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General Jntroduction

General Jintraduction

Perovskite compounds are a significant area of study in the field of materials science and
applied physics. They are distinguished by their unique three-dimensional crystalline structure
and possess a wide range of noteworthy properties, such as superconductivity, semiconductor,
ferroelectric insulation, and many others. These properties vary depending on the specific

elements and structure of the compound.

Among the essential properties, magneto-thermal properties have gained considerable
importance. The majority of materials used in this field are based on gadolinium, which is an
element classified as both rare and precious. Gadolinium is not abundantly distributed in the
Earth's crust, making its extraction and production challenging and expensive. The escalating
demand for gadolinium raises concerns about the depletion of its resources. Consequently,

researchers have been exploring alternative materials.

One such intriguing alternative is the compound LaMnOs, which stands out as a
prominent example of perovskite materials. Studies have demonstrated that doping LaMnO3
with elements such as strontium (Sr) and calcium (Ca) introduces significant magneto-thermal
properties, making it suitable for applications in magnetic cooling. As a result, we conducted
the synthesis of LaMnOz doped with magnesium (Mg) using a sol-gel method at various

concentrations.

This research aims to investigate the potential of Mg-doped LaMnO3z and its suitability
for utilization in magneto-thermal applications, thereby addressing the concerns surrounding

the limited availability and high cost of gadolinium.

e Chapter I: This chapter will provide a comprehensive scientific overview of the
perovskite structure. It will start with a general description of the structure, followed by
an examination of the conditions required for its stability and various methods for its
synthesis. Furthermore, the chapter will explore the physical properties of perovskite
and explore potential applications associated with this structure.

e Chapter I1: The second chapter is a review of the methods and materials that were used
in this work, starting with the used raw materials in the preparation method to the
deferent types of analysis that have been done, the sample making, and ending with the

used equipment.
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e Chapter Ill: The third chapter is mainly a discussion to the LagMgxMnOs

composites analysis results which consists of :

v
v

<

A thermal study to the behavior of Lap.7MgosMnOz using TG/DTG and DSC.
Analysis by XRD for Lap.7MgosMnOs .

The calculation of activation energy Ea and Avrami coefficients m, n and the
oscillation coefficient ko in integral isoconversional methods and differential
isoconversional methods.

Qualitative analysis of Lai-xMgxMnOs in terms of treatment temperature .
The calculation of crystal size (from the XRD data) and Tolerance Factor.
The calculation of the expansion coefficient is performed using two methods:
firstly, by utilizing dilatometric equipment, and secondly, through local
analysis using in situ XRD (HTK-XRD).
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I.1. Introduction

Perovskite structures, named after the Russian mineralogist Perovski , are one of the
most fascinating structures found in nature. Their basic chemical formula is ABX3s, where A
and B are metallic cations and X is typically an anion, most commonly oxygen. The packing of
these anions is compact and creates spaces or "interstices" for the larger A and smaller B
cations. In terms of their valency, the A cation can be mono-, di-, or trivalent, while the B cation
can be divalent, trivalent, tetravalent, or pentavalent. This range of valencies allows for a vast
array of combinations and possible substitutions, either partial or total. This results in an
immense number of potential compounds that can be derived from the base Perovskite
structure. Furthermore, the physical and chemical properties of these compounds are heavily
influenced by a multitude of factors.

These factors include the type and oxidation states of the cations, the stoichiometry of
the anionic and cationic elements, the precise configuration of the crystalline structure, and the

techniques used in the compound's synthesis and processing.

LaMnOs perovskite is the foundational compound for a range of manganese-based
materials, following the general formula A1.xBxMnOz. When doped with alkaline-earth cations,
these materials showcase exceptionally large variations in electric and thermal conductivity
when exposed to external magnetic fields. This notable effect, coined as "colossal
magnetoresistance,” was first discovered in 1994 by Jin and his team. However, the exact cause
of this potentially beneficial property remains largely unknown, and while doping plays a
crucial role, its specific function is not entirely understood. What is well established is that these
oxides' significant magnetoresistance is linked to a unique metal-insulator transition involving
a complex interaction of magnetic, charge, and orbital degrees of freedom. The understanding
of these metal-insulator transitions requires a deep knowledge of the electronic structure of the
parent compound material. Groundbreaking neutron diffraction research by Wollan and
Koehler demonstrated that undoped LaMnO3z behaves as an A-type antiferromagnetic (AAF)
insulator, with antiferromagnetic coupling in the b direction and ferromagnetic coupling in the

ac planes.

Doping this material alters its magnetic ordering, which can result in a ferromagnetic
cell or several types of antiferromagnetic cells, depending on the degree of doping. Alongside
this, and again contingent on the amount of doping, the compound can exhibit a mixed valence

character. The combination of these attributes, together with the variety of possible metal-
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insulator transitions, leads to a rich and exceedingly complex phase diagram for this class of
materials.

Overall, the Perovskite structure presents an extraordinarily versatile framework in the
world of materials science and chemistry due to its flexible nature and the vast range of

compounds it can generate.

1.2. The Perovskite Structure

One of the most impressive structures ever is the perovskite structure. Perovski, a
Russian mineralogist, made the discovery of calcium titanate (CaTiO3z) in 1839, which is
regarded as the discovery that gave rise to perovskite. Materials with the same type of crystal
structure as CaTiOs are known as perovskite materials [1]. Perovskite materials are generally
described by the chemical formula ABX3s [2].

The ABO3 perovskite structure can have various cations occupying its A and B sites.
The A site can be occupied by monovalent cations such as M*! (e.g., Na, K, ..), divalent cations
such as M?* (e.g., Ca, Sr, Ba,), or trivalent cations such as M3 (e.g., La, Fe). On the other hand,
the B site can be occupied by pentavalent cations such as M®* (e.g., Nb, W), tetravalent cations
such as M** (e.g., Ce, Ti), or trivalent cations such as M3* (e.g., Mn, Fe) [3]. For the formation
of the perovskite structure, the sum of the valence numbers of the binary compounds( A*™,B*")
must be equal to +6 for the overall charge to be neutral [4].

In addition to insulators (like the majority of perovskites, which have high electrical
resistivities), the materials also include semiconductors, superconductors, and ionic
conductors [3]. The ions occupying lattice sites A and B are detailed in Figure 1. 1 [5].

The ideal cubic perovskite structure is shown in Figure I. 2, where the A cations are
shown at the corners of the cube, and the B cation in the centre with oxygen anions in face-
centered positions. Cubic perovskites have the space group Pm3m, and the equivalent positions
of the atoms are detailed in Table I. 1 [6].

Table I. 1: Atoms positions on cubic perovskites [8].

A at the origin B at the origin
A(0,0,0) B(0,0,0)
222 G232
oi(033) o, (300)
o:(303) o:(03.0)
o:(339) 0.(003)
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Perovskites 144 |

B IVB \B VIB VIIB VIIB = } H
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Figure 1.1 : Periodic table showing the elements occupying the cationic positions of site A, B
and the anion positions of site X in the perovskite structure [5].

(a) (b)

Figure 1.2: ABX3 perovskite structure cubic, (a) B at the origin, (b) A at the origin [7].
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1.3. Types of Perovskite

There are generally two types of perovskites (Simple and Complex perovskite structure)
following the occupation of the A and B sites [9]:

Simple perovskite structure
In this case, The A and B cations are occupied with one type of atom (BaTiOgz, PbTiO3, CaTiOs

)

Complex perovskite structure
In this type from the structural composition, A or B are occupied with two types of atoms:
PbScosTaps03, NaosBiosTiOs,...

1.4. Conditions for The Stability of Perovskite Structure

The stability of the perovskite structure relies on three necessary factors: the tolerance
factor, the Jahn-Teller effect, and the Glazer classification, which will each be discussed one
by one in the following section

1.4.1. Tolerance Factor

The tolerance factor (or Goldschmidt factor), denoted as t, is an important stability
criterion of the perovskite structure. This factor can be calculated as shown in figure 1.3 using

the following formula [10]:

— (RA+RX) I 1
\/Z(RB+R)() '

@ o

¥

2(Ra+Ry)=v2a (c) (Rg+Ry)=a/2 (b)

Figure 1.3: Calculation of the Goldschmidt Tolerance Factor for a Cubic ABX3
6
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Ra, Rg, and Rx are the radii of cations A and B and anion X, respectively. The symmetry

changes depending on the value of 7, as shown in the Table 1.2

Table 1.2 : Distortions of perovskite structure according to the values of t[11] .

0.75<t<1.06
perovskite
t<0.75 0.75<t<0.95 | 0.96<t<0.99 | 0.99<t<1.06 t1.06
ilmenite orthorhombic | rhomboedric cubic hexagonal
distortion distortion

1.4.2. Jahn-Teller Effect

The Jahn-Teller effect, named after Hermann Arthur Jahn and Edward Teller, is a
geometric distortion of molecules and ions that is associated with certain electron
configurations. This distortion leads to a lower overall system energy, and thereby stabilizes
the molecule or ion. It is particularly observed in octahedral coordination compounds and in
certain types of perovskite ABOz materials. In ABOsz perovskite structures, the B cation is
typically six-fold coordinated with oxygen, creating an octahedral geometry. If the B cation is
a transition metal with a degenerate (equal energy) electron configuration, the Jahn-Teller effect

can come into play.

The Jahn-Teller theorem states that any non-linear molecule with a spatially degenerate
electronic ground state will undergo a geometrical distortion that removes that degeneracy,
because the distorted molecule has a lower total energy than the undistorted molecule. The
distortion typically involves elongation or compression of the bond lengths, or a change in the

bond angles, resulting in a distortion of the BOe octahedra in perovskite materials.

in perovskite materials like LaMnQs, where Mn is in a 3+ state (Mn®*), the high-spin d electron
configuration is degenerate. According to the Jahn-Teller theorem, this degenerate state will
cause the MnQOs octahedra to distort, resulting in an elongation or compression of the Mn-O
bond lengths. This distortion can significantly affect the physical properties of the perovskite,

such as its electronic, magnetic, and optical properties.
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The Jahn-Teller effect can also cause a splitting of the energy levels in the d orbitals of the B
cation, which can affect the way the material absorbs and emits light. This is particularly
important in perovskite materials used in photovoltaic and light-emitting applications. Overall,
understanding the Jahn-Teller effect is critical in tuning and predicting the properties of ABO3

perovskite materials, and thereby optimizing their performance in various applications.

The deformation of crystal structure can be caused by elongation or compression in the
octahedrons BOg, and this effect is known as the Teller-Jahn effect. The B cations are located
in the center of the oxygen octahedron with a d3 upper electronic layer, as This layer has five
orbitals (d;2,dx2y?,0xy,dyz,0xz). In addition, these five atomic orbitals can subdivide into the Tag
and Eg energy levels. While Ty consists of three orbitals, Eq consists of two orbitals.
Additionally, the energy generated by the T4 orbitals is lower than the energy provided by the
Eq orbitals.

The Teller-Jahn effect leads to a degenerate state of energy levels in Toq and Eq orbitals.
This effect exists in specific electronic configurations depending on number of electrons and
the spin orientation (up or down). This effect states, "For the asymmetrical occupation of
orbitals in non-linear, the molecule must be distorted to reduce the symmetry and energy in the
system.” And this is done based on the electrons in the d3 layer of B cations. In addition, the
levels of the Toy and E4 orbitals are energy-separated decreases to stabilize the deformed

structure and minimize it in the total energy of the system, as shown in figure (1.4) [12, 13]

:E N p .\-A

(i

! 8 R A5 ) 2
' Xy
[ Y L
3d .

Atome libre". I "
“‘ ‘_.- ll»\:l' e} “

o I ® b
ll.\:. l[r: e x ol ' a
d, °

Effet du champ cristallin ~ Effet Jahn-Teller < o

Figure 1.4: The splitting of the 3d electron layer in cation B due to the Jahn-Teller effect[3].
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1.4.3. Glazer Classification

The Glazer notation, named after A. M. Glazer, is a way of classifying the different
types of tilts and rotations that can occur in the BOs octahedra in perovskite ABOs structures.
These tilts and rotations can have a significant effect on the properties of the perovskite,
including its electrical, magnetic, and optical properties.

In 1972, Glazer proposed a notation that allowed classifying all the octahedron rotations
about the three axes in the perovskite structure. This notation describes 23 tilt systems that have
been studied since then by Woodward as well. Tilt is explained by determining the rotation of
the octahedron around the three possible axes of the ideal perovskite structure [14, 15] . The
rotation around each axis is described by two symbols [16]:

e The first symbol

The letters a, b and c are used to denote the magnitudes of tilt about the [100], [010] and [001]
pseudocubic axes sequentially .

¢ The second symbol

The second symbol indicates whether the rotation of adjacent layers is in the same direction (+)
or the opposite direction (-) around the axis. The symbol 0 indicates the absence of rotation
around the considered axis. Figure (1.5) is an example shows Glazer's observations for

different groups

- % . -
Pm-3m a'a’a’ Pnma ab a [4/mem ' a'c

.

/l 4l

2) b)

Figure 1.5: Example of Glazer's observations for different groups[12].
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e a’a’a’: This describes the ideal structure of the perovskite with the cubic space group Pm-
3m.

e ab"a: The rotational capacity around the a and c directions are the same but different in b
direction. The neighboring octahedral rotations are opposite in the a and ¢ directions but
identical in the b direction. This representation corresponds to the space group Pnma.

e a’a’c : The rotational capacity occurs along the a and b axes (i.e. in the basal plane), but
there is rotation along the ¢ axis with opposite movement between each layer. This

representation corresponds to the space group 1/4 mcm[12].

The Glazer notation provides a useful tool for understanding and predicting the properties of
perovskite materials based on their crystal structure. Understanding the relationship between
the tilt system and the properties of the perovskite can help in the design and optimization of

perovskite materials for specific applications.
1.5. LaMnO3z Compound

Lanthanum manganite is an inorganic compound with the chemical formula LaMnOs,
often abbreviated as LMO. It is formed in the perovskite structure, consisting of an oxygen
octahedral with a central Mn atom shown in figure 1-6 [17]. So far, LaMnOs3 has been proven
to possess peculiar electrical and catalytic properties in the sensor field [18]. It has been

demonstrated that those properties strongly depend on the preparation method[19].

Lanthanum manganite contains La and Mn in the +3 oxidation state. When some La
atoms are replaced with divalent atoms like Mg or Ba, an equivalent amount of tetravalent Mn**
atoms is introduced. Such substitution, or doping can induce various electronic effects,which
form the basis of a rich and complex electron correlation phenomena that yield diverse
electronic phase diagrams in these alloys. These effects form the foundation of a complex

electron correlation phenomenon that yields a rich and diverse set of outcomes.[20].

Figure 1. 6: Ideal cubic perovskite LaMnO3 [21].

10
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1.6. Property of LaMnO3

LaMnOs, or Lanthanum Manganite, exhibits numerous interesting properties due to its
perovskite structure and the interplay of the atoms within that structure. Here are some of the

significant properties:

Magnetic Properties: LaMnO3z shows antiferromagnetic ordering below a certain temperature
known as the Néel temperature, typically around 140 K. Antiferromagnetism is a phenomenon
in which the magnetic moments of atoms or ions in a crystal lattice align in a regular pattern
with neighboring spins pointing in opposite directions, resulting in zero net magnetization. This
behavior results from superexchange interactions between Mn®* ions mediated by oxygen.

Jahn-Teller Distortion: The Mn** ion in LaMnOs is subject to a strong Jahn-Teller effect, a
geometric distortion of the MnQOs octahedra that lifts the degeneracy of energy states in the
system, reducing its overall energy. The Jahn-Teller distortion in LaMnQO3 is responsible for its
antiferromagnetic properties and contributes to the observed electronic and structural properties

of the material.

Colossal Magnetoresistance (CMR): Although pure LaMnOs3 does not exhibit CMR, doping it
with divalent ions like Sr?* to form La;xSrxMnQOj3 creates mixed-valence manganites that can
show this effect. CMR is a dramatic change in electrical resistance in the presence of a magnetic
field. It's a phenomenon with potential applications in magnetic field sensors and data storage

technology.

Dielectric and Ferroelectric Properties: LaMnOgz can also exhibit strong dielectric behavior and
show signs of ferroelectricity under certain conditions. This means it can polarize in response
to an electric field and retain this polarization even after the field is removed. These properties

make it potentially useful in capacitors and other electronic components.

Thermal and Chemical Stability: LaMnOs is stable over a wide range of temperatures and
resistant to many chemical reactions, making it durable for use in various environmental

conditions.

Optical Properties: The band gap (energy difference between the valence band and conduction
band) of LaMnOs is in the visible light region. Therefore, this material also shows potential for

use in optoelectronic devices.

The ability to adjust these properties by doping LaMnOs with various elements makes it a

fascinating compound for research in solid-state physics, materials science, and various

11
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technological applications. However, while there has been substantial research on LaMnQOs,

the exact mechanisms underlying some of its properties, such as CMR, are complex and not

fully understood, remaining an active area of study.

1.6.1 Property of LaMnOgzat High Temperature

LaMnOs is a perovskite-structured compound that displays interesting physical properties due

to the interactions between the spin, charge, and lattice degrees of freedom in the Mn3+ ions.

Some properties of LaMnO3 at high temperatures include [17]:

Structural Changes: At high temperatures, structural changes may occur in LaMnO3. At
room temperature, LaMnO3 adopts an orthorhombic perovskite structure. However, above
certain temperatures (usually above 800°C), it can potentially transform to a more

symmetrical.

Electrical Conductivity: At room temperature, LaMnO3 behaves as an insulator, but it can
become a conductor at high temperatures. This transition is usually due to thermal excitation

of electrons to the conduction band.

Magnetic Properties: LaMnOs is a type of compound known as an insulator. It
demonstrates an interesting magnetic behavior called antiferromagnetism at low
temperatures, but this can change with increasing temperature. At high temperatures,

thermal agitation can cause a transition to a paramagnetic state.

Thermal Expansion: Like other materials, LaMnO3 typically expands as it is heated. This
is due to the thermal agitation of the atoms, which increases the average separation between

them.

lonic Conductivity: High-temperature can potentially enhance the ionic conductivity of
LaMnOs. This is typically the case for oxide materials, as vacancies in the crystal lattice
(usually oxygen vacancies) become mobile at high temperatures, leading to ionic

conduction.

However, please note that the exact changes in the properties of LaMnO3z will depend on the

specific conditions, including the precise temperature and the surrounding environment.

12
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1.6.2 Property of LaMnOs at Low Temperature

At low temperatures, LaMnOz primarily behaves as an antiferromagnetic insulator,
exhibiting an orientation of neighboring manganese atomic spins in opposite directions, thereby

resulting in a net magnetization of zero.

Additionally, this antiferromagnetic behavior is typically accompanied by a Jahn-Teller
distortion a~ minor lattice distortion that results from the elongation or compression of the
MnQs octahedra within the perovskite structure. This distortion is supposed to be intimately
connected with the hybridization between Mn 3d and O 2p orbitals, significantly influencing

the magnetic and electronic properties of LaMnO:s.

In its low-temperature state, LaMnO3 also exhibits "orbital ordering,” a phenomenon in which
the electronic orbitals of the manganese ions arrange themselves in a periodic pattern. This
ordering is closely associated with both the Jahn-Teller distortion and the antiferromagnetic
ordering, demonstrating the interplay between the lattice, charge, spin, and orbital degrees of
liberty in LaMnOa.

Furthermore, the electronic and magnetic properties of LaMnOs can be dramatically
manipulated through doping or application of external pressures. This can introduce a boost of
intriguing phenomena such as colossal magnetoresistance, charge ordering, and even
multiferroic behavior, all of which offer a rich playground for the exploration of correlated

electron physics and potential technological applications.

It is evident that LaMnOs serves as an archetype of a class of complex oxides where interplay
among multiple degrees of liberty leads to a wide array of physical phenomena. These
characteristics, coupled with the potential for manipulating them for technological uses, make

LaMnOs an attractive topic of research in the field of materials science [17].
1.7. Effects of Mg Doping on LaMnOs3

Mg is an alkaline earth element that can replace both La and Mn sites in LaMnOg3, studies
have shown that Mg substitution at the A-site of LaMnOs can enhance the formation of Mn4+
ions, leading to improved catalytic activity in the combustion of volatile organic compounds .
However, Mg substitution at the A-site of LaMnOs3 can cause the total charge imbalance of B-
site, which significantly improves the amount and reactivity of surface active oxygen species.
in addition, MgO has been proven to improve the thermal stability , pores structure and NO

adsorption and activation ability of catalysts[22, 23].

13
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1.8. Perovskites: Synthesis and Processing Methods

synthesis of perovskite materials, a variety of approaches have been employed, including
solid-state reaction from oxides, solegel, hydrothermal synthesis, high-pressure synthesis, and
mechanically-activated synthesis, among others. This research acknowledges the complexity of
such processes, as different procedures may yield compounds with identical chemical
compositions yet display significant variations in crystalline symmetry and structure.

1.8.1 Solid-State Method

Solid-state reactions involve mixing raw materials and final products in a solid-state,
allowing nitrates, carbonates, oxides, and other substances to be combined in stoichiometric
ratios. Perovskites can be synthesized through solid-state reactions by mixing carbonates or
oxides of A- and B-site metal ions in the appropriate proportions to achieve the desired
composition of the perovskite formula ABOs [24, 25]. They are ball milling effectively in an
appropriate milling media of acetone or isopropanol . Then the obtained product is dried at 100
°C and calcined in air at 600 °C for 4-8 h under heating/cooling rates of 2 °C/min. After that,
the calcined samples are ground well and sieved. Then it was calcined again at 1300-1600 °C
for 5-15 h under the heating/cooling rate of 2 °C/min to confirm the formation of single phase

of perovskite. Again grinding and sieving was carried out for the calcined samples[26].
1.8.2 Sol-Gel Method

The sol-gel technique allows for the production of materials through simple chemical
reactions carried out at temperatures close to room temperature [27]. This method has the

advantage of being fast and producing chemically pure materials with nanometric sizes.
The operating protocol for this technique consists :

First of all , Dissolving the precursor materials as nitrates in distilled water using magnetic
stirring on a hot plate.

At T=70°C , Quantities of citric acid are added in order to complete the homogeneity of the
solution.

By increasing the temperature up to 180°C, the solution is slowly evaporated and a viscous gel

is formed. This gel, when heated to 350°C, results in a black powder.
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1.8.3 Coprecipitation Method

Coprecipitation is easy to implement and it also makes it possible to control the homogeneity
of the sizes as well as the morphology of the crystallites.

This method involves coprecipitating metal chloride precursors in an aqueous phase by adding
sodium hydroxide (NaOH) under high-speed agitation. The resulting synthesis suspension is
then introduced into a boiling water bath and stirred for 2 hours, followed by 30 minutes of
agitation. A brown precipitate obtained after rinsing and filtration is heated for 2 hours at 100°C
then at 700°C. Nanoparticles are then obtained after cooling[3]. However, this technique has
some drawbacks such as the loss of stoichiometry during the filtration steps due to the inevitable
difference in solubility between the precipitates and generally the formation of aggregates
during synthesis[28].

1.8.4 Mechanosynthesis Method

Mechanosynthesis has gained significant interest due to the growing interest in
nanomaterials and metastable materials. It is defined as a process of synthesis of materials by

dry grinding in a high energy[29].

The elaboration by mechanosynthesis consists of mixing, by grinding, micrometric
powders (1 to 50 um) of several alloys. The powders are introduced into a jar containing steel
or tungsten balls. The whole is vigorously agitated, allowing for plastic deformation
accompanied by high-energy mechanical wear. Phase transitions under mechanical shock lead
to the formation of compounds defined (intermetallic) but also make it possible to develop
supersaturated crystalline solid solutions, high temperature crystalline phases, nano
composites , It should also be remembered the strong potential of this technique in the synthesis

of amorphous materials[3].
1.9. Perovskite Materials Properties and Applications

In recent years, perovskite materials are becoming more interesting and important due to
their great potential for contributing to solid oxide fuel cells, solid electrolyte, fixed resistance,
electromechanical devices, transistors, etc..., due to the particular crystalline structure,
magnetism, electrical conductivity, piezoelectric and electro-optical properties, catalytic

activity and gas sensitivity,...etc as shown in Table 1.3 [30].
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1.9.1. Electrical Properties

Perovskites play an important role in modern electronics. They are used in memory
devices, capacitors, microwave devices, pressure gauges, and ultra-fast electronics such as

maglev trains.[31]

They are superconducting at relatively high temperatures, transform mechanical pressure or
heat into electricity (piezoelectricity), accelerate chemical reactions (catalysts), and suddenly
change their electrical resistance when placed in a magnetic field (magnetoresistance). Many
electrochemical studies on electrodes based on these oxides have been conducted in aqueous
environments. They have revealed an important electrocatalytic role in the oxygen electrode
reaction at room temperature[32] .

These highly promising materials are increasingly finding applications in transparent ceramics,
photovoltaic cells, and fuel cells. Perovskites have nearly universal possibilities for use because
it is possible to vary their properties within very wide limits. They are also known as chemical

chameleons for this reason. [33].
1.9.2. Physical Properties

1.9.2.1. Ferroelectricity

Ferroelectric crystals exhibit a spontaneous polarization of charge that can be controlled by an
external electric field. In addition to other perovskites, BaTiOs, LiINbO3, and KNbOs all exhibit
spontaneous polarization.

1.9.2.2. Piezoelectricity

Piezoelectricity is the property of certain materials to become electrically polarized under the
action of a mechanical force (direct effect) and reciprocally to deform when an electric field is
applied to them (inverse effect). Piezoelectric materials are very numerous, the most well-

known piezoelectric material is quartz, which is used in watches to produce clock pulses[34].

1.9.2.3. Magnetoresistance

Perovskites suddenly change their electrical resistance when placed in a magnetic field. They

are used in magnetic tapes and discs [35].
1.9.2.4. Superconductivity

Perovskites are superconductors at high temperatures. They are used in capacitors, microwave

devices and high-speed electronics[35].
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Table 1.3 :Physical properties of certain compounds with perovskite-type structure[36].

Composition physical property application

CaTiOs Dielectricity Microwave

BaTiO3 Ferroelectricity Non-volatile computer memories
PbZr1xTixO3 Piezoelectricity Probes

Ba.]_-xl_axTixO3

Semiconductor

Semiconductor

Yo0.33Baos7CuO3.q

Superconductor

Magnetic Signal Detectors

(Ln ,Sr)Co0s3.¢

Mixed conductors

Gas diffusion membranes

BalnOys

lon conductor

Electrolyte in fuel cells

AM no3-a

Giant magnetoresistance

Read heads for hard disks
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Chapter II Materials and methods

I1. Materials and Methods
II.1. Introduction

Sample preparation is an essential step in our work. This chapter presents the
experimental protocol for preparing lanthanum manganite doped with Magnesium cations
Mg*? in the La sub-lattice. The various equipment used to characterize these materials. For
this, we used the following technique: X-ray diffraction (XRD), X-ray diffraction with a
high-temperature chambre (XRD-HTK), Thermogravimetric Analysis (TG), differential
thermal analysis (DTA), and dilatometry (DIL). The various procedure used to examine the
results obtained is high-score-plus with 2023 DATA to qualitative identification, Rietveld
refinement, Linear reaction models: integral iso-conversional methods and differential iso-

conversional methods to study the kinetics phase formation.
I1.2. The Raw Materials Used

The materials utilized in our research are shown in Figure (II-1):

e The chemical compound lanthanum nitrate hexahydrate, La(NO3) 3* 6H>O
e The chemical compound Magnesium nitrate hexahydrate Mg(NO3)>*6H>O
e The chemical compound Manganese Nitrate tetrahydrate Mn(NO3),*4H>O

e The chemical compound Citric acid monohydrate CsHgO7*H>O

Figure (II-1): the raw materials used.
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The reaction is described according to Equation (II.1) below :

°C
(I-X) La(NO3) 3* 6H20 + x Mg(NO3)2*6H20+ Mn(NO3)2*4H20 +—> La(l_x)ngMn03 ..(H. 1)

In our investigation of La(1-9MgxMnO3 compound, we studied the presence of magnesium
(Mg) in the lanthanum (La) sites at different doping proportions: x =0, 0.1, 0.2, 0.3, and 0.4
as shown in Table (II-1 and 2).

Table (II-1): The dopped magnesium (x) proportion in LaMnO3 compound.

X 0 0.1 0.2 0.3 0.4

Chemical compound LaMnOs Lao,9Mg(),2MnO3 Lao‘gMg()‘zMnOg, LaongogMnOg, Lao.GMgo'4MnO3

Table (II-2): quantities of fundamental components for preparing 3 grams of various

powders
TE LiNO)HO MENOISHO MaNOIAHO  CiO;  LaMgMaO:
0 5.3714 0 3.1137 5.2138 3
0.1 5.0757 0.3339 3.2686 5.4730 3
0.2 4.7470 0.7027 4.4396 5.7595 3
0.3 4.3831 1.1123 3.6297 6.0778 3
0.4 3.9765 1.5699 3.8418 6.4332 3

I1.3. Experimental Method
I1.3.1. Sol-Gel Method

The sol-gel technique allows for the production of materials through simple chemical
reactions carried out at temperatures near to room temperature. This method has the
advantages of being fast and producing chemically pure materials with nanometric sizes.

The operating protocol of this technique Figure (II-2) consists :
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[La(N03)3.6H201 [ Mg(NOs),-6H,0 MMn(Nos)Q-4H20]

\ 4

[ Dissolution }

A

{ Citric acid }

v

[ Form a Gel }

AnaIYSis by TG) 4—[ Dried Gel }
DTG

v

[ Combustion ]

Heat Treatment at different
temperatures ranging from
Uoooc to 1100°C for 4 h

Analysis by Nano powder of
La(1-oMgMnO3
XRD

Figure (II-2): Step-by-Step Protocol for Preparing and Characterization of La-
oMg:MnO3; Compound.
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First of all

v' Measure the mass of La(NOs3) 3* 6H,O , Mg(NO;),*6H,0,
Mn(N03)2*4H20 and (C6H807*H20).

v" Dissolve La(NOs) 3* 6H,0, Mg(NO3),*6H,0, and Mn(NO3),*4H,0 in
distilled water by magnetic stirring on a hot plate.

v' At T=75°C, amounts of citric acid (C¢cHsO7*H,0O) are added to the
solution to complete homogeneity.

v' the solution is slowly evaporated and a viscous gel is formed shown in
Figure (II-3).

v" This gel, heated at 180°C, the citric acid decomposition and obtained
black powder after this combustion shown in Figure (II-3).

The resultant powder is then subjected to a second process in which the grains
are crystallized by calcination at various temperatures between 700°C and
1100°C for 4 hours Figure (II-4). After each calcining process, we manually
grind the powder for a period of not less than a quarter of an hour, and the
purpose is to homogenize and crush

Figure (II-4): samples of La(i1-9\Mg:MnO3

24



Chapter 11 Materials and methods

I1.4. Materials Used
I1.4.1. X-Ray Diffraction (XRD)

X-ray diffraction is one of the most widely used methods in materials characterization. It
enables the determination of interatomic distances and the arrangement of atoms in
crystalline lattices. Since X-rays are diffracted differently by the elements of the lattice
depending on their construction, irradiating a material with X-rays allows for the
identification of its crystallographic nature. Furthermore, X-ray diffraction provides access
to physical information about crystals, including their size and orientation. It encompasses

various principles and techniques

In our analytical study, we used X-ray analysis devices for both powder preparation and the
analysis of prepared samples before and after any treatment. We utilized two types of
analysis instruments: the first device is available in our laboratory at the University of M'sila,
and it operates at room temperature. The second device, it is located at the Nuclear Research
Center in Birine, djelfa, and it is equipped with a high-temperature chamber. We used it to

determine the crystal structure, lattice constants, and linear expansion coefficient.
Operating conditions

The instrument shown in Figure (II-5) is called a PANalytical X'Pert Pro, K-Alphal
wavelength 1.5405980, Generator voltage 40 kV, Tube current 30 mA, Scan range 10 to 80°,
Scan step size 0.02° and Time per step,0.50 s. used to analyze the structure of crystalline
phases present within a sample are determined and the crystalline dimensions are measured
using several software applications. This process involves directing a monochromatic beam

of radiation onto the material and analyzing the resultant scattering pattern.
Identifying phases

The determination of phases using X-ray diffraction involves analyzing the pattern produced
when X-rays interact with a material's crystal lattice. This pattern, known as the diffraction
pattern, contains information about the arrangement of atoms within the crystal. By
measuring the angles and intensities of the diffracted X-rays, one can identify the phases

present in the material.

To accomplish this, the diffraction pattern is compared to a database of known patterns, such

as the "ASTM Data Sheets." These databases contain information about the diffraction
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patterns of various crystalline phases. By matching the observed pattern with the patterns in

the database, the phases in the material can be determined.

The diffraction pattern provides valuable information about the interatomic distances and
crystal symmetry of the material. By analyzing the positions of the diffraction peaks and
their intensities, it is possible to calculate the lattice parameters and infer the crystal structure

of the material.

The diffraction angles are identified by analyzing the beam on the detector in accordance

according to Bragg's law.
2dpi sine =n A

n: the order of reflection.

A: wavelength of the incident wave (Acy).

d: the inter-planner distance.

0: the angle at which X-rays of wavelength are reflected.

I1.4.2. Determination of Average Crystallite Size by Scherrer's Method

The use of X-ray diffraction (XRD) to determine the average crystallite size is
a common method, based on the principle of X-ray reflection by crystalline
structures. The most commonly used method to estimate crystallite size from
XRD data is by employing the Scherrer formula.
The Scherrer formula is given by:
D =K\ /(B cos (0))

where:

o D is the crystallite size.

« K s a dimensionless shape factor, with a value close to unity. The exact

value depends on the crystallite shape.

o Ais the X-ray wavelength.
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o P is the line broadening at half the maximum intensity (FWHM), after
subtracting the instrumental line broadening, in radians. This quantity is
inversely proportional to the crystallite size.

o 0 is the Bragg angle.

This method provides an average crystallite size and assumes that the
crystallites are isotropic and have a similar size distribution. However, it's
important to note that this method relies on several assumptions, such as that
the crystallites are homogeneous and similar in size, which may not always be
the case. In cases of significant size heterogeneity, it might be more appropriate
to use other techniques, such as Transmission Electron Microscopy (TEM) or

Scanning Electron Microscopy (SEM).

It's worth noting that the XRD method is usually quicker and easier to use than
TEM or SEM, which require more complex sample preparation and more time
to collect the data. However, the latter techniques may provide more detailed
information about the crystallites, including their shape and size distribution,

which can be useful in certain applications.

Figure (II-5): PANalytical X'Pert Pro
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I1.4.3. Thermogravimetric (TG) and Differential Thermal Analysis (DTA)

The thermobalance used in our experiments (LABSYS EVO DTA/DSC-TG SETARAM
instrument) enables simultaneous recording of mass variations (thermogravimetric analysis,
TGA) and temperature fluctuations (differential thermal analysis, DTA). The curves derived

from the TGA signal are calculated from raw measurements of mass variation.

For the procedure, we place samples in a cylindrical alumina crucible with a diameter of 4
mm and a length of 8 mm. For DTA measurements, an identical but empty crucible is used
as a reference and placed on the same scale., such as thermal treatment atmosphere and
degradation products. This setup only allows for the measurement of the TGA signal. the

mass ranges of powder samples (contained in the crucible) from 20 to 50 mg.
We conduct tests under air, up to 1,600°C, with heating rates ranging from 0.1 to 1 °C/min.

TGA: Thermogravimetric Analysis is a method that measures the change in mass of a
sample as it undergoes temperature scanning in a controlled atmosphere. This change in

mass can either be a loss of mass (vapor emission) or a gain of mass (gas fixation).

DTA: differential thermal analysis is a technique measuring the difference in temperature
between a sample and a reference (a thermally inert material) as a function of the time or the
temperature when they undergo temperature scanning in a controlled atmosphere, this

method enables any transformation to be detected all the categories of materials.

DSC: differential scanning calorimetry is a technique determining the variation in the heat
flow given ou or taken in b a sample when it undergoes temperature scanning in a controlled
atmosphere, with heating or cooling any transformation taking place in a material is
accompanied by theexchange of heat, DSC enables the temperature of this transformation

to be determined and the heat from it to be quantified.
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Chapter 111 Results and Discussion

I11.1 Introduction

This chapter focuses on studying various aspects related to the compound La(l-
X)MgxMnO3. Differential Thermal Analysis is used to investigate phase transformations
occurring in the prepared powder. X-ray equipment is employed to examine the impact of
calcination temperature on the crystal structure of the compound. The relationship between
crystal size, temperature, and concentration (x) of the additive is studied. Additionally, in
situ XRD is utilized to observe phase transformations of the Lao7Mgo3sMnosz powder. The
mechanism of crystallization for the Lao7MgosMnOs compound is explored using
Differential Thermal Analysis. Finally, the coefficient of linear expansion is investigated by
analyzing the results obtained from in situ XRD and dilatometry experiments.

111.2 Thermal Study

In Differential Thermal Analysis (DTA), the material under study and an inert reference
material are heated (or cooled) simultaneously, under the same conditions. The difference
in temperature between the sample and the reference is recorded as a function of
temperature or time. The resulting DTA curve can show exothermic (heat-releasing) or
endothermic (heat-absorbing) processes occurring in the sample, as these would cause a

temperature difference between the sample and the reference.

DTA can be used to detect Phase Transitions: DTA helps to identify phase transitions in
ceramics, such as the glass transition temperature, crystallization temperature, melting
point, and more. Understanding these phase transitions is critical for predicting how
ceramics will behave under different conditions. And It is used to study chemical reactions
like oxidation or reduction that may occur during the firing process. This is particularly
important when ceramics are used in environments where they may be exposed to extreme

temperatures or corrosive elements.

Thermogravimetric Analysis (TG) measures, changes in the weight of a sample as it is
heated in a controlled atmosphere. Weight loss or gain can provide valuable information
about the thermal stability of the material, the nature of decomposition reactions, and the

percentage of organic, inorganic, and volatile components.
I11.2.1 Thermogravimetric/Differential Thermal Analysis study

Figure (I11-1) shows the curves of the thermogravimetric/difference thermogravimetric

analysis/differential thermogravimetric analysis (TG/DTG-DTA) of the powder-gel
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composite of Lao.7Mgo3sMnOs prepared and heated from room temperature to 600°C with a
heating rate of 1°C/min. For all differential thermal analysis or mass Thermogravimetric

Analysis experiments, we used the same amount of powder (50 mg)..

Four steps of mass losses are observed in the TG curve. The first step is the dissociation of
the water in citric acid and the evaporation of adsorbed water is according to the first mass
loss (Am = 14.38%). This process corresponds to the endothermic peak at 93.66 °C and
134.78 °C as seen in the DTA curve as well as the first and second peaks at 87.25°C and
120.17°C as seen in the DTG curve.

The second step, which has a mass loss of 30.85 %, is due to the decomposition of citric
acid and water contained in nitrate, which in the DTG curve at 217.85°C.

In the third step, nitrate decomposition occurs when the mass loss equals 4.29%.

In the last step, Am = 1.96 %, this mass loss is due to the decomposition of the remaining

nitrate.

As for the differential thermal analysis curve, a series of endothermic and exothermic
transformations that occur to the powder during its thermal treatment are observed in
Figure (111-1) (b):
The first endothermic transformation is due to the evaporation of adsorbed water, which has
a maximum temperature of 93.66 °C.
A second endothermic transformation occurs in the thermal range of 117.90 to 145 °C,
resulting from the exit of water entering the formation of citric acid as determined by the
following equation:

CsHsO7*H20 » CeHsO7+ H20

There are two exothermic transformations in the thermal range of 175 to 265°C, the

decomposition of citric acid and water contained in nitrate. Its maximum temperature is
198°C.

The second exothermic transformation, which has a maximum temperature of 239 °C,
occurs in the thermal range between 218 to 250 °C, producing dissociation of certain metal
nitrates (not all of them). The remaining material breaks down between 260 and 308 °C.
The last exothermic transformation in the thermal range from 314 to 410 °C is caused by
the formation of a crystalline phase called perovskite "Lao.7Mgo3sMnQs-; the rate of this

transformation is maximum at 362.5 °C.
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Figure (I11-1): TG/DTG (a) and DTA (b) curves of powder utilized in the synthesis of
Lao.7Mgo.sMnOs heated at 1°C/min.
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111.3 In Situ analysis of The Gel by X-Ray

In order to verify the phase transitions that we discussed earlier, particularly the final phase
transition leading to the formation of La0.7Mg0.3MnO3, we performed X-ray analysis on
the gal powder after subjecting it to various temperatures, followed by cooling and
examination by x-ray diffraction Figure (I111-2).

The diffraction curves revealed that up until a temperature of 260°C, there were no peaks,
indicating the absence of a crystalline phase. This observation supports our earlier assertion
that the formation of the La0.7Mg0.3MnO3 phase had not yet begun to occur. Moreover,
the curves demonstrated that after the last peak in the differential thermal analysis (beyond
400°C), the La0.7Mg0.3MnO3 phase starts to form.. At a temperature of 600°C, there is a
peak corresponding to oxide A, in addition to the remaining peaks that are attributable to
compound La0.7Mg0.3Mn0O3. As the temperature increases, the diffraction peaks become

more pronounced.

1000 °C

700 °C

600 9C

10 15 20 25 30 35 40 45 50 55 60

20 (®)
Figure (111-2) XRD spectra obtained for Lao7Mgo3MnQOz heated to the specified

temperatures in the DTA and, then, cooled to room temperature
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I11.4 Effect of Heating Rate on Phase Transformations and Reaction

Kinetics

The rate of heat treatment plays a crucial role in the results of Differential Thermal
Analysis (DTA), influencing peak sharpness, detection of thermal phase transformation,
and reaction kinetics. Faster heating rates typically result in sharper and slightly higher
positioned peaks on the DTA curve, slower heating rates enable the detection of minor
thermal phase transformation and differentiation of measures at close temperatures that
might merge into a single peak at rapid heating. Reaction kinetics are also affected;
kinetically hindered reactions may not be observed at high heating rates, while
thermodynamically unfavorable reactions at low temperatures might escape detection at
slow rates. The ideal heating rate, therefore, balances these aspects according to the
experiment's objectives, allowing precise detection and resolution of thermal events without
excessively prolonging the experiment or missing certain reactions. It's essential to specify
the heating rate when comparing or reporting DTA results, given the differing outcomes at
different rates for the same material.

In all our experiments, we observed that whenever we employed a heating rate exceeding 5
°C/min, an explosion ensued within the alumina crucible between temperatures of 200 and
300 °C. This phenomenon rendered tracking phase transitions unfeasible due to the
displacement of the mass from its carrier. As a result, we opted for a significantly reduced
heating rate for our experiments. The figure (I11-3) shows the results of thermal analysis
for different heating rates, in the thermal analysis results, the different regions A, B, and C
represent various stages of reactions or phase transformations that happen under heat
treatment for Lao7Mgo.3sMnO:s.

Region A represents the stage where adsorbed water and the water contained within citric
acid evaporate. The observation from Figure Il1-3 indicates that as the heating rate
increases, the temperature at which this evaporation occurs also increases. This could be
because a faster heating rate reduces the time available for evaporation to occur at a given
temperature, pushing the process to a higher temperature range.

Region B represents the stage where dissociation of citric acid and nitrate happens. Just
like with the evaporation of water, the dissociation temperature of these compounds also
increases with the heating rate. Again, this is likely due to faster heating rates causing the

system to reach equilibrium at higher temperatures.
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Region C showcases the stage where a new phase starts to form. When the heating rate
increases from 0.3 to 1°C/min, the phase formation temperature also increases from 343°C
to 363°C. This suggests that the time it takes for the new phase to form is sensitive to the
heating rate. Faster heating rates push the phase formation to occur at higher temperatures,
as is clearly shown in Figure (I1-4).

In summary, these observations suggest that the heating rate during thermal treatment can
significantly impact the temperature at which different processes (like evaporation,
dissociation, and phase formation) occur.
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Figure (111-3): DTA curves of the powder utilized in the synthesis of Lao.7Mgo3sMnQO3

heated at different heating rates
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Figure (111-4): DTA curves of powder utilized in the synthesis of Lag7Mgo3MnO3 heated at

different heating rates

I11.5 Crystallization Kinetics

Introduction: Thermal analysis technique is one of the most important techniques through
which we can understand the mechanism of phase transformations in solid-state. It relies on
measuring changes in the physical quantities of solid materials as a function of temperature.
The thermal analysis technique has been used since the early 20th century, and it requires
special devices called thermal analysis devices which have become a useful tool in
obtaining Kinetic information such as activation energy and kinetic coefficients that
describe the mechanism by which these phase transformations occur (growth and
nucleation mechanisms). Thermal analysis has many devices, including Thermogravimetric
Analysis (TG), Differential Thermal Analysis (DTA), Differential Scanning Calorimetry
(DSC), Dilatometry (DIL), Fourier Transform Infrared Spectroscopy equipped with a
furnace (FTIR), and X-ray diffractometry equipped with a furnace (RX), etc.

The most important and most used thermal analysis techniques are (TG), (DTA), (DSC),
and (DIL). The importance of these techniques lies in selecting the heating rate, and they

are economical as they only require very small amounts of the sample being studied, of the
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order of milligrams. The problem raised is how can we exploit these techniques and the
curves given by thermal analysis devices in understanding and studying the kinetics of
transformations and deriving the information and kinetic factors associated with them? In
order to solve the problem raised, we will describe various general kinetic models through
which we can study phase transformations and derive Kinetic information associated with

them.
111.5.1 Transformation Models and Kinetic Laws

There are two methods for thermal analysis using the techniques of (TG), (DTA), (DSC),
and (DIL), namely, isothermal and non-isothermal analysis. In the case of isothermal
treatment, the sample is heated rapidly, and upon reaching a certain temperature, the
temperature is kept constant for a sufficient amount of time for the crystallization process to
complete. After that, the heat quantity required for the crystallization process is recorded as
a function of temperature or time. However, in the case of non-isothermal treatment, the
sample is heated at a constant rate and the changes in length, mass, or heat quantity are
recorded as a function of time or temperature. The general kinetic law that describes the

kinetics of phase transformations in solid-state is given by the following relation:
da/dt = k(T) * f(a)

where: a: is the conversion fraction or decomposition part. Its expression varies according
to the technique and type of thermal analysis.

In TG technique, the conversion fraction is the change in mass relative to the total mass.

In DiL technique, it is the change in length relative to the total length.

f(a): is a function describing the mechanism of transformation.

k(T): is the reaction rate constant is given by the Arrhenius relation:
k(T) = A * exp(-E/RT)

A: is the atomic oscillation coefficient or the frequency factor.
T: is the temperature (in K).
R: is the ideal gas constant.
E: is the activation energy.
In the case of non-isothermal treatment, there are two methods for analysis to determine
some of the kinetic parameters. The first one is based on integrating equation and the
second one is based on differentiating it, taking advantage of equation.
36




Chapter 111

I11.5.2 Linear Reaction Models: Linear Integral Isoconversional Method

We investigated the peak temperatures (Tp) associated with the crystallization of
La0.7Mg0.3Mn0O3 phase formation by analyzing the powder's differential thermal analysis
(DTA) curves. The DTA curves were obtained under different heating rates of 0.3, 0.5, 0.7,
and °C min-1. Subsequently, we graphed the Y function as a function of 1/Tp, where the Y

function corresponds to the equations proposed by Kissinger[1-3], Boswell[4], and

Ozawa[5], represented by functions (1), (2), and (3), respectively:

Kissinger equation: ln(iz)= ST N (1)
T3 RTp
Boswell equation : In(=-)= —2+Cz (2)
Tp RTp
Ozawa equation: : In(v)=-1. 0518 ;T“+C3 (3)
2

where E.: activation energy
R: ideal gas constant

Tp: transition temperature in Kelvin

Figure (5-111) represents the statement of the changes of linear functions Ln(v), In(v/T),
Ln(v/T?) in terms of the reciprocal of temperature 1/Tp, after calculating the slope of the
previous linear functions and matching it with the equations for the activation energy. We

determine the Ea values shown in Table (111-1). The average value of the activation energy

is in the range of 186.24 kJ/mol.

Results and Discussion
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Figure (111-5): Plots of Y versus (1/Tp) of Lao.7Mgo3sMnOs formation at various heating

rates.
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Table (111-1): Activation energy values for Lao7Mgo3MnOs formation
Method Kissinger Boswell Ozawa

Activation energy Ea (kJ/mol) 184,23 189,43 185,05

We also calculated the nucleation coefficient, which is called the Avramian coefficient or
the morphological growth coefficient n[6, 7] , using equation (4):

2
_ 25RT}
AT, Eq

(4)

Where we have recorded the data in Table (111-2), the average value of the Avrami
coefficient is about 1.330 for the analysis, and this value is close to the value 1.5, which
indicates that the growth process for the formation and crystallization of Lao7MgosMnOs

is growth by diffusion.

Table (111-2): Avrami coefficient values for different heating rates.

Heating rates (°C/min) 0.3 0.5 0.7 1
AT (°C) 34.93 32.82 32.71 32.99
T, (°C) 343 351.5 3575 363
Avram's coefficient 1.23 1.34 1.37 1.38

According to the Matusita equation shown in function (5):

mEg
RTy

Ln(%) =Cs— 5)

We plotted the function Ln(:—:) in terms of 1/T,, as shown in Figures (I11-6), to calculate
o

the numerical coefficient, m, is mainly related to the crystal growth dimensions. The
representation of the function gives a straight line and by its slope. We obtained the
following value: 28417 , from which we find that the values of the Avrami coefficients n
and m are about 1.5, indicating that the dominant particle growth mechanism during

crystallization is three-dimensional volume diffusion with a constant number of nuclei [9].
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Figure (111-6): Plot of Ln(;—r;) versus 1/T, according to Matusita equation
2

I111.5.3 Linear Reaction Models: Differential I1so-Conversional Methods

to calculate the crystallization Fraction, we plot Crystallized fraction of Lao7Mgo3sMnOs
compound fromation under different heating rates and the rate Crystallized fraction (dx/dt)
a function of temperature Figure (111-7) for the different heating rates. In thermal
transformation, we notice that the maximum transformation temperature of crystallization
increases from 343 to 363°C, and it increases with increasing heating rates from 0.3 to
1°C/min, meaning that the increase in the formation rate of Lap7Mgo3sMnOs increases with
increasing heating rate.

Based on the data of the previous curves as proposed by Legero [10], after plotting the
changes of In (dx/dt) and the changes of the inverse temperature in terms of the

Lao.7Mgo3sMnOs crystallization ratio as shown in Figures (111-8) and (111-9) respectively.
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Figure (111-7): Crystallized/rate Crystallized fraction of Lao.7Mgo.3MnO3z compound
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Figure (111-8)

fromation under different heating rates.
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Figure (111-9): Plot of Y = 1/T versus of crystallized fraction x at different heating rates.

We plotted the function In(dx/dt) a function of 1/T for specific values of the fraction of
Lao7Mgo3sMnOs quantity in each experiment, with different heating rates.. Crystallization

ratio values were taken in the range of 0.1 to 0.9.

In (d—x) = In[kgn] + n%lln[— m(1—x)]+n(1—x)—

= o= Inlkof (O] - 22

RTy

(6)

We calculate the formation energy of Lao7Mgo3MnOs by plotting In(dx/dt) as a function of
1/T for specific values of the crystalline ratio of Lag7Mgo3sMnOs and for different heating
rates, as shown in Figure (111-10). The function curves are represented by straight lines
with a slope from which we calculate the activation energy, and from there we obtain the
values listed in Table I11-3 below. The average activation energy value for the formation of
Lao7MgosMnOs resulting from the reaction of La, Mg and Mn oxides using differential
thermal analysis was 180.71 kJ/mol. By knowing the activation energy values, we can plot
the function In[kO f(x)] at heating rates of 0.3, 0.5, 0.7, and 1 °C/min, as a function of

different ratios of Lag7Mgo3MnOs quantities formed using differential thermal analysis, as

shown in Figure (111-11).
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Table 111-3: Lag7Mgo3MnOs formation energy values for different crystallinity ratios

X 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Ea (kJ/mol) 158,01 166,84 175,36 182,28 186,65 190,11 191,12 189,84 186,18

R? 0,998 0,999 0,998 0,999 0,998 0,997 0,994 0,988 0,978

In order to calculate the Avramian coefficient of crystallization, n, we have determined many pairs
of the amount of crystallization x1 and X that fulfill the equation In[ko f(x1)] = In[ko f(x2)], and using
equation (6) we get The following equation (7):

B In[IN@-x)/INL-x,)]
- In[(L-x)IN(L-x)/(L-%,) In(L-x,)]

W)
In[kof(xl)]zIn(k0)+In(n)+nT_l[In(—In(l—x))]+In(l—x) 8)

The values of the Avrami coefficients as well as the frequency factor ko calculated from
relation (8) for different heating rates, are listed in Table (I11-4), where the average values
of the Avrami coefficients using differential thermal analysis were equal to 1.27608 |,
Which demonstrates that the formation of Lao.7Mgo3sMnOz occurs via volumetric diffusion.
Using differential thermal analysis, the frequency factor has an average value of
11*log(6.9587)

Table (4-111): Values of Avrami coefficients and frequency factors using DTA

Heatingrates(°C/min) 0.5 1

DTA n 1.2736 1.2784

ko(10%) 7.40836 6.50905
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111.6. The Effect of Sintering Temperature on The Structure and Crystal
Parametres of LagxyMgxMnOs

In our investigation of the Laa-xMgxMnOs compound, we varied the doping level x of the
element magnesium (Mg) at the lanthanum sites. The different values of x used were 0, 0.1,
0.2, 0.3, and 0.4. We obtained a quantity of this powder and subjected it to calcined
treatment for 4 hours at various temperatures: 700°C, 800°C, 900°C, 1000°C, and 1100°C.
After the thermal treatment, the powder was analyzed using X-ray diffraction (XRD)
equipment. Figure (111-12) displays the XRD spectrum of the powder after the treatment at
specified temperatures, revealing the following observations Table (111-5)

- the formation of the phase At 700 °C, we find that the structure is orthorhombic with a

space group Pnma, similar at 800°C.

-At a temperature of 900°C,1000°C and 1100°C, we found that the structure is hexagonal

with a space group R-3C.

Table (111-5): space group and crystal parameters a founction of caltination

temperateurs
X 700°C 800°C 900°C 1000°C 1100°C
Orthorhombic  Orthorhombic Hexagonal Hexagonal Hexagonal
0 a=5.48 a=5.473 a=5.527 a=5.552 a=5.514
b=5.511 b=5.519 c=13.39 c=13.46 c=13.49
c=7.776 c=7.783
Orthorhombic  Orthorhombic Hexagonal Hexagonal Hexagonal
a=5.488 a=5.49 a=5.5193 a=5.5237 a=5.5119
0.1 b=5.3979 b=5.5289 c=13.2931 c=13.3088 c=13.3138
c=7.85 c=7.8988
Orthorhombic  Orthorhombic Hexagonal Hexagonal Hexagonal
a=5.50 a=5.4853 a=5.5215 a=5.5235 a=5.5162
0.2 b=5.4831 b=5.5228 c=13.3355 c=13.3238 c=13.3233
c=7.773 c=7.937
Orthorhombic Orthorhombic Hexagonal Hexagonal Hexagonal
a=5.485 a=5.5099 a=5.5259 a=5.4968 a=5.5293
0.3 b=7.8846 b=5.5111 c=13.3013 c=13.4987 c=13.2070
¢=5.5026 c=7.88
Orthorhombic Orthorhombic Hexagonal Hexagonal Hexagonal
a=5.4918 a=5.498 a=5.54 a=5.5173 a=5.5268
0.4 b=5.4802 b=5.494 c=13.37 c=13.4763 c=13.5011
c=7.8416 c=7.869
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I11.7. Crystallite Size (from XRD data)

The Crystallite Size D has been calculated by applying Scherrer's equation as[11]:

KA
D=
Phit coSOnki

©)

Where: K= 0.95 Shape facteur

A= 0.154 nm (X- ray wavelength)

Bri = half -width of the diffraction band (FWHM)

65, = Bragg-diffraction angle ( peak position in radians)

The preparation method we followed for synthesizing perovskite compounds allowed us to

obtain a nanopowder.Whether at a temperature of 700 and then up to 1100°C and the order

of the crystallite size changes from 25 to 60 nm as shown in figure (111-13).

For the compound LaMnO3, with increasing temperature, the average crystalline
size increases from 30 at 700 to 60 at 900, and according to the diffraction results,
the structure is rhombic straight in this range. Therefore it is logical that the size of
the crystals increases with increasing temperature, indicating crystal growth.

After this temperature, a crystal transformation occurs from the orthorhombic to the
hexagonal, and this transformation is accompanied by the nucleation and growth of
crystals. This is why a decrease in the crystalline dimension occurs after 900 °C
,and after that, crystal growth takes place.

Regarding the 0.4 concentration in the range from 700 to 900 °C, it behaves
similarly to the O concentration, with the observation that the crystalline dimension
is slightly lower than that of the x= 0 . At 700, the average crystalline dimension is
25 instead of 30 for the O concentration. This difference increases with an increase
in temperature. At 900, the average crystalline dimension for x= 0.4 is 40
nanometers instead of 60 for x = 0 . This can be explained by the inhibitory role of
magnesium atoms in crystal growth. The higher the concentration of magnesium,
the slower the growth rate becomes.

After the temperature of 900 °C, magnesium plays an inverse role in the hexagonal
structure.

Generally, the average crystalline dimension stabilizes between 40 and 60 for all

concentrations.
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I11.8. Tolerance Factor

The crystal structure could be estimated by the Goldschmidt tolerance factor (t). Later, it
was used to measure the degree of distortion of a perovskite. The following equation for the

Goldschmidt tolerance factor is:

I:x_ I)RLa3++xRMg2+ +R02_

V2(xR,, +a4+(1-%)R,, +3+Rp2-)

(10)

The ionic radii for ( La®",Mg?+ Mn®* ;Mn*and O%) were (1.36, 0.57 ,0.645, 0.53 and
1.4 A°) respectively . the value of tolerance factor (t) was found to be around 0.91 and
thereby confirms their distorted perovskite structure, as shown in Table I11-6 and figure

(11-14).
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Table 111-6 : Tolerance Factor values for different concentrations of Mg.

X 0 0.1 0.2 0.3 0.4

t 0.9543 0.9323 0.9099 0.8874 0.8665

0.96

0.92- \
- 0.90- \
0.88—- \

0.86

0.0 0.1 0.2 0.3 0.4

Figure (111-14): Tolerance Factor values for different concentrations of Mg.

111.9. Coefficient of Linear Expansion of Lao.7MgosMnOs by In Situ XRD
Study and Dilatometry Study

In situ XRD (X-ray diffraction) is a technique used to study the structural changes of a
material under various conditions, such as temperature, pressure, or gas environment. It
provides valuable information about the crystal structure, phase transitions, and phase
composition of a material. Some examples of structural changes that can be investigated

using in situ XRD include[12]:

e Phase Transitions: In situ XRD can capture phase transitions, which involve the
transformation of a material from one crystal structure to another. For example, it
can monitor the transition from an amorphous phase to a crystalline phase, or from

one crystal structure to another due to changes in temperature or pressure.
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e Crystal Growth: In situ XRD is valuable for studying crystal growth processes. By
continuously monitoring the diffraction pattern during the growth of a crystal,
researchers can gain insights into the kinetics and mechanisms of crystal nucleation
and growth.

e Structural Transformations: In some cases, materials can undergo reversible or
irreversible changes in their crystal structure under specific conditions. In situ XRD
can capture such structural transformations, providing information about the nature

and dynamics of these changes.

e Phase Diagrams: In situ XRD can be used to construct phase diagrams, which
depict the stable phases of a material as a function of temperature, pressure, or other
variables. By systematically varying the conditions and analyzing the resulting
diffraction patterns, researchers can map out the boundaries between different

phases.

e Stress and Strain Analysis: In situ XRD can also be applied to investigate the
effects of mechanical stress or strain on the crystal structure of a material. By
subjecting the sample to controlled mechanical forces while performing XRD
measurements, researchers can examine how the lattice parameters and crystal

orientation change in response to stress.

In situ XRD (X-ray diffraction) can be used to determine the dilatation coefficient or
thermal expansion coefficient of a material. The dilatation coefficient is a measure of how a
material expands or contracts in response to changes in temperature. It quantifies the

fractional change in length, area, or volume per degree of temperature change[13].

To determine the dilatation coefficient using in situ XRD, the sample is subjected to
controlled temperature variations while X-ray diffraction measurements are performed. By
analyzing the changes in the diffraction pattern as the sample expands or contracts,

researchers can calculate the dilatation coefficient.

The dilatation coefficient can be determined in different ways depending on the type of

measurement and the specific properties of the material being studied.

Lattice Parameter Analysis: In situ XRD can be used to measure the lattice parameters of
a crystal as a function of temperature. The lattice parameter is the characteristic length of

the crystal structure. By monitoring the changes in lattice parameters with temperature,
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researchers can calculate the dilatation coefficient using the formula: o = (1/a) x (da/dT),
where o is the dilatation coefficient, a is the lattice parameter, and da/dT is the rate of

change of the lattice parameter with temperature.

Powder Diffraction Analysis: For polycrystalline materials, in situ XRD can be used to
analyze the changes in the diffraction pattern as a function of temperature. By fitting the
diffraction peaks and determining their shifts, researchers can extract the dilatation

coefficient using the Bragg equation and known crystallographic information.

It's important to note that the dilatation coefficient can vary with temperature and may also
depend on the crystallographic direction within the material. Therefore, multiple
measurements at different temperatures and crystallographic orientations may be necessary

to obtain an accurate determination of the dilatation coefficient.

In situ XRD provides a powerful technique for investigating the thermal expansion
behavior of materials and obtaining precise measurements of the dilatation coefficient. This
information is valuable for understanding the response of materials to temperature changes
and is relevant in various fields, including materials science, solid-state physics, and

engineering.

To investigate the structural transformations and changes in lattice constants with
temperature, we conducted a thermal X-ray diffraction analysis. An analysis was performed
at temperatures of 700, 800, 900, and 1000°C. Additionally, we cooled the powder using a
High-Temperature X-ray Diffraction (HTK XRD) equipment.

The experimental conditions involved heating at rate of 10 °C/min followed by a 20 minute
hold at the analysis temperatures. X-ray diffraction measurements were then conducted

immediately for a duration of 2 minutes.

Figure (I11-15) shows the effect of temperature on the diffraction spectrum. It can be
concluded that the crystalline structure remains stable until 900°C and was orthorhombic,
which means that 20 min is not sufficient for transformation at 900°C. If the period was
longer and sufficient, the structure would transform. Then the structure becomes hexagonal
and remains so when cooling. Figure (111-15) shows that with increasing temperature, the
diffraction angle for different crystal planes decreases, and this shows the effect of
temperature on the crystal dimension. As the temperature increases, the crystalline

dimensions expand, and thus the diffraction angle decreases.
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Figure (I11-16) illustrates the effect of heat treatment temperature on the bending angle for
the crystal planes (022) and (202) in the orthorhombic structure, and their counterparts
(202) and (204) in the hexagonal structure. Using the HighScore Plus software, we inferred
that the crystalline structure of the powder at different temperatures (ranging from 700°C to
900°C) matches the compound LaMnO3, identified by the code 98-008-2226. Its crystal
structure is determined to be orthorhombic with the space group Pnma 62 and lattice
parameters a=5.472 A, b =7.754 A, ¢ = 5.513 A. At the temperature of 1000 °C and after
cooling, it matches the compound LaMnQ3, identified by the code 98-016-7063. Its crystal
structure was determined to be hexagonal with the space group R-3c 167 and lattice
parameters a=5.4910 A, b =5.5910 A, ¢ =13.3070 A, and a = p = 90, y = 120.

By using the Rietveld method to determine the structure and calculate the lattice parameters
based on the matching with a known compound's structure and parameters, we calculated
the crystal lattice constants and unit cell volume at different temperatures. We observed
that with an increase in temperature, the unit cell volume increases, as indicated in Table
(111-7).

5,5
50- |
45] | 1000°C | | | N
40 _
—~ 354 | 900°C |
G 3.0- ﬁ
2 25- 800°C |
@ ] Jl N A
E 2,0 - |l
£ i !Ii
15 700 °C || q
o ’/\\_ . ’J'I \ . _ 44" ‘-\_ _ _ o _/J\ .
1,0 4 (121)(020)
05 1(020) JL (022) (202)
] 25°C { JL (123)(240)
ol — N L1 A
30 40 50 60
2 theta (°)

Figure (111-15): In situ XRD study of La0.7Mg0.3MnO3 Powder at Temperatures of 700,
800, 900, 1000 °C , and after Cooling for 20 minutes to each temperature, with a heating

rate of 10°C/min.
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Figure (111-16): The effect of heat treatment temperature on the bending angle for the
crystal planes (022) and (202) in the orthorhombic structure, and their counterparts (202)

and (204) in the hexagonal structure.

Table (111-7): Coefficients of linear and volumetric expansion inferred from the

Instantaneous diffraction spectrum

T Vo VT AT V1/VO AL/LO a.10° B.10°

1000 229.44 236.97 975 1.032819038 0.010822  11.0996 33.6606

900 22944 23489 875 1.023753487 0.007856  8.97823 27.1468

800 229.44  233.9 775 1.019438633 0.006438 8.30711 25.0821

700 229.44 233,24 675 1,016562064 0,005490 8.1341 24.5364

The coefficients of linear and volumetric expansion are parameters that describe a
material's response to changes in temperature and pressure. In the case of the compound
La0.7Mg0.3Mn0O3, the linear expansion coefficient can be calculated by measuring the
change in the length of the crystal structure constants with respect to temperature
variations. The volumetric expansion coefficient represents the change in volume of the

material with respect to temperature. The values of the linear and volumetric expansion
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coefficients for the LaMnO3 compound are essential information for understanding the
material's behavior under different conditions, such as thermal expansion, thermal
contraction, and pressure response. This information can be utilized in various applications,
such as electronic device design and functional materials. The linear and volumetric
expansion coefficients can be calculated through two different methods: first, by relying on
the results of local deflection spectroscopy analysis, and second, using a Length Expansion
device. The relationship between the linear expansion coefficient and temperature can be

expressed by the equation[13, 14]:
a=(AL/ Lo)/ AT (11)
Where : a :The coefficient of linear expansion .
AL and Lo are the change in length and the original length of the sample
AT : change in temperature
The relationship for the volumetric expansion coefficient is given by Equation (12):
B=(AV/Vo) /AT (12)

where: B is the volumetric expansion coefficient.
AV : Change in volume .
VO : the original volume of the material.
AT : the change in temperature.
The relationship between the relative change in length and the relative change in volume
can be described as follows:
(AL / Lo) = (AV / Vo)*#-1 (13)
From the previous equations , it is possible to calculate the linear and volumetric expansion
coefficients of the compound at different temperatures. The results are illustrated in Table
(111-7) and Figure (111-17), which show the curve of the linear expansion coefficient as a
function of temperature, and Figure (111-17), which shows the curve of the volumetric

expansion coefficient as a function of temperature.

By examining the table, we observe an increase in both of the linear and volumetric
expansion coefficients with the rise in temperature within the studied range (700°C, 800°C,
900°C, 1000°C ). The coefficient changes from a value of 8 * 10¢® at 700 degrees to 9 *
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100®- These values are consistent with the expansion coefficients of ceramic materials. By

comparing them with the coefficients of other materials, we find the following:

1. Metals: The thermal expansion coefficients for most common metals typically range
from 5x10° K to 25x10° K. For example, for aluminum it's around 22x10° K, for
copper it's around 16x10° K?, and for steel, it's around 12x10° K. Therefore,
La0.7Mg0.3Mn03, with a thermal expansion coefficient of 8x10° K, would generally
have a smaller thermal expansion than most common metals.

2. Ceramics: Ceramics usually have lower thermal expansion coefficients compared to
metals, often less than 5x10° K. For instance, the thermal expansion coefficient of
Alumina (AlOs), a widely used ceramic material, is about 9x10° K. Therefore,
La0.7Mg0.3MnO3 would typically have a equal thermal expansion coefficient than many
ceramics[13].

3. Polymers: Thermal expansion coefficients for polymers can vary quite widely, from
less than 10 K to several hundreds of 10 K™, depending on the type of polymer and its
crystallinity. Therefore, La0.7Mg0.3MnO3 would generally have a lower thermal
expansion coefficient than most polymers[13].

4. Glasses: The thermal expansion coefficient of common glasses, such as soda-lime
glass, is approximately 9x10° K™. Therefore, the thermal expansion coefficient of

La0.7Mg0.3MnO3 would be similar to or slightly less than that of common glasses[13].
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Figure (I11-17): The linear expansion coefficient as a function of temperature,

54



Chapter 111 Results and Discussion

3,5x10° -
3,0x10°
2,5x10° -
2,0x10° -
1,5x10°
1,0x10°

5,0x10°

0,0

Volume coefficient expansion of La, ,Mg, ,MnO, sample
sintered at 1100 °C

700 800 900 1000
Temperature (°C)

Figure (111-18): The volumetric expansion coefficient as a function of temperature.

The average value of the coefficient of linear expansion for the compound has been
calculated and was approximately 8.4 x10® °C1in the temperature range up to 900°C. This
value closely matches the results obtained from experimental measurements. These findings

are also consistent with a previous study conducted in this range[15] .

These results support our understanding of the material's behavior and the effect of
temperature on its linear expansion and volume. This information contributes to
determining the physical properties of the compound and understanding its behavior under
different conditions. Furthermore, the agreement between experimental results and previous
studies increases the credibility of the findings and confirms the validity of the work carried

out in this field.

Figure (111-19) illustrates the relative change in length with respect to the initial length as a
function of temperature for a sample of Lao.7Mgo3sMnOsz powder using a dilatometer. A
uniaxial pressure of 100 MPa was applied during the powder compaction process, forming
a cylindrical shape with a radius of 1 cm and a diameter of approximately 4 mm. A heating
rate of 5°C/min was employed, and the relative change in length was calculated during the
cooling process (after sintering occurred at 1100°C).
we can inferred that there is no phase transformation occurring, indicating that the

compound is chemically stable. Additionally, there is no structural transformation occurring
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during the cooling process, which is evident because the relative change in length is
represented by a straight line with respect to temperature.
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Figure (111-19): the relative linear expansion of the La0.7Mg0.3MnO3 sample with a

heating rate of 5°C/min.

Figure (111-20) illustrates the function of the coefficient of linear expansion with
temperature. It was evident that the value of the expansion coefficient ranges from 8.3x10®
at lower temperatures, increasing to 10x10¢® at 950°C. These values are consistent with

those calculated using X-ray diffraction analysis.
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Figure (I111-20): The coefficient of linear expansion, which is inferred from thermal
expansion
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Conclusion

The results presented in this work are part of investigating new materials with a perovskite

structure. These materials have remarkable physical properties.

Lanthanum manganite is a compound composed of lanthanum, manganese, and oxygen. It

exhibits interesting magnetic and electrical properties, making it useful in various applications.

Using a Sol-Gel method, we prepared LaMnO3 doped with Mg at different concentrations (0,
0.1,0.2, 0.3, and 0.4 %), resulting in nanopowder with crystallite dimensions ranging from 30
to 60 nanometers. The powder was characterized through various analyses, such as
Thermogravimetric Analysis (TG) and Differential Thermal Analysis (DTA), and calculate the
activation energy. The obtained results indicated that the Avrami coefficients n and m values
are about 1.5, indicating that the dominant particle growth mechanism during crystallization is

three-dimensional volume diffusion with a constant number of nuclei.

X-ray diffraction measurements at different temperatures revealed an Orthorhombic structure
at 700 and 800°C, while a hexagonal structure was observed at 900,1000, and 1100 °C. The
structure remained constant regardless of the Mg concentration, although there were changes

in lattice constants without directly affecting the nature of the lattice.

To calculate the expansion coefficient, we used two methods, First by using dilatometric
equipment and second by local analysis (to calculate the crystal lattice constants) by thermal
X-ray diffraction experiment (in situ XRD, HTK-XRD) and used the coefficients expansion
device. We found that the dilatation and volumetric expansion coefficients increased with
temperature in the studied range (700, 800, 900, and 1000 degrees Celsius). The values changed
from 8x10-% at 700 °C to 9x10%, which aligns with the expansion coefficients typically observed

in ceramic materials.
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Abstract

In this work, we have developed a series of magnetocaloric Perovskite oxide materials La;-
MgMnO3 with x=0, 0.1, 0.2, 0.3, .and 0.4 by the sol-gel self-combustion method.
Analysis of X-ray diffractograms shows that these compounds crystallize in orthorhombic
structure with space group Pnma (space group number 62) at 700-800°C(t=4h), and at 900
to 1100°C crystallize in hexagonal structure with space group R-3c¢ (n=167). Non-
isothermal differential thermal analysis was used In order to know the phase transitions and
to determine kinetic parameters for the formation of Lanthanum manganite
Lao7Mgo3MnOs. it was calculated by linear reaction models using two methods. The first
is Integral isoconversional by equations of Ozawa. Boswell, and Kissinger. The average
activation energy (E,), correlation coefficient (R?), Avrami parameter (n), and
dimensionality of crystal growth (m) were equal to 186 kJ mol™!, 0.99, 1.33, and 1.28,
respectively. the second is Differential isoconversional, The results show that the bulk
nucleation is followed by three-dimensional growth of LMO phases with polyhedron-like
morphology controlled by diffusion from a constant number of nuclei. a low coefficient of
thermal expansion (CTE) of 8.4 x 10/°C was measured, in the range 25-900 °C, by In
Situ XRD and Dilatometry Study.

Keywords: Lanthanum manganite, Perovskite oxide, In Situ XRD, kinetic parameters,
thermal expansion.
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