet).

In this work, we have performed Mossbauer analyses using lron-57 Mdssbauer
spectroscopy to probe the oxidation state of the iron ions and investigate their
coordination. The °'Fe transmission Mdsshauer data were registered by a constant-
acceleration spectrometer with a °’Co(Rh) source at room temperature. The Mdsshauer
spectrometer is equipped with Wissel velocity drive using a compatible CMCA-2000
multichannel analyzer Wissel unit for data acquisition (Wissenschaftliche Elektronik
GmbH, Ortenberg, Germany).

I11.5. Magnetic properties measurements system (MPMS-XL7 magnetometer):

The magnetic characterization of the samples was handled by MPMS-7XL
magnetometer. The goal is to determine magnetic properties of our samples.

The sample is placed inside the detection coil where it comes and goes
vertically. The variations of the generated flux by the sample induce a current in the
detection coil which is transmitted to the SQUID (Superconducting Quantum
Interference Device). This is similar to a current to voltage converter and the voltage
variations are then directly proportional to magnetic flux variations.

The MPMS-7XL SQUID magnetometer, ((Superconducting Quantum Interference
Device) i.e. equipped with a supraconductor device with quantum interference) of
Quantum Design company. The main elements which constitutes this magnetometer
are:

A superconducting solenoid to generate an intense magnetic field

A supraconducting coil for magnetic induction detection inside at the center of
the magnet

A SQUID joined to the detection coil (for magnetization measurement)
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A temperature control system

This magnetometer allows to measure extremely weak magnetic moments of the
order of 10 emu/g with applying magnetic field up to 7 T, and for temperatures that
could vary between 1.9 K and 800 K.

IV. Density functional theory and computational

package:

The density functional theory (DFT) formalism is probably the most spread ab initio
qguantum mechanical modelling tool in the contemporary solid-state-matter research.
DFT is built upon the premise that the properties of many electron systems, such as
solid state crystals, molecules and matter in general can be expressed as functionals of
the electron density, a single, scalar function. The history of the formalism dates back
to 1964 when the two Hohenberg and Kohn theorems were formulated. They express
the equivalence between the electronic density and the all-electron wave function of a
guantum mechanical many-body system. Shortly after, in 1965 the practical
implementation by Kohn and Sham was introduced. However, only the later
improvements of exchange-correlation energy, pseudopotentials and projector

augmented wave method together with advances in the computational infrastructure
allowed for its widespread use.

Any problem in the electronic structure of matter is fully described by the time-
dependent Schrodinger equation [83]. In most cases, however, the atoms and molecules
considered lack time-dependent interactions, so the time-independent Schrodinger
equation may be used instead.

IVV.1. Born-Oppenheimer approximation:

All the resolution methods of the Schrodinger equation is based on the Born-
Oppenheimer approximation in which their authors (Born et Oppenheimer) supposed
that there is a huge difference in mass between nuclei and electrons. Thereby, it is
possible to uncouple the nuclei movement from the electrons movement and to write

the wave function as a product of two wave functions:
¥(7,R) = Yuuc(R)Weree (7 R) (1V.1)

%..c(R): wave function associated to the nuclei
Woree (7, ﬁ): wave function associated to the electrons

where the nuclei are fixed in the position R.

57



The total energy is then the sum of a nuclear and an electronic contribution:
E = Epyc(R) + Ecroc(R) (1V.2)

This approximation is known under the name of the adiabatic approximation of Born-

Oppenheimer.

The nuclei position becomes a parameter and the problem consist on the resolution of

the Schrodinger electronic equation in the field of nuclei supposed fixe:
Heleclpelec(?' ﬁ) = Eelec(}—é)q]elec(?' I_é) (IV3)
where: Aoee = To + Voo (@) + V() + Voo (7 R) (1V.4)

there are many methods that resolve the equation (1V.3). Among these methods we can
find the Hartree-Fock [84] based on the hypothesis of free electrons. These methods are
widely used to treat atoms and molecules, but are less precise for solids. The DFT turns
out to be a more modern and probably more powerful method. Its history goes back to
the first thirties of the 20" century but it was formally established in 1964 by the two
theorems of Hohenberg and Kohn [85]. These two authors have demonstrated that all
the aspects of the electronic structure of a system in a non-degenerate ground state are

completely determined by the electronic density p(#) instead of the wave function.

IVV.2. Hohenberg and Kohn theorems:
The DFT is based on the following two Hohenberg and Kohn theorems [85]:

1. The electronic density p (), associated to the fundamental level of a system of

N electrons in interaction in an external potential V,,.(7), uniquely determines (to
within a constant) this potential. Thereby, all the properties of the system and the total
energy of the ground state in particular are determined from p (¥) the total energy
functional of the ground state. It is expressed as follow:

E[p(] = Flp(A] + [ p(F)WVeye (F)d7 (IV.5)

where [ p(#)V.,.(¥)d7 represents nuclei-electrons interaction, F[p(#)] is a density p(#)
functional that is independent from the external potential v, (¥); it holds in the kinetic

and coulombian contributions to the energy:
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Flp(] = Tlp()] + Vee[p(P)] = Tlp()] + Enareree[P()] + Exc[p ()] (IVG)

where T[p(#)] is the kinetic energy of the electronic system and V,,[p(7)] refers to
electron-electron interaction term that includes the Hartree energy Eyqreree ()] (the
electron-electron coulombian repulsion) and the exchange-correlation energy
E..[p(®]. This functional is not known in an exact way, because the kinetic energy

T[p(#)] and the exchange-correlation E, . [p(7)] expressions are not known exactly.

2. For a given external potential and a number of fixed electrons, the ground state
of the system is the global minimum of the energy functional E (¥). The density that

minimizes the functional is the ground state density p, (+):

=0 (IV.7)

9E[p(M)]
[ @ ]p(F)=po(F)

ap(#)

The functional E () is universal for any multi-electron system. If E () is known,

it will be relatively easy to use the variational principle to determine the total energy
and the electronic density of the ground state for a given external potential.

Unfortunately, the Hohenberg and Kohn theorem does not provide any indication on
the form of F (7).

1VV.3. Kohn-Sham equations:

The Kohn-Sham theory [86] is based on the hypothesis that it is possible to
reproduce the ground state density of N particles in interaction by an auxiliary system
of independent particles. The real system composed of electrons in interaction is
replaced by a set of fictitious and independent particles evolving in an effective
potential (Figure 1V.1). All the N body interactions being contained in electronic
density dependent exchange-correlation functional given by:

p(#) = L1l (I (1V.8)
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Figure IV.1: (A) Real system made up of several interacting electrons; (B) fictitious system of
independent particles with the same energy and electronic density as the real system.

The variational principle is used to obtain the ground state energy and the
density that give the functional Ey..:[p(¥)]. Consequently, the energy functional

Eyexe[p(7)] is given by:
Evexr[lﬂtﬂl = Tnlp{f:j] + VH [F’(ﬂ'] + Fxc[lﬂ{ﬂl + I-",_,_,;IP{ﬂ] (|V9)

where To refers to the kinetic energy of the system without interaction, V4 designates
the Hartree term (the classical Coulomb interaction between the electrons), V. refers
to the term that contains the exchange and correlation effects and Vex includes the
Coulombian electrons interaction with the nuclei and also the nucleus-nucleus
interaction. The Hartree term and the kinetic energy term play a significant role in the
description of free electrons states. These terms are the most important in the treatment
of electrons interaction.

The difference between the real kinetic energy and that of non-interacting
electrons as well as the difference between the real interaction energy and that of
Hartree are taken into account in the exchange and correlation energy E, .[p(7)]. The
Schrédinger equation is then as follows:

F4
fi
™ V2 +V, (p(P) + Ve (p(P)) + Vo, (o)) |00, () = Ej; (7),
€ (1v.10)
where the exchange-correlation potential is given by the derivative functional:
o WVyclp(#
Vee(p(®) = 222D (IV.11)

ap(#)

Determining the ground state of the system is then comes down to resolving, in
a self-consistent way, the set of equations in equation (IV.10), called Kohn-Sham
equations. The sum of the three terms Vu+Vxc+Vext forms an effective potential Ve that
can be called local, due its dependence on “r”. This method is formally correct,
therefore for the practical calculation, the exchange-correlation energy, which is a
density functional, requires the use of certain approximations.
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IV.4. Kohn-Sham equations resolution:

The DFT based methods are classified according to the representations which
are used for the density, the potential and more particularly Kohn-Sham orbitals. The
choice of representation is made to minimize the calculation cost along with a sufficient
accuracy.

The kohn-Sham orbitals are given by:

(H-£5)=0 (1V.12)

where H represents the Hamiltonian matrix and S the overlap matrix.

Then, the new charge density is built with the eigenvectors of this secular equation
using the total charge density which can be obtained by a summation of all the occupied
orbitals. If the calculation convergence is not achieved, we mix the charge densities
pinand p,,,; as follows:

A =(1-a)p, +ag, (1V.13)
i represents the i iteration and o a mixing parameter. Thereby, the iterative procedure

can be continued until reaching convergence (convergence tests on energy and/or
charges).

When the convergence is reached, we access the ground state energy. The entire
procedure is represented in Figure 1V.2.

( Initial guess for p(r) }

.

v

Use p(r) to calculate v (r)
Verr () = Vi () + f"(_;)dr + Ve [p(r)]
o \ [r—7|
[8)]
@ '
S Solve Kohn-Sham equations
Q
- h?
g L [ ﬁvf b Ve)‘f[r)]lpr' =g

b4

p
Solve for y(r) and evaluate p(r), and the total energy

p@) = ) W = Firlp(r)]

v if converged

Output
pﬂ(r), E; [pn('r)] — eigenvalues, furces, ...

wy

Figure V.2 : A general self-consistent scheme to solve the Kohn-Sham equation [87]
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The algorithm in the figure allows to calculate the ground state energy and
electronic density of the atomic configuration with a given geometry (form or volume).
If the atomic set is not at a mechanical equilibrium, forces are exerted on the atoms. In
a practical way, it is sufficient to recover the value of the forces on the atoms at the end
of each self-coherent electronic cycle and use conjugate gradient algorithms (conjugate
gradient method is an algorithm that serve on the resolution of linear equations systems
whose matrix is symmetric positive definite) in order to minimize the energy and
determine the optimal geometry.

IV.5. The exchange-correlation functional:

The fact that the DFT does not provide any information regarding the form of the
exchange-correlation functional, the approximation introduced to determine it has to be
applicable for different systems. There are three categories related to electron-electron
resulting effects:

1. Exchange effect, also called Fermi correlation, resulting from the total wave
function anti-symmetry. It corresponds to the fact that two electrons with same
spin have zero probability to be found at the same place. This effect is directly
related to the Pauli principle and absolutely does not involve the electron charge.
The Hartree-Fock approximation takes it naturally into account, due to the
antisymmetry of the Slater determinant representing the wave function ‘P.

2. The Coulomb correlation due to the electron charge. It is related to the repulsion
of electrons in 1/ | r-r’ | . Contrarily to the exchange effect, it is independent to
the spin. This fact is neglected by the Hartree-Fock theory.

3. The third effect comes from the fact that the electronic wave functions are
formulated in terms of independent particles. It is the self-interaction correction,
which has to lead to a correct counting of the number of electron pairs. The
Kohn-Sham approach imposes to the term of exchange-correlation to take
charge, in addition to all this, the correction of kinetic energy term. In fact, even
if the considered density of the fictitious system is the same as that of the real
system, the determined Kinetic energy is different than the real energy, due to
the artificial independence of wave functions. the energy and exchange-
correlation potential calculation is based on a certain number of approximations
and we will talk about some of them in the following.

IVV.5.1. Local gradient approximation (LDA):

The Local Density Approximation (LDA) is based on the assumption that the
electronic density varies slowly in space and therefore the exchange-correlation terms
depend only on the local value of p(r); which means that it treats a non-homogenous
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system as it is locally homogenous. The exchange-correlation functional E,.[p(7)] is
then replaced by that of a homogenous gas of electrons with a density p(#) :

Ex o] = [p(Pexclp(P]d7 (1V.14)

where &,.[p(#)] represents the exchange-correlation energy for a uniform gas of
electrons with a density p (7).

The local density approximation allows to describe only the ground state of
electronic systems but not the excited states. The forbidden energy bandwidths of
semiconductors and insulators are underestimated in this approximation. For some
systems with strong correlation effects (‘f* and ‘d’ bands are narrow), the LDA does
not allow to correctly describe the properties of the system.

IV.5.2. Generalized density approximation (GGA):

The Generalized Gradient Approximation (GGA) provides improvement over
the LDA. In LDA, the exchange-correlation potential depends only on the density p ()
when in GGA, the potential is expressed as a function of the electronic density p(7)
and its gradient Vp(7):

EEA e @] = [ p()f[p(), Vp()]dp () (1V.15)

flp(#),Vp(7)] refers to the exchange-correlation function dependent on the electron
density and its gradient.

In numerous cases, the GGA provides better results compared to the LDA for
total energies, cohesion energies, equilibrium volumes and incompressibility modules.
However, the forbidden bandwidths of insulators and semiconductors remain much too
small. Systems with strong correlations are poorly described.

IV.5.3. Local density and generalized density approximations with Hubbard
correction (LDA+U and GGA+U):

For systems with strongly localized ‘d’ or ‘f* orbitals, the intra-site effective
Coulombian repulsion between the localized electrons, represented by ‘U’ the Hubbard
term, is strong in front of the bandwidth. The LDA is then insufficient and the
intraatomic correlations have to be taken into account. The Mott-Hubbard insulators
such as transition metal compounds from the end of the 3d series, rare earths or actinides
are in fact obtained as metals in LDA. This erroneous description of high correlation
systems comes from the fact that in the LDA method, the charge density is defined by
an occupation averaged over all the orbitals of the same orbital quantum number ‘I’.
The effective mono electronic potential which is a charge density functional, is
therefore identical for all the orbitals having the same value of ‘I’. This violates the
second Hund rule associated with orbital polarization and responsible for local
moments. The strong shielded intra-site Coulombian interactions between the ‘d’
electrons were introduced according to the approach designated by the name of the
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DFT+U method which combines the DFT method with a Hamiltonian said of Hubbard

HHubbard-

IV.6. Computational package: Quantum ESPRESSO

Quantum ESPRESSO [88] stands for open Source Package for Research in
Electronic Structure, Simulation and Optimization. It is a free software, released under
the GNU General Public License. The code is designed to perform density functional
theory calculations of the electronic structure. It uses plane wave basis sets and
pseudopotential in its applications. Its features range from the calculation of ground-
state energy and Kohn-Sham orbitals to the calculation of atomic forces, stresses, and
structural optimization, molecular dynamics on the ground state Born-Oppenheimer
surface, Nudged Elastic Band (NEB) and Fourier String Method Dynamics. Quantum
ESPRESSO is also able to perform other calculations such as; phonon frequencies and
eigenvectors at a generic wave vector, effective charges and dielectric tensors, electron-
phonon interaction coefficients for metals, Infrared and Raman (non-resonant) cross
section etc. [88]. Quantum Espresso is presently divided into several executable,
performing different types of calculations, although some of them have overlapping
functionalities. Typically, there is single set of functions or a single Fortran 90 module
that perform each specific task, but there are still important exceptions to this rule,
reflecting the different origin and different styles of the original components. Quantum
Espresso has in fact built out of the merging and re-engineering of different packages.

V. Conclusion:

This chapter allowed us to present different synthesis methods used to prepare our
samples. We have also presented different equipment and tools used to characterize and
determine different properties including the DFT tools.

The different obtained results are presented in chapters 2,3, 4 and 5.
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Chapter 2

Experimental and theoretical investigation of
SrFe12019  nanopowder for permanent magnet

application

In this chapter, we are interested in the study of the effect of varying
annealing temperature (800 °C, 1000°C and 1100 °C) on crystal structure, phase
composition, morphological and magnetic properties including the maximum energy
product (BH)max of Strontium M-type hexagonal ferrite (SrFe12019) prepared using sol-
gel auto-combustion synthesis method. Ab initio calculations have been also

performed.

l. Scientific context:

Ferrites are very considerable in many fields of applications as magnetic
materials family [28,89,90]. In this family, M-type hexagonal ferrites essentially
possess a good place among other magnet materials for permanent magnets application
[33]. Over the time, various efforts have been made by interested researchers to study,
elaborate M-type hexaferrites and enhance their magnetic properties by dint of their
good energy product and enticing performance to cost rate in comparison with the other
magnet families. Thus, they present a good maximum energy product which is the main
property that define a good magnet. It is the maximum value of the product BH
extracted using the second quadrant of B versus H loop and refers to the outer energy
generated by a permanent magnet [43]. Strontium hexaferrite was developed in the
1950s by scientists at Philips Laboratories and since it manufactured in large-scale
production for permanent magnets a maximum energy product in the range 28
kJ/m3=3.5 MGOe to 34 kJ/m® =4.3 MGOe for anisotropic magnets [91]. Ketov et al.
have enhanced initial (BH)max Of SrFei2O019 with milling and two steps annealing
process with magnetic field from 8.3 kJ/m3=1 MGOe of the initial powder to 18.4
kJ/m3=2.3 MGOe after the process [92]. Stingaciu et al. investigated strontium
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hexaferrite with ball-milling consolidated by spark-plasma sintering and obtained a
maximum energy product ranged from 3.5kJ/m3=0.4MGOe to 4.6kJ/m3=0.6MGOe at
room temperature [91]. Preparation method also plays a crucial role in the preparation
of nanoferrites. Therefore, in order to obtain ultrafine homogeneous nanoparticles of
strontium hexaferrite, sol-gel auto-combustion technique is adopted by many
experimenters [77,93], with other techniques such as sol-gel [94], coprecipitation [95]
and microemulsion [96]. In the present work, we have prepared strontium hexaferrite
using sol-gel autocombustion method at different annealing temperatures. The
structural, morphological and magnetic properties of the prepared samples were

investigated. In addition, we have performed a theoretical calculation.

Il.  Experimental and theoretical calculation details:

Thermogravimetric analysis (TGA) was gathered using a TA Instrument Q500
equipment. Powder X-ray diffraction (XRD) data was collected using a Bruker D8
powder diffractometer with Cuk, radiation (Acu =1.5407 A). Scanning electron
microscopy and energy dispersive x-ray results (SEM and EDX) were assembled from
FEI Quanta FEG 450 with EDX detector from Bruker Company. %'Fe transmission
Mossbauer spectroscopy data were recorded with a constant-acceleration spectrometer
with a °’Co(Rh) source at room temperature. The Mdsshauer spectral absorbers were
prepared with 30 mg/cm? of SrFe;2019 materials mixed with boron nitride. The
spectrometer was calibrated at room temperature with the magnetically split sextet
spectrum of a high-purity a-Fe foil as the reference absorber. The measurements were
carried out in the [+ 12 mm/s] velocity ranges. Fitting the experimental data, the spectral
parameters such as isomer shift (8), quadrupole splitting (A), linewidth (T"), magnetic
field (Bnf) and relative resonance areas of the different spectral components were
determined. The validity of fits was judged on the basis of minimizing the number of
parameters and 2 values (y2 < 0.1). The magnetic properties were measured by MPMS-
XL7 SQUID magnetometer provided by Quantum Design Company. The electronic
energy structures and magnetic properties of SrFe12019 were studied using the density
functional theory (DFT) methods. The generalized gradient approximation with
Hubbard correlation terms (GGA+U) is utilized, which is more accurate to manage 3d-

electrons strongly correlated. Hubbard parameter U and exchange parameter J are used
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such as U-J = 3.7 eV. Self-consistent calculations are performed using the plane wave
PWSCF code in the QUANTUM ESPRESSO package [15] with ultrasoft
pseudopotentials. The Kohn Sham single-particle electron wave functions were
expanded in plane-waves basis fixed to a cut-off kinetic energy of 40 Ry, and the energy
cutoff for the charge density was 320 Ry that in order to obtain converged results. The
irreducible Brillouin Zone (BZ) investigations are carried out using the scheme of the
Monkhorst Pack [16] with the 8 x 8 x 2 k-point mesh.

I11.  Samples synthesis:

We have used sol-gel auto-combustion method to synthesize Strontium
hexaferrite (SrFe12019). This method has been recently proposed as a suitable technique
to prepare such kind of materials as hexaferrites in pure phase [97]. Using this
technique, ferrite materials could be elaborated at low temperatures comparing to other
synthesis routes which require high temperature treatment that leads to high energy
consumption. In addition, most of the preparation techniques give rise to the formation
of Sr,03 and Fe;Os3 as secondary phases [98,99]. In order to synthesize strontium
hexaferrite via sol-gel auto-combustion method, we use strontium nitrate Sr(NO3)a2,
Ferric nitrate nonahydrate Fe(NO3)3,9H20, citric acid CeHgO7 and ammonia solution.
Distilled water was used to prepare the solutions. Stoichiometric amounts of these
precursors were dissolved in distilled water by magnetic stirring. In order to obtain
around neutral pH-value [77], ammonia was added to the obtained solution. The
solution was then dried at 100 °C so that we obtain a gel which is heated until auto-
combustion takes place. The obtained as-synthesized powder was then calcined at 800,
1000 and 1100 °C.

IVV. Results and discussion:

IVV.1. Thermogravimetric analysis:

Figure V.1 shows TGA/DTGA curves of an uncalcined powder of

SrFe12019 behavior when exposed to temperature variation.
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Figure IV.1: TG-DTG thermograms of M Type strontium hexaferrite

The TG curve presents three parts of weight loss. The first part appears
between the room temperature and 260 °C, that is due to the evaporation of the existing
water and to the full chelation process with the loss of Nitrogen mono and dioxide
gaseous. The second part takes place between 260 and 500 °C. The major weight loss
is resulting from the decomposition of nitrates and the organics (citric acid) leading to
the appearance of the exothermic peak in DTG curve (at T = 380 °C). The
decomposition process of nitrates remaining result in the liberation of water, Carbon
oxides and Nitrogen oxides could be the cause of this behavior [100]. A peak at 630 °C
refers most likely to the start of formation of M-type strontium hexagonal ferrite [101].
After 750 °C, no sign of more weight loss is detected. According to this TGA obtained
results, we have calcined the samples at different temperatures starting from 800 °C in
order to evaluate the effects of calcination temperature on magnetic properties of

SrFe12019 powder.
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IV.2. X-ray diffraction:

The effect of the annealing temperature on the phase purity and hexaferrite
phase morphology was investigated throughout this study. Therefore, in order to
confirm the hexaferrite phase formation, XRD measurements of the prepared samples
have been performed. Figure 1V.2 shows XRD patterns of strontium ferrite calcined at

800 °C, 1000 °C and 1100 °C, respectively.
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Figure 1V.2: XRD patterns of annealed M-Type Strontium hexaferrite powders

Single M-type hexaferrite phase was obtained without any observable
impurity at different annealing temperatures. The Figure 1V.1 shows the existence of
all M-type hexaferrite principle peaks, with no additional peaks of any secondary phase
or impurity. From these patterns, the cell parameters were determined. The crystallite

sizes are given using Scherrer formula [102]:
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KA
- Bcos(0)

(IV.1)

where K=0.9 is a constant, A= 1.5406 A is X-ray wavelength and P is full-width at half-

maximum of main diffraction peaks.

Cell parameters a and ¢ and volume (V) of hexagonal structure are obtained

from the main peaks of strontium hexaferrite ((1 0 7) and (1 1 4)) using the following

formulas:
4
1 5(RP+hk+k?) ?
Fomn > p (IvV.2)
dpia = 25“;(9) (1IV.3)
2
y = Y3k (IV.4)

2

d(hkl) as d-spacing of the lines in XRD pattern and h, k, | as Miller indices. All the
results are collected in Table 1. According to Verstegen and Stevels [103] an
examination of c/a ratio can be used to quantify the structure type, as the M-type
structure can be assumed if the ratio is observed to be lower than 3.98. The entire sample
shows a good value of c/a ratio, except for T=1000 °C where we have obtained a value
above the normal ratio. This can be explained by the distortion of the magnetoplumbite
structure. Table IV.1 shows the increase of the crystallite size with increasing

calcination temperature.

(T,°C) (a,A) (c,A) (c/a) (V,A% (Dxrp, nm)
800 5.89 23.104 3.921 694.59 28.87
1000 6.24 24.869 3.983 839.57 29.05
1100 5918 23.219 3.923 704.24 35.14

Table IV.1: Calcination temperature T, Lattice constant a and ¢, Lattice constants ratio c/a, volume V

and grain size average Dxrp 0f M Type strontium hexaferrite powders

This increase is mainly caused by the amalgamation of particles. That means
that at raised temperatures, the atoms possess enough energy to immigrate towards
steady position, and as consequence the intensity of peaks and crystallite size increase
[104].
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IV.3. SEM and EDX:

Figure 1V.3 shows scanning electron microscope photographs of strontium
ferrite samples for T= 800 °C, 1000 °C and 1100 °C respectively. The comparison of
the three micrographs clearly evidenced that the morphology of the particles is affected
by the annealing temperature. The SEM pictures show the growing of grains size with
increasing of the heating temperature. We can conclude from the images that the
increasing of calcination temperature provokes larger degree of crystal growth and
leads to the strong agglomeration of the primary particles, and to the formation of bigger

grains which confirms the dependence of grain size to calcination temperature.

Figure 1V.3: SEM photographs of M Type strontium hexaferrite SrFe1,019 prepared samples
calcined at 800°C (a), 1000°C (b) and 1100 °C (c)

Figure 1V.4 shows the composition of M Type strontium ferrite powder
analyzed with Energy-dispersive x-ray spectroscopy (EDS or EDX).
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Figure 1V.4: EDX spectrum of M Type strontium hexaferrite powder calcined at T=800 °C

As we can see in the figure, just the elements that compose strontium
hexaferrite (Sr, Fe, O) are detected. The small amount of carbon is related to
the sample carrier of the equipment. The theoretical composition percentage

of each element can be obtained using the following formula:

X% = z;‘:—T 100 (1V.5)

where z refers to number of elements, Me molar mass of the element and MT for the
total molar mass. EDX results are in agreement with the theoretical values
(Sr%=8.25%, Fe%=63.1% and O%= 28.63%).

IV.4. Mossbauer analysis:

Maossbauer spectroscopy is an excellent tool for probing the oxidation state,
local environment and magnetic properties of Fe atoms in the studied material. Figure
IV.5 demonstrates the Mdossbauer spectra of M type strontium hexagonal ferrite for

different calcination temperatures.
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Figure 1VV.5: The Mdéssbauer spectra recorded at room temperature of SrFe;1.019 Samples prepared
at different temperatures (800, 1000 and 1100°C).

The black dots and red solid lines refer to the experimental data and the fit of
the spectrum, respectively. As shown in Table 1V.2, the obtained values of each Fe
(111) site match with the reported results of SrFe12019. Hyperfine Mdssbauer parameters,
i.e., the isomer shift (), the full width at half-maximum (T'), the quadrupole splitting
(A) and magnetic splitting (Bnf) are depicted in Table 1V.2.
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T Ironsites Coordination & (mms?®) A(mms?) T'(mms?) Bni(T) Area (%)
800°C 12k Octahedron 0.35(1) 0.40 (1) 0.38 (1) 41.5(1) 53(1)
4fy Tetrahedron  0.25(1)  019(3)  0.37(1)  494(1) 19(1)
2a Octahedron 0.31(2) 017(1) 030(2) 503(2) 10(1)
4f; Octahedron 0.37 (2) 0.25 (1) 0.35 (1) 52.0(1) 14(1)
2b Trigonal 0.29 (2) 218(1) 035(2)  41.0(1) 4(1)
1000°C 12k Octahedron 035(1)  040(1) 042(1)  415(1) 52(1)
4f, Tetrahedron 0.25 (1) 0.19 (3) 0.42 (1) 49.4 (1) 18(1)
2a Octahedron 0.31(2) 017(1) 034(2) 503(2) 9(1)
4, Octahedron 0.37 (2) 025(1) 040(1) 520(1) 16(1)
2b Trigonal 0.29 (2) 2.15 (1) 0.31 (2) 41.0(1) 5(1)
1100°C 12k Octahedron 035(1) 040(1) 0.35(1)  41.2(1) 50(1)
4fy Tetrahedron  0.25(1)  0.19(3)  0.32(1) 49.0(1) 18(1)
2a Octahedron 0.31(2) 0.17 (1) 0.37 (2) 49.9(2) 10(1)
4, Octahedron 0.37 (2) 025(1) 035(1) 51.6(1) 16(1)
2b Trigonal 0.29 (2) 214(1) 035(2)  406(1) 6(1)

Table I1V.2: Hyperfine parameters @ of the room temperature Mossbauer spectra of SrFe12019
samples heated at different temperatures.
a5-Isomer shift, referred to a-iron at 295 K, A quadrupole splitting, I" line width, Bns hyperfine
field.

The Maossbauer spectra exhibit well resolved magnetically split sextets
indicating that the materials are magnetically ordered at room temperature. Good
quality fits of the data were obtained using five sextets corresponding to the occupancy
of Fe (I1I) ions of the 2a, 4f1, 4f2, 12k and 2b sites, as shown in Figure 1V.5. In
addition, no other impurities in all the samples such as Fe>Os are detected, which is in
good agreement with XRD results. The isomer shift values (0.25-0.40 mm/s) are typical
of Fe (IIl) in different environment and no ferrous form Fe (1) was observed. The
quadrupole splitting values (0.17-2.15 mm/s) confirms the existence of different iron
environments in the SrFe12019. The occupancy of Fe ions at five sites for a sample can

be obtained from the relative area of each sextet in the corresponding mdssbauer
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spectrum. Note that the relative spectral area is not exactly equivalent to the
concentration because of possible small differences in the Fe (Ill) sites Lamb-
Mossbauer factor. For increasing the annealing temperature the isomer shift, the
quadrupole splitting and the magnetic field are constant within the limits of
experimental error, and there is very slight change in the iron occupancy with increasing
of the annealing temperature, which confirms that the increasing of the annealing
temperature does not affect significantly the oxidation state and the local environment

of iron in the SrFe12019 samples.

IV.5. Magnetic performance:

We have plotted the magnetization M as a function of magnetic field H
hysteresis loop at 10K and 300K. Magnetic induction B is obtained using the following

formula in the CGS system of units:
B= H+ 47M (1V.6)

The maximum energy product (BH)max is defined as the largest area of the
rectangle that can fit in the demagnetizing magnetic induction versus the applied field
at the second quadrant. We plot the energy product BH, which refers to magnetic
induction B multiplied by magnetic field H taken from the second quadrant of B(H)
curves as a function of the applied field and then we calculate the maximum for each

annealing temperature.

IVV.5.1. Magnetic properties at room temperature:

The variation of magnetization, coercive field and the induction with

annealing temperature is illustrated in Figure V.6 and Figure I1V.7.
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Figure 1V.6: M versus H hysteresis loop of M type strontium hexaferrite at 300 K
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Figure 1VV.7: B versus H curve of M type strontium hexaferrite at 300 K
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Magnetization saturation Ms increases with the increase of the calcination
temperature until it reaches the maximum value in the case of T=1000 °C (Ms=73.54
emu/g). The theoretical value of Ms is 74.3 emu/g (in single crystals) [105]. As we
increase calcination temperature, the magnetic saturation increases which could be
mainly due to the improvement of crystallinity and phase ordering and the increase of
particle size [106]. As demonstrated previously, the increasing calcination temperature
leads to higher average grain size, which results a decrease in the amount of
superparamagnetic particles, thus allowing an increase in the magnetization of the entire
system [107]. The obtained saturation magnetization values still below the bulk value
(Ms =92.6 emu/g) [108] which could be caused by the important area of nanoparticles
and the imperfect coordination of atoms in the structure, leading to a non collinear spin
configuration, which reduces the magnetization of small particles [109]. The best
coercive field value is obtained in the case of T=800 °C (Hc=5.6 kOe). The theoretical
value of Hc is 6.7 kOe [105]. All the values are important due to strong uniaxial
anisotropy along the c-axis of M-type hexaferrite. The values of Hc obtained decrease
with augmentation in calcination temperature. This could be originated from transition
of the magnetic single-domain to multi-domain structure as the particle size increases
[106,108], grain growth as revealed by SEM results, and also to the decrease in

anisotropic field and the increase in saturation magnetization [110].

The decrease in Hc can also be explained by the diminution of anisotropy

field, according to the following relation [111]:
Hc = 2K/(1o Ms) (IV.7)

K denotes magnetocrystalline anisotropy and o vacuum permittivity (po = 4m.107
H/m). It is the domain walls displacement of samples with multi-domain structure that
rules magnetization. In the case of single domain, the mechanism of magnetization
consists on the flipping of the magnetization of all particles consistently. This
mechanism is much harder than moving multi domain walls, so that multi domain
system has lower coercivity in comparison with single domain. It is squareness ratio
M:/Ms that define either the system in single or multi domain magnetic structure. If
M/Ms > 0.5 we can confirm that we have a single domain behavior. M/Ms < 0.5

designates multi domain behavior in the material [11]. The squareness ratio M/Ms is
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below 0.5 for all samples indicate a multi domain magnetic structure. Energy product
versus magnetic field for T=800, 1000 and 1100 °C is shown in Figure 1V.8.
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Figure 1V.8: Energy product BH versus H of M type strontium hexaferrite at 300 K

The obtained results are gathered in Table 1V.3.

T(°C) | M Ms M¢/Ms | Br Hc Hco (BH)max | Reference
(emu/g) | (emu/g) (kGs) | (kOe) | (kOe) | (MGOe)

800 34.076 69.55 0.489 | 2.27 5.6 1.5 0.85 This work

900 |32 61 - - 5.8 - - [112]

1000 | 36.289 73.54 0.493 |24 5 1.69 1.067 This work

1000 | 33.985 60.376 0.5628 | - 5.68 - - [113]

1100 | 34.967 70.92 0.492 |23 3.94 15 0.86 This work

Table 1V.3: Remanent magnetization M;, saturation magnetization Ms, remanence By, coercivity Hci and

Hcb and maximum energy product (BH)max of M Type strontium hexaferrite samples at 300K

The maximum energy product values are equivalent to the vertex of the
curves of energy product versus magnetic field for each temperature. As we can see in

Table 1V.3, the best value is obtained in the case of sample calcined at 1000 °C
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((BH)max= 1.067 MGOe). The energy product of a material is mainly attached to Hc
and M/Ms and it is influenced by any changes in these parameters, since it depends on
the total area enclosed by the hysteresis loop. (BH)max increases between T=800 °C and
T=1000 °C where it reaches its maximum value, then decreases again at T=1100 °C.
T=1000 °C sample possesses the biggest values of Ms and M/Ms in comparison with
the other two samples, leading to the influence of Ms in limiting the magnitude of
(BH)max. From T=800 °C to T= 1000 °C, (BH)max is improved by 25%.

IVV.5.2. Magnetic properties at low temperature:

Figure 1VV.9 demonstrates hysteresis loops of magnetization as a function of
magnetic field for different calcination temperatures (800, 1000 and 1100 °C) at 10 K,
Figure 1V.10 and Figure 1V.11 the induction and energy product versus coercivity,
respectively.
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Figure 1V.9: M versus H hysteresis loop of M type strontium hexaferrite at 10 K
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Figure 1V.11: Energy product BH versus H of M type strontium hexaferrite at 10 K.
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We observe that when we are near to the absolute zero, saturation
magnetization increases and coercive field decreases as we increase calcination
temperature. This decrease of Hc affects (BH)max value, especially at T=1100 °C where
we have obtained the lowest value of Hc (Hc=2.2 kOe). All the results are collected in
Table IV .4.

T Mr Ms Mr/Ms | Br Hc Heo | (BH)max | NB
(°C) | (emu/g) | (emu/g) (kGs) | (kOe) | (kOe) | (MGOe) | (uB)
800 47.69 98.576 |0.4838 | 3.26 | 4.9 1.9 1.49 18.74
1000 | 49.53 101.51 |0.4879 | 3.29 |3.7 2.1 1.87 19.29
1100 | 46.27 104.527 | 0.4427 | 3.08 | 2.2 14 1.21 19.87

Table 1V.4: Remanent magnetization M,, saturation magnetization Ms, remanence B, coercivity Hc;

and Hc, and maximum energy product (BH)max of M Type strontium hexaferrite samples at 10K.

A first-principles study was carried out for the M Type strontium hexaferrite.
The magnetic behavior of SrFe12019 is related to the strong existence of iron elements.
Figure 1V.12 represents the total density of states of the system and also the partial

density of state of iron elements in each occupied position.
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Figure 1V.12: Total density of states of SrFe12019 unit cell and partial density of states of iron ions in
the five different sites: octahedral (2a, 4f2 and 12k), tetrahedral (4f1) and bipyramidal (2b).

SrFe12019 possess the hexagonal structure with P63/mmc symmetry [114].

The unit cell is composed of two SrFe12019 Which gives 64 atomic sites taking 11
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different Wyckoff positions. The ferromagnetic configuration is the most stable
configuration of the system [24,114]. The iron ions at 4fl (tetrahedral) and 4f2
(octahedral) positions are anti-parallel to the other iron cations. The total magnetic
moments 40 ps/cell, which formally corresponds to 5 ps per Fe ion, as we take in
consideration the ferromagnetic structure. Contrariwise, iron magnetic moment is
reduced in the crystal field environment, a quantity of it is given to oxygen neighbors
(Table 1V.5). In fact, magnetic moments of iron ions are close to 4 uB, as obtained

from our calculations.

Element Magnetic
Moment (ug)

Sr -0.0017
Fe(2a) [Octa] 3.9636
Fe(4fl) [Tetra] -3.9186
Fe(4f2) [Octa] -3.9876
Fe(12k) [Octa] 3.9545
Fe(2b) [Bipyr] 3.8857

@) 0.1453

SrFe12019 unit cell 40

Table 1V.5: Magnetic moments of SrFe12019 unit cell

We have obtained a total magnetic moment of 40 pg/cell, this means 20
ps/cell for each SrFe12019. TOo compare the theoretical results with the experimental
magnetic properties given at 10K, we can convert this value, considered as saturation

magnetization at OK, to emu/g unit using the following formula:
us = ((M.Ms)/5585) emul/g (1v.8)

where M refers to the molar mass of the material (M=1061.7486 g/mol) and Ms for
saturation magnetization. This theoretical value (Ms= 20 puB/cell =105 emu/g) has been
reached with slight difference in the case of T= 1100 °C as calcination temperature Ms
= 104.527 emu/g. The obtained results are in good agreement theoretically and

experimentally.
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V. Conclusion:

Energy product of strontium M type hexagonal ferrite can be enhanced by
controlling synthesis methods and its elements. In this work, strontium M-type
hexagonal ferrite was successfully prepared using sol-gel autocombustion method and
analyzed using different characterization techniques. We have studied calcination
temperature effect on magnetic properties. At room temperature, we have obtained
good magnetic results with an improvement of (BH)max of 25%. At low temperature,
the experimental saturation magnetization and the theoretical value are in good

agreement.
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Chapter 3

Tunable maximum energy product in CoFe;Oq
nanopowder for permanent magnet application

In this chapter, we are interested in the study of the behavior of maximum
energy product (BH)max and the other structural and magnetic properties of cobalt ferrite
(CoFe204) towards the variation of annealing temperature (T= 600°C, 800°C, 1000°C
and 1100°C). CoFe204 samples were prepared via sol-gel autocombustion method, and

the annealing process with different temperatures took place in a muffle furnace.

l. Scientific context:

Permanent magnets application is one of promising domains of research due to
the continuous growing of its interesting market. Permanent magnets are used in a very
large field of applications such as motors, generators, electronic devices, etc. [115].
Maximum energy product (BH)max is the most important parameter that defines the
strength of a permanent magnet. This parameter has been enhanced widely and
exponentially during the 20" century [7]. On the other hand, researchers aim to replace
rare earth permanent magnets by other rare earth free materials, such as ferrites, despite
the clear difference on the performance point of view which is compensated by the large
range of applications that need modest magnetic properties and think much more about
the low cost of these magnets and also its different potentials of bulk and nano forms
[28,116,117]. Spinels are a part of ferrite family, considered among the most important
magnetic families due to its low price, low toxicity and moderate properties, have
shown great potential for permanent magnets application [9]. Its general formula is
MFe>O4, where M designates a divalent metal ion. We can depict the structure of spinel
ferrite as cubic composed of an arrangement of oxygen atoms. In the unit cell, the layers
of these oxygen ions are composed of 64 tetrahedral (A) sites and 32 octahedral (B)
sites in which divalent or trivalent ions (Co?*, Fe®* in our case) take 8 tetrahedral and

16 octahedral sites and as a result we obtain 8 AB20O4 units [62]. Distribution of the
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divalent and trivalent cations between the tetrahedral and octahedral sites can be
described by (AsB1-s) [A1-5B1+5]Os formula, where 8 is the inversion degree [63]. &
= 1 represents normal spinel in which divalent cations occupy A sites and trivalent
cations in B sites. d = 0 refers to the inverse spinel where divalent cations become in B
sites and the trivalent cations are distributed in A and B sites. The other case is when
tetrahedral and octahedral are occupied all together by divalent and trivalent ions, this
is when 6 is ranged between 0 and 1 [118]. The heat treatment process and chemical
environment affect the actual cations distribution in spinel structure [65]. Cobalt ferrite
is considered as a very important magnetic material amid ferrites family by dint of its
important magnetic anisotropy, which offers to this material a chance to conquer the
world of permanent magnets. For this reason, several studies have been carried out
[119-121]. Lopez-Ortega, A. et al. [119] reported that they achieved the highest
(BH)max value of Cobalt ferrite nanoparticles (Coo.6-0.7F€24-2304) in the literature (2.1
MGOe for nanoparticles with average particle size of 40 nm ), by using thermal
decomposition method and by sweeping a range of nanoparticles size (4 to 60 nm),
which establish the potentiality of this material. The processing techniques affect
directly the structural and magnetic properties of ferrites [122—-124]. Various techniques
are used for the preparation of spinel ferrite powders, such as hydrothermal, sol—gel,
co-precipitation and sol-gel auto-combustion. Cobalt ferrite magnetic properties vary
with synthesis techniques [109,125-129]. In this work, we have studied structural and
magnetic properties of cobalt ferrite powder prepared with sol-gel auto-combustion

technique at different annealing temperatures.

1. Samples synthesis:

CoFe204 samples were prepared via sol-gel auto-combustion method using the
following precursors: ferric nitrate nonahydrate (Fe(NOs)s, 9H20), cobalt nitrate
hexahydrate (Co(NOs)., 6H20), citric acid (CsHsO7) and ammonia solution (NH4OH).
Stoichiometric amounts of these precursors were dissolved in distilled water by
magnetic stirring. In order to obtain a pH value around 7, appropriate amount of
ammonia was added to the obtained solution. The solution was then dried at 100 °C in
order to obtain a gel which is heated until auto-combustion takes place. The obtained

as-synthesized powder was then calcined at 600, 800, 1000 and 1100°C during 8 hours.
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I1l. Results and discussion:

I11.1. Structural characterization of the prepared samples:

In order to study the phase formation of CoFe>O4 for the studied annealing
temperatures, x-ray diffraction was used to confirm the crystal structure and to check
the phase purity. Figure I11.1 shows the x-ray diffraction patterns of the CoFe2O4
samples before (as-prepared) and after calcination at the indicated temperatures during
8 hours. XRD measurements show that all the prepared powders have the same patterns,
except for the as-synthesized sample where we observe the existence of additional small
peaks that correspond to the secondary phases that disappear completely after the heat
treatment. Indeed, all the peaks of the calcined samples are related to the cubic spinel
type lattice of Fd-3m CoFe>Os4 which matches well with the standard XRD pattern
(JCPDS Card No: 22-1086). Each sample was prepared at a different calcination
temperature, in the range from 600°C up to 1100°C, and the only phase observable in
the XRD patterns is the cobalt ferrite spinel phase. These results demonstrate the high
purity of the synthesized CoFe>O4 samples, which confirms that 600°C is high enough
to obtain high purity cobalt ferrite spinel. It is observed that the diffraction peaks
become sharper with the increase of the calcination temperature. This result can be
explained by the enhancement of crystallinity of the CoFe.O4 sample on heating. We
can also observe that the intensity of the peaks increases with increasing annealing

temperature.
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Figure 111.1: XRD patterns of the as-prepared and annealed cobalt ferrite powders at different
temperatures: 600°C, 800 °C, 1000 °C and 1100 °C.

The peak corresponding to (311) plane is used to calculate the crystallite size

determined by using the Scherrer formula [130]:

k2
- Bcos6

(111.1)

where K=0.9 is a constant, A= 1.5406 A is X-ray wavelength and p is full-width at half-
maximum of main diffraction (311) peak. cell parameter ‘a’ and volume of cobalt ferrite

are obtained using the following formulas:

a=dVhZ+ k2 + 2 (111.2)
d(hkl) = A/(2.sin(6) (111.3)
V=aq® (111.4)

d(hkl) refers to the crystal distance, h, k and | are the miller indices. All the results are
collected in Table 111.1.
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calcination temperature | Lattice constant | Cell volume | Crystallite size
(T,°C) (a, A°) (V,A%) (Dxr ,nm)
600 8.398 592.28 43.1262
800 8.398 592.28 51.70119
1000 8.370 586.376 54.338
1100 8.398 592.28 58.0733

Table I11.1: calcination temperature T, Lattice constant a, volume V and crystallite size average Dxr of

cobalt ferrite powders.

The calculated cubic lattice and crystallite size from the corresponding XRD
patterns are summarized in the Table I11.1. The cubic lattice parameter is almost
constant (a=8.398 A) at different temperatures. The similarity of the cell parameter
values indicates that the spinel structure is not affected by the increase of the annealing
temperature, except for T=1000°C where we observe a different value (a = 8.370 A)
due to a little shift in the XRD peaks to higher two theta positions which can be related
to many reasons such as cation redistribution, defect reduction, enhanced
crystallization... [131]. The crystallite size increases from 43 to 58 nm with the increase

of annealing temperature.

111.2. Morphological characterization of the prepared samples:

The morphology of the high purity CoFe2O4 samples were also investigated by
scanning electron microscopy. Figure 111.2 demonstrates scanning electron microscope
photographs and energy-dispersive x-ray spectroscopy results of the as-prepared spinel
cobalt ferrite sample and also the calcined at T= 600, 800, 1000 and 1100 °C,

respectively.
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Figure 111.2: SEM photographs (500 nm scale) and EDS spectra of cobalt ferrite CoFe,O4 as-prepared
(at the left of SEM images and EDS graphs) and of the calcined samples at 600°C (a), 800°C (b), 1000

°C (c) and 1100 °C (d).

The comparison of the micrographs shows clearly that calcination temperature

has a great influence on the morphological properties of the cobalt ferrite particles and

the particles size grows with the increase of calcination temperature with an estimated

particle average size of around 190 nm, 250 nm, 470 nm and 510 nm for 600, 800, 1000

and 1100 °C respectively. The comparison of the SEM images before and after

calcination shows that the calcination does not have high effect of the morphology and
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particle size of CoFe204 except for high temperatures (T > 800°C). We can infer from
the photographs that increasing calcination temperature leads to a strong agglomeration
of the primary particles and also provokes larger degree of crystal growth. According
to the EDS, pure phases were synthesized for all the studied temperatures. As we can
see in the figure 2, only the elements that compose cobalt ferrite (Cobalt, iron and
oxygen elements) are detected. The small amount of carbon is related to the sample

carrier of the equipment.

111.3. Mossbauer characterization of the prepared samples:

Madssbauer spectroscopy is an excellent technique for probing the oxidation
states and the local environment of Fe atoms in spinels. The Room temperature 57-Fe
Madssbauer spectra CoFe>O4 materials annealed at different temperatures are presented
in Figure 111.3. Their corresponding Mdssbauer parameters are shown in Table 111.2.
The Mdssbauer spectra at 295 K exhibit well resolved magnetically split sextets, with
asymmetric lines indicating two different coordination environments for the Fe3* ions
which are characteristics of ferrite spinels. No doublet or singlet related to
superparamagnetic particles or paramagnetic phases were observed. The spectra show
the presence of two distinct six line hyperfine patterns, indicating two different types
of ferromagnetic Fe atoms in the structure. Indeed, good quality fit of the Mdssbauer
spectra of CoFe,04 was obtained by using two doublets attributed to Fe** components.
These subspectra are assigned to iron ions located in the tetrahedral (Fe-Tetr) and
octahedral (Fe-Oct) coordination symmetry. The obtained values of the isomer shift (6
= 0.45 mm.s! for the octahedral sites, 0.15 mm.s* for the tetrahedral sites) and
hyperfine fileds (Bnf (Oh-sites) = 50 T, Bnr, (Td-sites) = 49.7 T) are consistent with the
high spin state of Fe** ions in CoFe204 with spinel structure [132]. The line width of Fe
in octahedral site (B) is higher due to different surroundings for Fe ions compared to
tetrahedral site (A). In fact, the broadening of the B-site line was interpreted as being
due to a distribution in Bns caused by several configuration of Fe nearest A-site
neighbors [133]. When the annealing temperature is increased from 600 to 1100 °C, no
change in spectral shape is observed. The values of the isomer shift (3), the quadrupole
splitting (A), hyperfine field (Bhf) do not change significantly. All compounds exhibit
approximately the same isomer shifts, quadrupole splitting, hyperfine field and the area
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within the limits of experimental error, confirming that the heat treatment does not
significantly modify the oxidation state of iron and the atomic structure of CoFe;O4

spinel.
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Figure 111.3: The Mdssbauer spectra recorded at room temperature of CoFe,O4 materials prepared at
different temperatures (600, 800, 1000 and 1100 °C).
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Area

T Ironsites Coordination & (mms?) A(mms?t) T (mms?) Bn(T) (%)
(o]
B Octahedron 0.45 (1) 0.10 (1) 0.42 (1) 49.6 (1) 58(1)
600 °C
Tetrahedron 0.15(1) -0.12 (2) 0.36 (1) 49.0 (1) 42(1)
Octahedron 0.45 (1) 0.11 (1) 0.43 (1) 50.2 (1) 58 (1)
800 °C
A Tetrahedron 0.15 (1) -0.13 (2) 0.37 (1) 49.7 (1) 42(1)
B Octahedron 0.45 (1) 0.11 (1) 0.41 (1) 50.4 (1) 58 (1)
1000 °C
Tetrahedron 0.15 (1) -0.13 (2) 0.35(1) 499 (1) 42(1)
Octahedron 0.45 (1) 0.11 (1) 0.40 (1) 50.5(1) 58(1)
1100 °C
A Tetrahedron 0.15(1) -0.13 (2) 0.33(1) 50.0(1) 42(1)

Table 111.2: Hyperfine parameters? of the room temperature Mdssbauer spectra of CoFe>04 samples

heated at indicated temperatures.

2 3-Isomer shift, referred to a-iron at 295 K, A-quadrupole splitting, T'-line width, Bit hyperfine field

111.4. Magnetic performance of the prepared samples:

The M(H) magnetization graph in Figure 111.4 were performed at room

temperature in a magnetic field up to 6 kOe. B(H) curve in Figure I11.5 is obtained

from M(H) results using the following formula:

B=H + 4nM

(111.5)

The nanoparticles in all the samples are randomly oriented. Table 111.3 shows

the variation of magnetization versus applied magnetic field for CoFe>O4 annealed at

various temperatures. Saturation magnetization Ms is increasing with the increase of

the annealing temperature.
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_ :
tg?':(;:f;g?e (err|\1/|ur/g) (erlr\1/|uslg) M:/Ms (kEérs) (Eocé) (kHch) ((32)823 o
(°C) (erg/g)
600 28597 | 7293 | 039 | 19 | 1.063 | 0.701 | 03317 | 80.75
800 3079 | 8261 | 037 | 205 | 088 | 0.641| 035 | 75.72
1000 265 | 81 | 0.327 | 1.766 | 0.866 | 0.601 | 0.2687 | 73.068
1100 252 | 8050 | 031 | 1678 | 0651 | 0482| 02 | 5465

Table 111.3: remanent magnetization M, saturation magnetization Ms, reduced remanent
magnetization M,/Ms, remanence B;, coercivity Hci and Hcp and maximum energy product (BH)max of

CoFe,04 samples at room temperature

Its maximum value is obtained at T=800 °C (MS=82.61 emu/qg) with a coercive
field value (Hc=0.88 kQOe), this value of Ms is quite in range of many good reported
values [134]. After 800 °C, Ms decreases. The behavior of magnetization of ferrite
nanoparticles is related the variation of the tetrahedral-octahedral sub-lattices exchange
interaction [135]. The high coercive field value is obtained in the case of T = 600 °C
(Hc=1.063 kQe).
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Figure 111.4: Room temperature hysteresis loop of cobalt ferrite annealed at indicated temperatures.
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It can be observed also that coercivity (Hc) decreases with the increase of the
calcination temperature. The reduced remanent magnetization M/Ms decreases with
the increase of annealing temperature. In the case of single domain, it is the flipping of
the magnetization of all particles consistently that produces the mechanism of
magnetization, which is much harder than moving multi domain walls, so that multi
domain system has lower coercivity in comparison with single domain [136,137]. The
reduced remanent magnetization M/Ms is a consequence of the magnetic structure of
a system. M{/Ms > 0.5 refers to a single domain behavior. M/Ms< 0.5 shows the
presence of multi domain behavior in the material [11]. M/Ms is below 0.5 for all
samples which indicates a multi domain magnetic structure in the studied cobalt ferrite
nanopowder. Furthermore, it is the domain walls displacement of samples with multi-
domain structure that rules magnetization in the system. Energy product versus
magnetic field for T=600, 800, 1000 °C and 1100 °C is presented in Figure 111.6.
(BH)max Values are equivalent to the summit of the curve of BH product as a function
of magnetic field H for each annealing temperature. The B(H) curve is also called the
demagnetization curve. The demagnetization effects are generally related to the
exposure of low or high temperatures and/or an external magnetic field, which are
irreversible even when the temperature/magnetic field return to the original state [27].
The energy product of a material is mainly attached to Hc and M/Ms which affect the
shape of the demagnetization curve, essentially on how close it is to the rectangular
shape, and it is influenced by any changes in these parameters, since it depends on the
total area enclosed by the hysteresis loop. (BH)max is calculated based on the theoretical
value of cobalt ferrite density [138]. According to Table 111.3, the best value is obtained
in the case of sample annealed at 800 °C ((BH)max= 0.35 MGOe).
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Figure 111.6: Energy product BH versus magnetic field H of cobalt ferrite at room temperature

(BH)max increases and reaches maximum value at T = 800 °C and then decreases.

T =800 °C sample possesses the biggest values of Ms and M among all the samples,
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leading to the influence of these elements in limiting the magnitude of (BH)max. The
state of magnetic domain is related to particle size. When particles size is below the
critical size of single domain, the coercivity comes mainly from magnetic domain
rotation which is affected with the thermal fluctuation. Generally, in the single domain
range, coercivity increases with particle size and it reaches its maximum around the
single domain critical size. Above the single domain critical size, we are in the multi-
domain range. In this range, it is the magnetic domain walls shift that produces
coercivity and the thermal fluctuation has no importance due to the large size of the
particles. The coercivity decreases for further more particle size increase. So, in our
case, it was shown that the critical size for CoFe2O4 is 40 nm. According to our results,
crystallite size obtained from XRD patterns is above this value and the coercivity
decreases with annealing temperature, so we are already in the multi-domain range. In
the case of magnetocrystalline anisotropy constant, it is influenced by cationic
distribution and the reduction in the average crystalline size [139]. It is obtained using

this formula:

H = (111.6)

We can observe from the values in Table 111.3 that K decreases as we increase
annealing temperature and also as the particle size increases, which could be related to

surface anisotropy effect [140].

I\VV. Conclusion:

In this chapter, we have studied calcination temperature effect on magnetic
properties of successfully prepared CoFe.O4 samples using sol-gel autocombustion
method and analyzed using different characterization techniques. At room temperature,
we show that the energy product of CoFe2O4 ferrite nanopowder can be enhanced by

controlling and optimizing synthesis steps.
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Chapter 4

Influence of synthesis methods with low annealing
temperature on the structural and magnetic properties
of CoFe;0O4 nanopowders

In this chapter, we study cobalt ferrite nanopowders prepared with low annealing
temperatures (400 °C and 600 °C) using four different synthesis methods: co-
precipitation, sol-gel, sol-gel autocombustion and microemulsion. The pure phase is
obtained in all the samples and confirmed using the XRD diffraction. The crystallite
size is calculated based on the XRD patterns and ranged between ~9 nm and ~26 nm.
The SEM micrographs show an agglomeration with an increase of grain size between
400 °C to 600 °C samples for all the used methods. The magnetic properties are given.
The best obtained values are Ms=80,319 emu/g , Hc =2057,97 Oe and (BH)max = 0.3313
MGOe for co-precipitation, sol-gel and sol-gel autocombustion, respectively. An
improvement of 89% in (BH)max value is observed in the case of sol-gel auto-

combustion when we go from 400 °C to 600 °C.

l. Scientific context:

Ferrites are magnetic oxides family that could be hard or soft depending on their
magnetic properties. The hard ferrites present an important mechanical hardness as well
as a high coercive field and they are essentially used in the fabrication of permanent
magnets [27]. The coercive field of a magnetic material designates the needed applied
magnetic field intensity in order to cancel its magnetization [43]. The star of hard
ferrites is the M-type hexaferrite which is used in many applications, especially in
permanent magnet application. M-type hexaferrites are the materials with Tc~740 K.
This is the simplest type of all ferrites with a hexagonal structure. They are deep
insulators with p~10° Q*cm at room temperature. They have a ferrimagnetic structure
and a total magnetic moment of 20 ug in the ground state [141,142]. In the other hand,
the soft ferrites denote the materials a remanent magnetization easy to cancel and as a

consequence a low coercive field which results a small or even inexistent hysteresis
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loop [29]. Soft ferrites are often used in transformers [143], inverters [115], high or low

frequencies filter [144]...

There are three different types of ferrites based on their structure. The first type
is the hexagonal ferrites [145] which are hard materials often applied in permanent
magnet applications [146]. The second type is the garnet ferrites [147], they are
generally used in hyperfrequency applications thanks to their strongly insulating
character [148].

The third type, in which we are interested in this work, is the spinel ferrites [27].
They are magnetic materials with a general formula MFe>O4 with M as divalent metal
(Mg, Co, Ni, Zn, Fe, Cu...) and a structural arrangement between Fe** and M?*, the
crystallographic structure is originated from the mineral spinel MgAl.O4 determined by
Bragg [149,150]. Spinel Ferrites crystallized in face-centered cubic structure. The unit
cell is constituted of 8 MFe2Os molecules and it is composed of 32 O anions. The
oxygen anions form the face-centered cube which consists of 64 tetrahedral sites and
32 octahedral sites populated by the Fe** and M?* cations [151]. Depending on cations
distribution, there are three structure types: direct, inverse and mixed which brings us
to the general formula (MsFe1-s) [M1sFei+5]O4, where 6 represents degree of inversion
[152].

This family of materials, as said before, are mostly studied due to their
fundamental characteristics and technological applications in multiple domains
[28,153-157] such as permanent magnets [158], high density magnetic storage [159],
gas sensors [160], magnetic refrigerators [161], microwave based instruments [162],

catalysts [163], telecommunication equipments [164]...

Cobalt ferrite (CoFe20g4) is a spinel ferrite with a large coercive field [165]
compared to the other soft ferrites. It is considered as a semi-hard material [50] due to
its coercive field value located between the soft and the hard aspects. Cobalt ferrite still
captures the interest of the scientific community by dint of its several characteristics
such as large coercivity [165] , moderate saturation magnetization [134], good chemical
stability [166]...

There are some studies of CoFe20y4 in the field of permanent magnets application

that are listed in literature in order to improve its magnetic properties by playing with
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different parameters such as synthesis method, doping element or by making a
composite with other magnetic materials [28,165,167—-169]. Maximum energy product
(BH)max [27,145] defined as the energetic value of permanent magnets per volume unit.
It is considered as the most important parameter that defines the strength of a permanent

magnet. This parameter is widely studied for different type of materials [170-172].

Magnetic properties of ferrites materials are directly dependent to divalent cation
elements [173,174], distribution of cations at octahedral and tetrahedral sites [139],
conditions of preparation and synthesis methods [175,176]. Spinel ferrites were
prepared via many methods such as sol-gel [177-180], sol gel auto-combustion
[14,181], co-precipitation [182], microemulsion [30], solvothermal [183,184],
sonochemical reactions [185], mechanochemical reaction [186], microwave-assisted
synthesis [9,187]...

In this work, the effect of synthesis method (sol-gel, co-precipitation, sol-gel
autocombustion and microemulsion) with low calcination temperatures (400 °C and
600 °C) on the structural and magnetic properties of cobalt ferrite were investigated.

The maximum energy product (BH)max is also calculated for different CoFe,O4 samples.

Il. Experimental details:

CoFe204 ferrite samples were prepared using four synthesis methods: co-
precipitation (CP), sol-gel (SG), sol-gel autocombustion (SGAC) and microemulsion
(ME).

11.1. Co-precipitation:

0.55 M (10 ml) of cobalt chloride (CoClz, 6H20) and 1.11 M (10 ml) of iron
chloride (FeCls, 6H20) solutions were prepared separately in distilled water and they
were mixed together. The aqueous solutions was heated at 80°C for 30 min. Sodium
hydroxide (NaOH) of 0.15 M (50 ml) was added to the salt solution dropwise until pH
=10-11. The liquid precipitate was then brought to a reaction temperature of 100 °C and
stirred for 2 h under reflux. The products were centrifuged and washed for several times
with distilled water until neutral pH. Then the sample was dried in the oven at 75°C
overnight.
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11.2. Sol-gel:

Cobalt nitrate Co(NOs3)2, 6H20 (3.7 mmol) and iron nitrate Fe(NOz)3, 9H20 (7.4
mmol) were dissolved independently in 10 ml of distilled water and they were mixed
in a flask. Then, the solution was kept at 60 °C for 30 min under magnetic stirring.
Citric acid CeHgO7 (11.1 mmol, 10 ml) was then added to the mixture solution to chelate
metal ions. The molar ratios of citric acid to metal ions used were 1:1. A specified few
drops of ammonia solution (NH4OH) was added to adjust the pH value to 7[26]. The
clear solution was refluxed for 3 h at 80 °C. The reaction mixture was placed in a beaker
and heated slowly for many hours at the same temperature until the formation of viscous

gel. The gel was dried again in a oven at 100 °C over night to form the powder.

11.3. Sol-gel autocombustion:

1.24 g of Co(NOs3)2, 6H20 (4.26 mmol), 3.44 g of Fe(NO3)s, 9H20 (8.52 mmol)
and 0.81 g of citric acid (4.26 mmol) were taken into separate glass beakers. These were
stirred for 15-20 minutes to dissolve completely in the distilled water (20 ml). After
complete dissolution the solutions were mixed together in a same beaker. The molar
ratios of cobalt nitrate: iron nitrate: citric acid were 1: 0.5: 1 respectively. Ammonia
solution was added drop-wise into the solution to adjust pH value to about 7[26] and
stabilize the nitrate-citric acid solution. Then the neutralized solution was constantly
magnetically stirred and heated at 100 °C on a hot plate until the formation of a very
visous gel. The temperature was further raised up to 250 °C so that the ignition of the
dried gel started and the combustion takes place. Finally the as-prepared powder was

obtained.

11.4. Microemulsion:
11.4.1. Preparation of Microemulsion 1:

2.2 g of cobalt chloride (CoCl2, 6H20) and 3 g of iron chloride (FeClsz, 6H20)
were dissolved separately in 10 ml of distilled water and mixed together at room
temperature under magnetic stirrig of 10 min, to form an aqueous phase of metal salts.

Then 6.5 g of hexadecyltrimethylammonium bromide (CTAB), as a surfactant, was
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mixed with 40 ml of hexanol under magnetic stirrig of 10 min to form an oil phase. The
oil phase was added dropwise to the aqueous phase. The mixture was heated under
reflux at 100 °C for 30 min.

11.4.2. Preparation of Microemulsion 2:

3 g of sodium hydroxide was dissolved in 30 ml of distilled water, to form an
aqueous phase of reducing agent, and then added dropwise to an identical oil phase like

the microemulsion 1. The mixture was heated under reflux at 100 °C for 30 min.

The microemulsion 2 was added dropwise to the flask containing the
microemulsion 1. The mixture was stirred at 100 ° C overnight in order to ensure the
inter-micellar exchange. The final product was centrifuged and washed several times
using a mixture of distilled water and ethanol (50% H->O + 50% ethanol) to remove the

surfactant. The obtained powder was dried at 100 °C in a hot air oven overnight.

Finally, All the samples prepared using the four synthesis methods (CP, SG,
SGAC and ME) were annealed at 400 °C and 600 °C for 6 h under air.

Cobalt ferrite samples were analyzed by X-ray diffraction (XRD) was employed
to check the purity of the synthesized phases and to determine the cristalline structure
and the cell parameters, X-Ray diffraction patterns were recorded in the range 10-80°
(20) with a scan step of 0.02° (20) on a Bruker D8 diffractometer (Cu Ka radiation, A=
1.5407 A) . the scanning electron microscopy results were assembled from XL 30 FEG-
ESEM, FEI. The magnetic measurements were performed using Magnetic Properties
Measurement System (MPMS-7XL) with a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, USA) to investigate the magnetic
properties such as saturation magnetization, remanent magnetization, The remanence-

to-saturation ratio, Coercive field and Maximum Energy Product.

I1l. Results and discussion:

I11.1. Structural characterization:
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The X-ray diffraction patterns of cobalt ferrite samples (CP400, CP600, SG400,
SG600, SGAC400, SGAC600, ME400, ME600) prepared using the four synthesis
methods (CP, SG, SGAC, ME) and calcined at 400 °C and 600 °C for 6 h are shown
in Figure. 111.1. The counting time during the XRD measurement is 78 minutes for all
the samples. The XRD patterns of samples (a-d) exhibited the reflection plans (220),
(311), (222), (400), (422), (511), (440), (620), (533) and (622) which indicate that all
the samples crystallized in a cubic spinel type structure (JCPDS Card No: 22-1086)
with Fd3m space group, and permit us to exclude the presence of any impurties or
secondary phases. The X-ray diffraction patterns of cobalt ferrite samples annealed at
600 °C for 6 h present a high intensity compared to those annealed at 400 °C for 6 h

with hight degree of cristalinity (the clear appearence of the diffraction peaks).
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Figure. 111.1: X-ray diffraction patterns of CoFe,O4 nanopowders prepared by different
synthesis methods (CP, SG, SGAC, ME) after calcination at 400 °C and 600 °C for 6h: CP400 and
CP600 (a), SG400 and SG600 (b), SGAC400 and SGAC600 (c), ME400 and MEG0O (d).

The lattice parameter (a), particles size (Dx-ray) and cell volume (V) and the X-ray

density (px-ray) Were calculated from the XRD patterns using the following equations:
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a = [d2(h? + k2 + 12)]1/2 (111.2)
V=a (111.2)

8M

PX-ray = Na3

(111.3)

where M is the molecular weight of CoFe.O4 material and N is the Avogadro number
(6.022 x 10% mol™).

The broadening of peaks can be attributed to the small particle size of as-prepared
samples. The average particle size (Dx-ray) has been calculated using the well-known

Scherrer’s formula:

097
DX—ray = m (l 11 4)

Where A is the wavelength (Cuka), B is the full width at half maximum (FWHM) of the
most intense peak (311) and 0 is the Bragg angle of diffraction for the same peak. The
lattice parameters, average crystallite size, cell volume and X-ray density were
calculated and given in Table I111.1.

Samples Lattice parameter Average particle size Cell volume X-ray density

"a" (A) "Dx-ray"* (NM) "V (A3 "pxray" (g/cmd)
CP400 8.3815 14.53 588.79 5.5935
CP600 8.4047 15.46 593.69 5.2498
SG400 8.3520 18.35 582.60 5.3498
SG600 8.3892 20.56 590.42 5.2790
SGAC400 8.3723 22.43 586.86 5.3110
SGAC600 8.4000 25.43 592.70 5.2587
ME400 8.3427 9.97 580.65 5.3677
MEG600 8.3566 12.32 583.56 5.3410

Table 111.1: Lattice parameter (a), Average particle size (Dx-ray), Cell volume (V) and X-ray
density (px-ray) Of CoFe204 nanopowders prepared by different synthesis methods (CP, SG, SGAC,
ME) after calcination at 400 °C and 600 °C for 6h.

For the four synthesis methods, the observed increase in the lattice parameter,

particle size, and cell volume could be attributed to an increase in the annealing
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temperature (from 400 °C to 600 °C) which assists crystal growth and/or the
redistribution of cations among octahedral and tetrahedral sites (Table 111.1) [188,189].
Additionally, for the samples prepared by microemulsion method (Figure 111.2 (d)),
the diffraction peaks are broad and therefore CoFe,O4 nanopowder is formed, the
average particle size was found about 9.97 and 12.32 nm for samples calcined at 400
°C for 6 h (ME400) and 600 °C for 6 h (ME600), respectively. This fact may be due to
the role of CTAB surfactant in the decrease of the agglomeration of particles. A larger

crystallite size can be obtained using a sol-gel autocombustion method (Figure 111.2).
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Figure 111.2: Crystallite size as a function of synthesis methods and annealing temperature (400
°C, 6 h (a) and at 600 °C, 6h (b)) for CoFe,0. nanopowders.

For each synthesis method, the induced decrease in the density of the resulting
cobalt ferrite could be attributed to the reduction of oxygen vacancies which play a
predominant role in accelerating densification i.e. the decrease in oxygen ion diffusion

would retard the densification [190].

Figure 111.3 shows the SEM micrographs of cobalt ferrite samples for T=400 °C

and 600 °C for the four used synthesis methods. The samples were gold-coated before
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observation using the scanning microscope. The comparison of the obtained images
evidenced that the morphology of the particles is affected by the annealing temperature
and the synthesis method. There is a grow in grains size as we increase annealing
temperature from 400 °C to 600 °C in all the samples which lead us to say that
increasing annealing temperature. we can also see from the images that the increase of
annealing temperature provokes larger degree of crystal growth and results a strong
agglomeration of the primary particles in all the prepared samples. It can be clearly seen
from the SEM photographs that increasing annealing temperature from 400 °C to 600
°C leads to the formation of bigger grains which confirms the dependence of grain size
on the calcination temperature. In addition, the grain size determines, to a certain extent,
the properties of the crystal structure. A decrease in the grain size, when the heat
treatment is decreased from 600 °C to 400 °C, decrease in the cell parameters for all
the samples is noticed, which is explained by an increase in the forces of surface tension
relative to the bulk elastic forces [191,192].
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Figure 111.3: SEM photographs (1 um scale) of cobalt ferrite CoFe2O, prepared samples CP400
and CP600 (a), SG400 and SG600 (b), SGAC400 and SGAC600 (c), ME400 and ME600 (d).

107



111.2. Magnetic properties investigation:

Figure 111.4 presents the hysteresis loops at 300 K of all the prepared samples
at a magnetic field range -6 kOe < H < 6 kOe. Figure 111.5 shows the magnetic flux
density (B) calculated using M(H) obtained results using the following formula in the

CGS system of units:

B=H-+47M (111.5)
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Figure 111.4: Magnetization versus magnetic field M(H) of CoFe,O, nanopowders prepared
by different synthesis methods (CP, SG, SGAC, ME) after calcination at 400 °C and 600 °C for 6h:
CP400 and CP600 (a), SG400 and SG600 (b), SGAC400 and SGAC600 (c), ME400 and ME600 (d).
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Figure 111.5: Magnetic flux density versus magnetic field B(H) of CoFe;,O4 hanopowders
prepared by different synthesis methods (CP, SG, SGAC, ME) after calcination at 400 °C and 600 °C
for 6h: CP400 and CP600 (a), SG400 and SG600 (b), SGAC400 and SGAC600 (c), ME400 and
MEG600 (d).

Figure 111.6 depicts maximum energy product (BH)max, described as the largest
area of the rectangle that can fit in the demagnetizing magnetic induction versus the
applied field at the second quadrant [26]. All the calculated magnetic parameters are

reported in Table 111.2.
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Figure 111.6: Energy product versus magnetic field BH(H) of CoFe.O4 nanopowders prepared
by different synthesis methods (CP, SG, SGAC, ME) after calcination at 400 °C and 600 °C for 6h:
CP400 and CP600 (a), SG400 and SG600 (b), SGAC400 and SGAC600 (c), ME400 and ME60O (d).

Samples Ms M M:/Ms Hc Br Hcs (BH)max
(emu/q) (emu/g) (Oe) (Gs) (Oe) (MGOe)
CP400 61.966 13.23 0.2135 314.789 881.319 232.414 0.0517
CP600 80.319 27.39 0.341 744.584 1824.34 543.778 0.2482
SG400 35.075 11.917 0.3397 1009.41 793.705 480.89 0.0949
53.863 19.503 0.362 2057.97 1298.97 833.246 0.27099
SG600
SGAC400 51.584 9.792 0.1898 347.85 652.217 225.53 0.0368
SGACE00 77.761 30.078 0.3868 942.05 2003.305 665.71 0.3313
ME400 44.214 6.87 0.155 264.786 458.21 167.357 0.01895
ME600 50.018 9.38 0.1875 343.384 624.856 220.30 0.03424

Table 111.2: Different magnetic properties (Ms, M;, Mi//Ms, Hc, (BH)max...) CoFe204
nanopowders prepared by different synthesis methods (CP, SG, SGAC, ME) and for different

annealing temperatures (400 °C and 600 °C).
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With the increase of the annealing temperature from 400 °C to 600 °C, we
observe clearly that all the magnetic properties increase significantly for all the
synthesis methods. For example in the case of co-precipitation method, the saturation
magnetization Ms increases from 61.966 emu/g to 80.319 emu/g which is the highest
obtained value and the closest to the bulk value [193], the coercive field Hc increases
also from 314.789 Oe to 744.584 Oe. As for the maximum energy product (BH)max, it
increases from 0.0517 MGOe to 0.2482 MGOe. This increase in the magnetic
properties with the increase of annealing temperature is generally due to the increase of
the grain size and the improvement of the cristallinity and phase ordering of cobalt
ferrite system in all the samples. As demonstrated previously, the increasing calcination
temperature leads to higher average grain size, which results a decrease in the amount
of superparamagnetic particles, thus allowing an increase in the magnetization of the

entire system [107].

Generally, the saturation magnetization increases and the coercive field
decreases as the grain size increases. But, in our case, the coercive field increases also
with the increase of the annealing temperature from 400 °C to 600 °C this result is
related to the low annealing temperatures that are not high enough for the samples to
be very affected by the multi-domain behavior. The particles are in the single domain
area [2]. The variation of Hc with crystallite size can be connected to several elements

such as anisotropy of the crystal the domain structure and critical diameter [194].

The best values of all the magnetic properties in all the synthesis methods are
obtained for the samples prepared at 600 °C. So, what follows is a comparison between
the four synthesis methods for this annealing temperature. For Ms, the highest value is
obtained using co-precipitation method folloed by sol-gel autocombustion with a slight
difference. The coercive field Hc best value is given with sol-gel method followed by
sol-gel autocombustion. We have reached the highest value for (BH)max in the case of
sol-gel autocombustion method followed by sol-gel and co-precipitation methods. For
all the magnetic properties, microemulsion method gives the lowest values of all the
four methods. This variation and difference in magnetic properties values, especially
for the saturation magnetization, between the four synthesis methods can be related to

the nanoscale size effect causing the diminution of the magnetization [193]. This effect
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affects consequently the other magnetic properties that are linked to the saturation

magnetization.

(BH)max is related to the squareness ration M/Ms. This parameter varies for each
synthesis method and decreases in the following order: sol-gel autocombustion, sol-gel,
co-precipitation to microemulsion. This decrease is reported to be related to the
existence of non-interacting single domain particles with cubic anisotropy in the
material [152]. We observe an interesting increase of (BH)max value as we increase
annealing temperature from 400 °C to 600 °C. In the case of SGAC method, where we
have obtained the best (BH)max value, the maximum energy product has improved by
approximately 89 % when we go from T =400 °C to T = 600 °C.

IV. Conclusion:

We have successfully prepared cobalt ferrite pure materials at two different
annealing temperatures and also four synthesis methods in order to study their effect on
the magnetic properties. The annealing temperature varies all the magnetic properties
which become with higher values as we increase the temperatures. the highest values
of Ms, Hc and (BH)max are obtained in the case of co-precipitation, sol-gel and sol-gel
autocombustion methods,respectively. The maximum energy product is affected by all
the other magnetic properties, especially the squareness ratio. The best value of (BH)max
has been obtained in the case of sol-gel autocombustion method and it is improved by

89% when increase annealing temperature from 400°C to 600 °C.
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Chapter 5

Structural and magnetic properties of
CoFe;04/SrFe12019 composite prepared by spray-
drying method

In this chapter, we study the preparation of Spinel/Hexaferrite composite
material with Cobalt spinel ferrite (CoFe204) and Strontium M-type hexagonal ferrite
(SrFe12019) synthesized separately using solid state reaction (SSR) process. We have
successfully prepared a CoFe204/SrFe12019 spray-drying technique. The objective is to
study the structural, morphogical and magnetic properties of CoFe.O4 and SrFe12019
materials separately and then to investigate the effect of their combining as a composite
by spray-drying method. The first step is to synthesize both CoFe2O4 and SrFe12019,
study their microstructural and magnetic properties and compare the results with the

obtained composite CoFe204/SrFe12019 prepared via spray-drying method.

I. Scientific context:

Ferrites are widely applied in daily life sciences and have become highly
regarded materials thanks to their unique structural, mechanical, thermal,

physicochemical, and magnetic properties [195-198].

Moreover, the spinel and hexagonal ferrites magnetic microparticles with
spherical morphology have different applications, such as permanent magnets
[146,199], electronic devices [5,176,200], gas sensors [201,202], catalytic supports
[203,204] and more recently in biomedical applications such as advanced functional
magnetic materials for the treatment of cancer through magnetic hyperthermia [205],
contrast agents for MRI [206] and drug delivery systems [207].

The properties of iron oxides based materials in general and ferrites in particular,
can be tailored by improving their morphological and nano or microstructural
characterestics [54,208,209]. Consequently, it is important to analyse and study the
effects of synthesis and preparation methods along with the involved conditions on
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microstructural features of ferrite particles and therefore their magnetic properties
[210,211]. In the literature, the synthesis of ferrite materials has been performed via
different techniques by optimizing various synthesis parameters depending on the
targeted field of application [35,44,212].

As for the permanent magnet application, the ferrite materials with high
magnetic properties are requested. Ferrites are among the materials used as magnets
[145,213], beside the other magnet families such as SmCo [214], AINiCo [215] and
NdFeB [58] which are rare earths based alloys [3]. Cobalt spinel and strontium
hexagonal ferrites are rare earth free materials that can be used for permanent magnet
applications due to their considerable physical properties [121,216]. Ferrite materials
are the only family of permanent magnets that is not an alloy, so that we can synthesize

them using different low cost and simple methods [116].

Therefore, in the present study, CoFe>Os-SrFe12019 spherical magnetic
microparticles were prepared via solid-state reaction combined with the spray-drying
method. The structural, morphological and magnetic properties of the composite are
compared to the separated phases of spinel ferrite CoFe>O4 and hexagonal ferrite
SrFe12010.

Il. Results and discussion:

11.1. Preparation of samples:

Cobalt ferrite and Strontium Hexaferrites were synthesized via solid state
reaction technique. Stoechoimetric proportions of CoO (Sigma Aldrich), Fe2Os3 (Sigma
Aldrich) and SrCOs (Sigma Aldrich), Fe2Os (Sigma Aldrich) precursors were used to
prepare CoFe204 and SrFe12019, respectively. The precursors were mixed and milled
with a vibratory ball mill for one hour and treated after in a muffle furnace with a
temperature of 900 °C for 8 hours under air. Then, we have performed a second
vibratory ball milling for one hour, preceded with a second annealing for 12 hours in a
temperature of 1200 °C under air.

In order to decrease the grain size of CoFe2O4 and SrFe12019, We have performed
a planetry ball milling process in isopropanol used to avoid the oxidation and hydration
of the materials.

The spray-drying process is used to get the CoFe20s-SrFe12019 composite with
1:1 weight ratio. An other heat treatment at 900 °C was performed to the composite
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sample in order to study its effect on different properties, especially the magnetic
behavior.

11.2. Structural characterization of the samples:

The structural characterization of CoFe204, SrFe12019 and CoFe204/SrFe12019
was performed using X-Ray diffraction.

Figure 11.1 shows the XRD patterns of CoFe2Os, SrFei;2019 and
CoFe;04/SrFe12019 materials after milling process. We have successfully obtained the
spinel and the hexagonal phase for CoFe204 (Pdf Card # : 00 — 022 — 1086) and
SrFel2019 (Pdf Card # : 04 — 009 — 5517) matrices. It can be found that in the
composite sample prepared via spray-drying method, only peaks from cobalt ferrite (¢)
and strontium hexaferrite (*) are present in the pattern, and there is no other impurity
peak found in the figure, suggesting that the sample is only composed of CoFe.O4 and

SrFe12019 phases without any additional phase.

CoFe,0,/SrFe;,0,4

Intensity (a.u)
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@
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Figure 11.1: XRD patterns of CoFe;04, SrFe12019 and CoFe;04/SrFe12019 materials
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Figure 11.2 shows the XRD spectra of the composite after 900 °C heat
treatment. We have maintained the coexistence of the two phases of spinel cobalt ferrite
and strontium hexagonal ferrite, no intermediate products such as SrCO3s, SrFe>04 and
Fe>O3 were detected..
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Figure 11.2:XRD spectra of the composite after 900 °C heat treatment

KA
Bcos(0)
and the crystallite size are a= 8.398 A and Dxr=9.4 nm respectively, in the case of
CoFe204 and for SrFe12010 8=5.866 A , c=23.144 A and Dxr= 11.046 nm.

Using Scherrer formula (D = ), we have found that the cell parameters

In addition, we can observe that we have wide peaks in all the samples which is
due to the decrease in grain size and it is confirmed with the calculated crystallite size
values from XRD spectra.

11.3. Microstructural analysis of the samples:

Figure 11.3 presents scanning electron microscope photographs of CoFez0a4,
SrFe12019, spray dried CoFe204/SrFe12019 and CoFe204/SrFe12019 with additional heat
treatment (900 °C).

From the SEM images of CoFe2>04 and SrFe12019, we have obtained grain size
around 1 pm, which is the targeted size before the preparation of the composite via the
spray-drying method.

After Spray-drying, we observe the formation of spherical granules of
CoFe20.4/SrFe12019 composite. The size of the granules has increased after the heat
treatment and we have obtained porous particles in the process.
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Figure 11.3: SEM images of CoFe,O4 (with a scale of 1 um, 4 um and 8 um from left to right),
SrFe12019 (with a scale of 1 um, 4 pm and 8 pwm from left to right), CoFe,0./SrFe12019 (with a scale of
1 um, 4 pm and 8 um from left to right) and CoFe,O4/SrFe12019 with additional heat treatment (with a

scale of 3 pm, 5 um and 10 um from left to right).
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Figure 11.4: EDX spectrum and mapping image of CoFe,0./SrFe1.019 composite

Figure 11.4 shows the composition of CoFe204/SrFe12019 composite analyzed
with Energy-dispersive x-ray spectroscopy EDX (right) and its mapping image (left).

The EDX data shows the existence of all the elements Sr, Co and Fe. The EDX
mapping shows an homogenous distribution of Sr, Co and Fe elements which confirms
a very good distribution and homogenization of cobalt ferrite and strontium hexaferrite
materials in the composite. Indeed, spray drying method allowed to well mixing of the
two materials and to form a well homogenous and regular composite materials.

11.4. Magnetic characterization of the samples:

We have plotted the magnetization M as a function of magnetic field H
hysteresis loop carried out at 300 K. Magnetic induction B is obtained using the
following formula in the CGS system of units:

B=H + 4xM (11.1)

The variation of magnetization, coercive field and the induction with annealing
temperature is illustrated in Figure 11.6 and Figure 11.7. All the results are gathered in
table 11.1.

Figure 11.5 shows the hysteresis loops of cobalt spinel ferrite and strontium
hexagonal ferrite before the milling process. In this case, we have obtained good values
of saturation magnetization, 83.21 emu/g and 68.28 emu/g for CoFe204 and SrFe12019
respectively. The remanent magnetization is about 7 emu/g for cobalt ferrite and 30.8
emu/g in the case of strontium hexaferrite. For the coercive field, we have obtained 156
Oe and 2758 Oe for CoFe204 and SrFe12019 respectively.
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Figure 11.5: Magnetization versus magnetic field hysteresis loop of CoFe;0., SrFe12019 before milling
process
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Figure 11.6: Magnetization versus magnetic field hysteresis loop of CoFe;0a, SrFe1201s,
CoFe;04/SrFe12019 and CoFe;04/SrFe12019 with additional heat treatment
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Figure 11.7: Magnetic induction B versus magnetic field H curve of CoFe;0a, SrFe1201s,

CoFe;04/SrFe12019 and CoFe,04/SrFe12019 With additional heat treatment

Mr Ms Mi/Ms | Br Hci Heb | (BH)max
(emu/g) | (emu/g) (G) | (Oe) | (OCe) | (MGOe)
CoFe204 7 83.21 0.08 - 156 - -
before milling process
SrFe12019 30.8 68.28 0.45 - 2758 - -
before milling process
CoFe204 24.419 | 66.705 | 0.366 | 1644 | 2039 | 848 0.338
SrFe12019 12.368 | 51.074 | 0.242 | 824 | 1904 | 570 0.118
CoFe204/SrFe12019 16.474 | 66.059 | 0.249 | 1100 | 805 | 447 0.123
CoFe204/SrFe12019 20.313 | 69.64 | 0.291 | 1363 | 1123 | 588 0.198
with heat treatment

Table 11.1: Remanent magnetization M;, saturation magnetization Ms, remanence B, coercivity Hc;

and Hcp and maximum energy product (BH)max of CoFe204, SrFe12019, CoFe204/SrFe12019 and
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After performing the grinding process, the magnetic properties have changed.
For CoFe20s, the saturation magnetization has decreased from 83.21 emu/g to 66.705
emu/g. Therefore, both remanent magnetization and coercive field have increased after
milling process from 7 emu/g and 156 Oe to 24.419 emu/g and 2039 Oe respectively.
This is related to the decrease of particle size due to the milling process. As the size of
the particles decreases, the surface-to-volume ratio (and consequently the fraction of
the surface atoms with respect to the bulk ones) increases [206], which leads to a lower
value of saturation magnetization. In the other hand, the coercive field increase can also
be interpreted by the decrease of particle size which leads to higher coercive field in the
case of multi domain range (the squareness ratio M/Ms < 0.5 in all the samples) [27].

In the case of SrFe12019 after milling process, the values of different magnetic
parameters have remarkably decreased in comparison with the SrFe12019 before milling
process from Ms= 68.28 emu/g, M= 30.8 emu/g and Hc= 2758 Oe to Ms= 51.074
emu/g, M=12.368 emu/g and Hc=1904 Oe respectively.

In order to interprate this behavior, we have performed a Mossbauer
characterization of SrFe12019 after the milling process. Figure 11.8 shows the obtained
Mossbauer spectra. We can clairely remark that there is a partial transformation of about
12% of the magnetic phase of SrFe12019 into paramagnetic phase. In fact, in order to fit
the spectra of SrFe120O19 after the milling process, in addition of the five normal
magnetic sites of SrFe12019, it is necessary to add two doublets (magnetic sites in yellow
and purple in the figure 11.8), which confirms that the carried out milling process leads
to an important change in magnetic properties.
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Figure 11.8: The Mdssbauer spectra recorded at room temperature of SrFe12019 sample after the

milling process
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As shown in Figure 11.6 and Figure 11.7 and gathered also in Table 11.1, the
magnetic properties of CoFe,04/SrFe12019 composite prepared via the spray-drying

method.

It can be seen that the composite shows single-phase-like smooth hysteresis
loops implying that the magnetic spinel and hexagonal phases are well exchange
coupled to each other [129]. The mechanism of the exchange-coupling between hard
and soft ferrites is mainly dependent on the grain size at the proper temperature. The
exchange — coupling interaction only influences the interface layer and there is no
exchange — coupling interaction in the inner part of grains. The decreased grain size
will lead to the thinner interface layer. Consequently, the exchange coupling effect is
weaked [130]. For the remanent magnetization and the saturation magnetization, we
have remarked that the composite values are located between the values of CoFez04
and SrFe12019 Which is in good agreement with other CoFe;O4/SrFe12019 composite
works [171,217]. Therefore, the coercive field Hc of the composite (805 Oe) is found
to be lower than the spinel (2039 Oe) and hexagonal ferrites (1904 Oe) separated. The
magnetic properties of two-phase composite materials depend on the distribution of the

magnetically containing phases, the average grain sizes of individual phases, etc.[171]

In order to improve the properties of the composite, an additional 900 °C heat
treatment has been performed. All the magnetic properties has increased which is
generally related to the increase of the density and grain size of the composite after the
annealing process. Although, this increase on the magnetic properties was not sufficient
and it has not reached the good properties of the containing phases of CoFe2O4 and
SrFe12019.

The energy product (BH)max of a material is a key parameter that defines the
effeciency of a material to be applied in permanent magnet application and it is mainly
related to the coercive field Hc and the squareness ratio M,/Ms and it is influenced by
any changes in these parameters, since it depends on the total area enclosed by the
hysteresis loop in the second quadrant of the magnetic induction flux B versus magnetic
field H.

Despite the low values of Hc in the composite before and after the heat

treatment, we have obtained M/Ms values and consequentely (BH)max values that are
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between the spinel and the hexagonal phase. (BH)max has increased after the heat

treatment by approximately 17%.

I1l. Conclusion:

We have successfully obtained CoFe,04/SrFe12019 composite via spray-drying
method with single-phase-like smooth hysteresis loops. The maximum energy product
has been increased by 17% comparing the composite before and after performing the
heat treatment. The magnetic properties can be enhanced by controlling and varying the

ratio of spinel and hexagonal ferrite with the grain size of each element.
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GENERAL CONCLUSION AND PERSPECTIVE

Permanent magnets are a vital part of modern life. They are found in or used to
produce almost every modern convenience today, from speakers in mobile phones to
the electric motors in hybrid cars; air conditioners and washing machines. Permanent
magnets are used increasingly in technological applications, including traveling wave
tubes, Hall Effect sensors, high temperature-resistant permanent magnets, thin-film

coating equipment and flywheel storage systems.

In all of these applications, it is important for the designed permanent magnet
to be of high strength, resistive to corrosion, and resistive to demagnetization due to
excessive heat. Manufacturers have gained experience in designing and producing
permanent magnets to meet these needs for industries with permanent magnet and

magnetic assembly applications.

There are a number of major families of permanent magnets available for
designers, ranging from ferrite, known for its low cost and low energy, to rare earth
materials, which are more expensive and offer higher performance. Designers need to
analyze magnetizing field strength and magnetic output of magnetic materials prior to
deciding on the appropriate magnet. The ferrite materials have proven to be very
competitive in a large number of application fields despite their moderate properties in

comparison with the other permanent magnet families.

In the framework of this thesis, we have studied the structural and magnetic
properties of two types of materials belonging to the ferrite family. Energy product of
strontium M type hexagonal ferrite can be enhanced by controlling synthesis methods
and its elements. In this work, strontium M-type hexagonal ferrite was successfully
prepared using solgel autocombustion method and analyzed using different
characterization techniques. We have studied calcination temperature effect on
magnetic properties. At room temperature, we have obtained good magnetic results
with an improvement of (BH)max of 25%. At low temperature, the experimental

saturation magnetization and the theoretical value are in good agreement.

The other studied material is Cobalt spinel ferrite nanopowder that was

successfully prepared using sol-gel autocombustion method and analyzed using
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different characterization techniques. We have studied calcination temperature effect
on magnetic properties. At room temperature, we show that the energy product of
CoFe204 ferrite nanopowder can be enhanced by controlling and optimizing synthesis
steps. In the other hand, we have also studied cobalt ferrite pure materials prepared at
two different annealing temperatures and also four synthesis methods in order to study
their effect on the magnetic properties. The annealing temperature varies all the
magnetic properties which become with higher values as we increase the temperatures.
the highest values of saturation magnetization, coercive field and maximum energy
product are obtained in the case of co-precipitation, sol-gel and sol-gel autocombustion
methods, respectively. The maximum energy product is affected by all the other
magnetic properties, especially the squareness ratio. The best value of (BH)max has been
obtained in the case of sol-gel autocombustion method and it is improved by 89% when
we increase annealing temperature from 400 °C to 600 °C. We have successfully
obtained CoFe>04/SrFe12019 composite via spray-drying method with single-phase-like
smooth hysteresis loops. The maximum energy product has been increased by 17%
comparing the composite before and after performing the heat treatment. The magnetic
properties can be enhanced by controlling and varying the ratio of spinel and hexagonal

ferrite with the grain size of each element.

As perspective, we aim to enhance the obtained results in the composite case by
developping each step in the process of preparation and by studying the variation of
spinel-hexagonal ferrites ratio in the composite in order to obtain the best maximum
energy product possible. This study will allow us to process the obtained powders in
order to manufacture a permanent magnet segment in different geometries depending

on the aimed field of application.
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