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Abstract

Magnetocaloric energy conversion is a cooling technology based on the magnetocaloric
effect (MCE). The latter is a physical phenomenon which results in the cooling or heating
of certain materials under the action of a magnetic field. The objective of the present thesis
aims to estimate the potential of application of this phenomenon in magnetic refrigeration
technology.

This work is divided in two parts. The first part involved the study of the MCE
physics and the experimental and theoretical results obtained for two different material
families. Thus, compounds with a giant magnetocaloric effect with the formula AlFe;B,
and manganite La; ,A,Cag4MnO3 were explored in regard to their structural, magnetic
and magnetocaloric effect properties, as well as for use as the energy source in magnetic
refrigeration devices. The thermomagnetic properties of the solid refrigerant have been
determined by using the Mean field theory and Monte Carlo simulations as well as by
experimental measurements. The second part is focused on developing a 1D numerical
model to optimize the active magnetic regenerator system. This model is used to calculate
and simulate the operation of active magnetic refrigeration cycle (AMR) in order to predict
thermal performances of the cycle and consequently to contribute to the comprehension of
the complex magneto-thermal coupling between the carrier fluid and the magnetocaloric
effect of solid refrigerant in the magnetic device.

Keywords: Magnetic refrigeration, Magnetocaloric effect, Permanent magnets field

source, Active magnetic regenerative regenerator system (AMRR).



Résumé

La conversion d’énergie magnétocalorique est une technologie de production de froid
basée sur l'effet magnétocalorique (EMC). Ce dernier est un phénomeéne physique qui se
traduit par le refroidissement ou ’échauffement de certains matériaux sous l'action d’un
champ magnétique. L’objectif de la présente these vise a estimer le potentiel d’application
de ce phénomene dans la technologie de la réfrigération magnétique.

Ce travail est divisé en deux parties. La premiere partie concernait 1’étude de la
physique de I'(EMC) et les résultats expérimentaux et théoriques obtenus pour deux
familles de matériaux. Ainsi, des composés a effet magnétocalorique géant de formule
AlFesBy et des oxydes de type manganite La; ,A,CagsMnO3 ont été explorés en ce
qui concerne leurs propriétés structurales, magnétiques et magnétocalorique, ainsi que
leur utilisation comme source d’énergie dans les dispositifs de réfrigération magnétique.
Les propriétés thermomagnétiques du réfrigérant solide ont été déterminées en utilisant la
théorie du champ moléculaire et des simulations de Monte Carlo ainsi que par des mesures
expérimentales. La deuxieme partie est axée sur le développement d’un modele numérique
1D pour optimiser le systeme de régénérateur magnétique actif. Ce modele permet de
calculer et simuler le fonctionnement du cycle de réfrigération magnétique actif (AMR)
afin de prédire les performances thermiques du cycle et par conséquent de contribuer a
la compréhension du couplage magnétothermique complexe entre le fluide caloporteur et
I'effet magnétocalorique de réfrigérant solide dans un dispositif magnétique.

Mots clés: Réfrigération magnétique, Effet magnétocalorique, Source de champ a

aimants permanents, Réfrigération magnétique a régénération active (AMRR).
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Résumé détaillé

L’énergie thermique provenant des techniques conventionnelles telles que les systemes
basés sur la compression/détente d'un gaz n’est plus souhaitable en raison de leurs ef-
fets néfastes sur I'environnement, par conséquent, 1’orientation vers des technologies ef-
ficaces semble nécessaire. Dans ce contexte, la réfrigération magnétique basée sur l'effet
magnétocalorique (MCE) est considérée comme une technique de refroidissement promet-
teuse qui permet d’éliminer completement le réfrigérant synthétique nocif, généralement
utilisé par les réfrigérateurs standard tels que les chlorofluorocarbures (CFC), les hydroflu-
orocarbures (HFC) ou les hydro chlorofluorocarbures (HCFC).

Les matériaux magnétocaloriques et les systemes de refroidissement magnétique ont
fait 'objet de nombreuses études, dans le but de découvrir de nouveaux matériaux
magnétocaloriques présentant des niveaux d’effet magnétocalorique (MCE) élevés. Au
départ, les matériaux magnétocaloriques utilisés dans I’étude des systemes de réfrigération
magnétique basés sur le principe du cycle AMR étaient le Gd et certains alliages connexes
tels que GdTb, GdDy et GdEr. Cependant, I'utilisation de tels réfrigérants magnétiques
est limitée en raison de leur cout élevé et de leur faible stabilité chimique. Il est a noter
que d’un point de vue pratique, le matériau magnétocalorique approprié doit présenter un
grand EMC (Effet magnétocalorique) sous des champs magnétiques relativement faibles
(<2 T) qui peuvent étre atteints via des aimants permanents disponibles sur le marché.
La magnétisation, la chaleur spécifique, le changement d’entropie magnétique isotherme
et le changement de température adiabatique sont les principaux parametres qui car-
actérisent les matériaux magnétocaloriques, pour déterminer ces parametres nous avons
utilisées des méthodes théoriques (& savoir la théorie du champ moléculaire et la simula-
tion Monte Carlo) et la méthode expérimentale de mesure de 'EMC (Méthode indirecte-
Mésures magnétiques) afin de les exploiter ultérieurement dans une étude thermo flu-
idique a I’aide d’un modele basé sur un cycle magnétothermique spécifique appelé cycle
a régénération AMRR (Active Magnetic Regenerative Refrigeration). Cela nous per-
mettrait d’avoir une meilleure idée sur la performance de différents matériaux dans les

réfrigérateurs magnétiques fonctionnels.



vii

Nous avons commencé notre these par 'élaboration d’'un modele numérique 1D du
régénérateur magnétique actif basé sur le cycle AMR qui utilise le Gd comme réfrigérant.
Le modele permet 1’évaluation des performances de refroidissement de différents MCMs
(Magneto-Caloric Materials). Le régénérateur magnétique actif est considéré composé
d’un régénérateur, deux réservoirs chauds et froids, un fluide de transfert de chaleur. Le
régénérateur est constitué d’un matériau magnétocalorique (MCM) qui se réchauffe lors
de l'application d’un champ magnétique, H, et se refroidit lorsque le champ est retiré,
ce qui en fait la partie la plus essentielle du cycle AMR. Le modele prend les données
théoriquement ou expérimentalement mesurées AT,,(H, T) et Cp(H,T) comme données
d’entrée et fournit comme résultats des mesures de performance quantitatives du systeme
de refroidissement magnétique, a savoir la différence de température entre la source chaude
et froide (Tspan), et la puissance de refroidissement(Q.). Avec ce modele, il est possible
d’évaluer plusieurs matériaux magnétocaloriques (MCMs) dans un cycle AMR.

Trois différents MCMs ont été étudiés a ’aide de ce modele en termes de leur T pan et
la puissance de refroidissement, Gd, AlFe;Bs et La;_,Cag4MnQOs. En effet, pour la partie
qui concerne les matériaux magnétocaloriques de la présente these. Nous avons com-
mencé notre travail par une étude théorique par MFT (Théorie du champ moléculaire)
du matériau Gd considéré comme le matériau référence de la technologie de réfrigération
magnétique, ses propriétés magnétocaloriques ont été déterminé, et par la suite nous avons
évalués ses performances de refroidissement a 1’aide de notre modele numérique du cycle
AMR-1D. Apres avoir validé les résultats de notre modele AMR-1D, nous avons travaillés
sur la famille des matériaux intermétallique, nous avons choisis le matériau AlFe;Bsy car
ces composées sont constituées d’éléments légers et abondants. Nous avons calculé les
valeurs AS,, et AT,; pour le matériau intermétallique AlFe,B, a 1'aide de I'approche
Monte Carlo qui ont été introduites dans le modele numérique 1D-AMR. Cependant,
I'utilisation de tels réfrigérants magnétiques a base d’alliage métallique est limitée parce
qu’ils présentent l'inconvénient d’oxydation en contact avec ’eau. Pour surmonter ce
probleme, les manganites pérovskites de formule générale La;_,A,MnQOs, avec A = Sr,

Ba, Ca ... ont attiré beaucoup d’attention pour utilisation comme réfrigérants dans la
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technologie de réfrigération magnétique en raison de leurs nombreux avantages tels que,
leurs faible cotut, préparation facile, controle de la granulométrie par traitement thermique
et une stabilité chimique élevée. Dans ce contexte, nous avons étudiés expérimentalement
les manganites (La-Ca)MnOj3 en calculant leurs propriétés magnétocaloriques. D’autre
part, nous avons exploré I'impact de la phase secondaire Mny,O3 sur la morphologie, la
structure et les propriétés magnétiques du matériau La;_,A,Cag4MnOg3

. Les caractéristiques magnétocaloriques sont également analysées en termes d’aimantation
et de mesures de chaleur spécifique.

Lors de I'examen des MCMs, toutes les conditions de fonctionnement importantes
d’un systeme de réfrigération magnétique liniere ont été fixées, telles que le débit du flu-
ide, la température ambiante, la durée du cycle, I'intensité du champ magnétique. Nos
résultats indiquent que Gd présente le T, maximum avec une charge de refroidisse-
ment respectable, tandis que La;_,Cag4MnO3 génere un span de température faible.
D’autre part méme si le composé AlFe;Bs ne fonctionnait pas aussi bien que Gd, il pour-
rait étre le choix de MCM pour la réalisation de la réfrigération magnétique en raison
de son cout beaucoup plus faible. En plus de la possibilité d’évaluer divers matériaux
magnétocaloriques, notre modele suggere une optimisation des parametres de fonction-
nement en termes de débit et fréquence du cycle, on note que ces parametres dépendent
des conditions de fonctionnement du systéme (par ex. géométrie du régénérateur, masse

des matériaux magnétocaloriques, etc.).
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General introduction

Refrigeration process is in continuous development. But until today, the traditional
technique based on the refrigerant compression, remains the dominant technique with high
yield as a second biggest source of greenhouse gas emissions after electricity, and significant
responsible of huge increase of energy consumption. As stated by the international energy
agency (IEA), the overall world electricity consumption of 2016 is estimated at 23816
TWh, of which 67% is produced from fossil fuels.

In the current context of a shortage of energy resources and an increase in emissions
of greenhouse gases into the atmosphere, reducing the use of synthetic refrigerants and
energy consumption are major challenges for the refrigeration industry. Measures have
been adopted internationally. Some States have implemented them through regulations.
In addition, intensive research activities are conducted by laboratories to address these
challenges.

In this spirit, we noticed the enhanced interest of the researchers to innovate new clean
technologies for cold production, such as: Thermoelectric refrigeration named the Peltier
effect [4], Thermoacoustic [5], Adsorption cooling system [6], and caloric cooling technolo-
gies including electrocaloric [7], mechanocaloric [8] and magnetocaloric effects [2]. We
mention that a material that displays more than one of these effects is considered as a
multicaloric material (multiferroic) with multicaloric effects [9]. These solid state tech-
nologies which are still in the phase of research and development, are the most promising
cooling techniques that allows to fully eliminate the harmful synthetic refrigerant for the
future [10].

Magnetic refrigeration, which is the subject of the thesis work presented here, is a cold
production technology based on a physical phenomenon called the magnetocaloric effect
(MCE) taking place in solid state refrigerants. This technology operates without CFC or
HCFC neither compressor is considered as one of the serious alternatives to conventional
refrigeration systems. The interest generated by magnetic refrigeration is mainly due to
its high energy efficiency and the absence of harmful refrigerants for the environment.

However, the main disadvantage of such systems is the low magnetocaloric properties of



materials. Consequently, the choice of the optimal working conditions, as well as, the
optimal material is essential for the development of this technology.

The magnetocaloric effect at the base results in the cooling or heating of certain materi-
als under adiabatic conditions through the application or removal of an external magnetic
field. Simply put, when you approach a magnetocaloric material from a magnet, it heats
up. When you move it away, it cools down.

The magnetocaloric effect being present in all magnetic substances, this gives a large
field of research activity to find active materials suitable for each application. Gadolin-
ium is the reference material for magnetic refrigeration at ambient temperature (Tc=294
K). This element also has the advantage of being an easy compound to obtain due to
its purity. It finds its technological development thanks to the ease of implementation
reflected by its high ductility and malleability. This is why it is used in the most cur-
rent magnetic refrigeration devices at room temperature. However, its prohibitive price
(up to 3500 /kg) and its limited reserves exclude it from possible magnetocaloric mate-
rials for consumer applications. It is therefore important to find another magnetocaloric
material. Aiming to replace the gadolinium metal in prototypes, research has turned
mainly to two families of magnetocaloric materials after the discovery of giant MCE in:
Gd;(SiGej—, )4 by Pecharsky and Gschnieder in 1997 [11] and those based on manganese
such as MnFeP;_,As, [12] and MnAs;_,Sb, [13] compounds. Since then, a wide variety
of advanced magnetocalorics with a giant magnetocaloric effect such as La(Fe, Mn,Co,
Mn);5-,5i,(H,N, C), [14-18], Ni-Mn-based Heusler [19] and La;_,Ca,MnO3; manganites
[20] was reported in the literature. Following that, a parallel effort was paid to design
new types of efficient magnetic refrigerators, giving rise to preindustrial systems.

The work required to make the magnetic refrigeration a technology that can replace the
conventional technology covers many areas: Fundamental aspects of magnetic and thermal
phenomena coupling, on research, development, characterization and the optimization of
active materials that have the appropriate properties, on how to best exploit them in a
refrigeration machine by specific thermodynamic cycles, on how to produce a magnetic

field and a suitable magnetic field variation, on the general optimization of devices. These



tasks make it possible to address all the problems related to this field of research and to
study the three main components of magnetic refrigeration which are the magnetocaloric
material considered as the energy source of this technology, the magnetic field source
and its interaction with the material and the used thermodynamic cycle named active
magnetic regenerative regenerator cycle (AMRR).

This thesis work is in the field of the study of magnetocaloric materials and magnetic
refrigeration devices with permanent magnets over a wide temperature range. In this
way, the present manuscript is a contribution to the study of the structural, magnetic
and magnetocaloric properties of manganites. We attempted to study the elaboration,
structural characterization by X-rays diffraction, morphological characterization, mag-
netic and magnetocaloric characterization of mixed valence perovskite manganite oxides
of formulas (LagsCagsMnO3), (LaggCagsMnOsz/ MnyO3), (LagsEug;CagsMnO3) and
(Lag5Prg1Cag4MnO3). In addition, a 1D numerical model of the AMR cycle has been
developed in order to understand the magnetothermal mechanism of the magnetic regen-
erator and to investigate the cooling performance of different MCMs implemented in the
the magnetic regenerator based on the AMR cycle.

This thesis report is structured in two main parts: The first part concerns the state of
the art and basic concepts, which contains two chapters:

* Chapter 1: A general introduction to magnetism and the necessary guidelines that are
linked to this thesis are presented in this chapter in order to understand the magnetocaloric
effect phenomena and how to exploit this effect in cold production.

* Chapter 2: This chapter focuses, in the first part, on the needed background of the
computational methods, especially, Density Functional Theory, Molecular field theory,
Monte Carlo Simulation, Finite difference method for the calculations of the structural,
magnetic and magnetocaloric properties as well as for resolving differential equations. The
second part of this chapter focuses on the experimental techniques used for the synthesis
and the characterization of the studied La;_,A,Cag4sMnO3 compounds.

The second part concerns the obtained experimental and theoretical results, presented

in three chapters:



* Chapter 3: We report in chapter 3 a detailed theoretical study dealing with the
magnetic and thermal features of the intermetallic compound AlFe;B, close to room tem-
perature. The magnetocaloric properties in terms of both adiabatic temperature (A7)
and magnetic entropy (AS,,q,) changes were determined using the Monte Carlo approach,
while the thermodynamic performances were simulated according to the active magnetic
refrigeration (AMR) model.

* Chapter 4: Deals with the study of manganite based La-Ca materials. Compounds
(1-x)Lag¢Cag 4MnO3/xMnyO3 (x = 0,0.05,0.1,0.15,0.20) composites were prepared by
solid state reaction method. X-ray diffraction measurements were used to confirm the
crystal structure and the average crystallite size of samples. Their magnetic, magne-
tocaloric and heat capacity properties display a second order magnetic phase transition
at 260K. In addition we performed a numerical analysis and performance parameters
of LagCag4MnOj3 perovskite manganite as active magnetocaloric material (MCM) in an
active magnetic refrigeration cycle (AMR).

* Chapter 5: The third chapter of this part outline the work carried out on the study
of magnetic refrigeration systems. To make the link with research on magnetocaloric ma-
terials, this system will make it possible to test the elaborated materials in real conditions
and to study the influencing parameters. It is a linear system whose field is created by

permanent magnet in the form of a halbach cylinder.



Part 1

Fundamentals and State of the art



Chapter 1

Magnetism and magnetocaloric effect

1.1 Introduction

Strictly speaking, there is no such thing as a “nonmagnetic” material. Every material
is made up of atoms; Atoms are made up of electrons spinning around them, similar
to an electric current that carries a loop that generates a magnetic field. Therefore,
every material responds to a magnetic field. The way in which this response of atoms and
electrons in a material determines whether a material will be strongly or weakly magnetic.

This chapter presents the necessary guidelines to discuss the different categories of
materials and their applications. The types of magnetism include diamagnetism, para-
magnetism, and ferromagnetism. Furthermore, antiferromagnetism and ferrimagnetism
are considered to be subcategories of ferromagnetism. All materials exhibit at least one
of these types, and their behavior depends on the response of electrons and atomic mag-
netic dipoles to an externally applied magnetic fields. The term “nonmagnetic,” generally
means that the material is neither ferrimagnetic nor ferromagnetic. These “nonmagnetic”
materials are further classified as diamagnetic (e.g., superconductors) or paramagnetic.

Ferromagnetic and ferrimagnetic materials are generally further classified into soft or
hard magnetic materials. Hard magnetic materials or permanent magnets maintain their
magnetization (high resistance to demagnetization). In soft materials, they can become
magnetized, but when the magnetizing source of magnetization is removed, these materials

lose their magnetism. The last part of this chapter will specifically introduce soft magnetic
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materials for magnetocaloric energy conversion.

1.2 Magnetic materials

1.2.1 Introduction to magnetic materials

As mentioned earlier, there is no "non-magnetic” material. All materials respond to
magnetic fields. We mention that several types of behavior are observed when a magnetic

field is applied to the material, (See, Figure 1.1).

338"

gﬂeﬁc (u= H 0)

/7 PanmE e
acuum
moH

Diamagnetic W<y, OO@
@©OQ [H
©0© T

Flux density or inductance

Figure 1.1: The influence of the core material on the inductance. The magnetic moment
opposes the applied magnetic field in the diamagnetic material. For the same applied field,

paramagnetic, ferrimagnetic and ferromagnetic materials show greater moments [21].

1.2.1.1 Diamagnetic materials

It is caused by a change in the orbital motion of electrons due to an applied magnetic

field, the magnet and the material repeal each other. This is called “diamagnetism”. Dia-
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magnetic materials are materials that contain only non-magnetic atoms, such as, copper,
silver, silicon, gold, and alumina are diamagnetic at room temperature. Diamagnetism is
a very weak form of magnetism that is nonpermanent and only lasts when an external
magnetic field is applied. In a diamagnetic material, the magnetization (M) direction is

opposite to the direction of applied field (H) (see fig 1.2(a)).

1.2.1.2 Paramagnetic materials

When materials have unpaired electrons, a net magnetic moment due to the electron
spin is related with each atom. In the presence of an external magnetic field, the dipoles
line up with the field, causing a positive magnetization. Since the inter-atomic or inter-
molecular distances are larger enough that the moments do not interact with each other,
high magnetic fields are necessary to align all of the dipoles. In addition, the effect disap-
pears once the magnetic field is removed. This effect, known as paramagnetism, is found
in metals such as titanium, aluminum, and copper alloys. As we can see in figure 1.2(b).
In the absence of an external field, paramagnetic materials are only subjected to thermal
agitation and the overall magnetization is zero. presence of a magnetic field, the average
orientation of the moments changes under the effect of the torque that brings them back
according to both direction and orientation of the field. Thus, appearance of induced
magnetization parallel to the magnetic field. Either paramagnetic or diamagnetic mate-
rials are considered nonmagnetic since they exhibit magnetization only in the presence of
an external field. We mention that ferromagnetic and ferrimagnetic materials above the

Curie temperature also display paramagnetic behavior.
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Figure 1.2: (a) The atomic dipole configuration for a diamagnetic material with and with-
out a magnetic field. In the absence of an external field, no dipoles exist; in the presence
of a field, dipoles are induced that are aligned opposite to the field direction. (b) Atomic
dipole configuration with and without an external magnetic field for a paramagnetic ma-

terial [22].

1.2.1.3 Antiferromagnetic materials

Antiferromagnetic materials are materials that spontaneously align their magnetic mo-
ments antiparallel when an external magnetic field is applied, or temperatures below
a critical temperature called “Néel Temperature T” [23]. At temperatures above this
point, antiferromagnetic materials also become paramagnetic.

In materials such as manganese, chromium, NiO and MnO, in the presence of an ex-
ternal magnetic field, the magnetic moments created in neighboring dipoles line up in
exactly opposite directions, although the strength of each dipole is very high. Manganese
oxide (MnO) is one material that exhibits this behavior as shown in Figure 1.3. These
materials are antiferromagnetic and have zero magnetization. The magnetic susceptibil-

ity is positive and small. Furthermore, MnCly, CoO are examples of antiferromagnetic
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materials.

Figure 1.3: The crystal structure of MnO consists of alternating layers of 111 type planes
of oxygen and manganese ions. The magnetic moments of the manganese ions in every

other (111) plane are oppositely aligned. Consequently, MnO is antiferromagnetic [21].

1.2.1.4 Ferromagnetic materials

Ferromagnetic materials is resulted by the empty energy levels in the 3d level of iron
nickel and cobalt. Similar behavior is found in some other materials, including gadolin-
ium (Gd). In ferromagnetic materials the permanent individual magnetic moments simply
align with the applied magnetic field caused by the exchange interaction or mutual rein-
forcement

Significant magnetizations are achieved even for low magnetic fields giving huge sus-
ceptibilities approaching 10° [21]. Above the temperature of transition (T,.) ferromagnetic
materials acts like paramagnetic materials and their susceptibility known as the Curie-

Weiss law and expressed as follows:

(1.1)

In this equation, C is a constant that depends upon the material, T¢ is the Curie tem-

perature, and T is the temperature above T¢. Identical to ferroelectrics ferromagnetic
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materials show the creation of hystereis loop domains and magnetic domains. These
materials will be discussed in the next section.

Permanent magnetic moments in ferromagnetic materials result from atomic magnetic
moments due to uncancelled electron spins caused by the electron structure. Also, there
is the contribution of the orbital magnetic moment that is minor compared to the spin
moment. Moreover, in a ferromagnetic material, coupling interactions induce net spin
magnetic moments of neighbors atoms to align with one another, even if the external field
is removed. This is schematically illustrated in Figure 1.4.

The cause of these coupling forces is not fully understood, but it is thought to be caused
by the electronic structure of the metal. This mutual spin arrangement exists over rela-
tively large regions of the crystal, called domains. The maximum possible magnetization
or saturation magnetization Ms, of a ferromagnetic material indicates the magnetization
generated when all the magnetic dipoles in a solid are aligned with the external magnetic
field; there is also a corresponding saturation magnetic flux density Bs. The saturation
magnetization is calculated by the product of the net magnetic moment of each atom and
the number of present atoms. For each of Nickel, Cobalt, Iron, the net magnetic moment

of each atom is 0.60 1 72 and 2.22 bohr magnetons respectively.

©O000
CACACRS)
CACACRC)
CYICXCXO

Figure 1.4: Schematic illustration of the mutual alignment of atomic dipoles for a fer-
romagnetic material, which will exist even in the absence of an external magnetic field

22].
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1.2.1.5 Ferrimagnetic materials

Ferrimagnetism is the magnetic property of materials having unequal atomic moments
aligned in opposite directions like antiferromagnetic materials.

In ceramic materials, different ions have unequal magnetic moments. In a magnetic
field the dipoles of cation A can align with the field, unlike of the cation B dipoles that
oppose the field. Because the strength of dipoles is not equal, a net magnetization results.
These materials show a large, magnetic-field dependent magnetic susceptibility similar to
ferromagnetic materials. They also show Curie-Weiss behavior (similar to ferromagnetic
materials) at temperatures above the Curie temperature.

Most ferrimagnetic materials are ceramics and are good electrical insulators. There-
fore, in these materials, electrical losses (known as eddy current losses) are much weaker
compared to those in ferromagnetic metallic materials. Therefore, ferrites are used in

many high-frequency applications [21].

1.2.2 Classification of ferromagnetic materials

On the basis of their hysteresis characteristics. Both ferromagnetic and ferrimagnetic
materials are classified as either hard or soft. Hard magnetic materials or permanent
magnets maintain their magnetization (high resistance to demagnetization). In soft ma-
terials, they can become magnetized, but when the magnetizing source of magnetization
is removed, these materials lose their magnetism. In this section, we will discuss the basic
concepts and definitions of domain structure and magnetic hysteresis, as well as we will

look at some applications for magnetic materials [21, 22].

1.2.2.1 Domain structure and hysteresis

Within the single crystal or polycrystalline structure of a ferromagnetic or ferrimagnetic
material that is at a below its curie temperature, a substructure composed of small volume
regions, in which all of the magnetic dipole moments are aligned in a certain direction,
even in the absence of an external field as shown in figure 1.5. Similar to ferroelectrics,

application of a magnetic field (poling) will coerce many of the magnetic domains to
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align with the magnetic field direction, and each one is magnetized to its saturation
magnetization.

Domain boundaries, called Bloch walls, separate adjacent domains. The boundaries
are adjacent zones in which the the magnetic moment direction changes gradually and
continuously from that of one domain to that of the next (see figure 1.5(b)). Normally,
domains are typically very small (microscopic in size), about 0.005 cm or less, while the
Bloch walls are about 100 nm thick. We mention that, for a polycrystalline structure each
grain may consist of more than a single domain with different magnetization orientations.
The magnitude of the M field for the entire solid is the vector sum of the magnetizations
of all the domains, each domain contribution being weighted by its volume fraction. For
an unmagnetized ferromagnetic or ferrimagnetic specimen, the net magnetization off all

the domains is zero.

Small grain with
a single domain

Domain

Direction of
— A grain with magnetic
domains moments
(a) (b)

Figure 1.5: (a) qualitative Schematic of magnetic domains in a polycrystalline material.
The dashed lines show demarcation between different magnetic domains; arrows repre-
sent atomic magnetic dipoles. Within each domain, all dipoles are aligned, whereas the
direction of alignment varies from one domain to another. the dark curves show the
grain boundaries. (b) The magnetic moments change direction continuously across the

boundary between domains [21].

In the case of ferromagnets and ferrimagnets, flux density B and field intensity H are
not proportional. If the material is initially unmagnetized, then B varies as a function of

H, as presented in figure 1.6. When a magnetic field is first applied to a magnetic material,



1.2. Magnetic materials 14

magnetization initially increases slowly, then more rapidly as the domains begin to grow.
Later, magnetization slows, as domains must eventually rotate to reach saturation. The
curve starts from the origin, and as H is increases, the B field begins to increase slowly,
then more rapidly, finally leveling off and becoming independent of H. This maximum
value of B is the saturation flux density B,, and the corresponding magnetization is the
saturation magnetization M, mentioned previously.

When the H field is applied, the domain changes its shape and size through the move-
ment of the domain boundary. The schematic structure of the domain is shown in the
insets (marked U to Z) at several points along the curve B versus H in figure 1.6. Ini-
tially, the moments of the constituent domains are randomly oriented such that there is
no net B (or M) field (inset U). When applying an external field, the domains oriented
according to the favorable directions (or nearly aligned with) the applied field grow at
the expense of those that are unfavorably oriented (insets V through X). This process
continues as the field strength increases until the macroscopic specimen becomes a single
domain nearly aligned with the field (inset Y). When this domain, by means of rotation,

becomes oriented with the H field (inset Z) Saturation is achieved.
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Figure 1.6: The B-versus-H behavior for a ferromagnetic or ferrimagnetic material that
was initially unmagnetized. Domain configurations during several stages of magnetization
are represented. Saturation flux density B,, magnetization M, and initial permeability

p; are also indicated [22].

The B-versus-H curve in figure 1.7 represents a hysteresis loop taken to saturation
B(H). From saturation, point S in figure 1.7, as the H field is decreased through field
direction reversing, the curve does not retrace its original path. The hysteresis loop is the
response curve of magnetic materials, through which they keep the memory of all their
previous magnetization states through the elementary domains [24]. At zero H field point
(R on the curve) there exists a residual B field that is called the remanence, or remanent
flux density B,, since the displacement of the Bloch walls is not instantaneous due to the
magnetic anisotropy; a non-zero induction B, occurs in the material in the absence of
an external H field. Hysteresis behavior and permanent magnetization depends on the
mobility of the Bloch walls. Upon reversal of the field direction from saturation (point S
in figure 1.7), the process by which the domain structure changes is reversed.

To decrease the B field within the specimen to zero (point C on figure 1.7), an H field

of magnitude — H¢ is required with an opposite direction to that of the original field; the
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term H. is called coercivity. Upon continuation of the applied field in this reverse direction,
as indicated in the figure, saturation is achieved in the opposite sense, corresponding to
point S’. Finally, a second reversal of the field to the point of the initial saturation point
S completes the hysteresis loop symmetricaly and also yields both a negative remanence

— B, and a positive coercivity +He.

1\ Field removal or
reversal

Initial
magnetization

+H, H—

Figure 1.7: Magnetic flux density B versus the magnetic field strength H for a ferromag-
netic material that is subjected to forward and reverse saturations (points S and S’). The
hysteresis loop is represented by the solid curve; the dashed curve indicates the initial

magnetization. The remanence B, and the coercive force H, are also shown [22].

1.2.2.2 Hard magnetic materials

Hard magnetic materials are used in permanent magnets, which must have a high
resistance to demagnetization. In terms of hysteresis behavior, a hard magnetic material
has a high coercivity (generally above 10 kA /m), high remanent induction, saturation flux
density and a large hysteresis loop, as well as high hysteresis energy losses and a low initial
permeability [25]. We mention that, the two most important characteristics relative to
applications for these materials are the coercivity and the energy product designated as
(BH),naz- The hysteresis characteristics for hard and soft magnetic materials are compared

in figure 1.8.
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1.2.2.3 Soft magnetic materials

Soft magnetic materials are materials in which the coercive field is low (usually less
than 1000 A/m) [26]. The relative area within the hysteresis loop must be small; it is
characteristically thin and narrow, as represented in figure 1.8. Therefore, a soft magnetic
material should have a low coercivity and a high initial permeability. The magnetization
saturation for these materials can be reached under relatively low applied field (i.e., is
easily magnetized and demagnetized) and still exhibit low hysteresis energy losses. In
addition, soft magnetic materials are used in generators, motors, dynamos, and switching

circuits and many other applications.

& —

Hard

g

y

Figure 1.8:  Comparison of magnetization curves (hysteresis loops) for soft and hard

magnetic materials [22].

1.2.3 The Curie temperature

With rising the temperature of a ferromagnetic or ferrimagnetic material, the added
thermal energy increases the thermal vibrations of the domains, making it easier for them
to become aligned, but also preventing them from remaining aligned when the field is
eliminated. Consequently, the saturation magnetization, remanance, and the coercive
field drops with temperature, up to the Curie temperature, at which point it fall to
near zero (figure 1.9). Above the Curie temperature (T.), ferromagnetic or ferrimagnetic

behavior is no longer observed. Instead, the material behaves as a paramagnetic material.
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The curie temperature which is an intrinsic material characteristic can be changed by
alloying elements. French scientists Marie and Pierre Curie (the only husband and wife
to win a Nobel prize; Marie Curie actually won two Nobel prizes) performed research on
magnets, and the Curie temperature refers to their name. The magnetic dipoles still can
be aligned in a magnetic field above the curie temperature but they become randomly

aligned in the absence of the field [21].

Inductance §
Low temperature §
Magnetic field &
-)\) High temperature L
Moderate temperature Temperature
(a) (b)

Figure 1.9: The effect of temperature on (a) the hysteresis loop and (b) the remanance.

Ferromagnetic behavior disappears above the Curie temperature [21].

1.2.3.1 Measurement of Curie temperature of ferromagnetic materials

There are several techniques to determine the Curie temperature of ferromagnetic
materials, the temperature at which the material change its magnetic state (example
from paramagnetic to ferromagnetic). The Curie temperature can be influenced by several
factors (magnetic fields, size effect, internal stresses, etc.). For perovskites-type materials,
studied in the present thesis, the determination of the Curie temperature is essential. As
the temperature transition of perovskites depend on several factors, it is important to
determine it precisely. In this sense, we mention three different methods of analyzing
experimental data to determine the Curie temperature in bulk samples, of which three

have been chosen:

Inflection point method
The most widely used method is the inflection point method. This method consists of

measuring, under a small applied field, the magnetization M of a substance as a function
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of temperature T. Once M vs T curve is obtained, the Curie temperature is approximated
by its inflection point. An inflection point is a point on a curve where the first derivative

reaches an extrema (maximum or minimum) while the second derivative is zero [27].
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Figure 1.10: Inflection point method used for determining T¢. [27].

The Arrott plot method

Arrott plot technique is based on the Weiss—Brillouin treatment of molecular field
theory [28]. Arrott’s method attempts to exploit the behavior of isotherms as a function
of the magnetic field poH around the Curie point and proposes an extrapolation to better
understand this critical point [29]. This technique Criterion, states that isotherms with
linear behavior for M? as a function of poH around T¢. The isotherm at the Curie point

should not have its end curved as it should be a straight line passing through the origin

(See figure 1.11) [30].
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Figure 1.11: The Arrott plot technique used for determining 7¢) [30].

Magnetocaloric effect method

This method is not a direct measurement of the Curie temperature, but rather it
consists of determining the magnetic entropy change (AS,,) under an applied magnetic
field pog. The latter reaches its maximum value near the temperature of transition.
Therefore, makes it possible to indirectly determine the Curie temperature. It is important
to point out when using this method that the maximum external magnetic field applied
to the substance should not exceed the maximum magnetic field that could be used in the
inflection point method (< 0.05T) [30]. Therefore, the measurement of the magnetization

as a function of several magnetic fields allows to obtain the value of T¢ as shown in figure

1.12:
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Figure 1.12: Magnetocaloric effect used for determining 7t ).[30].

1.3 The Magnetocaloric effect (MCE)

1.3.1 Introduction to the magnetocaloric effect

Magnetocaloric energy conversion is a technology that consist of exploiting the mag-
netocaloric effect (MCE). The first experimental measurement of the MCE was done by
Weiss and Piccard in 1917 [31]. In 1881, Warburg measured the magnetization of iron
wire in increasing and decreasing magnetic field around the room-temperature, which is
equivalent to a hysteresis cycle. Accordingly, he found that the magnetic irreversibility
induces the heat dissipation in the ferromagnetic material [32].

Magnetocaloric effect results in the heating or cooling of magnetized or demagnetized
magnetic material. It is generally expressed as the adiabatic temperature change or
isothermal total entropy change 0S(r ) of a material due to the couplings between the
magnetic moments and the atomic network under the action of an external magnetic

field. The total magnetic entropy of a magnetic substance consists of magnetic (S,,),
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lattice (S;q), and electronic (S;) contributions and is expressed as follows:

S(T, H) = Spu(T, H) + S1at(T) + Su(T) (1.2)

Where T represent the material temperature and H is the applied magnetic field. Unlike
magnetic entropy which depends heavily on the magnetic field, the electronic entropy and
atomic entropy are independent of the applied field except for a few materials that exhibit
a first-order magnetic transition.

For typical magnetocaloric materials, when the external magnetic flux density is var-
ied and increased from H; to Hgr tends to orient the magnetic moments along the field
direction (see figure 1.13), making the magnetic material more ordered. The obtained
MCE can be determined in terms of the two thermodynamic process presented in the
temperature-specific entropy (T-s) diagram in figure 1.13. This decreases the magnetic

entropy and consequently the full entropy is given by the following equation:

AS(T,H[%HF) :SF(T7HF)—S[(T7H[) (13)

with Hr > H; and S < S;. In adiabatic conditions, the full entropy is conserved. Thus,
the diminution of magnetic entropy is compensated by the change of the quantity Srq; +

Se in the opposite way. Therefore, increase the material temperature (Fig. 2) by AT,:

ATad(T[, H[ — HF) = TF(SF) — T](S]), (14)

with SF == S[.
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Figure 1.13:  The entropy temperature (S-T) diagram Illustrating the isothermal and

adiabatic magnetization processes|18].

The application of a high magnetic field makes it possible to align the magnetic mo-
ments thus creating a form of order in the solid. This change from a disordered magnetic
state to an orderly state is accompanied by an isothermal reduction in magnetic entropy
of S,,. In adiabatic conditions, total entropy remains constant. Thus, the decrease in
magnetic entropy is compensated by the increase in atomic entropy in the opposite direc-
tion causing the increase in the intensity of atomic vibrations increasing the temperature
of the material. This temperature change is known as the adiabatic temperature variation
AT,;. When the magnetic field is removed, the opposite occurs: an increase in the mag-
netic entropy is observed and the temperature drops. On this basis, the energy conversion
cycles is possible by applying different thermodynamic processes.

In this section, the principle of magnetocaloric thermodynamic potentials are presented
and described. In addition, an overview of the existing theoretical and experimental ap-
proaches to magnetocaloric thermodynamic cycles is given. Different magnetic thermo-
dynamic cycles are described. Besides, thermodynamic cycles with conventional simple
cycles, with emphasis on the AMR cycle principle, since most of the existing devices apply

the AMR principle.
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1.3.2 The Thermodynamics of the MCE

For the description of the magnetocaloric effect of a magnetocaloric material subjected
to a magnetic field, it is necessary to define certain functions which characterize the
thermodynamic properties [33]. The internal energy of a system according to the first

principle of thermodynamics is described by the relation:

dU = 6Q + oW (1.5)

where 6Q and dW respectively represent the quantity of heat exchanged and the work

provided by the system. Introducing the following equations:

0Q =TdS (1.6)
SW = —MdB = —BdM (1.7)

I'équation (1.4) devient
dU = TdS — MdB = TdS — BdM (1.8)

The free energy of a system is expressed by the relation:

F=U-TS (1.9)

The total derivative of free energy can be written according to the equation:

dF = SdT — MdB (1.10)

The free enthalpy of a system is expressed by the relation:

G=H-TS (1.11)
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where the enthalpy can be expressed by the expression:

H=U+pV (1.12)

The derivative of enthalpy and free enthalpy are given as follows: For the case of the solid:

dH = dU (1.13)

The use of relations (1,4), (1,7) and (1,9) gives:

dG =dH —TdS — SdT' = SdT' — MdB = SdT — BdM (1.14)

Entropy, magnetic moment, pressure and volume can be written as a function of the

partial derivatives of free energy and free enthalpy as follows:

S(T,B,V) = - <§_§)V (115)
M(T.B,V) = - (g_F)V (116
(T, B, V) = — (g_F) (1.17)

V(T,B,p) = — ( )T,B (1.20)
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oG
B=— (—) (1.21)
oM ),
The combination of equations (1.17) and (1.15), (1.16) and (1.20) allows to define Maxwell’s
equations
(),
0B ) 1, T ) g,
08 (28 (1.23)
oM ), 0T ) ar,
The specific heat of a substance can be written according to the relation:
05
C=T|(-= 1.24
(5) (120

The total derivative of entropy as a function of the temperature, field and pressure pa-

rameters is defined as follows:

35S dS
For an isentropic transformation equation (1.24) becomes
Cp oM
—dl' = — | — B 1.26
T ! ( 0T )B ! 120

The total derivative of temperature gives;

T (M
T=——|— B 1.27
d Cp ((5T>Bd ( )

Integration of equation (1.26) defines the magnetocaloric effect:

T (M
ATyy=—[ — | — B 1.2
ad / Cp ( (5T )B d ( 8>
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1.3.3 Methods of magnetocaloric properties investigation

The main parameter that characterizes a magnetocaloric material is the adiabatic tem-
perature change AT,;. In most cases, methods of MCE measurements can be divided into
two main groups: direct and indirect techniques. In the case of direct methods the mate-
rial is subjected to a magnetic field change and its temperature change is directly measured
by some technique. In the indirect methods the MCE and magnetic entropy change is

determined on the basis of magnetization and / or heat capacity data.

1.3.3.1 Direct methods

In direct methods the initial sample temperature T;(H;) and the final one Ty(Hjy)
at the end of the magnetization are measured by using a temperature sensor in direct
contact with the sample, the experiments are usually done in adiabatic conditions. The
corresponding adiabatic temperature change is then measured as the difference AT,y =
Tr — T;. The field application to or removal from the sample is usually accomplished
using pulsed or ramped magnetic fields changing with a rate of about 10 kOe/s [34].
This principle only allows measurements at a fixed temperature and for relatively weak
magnetic fields (around 1T). To overcome these limitations and use this method to fully
characterize the MCE, more sophisticated devices have been developed. Regarding the
applied magnetic field, there are two techniques: pulsed techniques (Kurt, 1985) mainly
used for intense fields (3T) and static techniques (Tishin, 1988). In these systems, the
thermal insulation of the sample has been improved to ensure adiabatic conditions and
differential temperature measurements using thermocouples with high quality have been
implemented to increase accuracy. In addition, electronic circuits were introduced to
compensate for the effect of magnetic field variation on the response of the temperature

SEensors.
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1.3.3.2 Indirect methods
Magnetization measurements

The change in magnetic entropy is related to the magnetization by equation (1.29).

" r5M
ASm:/ <—) dH 1.29
s \or ) (1.29)

The numerical integration of the latter gives the values of AS,, at different field and

temperature values through the numerical form of the Maxwell relation:

Tivim) — M(T;, H)
Tipn —T;

AS(T,AH) =Y Mg (

i

AH (1.30)

This method is widely used, especially around room temperature; it allows a rapid
evaluation of the magnetocaloric performances of materials. The study on the accuracy
of the method performed by Pecharsky and Gschneidner [35] shows that it is better than
the calorimetric method in the range of temperatures close to ambient (3 to 10% relative

error).

Calorimetric measurements (heat capacity)

MCE can also be evaluated indirectly from specific heat measurements as a function
of temperature in several constant magnetic fields Cp(T, uoH) also called calorimetric
measurements. This technique enables us to characterize the magnetocaloric effect in

terms of both AS and AT,, with the help of the following Equations [18].

Top(T

0 T

where Sy is the entropy at 7' = 0K (zero temperature entropy), which is usually assumed

to be zero (Foldeaki et al 1997a, Pecharsky and Gschneidner 1999a).

ASm(T, /LQH) = AS(T, ,uoH) = S(T, MOH) - S(T, O) (132)
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T
AT, = ——A 1.33
d cr S (1.33)

1.4 From the magnetocaloric effect to magnetic re-
frigeration

As it is already presented in magnetocaloric energy conversion section, Cold production
is very crucial for modern society. Knowing the basic effect, magnetization induce heating,
while demagnetization induce cooling, we present here an analogy with the classic gas
compression/ expansion refrigeration. This analogy is illustrated in figure 1.14. It’s worth
noting that the MCE refrigeration technology present many advantages compared to
conventional technique, such as, free greenhouse gas, high energy efficiency, more compact
cooling systems, and absence of the compressor (Low vibrations).The MCE is utilized
in magnetic refrigeration machines. Therefore, the optimization of such a refrigeration

system requires the study of three issues:

Magnetic Vs Classic
Refrigeratiuon

T>Tamb <— £ >@: = [ =] ]
”m“w“w* Hot Fluid Out
* Cool Fluid In *
T<Tamb <— (T =i

T=Tamb <—

Figure 1.14: Analogy between magnetocaloric refrigeration and gas refrigeration.

e The thermodynamic cycle

e The magnetorefrigerant material

e The magnetic field source
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1.4.1 Thermodynamic cycles

There are different thermodynamic cycles considered for magnetic refrigeration [2].
Here we will present the most known thermodynamic cycles, such as, Carnot cycle, Bray-
ton cycle, Ericsson cycle, Stirling cycle and recently the AMR cycle. Figure 1.15 illustrates

the main thermodynamic cycles used for magnetic refrigeration.

1.4.1.1 Carnot cycle

The Carnot cycle is the ideal cycle used to quantify the efficiency of all other cycles. It is
composed of four processes: adiabatic magnetization (partial), isothermal magnetization
(partial), adiabatic demagnetization (partial) and isothermal demagnetization (partial).

1.4.1.2 Brayton cycle

which is one of the most basic cycles of magnetic refrigeration. A machine based

on this cycle operates between two isofields (constant magnetic fields Hy) and two
isentropic curves (constant total specific entropy S).
1.4.1.3 Ericsson cycle

A machine based on the Ericsson cycle operates along two isotherms and two isomag-
netic field lines. This process requires heat regeneration.
1.4.1.4 Stirling cycle

The Stirling cycle is similar to Ericsson’s one except that the exchanges with the outside

are iso-magnetization instead of isofield.
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Figure 1.15: S-T diagram of thermodynamic cycles used for magnetic refrigeration.[1]

1.4.1.5 The AMR Thermodynamic Cycle

Most of the applications of magnetic refrigeration at room temperature use perma-
nent magnets as the magnetic field source. The direct use of the magnetocaloric effect
to cool in the vicinity of the ambient temperature does not allow to reach significant
temperature span between the hot and cold sources, especially with systems using per-
manent magnets. For refrigeration and heat pump applications, EMC can be amplified
through specific magnetothermal cycles called AMRR regeneration cycles. The majority
of magnetic refrigerators designed in recent years use this type of cycle.

Significant research studies, both experimental and theoretical, has been carried out
on the use of magnetocaloric effect for refrigeration after 1917 [31] when Weiss and Picard
discovered a reversible heating of a nickel sample observed near its curie temperature of
(354°C') when the sample was exposed to a magnetic field, this discovery is called a “novel
magnetocaloric phenomenon”. On theoretical works, we found Tishin [36, 36] who used
the molecular field theory (MFT) to quantify the crucial thermo-physical properties Cp,
AT,.q, AS of magnetocaloric materials, that exhibit both first and second order magnetic
phase transitions (Gd, Tb, Dy, Ho, Er, Tm, Fe, Ni, Co) used as a refrigerant by magnetic

cooling devices. It should be noted that One of the problems of existing MCMs is the
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adiabatic temperature change (AT,;) or magnetocaloric effect (MCE) limit. AT,; of
gadolinium under 1 Tesla magnetic field is around 3 K and 9 K under 5 Tesla magnetic
field, for this reason research orients itself to find new magnetic materials which exhibits
a giant magnetocaloric effect, with large MCE chiefly at induction fields close to 27T
and close to room temperature [37], with large entropy change as well as large adiabatic
temperature change that offers the promise to surmount the gadolinium powders used in
the current rotary refrigerator as GdsSiGey [38].

A 1D and 2D numerical models of active magnetic regenerative refrigerator have been
reported in multiple papers [39-45]. Engelbrecht et al. have concluded in [46] that the 2D
and 1D models are in good agreement while the thermal fluid channels and solid plates are
thin (in the case of a parallel plates regenerator), therefore the vertical internal thermal
gradients are very low that they can be neglected compared to the thermal gradients in
the direction of the fluid flow. Also, a review concerned the different models of (AMR)
for room temperature applications was developed in [47].

On experimental works, several studies have treated the analysis of active magnetic re-
generators. Among them, one can mention Legait et al. [48] who have examined four mag-
netocaloric regenerators using three different materials (Prg 551035 MnO3, La(FeCo)q3_,Si,
and Gd). Tusek et al. have examined a detailed experimental analysis of six different
gadolinium AMRs, three with parallel plate AMRs (with different porosities and different
orientations of the plates to the magnetic field) as well as three with packed bed AMRs
filled with (spheres, powders and with cylinders), they have found that the best cooling
characteristics are reached for the parallel plates AMR with the smallest porosity (25%)
and with parallel orientations of plates to the magnetic field [49]. A detailed review about
various design of refrigerators investigated, both linear reciprocating and rotary magnetic
refrigerator up to 2013 [50]. In this work, we were interested to study numerically the
AMR cycle (Active magnetic refrigerator) for near room temperature applications.

The AMRR cycle of a magnetic refrigeration system consists of two adiabatic processes

and two isofields presented by four following steps.

1. Magnetization of the magnetocaloric material magnetocaloric leads to its warming.
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Under adiabatic conditions each point of the magnetocaloric material increases its

temperature by T following the application of the magnetic field (Figure 1.16 a).

2. In the second step, the coolant flows from the cold tank to the hot tank to drain

the heat-energy generated by the magnetocaloric material (Figure 1.16 b).

3. Adiabatic demagnetization of magnetocaloric material leading to its cooling (Figure

1.16 c).

4. Flow of hot coolant to drain cold energy towards the cold reservoir. Thus, the
temperatures of the hot end and the cold end gradually evolve until equilibrium
state of temperature after a certain number of cycles. This creates a temperature

gradient in the magnetocaloric material (Figure 1.16 d).
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Figure 1.16: AMR cycle and the temperature profile along the AMR during all four

operational phases [2].
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1.4.2 Magnetocaloric Materials

Magnetocaloric material is the heart of the magnetic refrigerator. It is a critical com-
ponent that greatly influences the thermodynamic performance of the machine. Imple-
mentation and use of efficient magnetocaloric materials are of great importance for the
development of magnetic refrigeration in the vicinity of ambient temperature.

Currently gadolinium (Gd), a rare earth with an important EMC near ambient tem-
perature, is the material used in the majority of magnetic refrigeration demonstrators
and prototypes. However, despite its magnetocaloric power, gadolinium is not suitable
for market applications due to its very high price. In addition, gadolinium has other dis-
advantages such as its limited refrigeration capacity and its easy oxidation like most rare
earths. However, the use of gadolinium in refrigeration systems is preferred over other
magnetocaloric materials due to its easy machining and availability on the market. New
magnetocaloric materials have been developed to replace gadolinium in magnetic refrig-
eration systems. Among these materials, large magnetocaloric effect can be observed in

LaFe;3_,Si, type, Gds(Si,Ge;_;)4, Heusler compounds and transition-metal oxides.

1.4.2.1 General Criteria for the Selection of the magnetocaloric material

As the magnetocaloric material is the energy source of magnetic refrigeration, it must
have certain characteristics to be good candidate for application as refrigerant. Recently
Tino Gottschall et al., [3] have gathered a number of challenges need to be meet in order
to develop magnetic cooling, from the fundamental science to the application, figure 1.17
illustrates schematically the different requirements necessary to develop this technology.

We mention here some essential conditions to take into account when selecting the

material:

e Magnetic phase transition temperature close to the temperature of a targeted ap-

plication.

e The Intensity of the magnetocaloric effect AS,,(T) and AT,; must be high. Mag-

netic entropy variation AS,,(7T), is linked to the magnetic moment of the material.
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While, an adiabatic temperature variation AT,y over a broad temperature range
allows large cooling power and temperature span, with low sensitivity to heat re-
jection and low heat capacity Cp. These two parameters are closely related to the
nature of the magnetic transition depending on whether it is first order or second

order.

The wide temperature range of the magnetocaloric effect, in other words large rel-

ative cooling power (RCP).

High Thermal Conductivity and diffusivity to increase the heat transfer efficiency.
High electrical resistance to reduce eddy current losses.

The absence of magnetic hysteresis for the efficiency of the magnetization process.
The absence of thermal hysteresis for the reversibility of the thermodynamic cycle.
Good mechanical properties in order to simplify the manufacturing processes,
Good chemical stability.

low material roughness and low fluid viscosity to reduce pressure drops in the bed

regenerator.

Low cost of elaboration and ease of synthesis are important points for commercial

applications.

Good Corrosion Properties.
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Figure 1.17: Illustration of the different challenges for magnetic refrigeration with respect

to applications [3].

In general, MCMs can be divided into two groups based on the order of their phase
transition from the ferromagnetic to paramagnetic state, thus calling them second-order
or first-order materials [2]. The phase transition happens at the certain temperature,
referred to as the Curie temperature (T.). Above (T.) the spontaneous magnetization
disappears and the material becomes paramagnetic. Furthermore, the MCE is most no-
ticeable at this phase transition. The difference between first-order and second-order
materials is how this transition takes place (Fig. 1.18). The characteristic of the so-called
"first order” materials, is the discontinuous change of the magnetization at some temper-
ature (Fig. 2.1b) with associated structural-deformation and showing strong variations
in the magnetic entropy AS,,(T) and in the adiabatic temperature AT,; over a weak
temperature range 0 Try . However, the entropy change only increases drastically to
a certain value of magnetic field. These materials present a giant magnetocaloric effect.
Indeed, the Maxwell’s relation can only be used in the case of a system with equilibrium,
its application out of equilibrium can lead to overestimates the AS,,(T). On the other
hand, The characteristic of a second-order phase transition is the continuous change of
the magnetization around the Curie temperature. Regarding the magnetic entropy change
increases with a larger magnetic field and over a wider temperature range (see figure 1.18).

Currently, first order phase transition materials seem impractical for magnetic refrig-
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eration even if they display a very large MCE. This may be due to hysteresis in the phase

transformation and narrow MCE curves in the Curie temperature vicinity.
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Figure 1.18: Schematic general distinctions between second-order and first-order materials
via magnetization (a and b) and specific heat (¢ and d) in relation to temperature and

magnetic field [2]

1.4.2.2 Magnetocaloric effect in oxides

Magnetothermal and magnetocaloric properties were investigated in various oxide com-
pounds: garnets, orthoaluminates, vanadites, manganites and ferrites. perovskites based
manganese known as manganites (RMnQOj3) attract a major interest because of their inter-
esting and complex magnetic and electrical properties, such as colossal magnetoresistance
effect, charge and orbital ordering and electronic phase separation. Such compounds can
reveal first-order magnetic phase transitions with a sharp change of magnetization and,
because of that, high magnetocaloric properties. This circumstance, together with the
ability to change in wide range the magnetic phase transition temperatures by variation

of their composition (Curie temperatures of some compositions lie in room temperature
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range), makes the manganites attractive for applications in magnetic refrigerators. These
manganites with perovskite structure and general formulation RE;_,AE,MnO3 where RE
is a trivalent rare earth cation (La®T, Pr3*, Nd3T, Sm3", Y3t etc.) and AE is a divalent
alkaline earth metal (Ca®", Ba®T, Sr**, etc. .). It is certainly possible to obtain complete
solid solutions (0 < z < 1) as in the case of La;_,Ca,MnOj3 [51] or La;_,Sr, MnO3 (under
certain processing conditions). These manganites with unsubstituted stoichiometric com-
positions of REMnQOs or AEMnOj type contain only manganese in the trivalent Mn3"
and tetravalent Mn?T state, respectively. Substitution of RE by AE (and vice versa) leads
to hole doping (or electron doping) and generates a mixed valence Mn**/ Mn3* which is
at the origin of the spectacular properties of manganites such as magnetoresistance. The
latter is one of the fundamental characteristics of manganites which results in the strong
correlations between structure, electronic and magnetic properties. The manganites ox-
ides in which we are interested crystallize in a perovskite structure with general formula
ABOs;. For this structure, the Bravais lattice of B sites is simple cubic. The cation A
occupies the center of the cube and the oxygen ions occupy the midpoints of the edges.
Site A hosts an alkaline earth: Ca, Sr, Ba or Pb and / or a trivalent element like (La, Pr,
Nd..). The site B, can be occupied by a metal transition like manganese in the case of
manganites. The ideal perovskite is cubic adopting a symmetry Pm3m (figure 1.19) and
thanks to its ability to deform, this structure accommodates a wide variety of atoms to
various valences. This allows for a wide variety of compositions resulting from insertion
of a parent compound AMnOj3 with an alkaline earth atom, which gives the following
balance of charges:

A M?T0O; = A3 A2 Mndt Mnit O3~

According to the equation above and in the case where there are no oxygen vacancies
or vacancies at site A, the percentage x controls the ionization level of manganese. In-
deed, the introduction of an atom divalent in the parent compound generates additional
percentages of Mn?" ions and Mn3*. These ions characterized by their different elec-
tronic structures have a strong contribution on the mechanisms of structural, electronic

and magnetic transitions by the the double exchange mechanism and the Jahn-Teller
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Figure 1.19: Ideal cubic Perovskite AMnOj structure.

The majority of ABO3 compounds do not crystallize in the basic cubic lattice. Nev-
ertheless, perovskite structure is flexible and can incorporate a considerable amount of
vacancies and can be distorted in many cases leading to deformed structures such as;
quadratic, monoclinic, triclinic, orthorhombic or rhombohedral. Most manganites having
the ability to distort slightly and lose their cubic symmetry. Crystallographic distortions
observed with respect to the cubic mesh come from atomic displacements and are usually
explained by a change in the relative size of the ions or by electronic order phenomena of
so called localized electrons or delocalized electrons. The most known manganite family is
made up of perovskites with composition La;_,Ca,MnOQO3. It has been shown that small
deviations from the stoichiometry, such as lanthanum deficiency, causes large variations
in magnetic properties of these compounds.

Computational and experimental studies have been reported on the magnetocaloric effect
in different manganites materials. Thus, published studies covered many physical param-
eters aiming to improve as much as possible the magnetocaloric properties, namely, the
Curie temperature (T,), the maximum magnetic entropy change under low applied mag-
netic field that can be reached by permanent magnets, the adiabatic temperature change
and the relative cooling power (RCP) which gives an indication of the cooling capacity of
the implemented material in magnetic refrigerator. Table 1.1 below summarizes the mag-
netic properties of a large number of the La manganite family and their magnetocaloric

properties.



1.4. From the magnetocaloric effect to magnetic refrigeration 40
Table 1.1: MCE parameters of different materials based
La manganite family.
1. roAH ASnax RCrwrym | ATug
Cristalline Compound Ref
K T JKg'K!'| JKg! K
La 0.-MnO;_s 290 1 1.32 - - | 2
LaggNagoMnOg 335 2 2.83 7 - [53]
LaggNag 15MnO3 320 2 2.98 78 - [53]
LaggNag1MnOs 295 2 2.97 96 - [53]
Lag.gNag s MnO3 260 2 3.48 80 - [53]
Lag.g25Nag o7 MnO3 193 1 1.32 93 - [54]
LagoNag MnOs 218 1 1.53 91 - ][54
Lag 927Nag 072Mng 971 O3 193 1 1.3 89 - 55]
Lag.901 Nag.ggo Mng 97703 220 1 1.52 87 - [55]
Lao.935Nag 165 MnOs 342 1 2.11 63 - | [54]
Lag 937Nag.163MnO3 g9 343 1 2.11 63 - [55]
LaggNagoMnOs 334 1 1.96 86 - [54]
Lag.go1Nag.190MnOsg g7 334 1 2 90 - [55]
Lag g5Nag s MnO; 196 0.8 0.84 21.7 0.53 | [56]
Lag.goNag.10MnO3 298 0.8 2.18 28.2 2.09 | [56]
Lag g5Nag15MnO3 310 1 0.57 58 - [57]
Lag g5Nag15MnO; 300 1 0.55 48 - [57]
Lag.922K0.0.078 Mg 96503 230 1.5 1.25 195 - [55]
Lag.004K0.006 M1n0.97403 283 1.5 1.5 180 - [55]
Lag.g4Ko.16Mn0.98703 338 1.5 2.1 128 - [55]
Lag s04Ko.106Mn0.9930; 334 | 15 2.2 119 - | 5]
Lag.05K0.0sMnO3 260 1 2.73 - 1.68 | [56]

Continued on next page
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Table 1.1 — continued from previous page
1. poAH ASax RCrwrym | ATuwg
Cristalline Compound Ref
K T JKg'K™!'| JKg! K
Lag.g0Ko.10MnO3 287 1 2.74 - 1.79 | [56]
Lag g5K0.15MnO3 310 1 3.00 - 2.08 | [56]
Lag.9Kg1MnOg 271 1.1 1.42 40 - [58]
Lag g5Ko.15MnO3 324 1.1 1.81 42 - [58]
Lag.g25K0.175sMnO3 333 1.1 1.24 35 - [58]
Lag.95Kg.0sMnO3 186.3 | 0.05 0.033 - 0.0165 | [59]
Lag.9Kg.1MnOg 274.5 | 0.05 0.145 - 0.07 | [59]
Lag.g9Ko.11MnO3 2879 | 0.05 0.155 - 0.079 | [59]
Lag 87Ko.13MnO3 309.9 | 0.05 0.206 - 0.107 | [59]
Lag g5K0.15MnO3 327.5 | 0.05 0.152 - 0.085 | [59]
Lag7Cap3sMnOs; 150 2 1.36 102 - [60]
Lag.g9Cag.20MnO3 200 2 1.56 93 - [60]
Lag 7Cag.09MnO3 200 2 1.51 91 [60]
LagsCap2MnOs; 230 1.5 5.5 72 - [55]
LaggCagoMnOg 176 1.5 3.67 110 - [20]
Lag.75Cag.25MnO; 224 1.5 4.7 99 [55]
Lag.7Cag3MnOs3 227 1/5 1.95/6.42 49 /4.8 | [55]
Lagg7Cag.33MnO3 260 1.5 4.3 47 [55]
Lagg7Cag.33MnO3 259 3 2.6 114 [20]
Lag.67Cag.33MnO3 252 5 2.06 175 [55]
Lag.67Cag.33sMnO3 267 3 6.4 134 [55]
LagCap4MnOs; 263 3 5.0 135 2.1 [55]
Lag 55Cag.45MnO3 238 1.5 1.9 68 I
Lag5CapsMnO; 230 2 2.6 95 [61]

Continued on next page
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Table 1.1 — continued from previous page
1. roAH JANS RCrwrym | ATuwg
Cristalline Compound Ref
K T JKg'K™!'| JKg! K
Lag 5CagsMnOg 240 2 0.75 95 [61]
Lag7Cag3MnOg3 252 2 2.2 55 [62]
Lag7Cag3MnOg 190 2 0.45 36 [62]
Lag ¢7Cag.33MnO3 267 1 0.84 [63]
Lag ¢5Cag.33MnO; 277 1 2.78 [63]
Lag ¢1Cag.33MnO3 281 1 2.33 [63]
Lag 57Cag.33MnO3 283 1 1.99 [63]
LagsCag2MnOs 183 2 2.23 112 [64]
LaggCag1MnOs3 179 2 2.06 104 [64]
Lag7Cap1MnO3 247 2 5.75 [65]
Lag g7510.13MnO3 197 5 5.8 232 [55]
Lag 845510155 MnO3 234 7 6.6 396 [55]
Lag 84S10.16MnO3 244 5 5.85 240 [55]
Lag gsSr.12MnO3 152 7 6.0 372 2.5 [55]
Lag 865510135 MnO3 200 7 4.4 330 2 [55]
Lag 845510155 MnO3 235 7 6.7 670 3.5 [55]
Lag 815510.185 MnO3 280 7 7.1 533 4 [55]
Lag gSrgoMnO3 305 7 7.9 [55]
Lag 75510.25 MnO5 340 1.5 1.5 [55]
Lag.¢5510.35MnO3 305 1 2.12 106 [55]
Lag ¢7510.33MnO3 348 5 1.69 211 [55]
Lag 6751033 MnO3 370 1 1.5 41 [55]
Lag §Srp2MnOs5 287 2 1.7 [55]
Lag 7519 3MnO3 365 5 4.44 128 [55]

Continued on next page
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Table 1.1 — continued from previous page
1. roAH ASax RCrwrym | ATuwg
Cristalline Compound Ref
K T JKg'K™!'| JKg! K
Lag ¢7510.33MnO3 370 5 5.15 3.3 [55]
Lag 4Prg3Cag.1Srg2MnO; 289 1.9 2.98 1.5 [66]
Lag 5Prg2Cag 1Sro2MnO4 296 2 1.82 [67]
Lag.2Prg 55r9.3MnOs 299 1.8 1.95 1.2 [68]
Lag.4Prg 3515.3MnO3 337 1.8 1.91 1.33 | [6§]
Lag¢Cag4MnOs3 268 0.7 1.8 0.54 | [69]
Lag.67Cag.33MnO3 268 2.02 6.5 2.4 [70]
Lag.7Cag 1551015 MnOs3 338 2 0.925 1.26 [71]
Lag.7Bag3MnOs3 336 1 1.6 36 [55]
Lag ¢7Bag.33MnO3 292 5 1.48 161 [55]
Lag ¢7Bag.33MnO3 337 1 2.7 68 [55]
Lag.g7Bag.33MnOg gg 312 1 2.6 65 [55]
Lag.g7Bag.33MnOs g5 300 1 2.55 69 [55]
Lag.g7Bag.33MnOg g9 275 1 1.8 90 [55]
Lag.¢7Bag.33MnOs o 268 1 1.7 94 [55]
Lag.o5Ag0.05MnOs 214 1 1.1 44 [55]
LaggAgpoMnOs 278 1 3.4 41 [55]
LaggAgoMnOs 300 1 2.4 32 [55]
Lag.7s8 Agp.2oMnOs3 306 1 2.9 38 [55]
Lag.75Ag0.25MnO3 306 1.52 45 [55]
Lag.7Ago3MnO3 306 1.35 33 [55]
Lag.oAgy  MnOj; 293 | 2.6 2.8 92 14 | [72]

Continued on next page
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Table 1.1 — continued from previous page

1. roAH ASax RCrwrym | ATuwg
Cristalline Compound Ref
K T JKg'K™!'| JKg! K

Lagg5Ago.15MnO3 280 2.6 4.2 111 2.3 [72]
LaggAgpoMnO; 296 2.6 1.8 [72]
LaggAgp15MnO3 265 2.6 5.6 118 2.7 [72]
LaggAgy1MnO3 287 2.6 3.4 68 1.6 [72]
LaggCdp2MnOg 155 1.35 1.01 32 [55]
Lag7Cdp sMnOs3 150 1.35 2.88 86 [55]
Lag.7CdysMnOs 252 1 1.8 (73]
Lag¢Cdp 4MnOs3 263 1 2.1 [73]
Lag5CdpsMnOs5 268 1 2.3 (73]
Lag.gTep.1 MnOs3 242 1 1.49 34.5 [74]
LaggPbg1MnO3 235 1.35 0.65 [20]
LaggPbgoMnOs 310 1.35 1.3 [20]
Lag.7Pbg3sMnO; 358 1.35 1.53 53 [20]
Lag¢Pbg4MnOs 360 1.35 0.87 [20]
Lag 5PbgsMnO3 355 1.35 0.81 31 [20]
Lag.9Pbg1MnO; 160 1.5 0.53 [55]
LaggPbgoMnOs 294 | 1.5/2 1.22/ 92/ /0.68 | [55]
Lag7Pbg3sMnO; 352 | 1.5/2 0.96 48/ /1.00 | [55]
Lag.94Big.0sMnO3 209 1 1.58 [75]
Lag.g9Big.01MnO3 234 1 2.42 42 [76]
Lag.97Big.03MnOg 224 1 2.2 43 [76]
Lag.94Big.0sMnOg 209 1 1.58 45 [76]

Continued on next page
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Table 1.1 — continued from previous page
1. roAH ASax RCrwrym | ATuwg
Cristalline Compound Ref
K T JKg'K™!'| JKg! K
Lag.9Bip1MnOs3 198 1 1.5 46 [76]
Lag gBipoMnO3 149 1 0.79 40 [76]
Lag5Cag.4Lip1MnO3 250 3 4.16 140 [77]
Lag.7Cag.25Lig.0s MnO3 217 2 6.63 109 (78]
Lag.7Cag3MnOs3 234 2 7.03 106 (78]
Lag 7Cag.25Nag 0sMnOs 254 2 4.98 99 (78]
Lag.7Cag 25K¢.0sMnO5 243 2 4.43 107 (78]
Lag.65Cag.30Nag 05 MnO3 1/5 1.69/6.98 40/244 [79]
Lag.g5Cag25Nag 10MnO3 1/5 1.38/4.76 42 /265 [79]
Lag.65Ca0.20Nag.15MnOs 1/5 | 1.57/4.96 | 41/228 [79]
Lag.¢5Cag 15Nag.20MnOs 1/5 1.52/4.65 40/240 [79]
Lag.7Cag25Nag 05 MnO3 235 2 5.0 99 (78]
Lag 07Cag.27Nag 03MnO5 260 4 8.1 232 [80]
Lag.7Cag24Nag o6 MnO3 263 4 7.0 234 [80]
Lag.7Cag.21Nag goMnO3 271 4 6.9 236 [80]
Lag sCagoMnOg 230 2 3.2 88 [81]
LagsCag.15Nag 05 MnO3 245 2 4.6 89 [81]
LagsNag1Cag1MnO; 300 2 3.1 91 [81]
Lag sCag 05Nag.15MnO; 320 2 2.5 92 [81]
Lag gNagoMnOs 330 2 2.3 89 [81]
Lag 7Cag.25K.0sMnOs3 235 2 4.4 107 (78]
Lag.7Cag3MnOs3 235 2 6.9 106 (78]
Lag 7Cag.25K0.0sMnO3 270 2 3.95 88 [82]
Lag 7Cag 225 Ko.075 MnO5 281 2 3.75 71 [82]

Continued on next page
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Table 1.1 — continued from previous page
1. roAH ASax RCrwrym | ATuwg
Cristalline Compound Ref
K T JKg'K™!'| JKg! K
Lag.7Cag20Ko.10MnO; 272 2 3.49 84 82]
Lag.67Cag.33MnO3 267 1 4.07 [83]
Lag.¢7Cag.31Mgo.02MnO3 237 1 3.24 [83]
Lag.67Cag.2sMgo.0sMnO3 201 1 3.28 [83]
Lag.67Cag.23Mgo.1 MnO; 109 1 1.38 [83]
Lag.g7Cag.13MgooMnOs 101 1 0.52 [83]
Laggr. Mgo.33MnO3 96 1 0.41 [83]
Lag.75Cag.125510.125 MnO3 282 1.5 1.5 108 [55]
Lag.75Cag.1519.15MnO3 325 1.5 2.85 72 [55]
Lag.75Cag.1Sr9.175 MnO3 330 1.5 2.8 70 [55]
Lag 67Cag.31355T0 0165 MnO5 275 1 3.26 71 [55]
Lag.67Cag.2805570.0405 M1 O3 287 1 2.15 52 [55]
Lag 67Cag 2475510 0825 Mn O3 300 1 1.8 54 [55]
Lag.67Cag.1659510.165 MnO3 337 1 1.7 38 [55]
Lag.67Cag.0825970.2475 MnO3 366 1 1.65 37 [55]
Lag 79Cag.2sMnO3 190 1 0.62 10 0.26 | [84]
Lag.72(Cag 55r0.5)0.0sMnO3 270 1 2.56 36 1.13 | [84]
Lag 72(Cag.a5510.75)0.2sMnO3 | 333 1 1.80 38 0.97 | [84]
Lag.72(Cag.a5510.75)0.20sMnO3 | 350 1 1.57 58 0.85 | [84]
Lag.72519.0sMnO3 364 1 1.76 35 1.06 | [84]
Lag7Cag3MnOg 258 1.35 6.5 [85]
Lag.7(Cag.955T0.05)0.3MnO3 263 1.35 0.62 [85]
Lag7 (CaggSre1)o3MnOs 268 1.35 3.62 [85]
Lag 7(Cag.855r0.15)0.3MnO3 275 1.35 1.65 [85]

Continued on next page
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Table 1.1 — continued from previous page
1. roAH ASax RCrwrym | ATuwg
Cristalline Compound Ref
K T JKg'K™!'| JKg! K
Lag.7(CaggSrp2)03MnO; 282 1.35 1.81 [85]
Lag.7(Cag.755r0.25)0.3MnO3 293 1.35 5 [85]
Lag.7Cag.25510.0sMnO3 275 5 10.5 462 [55]
Lag 7Cag.2Srg.1MnO; 308 5 7.45 374 [55]
Lag.7Cag.1Sr92MnO3 340 5 6.97 369 [55]
Lag.7Cag.05510.25MnO3 341 5 6.86 364 [55]
Lag¢Cag.2SrgoMnO3 337 1 1.96 117 [55]
Lag.67Cag.20255T0.0375Mny 0503 | 275 3.7 1.30 [86]
Lag.g7Cag.285510.045M1nO3 282 3.5 1.17 [86]
Lag.7Cag.21Ago.0oMnO3 263 1 4.8 [87]
Lag.7Cag3MnOs 260 2 7.8 124 [55]
Lag 7Cag.275Bag 025 MnO3 260 2 6.4 109 [55]
Lag.7Cag.25Bag.os MnO3 267 2 6.3 101 [55]
Lag 7Cag.295Bag o7s MnOg 268 2 4.1 90 [55]
Lag7Cag2Bag1MnO; 300 2 3.1 105 [55]
Lag.7Cag.06Bag.24MnO3 298 1 1.85 45 [55]
Lag7Cag2Bag1MnO; 320 1 1.72 44 [55]
Lag.7Cag2Bag1MnOs 281 2 3.82 86 [88]
Lag7Cag2Bag1MnO; 284 2 3.51 89 [88]
Lag7Cag2Bag1MnO3 286 2 2.94 103 88]
Lag.7Cag2Bag1MnO; 270 2 2.00 79 [88]
Lag7Cag2Bag1MnO; 263 2 0.92 68 [88]
Lag.7Cag2Bag1MnOs 243 2 0.36 58 [88]

Continued on next page
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Table 1.1 — continued from previous page
T. | mAH TANS p RCrwam | ATqq
Cristalline Compound Ref
K T |JKg'K'| JKg! K

Lao_ﬁcao_ngo.lMHO:g 289 1.35 2.99 56 [20]
LaO.7C8¢0.2PbO.1MH03 295 1.35 2.53 45 [20]
La0_7Ca0_1Pb0,2MnOg 337 1.35 3.72 71 [20]
LaO,GQCaO,ggBiO,%MnOg 248 1/2 35/53 53/125 [55]
LaO.6Sr0.2Ba0_2MnO3 354 1 2.26 67 [55]
La0_7Sr0.25Ba0_05Mn03 342 1 0.94 [89]
La0_7Sr0,2Ba0,1MnOg 314 1 0.91 [89]
La0,7Sr0.15Ba0,15Mn03 266 1 0.59 [89]
La0,7Sr0‘1Ba0,2MnOg, 195 1 0.51 [89]
La0,7BiO.3MnOg 115 1 0.41 [89]
La0_65Big,05Sr0,3MnOg 353 5 5.02 216 [90]
Lao_GBi[).lSI'()_?,MDOg 334 ) 4.81 226 [90]
LaO.5BiO.QSYO.3Mn03 296 5) 4.21 251 [90]
La0_4Big,3Sr0.3Mn03 191 5) 3.1 325 [90]
La0,7Ba0.25Na0,05Mn03 317 0.8 1.05 41 1.18 [91]
La0_7Ba0,2Na0_1MnOS 313 0.8 0.97 18 1.04 [91]
La0.7Ba0,15Na0,15Mn03 312 0.8 0.62 11 0.60 [91]
LaO,GAg0,15K0‘05MnOg 300 1 1.79 43 [92]
LaO.gAgo‘lKoianO:@ 310 1 1.78 41 [92]
Lao_gAg0_05K0.15Mn03 330 1 1.14 49 [92]

Continued on next page
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Table 1.1 — continued from previous page
Tc HOAH ASmagc RCFWHM Ar]:‘ad
Cristalline Compound Ref
K T |JKg'K'| JKg! K
La0.67Ba0,18Zn0_15MnO3 260 5 3.39 224 [93]
La0.67Ba0.13Zn0,2Mn03 220 5) 2.92 159 [93]
La0.8Cd0‘15K0.05MH03 260 2 2.6 47 [94]
La0.8Cd0,125K0.075MH03 273 2 2.81 61 [94]
Lao_gcdo.lKo_anOz; 282 2 3.25 63 [94]
Lao_gpb()'anOg 201 1 0.43 34 [95]
Lao_ngo,lNao,anOg) 247 1 0.68 32 [95]

1.4.3 Magnetic cooling systems

With the discovery of the giant magnetocaloric effect in 1997 [11], which was followed by

a number of prototypes for magnetic refrigerators, magnetocaloric power generation has

again become an interesting field of research. In addition, developing new materials and

the possibility of making these materials in cascades (in order to amplify the temperature

span) also led to new activities in magnetic power generation. This section is dedicated

to magnetic refrigeration systems.

The magnetic field source is one of the essential components of magnetic refrigeration.

The performance of a magnetic refrigeration system depends primarily on the magne-

tocaloric material and the magnetic field. Therefore, it is necessary to design structures

generating magnetic fluxes with high density for magnetocaloric materials.
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1.4.3.1 Magnetic field sources

There are several types of magnetic field source that can be used for magnetic refrig-

eration: We mention, electromagnets, superconducting coils and permanent magnets.

Electromagnets

The first idea that comes to mind for creating a variable magnetic field is the use of
an electromagnet. Consider a magnetic circuit composed of a solenoid of N turns with a
current of intensity I and a core of soft magnetic material of relative permeability ur and
length [c. Induction in an air gap of length [g is deduced from Ampere’s theorem and is

expressed as:
1

B = pyNI ————
Ho le/r +1g

(1.34)

The relative permeability of a soft material being very high (typically 1000 <pr <
5000), we can neglect the first term of the denominator. Equation (4.5) is simplified:

1

B =~ ,UON-[
lg

(1.35)

To obtain an induction of 1 T in an air gap of 30 mm, it is therefore necessary to
generate arround 24000 Amperes turns. If we consider a current density in the coil jg
= 3 A-mm™2, this corresponds to a section of 80 ¢m? and leads to joule losses of the
order of 750 W. Such large losses would require a cooling system to compensate for the
losses due to the joule effect within the core, which defeats the desired goal. This is
why electromagnets are not generally used in magnetic refrigeration systems (and more

generally, to create high inductions in large air gaps).

Superconducting coils

Superconducting coils easily create inductions greater than 10 T, and consume low
energy once in their superconducting state. However, they must be cooled continuously
to remain in the superconducting state and the size of refrigeration systems is very large,

therefore incompatible with domestic applications or on-board systems.
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Permanent magnets

Permanent magnets or hard magnetic materials retain their magnetization. These are
permanent “magnets.” Many ceramic ferrites are used to make inexpensive refrigerator
magnets. A hard magnetic material does not lose its magnetic behavior easily [21]. The
permanent magnet-based structures for which the flux density can be controlled by a
mechanical operation are preferred over those using electromagnets or superconducting
magnets since no electrical energy is consumed in the generation of magnetic field. The
value of the induction depends on the remanent polarization of the magnets used as well
as on the magnetic circuit in which they are placed. In everything that follows we will

focus exclusively on permanent magnet field sources.

1.5 Conclusion

In this chapter we presented an introduction to the magnetic aspects of magnetic ma-
terials. Then, we described the magnetocaloric effect as an intrinsic property of magnetic
materials, so we present its major role in the cold production by using the active magnetic
regenerative refrigeration cycle. In addition, we discussed a list of desirable characteris-
tics for the Selection of the Magnetocaloric Material. A brief review of some of the most
common MCMs (Perovskites oxides) that exhibit a MCE close to room temperature were

presented.



Chapter 2

Computational methods and

Experimental techniques

2.1 Introduction

In this chapter, we will present the computational methods and the experimental tech-
niques used during this thesis work: Density Functional Theory (DFT), Monte Carlo
Simulation, Molecular field theory (MFT) different synthesis methods and the character-

ization techniques.

2.2 Density Functional Theory

2.2.1 Introduction to Density Functional Theory

Density functional theory (DFT) is one of the most commonly used quantum methods
in the fields of solid-state physics and quantum chemistry for the determination of the
physical and quantum quantities of a given system, in particular, systems containing a
large number of electrons.

DFT was established on the basis of the theoretical formalism proposed by Pierre
Hohenberg, Walter Kohn and Lu Sham in the mid-1960s [96-98]. The main goal of DF'T

is to solve the Schrodinger equation by using electron density as the base quantity for

52
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calculations instead of the multielectronic wave function proposed by Hartree-Fock.
In this section, we will present the fundamentals and approximations of the density
functional theory (DFT). First, it is necessary to define the equations involved in a system

made of nuclei and electrons and leading to the development of the Kohn-Sham equation.

2.2.1.1 Schrodinger equation

The Schrodinger equation is the basic equation of theoretical solid state physics. Clas-
sical mechanics turns out to be insufficient, and quantum mechanics must be used, the
objective of which is to solve the Schrodinger equation. this equation is fundamental to
solve in order to describe the electronic structure of a system with several nuclei and elec-
trons, it was established by Erwin Schrodinger in 1925, it is written in its time-independent

and non-relativistic in the form [99, 100]:

Hip = Evp (2.1)

Where F is a constant equal to the energy level of the system, 1 is the wave function

and H is the Hamiltonian of the system given by:

2

. h .
H=_——"yY2 7 2.2
ZmV + V(7)) (2.2)

The first term corresponds to the kinetic energy, the second one to the potential.

The Hamiltonian H depends on the physical system described by the Schrodinger equa-
tion. For several well-known physical systems, such as the particle in a box, a harmonic
oscillator, or in the case of the hydrogen atom, the Hamiltonian has a simple form, and
the Schrodinger equation can be solved exactly. In the case of larger atoms, the electrons
interact, which precludes analytical solutions. Solving a system with N electrons interac-
tion in quantum mechanics is called the ”"multiple body” problem. The N body problem

is the problem of determining the wave functions and energies of a system made up of N
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electrons and M nuclei that form a physical system.
Htotal = Tn + Te + Vnn + Vne + ‘/;e (23)

For a system containing N electrons and M nuclei, the problem to be solved is a problem
with (N + M) particles in mutual interaction. The solution of this problem is very complex
and it is necessary to use simplifying approaches. The two levels of simplifications used

are: Born-Oppenheimer approximation and Hartree and Hartree-Fock approximation.

2.2.1.2 Born-Oppenheimer approximation

All methods of solving the Schrodinger equation are based on this approximation, in
which Born and Oppenheimer [101] assume that there is a large difference in mass between
nuclei and electrons. Because of this, the movement of the nuclei relative to the electrons
can be neglected and the nuclei will be considered as being frozen. Therefore, the kinetic
energy of the nuclei becomes zero (T,, = 0) and the Coulomb energy due to the repulsion
between nuclei becomes a constant (V,,,). The wave function is written as the product of

two wave functions, one nuclear and the other electronic:

(7, ) = n(R)ve(7, ) (2.4)
Which means that the Hamiltonian of the equation (2.4) can written as:
Htotal - Te + Vne + ‘/ee (25)

Although this approximation considerably reduces the degree of complexity of the
Schrodinger equation. However, this approximation alone is not sufficient to solve the
Schrodinger equation because of the complexity of the electron-electron interactions. This

is why it is very often coupled with the Hartree approximation.
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2.2.1.3 Hartree-Fock approximation

This approximation was first introduced by Hartree in 1928 [102]. These methods are
widely used in quantum chemistry to study atoms and molecules. Hartree approxima-
tion, considers the multi-electron wave function as the product of single-particle (single-
electron) functions, designated by the term “orbital”. The wave function of the system is

written as:

¢<T1,T2,T3,...,T‘N) = ¢1(T1).¢2(T2).¢3(T3) ..... ’ng(TN) (26)

Hartree and Hartree-Fock consider that the electrons are independent and each elec-
tron evolves in an external field created by the other neighboring electrons. Thus, the
Hartree approximation is a mean-field approximation replacing the complicated many-

body problem by simple problems in a mean-field potential [102].

2.2.2 Principle of Density Functional Theory

The density functional theory (DFT), is based on the two theorems of Hohenberg and
Kohn [103], which establish a functional relationship between the energy of the ground
state and its electron density. This theory allows a great simplification of the solution of
the Schrodinger equation. The first ideas in this direction were introduced in the works
of Thomas and Fermi [96, 104]. The main goal of DFT is determining the ground-state
properties of a given system composed of a fixed number of electrons interacting with
the nuclei using only information about the electronic density p. So, we must first define

what is the electronic density of the system to determine its ground state properties.

2.2.2.1 Hohenberg-Kohn theorems

Unlike the Hartree-Fock approach where the energy of the system is a function of the wave
function 1, Density Functional Theory expresses energy as a function of the electronic
density.

The two theorems are as follows:
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Theorem 1: The total ground state energy of an interacting N-electron system in the

presence of an external potential s a unique function of the electronic density p:
E = E(p) (2.7)

This theorem highlights a unique correspondence between the external potential and
electronic density. Since the electronic density determines the number of electrons, it also

uniquely determines the wave function and thus the electronic properties of the system.

Theorem 2: The real ground state density is nothing else than the density that mini-
mizes the energy of the system and all other properties are functional of the ground state
density:

E(po) = min(E(p)) (2.8)

The main advantage of this theorem is the enormous simplification of the solution
of the Schrodinger equation, because of the problem with 3N variables is reduced to a

problem of a scalar function in 3-dimensional space.

2.2.2.2 Kohn-Sham equations

In 1965 Kohn and Sham developed a practical method to find the energy e of the ground
state from the electron density [105].

Walter Kohn and Lu Sham have shown that the true density is given by the self-
consistent solution of the set of Schrodinger-type single-particle equations, called the

Kohn-Sham equations:

(=57 + Vis()houlr) = eilr) (2.9

p(r) = |pi(r)l (2.10)

roccup
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VK5<T) = Vezt(r) + ch(r) + VH(T’) (2.11)

Where:
Vezt(r) is the external potential created by the nuclei.

Vxc(r) is the potential of the exchange-correlation energy, given as:

Vxc(r) = M#W (2.12)

Vu(r) is the classical Hartree potential given as:

1
=7

Vi (r) = /p(r) dr’ (2.13)

The total energy of the system is obtained by solving the Kohn-Sham equations with

the following equation:

E(r)= Z € — / —p(|7;)_,0r(/7’“') ~dr-dr' + Exc(p) - /ch(r)p(r) -dr (2.14)

Loccup

The exact form of E(r) is unknown. In order to calculate it, we need the help of ap-
proximation for the exchange-correlation term, which is the last term for which we don’t
know an expression in terms of density or orbitals. So the use of approximations is still

necessary and for that we present here some approximations used in DFT.

Local Density Approximation (LDA):

The Local Density Approximation [106] is based on the uniform electron gas model
and is the simplest approach to express the exchange-correlation energy. In this approxi-
mation, the charge density is assumed to vary slowly in each small volume (local density)
that is modeled as a homogeneous electron gas. The LDA approximation assumes that the
exchange-correlation term of the total energy of the ground state can be written according

to the expression:

ELDA(p) = / plr) - b (0 = p(r) - dr (2.15)
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Where %% (p) is the exchange-correlation energy for a uniform density of an electron
gas.

There is also a version of the LDA that allows electronic spin to be taken into account;
it is the Local Spin Density Approximation (LSDA). The exchange-correlation energy
ELDA

Y& become a function of the two spins (Up and down) densities and equation (2.15)

becomes:

ELPA(pt.p L) = / p(r) - (o1 (1) p L (1)) - dr (2.16)

Generalized Gradient Approximation (GGA): The generalized gradient approx-

imation (GGA) aims to correct for defects in LDA. The main idea is to take into account
the inhomogeneity of the electron density by introducing its first derivative [Vp(7)] into
the expression of the correlation exchange energy. The exchange-correlation energy is

written in the following form:

ESEM p(M)] = / p(7) - exclp(), [V (P[] - di (2.17)

In which exc[p(7), |Vp(7)|] represents the exchange-correlation energy dependent on
the electronic density and its gradient.
In this part of chapter, we have described the main methods and approximations used

to numerically solve the Schrodinger equation for a system of N electrons.

2.3 Monte Carlo simulation

2.3.1 Introduction

Condensed matter systems are well known to be treated in the context of statistical
mechanics which has been designed primarily to calculate their properties. This branch
of physics is based on a concept which considers that in a system the microscopic quan-
tities closely reflect the macroscopic phenomena observed in this system [107]. The main
constraint is the large number of particles in a condensed matter system which involves

many problems related to the structure and type of interactions occurring in the system,
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making it difficult to find concrete answers to all the questions. Thus, it is obvious that
the answers provided by the analytical methods are only approximate answers. Therefore,
simulation methods like MCS are numerical computing techniques that are now widely
used as important complementary methods to further develop understanding of complex
systems and phenomena in physics.

For several years, great efforts have been devoted to the study of magnetic properties
and phase transitions of magnetic systems using various approximation techniques such as
MFA [108], renormalization group [109], serial development [110] and MCS [111]. Among
these techniques and others, MCS is recognized to give more precise results very close to

those provided by exact solutions and compatible with the experimental results.

2.3.2 Basic concepts of Monte Carlo simulation

Monte Carlo simulation allows the estimation of the average of a physical quantity (Q),

which can be given in the canonical system as:

_ Zz Qi eXP(_ﬂEi)

Q= S~ xp(BEY

(2.18)

Where exp(—fE;) is the Boltzmann factor, that is, the probability density of the
canonical ensemble.
1

b= "eT with Kp is the Boltzmann constant, T is the temperature of the system and E;

is the potential energy.

2.4 Theoretical Approach for MCE: Molecular Field

Theory

2.4.1 Weiss mean field model

In this part we will present the theoretical approach of the magnetocaloric effect (EMC)

based on the Molecular mean Field Theory(MFT). Magnetization, specific heat, isother-
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mal magnetic entropy change and adiabatic temperature change are the main parame-
ters that characterise magnetocaloric materials, these parameters must be calculated to
quantify the cooling performances of such materials in magnetic refrigeration systems
by simulation. Therefore, by using these models we can predict the needed parameters
for the AMR cycle simulation. In addition, these models can be used to quantify the
magnetocaloric properties of both first and second order magnetic phase transitions.
Weiss theory is based on the mean field approximation. It considers the field undergone
by a particle within a system of N interacting particles is approximately the average of the
fields created by the other particles. The here presented model named the Weiss-Debye
in the model of the molecular field is applied in the case of absence of magneto-volume
effects (second order transitions) where the valence electrons are localized, this is the case
for example of alloys based on rare earth metals (4f), the magnetization of the magnetic

material can be described using the function of Brillouin [18, 33, 112] given by:

M 27 +1 27 + 1 1 y
_ M By = th ~ ~coth (L 2.1
o=, = Bl =g < 27 y) 27 < <2J>’ (2.19)
1 gJILLBJB
_ 1 S 2.2
Y= l?’ C(J+1>U K (220)

with: o : relative magnetization
M : saturation magnetization)
B;(Y) : Brillouin function

gy : Landé factor

1B: Bohr magneton

J: total angular momentum

k: Boltzmann constant

The total angular momentum is determined from the saturation magnetization, (Mg =
J * gJ*B)-

The isothermal magnetic entropy as a function of the temperature and the magnetic
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field can be calculated by using the expression for S,, as reported in the Smart model

sinh (Z;—}rly)
In <W —yB;(y)

(33, 112]:

Sm = R. , (2.21)

With R is the universal constant of ideal gases. Under a variation of magnetic field
from B; to Bp, the corresponding magnetic entropy change is given by the following

relation:

AS(T,AB = B — By) = (T, Br) — Su(T, By). (2.22)

The adiabatic temperature change is determined from the total entropy which consists
of three components, the magnetic entropy .S,,, the electronic entropy (S;) and the lattice
entropy (S;) (S = Sy + Se + Sr ). The electronic entropy is given by the following
standard relation:

Sel == GeT, (223)

2.4.2 Debye model for phonons

The contribution of the crystal lattice can be described by the Debye model [33]. The
energy of the phonons is calculated using the Planck distribution function. The mass

entropy of the crystal lattice is then given by:

. Tp
Th T\ [T 3
= —-3RIn |1 — - 12 —_— —d 2.24
o= —omn |1 —eap () |+ 120 (75) [T iy 02y

Tp Presents the Debye temperature. For magnetic field variation of AB = Bp - By,

the variation of the adiabatic temperature AT,, is given by the following relation:
AT, o(T,AB = Br — By) = Tr(Sr) — T7(S)), (2.25)

with Sp= S7. In addition, for materials that exhibits a second order magnetic phase
transition, by using the Weiss model, the adiabatic temperature change can be approached
by:
T
AT, = _FAS' (2.26)

p
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Cp is the total specific heat (Cp = C,,, + Cy + Cp) with the contribution of three
components, magnetic, electronic and lattice specific heat. The magnetic specific heat is

given by
0S5,

= T—
Cm 5T

(2.27)

while the specific heat related to the lattice vibrations is given by the Debye Model

TN? [P gte
= — ——dzx. 2.2
CL 9R (TD> /0 (ez — 1)2dl‘ ( 8)

For the electronic specific heat (S.l = C.l), The isothermal magnetic entropy change

[33].

can be found through the numerical form of the Maxwell relation [18].

i+1 7 L

M1 — M.
AS =N 4L AR 2.2

2.5 Synthesis methods

The synthesis of perovskites can be divided mainly into two categories of methods:
The solid state reaction method and wet chemistry methods including sol gel and citrate
gel methods. In this thesis, we have used different synthesis methods to prepare the
manganites based (La-A-Ca)MnOj; compounds and also LCMO/MnyO3 composites. In
the following, we describe every used synthesis method which are the solid state reaction,

Sol gel and the modified Pechini Sol-gel.

2.5.1 Solid state reaction (SSR) method

The solid state reaction method, called also ceramic method, is widely used. It consists
of mixing by grinding the appropriate metal oxides or carbonates in powder form and
then calcinating at high temperature to allow interdiffusion of the cations. The chemical
reaction occurs by solid-state diffusion of the ions, which is characterized by a slow kinetic
rate. The degrees of mixing and powder particle sizes are of particular importance [113].

The solid-state reaction method, contains several steps as described in Figure 2.1. The
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Figure 2.1: The solid state reaction route.

aim is to obtain, from a mixture of solid powder compounds, in stoichiometric proportions,
a new product by an appropriate heat treatment. This technique is relatively inexpensive,
simple, and it leads to acceptable results. Some drawbacks of this method that may be
identified are high calcination and sintering temperatures, non-uniformity of particle size

and shape, lack of reproducibility, multiphase character, and loss of stoichiometry.

2.5.2 Wet Chemistry methods

Wet chemistry methods differ from the solid state methods in that the starting mate-
rials are mixed to form a solution, which is then dried before the heat treatments. The
recipes can vary in both methods and especially the heat treatment temperature, dura-
tion, and gas flow are parameters that vary greatly. The purity and the quality of obtained
perovskites strongly depend on those variables. Usually used ingredients in wet chemistry
methods are the nitric-acid-based method and citric-acid-based method. Stoichiometric
amounts of starting ingredients are mixed with either of the acids forming a homogeneous

solution.

2.5.2.1 Sol-Gel method

[43

Sol-gel term refers to “solution-gelation”, where “sol” is a colloidal suspension of
oligomers with few nanometers of diameter. The principle of this method is to develop a
solid from a solution called ”sol” (suspension of colloidal particles in a liquid) to a solid
state called "gel”, which is a semi-rigid solid, where the solvent is trapped in the solid
material, which can be colloidal (concentrated or polymeric sol).

The chemistry behind sol-gel method is based on hydrolysis and condensation of pre-

cursors dispersed in an organic solvent, or hydroxylated metal ions in aqueous solutions.



2.5. Synthesis methods 64

Solution of precursors Ceramic material

Nl

Hydrolysis

& ' Heat treatment
Polycondensation Sol Xerogel

E

t Evaporation of the solvent

Wet Gel

Chain growth

Gelation

—

0)-al

Figure 2.2: Sol-Gel process steps

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.

2.5.2.2 Modified Pechini sol gel

The fundamental idea behind the modified Pechini methods to reduce the mobility of
different metal ions, which can be achieved by encircling stable metal-chelate complexes
steadily by a growing polymer net. Immobilization of metalchelate complexes in such a
rigid organic polymer net can reduce segregations of particular metals during the decom-
position process of the polymer at high temperatures. The basic chemistry of this process
is the dehydration reaction of a carboxylic acid and an alcohol. Citric acid and ethylene

glycol are most widely employed in the Pechini process [113].
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2.6 Characterization techniques

2.6.1 Thermogravimetric analysis (TGA)

Thermogravimetry is a technique for which the change in sample mass is measured as
a function of time or temperature in a controlled atmosphere. The instrument is called
a thermogravimetric analyzer (ATG) or a thermobalance. The measured variation could
be a loss of mass in the case of vapor emission, such as, dehydration, decomposition,
desorption, reduction or it could be a gain of mass in the case of adsorption, carbonation,
oxidation. 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 thesis, the thermogravimetric analyses were performed using TGA Q500 instru-

ment (see figure 2.3) at MAScIR laboratory with the following conditions:
e The used mass for each sample is between 10 and 30 mg

e Measurements were performed under inert gas (N2, Ar, He) to protect the sample

from oxidation.
e The heating rate is 10 °C /min

e Temperature varies between 100 °C and 1000 °C.

Figure 2.3: Thermogravimetric analysis apparatus.
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2.6.2 X-Ray diffraction (XRD)

A crystal structure of a crystalline material can be analyzed experimentally using x-ray
diffraction (XRD) or electron diffraction techniques. X-ray diffractometry is an analytical
technique based on the interaction of the X rays with the electron cloud of atoms in
a material subjected to a monochromatic X-ray beam. It makes it possible to study
crystallized materials and to obtain informations on the organization of matter, such as
the crystal structure and the possible of existing parasitic phases. It also allows the
measurement of lattice parameters, stresses, micro-stresses and the crystallite size.

Max von Laue (1879-1960) won the Nobel Prize in 1914 for his discovery related to
the diffraction of x-rays by a crystal. William Henry Bragg (1862-1942) and his son
William Lawrence Bragg (1890-1971) won the 1915 Nobel Prize for their contributions
to XRD. the principle of this technique consists of a monochromatic and parallel X-ray
beam striking a crystal is diffracted in a direction given by each of the families of the

reticular planes or the beam is reinforced, when conditions satisfy Bragg’s law,

Sin(0) = ;hkl (2.30)

where the angle 6 is half the angle between the diffracted beam and the original beam
direction, A is the wavelength of the x-rays, and dj;; is the interplanar spacing between
the planes that cause constructive reinforcement of the beam.

The diffractometer is an apparatus used to determine the angles at which diffraction
occurs for powdered specimens; its features are represented schematically in Figure 2.4.
As the counter moves at constant angular velocity, a recorder automatically plots the
diffracted beam intensity (monitored by the counter) as a function of 26; 26 is termed the
diffraction angle, which is measured experimentally. In a diffractometer, a moving x-ray
detector records the 26 angles at which the beam is diffracted, giving a characteristic
diffraction pattern (see Figure 2.6). If we know the wavelength of the x-rays, we can
determine the interplanar spacings and, eventually, the identity of the planes that cause

the diffraction. In an XRD instrument, x-rays are produced by bombarding a metal
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target with a beam of high-energy electrons. Typically, x-rays emitted from copper have
a wavelength A=1.54060 A (K-a1 line) are used.

In this work, Powder X-ray diffraction diagrams were made on a Bruker AXS diffrac-
tometer with Bragg-Brentano configuration at room temperature (Figure 2.4), the wave-
length of the radiation used is that of the Ka line with Cu-Kaw (ACu = 1.5407 A), the
electron acceleration voltage is 40 KV, and the X-ray beam intensity is 75 mA. Diffrac-
tograms have been recorded at large angles ranging from 0.45 deg to 87 deg in 26, with a

pitch of 0.1 deg.

Figure 2.4: Bruker D8 X-ray diffractometer.
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Figure 2.5: Schematic diagram of an x-ray diffractometer; T X-Ray source, S specimen,
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Figure 2.6: The diffraction pattern obtained from a sample of gold powder.

2.6.3 Scanning Electron Microscopy (SEM)

Morphological or microstructural characterization can be carried out either with the
transmission electron microscope (TEM) or with the scanning electron microscope with
high resolution (SEM-HR). The microstructural characterization of the samples was car-
ried out with with both SEM and TEM microscopes.

The SEM Scanning Electron Microscope is a device that can quickly provide infor-
mation on the morphology and chemical composition of a solid material. The SEM is
coupled to an EDS (Energy Dispersive Spectrometry) microanalysis system. The surface

of the sample is scanned by a beam of electrons accelerated at voltages generally between
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10 and 30 kV which will interact with the primary radiation material. Many secondary
radiations result from these electronic interactions that can be exploited with the help of

appropriate detectors:
e Emission of secondary electrons
e Emission of backscattered electrons (without loss of energy)
e Emission of X photons, etc.

The exploitation of these emissions allows the observation of the morphology, topog-
raphy and microstructure of the analyzed material, in addition to the qualitative and
quantitative detection of the atomic elements present in the structure [114].

The SEM used in our work is an “FEI, Quanta FEG 450” electron microscope with an
EDX detector. It is equipped with a column-integrated (In-lens) secondary electron (SE)
detector for a clear topographic imaging and a backscattered electron (BSE) detector for
compositional contract imaging, which allow simultaneous real-time imaging and mixing

both signals (figure 2.7).

Figure 2.7: FEI Scanning Electron Microscope, Quanta FEG 450.
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2.6.4 Transmission Electron Microscope (TEM)

Morphological or microstructural characterization can be carried out by using the trans-
mission electron microscope (TEM) which allows the process of capturing images of very
small nanoparticles (= 10nm).

A transmission electron microscope uses a beam of electrons instead of light, exploiting
the wave-particle duality of electrons, with a resolution up to 0.1 nm. Is equipped with a
source of electrons, electromagnetic lenses and an electron detector.

A very thin sample is placed on the electron path. An e beam is produced, accelerated,
and then concentrated on the sample through the lenses. The beam passes through the
sample which modifies it according to its shape and nature and prints its image to the
beam. The beam is then enlarged by other lenses and detected, e.g., by fluorescence.

The scanning transmission microscope (TEM) (see figure 2.8). Here, the electron
beam is focused at a particular point in the sample and not on the entire surface. The
transmitted beam is detected. A sweep of the surface allows to visualize the further the
magnified image of the sample. This technique makes it possible to visualize but also
to identify the chemical nature of atoms in ultra-thin samples. The powder can only be
observed under a microscope after dispersion. Only submicron particles can be observed
under a microscope. This microscope works with an electron accelerating voltage of up

to 120 kV. This type of device offers the possibility of working up to sizes of 0.35 nm.
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Figure 2.8: Transmission Electron Microscopy.

2.6.5 Magnetic properties measurements system (SQUID-MPMS-

XL7 magnetometer):

The study and optimization of the magnetic properties of perovskites constitute a large
part of this thesis. Magnetic measurements were performed by MPMS-7XL magnetome-
ter to determine the magnetic properties of the prepared samples. For this reason, we
used the MPMS-XL7 magnetometer with SQUID (Superconducting Quantum Interfer-
ence Device) from the company “Quantum Design” (figure 2.9). The main components

of this magnetometer are:
e A superconducting solenoid to generate an intense magnetic field.

e A superconducting magnetic induction detection coil is located inside at the center

of the magnet.
e A SQUID connected to the sensing coil (for magnetization measurement).
e A temperature control system.

The principle of this measurement is based on the displacement of the sample inside
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the sensing coil by a vertical back and forth movement. 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 flow variations generated by the sample induce a current in the
sensing coil which is transmitted to the SQUID.

The measurements obtained by this system give information about the magnetic re-
action of the material subjected to magnetic fields and make it possible to characterize
the magnetic properties of this material which are very dependent on the measurement

conditions.

Figure 2.9: Superconducting Quantum Interference Device(SQUID) Magnetometry.

2.7 Conclusion

In this chapter, we have presented the different theoretical and experimental meth-
ods to determine the physical properties of magnetocaloric materials (Gd, AlFe;By and

La;_,A,Cap4MnO;) for their application as solid refrigerants in magnetic refrigeration
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system. In particular, Density functional theory, Monte Carlo simulation and Molecular
field theory. In addition to all the experimental techniques that allow the elaboration of

these materials and the main characteristic measurements.
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Chapter 3

Magnetocaloric and Cooling

Properties of the Intermetallic
Compound AlFesBs in an AMR

Cycle System

3.1 Introduction

The thermal energy derived from conventional techniques such as gas expansion system
is no longer desirable because of their harmful effects on the environment, since the orien-
tation towards clean and efficient technologies seems necessary. In this context, magnetic
refrigeration based on the magnetocaloric effect (MCE) [31] is considered as a promis-
ing cooling technique that allows to fully eliminating the harmful synthetic refrigerant,
usually used by standard refrigerators such as chlorofluorocarbons (CFCs), hydrofluoro-
carbons (HFCs) or hydrochlorofluorocarbons (HCFCs). In recent decades, new advanced
solid magnetic refrigerants have been reported [18]. Some of among them were directly
tested in functional magnetocaloric devices [48, 115, 116]. Also, following a parallel effort,
innovative cooling devices have been built [2, 18]. It is worth noting that from a practi-

cal point of view, the suitable magnetocaloric material must exhibit a large MCE under

75



3.1. Introduction 76

relatively low magnetic fields (< 2T) that can be reached via permanent magnets.

Giant magnetocaloric compounds near room temperature, such as Gd;Siy_,Ge, [11],
LaFey3_,Si, [117, 118],Y5.4Gdy6Cos [119] and MnFeP(As, Ge) [12] are the subject of
current research and development. In this study, we report results to the intermetallic
compound AlFe;By. The most well known application of transition metal borides such as
NdyFe4B is their utilization as permanent magnets in several domains [120]. In this work,
we are mainly interested by magnetothermal properties. Particularly, the AlFe;Bo-Based
compounds offer key advantages for application in magnetic refrigeration when compared
with the reference gadolinium metal such as their low cost. In fact, for a large-scale
commercialization of this emerging technology, the Gd is unfavorable because of rising
prices of rare earths while the intermetallic AlFe;B5 is completely composed of abundant
and affordable elements.

Significant theoretical and experimental studies were performed after 1969, when AlFe;Bo
compound was synthetized by Jeitschko [121]. The orthorhombic structure, as well as the
possibility of its ferromagnetic or paramagnetic characters, at room temperature, was
identified in several reported studies [122, 123].

The intermetallic AlFe;By belongs to AIMyBs (M=Fe, Mn, Cr) materials class. Com-
bining theory and experiments Kadas et al. [124] have studied the phase stability of a
group of nanolaminated materials AIMsBy (M=Cr, Mn, Fe, Co, Ni). They found that
compounds with M=Cr, Mn, Fe are stable phases, while compounds with M=Co, Ni
are metastable. AlFe;By crystallizes in an orthorhombic structure (space group Cmmm,
No 65) with two formulas in a unit cell (Z=2) and [a = 2.923(10) A, b = 11.0337(14) A,
¢ = 2.8703(3) A] as cell parameters reported in various studies as [125, 126]. Furthermore,
the positions occupied by aluminum, iron and boron atoms are (0, 0, 0) (0, u, 0.5) (0,
v, 0), respectively, with the inner parameters u=0.3540, v=0.2071 [127]. The structural,
electronic and elastic properties of AlFe;B,, were studied, theoretically, by Cheng et al.
[128]. However, the transition temperature 7, of AlFe;By compound was found to vary
between 282 K and 320 K [122], according to Cedervall’s study, the Curie temperature

found is 299 K using a Mossbauer study on arc melted and annealed sample [129]. The



3.2. Computational details 7

value of Fe magnetic moment is calculated to be 1.25 up [127]. Additionally, a large
magnetic entropy change of -4.1 J/Kg K and -7.7 J/Kg K was experimentally reported
in this compound around its Curie point under an applied magnetic field of 2 T and 5 T
respectively [123].

The objective of this study is to evaluate the magnetic and magnetocaloric proper-
ties of the transition metal boride AlFe;By in order to exploit them subsequently in a
thermofluidics study using a numerical model based on the active magnetic regenerative
refrigeration cycle (AMRR). This would enable us to get more insight about the perfor-

mance of this material in functional magnetic refrigerators.

3.2 Computational details

3.2.1 First principles calculation (DFT)

The magnetic properties as well as the electronic structure of the AlFe;By compound
were investigated using the density functional theory (DFT) on the basis of Korringa-
Kohn-Rostoker coherent potential approximation (KKR-CPA) method, employing the
local density approximation without and within self-interaction-corrected (LDA and LDA-
SIC) code [128, 130, 131]. We use higher K-points number up to 500 in the irreducible
part of the first Brillouin Zone. The relativistic effect has been considered using the scalar
relativistic approximation. Moreover, the potential form, is approximately, given by the
muffin tin model. The corresponding wave functions in the muffin-tin spheres have been
expanded with the real harmonics up to 1=2, where 1 is the angular momentum defined

at different sites.

3.2.2 Monte Carlo simulation (MCs)

The Hamiltonian operator is given by:

H=—JY S8 —JhY SiS—-AY S—hn>_ S, (3.1)

<ij> <ij> i
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where J; and J, are the exchange coupling interactions between the first and second
near neighbors of the Fe atoms, respectively. S is the spin random variable which takes
the values + 1 and 0. A and & represent the crystal field and the external magnetic field
applied on all the sites of the system. The exchange coupling interactions parameters
(J1, J2) were calculated within the formalism derived by Lichtenstein given in details in
Refs. [132, 133]. The magnetic properties are calculated using unit cell 40 x40 x40 k-mesh.
Our data were generated after 10° iterations per spin. The numerical results in term of
magnetic and magnetocaloric properties are calculated using the following equations:

The total magnetization of the system is:

1
M=~ D05 (3.2)

The magnetic specific heat is given by:

C,=p* (< E*>— < E>? (3.3)

The total susceptibility is:

r=0(<M?*>—<M>?), (3.4)

where 5 = kBLT, and kg is the Boltzmann constant which will be fixed at kg = 1 in all
the following numerical calculations.

The magnetic entropy change is:

hr oM
A — —dh .
S, o (3.5)

where %irﬂ is the thermal magnetization for a fixed magnetic field. The adiabatic tem-

perature change can be approximated by:

AS,,

AT,y =-T
d c

(3.6)
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The relative cooling power (RCP) is given by:

RCP = 0 junmASM™ 3.7
f m

where 6y is the full width at half maximum of the AS,, curve.

3.2.3 AMR cycle model

The regenerator considered in this study is constituted of 18 parallel plates of the
AlFe;By compound with Tmm thickness, 50mm length and 25mm width each. The plates
are equidistant with an inter-space of about 0.lmm while the water is used as a heat
transfer fluid. Based on the law of energy conservation, the main equations describing
the heat transfer between the solid material and the carrier fluid in a 1D model are given

by the following partial differential equations (PDE) [47]:

oT . .0T
myCy (Ty) (a_; + m(t)a—xf) = hS (15 —Ty), (3.8)
oT, . T,
m,C S A = hS (T = T, (3.9)
Qur(z) = hApr (T, = Ty), (3.10)

where s and f in the subscript refer to the solid and the fluid, respectively; ¢ is time;
z design the spacial coordinate (0 < x < L); Ty = Ty(x,t) denote the fluid temperature;
T, = Ts(x,t) denote the regenerator solid temperature; ps is the mass density of the
solid; py is the mass density of the fluid. The heat capacity of the solid and the fluid are
denoted by ¢y and ¢y, respectively; A; is the thermal conductivity of solid and A is the
fluid thermal conductivity; v is the velocity of fluid.

The heat transfer between the solid and the fluid is described via a Nusselt number
(Nu) calculated according to the empirical correlations corresponding to a laminar flow

which is used to determine the convective heat transfer coefficient (h). The AMR cycle is
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carried out following successive steps, in order to amplify the temperature span between

the hot and cold sides:

1. Isentropic magnetization of the magnetocaloric material.

2. Hot flow at applied magnetic field: heat transfer fluid flows from the cold fluid

reservoir to the hot fluid reservoir of the regenerator.
3. Isentropic demagnetization of the magnetocaloric material.

4. Cold flow at removed magnetic field: heat transfer fluid flows from the hot side to

the cold side of the regenerator.

The magnetic field of 1T applied during the isentropic magnetization- demagnetization

processes is implemented in the model within the following boundary conditions:
- during the magnetization step: T' = T; + AT oq(T;, poH;, poHy)
- during the demagnetization step: T' = T; — AT,q(T;, poH;, poHy)

where T; is the initial temperature; H; and Hj are the initial and final magnetic fields,

respectively.

3.3 Results and discussion

3.3.1 Crystal structure and density of states

Based on the density functional theory (DFT) within the local density approximation
(LDA), the obtained values of exchange coupling interactions and the crystal field for the
intermetallic AlFe;By are J1 = 17.05 meV, J2 = 71.71 meV, A = 0.001. The unit cell
and atomic coordinate parameters for AlFe,By were taken from Ref. [121]. More details
about the crystalline structure shown in Fig 3.1 for the AlFe;By compound are reported in
Ref. [123]. The partial and total densities of state for AlFe;,Bs, as well as the contribution
from the Fe 3d orbitals are illustrated in Fig. 3.2. The up and down densities of states

refer to the majority (spin up) and minority (spin down) directions, respectively.
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Figure 3.1: Crystalline structure of the AlFe;By; compound.

The calculated saturation magnetization is 1.23 up per Fe atom. This value is in good
agreement with other theoretical results such as 1.25 pp published in Ref. [122]. Moreover,
it is slightly larger than the experimental value reported (1.1pp) in Ref. [126]. On the
other hand, the magnetic moments for Al and B atoms were found to be smaller when

compared to Fe atoms. They were found to be only —0.13up and —0.14u 5 , respectively.

3.3.2 Magnetic and magnetocaloric properties

The magnetic moment and the exchange coupling interactions were determined using
the first principles calculation as outlined in section 3.1 and then used to investigate the
temperature dependence of magnetization, susceptibility, and specific heat of AlFe;Bsy by
MCs. As shown below in Fig 3.3, the spontaneous magnetization behavior indicates a
ferromagnetic ordering in AlFe;Bs close to room temperature (7-=292 K). In the same
figure the temperature dependence of the heat capacity under zero magnetic fields in the

temperature range 10-450 K is plotted. In the region of the magnetic phase transition, it
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Figure 3.2: Total and partial densities of state (DOS) for AlFe;B,.

can be seen that the A\-type peak is well developed at the magnetic ordering temperature
of 292 K, which assumes the second order transition at the Curie temperature. Also, the
susceptibility is a characteristic A-type peak near the Curie temperature.

Fig 3.4 illustrates the magnetic entropy changes as a function of temperature under
some representative magnetic fields. It was calculated by using the numerical form of the

Maxwell relation (eq. 3.11) [134] given by:

T‘i—&-l?H) _Mz ((E>H)
T — T,

AS(T,AH) =" Mg (

i

All curves of (AS,,) exhibit a peak around its Curie temperature (7, = 292K) that

AH (3.11)

is similar to the TC of gadolinium metal. Considerable magnetocaloric effect can be
observed around this temperature. The peak values of —AS,, are 2.77 J/kgK, 6.02 J/kg
K and 7.75 J/kgK under external magnetic fields of 1T, 3T and 5 T, respectively. These
values are exploited to calculate the relative cooling power (RCP), which indicates the
amount of heat transfer between hot and cold reservoirs of the refrigerator during an ideal

thermodynamic cycle. Fig 3.5, shows the RCP values. It was found to be 70 J/kg, 301
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Figure 3.3: The temperature dependence of the magnetization, susceptibility, and the

specific heat of AlFe;By compound, for a zero-external magnetic field, using MCs.
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Figure 3.4: The magnetic entropy changes for the intermetallic AlFe;Bs as a function of
temperature calculated under 1, 3 and 5 T, magnetic fields.

J/kg and 480 J/kg for 1, 3, and 5T, respectively.

The adiabatic temperature change is also an important parameter that clearly deter-

mines the temperature span in a magnetocaloric device. Fig 3.6 shows the temperature

dependence of the adiabatic temperature change (AT,,) under different external magnetic

fields. It can be seen that (AT,4) shows a peak around the AlFe;B, transition temper-
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Figure 3.5: The relative cooling power as a function of field.

ature. The maximum values obtained under magnetic field changes of 1, 3 and 5 T are
0.96 K, 2.34 K and 3.74 K, respectively. As reported here, the AlFe;By compound unveils
interesting levels of magnetocaloric effect in terms of both, the entropy and adiabatic
temperature changes, being an interesting candidate for application in room-temperature
magnetic refrigeration. In Table 3.1, we report a comparison between our calculations

and early reported experimental data [123], good agreement can be observed.

3.3.3 Cooling properties

Regarding the cooling properties, two important parameters were investigated. The
temperature span between cold and hot sources and the cooling power.

The value of the specific heat for AlFe;By compound at room temperature is equal to
115 J/mol K as reported in Ref. [123]. According to the results published in Ref. [135],

the density of AlFe,B, is equal to 5260kg/m?>. These parameters for AlFe,B, have been
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Figure 3.6: Temperature dependence of the adiabatic temperature change for AlFe;B,
compound under magnetic fields of 1T, 3T and 5T using Monte Carlo simulations.
implemented in 1D AMR-model, in addition of others described in computational details
section.

At the beginning the solid material plates (Gd, AlFe;Bs) and water are at ambient
temperature (293 K), then the temperature of the hot source increases while the tem-
perature of the cold source decreases after each cycle to reach their steady state after
about 50 AMR cycles. It can be seen in Fig 3.7 that the maximum temperature span
(ATspan = Trot — Tooia) obtained by numerical simulations after 50 cycles is 14°C for Gd
and 9°C' or AlFe;B; for a 1 T-AMR operating frequency of 0.5 Hz. The temperature span
of Gd is higher compared to the temperature span of AlFe;B, metal. Nonetheless, it’s
worthy to note that the AlFe;B, is composed of cheaper and abundant elements, which
would compensate to its lower thermodynamic performance.

The cooling capacity Q., is one of the cooling performance parameters of magne-

tocaloric devices, defined as the quantity of heat transferred per unit of time from the
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cold side to the hot side, given by the following equation [136]:

Qe = m(t)Cp(T, — T) (3.12)

where:

_ 1 T
T — / T(w = L,t)dt (3.13)
0

T

Table 3.1: Magnetic and magnetocaloric properties of the intermetallic AlFe;Bs in com-
parison with experimental results reported by (Tan et al., 2013).

Compound Method To, K —AS,,, JKg 'K=15T  AT,;, K5T RCP,J Kg~'5T
AlFesBs Monte Carlo 292 7.7 3.74 480
simulation
Theoretically
predicted
AlFe;Bsy Method A: Arc 282 7.3 3.0 210
[123] Melting
Synthesis from 307 7.7 162

Ga Flux
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Figure 3.7: Temperature changes at the hot and the cold ends versus number of cycles for
a 1 T-AMR-unit operation with both Gd and AlFe;B, plates at the ambient temperature

at a cycling frequency of f=0.5 Hz.
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Figure 3.8: Cooling power vs. temperature span.

Fig 3.8 shows the temperature span ATj,,, dependence of the cooling capacity evo-
lution (Qc) for the AlFe;Bs regenerator. The considered operating frequency is equal to
0.5 Hz, while the thermal load is applied in the cold source with 7.=289 K in the cold
source. High cooling power ), occurs in low temperature span. The maximum reached
QC is 52W for ATy,.,=0 K, while the device operating at a ATypqn maez Will not be able to

support a heat load.

3.4 Conclusions

We have studied the magnetic, magnetocaloric and cooling properties of AlFe;B,. Re-
sults show that the second order magnetic phase transition of AlFe;Bs takes place at 292

K which is near room temperature. The isothermal magnetic entropy change and the
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adiabatic temperature change of this compound are 7.75 J/kg K and 3.74 K, respectively,
under a magnetic field of 5T these values are in good agreement with available experi-
mental values. In contrast, the calculated relative cooling power (RCP) was found (480
J/kg) to largely exceed the reported experimental value in early works. On the other
hand, the implementation of AlFesBs as a refrigerant in a 1T-AMR device would enable
to generate a maximum no-load temperature span of about 10 K and a maximum cooling
power of 50W for a low operating frequency of 0.5 Hz. We compared the cooling char-
acteristics of both AlFe;B, and gadolinium. It was found that, the cooling performance
in term of temperature span between hot and cold sources (ATy,,,) and cooling capac-
ity (QC) are little lower for AlFe;By compared to those of gadolinium. Nevertheless, the
AlFe;Bs based compounds are favorable because they consist of abundant light elements.

The obtained results underline the promising applications in magnetic refrigeration of the

AlFe;Bs intermetallic compound and its derivatives.

Appendix A. Supplementary data

Since ferromagnetism has been discovered within this material system a number of
other studies have confirmed the ferromagnetic to paramagnetic phase transition. Sup-

plementary data to this chapter can be found in the table bellow.

Table 3.2: MCE parameters reported for AlFesBs.

T. | mAH | ASpe | RCrwan | ATu
Intermetallic Compound Ref
K T JKg 'K! JKg™! K
AlFeyBg 292 5 7.7 480 3.74 | [137]
Al FeyBo 294 5 6.5 [138]
AlsFeyBo 282 5 7.3 [123]
Alj sFe;Bs 285 5 4.5 [122]

Continued on next page
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Table 3.2 — continued from previous page
T. | poAH ASax RCrwrym | AT
Intermetallic Compound Ref
K T JKg'K!| JKg! K
Al oFesBo 303 5 7.2 [125]
AlFe;B, 282 5 7.3 210 3.0 | [123]
AlFeyBo 307 5 7.7 162 [123]
Al sFeyBs 272 2 2.7 64.8 1 [139]
Al 15Gag g5 Fes By 282 2 3.67 69.73 1.3 | [139]
Al 1Gag 1 FeyBy 290 2 4.42 57.46 1.4 | [139]
Al; 1Geg1FesBg 291 2 5.18 62.16 1.74 | [139]
Al 1 Gag 05GegosFea By 294 2 6.51 71.61 2.19 | [139]
AlFe; 975C00.025 B2 272 5 6.2 [140]
AlFe; 995Cog.075 B2 262 5 6 [140]
AlFe; g75Co0g.125B2 255 5 6 [140]




Chapter 4

A study of structural, magnetic,
magnetocaloric and cooling

properties of
(1—X)LaQ.GCaQAMnOg/XMnQO;g

composite materials

4.1 Introduction

Global demand for energy grows continuously. The international energy agency-energy
perspectives have analysed the strategy to reduce the global energy consumption and CO,
emissions, and reported that the largest energy savings potential is in heating and cooling
demands, due to building envelope improvements and the utilisation of energy efficient
equipments [141]. As a response to these technological and environmental challenges,
the orientation toward green technologies has become a necessity. Magnetic refrigeration
based on the magnetocaloric effect (MCE) that is shown by certain magnetic materials
is a very promising cooling technique that would enable us to partly overcome these

environmental issues. In fact, this emerging technology operates without the harmful
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chlorofluorocarbons or hydrochlorofluorocarbons fluids neither the compressor which may
significantly contribute to the reduction of greenhouse gas emissions, the enhancement
of energy efficiency while making the cooling devices more compact [142]. However,
the design of appropriate materials is essential for the development of this emergent
technology.

The topics of magnetocaloric materials and magnetic cooling systems were treated by
numerous studies, with the aim to discover new magnetocaloric materials presenting high
magnetocaloric effect (MCE) levels. Initially, the magnetocaloric materials used in the
active magnetic regenerator (AMR) systems studies were the Gd and some related alloys
such as GdTb, GdDy and GdEr [18, 143]. However, the use of such magnetic refrigerants
is limited because of their high cost and weak chemical stability.

Recently, perovskite manganites of the general formula La; ,A,MnOj, with A =
Sr, Ba, Ca...have attracted much attention as working refrigerants in magnetic cooling
applications because of their several advantages such as, low cost, easy preparation, grain
size control via heat treatment, and high chemical stability [144-148]. In this work, we
study one of the LaggCag4MnO3 compounds that present rich magnetic and electronic
properties leading to fascinating phenomena such as, the colossal magnetoresistance, and
large magnetocaloric effects [149-152]. Mass of researches on Ca doping are devoted to
RMnOj;. In CaggsRo15MnO3 (R = Sm, Dy) materials the Ca doping with larger R-ions
(R=Sm, Dy) induces ferromagnetism through the interruption in the long range anti-
ferromagnetic spin ordering of pristine CaMnO3 and could exhibit different interesting
phenomena like Griffiths phase, magneto-caloric effect and magnetic relaxation behav-
ior [153, 154]. In the manganite LagCagsMnOs3 the ratio La’" /Ca?" determines the
oxidation state of Mn and thus the ratio Mn**(S=2)/Mn**(S=3/2) [155-157]. Usually,
the physical properties of perovskites are driven by both superexchange and double ex-
change interactions between Mn®** and Mn** that are mediated by oxygen atoms via the
Mn?*t-O-Mn** bond and Mn*"-O-Mn** bond [158-160]. In this way, the magnetic and
magnetocaloric features of some oxides can be also tailored by mixing them with other

secondary phases forming composite materials [81, 145, 161-163].
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The La;_,Ca,MnO3 with the perovskite structure can be considered as potential mag-
netocaloric candidates for applications in the temperature range between 250 and 300K
[164]. Their curie temperature can be easily changed by doping the lanthanum and/or
manganese sites [165]. According to Abir et al. LaggCagsMnO;3 perovskite material
prepared by sol-gel method has a magnetic phase transition around 7'c¢ = 260K and a
maximum magnetic entropy change equal to 3.6.J/kgK and a relative cooling power(RCP)
of 141.J/kg under the magnetic field change of 57 [166]. In another study, M. Nasri et
al. have reported that LaggCag4MnOs material exhibits a magnetic entropy change of
5.8J/kgK and a RCP of 115J/kgK under 57 magnetic field [167]. Assoudi et al. have
studied the effect of synthesis route on the structural, magnetic and magnetocaloric be-
haviors of Lagy.6Caq.3Agy.1MnQO3, they have found that the compound elaborated by sol
gel method exhibit larger magnetocaloric effect than that obtained by the solid state
reaction technique [168].

On the other hand, only few studies have been dedicated to the improvement of
Lay.6Cag.4MnOs; magnetocaloric properties through composites approach [145, 162, 163,
167, 169]. M. Nasri et al. pointed out that (1-x)Lag¢Cag4MnO3/xCuO composites en-
ables to improve the magnetoresistance properties, but results in a dramatic decrease
of MCE when particularly increasing the CuO content [163]. Another compound of the
general formula Lagy.70Cag 30—, Sr,MnO3: Ag 10% has been studied by Jha et al. who
unveiled that the addition of Ag improves the magnetocaloric properties, especially in
terms of AS at Tc¢ = 300.5K[162]. In addition Pal et al. [170] revealed that adding
Ag in polycristalline colossal magnetoresistance-Ag nanocomposite can obtain large room
temperature M R if T'c of the compound is near room temperature via the modification of
the microstructural, electrical and magnetic inhomogeneties on the grains. Bhame et al.
have studied the effect of LCMO/MnzO4 composite to figure out whether an insulating
secondary phase always enhance the low field magnetoresistance in manganites. They
suggested accordingly that the diffusion of foreign cations (other than La,Ca, Mn) into
the grain boundaries is a necessary tool to enhance the low field magnetoresistance in

composites [169].
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In this work, we study the impact of MnyO3 secondary phase on the morphology, struc-
ture, and magnetic properties of LaggCag4MnO3 material. The magnetocaloric features
are also analysed in terms of magnetization and specific heat measurements.

In addition to the experimental work, We will present in the second part of this chapter
a numerical analysis and performance parameters of Lag¢Cag4MnQOg3 perovskite mangan-
ite as active magnetocaloric material (MCM) in an active magnetic refrigeration cycle
(AMR). This material displays a second-order phase transition at 260 K. The needed
magnetocaloric parameters for the AMR model such as the adiabatic temperature (ATad)
change and the heat capacity (Cp) of the solid material were taken from our experimen-
tal mesurements, while the thermodynamic performance are calculated according to the
one-dimensional (1D) AMR model and, investigated as a function of frequencies and fluid

flow rates.

4.2 Experimental details

The (1-x)LagCag4MnO3/xMnyO3 with 5 concentrations (z = 0,0.05,0.1,0.15,0.20)
of Mny0O3 were prepared by the solid-state reaction method. First the precursors, LasOs,
CaO, Mny0O3 and MnO, powders were ground and mixed in the stoichiometric ratios
and then calcinated in air at 900 °C for 12h. A final sintering was carried out at 1200
°C for 24h with intermediate grinding. Later, MnO was mixed with calcined LCMO
in different mole ratio and the grinded mixture was again annealed at 900 °C for about
2h to avoid any diffusion. The obtained mixtures were re-ground, mixed, pressed into
pellets, and then sintered at 1200 °C for 2A in air. Samples were compacted to cylin-
drical pellets in thickness of 0.4mm and in diameter of 13mm under 10M Pa of pressure
by using a mechanical press (MTI 100 T, with a maximum pressure of 100M Pa). The
crystalline structure of prepared samples was checked by X-ray diffraction. In order to
identify the distribution and size of particles in the obtained composites, measurements
of samples using scanning electron microscopy (SEM) analysis is performed, (MEB, FEI,
Quanta F'EG450) instrument was used. SEM-EDS conditions were set with a spot at 6.0

and a high voltage at 15Kwv, the SEM analysis is carried out under high vacuum. Mag-



4.3. Computational details 95

netic measurements were performed using the Magnetic Properties Measurement System
(MPMS — SQUID). Heat capacity measurements were carried out using the physical

properties measurement system (PPM.S) in a temperature range going from 5 to 300K.

4.3 Computational details

4.3.1 AMR cycle model

The thermo-physical characteristics of LaggCagsMnOgz around its curie temperature
(260 K) and water are assumed to be constants and were taken from our experimental
results. They are given in table 4.1. The mentioned MCE value (1.1 K) of Lag ¢Cag4MnO3

in Table 4.1 corresponds to a magnetic field of 1 T that is easily accessible via permanent

magnets.
Value
Symbol Parameter (Unit)
Water | LaggCag4MnOs;
o Thickness (mm) 0.1 1
L Length of the bed regenerator (mm) 50 50
Lea Equivalent cell width of the regenerator (mm) | 525 525
A Thermal conductivity (w/m.K) 0.59 -
) Volume density (kg/m?) 1000 5940
C, Specific heat (J/Kg.K) 4185 640
L Dynamic viscosity (Kg/m.s) 0.001 -
MCE Magnetocaloric effect (K) - 1.1
m(t) Flow rate (ml/s) 3 -

Table 4.1: Geometrical and thermo-physical parameters of water and LaggCagsMnO3

used in simulations.
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4.3.2 Description of the regenerator and working cycle

Permanent magnet

Cold source

Magnetocaloric
material

Heat transfer flid

Hot source

Figure 4.1: Parallel plates of MCM stacked in the regenerator. The MCM is in gray and

the fluid channels in blue

The considered regenerator in this study is shown in Figure 4.1. It is constituted of
18 parallel plates of the magnetocaloric material LaggCagsMnOs with 1 mm thickness,
50 mm length and 25 mm width each. The plates are equidistant with an inter-space of
about 0.1 mm while the water is used as a heat transfer fluid. The regenerator experiences

several AMR cycles where each cycle breaks up into four steps:
1. Isentropic magnetization of the magnetocaloric material.

2. Heat evacuation under constant applied magnetic field: heat transfer fluid flows

from the cold side to the hot side of the regenerator.
3. Isentropic demagnetization of the magnetocaloric material.

4. Fridges recuperation under zero magnetic field: heat transfer fluid flows from the

hot side to the cold side of the regenerator.
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As the adiabatic temperature change of magnetocaloric materials (MCMs) is not
enough to achieve refrigeration, it is necessary that the regenerator experience several
AMR cycles. Thus, the temperature span between the hot and cold sources of the regen-

erator is continuously increased, to finally reach a steady state in which:

|TCk — TCk_1| < gg = 0.00005K (41)

Tcy - Teg_ represents the difference between the reached cold temperature (Tc;) and

the previous cold temperature (Tcg_1).

4.3.2.1 Governing equations

Based on the law of energy conservation, the main equations describing the heat trans-
fer between a solid material and a carrier fluid in 1D model are given by the following

partial differential equations (PDE):

0T, 0 o7,
pscsg =X <)\ ax) + Quor + Quoss + Qur (4.2)
oT, o1\ o (. 0Ty .
pfcf ( ot +u aX) 8X (A 8X) +Qloss QHT (43)

where s and f subscripts are referred to the solid (MCM) and the fluid, respectively. t is
time; x is a spatial coordinate (0jxjL); Tf=T (x,t) denotes the fluid temperature; Ts=T,
(x,t) is the regenerator solid temperature; ps is the mass density of the solid and py is the
mass density of the fluid. The heat capacity of the solid and the fluid are denoted by c,
and cy, respectively. A is the thermal conductivity of the solid and Ay is the fluid thermal
conductivity; u, is the velocity of the fluid; Qacp is the internal heat generation term;
Qlosss represents the thermal losses; Q gr T denotes the heat transfer flux between the
solid and the fluid in the bed regenerator. The term QycpE in the Eq. (4.4) represent

the internal heat flux generated during the interaction between the magnetic field and the
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magnetocaloric material can be calculated by using the Eq. (4.4):

AT,y(H,T)

C‘ZMC’E = pscpaS(H7 T) dt

(4.4)

Where ¢, s(H,T) and AT,4(H,T) represents the specific heat and the adiabatic tem-
perature change of the solid material, which depend on the applied magnetic field and
temperature. These values can be measured experimentally or calculated by using the
mean field theory, [171] or by using Monte carlo simulations as reported in [172]. In this
study the Qucp term is implemented in the model by applying directly the adiabatic
temperature change to the solid during the processes of magnetization and demagnetiza-
tion.

The term Qpr in the Eq. (4.2) and Eq. (4.3) represents the heat exchanges by
convection between a fluid in motion on a plate and this latter. It can be expressed by
a convective heat transfer coefficient h. The heat transfer rate QuopT can be expressed
as:

Qur = hAur(T, — Ty) (4.5)

where Agr is the wetted area per unit cell of the solid material. The convective heat
transfer coefficient is calculated according to the empirical Nusselt-Reynolds correlations

corresponding to a laminar flow.

4.4 Results and discussion

4.4.1 Structural properties

Figure 4.2 displays the XRD patterns of composite samples for x = 0,0.05,0.1 and 0.2
of Mny0s3. Slight peaks of the minor secondary phase Mn,O3 were detected as indicated
by blue asterisk (x). The absence of any peak in the X-ray data of MnO indicates on its
transformation into Mn,O3 and is caused by the oxidation of manganese (I1) oxide used
at first as the insulating phase, under air and temperature conditions according to the

following chemical reaction 2MnO + %02 — MnsOs5 [173, 174]. The Lag.6Cag.4MnOs
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and Mn,O3 are indexed in the orthorhombic structure with Pnma space groupe (N = 62)
and cubic structure with Ia — 3(IN206), respectively.

Figure 4.3 shows the superposition of the observed (Red) and the calculated (Blue)
XRD patterns for (x = 0.2) sample. The line just below the patterns correspond to
the difference, and the bars at the bottom are the Bragg positions. The refinement of
cell parameters was done in the orthorhombic system with Pnma space group confirming
the presence of all the identified characteristic peaks. The lattice parameters and the
average crystallite size calculated using Rietveld refinement with Topas Software (built
in TOPAS V4.2 of BRUKER AXS), are listed in table 4.2 slight deviation between the
lattice parameters of both phases is observed for all samples. The crystallites size (not
to be confused with the grain/particle size) is found to decrease slightly with MnyOg
concentration. It is reduced from (~ 35nm) to (~ 24nm) when varying x from 0 to 0.2
respectively. In total, two phases were used in the results of the quantitative analysis
with TOPAS. Through the X-ray diffractograms, it was possible to quantify the phase
ratio amount for = 0.2 composition and we have found 85.61% for LCMO and 14.39%
for Mn,Os, these values are different from the theoretical ones which confirm that small

amount of Mn,03 has dissolved in the structure of manganite.

Lattice parameters Crystallite size
a (A) b (A) | ¢ (A) V (A3) D (nm)
Sample | LCMO | Mn,O3 | LCMO | LCMO | LCMO | Mny0O3 | LCMO | Mny0O3
x=0.00 | 5.447 - 7.6755 | 5.4619 | 228.25 - 35 -
x=0.05 | 54562 | 9.457 | 7.6895 | 5.4756 | 229.73 | 845.78 32 121
x=0.10 | 54309 | 9.409 | 7.6568 | 5.4535 | 226.78 | 832.97 36 116

x=0.15 | 54281 | 9.406 | 7.6453 | 5.4520 | 226.26 | 832.17 23 77.8
x=0.20 | 5.4465 | 9.430 | 7.6683 | 5.4654 | 228.27 | 838.56 24 84.5

Table 4.2: Rietveld refined lattice parameters, unit cell volume and crystallite size for (1-

x)Lag¢Cap4MnO3/xMnyO3, (x = 0, 5, 10, 15 and 20 %) calculated using Topas software

The morphology of all composite are examined using the scanning electronic microscope
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(SEM) and EDAX analyses as shown in (fig 4.4) for x = 0,0.05, 0.1and0.2. We can observe
a microcrystalline structure that is characterized by various shapes. The pure compound
LCMO appears to be agglomerated (r = 0) with an average grain size of about 1.3m.
However, the LCMO/MnyO3 composite (z = 0.2) shows similar morphologies with less
agglomeration and greater grain size, of roughly 4.3m. The observed increase in particle
size in the case of the composite with = 0.2 compared to the particle size of parent
LCMO powder can be explained by the presence of the minor phase that occupies the
grain boundaries for the composite as shown in (fig.4.5) and/or due to the last step in
the composite preparation.

In order to confirm the presence of monovalent elements and the cationic stoichiometry,
EDS spectrum (Energy Dispersive Spectrometry) has been carried out at several spots
on the surface (Figure 4.4). The EDS analysis indicating the cationic compositions of
samples (z = 0,0.05,0.1,0.2). We can first notice that all samples contain all the expected
chemical elements La, C'a and Mn without any additional impurity or lost element during

the sintering process.
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Figure 4.2: XRD patterns of LCMO/ Mny0O3 composite. Blue asterisk indicate peaks of

MmnoOs for x = 0.1, 0.2 samples.
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Figure 4.3: Reitveld refined XRD patterns of the LCMO/ MnsOs for x=0.2 using Topas

software.

Lattice parameters Crystallite size
a (A) b (A) | ¢ (A) V (A% D (nm)
Sample | LCMO | Mny,O3 | LCMO | LCMO | LCMO | MnyO3 | LCMO | MnyOs3
x=0.00 | 5.447 - 7.6755 | 5.4619 | 228.25 - 35 -
x=0.05 | 5.4562 | 9.457 | 7.6895 | 5.4756 | 229.73 | 845.78 32 121
x=0.10 | 5.4309 | 9.409 | 7.6568 | 5.4535 | 226.78 | 832.97 36 116

x=0.15 | 54281 | 9.406 | 7.6453 | 5.4520 | 226.26 | 832.17 23 77.8
x=0.20 | 5.4465 | 9.430 | 7.6683 | 5.4654 | 228.27 | 838.56 24 84.5

Table 4.3: Rietveld refined lattice parameters, unit cell volume and crystallite size for (1-

x)Lag Cag4MnO3/xMnyO3, (x = 0, 5, 10, 15 and 20 %) calculated using Topas software
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Figure 4.4: SEM images and EDAX analyses of (1-x)Lag¢CagsMnO3/xMnyO3 for x =
0,0.05,0.1 and 0.2.
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Figure 4.5: Scanning electron micrographs of (1-x)LagCagsMnOz/xMnyO3 showing the

cations distribution for x=0.1.

4.4.2 Magnetic and magnetocaloric properties

Thermomagnetic measurements as a function of temperature for the parent LCMO
and LCMO /Mn,O3 composites were performed under 5000e applied magnetic field (Fig
4.6).

According to fig 4.6 all the samples display a second order like ferromagnetic-paramagnetic
phase transition. As shown, the evolution of dM/dT versus temperature (T) indicates
that the Curie temperature is around 260K for all the here studied compounds, being
similar to that reported in Bohigas et al. [151] for LCMO. The insulating phase MnyO;
has no impact on the LCMO magnetic phase transition. A similar behaviour was previ-
ously pointed out by Huang et al. [145] in the LCMO — Ag composite. We observed a
slight decrease of magnetization M with Mn;O3 concentration. In this way, Craus et al.
[175] argues that there is a strong correlation between the structure dimensionality and
magnetic features, which explain the change observed in magnetic properties with the

microstructure in the case of competing phases in manganites. We mention that authors
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have used an important techniques for investigating the microstructure and the magnetic
properties of LagsProoPbys — xSraxMnOs; manganites are small-angle scattering (SAS,

neutrons and X-rays) techniques.
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Figure 4.6: Temperature dependence of magnetization measured at pgH=0.05T for (1-
x)LagCap4MnO3/xMnyO3 (0 < z < 0.2) samples. The inset shows the dM/dT curves
for x =0,0.1,0.2.

Fig 4.7 shows isothermal magnetization measurements magnetic isotherms reported
for the mother compound and the composites with x = 0.1,0.2 in the temperature range
between 180 and 300K. M-H curves indicate that the magnetization of the samples
increases rapidly at low fields and tends to saturate under sufficiently high magnetic
fields particularly at low temperatures. Hence, the linear behavior of isotherms (7' < T'c)
in high field indicates the presence of mean-field interactions [176]. Aiming to confirm the
nature of the magnetic phase transition exhibited by the here studied materials (first or
second order) we plot in figure 4.8 the so called Arrot plots (ugH/M dependence of M?)

in the temperature range around the Curie point. All the curves exhibit a positive slope
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indicating that our composites (z = 0,0.1,0.2) display a second order magnetic phase
transition type in accordance with Banerjee criteria [177].

The intersections of the linear extrapolation line (for high-magnetic field parts) of the
Arrot plots with the vertical axis (7" < T'¢) and with horizontal axis (7" > T'c) allows to
obtain the values of the spontaneous magnetization Mg,(T) as well as the inverse magnetic
susceptibility x{ — 1)(T'), respectively [178]. T¢ can be determined accurately since the
isotherms at this temperature pass through the origin. At T' < T'C, the ferromagnetic
materials produce a spontaneous magnetization Mg(7T). Thus, the insets of figure 4.8
show the temperature dependence of the spontaneous magnetization and the inverse of
the magnetic susceptibility evolution versus temperature for z = 0,0.1and, 0.2. Obviously,
the Mgp(T) becomes larger, when temperature decreases, suggesting that the system is
approaching a spin ordering state at lower temperature. For the composites with x = 0.1
and 0.2, the temperature variation of spontaneous magnetization confirms the coexistence
of two magnetic phases, which is revealed by the drastic change in the value of spontaneous
magnetization and the distinct change in the slope of the curve observed at approximately
210K.

On the other hand, these samples show a linear inverse susceptibility behavior in the
paramagnetic phase (I' > T'C) indicating that the Curie-Weiss law is well satisfied.
Besides, in this context, the second-order magnetic phase transition near the Curie point
is characterized by three critical exponents, 3 (related to the spontaneous magnetization),
v (associated with the initial magnetic susceptibility), and ¢ (dependent on the critical
magnetization isotherm). The three exponents are connected through Widom scaling
relation,d = 1+ «/f, allowing a simple determination of ¢ from the known values of
and 7 [168, 179]. The critical exponents were calculated by using the Kouvel Fisher (K F)
method according to equations 4.6 and 4.7.

MS<T) _T_Tc
dM(T)/dT B~

(4.6)
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(4.7)

Mg (T)
M (T)/dT

X~ 1(T)
x(T)/dT

This method propose that the quantities 7 and plotted versus temper-
ature yield straight lines with slopes % and %, respectively [180]. The critical exponents,
obtained in a wide variety of FM material systems, can be grouped into a few well known
universal classes [179], such as the mean field (M F') model (§ = 0.5, v = 1.0 and § = 3.0),
3D Heisenberg (3DH) model (5 = 0.365, v = 1.386 and 0 = 4.80), 3D Ising (3D1) model
(6 = 0.325, v = 1.241 and 0 = 4.82) and the tricritical mean field model (§ = 0.25,
v = 1.0 and 6 = 5.0). In our case the estimated values were found to be § = 0.244 —0.02,
v =112+ —0.02 and 6 = 5.1 + —0.02 or the mother compound (Lag¢CagsMnOs) in-
dicating that the observed ferromagnetic phase transition in the present material can be
approximately understood with the tricritical mean field model. On the other hand, the
obtained results of critical exponents are in agreement with those published by Zhang et
al.[179]. These results point out that the mother compound (Lag¢CagsMnOs3) show the

existence of the tricritical point that sets a boundary between first order and second-order

magnetic phase transition.
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Figure 4.8: M? versus poH /M isotherms (Arrot’s curves). The inset is the temperature de-
pendence of the spontaneous magnetization Msp and % for (1-x)Lag 6Cag4MnO3 /xMnyO3

composites (a) =0, (b) z = 0.1, (¢c) x = 0.2.

[H]
Figure 4.9 illustrates the magnetic entropy change AS,, as a function of temperature
under different applied magnetic fields (uoH = 1,2,3,4 and 57"). AS,, is derived from

magnetic isotherms using the numerical integral of the well-known Maxwell relation given

by:
Tiy1,m) — M(T;, H)
Ti1 —T;

AS(T,AH) =" Mg ( AH, (4.8)

where M; and M;,; are the magnetization values at temperatures 7; and 7,1, respec-
tively, under an applied field H. All AS,, curves exhibit maximum values around 7T,
and decreases when moving away from the transition for all composites. The maximum
value increases with increasing the applied magnetic field. On the other hand, the maxi-

mum value of (1-x)Lag ¢Cag4MnO3/xMny,O3 magnetic entropy change is found to decrease
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slightly with the further increasing of Mn,O3 amount. Under a magnetic field changing
from 0 to 57", the maximum A.S,, values are found to be 5.87,5.33,5.21 for x = 0,0.1 and
0.2respectively.

We note that the width of magnetic entropy change curves is broad for all composite

due to the second-order nature of the magnetic phase transition.

-AS(J/kg.K)
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Figure 4.9: The magnetic entropy change as a function of temperature for different applied
magnetic fields for (1-x)Lag Cag4MnO3/xMnsO3 composites (a) z = 0, (b)z = 0.1, (c)x =
0.2.

The magnetocaloric effect is usually characterized by three main quantities, namely,
magnetic entropy change AS,,, adiabatic temperature change AT,4, and the relative
cooling power (RCP) suggested in the past by Gschneidner and Pecharsky as a figure of
merit [181] which consider not only the value of AS,,, but also the width of its profile
as a function of temperature. The relative cooling power is the parameter that evaluates
the cooling efficiency of the solid refrigerant [159]. In other word it measures the heat
amount that can be transferred by the magnetic refrigerant material between the hot and
cold sides during an AMR cycle. Hence, larger RCP values combined with large entropy
changes lead to better cooling performance of magnetocaloric devices. We obtained the

relative cooling power (Eq. 4.9) by multiplying the maximum value of magnetic entropy
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change by the full width at half maximum of AS,, -m(7T) curve as follow:

RCP = Serpwian NS, (4.9)

Where 6ppwaa) is the full width at half maximum of the AS,, curve. The RCP as a
function of magnetic field is shown in Figure 4.10. The RCP increases with the magnetic
field and reaches 235 J/kg for x = 0.2 in the magnetic field change of 5T to largely exceed
the reported experimental value reported by M. Nasri et al. and A. Nasri et al. [163, 166]
in LaggCagsMnOs under similar magnetic field change. It’s worth noting that, the RCP
are greatly enhanced (upto22%) in the composite sample with z = 0.2 (146.J/kg under
3.2kOe) compared to that shown by the mother compound (RCP = 120J/kg) Figure
4.11.This could probably attributed to the increase of particles size and the exchange

coupling interaction generated by the minor phase Mn,O3 of the composite.
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Figure 4.10: Magnetic field dependence of RCP reported for LC'MO /MnyOscomposites.
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Figure 4.11: Enhanced RCP for z = 0.1 and 0.2.

The specific heat is an important parameter that plays a key role in the determination
of magnetocaloric materials properties. It measures the ability of the solid material to
capture and stock the heat and cold during the magnetization and demagnetization pro-
cesses. Considering the equation below (Eq. 4.10) that give an accepted approximation

for the adiabatic temperature change,

T

ATy = —AS—,
d Cp

(4.10)

Where AS is the entropy change and C,, is the total specific heat. Larger MCE (AT,q)
can be obtained for materials with both, high magnetic entropy change and lower total
heat capacity [18]. In this way, Akiko et al. have found by comparing the LaFeSiH
with Gd performance in a magnetic cooling device, that La(FeygsSi0.14)13H1.2 generates
moderate temperature spans on account to its large specific heat [182]. The temperature

dependence of specific heat was carried out for the here studied composites by using the
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PPMS facility. The obtained data are displayed in figure 4.12 for zero magnetic field. As
expected, all C), curves exhibit a peak around the samples Curie temperature. The total
specific heat decreases slightly with increasing the Mn,O3 content. The mother compound
LCMO exhibit the highest heat capacity value around the curie temperature of about
632.J/kgK, while it is 618 and 596.J/kgK for x = 0.1,0.15, respectively. According to V.
Ovsyannikov et al, the transition observed below 50K indicates a weak thermal hysteresis
that is characteristic for a first-order transition having a sizable structural component

[183].
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Figure 4.12: The specific heat of some selected LaggCag4MnOs/MnyOz composites as a

function of temperature measured under zero magnetic field.

The measurement of the adiabatic temperature change AT,; adcould be directly per-
formed by using a system of thermocouples or indirectly evaluated by using the heat and
magnetization measurements [155, 184]. In our case we have used the latter to estimate
AT, based on (Eq. 4.10). As shown in figure 4.13, AT,; that maximises around TC are

found to be roughly 0.7K and 1K for z = 0 and 0.1 respectively in the moderate field
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A comparison between our experimental measurements and other reported experimental

results are summarized in table 4.4.

AS,es JKg 'K~ | FWHM, K | AT,s, K | RCP, JKg~! |  Ref
Compound Method | Tc, K
5T 5T 5T
LaosCao.MnOs SOlgel | 260 3.66 38.52 - 141.98 [166]
Lag ¢CagaMnO3z/xMny 03
x=0.0 5.87 35.38 1 210
x=0.1 SSR 260 5.33 43.50 0.7 234 This Work
x=0.2 5.21 45 - 235
Lag 6Cag4MnO3/xCuO
x=0.00 5.8 37.06 - 215
x=0.07 SSR 260 5.3 39.24 - 208 [163]
x=0.18 4.9 38.77 - 190

Table 4.4: Magnetic and magnetocaloric properties of (1-x)Lag 6Cag 4MnO3/xMnyO3 com-

pared with those reported in recent published works.
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4.4.3 Cooling properties

The Lag ¢Cag4MnO3 material is used as refrigerant while the heat transfer is carried out
by using water. A magnetic field of 1 T that can be produced by simply using permanent
magnets is considered in the calculations.

According to the results published in [151], the value of the specific heat for Lag Cag 4MnO3
compound at 260 K is equal to 640 J/Kg K, and the density is equal to 5940 kg/m3. These
parameters for this magnetocaloric material have been implemented in 1D AMR-model,
in addition of others described in computational details section. At the beginning the
solid material plates and water are at (260 K), then the temperature of the hot source
increases while the temperature of the cold source decreases after each cycle to reach their
steady state after about 80 AMR cycles. It can be seen in Fig 4.14 that the maximum
temperature span (ATspen = Taot — Toia) Obtained by numerical simulations after 80
cycles is 11°C for Lag gCag4MnOs3 for a 1 T-AMR operating frequency of 0.5 Hz.

The temperature span shown in (Fig 4.14) between the cold and hot sources, the cooling
capacity (Fig 4.16) and the coefficient of performance (Fig 4.17) are crucial parameters for
a thermodynamic evaluation of magnetic refrigerators. (Fig 4.15) shows several no-load
temperature gradients that are induced in the LaggCag4MnO3 plates along the direction
of the carrier fluid flow. It can be observed that initially the solid is at the temperature
(T; = 260 K), then the thermal gradient increases gradually to reach 11 °C at the steady

state after 80 cycles, for a Reynolds number Re equal to 8600.
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Figure 4.15: Temperature span between hot and cold sides of the regenerator

The cooling capacity Q., is one of the cooling performance parameters of magne-

tocaloric devices, defined as the quantity of heat transferred per unit of time from the

cold side to the hot side, given by the following Eq. (4.11).

Q=1 [ (0 (- Tla = Lo)as

The coefficient of performance is calculated according to Eq. (4.12):

Qe
(Qh - Qc) + Wpump

COP =

Where, Qg is the rejected heat calculated by:

O = % /O ()Cy (T(x = 0,8) — Ty) dt

(4.11)

(4.12)

(4.13)
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| Ap—— 4.14
p P pr ( )
Where
96 Ly u?
Ap = —pp—2t— 4.15
P= ReP Dy 2 (4.15)

In the above equations, 7 is the cycle time, Wy, is the pumping power calculated
using the pressure drop and the mass flow rate, u is the velocity of the fluid.

Fig 4.16 shows the temperature span ATy, dependence of the cooling capacity evo-
lution (QC) for the LaggCag4MnO3 regenerator. The considered operating frequency is
equal to 0.5 Hz, while the thermal load applied in the cold source is Tc=255 K. High
cooling power Q. results in low temperature spans. The maximum cooling power Q.
reached is 62 W for ATy,,,=0 K, while the device operating at a AT,qn mar Will nOt be
able to support a heat load, the best performance was found for a fluid flow of 3 ml/s
and low operating frequency of 0.5 Hz. As shown in (Fig. 4.17) the (COP) coefficient of

performance obtained was around 0.5 at 10 K temperature span.
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Figure 4.16: Cooling power vs. temperature span
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Figure 4.17: COP vs. temperature span

4.5 Conclusion

In this chapter, we have presented a combined experimental and numerical investigation
of the structural, magnetic, magnetocaloric and cooling properties of the magnetocaloric
material LaggCag4MnOs.

The first part of this chapter was devoted to the study of the structural, magnetic and
magnetocaloric properties of (1-x)LagCag4MnO3/xMnyO3 using experimental investiga-
tion. We explored the (1-x)Lag ¢Cag4MnO3/xMnyO3 composite materials with the aim to
enhance their magnetocaloric properties and refrigerant cooling power. The investigated
(1-x)Lag¢Cag 4MnO3/xMnyOzcomposites show a second order magnetic phase transition

taking place at 260K . In fact, the insertion of the Mn,O3 secondary phase has no impact
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on the Curie point. On the other hand, a slight decrease in magnetic entropy change AS,,
and in specific heat C'p values was observed when increasing the Mn,O3 concentration
around 7. The maximum generated entropy changes in the magnetic field variation of
5T are 5.87,5.33 and 5.21J/kgK for x = 0,0.1 and 0.2 respectively. In contrast, it is
found that with 20% of Mn,Os3 in the composite, the RCP can be markedly enhanced
by more than 20% without affecting the Curie temperature. However, the origin of such
enhancement remains not understood, opening the way for further investigations. In ad-
dition, the here studied materials exhibits better magnetocaloric features when compared
to those of similar compounds early reported in the literature. Finally, these findings
suggest that the addition of MnyO3 could be useful for the enhancement of the LCMO
refrigerant capacity.

The obtained experimental magnetocaloric properties in term of AT,; and C, results
have been used within the 1D-AMR numerical model in order to investigate the cool-
ing properties of the mother compound Lag¢CagsMnOs. We have reported preliminary
numerical simulations that discuss the thermodynamic performance of a reciprocating
magnetic cooling machine using Lag¢Cag4MnO3 as the solid refrigerant. We particularly
found that the no load temperature span between the hot and cold ends of the magne-
tocaloric devices is about 11°C for 0.1 mm thickness because it strongly depends on the
gap between the magnetocaloric material plates, the cooling capacity obtained is about
62 W, and a coefficient of performance (COP) of about 0.5 at 10 K temperature span.
What remains now is to experimentally validate these obtained results. For this purpose,
the development of a magnetic cooling prototype is in progress and its experimental per-
formance will be communicated in the future. And to overcome the low value of MCE
of these materials and achieve better performances, it is necessary to combine different
magnetocaloric materials with different values of Tc in the regenerator in order to obtain

a temperature span as large as possible.



Chapter 5

The magnetic refrigeration test

device

5.1 Introduction

This chapter concerns the realization of an experimental prototype of the magne-
tocaloric effect. Following the first magnetic refrigeration demonstrator developed at
MASCcIR, work on these devices continued with a new system which is discussed in this
chapter. The first version of the system was realized by Dr. Khadija Al maalam [185].
We performed a second version within the framework of this thesis; the realization has
been completed. The objective of the work on this prototype was to realize a complete
magnetic refrigeration system in order to examine the performance of different magne-
tocaloric materials in direct application. As will be seen in this chapter, the operation
and performance of such a system are governed by a large number of factors that are very
closely related with each other. As the entire system is not easily modeled numerically,
it is essential to build the device physically. This, in order to reveal the problems and
quantify their influences. One of the guides for the design of this system, in addition
to the simplicity of implementation, was to try to obtain sufficient induction in the ac-
tive material during the magnetization phase while keeping a low induction during the

demagnetization phase.

125
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A magnetic refrigeration test device has been built. The device allows variation and
control of many important experimental parameters, such as the type of heat transfer
fluid, the movement of the heat transfer fluid, the frequency of the refrigeration cycle. A
1D-dimensional numerical model has previously been implemented in order to help in the

optimization of the design of a refrigeration test device.

5.2 Magnetic field source

The magnetic field source is one of the essential components of magnetic refrigeration.
The performance of a magnetic refrigeration system depends primarily on the magne-
tocaloric material and the magnetic field. Therefore, it is necessary to design structures
generating magnetic fluxes with high density for magnetocaloric materials.

There are several types of magnetic field source that can be used for magnetic refrig-
eration: We mention, electromagnets, superconducting coils and permanent magnets. we
will focus exclusively on permanent magnet field sources. A number of permanent mag-
nets structures have been proposed for magnetic refrigeration systems. We can classify

these structures in three categories:
e Simple magnetic circuits, composed of permanent magnets and soft materials.
e Halbach type assemblies (single or double, open or closed).
e complex magnetic structures.

The permanent magnet-based structures are preferred over those using electromagnets
or superconducting magnets since no electrical energy is consumed in the generation of
magnetic field. Bjork et al.[186] compared a variety of magnet designs and suggested
that desirable magnetic flux distribution is obtained from the modified Halbach cylinder.
The concept of Halbach design is to assemble pieces of permanent magnets for stronger
magnetic fields in the air gap with minimal flux leakage outside the assembly [187]. The
Halbach arrays have been used in motors and other electromagnetic devices [188]. To

implement in magnetic refrigerators, regions of weaker magnetic field are also needed for
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the demagnetization of magnetocaloric materials in the air gap. The abrupt transition
between strong and weak fields in the air gap is achieved by modifying the Halbach design
[189].

5.3 Regenerator (Active material)

Gadolinium, the reference magnetocaloric material was used as active material thanks
to its magnetocaloric properties at room temperature and also for its mechanical proper-
ties which allow obtaining different geometries. The regenerator is formed of gadolinium
(plates) 70 mm long, 25 mm wide and 1 mm thick. The bed regenerator has a rectangu-
lar form containing both the magnetocaloric material and the heat transfet fluid. Based
on the results of the thermal modeling of the AMRR cycle, the gap between plate and
Gd plate is 0.3 mm and the corresponding height is equal to 23.7 mm. So we used 18
Gadolinium plates separated by an internal gap of 0.3 mm allowing the fluid circulation.

Two options are possible to obtain the reciprocating movement of the device, either
by moving the Halbach cylinder, or the cylinder containing the magnetocaloric material.
In both cases pneumatic cylinder is necessary to manage the reciprocating movement.
The experimental setup of the whole system that illustrated schematically in figure 5.1

involves the following major elements:
e Active Magnetic Regenerator structure.
e Power supply system.

e Measuring instruments. Active Magnetic Regenerator Structure The primary com-

ponents of the Active Magnetic Regenerator structure are the:
e The cylindrical enclosure housing of the regenerator.
e Inert magnetocaloric material plates.

e Heat transfer fluid system.
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5.4 The Heat Transfer Fluid System

The heat transfer fluid flows through the channels between the regenerator plates. A 20
mm long plastic flow guide plates placed on each side of the Gd plates in the direction of
the flow to ensure laminar flow in the channels. The guide plates inserted and placed inside
the cylindrical enclosure housing that connected with the Perspex tubes at both ends.
Perspex tube is a kind of polymers durable to high temperature, and stable chemically.
The Perspex tube has an outer and inner diameter of 40 mm and 34 mm respectively,
machined with an internal screw 34 mm for 12 mm long at open end. This design used
to connect and fix the (PVC) housing cylinder ends’ surrounding the regenerator block,
and to holds the pistons that used to pushed stream of fluid. Taphelon washers used with
all connect to prevent any leak. The whole experimental close-up drawing, cylindrical

enclosure housing design is shown in figure 5.1.

PERSPEX TUBE

Figure 5.1: AMR cycle

5.5 Measuring Instruments

Temperature measurement system consists of three thermocouples wire, type “T” (Cop-
per Constantan) with a small diameter about (0.3 mm). This type of thermocouples used
to reduce the time constant of each thermocouple accurately to measure transient behav-
ior of the plate and fluid temperature. These thermocouples were distributed at various
locations on Active Magnetic Regenerator to measure temperature at these places. Figure

5.2. show the thermocouples used in the experimental setup.
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Figure 5.2: Thermocouple type T used in the experimental setup.

5.6 Practical realization of the reciprocating proto-

type

We were based on the simple structure of the first demonstrator developed at MAScIR
to design a similar system with some modifications to improve its technical aspect. Fig-
ure 5.3 shows the general view of the device developed within our center Materials and

Nanomaterials at MAScIR Foundation.

. Halbach magnet
Pneumatic system bed regenerator

Holder

Data aquisition Frequency and
atmega328 fluid flow control
Thermocouples,”

Figure 5.3: General view of the linear magnetic refrigeration prototype.
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5.7 Computational details

5.7.1 Magnetic study by finite elements

Configurations of permanent magnets that produce a strong homogeneous field in a
confined region of space and a very weak field elsewhere are useful in many applications
such as magnetic cooling applications [190]. For the design of this device, numerical simu-
lations were made to model the magnetic behavior of the halbach cylinder. The results of
this study are detailed here. This work was done with the finite element electromagnetic
simulation software Comsol Multiphysics. In this part of thesis the two dimensional Hal-
bach cylinder will be investigated in greater detail, and the flux density will be computed
for different configurations.

The Halbach cylinder can be characterized by three parameters: the internal and
external radii, r;, and r,, respectively, and the length, L. In our case The source of
the magnetic field is a Halbach cylinder. It is a structure composed of an assembly of
permanent magnets (Nd-Fe-B) creating an intense magnetic field entirely confined inside
the cylinder.

Figure 5.4 shows the principle of Halbach cylinder used in our device. Each part with
specific direction of magnetization. These directions are indicated for each segment of
the permanent magnet. there is 90 deg ° between the magnetization of two successive
sectors (black arrows). We performed simulation for this configuration to calculate the
produced field and its distribution inside the cylinder. Figure 5.5 shows a photograph of
the Halbach cylinder used and the dimensions of the latter. This cylinder has a Length of
74mm, an inner diameter of 43mm and an outer diameter of 100mm. The magnetization

in the thickness of the cylinder is given by the expression:

M(6) = M(sin(k.0)d, — cos(k.0)ip) (5.1)
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Figure 5.4: Geometry of Halbach cylinder of 8 permanent magnets used for magnetic

simulations.

’74 mm

Figure 5.5: Photograph of the Halbach cylinder used in the developped prototype

5.7.1.1 Conditions for simulation

The here studied structure is in two dimensions, the thickness of the structure is equal
to 1 m. The remanent flux density of permanent magnetic NdFeB of 1.427" is in different
directions by separating vectors along the x and y axis, the relative permeability is p =
1.05. The element size of the mesh is set to normal in the beginning. View of the mesh

performed for finite element modeling of the magnet is shown in figure 5.6.
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Figure 5.6: View of the mesh performed for finite element modeling of the Halbach

5.7.2 The numerical AMR model

An important tool in the optimization of any magnetic refrigeration device is a compre-

hensive and flexible numerical model. This may help in predicting the effect of a proposed

alteration of the operation of the device as well as physical changes to the device. It also

allows parameter optimizations to be performed consistently and efficiently.

The device presented in the following is a linear design, relying on the active magnetic

regenerator AMR cycle.

The first part of this chapter is devoted specifically to present our 1D transient numer-

ical model. The numerical model solves the mass and momentum equations for the flow

of the heat transfer fluid and the coupled heat transfer equations for the temperatures in

the regenerator and in the fluid. The only inputs to the model are the physical properties

of the modeled materials.

For that we have used the implicit finite difference as a numerical solution to simulate

the AMR cycle and implemented using Fortran programming language. And the flowchart

of the algorithm used is given in the Appendix B at the ending of this chapter.

The thermo-physical characteristics of the gadolinium and water at reference tem-

perature (298 K) are assumed constants; they are given in (Table 5.1). It’s worthy to

note that the classical values of gadolinium were taken from literature data published in
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[44, 48, 191], and the MCE value (1.45 K) of gadolinium mentioned in the table correspond

to a permanent magnetic source with an induction field of 1 T.

Value
Symbol Parameter (Unit)
Water | Gadolinium
5 Thickness (mm) 0.1 1
L Length of the bed regenerator (mm) 50 50
lea Equivalent cell width of the regenerator (mm) | 525 525
A Thermal conductivity (w/m.K) 0.59 10.05
) Volume density (kg/m?) 1000 7800
C, Specific heat (J/Kg.K) 4185 240
1 Dynamic viscosity (Kg/m.s) 0.001 -
MCE Magnetocaloric effect (K) - 1.45
m(t) Flow rate (ml/s) 3 -

Table 5.1: Geometrical and thermo-physical parameters of water and Gadolinium used in

simulation.

5.7.2.1 Description of the regenerator and working cycle

The regenerator considered in this study is shown in “Fig 5.7” The bed regenerator is
constituted of 21 parallel plates made of gadolinium used as the refrigerant with 1 mm
thickness, 50 mm length and 25 mm width each. The plates are equidistant with an
inter-space of about 0.1 mm where water flows as a heat transfer fluid.

The system undergoes the AMR thermodynamic cycle realized by combining the mag-
netocaloric material and the heat transfer fluid, functioning as a regenerator, which used
for achieving very low temperature in cold source. The alternative movement of fluid is
ensured by a controlled hydraulic system, the latter consists of a pump and two pistons
driven in opposite directions. The AMR cycle is carried out by the following successive

steps:

1. Isentropic magnetization of the magnetocaloric material.
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2. Hot blow at applied magnetic field: heat transfer fluid flows from the cold fluid

reservoir to the hot fluid reservoir of the regenerator.
3. Isentropic demagnetization of the magnetocaloric material.

4. Cold blow at removed magnetic field: heat transfer fluid flows from the hot side to

the cold side of the regenerator.

As the adiabatic temperature difference of MCMs (MagnetoCaloric materials) is very
low, a single stage of AMR cycle is inefficient and impractical, for this reason the four
process of AMR cycle must be repeated as a strategy to enhance the temperature span
known by AMRR cycle, this technique was first used by Barclay in 1982 [1]. Thus,
the temperature span between both hot and cold sources of regenerators is increased.
for this reason, single cycle is not recommended. In such cases, the four processes are
reproduced several times in practice until a permanent state is reached, namely Tck —
Tck-1j £ (6=0.00005K). Where Tck — Tck-1 represent the difference between the cold
temperature (Tck) of the current cycle and the cold temperature (Tck-1) of the previous

cycle.

Magnetocaloric material
Heat transfer fluid

Figure 5.7: Parallel plate regenerator. The MCM is in gray and the fluid channels in blue.

5.7.2.2 Governing equations

Based on the law of energy conservation, the main equations describing heat transfer

in a solid material and thermal fluid in 1D model are given by the following partial
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differential equations (PDE):

0T 0 0T,
Pscsg = ox <)\ (9X) + Qucr + Quoss + Qur (5.2)
0Ty oTy B i OTy .
pfcf ( ot tu aX) - oXx <>‘ 8X) +Qloss QHT (53)

Where s and f in the subscript are referred to solid and fluid, respectively; t is time;
x design spacial coordinate (0 < x < L); T'f = T f(z,t) denote the fluid temperature;
Ts=T(x,t) denote the regenerator solid temperature; p, is the mass density of solid; py
is the mass density of fluid; the heat capacity of solid and fluid are denoted by Cy,and
(' respectively; Ag is the thermal conductivity of solid and Af is the fluid thermal con-
ductivity; u, is the velocity of fluid; QM CFE is the internal heat generation term; Qloss
represent the thermal losses; QHT denote the heat transfer flux between solid and fluid

in the bed regenerator. Moreover, for simplification, the next assumptions were adopted:

e The fluid is incompressible, and its velocity remains constant, also the fluid flow

within the bed regenerator is fully developed.

e The external wall of the system is perfectly thermally insulated which insure no
thermal losses (adiabatic conditions). Also, the perfect sealing is considered, which

leads to no-flow leakage through the system.

e Conjugate heat transfer through the regenerator is considered, by conduction in the

solid and convection in the fluid, although the radiation heat transfer is negligible.

e The axial conduction heat transfer in the solid is negligible, because the metal wall

is very thin.

e The interface solid-fluid is thermally perfect, it means that no thermal contact

resistance because roughness of the solid material is low.

The term Q¢ in the equation (5.4) represent the internal heat flux generated during

the interaction between magnetic field and magnetocaloric material can be calculated by
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using this equation:
AT,y (H,T)

- (5.4)

QMCE = pscpu S(H) T)

Where Cp,s (H,T) and AT,,(H,T) represents the specific heat and the adiabatic temper-
ature change of the solid material named magnetocaloric properties, which depends on
the magnetic field applied and varies with temperature. these values can be calculated
by using the mean field theory, (see Balli et al., 2007) [171], or by experimental measure-
ment. Then “Fig 5.8” show the heat capacity curves of gadolinium and the adiabatic
temperature is deduced from the latter and it’s shown in “Fig 5.9”. The expression of

adiabatic temperature change can be approached by:
T
AT,; = _EAS (5.5)
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Figure 5.8: Heat capacity of Gadolinium used for the one-dimensional model
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Figure 5.9: Adiabatic temperature change deducated from the heat capacity

It is clear from equation (5.5) that, larger MCE (AT,4) of materials correspond to low
specific heat and high entropy change.

The term Qgr in the equation (5.2) and (5.3) represent the heat exchanges by con-
vection between a fluid in motion on a wall and this latter, it can be expressed by a
convective heat transfer coefficient h. The heat transfer rate Qg7 can be expressed as:

The heat transfer rate Q MmcE can be expressed as:

Qur = hAyr(T, — Ty) (5.6)

where Apr is the wetted area per unit cell of the solid material. The convective
heat transfer coefficient is calculated according to empirical Nusselt-Reynolds correlations
corresponding for fully developed laminar flow given in [192]. Reynolds number is defined

as Re = puDy/u, and Prandtl number is defined as Pr = puCr/A.

Nu=—2" (5.7)
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Pr>07 Nu=—"=CRe™Pr® (5.8)

hD
Pr<07 Nu= Th — CRe™ (5.9)

Where C and m are empirical constants given in the table 5.2.

Re C M

1< Re<4 0.891 | 0.33

4 < Re < 40 0.821 | 0.385

40 < Re < 4.10% | 0.615 | 0.446

4.10% < Re < 4.10* | 0.174 | 0.618

4.10* < Re < 4.10° | 0.024 | 0.805

Table 5.2: empirical constants C and M.

5.7.2.3 Initial and boundary condition

First the bed regenerator is considered in thermal equilibrium with the ambient, then
the fluid and solid are initialized at a constant temperature: T(z,t = 0) = Tynp =
293K. To include the MCE of solid material in the AMR model. The magnetiza-
tion/demagnetization phenomena created by a permanent magnet is modeled through

the following boundary conditions:
- during the magnetization step: T' = T; + AToq(T;, poH;, poHy)
- during the demagnetization step: T' = T; — ATuq(T;, poH;, poHy)

where Ti is the initial temperature; Hi and Hf are the initial and final magnetic field
respectively. The processes of cold and hot blow can be simulated through the following

boundary conditions:

- Hot blow: the coolant flows from the cold reservoir to the hot one, then it enters

the bed regenerator with the temperature of the cold reservoir, Tf (x=0, t) = Toq;



5.8. Results and discussion 139

- Cold blow: The coolant enters the bed regenerator with the hot tank temperature,

Tf (x=L, t) = Thos;

Based on the assumptions cited in the section 2.2. The temperature span between cold and
hot sources given by ATsource ¥ N = Thot — Tooia (N is the number of stages). The cooling
capacity Q., is one of the cooling performance parameters of magnetocaloric devices,
defined as the quantity of heat transferred per unit of time from the cold side to the hot

side, given by the following equation:

Q. — %/Tm@)cf (T.—T(x = L,1)) dt (5.10)

5.8 Results and discussion

5.8.1 Magnetic field analysis
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Figure 5.10: (a) Geometry of Halbach cylinder of 8 permanent magnets, (b) distribution
of magnetic flux simulated by COMSOL.

It is clear from the result of simulation (figure 5.10(b)) that the Halbach cylinder
structure concentrates the magnetic flux within the center of cylinder but there are still
a large flux leakage outside the magnetic assembly by such configurations. Based on the

gradient colors, the induction is around 1 T at the core of the Halbach.
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5.8.2 Cooling performance

The temperature span between cold and hot sources, cooling capacity and the coeffi-
cient of performance are the main parameters to investigate the energetic performance of
the regenerators. The magnetocaloric material used is gadolinium, the heat transfer fluid
is water and the magnetic field generated by the permanent magnet is 1 Tesla.

“Fig 5.11” shows the No load temperature gradient along the solid material, when both
sources are not exposed to any temperature or power. It can be observed that initially
the solid is at ambient temperature (Ti=293 K). Then the thermal gradient increases
gradually after 50 cycles, in a case of Reynolds number equal to 12000. At the end of the
cycle, the temperature gradient has stabilized at 13°C the profiles obtained are in good
agreement qualitatively with those obtained by Chen et al. (1994) with experimental data
[193].

Temperature [K]
B3
(5]

0 5 10 15 20 25 30 35 40 45 50 55
Regenerator's length [mm]

Figure 5.11: No-Load temperature gradient along the solid material

“Fig. 5.12” shows the temperature evolution of both sides of the regenerator hot and

cold with no heat exchangers. The observed temperature fluctuations represent the change
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of the process that is taking place, starting by magnetization followed by the hot flow then
demagnetization step followed by the cold flow. It can be seen clearly that the two curves
pass through a transitory regime that lasts 50s and then the regenerator enter gradually
into the permanent regime. From this curve, we have obtained the temperature evolution

at the end of each cycle showed in “Fig 5.13”
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Figure 5.12: Time evolution of Temperature of both sides within the regenerator

“Fig 5.13” shows the temperature evolution computed in both sides versus number of
cycles. At the beginning the gadolinium plates and water are initially at constant tem-
perature (293 K), then the temperature of hot source increase while the temperature of
cold source decrease during the evolution of cycles. It can be seen that The maximum
temperature span obtained by numerical simulation at the end of 50 cycle is 13°C. this
value depends on the cycle operating conditions, for this case the temperature span is
predicted for operating frequency equal to 0.5 Hz, the parameter which determine the

working speed of system.
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Figure 5.13: temperature evolution versus number of cycles

In order to optimize the system geometry, the influence of micro-channels thickness on
the no load temperature span has been simulated and it was found through simulation
results shown in “Fig 5.14”. It can be seen that the temperature span between the
both sources decrease when the thickness of fluid increase, so the optimum microchannels

thickness is around 0.1 and 0.3 mm.
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Figure 5.14: Effect of the thickness of the fluid on the difference of T.

The energy supplied by the system is an essential quantity. The energy provided by

the magnetocaloric material for each cycle is expressed as:

Nt Nz

Magnetization __ Magnetization
Qs =mCo Y > 61 (5.11)

1=2 =1

Nt Nz

Demagnetization __ Demagnetization
Qs =mCe Y > 67 (5.12)

i=2 i=1

Where A(i,j) represents the temperature difference between two successive instants
for a point marked by the index j. “Fig 5.15” gives the profile of this energy. The red
curve corresponds to what we call the hot energy produced during the magnetization
phase. Similarly, the blue curve corresponds to the cold energy produced during the

demagnetization phase.
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Figure 5.15: Profile of the energy produced by the magnetocaloric material

5.8.3 conclusion

Working on the prototype of magnetic refrigeration allowed us to forge a first experience
on a complete magnetic refrigeration system. Numerous scientific, technical and practical
difficulties were revealed during its realization. We discovered the problem linked to the
coupling of magnetic and thermal phenomena. The operating temperature has a great
influence on the quantities obtained by the simulations such as induction in the material
or the torque, by the dependence of the magnetic permeability of the active material
on temperature. The work on this prototype also showed the difficulties in terms of
mechanical assembly. The goal being to have the strongest possible field variation, this

leads to large amplitude force variations.

Appendix B. Flowchart of the numerical model of AMR

cycle.
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Flowchart of the AMR cycle numerical model.
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General conclusion

Make progress and understand the physical process of magnetic refrigeration, requires a
combination of several areas of research, starting with the characterization of giant mate-
rials to the numerical modeling of heat and mass transfer, in addition to the development
of prototype design with its magnetic source. The results given along this dissertation
can be summarized in three major parts.

In the first part, we report a detailed theoretical study dealing with the magnetic
and thermal features of the intermetallic compound AlFe;By close to room temperature.
The magnetocaloric properties in terms of both adiabatic temperature (AT,;) and mag-
netic entropy (AS).g) changes were determined using the Monte Carlo approach, while
the thermodynamic performances were simulated according to the active magnetic re-
frigeration (AMR) model. AlFe;B, based compounds are favorable because they consist
of abundant light elements. The obtained results underline the promising applications in
magnetic refrigeration of the AlFe; B intermetallic compound and its derivatives. Further-
more, our findings suggest new approach to provide a complete study from magnetocaloric
effect to the application phase by using numerical tools.

In the second part, Perovskites manganites have been considered as promising candi-
dates to replace intermetallic alloys for magnetic cooling applications. The challenge
for perovskites manganites is that they do not simultaneously exhibit high magnetic
entropy change and high adiabatic temperature change. The main objective of this
part of thesis was the combination of experimental and numerical simulation to inves-
tigate the structural, magnetic, magnetocaloric and cooling properties of new compos-
ite based manganite. In this sense Perovskite manganite (1-x)LagCag4MnOz/xMnyOg
(x =0,0.05,0.1,0.15,0.20) composites were prepared by solid state reaction method. X-
ray diffraction measurements were used to confirm the crystal structure and the average
crystallite size of samples. Their magnetic, magnetocaloric and heat capacity properties
display a second order magnetic phase transition at 260/K. The maximum magnetic en-
tropy change was found to be 5.33 J/kgK for x = 0.1 of MnyO3 under 57". The relative

cooling power (RCP) was found (235.J/kg) to largely exceed the reported experimental
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values in early works for similar materials. In addition, the RCP of the mother alloy is
enhanced by more than 20% under 32kOe without affecting the Curie temperature that
remains approximately constant around 260K. Our results suggest that the addition of
Mn;,O3 could be useful for the enhancement of the LCMO refrigerant capacity without
affecting the Curie temperature.

The third part of this thesis outline the work carried out on the study of magnetic
refrigeration systems. To make the link with research on magnetocaloric materials, this
system will make it possible to test these materials in real conditions and to study the
influencing parameters. It is a linear system whose field is created by permanent magnets

in the form of a halbach cylinder.



Appendix A

The Effect of PEG additive on the
morphology and magnetocaloric

properties in Lag gCag 4MnOs3.

The present appendix present the magnetic and magnetocaloric properties of the
Lag Cap4MnOg3. Perovskite manganite LagsCag4MnOz Nanomaterials were prepared by
a modified Pechini sol— gel process followed by high temperature sintering. Polyethylene
glycol (PEG-4000) was used to control the particle size and morphology of the materials.
X-ray diffraction measurements were used to confirm the crystal structure of samples.
Their magnetic, magnetocaloric display a second order magnetic phase transition around
190 K. The maximum magnetic entropy change was found to be 2.3 J/kg K under 3T.
The relative cooling power (RCP) was found (135 J/kg).
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A.0.1 Material preparation structural Characterization

Material and Methods

The metal
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Figure A.1: Material preparation and structural Characterization

A.0.2 Structural Characterization: Morphology and composi-

tion

=

Figure A.2: SEM and TEM micrographs of particles at different magnifications synthe-
sized using PEG 4000.
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A.0.3 Magnetic and magnetocaloric properties

35 L) 1 L] I ¥ l T T 0. 2

—m— M{emufg)
—Hl—dM/dT (emulg K)

30 _u--.....

m /-\ T L = 0.0
WLLLLLS :

- L

\ u u
| --0.2 —~
20 - \ <
—_— n n [#)]
g \ -
S 1°7 " .\ 0.4 E,
= T \ ] I 'E
10 - » \ =
-
\ - -0.6
5 - | an
\ [
"a 0.8
0 - -\I m"SEEEEEEEgEEEEEE e
Tc=190 K
' 1 ¥ I M 1 M 1
100 150 200 250 300

Temperature (K)

Figure A.3: M-T curve for the synthesized LCMO at 500 Oe applied field
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Figure A.4: Isothermal magnetization (M-H) measured from 100 to 300 K, LCMO-PEG

4000
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Figure A.5: Temperature dependence of the magnetic entropy change change for LCMO-

PEG4000 calculated at various external field
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Figure A.6: The calculated RCP values for LCMO-PEG4000

A.0.4 Conclusion

In summary, magnetocaloric properties were obtained for La0.6Ca0.4MnO3 via a mod-
ified sol-gel method. In this study, PEG-4000 was shown to control morphology and
magnetocaloric properties of the LCMO Nanomaterials. The structure and morphology
were investigated using XRD, TEM and SEM. Magnetic measurements revealed that the
nanoparticles undergo a second order magnetic transition with the PM-FM transition.
The maximum change in magnetic entropy was found to be 2.3 J/kgK at 190 K, the
relative cooling power (RCP) that is used to evaluate magnetic refrigeration properties

was determined to be 135 J/kg for a field change of 0-3 T.



Appendix B

Magnetic, magnetocaloric of rare
earth (R= Eu, Pr) doped perovskite

manganites LagsRg 1Cag 4MnOj

The present appendix present the magnetic and magnetocaloric properties of the
Lag5R0.1Cap4MnO3 (R=La, Eu, Pr). Perovskite manganite Lag ;R 1Cag4MnO; (R=La,

Eu, Pr) Nanomaterials were prepared by solid state reaction.
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Figure B.1: XRD patterns LECMO
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Figure B.2: XRD patterns LPCMO
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Figure B.3: Isothermal magnetization (M-H) measured from 100 to 300 K for LECMO
(R=Eu) and LPCMO (R=Pr)



155

6] R=Pr —a—1T

AS(JIKgK)
AS(Jlkg K)

Figure B.4: Magnetic entropy change for LECMO (R=Eu) and LPCMO (R=Pr)
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In this work, we report a detailed theoretical study dealing with the magnetic and thermal features of the
intermetallic compound AlFe,B, close to room temperature. The magnetocaloric properties in terms of both
adiabatic temperature (AT,q) and magnetic entropy (ASp,s) changes were determined using the Monte Carlo
approach, while the thermodynamic performances were simulated according to the active magnetic refrigeration
(AMR) model. Under a magnetic field changing from 0 to 5T, the AS.,,; and AT,q reach maximum values of
7.75J/kg K and 3.74 K close to 290 K, respectively, being in good agreement with previously reported experi-
mental values. In contrast, the calculated relative cooling power (RCP) was found (480 J/kg) to largely exceed
the reported experimental value in early works. On the other hand, the implementation of AlFe,B, as a re-
frigerant in a 1'T-AMR device would enable to generate a maximum no-load temperature span of about 10 K and
a maximum cooling power of 50 W for a low operating frequency of 0.5Hz. These findings unveil that the
relatively cheaper AlFe,B, compound and its derivatives could be a promising alternative to the rare earth-based
alloys in magnetic refrigeration.
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built [2,6]. It is worth noting that from a practical point of view, the
suitable magnetocaloric material must exhibit a large MCE under re-
latively low magnetic fields (< 2 T) that can be reached via permanent

1. Introduction

The thermal energy derived from conventional techniques such as

gas expansion system is no longer desirable because of their harmful
effects on the environment, since the orientation towards clean and
efficient technologies seems necessary. In this context, magnetic re-
frigeration based on the magnetocaloric effect (MCE) [1] is considered
as a promising cooling technique that allows to fully eliminating the
harmful synthetic refrigerant, usually used by standard refrigerators
such as chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs) or
hydrochlorofluorocarbons (HCFCs). In recent decades, new advanced
solid magnetic refrigerants have been reported [2]. Some of among
them were directly tested in functional magnetocaloric devices [3-5].
Also, following a parallel effort, innovative cooling devices have been

magnets.

Giant magnetocaloric compounds near room temperature, such as
GdsSisGey [7], LaFe;5.4Siy [8,9]1, Y.4Gdo ¢Cos [10] and MnFeP(As, Ge)
[11] are the subject of current research and development. In this study,
we report results to the intermetallic compound AlFe,B,. The most well
known application of transition metal borides such as Nd,Fe;4B is their
utilization as permanent magnets in several domains [12]. In this paper,
we are mainly interested by magnetothermal properties. Particularly,
the AlFe,B,-Based compounds offer key advantages for application in
magnetic refrigeration when compared with the reference gadolinium
metal such as their low cost. In fact, for a large-scale commercialization
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Perovskite manganite (1-x)Lag sCap4MnO3/xMn,03 (x = 0, 0.05. 0.1, 0.15, 0.20) composites were prepared by
solid state reaction method. X-ray diffraction measurements were used to confirm the crystal structure and
the average crystallite size of the samples. Their magnetic, magnetocaloric and heat capacity properties
display a presence of second order magnetic phase transition at 260 K. The maximum magnetic entropy

change was found to be 5.33 J/kgK for x = 0.1 of Mn,03 under 5 T. The relative cooling power (RCP) was

Keywords:
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found (235 J/kg) to largely exceed that reported in early works for a similar family of materials. In addition,
the RCP of the mother alloy is enhanced by more than 20% under 32 kOe without affecting the Curie
temperature that remains approximately constant close to 260 K. Our results suggest that the addition of
Mn;053 could be useful for the enhancement of the LCMO refrigerant capacity without affecting the Curie

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Global demand for energy grows continuously. The international
energy agency-energy perspectives have analysed the strategy to
reduce the global energy consumption and CO, emissions, and re-
ported that the largest energy savings potential is in heating and
cooling demands, due to building envelope improvements and the
utilization of energy efficient equipments [1]. As a response to these
technological and environmental challenges, the orientation toward
green technologies has become a necessity. Magnetic refrigeration
based on the magnetocaloric effect (MCE) that is shown by certain
magnetic materials is a very promising cooling technique that would
enable partly overcome these environmental issues. In fact, this
emerging technology operates without the harmful chloro-
fluorocarbons or hydrochlorofluorocarbons fluids neither the com-
pressor which may significantly contribute to the reduction of
greenhouse gas emissions, the enhancement of energy efficiency

* Corresponding author at: LaMCScl Laboratory, B.P. 1014, Faculty of science.
Mohammed V University in Rabat, Morocco.
E-mail addresses: elboukiliaicha@gmail.com,
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while making the cooling devices more compact [2]. However, the
design of appropriate materials is essential for the development of
this emergent technology.

The topics of magnetocaloric materials and magnetic cooling
systems were a subject of numerous studies, with the aim to dis-
cover new magnetocaloric materials presenting high magnetocaloric
effect (MCE) levels. Initially, the magnetocaloric materials used in
the active magnetic regenerator (AMR) systems studies were the Gd
and some related alloys such as GdTb, GdDy and GdEr [3,4]. How-
ever, the use of such magnetic refrigerants is limited because of their
high cost and weak chemical stability.

Recently, perovskite manganites of the general formula
La;_xAxMnOs, with A = Sr, Ba, Ca. have attracted much attention as
working refrigerants in magnetic cooling applications because of
their several advantages such as, low cost, easy preparation, grain
size control via heat treatment, and high chemical stability [5-9]. In
this work, we study one of the La;_,Ca,MnO3; compounds that pre-
sent rich magnetic and electronic properties leading to fascinating
phenomena such as, the colossal magnetoresistance, and large
magnetocaloric effects [10-13]. Many studies on Ca doping are de-
voted to RMnOs. In CapgsRp1sMnO3 (R = Sm, Dy) materials the Ca
replacement by larger R-ions (R=Sm, Dy) induces ferromagnetism
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ABSTRACT

In this work, we report a numerical analysis and performance parameters of LapsCaosMnOs
perovskite manganite as active magnetocaloric material (MCM) in an active magnetic refrigeration
cycle (AMR). This material displays a second-order phase transition at 260 K. The needed
magnetocaloric parameters for the AMR model such the adiabatic temperature (ATag) change and
the heat capacity (Cp) of the solid material were taken from previous studies, while the
thermodynamic performance are calculated according to the one-dimensional (1D) AMR model
and, investigated as a function of frequencies and fluid flow rates. The implementation of
LaosCao4MnO3 material as a refrigerant in a 1 T-AMR device would enable to generate a maximum
no-load temperature span of about 11 K, a maximum cooling power of 62 W and a coefficient of
performance of 0.5 at 10 K temperature span for a low operating frequency of 0.5 Hz.

Keywords: Magnetic Refrigeration, Cooling properties, Heat Transfer, AMR Cycle, COP,
Magnetocaloric Material.

1. INTRODUCTION

Refrigeration is vital in a wide variety of applications such as building, transportation and food
preservation. However, until today the traditional cooling technologies that are based on the
compression-relaxation of some synthetic refrigerants remain as one of the biggest sources of
greenhouse gases (GHG) emissions. On the other hand, the conventional refrigeration markedly
enhances the electric energy consumption on account of its lower thermodynamic efficiency, being
indirectly responsible for atmospheric pollutants emissions. In contrast, the magnetic refrigeration
which is based on the magnetocaloric effect (MCE) seems to be an interesting alternative because
of its potential high efficiency as well as the absence of the harmful CFCs and HFCs gases usually
present in conventional refrigerators (Balli et al., 2017). The magnetic materials (ferromagnets and
paramagnets) heat up in the presence of magnetic field and cool down when the magnetic field is
removed. Usually the MCE presents its maximum in the magnetic phase transition region and can
be amplified in functional devices by using the AMR thermodynamic cycles (Kitanovski et al.,
2015).

Since the experimental discovery of the MCE in a sample of Ni by (Weiss and Picard, 1917),
several experimental and theoretical research works were devoted to the investigation of
magnetocaloric materials and understanding the mechanisms behind their magnetic and thermal
features. For example, (Tishin, 1990, 2003) used the molecular field theory (MFT) to quantify the
crucial thermo-physical properties such as specific heat (Cp) adiabatic temperature change (AT ad)
and entropy change (AS) of several rare earth and transition metal elements (Gd, Tb, Dy, Ho, Er,
Tm, Fe, Ni, Co). It should be noted that the gadolinium metal which is a reference for
magnetocaloric materials is widely used in magnetic refrigeration because of its excellent
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Abstract— The present work reports numerical study of a linear
reciprocating magnetic refrigerator operating at room
temperature. The model's geometry considers parallel plates of
Magneto-caloric Materials used as a refrigerant, separated by
microchannels of water as a heat transfer fluid. To investigate the
energetic performance of our magnetic cooling system, the
temperature span between cold and hot sides of the bed
regenerator and the coefficient of performance (COP) of the
device were evaluated. Furthermore, numerical predictions are
also exploited to optimize the controlling parameters such as,
mass flow rate, the operation frequency of the magnetic
refrigerator, by studying their effects on the characteristics of the
heat transfer and fluid flow within the bed regenerator.

Keywords-component; Magnetic refrigeration, Active Magnetic
Regenerator, energetic performance, environment, heat transfer,
Numerical modeling.

L INTRODUCTION

Refrigeration process is in continuous development. But
until today, the traditional technique based on the refrigerant
compression, remains the dominant technique with high yield
as a second biggest source of greenhouse gas emissions after
electricity, and significant responsible of huge increase of
energy consumption. As stated by the international energy
agency (IEA), the overall world electricity consumption of
2016 is estimated at 23816 TWh, of which 67% is produced
from fossil fuels [1]. In this spirit, we noticed the enhanced
interest of the researchers to innovate new clean technologies
for cold production, such as: Thermoelectric refrigeration
named the Peltier effect [2], Thermoacoustic [3], Adsorption
cooling system [4], and Magnetic cooling [5].

Nowadays, magnetic cooling attracts more interest, due
to its several advantages compared to the conventional heating
and cooling systems such as high theoretical efficiency and
environmental safety. The latter consists in exploiting the
magnetocaloric effect of some magnetic materials, which

exhibits a giant magnetocaloric effect, by using the entropy

variation of these specific materials (gadolinium and some of
its alloys) submitted to a magnetic field [6]. Hence, these
magnetic materials heat up when applying a magnetic field and
cool down when the magnetic field is removed. This effect is
greatest around the transition temperature and can be exploited
to make a thermal-cycle known by AMR cycle, and equivalent
to conventional thermodynamic cycle of compression and
expansion of a gas.

Significant research studies, both experimental and
theoretical, has been carried out on the use of magnetocaloric
effect for refrigeration after 1917 [7] when Weiss and Picard
discovered a reversible heating of a nickel sample observed
near its curie temperature of (354°C) when the sample was
exposed to a magnetic field, this discovery is called a “novel
magnetocaloric phenomenon”. On theoretical works, we found
Tishin [8,9] who used the molecular field theory (MFT) to
quantify the crucial thermo-physical properties cp, ATaqg, AS of
magnetocaloric materials, that exhibit both first and second
order magnetic phase transitions (Gd, Tb, Dy, Ho, Er, Tm, Fe,
Ni, Co) used as a refrigerant by magnetic cooling devices. It
should be noted that One of the problems of existing MCMs is
the adiabatic temperature change (ATa.) or magnetocaloric
effect (MCE) limit. AT,g of gadolinium under 1Tesla magnetic
field is around 3 K and 9 K under 5 Tesla magnetic field, for
this reason research orients itself to find new magnetic
materials which exhibits a giant magnetocaloric effect, with
large MCE chiefly at induction fields close to 2 T and close to
room temperature [10], with large entropy change as well as
large adiabatic temperature change that offers the promise to
surmount the gadolinium powders used in the current rotary
refrigerator as Gds(SiGe») [11].
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Résumé

La conversion d’énergie magnétocalorique est une technologie de production de froid basée sur [ effet
magnétocalorique (EMC). Ce dernier est un phénoméne physique qui se traduit par le refroidissement
ou [’échauffement de certains matériaux sous [’action d 'un champ magnétique. L ‘objectif de la présente
thése vise a estimer le potentiel d’application de ce phénomene dans la technologie de la réfrigération
magnétique.

Ce travail est divisé en deux parties. La premiére partie concernait [’étude de la physique de
[’(EMC) et les résultats expérimentaux et théoriques obtenus pour deux familles de matériaux. Ainsi,
des composeés a effet magnétocalorique géant de formule AlFe;B, et des oxydes de type manganite
(La;-xAxCao4Mn0Os) ont été explorés en ce qui concerne leurs propriétés structurales, magnétiques et
magnétocalorique, ainsi que leur utilisation comme source d’énergie dans les dispositifs de
réfrigération magnétique. Les propriétés thermomagnétiques du réfrigérant solide ont été
déterminées en utilisant la théorie du champ moléculaire et des simulations de Monte Carlo ainsi
que par des mesures expérimentales. La deuxiéme partie est axée sur le développement d’un modéle
numérique 1D pour optimiser le systeme de régénérateur magnétique actif. Ce modéle permet
de calculer et simuler le fonctionnement du cycle de réfrigération magnétique actif (AMR) afin
de prédire les performances thermiques du cycle et par conséquent de contribuer a la
compréhension du couplage magnétothermique complexe entre le fluide caloporteur et /’effet
magnétocalorique de réfrigérant solide dans un dispositif magnétique.

Mots-clés: Réfrigération magnétique, Matériaux a effet magnétocalorique géant, Source de champ a

aimants permanents, Réfrigération magnétique a régénération active (AMRR).
Abstract

Magnetocaloric energy conversion is a cooling technology based on the magnetocaloric effect (MCE).
The latter is a physical phenomenon which results in the cooling or heating of certain materials under
the action of a magnetic field. The objective of the present thesis aims to estimate the potential of
application of this phenomenon in magnetic refrigeration technology.

This work is divided in two parts. The first part involved the study of the MCE physics and the
experimental and theoretical results obtained for two different material families. Thus, compounds with
a giant magnetocaloric effect with the formula AlFe;B; and manganite (La;-A«CaosMnQs) were
explored in regard to their structural, magnetic and magnetocaloric effect properties, as well as for use
as the energy source in magnetic refrigeration devices. The thermomagnetic properties of the solid
refrigerant have been determined by using the Mean field theory and Monte Carlo simulations as well
as by experimental measurements. The second part is focused on developing a 1D numerical model to
optimize the active magnetic regenerator system. This model is used to calculate and simulate the
operation of active magnetic refrigeration cycle (AMR) in order to predict thermal performances of the
cycle and consequently to contribute to the comprehension of the complex magneto-thermal coupling
between the carrier fluid and the magnetocaloric effect of solid refrigerant in the magnetic device.

Keywords: Magnetic refrigeration, Magnetocaloric effect, Permanent magnets field source, Active
magnetic regenerative regenerator system (AMRR).
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