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Abstract

The main goal of this thesis is to understand the influence of the average crystallite size as a
function of the milling time on the structural, microstructural, mechanical, magnetic properties and
also the growth of bacteria strains. This study is devoted to the elaboration of nanostructured
Fe1sCozPspowder mixtures by mechanical alloying process which allows the formation of alloys with a
grain size in the nanometer range, then the physicochemical characterization of the powder mixtures
and also the effect of FeisCo2P3 powder mixtures on the growth of test bacteria. A high energy
planetary ball-mill Retsch PM 400 was chosen for synthesis the powder mixtures. Phases formation,
microstructural, structural, mechanical magnetic and growth of bacteria strains of the ball milled
powders were studied as a function of milling time, t (t = Oh, 1h, 2h and 3h) by X-ray diffraction using
the MAUD program which is based on the Rietveld method, vibrating sample magnetometer, and
Fourier-transform infrared spectroscopy and ultraviolet—visible spectroscopy. The XRD results
revealed the coexistence of the centered cubic a-Fe(P) solid solution and CozsFezs binary phase, for all
milled samples. The average crystallite size <L> of the formed solid solution and binary phase
decreased with the milling time. The evolution of the mechanical properties "Young's Modulus and
Poisson's Coefficient” demonstrated the stiffness and the deformation properties of the formed phase
and solid solution. The milling process induced some important changes in the magnetic properties,
whereas the variation of the saturation magnetization and coercivity was associated mainly with the
particle size refinement, accumulation of microstrain and formation of solid solution a-Fe(P) and
CorsFeos phase. Several fundamental magnetic parameters have been discussed as a function of milling
time. The current study provides evidence that milled FeisCo.Ps powder mixtures with different
concentrations have better antibacterial activity against Gram-positive strains and the same powder

mixtures could be used as cofactor for the examined Gram-negative strains.

Keywords: High energy ball milling; Nanostructured FeisCo2Ps powder mixtures; X-ray diffraction;

Mechanical properties; Magnetic properties; Antibacterial activity.




Résumé

Le but principal de cette thése est de comprendre 1’influence de la taille moyenne des grains en
fonction du temps de broyage sur les propriétés structurales, microstructurales, mécaniques,
magnétiques et aussi la croissance des bactéries. Cette étude est consacrée sur I’élaboration d’un
mélange de poudres nanostructures FeisCozPs par broyage meécanique qui permet la formation des
alliages avec une taille de grain dans le domaine nanométrique, puis les caractérisations
physicochimiques des mélange des poudres et aussi ’effet des mélange des poudres FeisCo2P3 sur la
croissance des bactéries testées.Un broyeur a billes haute énergie de type Retsch PM 400 a était choisi
pour synthétiser le mélange de poudres. La formation des phases, les proprietés structurales,
microstructurales, mécaniques, magnétiques des poudres broyés ainsi que la croissance des bactéries
ont été étudiés en fonction de temps de broyage, t (t = Oh, 1h, 2h and 3h) par les technique de
diffraction des rayons X en utilisant un programme d’affinement structural MAUD basé sur la
méthode de Rietveld, la magnétométrie a échantillon vibrant, la spectriscopie infrarouge a transformée
de Fourier et la spectroscopie ultraviolet-visible. Les résultats de la diffraction des rayons X révélent la
coexistence des structures cubiques centrées de la solution solide a-Fe(P) et la phase binaire CozsFezs.
La taille des crystallites <L> de la solution solide et de la phase binaire diminue en fonction du temps
de broyage. L’évolution des propriétés mécaniques (module de Young et coefficient de Poisson)
révelent la rigidité et la grande aptitude a la déformation de la solution solide et la phase formées .Le
processus de broyage a induit des changements importants dans les propriétés magnétiques, tandis que
la variation da 1’aimantation a saturation et de la coercivité était principalement associée au
raffinement de la taille des grains a I’accumulation de microdéformations et a la formation d’une
solution solide a-Fe(P) et de la phase Co7sFezs. Plusieurs parametres magnétiques fondamentaux ont
été discuté on fonction de temps de broyage. L’étude actuelle fournit la preuve que les mélanges des
poudres FeisCo2P3 broyés avec différentes concentrations ont montré une bonne activité
antibactérienne contre les souches de Gram positif et que les mémes mélanges des poudres pourraient

étre utilisés comme cofacteur pour les souches Gram négatif examinées.

Mots-clés: Broyage mécanique haute énergie; Mélange de poudres nanostructures FeisCozPs;

Diffraction des rayons X; Propriétés mecanique ; Propriétés magneétique; Activité antibactérienne.
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Introduction



“Nano”, this small word with huge potential has rapidly insinuated itself into the world’s
consciousness of today’s modern area. It is not a buzzword; rather, this term indicates the dimension of
the materials. It has conjured up speculation about a seismic shift in almost every aspect, leading to
undiscovered realms of science and creating new research domains. Nanomaterials are the materials
that have at least one dimension in a nanoscale regime, more specifically within 100 nm. In the past
few decades, the emergence and use of nanomaterials in consumer products has revolutionized many
industries. This novel class of materials has emerged as an exciting class of materials that are in high
demand for a range of practical applications due to their unique structural features, and hence their
unusual physical, chemical, mechanical, and magnetic properties. These characteristics result from the
refinement of the crystallite size up to the nanoscale and the large fraction of the atoms residing in the
grain boundaries. Nanostructured materials with critical dimensions have attracted increasingly more
attention from the materials community due to their existing and/or potential applications in a wide
variety of technological areas and fields.

Nanomaterials can be classified based on their origin or according to their dimensionality and
composition. There are different methods for producing nanomaterials. The two major approaches are
the bottom up and the top down methods (Igbal, et al., 2012 and Wang, et al., 2004). Mechanical
milling is one among the top down methods which is a good processing technique to produce a large
variety and large quantities of nanostructured materials at the solid state (Loginov, et al., 2015) from
compositional heterogeneous (generally pure elements) powder. Nanomaterials are often used in health
care diagnostics. A number of manufactured nanomaterials have, however, been associated with health
hazards. Their application has gained immense interest in recent years owing to their superior
properties compared to traditional materials. Nanomaterials extensively explored for health care
diagnostics are predominantly either purely organic or inorganic materials, or a combination of both.
Nonetheless, due to their small size and large surface area, particulate nanomaterials in powder form
may present risks of explosion, whereas non-nanosized versions of the same substance may not.

A worldwide initiative is under way to develop a new generation of antibacterial nanomaterials.
The antibacterial activity of nanomaterials has been attributed to shape, high surface area and small
size that permit nanomaterials to interact thoroughly with bacterial membrane. The antibacterial
mechanism depends on the bacteria type; Gram-negative or Gram-positive. Generally, bacteria
distinction is based on the difference in the structure of the bacterial wall. Gram-negative bacteria have
an outer cell membrane in contrast of Gram-positive bacteria. Currently, diverse metallic
nanomaterials are regarded as practical alternative to antibiotics due to their great effectiveness
towards antibacterial activities. Recently, the bacteriological behavior of nanomaterials synthetized by
mechanical milling is a challenge for many researchers (Bagha, et al., 2018 and Karthik, et al., 2016).

Magnetic nanomaterials have been studied due to their remarkable properties, like saturation

magnetization and coercivity which are considerably different from bulk materials and closely related
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to the structure and microstructures (Herzer, 1997 and Shull, 2007). It is well known that the good
understanding of the magnetic or mechanical properties of materials often requires knowledge of their
microstructure, in particular their grain size. Iron cobalt (Fe-Co) alloys are the most well-known and
effective magnetic materials due to their benefits of magnetic properties, with high Curie temperatures,
the highest saturation magnetization, high permeability, low losses and are relatively strong, in
addition to their good strengths, structural chemical properties and effectiveness in catalytic process
(Bozorth, 1951 ; Sourmail, 2005 and Quigley, 1993). Since the discovery of these interesting alloys by
Elmen (1929), their cost has confined them to applications where a small volume and high magnetic
performances are critical. Currently, Fe-Co alloys are ideally suited for applications requiring high flux
density; they are used in applications where their high saturation values provide an advantage in
reducing components weight and/or volume. Fe-Co alloys find application in data storage, high
performance transformers, and pole tips for high field magnets (Sundar and Deevi, 2005 and Sourmail,
2005). Due to the interesting effect of the mechanical milling method in the magnetic and mechanical
properties of Fe-Co alloys, various studies have been carried out on Fe-Co nanostructured powders
produced by this technique for different elaboration conditions using several types of ball-mills
(Sanchez-De Jesus, et al., 2016 ; Moumeni, et al., 2005 ; Akkouche, et al., 2011 and Laala-Bouali, et
al., 2013). A critical step was undertaken in achieving the ball-milled Fe-Co alloy combined with other
elements of industrial relevance, such as Mo (Moumeni, et al., 2013 and Tavakoli, et al., 2013),V
(Chitsazan, et al., 2011), Ni (Ahmadian, et al., 2012), Nb (Nasibi, et al., 2012), Cr (Bentayeb, et al.,
2007), and C (Wu, et al., 2013). Most solute additions in Fe-Co alloys tend to reduce the saturation of
the alloy and in general increase its coercivity, thereby degrading its magnetic performance (Sourmail,
2005). Those studies gave controversial results with regard to the magnetic parameters (saturation
magnetization and coercive field) as a function of the milling duration and, therefore, the grain size.
The aim of the presented thesis work deals with the mechanical milling and characterization of
FeisCo2P3 nanostructured powders. Phosphorus included in iron cobalt alloys can improve the
structural, microstrucrtural, mechanical and magnetic properties of the nanomaterial. For example, a
very small amount of red P mixed with iron cobalt alloys can result in weld brittleness and apparently
increase the tendency of crack.

In the present thesis, clarifications of the effect of mechanical milling on microstructure,
mechanical, magnetic and antibacterial properties of the Fe1sCo2P3 powder mixtures at various milling
times is discussed. The current PhD thesis consists of five chapters organized as follows:

The first chapter provides the related literature review. In particular, nanomaterials and their
classifications are introduced and their fundamentals properties are outlined. Various nanomaterial
synthesis methods, including top-down and bottom-up approaches, are discussed. This chapter
describes advances in nanomaterials, specifically in healthcare. Finally, basic knowledge and the

literature review related to phosphides and iron cobalt alloys are provided.




The second chapter is dedicated to the experimental procedures and processes employed for the
mechanical milling and the bacteriology tests during the preparation of this thesis together with the

main characterization techniques used.

In the third chapter, the structural, microstructural and mechanical properties of Fei1sCo2P3 powder

mixtures at different milling periods are presented.

In the fourth chapter, the magnetic behavior of Fe1sCo.P3 powder mixtures milled for several times is
discussed. The dependence of magnetic properties with microstructural parameters of the ball-milled

Fe1sCo2P3 powder mixtures were investigated in details.

In the last chapter, it is found that the novel synthesized nanomaterial exhibit bacteriological behavior

for both, Gram-positive and Gram-negative bacteria.

Finally, the thesis was concluded with a summary of the main results obtained and a highlight of the
contributions of this study in terms of the mechanical, magnetic and bacteriologycal behavior of the

proposed nanomaterial. Moreover, future research is recommended.




Chapter I:

Backgroundls and Literature Review

This chapter contains geneva[ 'mformaﬁon about nanomaterials, their classiﬁcaﬁon, their
properties, various syn’chetic process of nanomaterials inc[uding mechanical mi“ing and factors
aﬂ‘ecﬁng the mechanical miU'mg process, nanomaterial healthcare appﬁcaﬁons, basic

informaﬁon and the literature review of work conducted on CoFe based a“oys, phosphides FeP,

CoP, and FeCoP a“oys.




1.1 Nanomaterials

The prefix “nano” derived from the Greek language “vavc” (nanus) literally means “dwarf”
(Fang, et al.,2009). Nowadays, this prefix means a billionth (1x107°) of any unit (Buzea, et al.,2007).
In general, nanometer grain size materials are considered as having at least one dimension in the 1-100
nm range. Because of such small dimensions, a large volume fraction of the atoms is located at the

grain boundaries, and this confers special attributes to these materials (Suryanarayana, 1995).

There are many definitions of the term ‘“Nanomaterial”. The definition given by the European
Commission Stated in October 2011 that the particle size of at least half of the particles in the number
size distribution must measure 100 nm or below. The term “nanomaterial” refers to materials that
contain nanoscale structures internally or with internal structure or surface structure in the nanoscale.
Nanomaterials means natural, incidental or manufactured chemical substances or materials containing
particles (Lungu, et al., 2015 and Galloway, et al., 2017). In an unbound state, as an aggregate or as an
agglomerate and where, for 50 % or more of the particles in the number size distribution, one or more

external dimension measuring in the size range 1-100 nm.
1.2 Classifications of Nanomaterials

In the past few decades, hundreds of novel nanomaterials have been obtained and therefore their
classification became necessary. Factors such as source of origin, dimensionality and composition are

used to determine few of these classifications.
1.2.1 Classification According to the Source of Origin

Nanomaterials can be classified based on their source of origin, which means the source

materials to produce nanomaterials, into three main categories (Tahir, et al., 2021):

e Incidental nanomaterials, also called subsidiary nanomaterials which are produced incidentally
or as byproducts of chemical processes; for example the nanoparticles produced from vehicle engine
exhaust and anthropic or natural combustion processes such as forest fires.

e Engineered nanomaterials, which have been manufactured to have certain required properties
for desired applications. Furthermore, those artificial nanomaterials are prepared deliberately through a
well-defined mechanical and fabrication process. Examples of artificial nanomaterials include carbon
nanotubes and semiconductor nanoparticles like quantum dots, etc. (Buzea, et al., 2007).

e Naturally produced nanomaterials, which can be found in the bodies of organisms, insects,
plants, animals and human bodies. Examples of some natural nanomaterials include viruses, protein,
molecules, antibodies, minerals, natural colloids, insect wings and opals, spider silk, lotus leaf, gecko

feet, volcanic ash, and ocean spray (Fabbro, et al., 2012).




The distinctions between naturally occurring, incidental, and manufactured nanoparticles are often

indistinct. In some cases, incidental nanomaterials can be reflected as a subgroup of naturally produced

nanoparticles.

1.2.2 Classification According to Dimensionality

Nanomaterials can be classified based on their dimensionalities into four groups. This
classification was first setby Gleiter, et al. in 1995 (Gleiter, et al., 1995 and 2000), and further

explored and described by Skorokhod in 2000 as zero-dimensional (OD), one-dimensional (1D), two-

dimensional (2D) and three-dimensional (3D) nanomaterials, with all dimensions in the nanoscale.

Later on, such a classification was newly modified and presented by Pokropivny and Skorokhod

(2008). The schematic representation of the classification of nanomaterials according to their

dimensions is given in Figure 1.1.

Nanomaterials

Zero dimensional One dimensional Two dimensional Three dimensional
(Quantum structures) (Nanowires) (Thick and thin films) (Balk nanostructures)
%

a&: ;/-""
3. | \&

Figure 1.1: Schematic representation of classification of nanomaterials based on their dimensions
(Alagarasi, 2009 and Sharma, et al., 2019).

Zero-dimensional nanomaterials (clusters) are usually denoted as 0D structures. Nanoparticles,

nanoclusters and nanocrystals belong to this category. This range corresponds to colloidal particles.

The most common representation of 0D nanomaterials is nanoparticles which could (Sharma, et al.,

2019):

be amorphous or crystalline,

be single crystalline or polycrystalline,

be metallic, ceramic or polymeric,

consist of single or multi-chemical elements,

exhibit various shapes and forms, and

vV V V V V V

exist individually or be incorporated in a matrix.




One-dimensional nanomaterials (Long and nanoscale thin) are referred to as 1D structures. They
are the materials that are equivalent in all but one direction. Examples of nanomaterials that belong to
this class are nanotubes, nanorods, nanowires, filaments, or fibers (Saleh, et al., 2016). 1D

nanomaterials could be (Sharma, et al., 2019):

amorphous or crystalline,
single crystalline or polycrystalline,
chemically pure or impure,

embedded within another medium, and

vV V V V V

metallic, ceramic or polymeric.

Two-dimensional (2D) nanomaterials (Nanoscale thickness but large area) consist of two outer
dimensions beyond the nanorange (>100 nm) and one dimension in the range of nanometer. Free
particles with a large aspect ratio, with dimensions in the nanoscale range, are considered 2D
nanomaterials. Examples include nanosheets, nanofilms, nanolayers and nanocoatings which can be
(Sharma, et al., 2019):

amorphous or crystalline,

made up of various chemical compositions,
used as a single layer or multilayer structures,
deposited on a substrate,

integrated in a surrounding matrix material, and

vV V V V V V

metallic, ceramic or polymeric.

Three-dimensional (3D) nanomaterials are associated with three arbitrary dimensions. 3D
materials are beyond the nanorange (>100 nm). This category of nanomaterials includes foams,
honeycombs, fibers and nanotubes, layer skeletons, powdered nanoparticles, and layered composites
(Pokropivny and Skorokhod, 2007). With respect to the presence of features at the nanoscale, 3D
materials can contain dispersions of nanoparticles, bundles of nanowires and nanotubes as well as

multi-nanolayers (Tiwari, et al., 2012 and Teo, et al., 2007).
1.2.3 Classification According to Composition

Nanomaterials can also be divided, depending on their composition, into three groups as
inorganic, organic, or inorganic-organic hybrid. These classifications are based on the main elements
containing nanomaterials namely carbon, silicon, metal, etc as (Karak, 2019) (Figure 1.2). Organic
nanomaterials are composed of carbon-based nanomaterials such as fullerenes, carbon nanotubes,
single-walled carbon nanotubes, multi-walled carbon nanotubes, graphite, and nanofibers. Inorganics

nanomaterials consist of metals, nanogold such as gold and silver nanomaterials and the metal oxide-
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based nanomaterials such as titanium dioxide (TiO2) and zinc oxide (ZnO) nanomaterials. Quantum
dots (nanomaterials metalloid) are also inorganic nanomaterials. The third group is called hybrid
nanomaterials that are defined as unique chemical conjugates of organic and/or inorganic materials
(Gomez-Romero, et al., 2005). That is, these are mixtures of two or more inorganic components, two
or more organic components, or at least one of both types of components. It is a combination of
organic-organic  nanomaterials, organic-inorganic  nanomaterials, and inorganic-inorganic

nanomaterials (Al-Kayiem, et al., 2013).

Nanomaterials

Hibrid

Organics
Inorganics

'c\)/)l(et(‘j"‘gz Inorganics

Y Inorganics

Quantum
dots

Eletrospum

Organics

nanofibers Organics

Figure 1.2: Classification of nanomaterials based on composition.
1.3 Properties of Nanomaterials
1.3.1 Origin of New Properties

Because of their very fine grain sizes, nanomaterials have the structural features in between
atoms in comparison of those in their bulk counterparts and conventional coarse grained
polycrystalline materials which give them different properties. Nanomaterials can be produced with
outstanding chemical, physical, magnetic, electrical, optical, mechanical, biological and catalytic
properties that are substantially different from materials of a coarser structure, even when the
elemental or molecular composition is the same. The nanomaterial properties can be tuned as desired
via precisely controlling the size (distribution and morphology), shape, synthesis conditions, and
appropriate functionalization.




1.3.2 Nanomaterials Composition

A ‘hard-sphere’ two-dimensional model proposed by Gleiter (Gleiter, 1995 and 2000) for a
nanocrystalline solid, in which atoms in the crystalline region are indicated as black circles, while
those in the boundary regions are represented as open circles (Figure 1.3). Two different structures of
atoms can be distinguished: crystal atoms with the nearest neighbor configuration corresponding to the
lattice and boundary atoms with a wide variety of interatomic spacing. In the boundary regions, the
coordination between the nearest neighbor atoms deviates or reduces from the one in the crystallites,
implying the occurrence of atomic disorder at these regions (Eastman, 1992 and Loffler, et al., 1995).
It has become apparent that the total inter crystalline region consisting of grain boundaries and triple
junctions (intersection lines of three or more adjoining crystals) become an important component of

the microstructure at very small grain sizes (Suryanarayana, 1995).

The concept of grain boundary ledges sources for dislocations under an applied stress or
fluctuation of temperature was recognized by Li (1963). Li proposed the emission of dislocations from
grain boundary ledges and assumed that the density of ledges is about the same in the grain boundary,
so the dislocation density scales inversely with grain size which implies that fine-grained materials
have a greater dislocation density when they yield. Crystal growth often occurs at growth ledges,

which can be associated with dislocations and their impact on crystal properties (Lagerlof, 2018).

Grain boundary

Grain
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Figure 1.3: Two-dimensional model of nanomaterial (Gleiter, 2000).




1.3.3 Chemical Properties

The chemical properties are important factors in nanomaterials. Those properties include
stability and sensitivity, toxicity, corrosive and anti-corrosive, oxidation, reduction, composition,
presence of biochemical moieties on surface (peripheral coatings or functional groups), hydrophilic or
hydrophobic nature, aggregation and disinfection which determine the role of nanomaterials in
chemical and biomedical engineering (Nel, et al., 2006 and Singh, et al., 2020). In addition,
morphology has an exceptional effect on the chemical properties of nanomaterials. The latter also
depends on the size of nanomaterials which affect the appearance in interaction change during
chemical processes. The reaction speed for a large number of heterogeneous chemical processes with
the participation of solid phases is determined by diffusion in hard materials. This is related to the
decrease in particle size, and the exponential grow of reaction speed (Abdullaeva, 2017). The larger
numbers of atoms on nanomaterial surfaces is the main cause of the change in nanomaterials behavior
and results in higher average energy than longer structures (Singh, et al., 2020), and therefore
nanomaterials show more reactivity than bulk materials. Surface atoms are more active as
compared with bulk atoms owing to fewer adjacent coordinate atoms or more dangling bonds
(Burda, et al., 2005). The surface atoms are not fully bonded on all sides, and therefore have
one or more dangling bonds. Consequently, less energy is required to break the chemical bonds in
their chemical reaction (Kuo, et al., 2003). A nanoparticle can burn and release energy much more

easily due to their large surface area to volume ratio and short oxidizer diffusion length.
1.3.4 Physical Properties

Between the dimensions on an atomic scale and the normal dimensions, which characterize bulk
material, is a size range where condensed matter exhibits some remarkable specific properties that may
be remarkable different from the physical properties of bulk materials such as grain boundaries, triple
junctions and declinations. Physical properties of nanomaterials are related to different origins: large
fraction of surface atoms, large surface energy, spatial confinement, and reduced imperfections.
Surface effects are inversely proportional to material, leading to a smooth scaling of physical

properties due to an increased fraction of the atoms at the particle surface compared to its interior.
Some examples of the physical properties of nanomaterials are:

» Colored nanomaterials of yellow gold and gray silicon are red in color.

» Gold nanoparticles (of 2.5 nm size) melt at much lower temperatures (~300 °C) than the gold
slabs (1064 °C).

» Zinc oxide particles have been found to have superior UV blocking properties compared with
their bulk substitutes.




» The absorption of solar radiation in photovoltaic cells is much higher in nanoparticles than in
thin films of continuous sheets of bulk materials. Since the particles are smaller, they absorb

greater amount of solar radiation.
1.3.5 Structural Properties

The crystalline structure is of a paramount importance in deciding a nanomaterial’s properties.
Nanomaterials with different crystal structures may differ in important physicochemical properties,
such as reactivity or photocatalytic activity. Accordingly, the same material in a different crystalline
form can have very different properties and in such cases only a specific crystal structure is used for
given applications. The different crystal structures are not only relevant to the various technical

applications, but can also affect the behavior and toxicity of nanomaterials.

As the grain size decreases, there is a significant increase in the volume fraction of grain
boundaries or interfaces. This is mainly due to the nanometer size of the materials which render them
with very high surface-to-volume ratio and large fractions of surface atoms. This characteristic
strongly influences the different properties of the material. The size limitation introduces the high
population of atoms located on the surface area. Exceptionally high surface areas can be achieved
through the rational design of nanomaterials, and this property is associated with all nanomaterials
(Tomar, et al., 2020). In addition, as the particle size decreases the number of molecules in the
surface relative to the bulk increases, giving new and unexpected properties. Furthermore, the surface
is related to many phenomena such as the effects of catalysis, absorption and chemical reactivity.
Moreover, the surface atoms may have crystallographic structures, chemical bonds and mechanical
behavior different from those on the core. The atoms proportion increases with the reduction of the
particle size. This has been schematically illustrated in Figure I.4. In a micro-sized particle, only 2 %
of atoms are different from those presented in the core. On the other hand, in a particle with a diameter
of 60 nm, 4 % of their atoms are different. 50 % of atoms are different for a size of 5 nm, and 80 %
difference is found in 1 nm particles (LeMercier, 2019). As a result, the properties of nanomaterials are

drastically affected.
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Figure 1.4: Variation, at the nanometirc scale, of the surface atoms proportion with the size of
the particle (Le Mercier, 2019).

1.3.6 Mechanical Properties

Nanomaterials have excellent mechanical properties and unique properties that are not found in
macroscopic materials due to the volume, surface and quantum effects of nanoparticles. The
mechanical properties of nanomaterials are affected by the triple junctions, the pores and the
impurities. Moreover, several factors including the surface structure, functionalization, preparation
methods, chemical treatments, etc have a direct influence on the mechanical properties, which also
vary with the base material. Compared with their bulk counterparts, the mechanical properties of
nanomaterials are considerably improved due to increases in crystal perfection or reductions in
crystallographic defects (Tomar, et al., 2020). These properties refer to the mechanical characteristics
of nanomaterials under different environments and various external loads. The mechanical properties,
which reflect the internal bonds between the molecules and atoms of a material, are namely elasticity,
toughness, hardness, ductility and superplasticity. These exceptional mechanical properties are closely
linked to the gradient nanostructures of materials. Some fundamental mechanical properties are briefly

discussed in the next sections.
1.3.6.1 Elastic Properties

In the years around 1950, two effects of size were identified in the strength of materials; both can
be summarised as “smaller is stronger”. The elastic constant of nanomaterials is proportional to the
bond strength between atoms or molecules and has been found to be reduced by 30% or less. The
higher the bond strength, the higher the melting point and the lesser elastic modulus. If the temperature
is increased, the mean separation between atoms increases and the elastic modulus decreases. The

reduction in Young's modulus values could be related to the level of porosity and the state of cracks in




the samples. The most significant change resulting from a reduction in the grain size to the nanometer

level is a 4-5 times increase in the strength and hardness over the course grained material.

Nanomaterials show an increase in yield strength (or hardness), o (L), with a reduction in grain
size, L, of a material decreases the free motion distance of dislocations by a reduction in obstacle
spacing according to the well-known Hall-Petch (H-P) equation (Hall, 1951 and Petch, 1953). Hall
(1951) and Petch (1953) found that the strength of iron and steel increases when the grain size is
smaller. Eshelby, et al. (1951) established experimentally the eponymous relationship, based on the
theoretical work, which holds well up to a grain size of 100 nm:

kpp
o(L)=op + T (1.1)
o(L) is the stress at yield or the flow stress at higher plastic strains, also called the elastic limit (or
hardness). oo is the friction stress resisting the motion of gliding dislocation (or the hardness of a single
crystal specimen, d —o0). L is the grain size and kup is a constant called the Hall-Petch intensity

parameter that may be predicted by theory or may be considered as a material constant.

Accordingly, nanomaterials are expected to show much higher yield strength than the coarse
grained materials of the same composition. The hardness of nanomaterials is dependent upon the grain

size for a particular range of temperature. It is about five times greater than their bulk counterparts.
1.3.6.2 Ductility

Ductility is one of the most important mechanical properties for structural materials. Good
ductility is essential to avoid catastrophic failure in load-bearing applications and is also very
important for many shaping and forming operations. By definition, ductility can be considered as the
ability of solid materials to change their shape and deform plastically under tensile stress (Zhu and Wu,
2018). Quantitatively, ductility is usually measured as the elongation to failure of a sample during
standard uniaxial tensile tests (Zhu and Wu, 2018). Uniform elongation is a better measure of ductility
for small samples because they are less sensitive to sample size. Usually a reduction in grain size leads
to an increase in ductility. Thus one should expect a ductility increase as the grain size is reduced to
nanoscale. Nevertheless, the large increases in yield stress (hardness) observed in nanomaterials
suggest that fracture stress can be lower than yield stress and therefore results in reduced ductility.
Nanomaterials in most cases usually have very poor ductility, due to their low strain hardening
capability (Zhao and Liao, 2010). Increasing strain hardening rate via modifying microstructure is the
primary route to improve ductility. Furthermore, the low ductility of nanostructured materials can be

classified into two groups: extrinsic processing artifacts and intrinsic microstructures/deformation




mechanisms. The former case includes porosity, insufficient bonding, impurities etc that may develop

during consolidation and/or synthesis of nanomaterials.
1.3.6.3 Superplasticity

The interest in superplasticity has increased due to the recent observations of this phenomenon in
a wide range of materials, including nanomaterials. Superplasticity was described broadly as the ability
of a material to exhibit, in a generally isotropic manner, very high tensile elongations prior to failure.
Typically, elongations of 100% to >1000% are considered the defining features of this phenomenon.
Superplasticity is a well-established grain size dependent phenomenon that is exhibited by fine grained
materials at elevated temperatures. In the superplastic deformation regime, the dominating effect is
sliding at grain boundaries, in which grains move over distances close to or greater than the grain size,
without major change in their geometry. The grain boundary sliding is the dominant mechanism for
structural superplasticity which leads to stress concentration at the grain boundary triple junctions
(Mukherjee, 1993). This sliding is accommodated by dislocation or diffusional processes. The
nanomaterials show superplasticity at significantly lower temperatures as well as at enhanced strain

rates as grain size is decreased.

1.3.7 Thermal Properties

The thermal properties of nanomaterials are better than their fluid forms because they have a
large surface area and so heat transfer occurs directly on the surface of the material. Surface affects
result in reduced melting points of nanomaterials (Shukla, 2017). The specific heat and melting
temperature are considered as the most fundamental thermal properties of any solid. Those properties
depend upon many factors that usually are insignificant in bulk materials. In particular, surface
properties, interfacial structures, and quantum or classical size effects prominently determine the
thermal transport in nanomaterials, leading to carrier scatterings and localization that are otherwise
absent or unobvious in bulk materials. Generally, nanomaterials exhibit enhanced specific heat and
lower melting points (Koper, et al., 2001). The specific heat of a material is closely related to its
vibrational and configurational entropy, which is significantly affected by the nearest-neighbour
configurations. Thus, the increase in the specific heat of nanomaterials has been attributed to the small
crystal size (Suryanarayana, 1995). The melting point is the temperature above which the crystalline
structure of solids disappears and bereplaced by disordered atomic arrangement in liquids (Koper, et
al., 2001). The decrease in bonding energy due to enhanced surface and grain boundary area in
nanomaterials can reduce the enthalpy of fusion and the melting temperature (Murty, et al., 2013). In
this model, the mean-square atom displacement averaged over the entire volume of the particle,

including its surface was evaluated. As the particle decreases, the increased number of surface atoms
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enhances the average values of atomic displacement. According to the second law of thermodynamics,
entropy rate is positive for a system that is large with a longer timescale. However, smaller systems
with smaller timescales violate this law according to the fluctuation theorem which has been proved

experimentally (Tahir, et al., 2021).
1.3.8 Magnetic Properties
1.3.8.1 Magnetism and Magnetic Materials

Moving electrical charges generate a magnetic field in a material. Magnetism is therefore a
characteristic property of all materials that contain electrically charged particles and often considered
to be the origin of electronics. The origin of magnetism lies in the orbital and spin motions of electrons
and their interactations with one another. Orbital and spin magnetic moments are invaluable
fundamental quantities for understanding the macroscopic magnetic properties of matters. The spin
magnetic moment is due to the precession of the electrons about their own axes whereas the orbital
magnetic moment is due to the motion of electrons around the nucleus (Figure 1.5). The resultant
combination of the spin and orbital magnetic moments of the constituent atoms of a material gives rise
to the observed magnetic properties. In general, the total dipole magnetic moment of all electrons in a
material is zero because all electrons exist in pairs with opposite spins. Only those materials with
partially filled shells generate a net magnetic moment, from which we can observe a macroscopic

magnetic field.

The orbital magnetic moment
The spin magnetic moment

Electron ‘

Nuclease

Figure 1.5: Orbital and spin magnetic moments.




Magnetic materials are characterized by their magnetic fields. The magnetization M is induced
by the external magnetic field H. The former is related to the latter by magnetic susceptibility x. That

is:
M=yH (1.2

M is magnetization (total magnetic moment per unit volume), x is magnetic susceptibility and H

magnetic field strength.

The term "magnetic field" is commonly used to refer to the magnetic field strength H and to the

magnetic induction B. In vacuum, both quantities are linearly related via the magnetic permeability of

free space Mo.
B = WoH (1.3)

If the magnetic induction occurs within a material, the magnetization of the material is also

considered:
B=po(H+M)=po(1+ ) H=popeH  (1.4)
Hr is the relative permeability of the material.

The moment of magnetic solids nearly originates from the partly filled inner electron shells of
transition-metal atoms. Of a particular importance are the rare-earth or 4f elements, such as Nd, Sm,
Gd and Dy, and transition-metal elements (3d elements) Co, Fe and Ni. These magnetic intermetallic
compounds have several key properties divided into two categories: the intrinsic properties (dependent
on the chemical composition) and the extrinsic properties (dependent on the microstructure). The
intrinsic properties are the saturation magnetization, the Curie temperature, and the magnetocrystalline
anisotropy. They are expressed on an atomic length and time scales but describe infinite crystals.
These properties are determined by the crystallographic structure and the chemical composition of
materials, and are generally considered as equilibrium properties. By contrast, the extrinsic magnetic
properties are the coercivity and the remanent magnetization, which are mainly a function of the
microstructure of the material. The extrinsic behavior reflects the magnet’s real-structure
(morphology) (Skomski and Sellmyer, 2008). By comparison, intrinsic properties tend to approach their
bulk values on fairly small length scales and in the case of extrinsic properties, nanostructural effects
are important on much larger distances (typically at least several nm). Intrinsic properties are not
affected by small concentrations of defects whereas extrinsic ones show, in general, nonequilibrium

behavious, closely related to magnetic hysteresis.




1.3.8.1.1 Classification of Magnetic Materials

All Materials can be classified at room temperature in terms of their magnetic behavior falling
into one of five major groups, according to their susceptibility and permeability, into diamagnetic,
paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic materials (Culity, et al., 2009), as
depicted in Figure 1.5. Diamagnetism and paramagnetism do not exhibit magnetic properties or
collective magnetic interactions. The other three types exhibit long range magnetic order below a
critical temperature. The Curie temperature, Tc is the critical temperature in the case of ferromagnetic
and ferrimagnetic materials, above which the magnetism is disordered and the materials exhibit
paramagnetism. Similarly, the Neel temperature, T is the critical temperature for anti-ferromagnetic
materials above which the materials become paramagnetic. This transition occurs due to thermal

energy overcoming the electronic interaction in magnetic materials (Moskowitz 1991).

Diamagnetism is the weakest form of magnetism where the magnetization is proportional to the
applied magnetic field. In a diamagnetic materials, electron shells are completely filled and therefore

no dipoles are formed because the applied magnetic field is cancelled out (Figure 1.6a).

The materials which are not strongly attracted to a magnet are known as paramagnetic materials.
They have individual atomic dipoles oriented in a random fashion as shown in Figure 1.6b. In this class
of materials, some of the atoms or ions in the materials have a net magnetic moment due to the
unpaired electrons in partially filled orbitals. However, the individual magnetic moments do not

interact magnetically, and like diamagnetism, the magnetization ceases when the field is removed.

The materials which are strongly attracted by a magnetic field or magnets are known as
ferromagnetic materials. Ferromagnetism is only possible when atoms are arranged in a lattice and the
atomic magnetic moments can interact in order to align parallel to each other. Furthermore,
ferromagnetic materials exhibit parallel alignment of moments resulting in a large net magnetization

even in the absence of a magnetic field (Figure 1.6c).

If the sublattice moments are exactly equal but opposite, the net moment is zero (Figure 1.5d).
This type of magnetic ordering is called antiferromagnetism. Antiferromagnetic materials are similar
to ferrimagnetic materials. However, the magnetization of the two opposite sublattices is equal in
magnitude. As a result, the magnetization of one cancels out that of the other and there in no net

magnetization in the material.

Ferrimagnetism is only observed in compounds, which have more complex crystal structures

than pure elements. These materials are similar to ferromagnetic substances; however they have two




sublattices which are magnetized in opposite directions. One of the sublattices has a stronger
magnetization and hence a net magnetization in the material sample is achieved (Figure 1.6e).
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Figure 1.6: Different types of magnetism (a) Diamagnetism, (b) Paramagnetism, (c) Ferromagnetism,

(d) Antiferromagnetism and (e) Ferrimagnetism.
1.3.8.1.2 Magnetic Domains

In the year 1907, Pierre Weiss stated that a ferromagnet possesses a humber of small regions
(Magnetic domains) (Weiss, 1907). Each of them exhibits the saturation magnetization. The formation
of the magnetic domains is energetically favorable because this structure can lower the magnetostatic
energy originating from the dipole—dipole interaction. The directions of magnetization of neighboring
domains are not parallel. As a result, between two neighboring domains, there is a region in which the
direction of magnetic moments gradually changes. This transition region is called a magnetic domain
wall. The domain walls can be distinguished according to the angle of the magnetization between two
surrounding domains with the wall as a boundary of a 180° wall and a 90° wall. A 180° domain wall
represents the boundary between two domains with opposite magnetization (Figure 1.7a). A 90°
domain wall represents the boundary between two domains with the magnetizations being

perpendicular to each other (Figure 1.7b).
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Figure 1.7: (a) 180- and (b) 90° domain wall.

A closer inspection of 180° domain walls reveals that they can be divided into two classes; Bloch
wall and Néel wall. In Bloch wall, the rotation of the magnetization occurs in a plane parallel to the
plane of the domain wall (Figure 1.8a). On the other hand, in Néel wall the rotation of the

magnetization vector takes place in a plane perpendicular to the plane of the domain wall (Figure 1.8b).
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Figure 1.8: Rotation of the magnetization in a (a) Bloch wall and (b) Néel wall (Li-cong, et al., 2018).

1.3.8.1.3 Magnetization Hysteresis Loop

Magnetic hysteresis is an irreversible phenomenon that represents the magnetization and
demagnetization of any magnetic material where the basic magnetic properties of those materials are
explained on the hysteresis loop curve (magnetization vs field), as shown in Figure 1.9. All the

magnetic properties determined from the hysteresis loop are detailed in the following lines.
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Figure 1.9: Magnetization hysteresis loop of a ferromagnetic material.




Magnetic properties determined from the hysteresis loop:

» Saturation magnetization, Ms: It is the measure of the maximum magnetization in the material
at sufficiently large fields where all the magnetic moments are aligned in the direction of the
field, as depicted in Figure 1.9.

» Coercivity, Hc: It is the magnitude of the field that must be applied in the negative direction to
bring the magnetization of the sample back to zero (Stefanita, 2012 and Goldman, 2006), as
illustrated in Figure 1.9.

» Remanent magnetization or retentivity, M;: It is the measure of the amount of magnetization
remaining in the material when the magnetic field is reduced to zero after reaching saturation, as
shown in Figure 1.9.

» Squareness, M/Ms: It is given by the ratio of retentively over magnetization saturation which is
characteristic of in homogeneity of the material and the corresponding mobility of the domain

walls.

According to the nature of the hysteresis loop, magnetic materials can be categorized into two
main groups depending on how easy they are to magnetize; they can either be soft magnetic materials
or hard magnetic materials (permanent magnets). Both types of magnetic materials are distinguished
from their magnetic properties, especially their coercivity, Hc. Coercivity of a soft magnet is lower
than that of a hard one (Jiles, 2016). A hard magnetic material is difficult to magnetize and
demagnetize, whereas a soft magnetic material can easily be magnetized and demagnetized. As shown
in Figure 1.10, hard intermetallics are characterized by their wide hysteresis. They are used as
permanent magnets, while soft ones with a very narrow hysteresis are utilized in electromagnetic
machines (Coey, 1991 and 2020).

M

M A

Soft Magnetic Hard Magnetic

Figure 1.10: Hysteresis curve of soft and hard magnetic materials.




The saturation magnetization, Ms, is the maximum magnetic moment per unit volume for a
magnetic material. In general, Ms is insensitive to the microstructure and strongly relies on the
chemical composition of the material (Bozorth, 1978). Coercivity, Hc is the strength of the applied
reverse magnetic field that causes a reduction, in the magnetic induction, to zero. Coercivity is
microstructure sensitive, and therefore is affected by heat treatment or deformation (Jiles, 2016). The
effect of grain size on coercivity is shown in Figure 1.11. Thus, when the grain size is progressively
refined, the magnetic “hardness” increases. For very small grains, a D® proportionality is found (where

D is the grain size). The coercive field classically follows a 1/D dependence.
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Figure 1.11: Grain size effects in magnetism (Arzt, 1998).

1.3.8.2 Magnetic Behavior of Nanomaterials

The magnetic behavior of elements can change at the nanoscale where a non-magnetic element
becomes magnetic at the nanoscale level (Roduner, 2006). At the nanometric scale the change in the
magnetic properties becomes dramatic because of the effects related to the finite size (decreased
volume), and the very important effect due to the surface. Indeed, the magnetic properties are strongly
modified at the surface, where the atoms have a reduced coordination number. On the other hand, the
magnetic state of the surface in nanocrystals plays a determinant role on the resulting magnetic
properties, because the surface/volume ratio is high. Any material with a dimension less than 100 nm
that responds on the magnetic field is considered a magnetic nanomaterial. The magnetic properties of
nanomaterials are, as stated before, strongly altered compared with bulks. Gleiter, et al. (1989) found
that the M;s value of pure nanocrystalline iron (130 emu/g) is lower than the Ms of polycristalline iron
(220 emu/g). Quantum-size effects appear with a decrease in size; those effects involve the
confinement of electrons within a very small nanoparticle, or a quantum dot which manifest in a
guantized energy spectrum resulting in the appearance of magnetic moments, particularly in

nanoparticles made of nonmagnetic materials in bulk form (Shukla, 2017). The first great advantage of
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magnetic nanomaterials is that they have single-domain and therefore have large coercivities, allowing
them to individually retain their magnetization directions (Stoner and Wohlfarth, 1948). Novel
nanomagnetic materials are interesting from the point of view of the relationship between
microstructural features and the unique magnetic properties observed at the nanoscale such as super

paramagnetism, enhanced magnetic moment, high saturation field, shape anisotropy, etc.
|.4 Nanomaterial’s Synthesis Process

A myriad of methods exist for fabricating nanomaterials with a higher degree of efficacy
specifically tailored to the material to be produced. Generally, the fabrication of nanomaterials is
considered to proceed and fall into two opposite, but complementary approaches. One is a top-down
approach and the other is a bottom-up approach as shown in Figure 1.12. These two different methods
highlight the organization level of nanosystems as the crossing point hanging between the worlds of

molecular objects and bulk materials (Thangadurai, et al., 2020).
1.4.1 Bottom-Up Approach

The bottom-up approach focuses on obtaining nanomaterials by building upon single atoms or
molecules due to attractive chemical or physical forces (Cai, et al., 2010 and Chan, et al., 2011). This
approach has the potential to generate functional multicomponent devices by self-assemblying the
atoms and molecules without wasting them or eliminating parts of the system (Biswas, et al., 2012).
The chemical growth of nanometer-sized materials often implies colloidal or supramolecular systems
and it frequently passes through phase transformations. In general, there are two basic methods
utilizing the bottom-up approach, gas-phase synthesis and liquid-phase formation. Some of the
methods used in bottom-up approach include plasma arcing, chemical vapor deposition process, metal

organic decomposition, laser pyrolysis, molecular beam epitaxy, sol-gel method and wet synthesis.
1.4.2 Top-Down Approach

The top-down approach has been advanced by Richard Feynman and his coworkers of tencited
1959 lecture stating that “there is plenty of room at the bottom” and it is ideal for obtaining structures
with long-range order and for making connections with macroscopic world. In this approach, micro
and/or macro scale materials are broken down into nano-scale domains. In this approach, a bulk
sample is manipulated to remove nanomaterials by either subtractive or additive methods, leaving
behind the nano-sized structures (Park, et al., 2009; Silva, 2004 and Wang, et al., 2007). A key
advantage of the top-down approach is that the parts are both patterned and built in place, so that no
further assembly steps are needed. This strategy is based on miniaturizing techniques including
lithography, laser ablation, chemical etching, milling process, thermal decomposition, nanocontact

printing, ion implantation, diffusion and deposition (Chi, 2010 and Kumar, et al., 2013). Although this
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approach has been playing a vital role in the elaboration of nanomaterials, it has several limitations
such as the development of imperfections in processed materials, high cost (lithographic processes),
requirement of high surface finished materials, and longer etching times (Mijatovic, et al., 2005 and
Biswas, et al., 2012).
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Figure 1.12: Schematic representation of the top-down and bottom-up approaches for the fabricaion

of nanomaterials.
1.4.2.1 Mechanical Milling

It has been well established that mechanical milling, also known as the mechanical alloying, is
one of the best techniques for producing nanomaterials. It is widely regarded as one of the most
efficient nanotechnology techniques for the top-down preparation approach. Mechanical milling is a
well-known high energy process in which metallic powders involving repeated successive welding and
fracturing the elemental powder mixtures at the atomic level which can induce chemical reactions and
leads to the production of homogeneous alloys (Gilman and Benjamin, 1983 and Suryanarayana,
2001). It is well confirmed that both welding and fracturing occur when metallic particles are ball
milled, and that high energy ball mills may significantly expedite the grinding and fracturing
processes. The repetition of all these events changes the particle size to the nano scale. This repetition
also modifies the particles morphology and the evolution of the microstructure. This technique makes
it possible to mix and combine solids ranging from micrometric scale of powder particles, while the
crystallites are reduced to nanometric size, making it possible to obtain nanostructured materials (El-
Eskandarany, 2015) (Figure 1.13). This process was developed by John Benjamin and his coworkers at
the International Nickel Company (INCO) in the late seventies. In the metallurgy field, mechanical
milling refers to the solid state processes occurring at room temperature in which reactions between
the fresh powder surfaces and the reactant materials occur (El-eskandarany, 2001). This method has a
great advantage in the formation of various alloys which are difficult to prepare via any other synthesis
method. It also demonstrates a high capability for the preparation of immiscible systems (Fukunaga, et
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al., 1990). A variety of stable and metastable solid solutions, intermetallic phases, and amorphous
alloys have been synthesized using this method in a number of alloy systems. The most important
advantage of this technique compared with other alloying methods is the feasibility of the addition of

alloying elements to improve the mechanical and physical properties of alloys.

Mechanical alloying diffusion is the main process during mechanical milling that leads to the
formation of alloy phases. Diffusion is driven in any system by a decrease in the Gibbs free energy or
chemical potential difference. The substitutional or interstitial mechanisms are the two major
mechanisms by which atoms can diffuse through a solid, and both of them are referred to as lattice
diffusions. Conventional solid-state reactions involve the formation of product phases between solid
reactants that are mainly temperature dependent. Many factors on which the possibility and rate of a
solid state reaction depend like the reaction conditions and the thermodynamic free energy change
associated with the reaction (West, 2007). Furthermore, essential factors associated with the reactants
are important in this type of reactions such as the structural properties of the reactants, their initial
contact areas, and their reactivity (West, 2007). Additionally, the presence of structure defects in
milled powders including dislocations, grain boundaries, stacking faults, vacancies, etc, enhance the
diffusivity of solute elements in the matrix. Furthermore, the refined microstructural features decrease
the diffusion distances. Moreover, the slight raise in temperature during ball-milling further aids the

diffusion behavior, and consequently true alloying takes place amongst the constituent elements.

Micrometric particles with
micrometric crystallites nanometric crystallites

Before mechanical milling After mechanical milling

Figure 1.13: Schematic representation of the effect of the mechanical milling on particles and grain
size (Bouchenafa, 2020).




1.4.2.1.1 Historical Outline

Ball milling has evolved over the last five decades from a standard method in mineral dressing
and powder metallurgy to its current prominence as a powerful process for the preparation of materials
with improved physical and mechanical properties (EI-Eskandarany, et al., 2021). Figure 1.14 depicts a

schematic history of the evolution of the mechanical alloying process since 1950.

Benjamin invented the mechanical process in the 1960s. The “Mechanical Alloying” phrase was
introduced by Ewan C. MacQueen in a patent owned by INCO in the United States (Benjamin, 1970).
Benjamin and his coworkers used mechanical milling for the development of oxide particles (Al203,
Y203, ThO2) in nickel-base super alloys, opening a new field of research which drew much interest
(Benjamin, et al., 1974 ; 1977 and 1981 ; Dai, et al., 2012 and Wilcox, et al., 1974). In mid-1966,
researchers investigated the possibility of employing the mechanical milling technique and some
useful alloys powder technology. They also proposed the ability of this method to coat the
hardceramics phase (e.g., WC or ZrO2) with a soft-metallic phase (Co or Ni) (L0, et al., 1998).
Mechanical alloying method has been utilized to fabricate a large variety of amorphous alloys since
the fabrication of oxide dispersion strengthened alloys (ODS) (NisoNbso amorphous alloy) (Koch, et
al., 1984).
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Figure 1.14: A timeline presentation displaying the evolution of mechanical milling since 1950, along
with some instances of novel materials obtained by this method (El-Eskandarany, et al., 2021).




1.4.2.1.2 Mechanical Milling Types

Various kinds of ball mills are depicted in Figure 1.15. The principles of these operations are,
however, the same for all such techniques. They can be divided into two categories based on their
rotation speed: high energy ball mills, and low energy ball mills. Each type of mill is designed with a
specific purpose, speed, time, substrate loading, and geometric parameters of the mill, which are
potential factors in determining the dynamic energy. In fact, the type of ball mill used is determined by

the milling goals.

» High Energy Ball Mills

The planetary ball mill involves the generation of both shear and impact forces (Dash, et al.,
2016). This type of mills owes its name to the planet-like movement of vials. They are arranged on a
clockwise rotating circular disc and an internal mechanism makes the milling jars rotate anticlockwise
around their own axes at the same time (Figure 1.15a). the milling jars and the supporting disc rotate in
opposite directions with different speeds, bringing frictional and impact forces especially the effective

centrifugal force to generate high dynamic energies.

The simple and effective type is known as the attrition mill or the attritor (also known as the
stirred ball mill). In an attrition mill, a higher surface contact is ensured between balls and the powder

because of horizontal impellers and a vertical rotating shaft. The cylinder itself is fixed (Figure 1.15b).

Vibratory (or shaker) mills are commonly used for laboratory investigations and for screening
purposes. While using a vibratory tube mill, a cylinder containing balls vibrates the sample at a high
frequency and small amplitude to obtain high milling forces. In this case, the important factors are the

vibrational frequency, the amplitude of vibration and the mass of the milling medium (Figure 1.15c).

» Low Energy Ball Mills

The useful kinetic energy can be transferred to the powder particles of the reactant materials in
this type of mill. The tumbler ball mill contains a cylinder with steel milling balls in which an axial
rotation causes these balls to roll down and impact upon the powder charge (Figure 1.15d). In this type
of instrument, the efficiency of the process mainly depends on the diameter of the mill. Larger

diameters allow greater height of the fall and consequently a higher energy is transmitted to the balls.
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Figure 1.15: Different types of ball milling (Kumar, et al., 2020).

1.4.2.1.3 Factors Affecting the Mechanical Milling Process

Mechanical alloying is impacted by a variety of parameters that are crucial in the manufacturing
of homogeneous ultra-fine powders and hence involves optimizing a number of variables to achieve
the desired product phase and/or microstructure. Some of the important parameters that have an effect
on the properties of the final milled products include particle size distribution, degree of disorder or
amorphization, final stoichiometry, type of mill, milling container, milling speed, duration of milling,
ball-to-powder weight ratio (BPR), extent of filling the vial, milling atmosphere and milling
temperature (Suryanarayana, 2001 and El-Eskandarany, et al., 2021). Those different critical factors

affecting the milling technique are discussed in the rest of this section.

Different types of ball milling grinder are used depending on the capacity of the mill, operation
speed, temperature control and extent of minimizing contaminations during milling (Suryanarayana,
2001). Cross contamination can be avoided using the same material for the milling jars and the milling
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medium. It depends on each type of ball milling process. In principal, the higher the energy, the faster
the product is obtained. The total mechanical energy transferred by the ball mill to the material is given

by the following expression (Dakiche, 2020):
Em= RQot (1.2)

With R being the ball to powder weight ratio, Q the disc rotation speed, ® the vial rotation speed and t

the milling time.

To obtain desirable results, the powder must be milled for as long as required. If the powder is
milled longer than the required duration, unwanted contamination and phase transformation may occur
(Suryanarayana, 1995). The required milling time for a particular sample can be determined based on

parameters such as type of mill, ball to powder ratio, milling temperature and intensity.

In ball mill, increasing the rotation speed simultaneously increases the speed in which the ball
moves. As a result, the ball is pinned and exerts no effects on the particle. Therefore, milling speeds
should remain below this critical speed to keep the ball moving. Additionally, high speed results in

high temperature that might contaminate the powder or re-crystallizes the nanoparticle.

Fine powder particles are produced due to impact forces exerted on these particles. To achieve
this, the milling jar should be 50% filled and 50% empty to allow free movement of the milling ball
and the powder particles in the jar. If the quantity of the ball and powder particles is large, there is not

enough space for balls to move; ultimately the impact is less on powder particles.

The ball to powder weight ratio or charge ratio is one of the important variables for the milling

Balls wigh ) " The higher BPR the shorter the time required. At high BPR, the

operation (BPR = Powder wight
collision of balls in the milling medium increases per unit time, producing more energy that leads to

the phase transformation of the particles.

The temperature of the milling container depends on the characteristics of the milling powder
mixture, milling jars and the kinetic energy of the ball. In the milling process, two types of temperature
effects are usually taken into consideration. Firstly, local temperature arises due to the collision and
friction of the ball. The rising temperature initiates the diffusivity and the defect concentration in the
milling powder followed by phase transformation of the particle (Suryanarayana, 2001). Secondly,
overall temperature in the milling container; during the mechanical alloying, one part of the powder is
attached to the vial walls and the other part is attached to the balls, keeping the rest of the powder

moving in free-state. All these three parts have different temperatures (Suryanarayana, 2001).




The milling atmosphere is one of the factors responsible for contaminating the milling powder.
Generally, the milling chamber is evacuated or filled with inert gas such as argon or helium to avoid
this contamination. Different atmospheres can be used in the milling media if particular effects are
desired. Nitrogen, hydrogen and air have been used to produce nitrides, hydrides and oxides in the

powder.

It should be noted that all these variables influence the milling process in different ways and are
completely independent. For example, the optimum milling time depends on the type of mill, the
grinding medium size, the milling temperature, the BPR, etc. However, other parameters have no
significant effect on the final product obtained after milling (Suryanarayana, 2001). The more

comprehensive the control and monitoring of the milling conditions, the better the end product is.
1.5 Applications of Nanomaterials in Healthcare

Nanomaterials exhibits outstanding physio-chemical properties such as biocompatibility, higher
molar extinction coefficients, superior reactivity, reduced size, high surface to volume ratio,
differential shape, well-ordered composition, meticulous surface coatings or functional groups,
solubility, specific hydrophilic or hydrophobic nature and aggregation. These properties are important
for better adsorption, cellular uptake, accumulation and biodistribution patterns, clearance
mechanisms, tunable plasmonic properties, photo and magnetic properties, and quantum effects.
Furthermore, in growing fields of material research at nanoscale, nanomaterials by virtue of their small
size comparable to many biological molecules like proteins and viruses, open up a wide range of new
opportunities and applications, such as diagnostic biosensors, drug and gene delivery, and biomedical

imaging and sensing, to name a few (Nath, et al., 2013 ; Casalini, et al., 2019 and Dong, et al., 2012).

Nanomaterials generally come in direct contact with body tissues and cells, where they can cause
positive or damaging effects on the body. The application of nanomaterials in the diagnosis and
treatment of different diseases is known as nanomedicine. Generally, nanomaterials used in
commercial applications are engineered nanomaterials produced using chemical, biological, and

physical methods.

Genetic testing is focused on identifying chromosome, gene, or protein changes between healthy
and diseased cells or persons. Genetic test outcomes can either verify or rule out possible genetic
conditions and help determining whether a person is likely to develop or pass a genetic disorder.
Nanomaterials offer a futuristic diagnosis platform for genetic diseases. Different nanomaterials have
been developed and functionlized with the target molecules to provide therapeutic selectivety and

molecular imaging (Khan, 2020).




The toxicity and the antibacterial activity performance, which provide a great platform to update
physio-chemical properties of the materials, such as the chemical composition, size, shape,
concentration and in particular particle aging, result in more promising agents against bacteria
(Hajipour, et al.,, 2012 and Bardhan, et al., 2019). Toxic nanomaterials, especially metallic
nanomaterials and nanoparticles show distinguished toxicological properties in comparison to the
larger micron-sized (bulk) form or solution of the same substance (Yong, et al., 2010). Therefore, toxic
nanomaterials and nanoparticles should carefully be eliminated before being used on human patients
(Attarilar, et al., 2020). This toxicity is more related to particle number and surface area than mass.
The reduction in size may attenuate toxicity because the nanomaterial becomes electrochemically
reactive and could enter the blood stream and translocate in cells, tissues and functional organelles
(Tucci, et al., 2013). Several toxicological studies have indicated that nanomaterials are potentially
harmful particles may alter and inhibit cell growth leading to various pathophysiological states in
humans, animals and aquatic organisms (Liu, 2022). Most nanomaterials especially inorganic metals
and metal oxides such as silver (Ag), zinc (Zn), copper (Cu), titanium (Ti), gold (Au) and iron (Fe)
possess strong antibacterial activities in wound healing and related medical conditions. Nevertheless,
not all the nanomaterials are toxic (Oberdorster, et al., 2005). The antibacterial effects of various
nanomaterials are well known, however the exact mechanism for their bactericidal nature is still not
clear. A number of mechanisms ranging from physical interactions with the microbial body to
chemical disruptions of cells have been suggested (Wang, et al., 2017 and Godoy-Gallardo, et al.,
2021).

Great advances in biomedical sciences and nanotechnology would expand the entities of
artificially organic and inorganic engineered nanomaterials for cancer therapeutic and diagnostic
applications due to their unique characteristics of passive tumor targeting. Nanomedicine has made
great strides, since the established conventional cancer therapies have not been able to overcome limits
for safer and improved cancer diagnosis and therapy. For nanomedicine to succeed and have
meaningful commercial impact, physical, biochemical, and physiological properties of nanomedicine
carrying particles have to be understood, and how such nanomaterials and nanoparticles can be
manufactured in a controlled and scalable manner for drug delivery and therapy (Khan, 2020).
Nanomaterials used in cancer therapy can be classified into several main categories such as targeting
cancer cells, tumor microenvironment, and immune systems. These nanomaterials have been modified
for a wide range of cancer therapies to overcome toxicity and lack of specificity, enhance drug
capacity as well as bioavailability (Cheng, et al., 2021). Additionally, they exhibit greater cellular
uptake, prolonged circulation after surface modification, and more efficient access to targeted tumor
sites, as compared with micron-sized particles. Furthermore, they can carry a large number of

therapeutic drugs owing to their high surface-area-to-volume ratio, penetrate into the leaky tumor
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vasculatures, and subsequently deliver the drug payloads to tumor tissues via the enhanced
permeability and retention effect (Bae, et al., 2011). Inorganic nanomaterials are used to kill cancer
cells due to specific cancer inhibition mechanisms such as enzyme inhibition, oxygen capture
approaches from tumor sites, and the production of free radicals in the tumor microenvironment
(Adeel, et al., 2020).

Magnetic nanomaterials are mainly used in magnetic resonance imaging (MRI). Guided by
external magnetic fields, magnetic nanomaterials and nanoparticles loaded with chemical drugs can
target cancer cells, and therefore reduce the side effects of conventional chemotherapy (Zhu, et al.,
2009). Magnetic hyperthermia is a type of thermal treatment of cancer, which uses ferromagnetic
nanomaterials and nanoparticles such as metallic particles, heated up to induce cancer cell death.
Furthermore, the superparamagnetic behavior of nanomaterials provides several usages for cancer
diagnosis and treatment. Superparamagnetic iron oxide nanoparticles has potential in cancer
hyperthermia treatment due to its smaller size, higher targeting specificity, controllable releasing

speed, and immune evasion capability (Horst, et al., 2017).
1.6 CoFe Based Alloys

FeCo based nanostructured materials have excellent soft magnetic properties with the highest
saturation magnetization of any material, as well as high Curie temperatures, making such materials
ideal for high-temperature applications. FeCo-based alloys (Fe-Co-Si-B-P) were formed by partial
replacement of Fe by Co in Fe-Si-B-P alloy system. Good soft magnetic properties have high Bs
approaching 1.75 T, an higher total ferromagnetic element content and bending ductility after stress
relief annealing. Partial substitution of Co for Fe causes further increase in Curie temperature of the
Fe-Si-B-P amorphous alloys (Han, et al., 2017). A modified polyol process has been used to
synthesize FeCo alloy nanoparticles. The maximum saturation magnetization of 212 emu/g was
recorded for both FesoCo40 and FezsCozs particles with a coercivity of 200 Oe (Huba, et al., 2011).
Nanocrystalline Feioo-xCox (x = 20, 35, 50, 60) alloys have been prepared by mechanical alloying. Co
dissolves into the Fe matrix and forms a disordered FeCo solid solution with equiaxed grains of about
8 nm in size upon 20h of milling. Both coercivity and saturation magnetization of the mixtures of Fe
and Co increases with milling time, indicating an increasing homogeneity in the composition and
phase formation. It is found that the saturation magnetization is also dependent on the Co content,
which reached the highest value of 240 emu/g for FessCoss (Poudyal, et al., 2012). A two-step
electroless plating method was developed to control the morphology and grain size of FeCo films, to
obtain excellent magnetic properties. Kim, et al. (2019) found that the best soft magnetic performance
was exhibited by the micron-sized FeesCoss grain-embedded FessCoss alloy. By altering the reaction

temperature, large FessCoss crystallites were first formed at a high plating temperature for high Ms
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(237 emu/qg); this was followed by filling the gaps between the crystallites with FegsCozs hanograins to

retain a low Hc (31 Oe). More information about FeCo binary systems are given in the appendix.
1.7 Phosphides

The environment is rich in phosphorus (P). This vital element, contained in the human body,
occupies 1% of the total body weight. It is named from the Greek word ¢wcpopog (phosphoros) which
means “bringer of light”. It was discovered in 1669 by Hennig Brand, as the 13th element of the
present periodic table. Phosphorus has one main isotope (Kim, et al., 2011), and shows extensive
allotropy. The important allotropic forms of phosphorus are white phosphorus, red phosphorus, violet
phosphorus, and black phosphorus (the thermodynamically stable form). To date, phosphorus is unique
within the chemical elements; it is the sole element whose thermodynamic standard state is defined for
the most instable allotrope, while the other modifications marked with negative standard enthalpy
values (Nilges, et al., 2018). Red P is the most abundant and easily available allotrope of elemental
phosphorus, (Roth, et al., 1947 and Ceppatelli, et al., 2013). It is prepared from white phosphorus by a
simple heating step to higher than 20°C (Holleman, et al., 1995 and DeWitt, et al., 1946). It is
polymeric and consists of chains of P4 tetrahedra linked together. Red phosphorus has widely been
used in our everyday life as safety matches (Scheer, et al., 2010), flame retardants (Braun, et al., 2004)

and in chemical analysis (Sladkova, et al., 2009).

Phosphides, are a class of chemical compounds in which phosphorus is combined with a metal
forming MxPy (M = Fe, Mn, Ni, Co, Cr). They have attracted a lot of attention thanks to their magnetic,
electronic and catalytic propertie as well as their large field of applications (Callejas, et al., 2016 ;
Dutta, et al., 2016 ; Franco, et al., 2012 and Oyama, 2003). Among these P-based materials, red
phosphorus was the first to attract researchers’ attention due to its favorable properties. There are a
number of ways to produce phosphides. The most general method is to heat stoichiometric amounts of
the metal and red phosphorus to high temperature in an inert atmosphere or in a vacuum. Metal
phosphides are an intriguingly diverse class of metal non-oxide materials and frequently have complex
phase diagrams, with several stable phases at room temperature, that range from metal-rich to
phosphorus-rich with 3d metals such as FeP,, CoPs, and CuP.. They are well studied as
electrocatalysts because they are synthetically accessible and usually require high temperatures near
1000°C (Okamoto, 2010). Other methods that can be used include electrolysis reactions, the reaction
of a metal (or a metal halide or metal sulfide) with phosphine (PH3), and the reduction of a metal
phosphate with elemental carbon at an elevated temperature. Transition metal phosphides are an
interesting class of materials and worth investigating on the nanoscale because of their wide scope of
properties and applications. Those compounds have attracted growing interest, used as catalytic

materials. This is because; metal-rich phosphides show excellent activity for hydrogenation reactions
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(Prins, et al., 2012). Extensive studies have been carried out on FeP and CoP binary alloys and on

ternary and quarterly alloys containing their three elements (Fe, Co and P).
1.7.1 Fe-P Based Alloys

Bensalema, et al. (2009) prepared nanostructured Feg2Pg (wt.%) powder mixture by mechanical
alloying. They found that annealing at a temperature of 210°C for 30 min leads to the formation of FeP
phosphide in addition to a-Fe(P) solid solution and FesP nanophase. Tebib, et al. (2008) used high
energy ball milling in a planetary ball mill (Fritsch P7) to prepare nanostructured Fe-8P (wt%) powder
mixture where several phosphides Fe:P, FesP and FeP were obtained and two structure states of a-
Fe(P) solid solution: a-Fe; and a-Fe; were confirmed by both XRD and *’Fe Mdssbauer spectrometry
measurements. After milling for 21h, Tebib, et al. (2018) found the different heat treatments show that
FegP (wt.%) powder milled for 21h are not stable and their study leads to a conclusion that milling has
a significant influence on the microstructure and thermal stability of powders. The black crystalline
powder of FePy (3<y<4) is formed after high energy ball milling for 15h by reacting iron and red
phosphorus powders in an inert atmosphere. Phase identification reveals that this product is composed
of FePs4, FeP, and FeP. Although there is a capacity loss during the 1st cycle associated with the
electrode activation and SEI formation, the 2nd and 3rd discharge capacities can reach 1486 and 1436
mAh g, respectively. A capacity of 1089 mAh.g™! (~73.3% of the 2nd cycle capacity, 55% of the 1st
cycle capacity) can be delivered after 10 cycles at a current density of 0.03 mA/cm?, with the
corresponding coulombic efficiency of ~97%. By adding fluoroethylene carbonate to the electrolyte,

the cycling performance of this material can be improved (Wang, et al., 2014).

Dekhil, et al. (2015) obtained nanocrystalline Fe—6P-1.7C powders by mechanical alloying in a
high energy planetary ball-mill P7. The Rietveld refinement of the X-ray diffraction pattern revealed
the formation of disordered Fe(P) solid solutions and Fe>P phosphide, after 9h of milling. On further
milling (50h), FesP and Fe(P,C) phases were formed when the total mixing of the elemental powders
was achieved at the atomic level. They found that the crystallite size reduction down the nanometer
scale (~9 nm) was accompanied by the introduction of internal strains up to 1.8%. Furthermore, the
saturation magnetization and coercivity values were about 157.3 emu/g and 80 Oe, respectively, after

24h of milling (see the appendix for further details on Fe-P binary systems).
1.7.2 Co-P Based Alloys

Cobalt and cobalt based alloys have in recent years been considered as promising functional
materials due to their magnetic and mechanical properties. Lucas, et al. (2005) prepared CoP alloys by
electrodeposition method at room temperature. An increment in the coercivity of the alloys when the

pH of the electrolyte decreases was reported, and can be related to hydrogen evolution during
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electrodeposition. Hydrogen produces high internal stresses in the plated alloys, which cause problems
with the adhesion of the films and an increase in the coercivity. High electrical conductive cobalt
phosphide alloys are fabricated through a liquid phase process and a nanoparticles structure with a
high surface area (Zhang, et al., 2017). A study by Modin, et al. (2014) showed that adding nickel to
the CoP system results in the formation of a clearly manifested network structure and thus a less
homogeneous distribution of chemical elements was achieved. Further studies prepared nanostructured
CoP through an organic solvent-free low-temperature phosphidation reaction under argon atmosphere.
Electrocatalytic properties towards the hydrogen evolution reaction in acidic media found that CoP
nanowires produced the highest catalytic activity and stability (Jiang, et al., 2014). Phase’s diagram of

Co-P binary system and its transformations are given in the appendix.
1.8 Fe-Co-P Based Alloys

Pilar, et al. (2008) reported that FesoC020P10B10 nanocrystalline alloys, were produced after 5, 40
and 100h of milling by mechanical alloying. After 100h, the milled alloy primarily consisted of
metastable bcc Fe(Co,Ni) nanocrystals (11-17nm) with different Fe-rich environments. The value for
the apparent activation energy of the main crystallization processes was 2.4 = 0.1 eV.
Ferrophosphorus, a combination of phosphorus with iron, is used as an ingredient in high-strength low-
alloy steel. Yolk—Shell structured FeP-C nanoboxes (FeP-CNBs) were synthesized through a
phosphidation process by Yand, et al. (2019). The existence of the carbon shell can prevent the
aggregation of FeP nanoparticles and enhance the conductivity of the composite, while the void space
between the carbon shell and the FeP accommodates the volume expansion of FeP during charge—
discharge without destroying the electrode microstructure. FeP-CNBs electrode has achieved high
reversible capacity and superior rate performance (Yang, et al., 2019). The substitutional solid solution
Mn;—xFexP electrodes synthesized via high energy mechanical milling showed an enhanced
electrochemical performance in terms of initial columbic efficiency, reversible specific capacities,
cycle retention, and rate capability resulting from the beneficial combination of two end members

(Kim, et al., 2019). Fe-Co-P ternary system’s diagram is well detailed in the appendix.




Chapter II:

Materials and Experimental Method's

The main tecl/miques, the experimental equipment used in the pvoduc’cion, the
application, the characterization and the techniques employed for analyzing the
synthesized Fe15C02P3 nanostructured powders used in this thesis are explained in this
chapter. Including the conditions for production of the powder mixtures by combination of
elemental Fe, Co and red P pure powders through atomic diffusion during the mechanical
alloying process high energy planetary ball mill like instrument of the preparation, the
bacterial cell growth instruments, steps and methods, the X-ray diﬁifaction and Fourier
transform infrared are used to characterize our resulting powder mixtures; vibrating sample
magnetometer is used to study the magnetic properties, ultraviolet—visible spectroscopy

which is used in the bacteriological essays in this research.




1.1 Experimental Setup and Elaboration Conditions

11.1.1 Starting Materials

In this thesis, all chemicals were weighted with a sensitive balance in a glove box under an inert
atmosphere without further treatment unless specified otherwise. Table 11.1 gives detailed information
on the purity and size of the elemental powders used in this study. Table A.1 in the appendix details

the important properties of Fe, Co and P.

Table 11.1: Summary of elemental powders used in the elaboration of the mixture powders

Element  Average particle size Physical Powder Purity (%) Company form
Fe -325 mesh Dark 97% Sigma-Aldrich
grey

powder

Co <150 pm Grey >99.9% Sigma-Aldrich
Powder

Red P Amorphous Red >97.0% Sigma-Aldrich
Powder

11.1.2 Principle of High Energy Ball Mill

Figure I1.1, schematically presents the base principle of mechanical milling; that is the impact
between the powder and the milling medium in a milling jar causes energy transfer which is
responsible for the morphological and microstructural evolution (Tjong and Chen, 2004). This energy
is released at the point of collision between balls as well as on the high grinding energy created by
friction of balls on the wall. The balls may roll down the surface of the chamber in a series of parallel
layers or they may fall freely and impact the powder and the balls beneath them (Figure 11.1a) (Baheti,
et al., 2012). In mechanical milling, the powders are loaded into a high energy ball mill. The synthesis
of materials at low temperatures via ball milling is possible through a combination of multiple
processes, which occur during milling. These processes include thermal shock, high-speed and plastic
deformation subject to repeating two essential processes, cold welding between the different particles
and fracturing of the cold welded particles due to high energy collision (Figure 11.1b) (Dadkhah, et al.,
2019 and Lu, et al., 1999). Cold welding minimizes the diffusion distance between the atoms of the
different components. The fracturing of the welded particles impedes the clustering of the particles
promoting the transfer of high ball collision energy to all particles and produces new, clean surfaces
without oxide layers accelerating the diffusion (Gubicza, et al., 2004 and Lu, et al., 1999). When
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the mill rotates, the balls are picked up by the mill wall and rotate around the wall due to the

centrifugal force that leads to material milling due to friction. On the other hand, the reverse rotation of

the disc with respect to the mill applies a centrifugal force in the opposite direction. This leads to the

transition of balls on the mill’s opposite walls and results in impact effect (Figure 11.1c) (Baheti, et al.,

2012).
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Figure 11.1: Working principle of Planetary Ball Mill (Baheti, et al., 2012).

e Parameters of Planetary Ball Mill

The planetary ball mill process involves loading powders with the milling medium in a vial with

severe deformation. The main parameters of planetary ball mill are (Suryanarayana, 2001):

» Type of mill (mixer or planetary),
» Height and volume of vial,




Number, diameter and type of milling balls,
Ball to powder mass ratio,

Operation: Milling time, rotation speed, kinetic shock energy, shock frequency,

vV V VYV V

Other parameters: milling temperature, milling atmosphere (e.g. argon, nitrogen) and process

control agent.
In this thesis, the time of milling was varied from Oh to 3h.
11.1.3 Experimental Setup

Pure elemental powders of iron, cobalt and amorphous red phosphorus were weighted with a
sensitive balance in a glove box under an inert atmosphere (Figure 11.2). Ball milling of the
FeisCooPspowder mixtures was performed using a Retsch PM 400 planetary ball mill at room
temperature under an inert atmosphere and with hardened steel balls and vials. Milling experiments
were done at rotational velocities of 350 rpm. Milling was carried out as a sequence of 30 min milling
intervals interrupted by 30 min breaks to avoid excessive temperature rise. The starting materials for
the milling experiments (6 g) were charged in the milling vials, together with 10 mm-diameter steel
balls to give a ball-to-powder mass ratio of 10:3.

(b)
(@)

Figure 11.2: Instruments used in the elaboration of Fe1sCo.P3 powder mixtures. (a) glove boxPlas-
LabsInc type, and (b) high energy planetary ball mill Retsch PM 400. (LPCM, El-taref University).




All the milling parameters used in the current study are listed in Table 11.2

Table 11.2: Milling parameters used in the current study.

Parameter Value

Weight of powder 69

BPR 10:3

Atmosphere Argon atmosphere

Milling medium 5 stainless steel balls (10 mm diameter) and stainless vial (25 mL volume)
Milling time 0,1, 2and 3h

Pause time 30 min/h

Milling speed 350 rpm

Type of mill Retsch PM 400

11.2 Evaluation of Bacterial Cell Growth
11.2.1 Chemicals and Instruments

In this part of the research, all chemicals were weighted with a sensitive balance in a sterile field
using Bunsen burner without further treatment, unless specified otherwise. All chemicals, instruments
and testes for bacteria strains growth were obtained and treated in pedagogic laboratories of Khenchela
University. Table 11.3 gives detailed information of the chemicals used in this part of the study,

followed by Table 11.4 which defines the types of instruments.

Table 11.3: Summary of chemicals used in the evaluation of growth in bacteria strains

Chemicals Physical pH at 25°C Company form
Nutrient agar Beige Powder 6.8+0.2 Liofilchem
Nutrient broth  Beige Powder 6.8+0.2 Liofilchem

Table 11.4: Instruments types used in the growth of bacteria strains

Instruments Type
Autoclave Raypa
Drying and heating chamber Binder model E28
UV-Vis spectrophotometer Unico Model 1200, 325-1000




11.2.2 Strains Used and Cultures Media

FeisCozP3 powder mixtures at different milling time were monitored by bacteriological
application. To examine the bacterial behavior of FeisCo2Ps powder mixtures milled at different
milling times, common pathogen Gram-negative and Gram-positive bacteria strains were procured
from Ahmed Ben Bella hospital Khenchela, Algeria. The well-known pathogenic bacteria studied

were:

» The microorganisms Gram-positive bacteria

Streptococcus (o) is a common human-specific pathogen that can induce a wide spectrum of
disease, ranging from noninvasive diseases, such as pharyngitis, scarlet fever, and impetigo, to
invasive diseases, such as erysipelas, cellulitis, pneumonia, bacteria, necrotizing fasciitis, and toxic
shock syndrome. Streptococcus («) belongs to the family Streptococcaceae; an important cause of

morbidity and mortality worldwide.

Staphylococcus aureus (S. aureus) is one of the components of microbiota that belongs to the
family Streptococcaceae. It is a major cause of infective endocarditic and sepsis. S. aureus is the most
common cause of skin, soft tissue infections and the respiratory tract. However, the bacterial genetic

changes associated with adaptation to human skin are not well characterized.
» The microorganisms Gram-negative bacteria

Klebsiella pneumonia (K. pneumoniae) represents a saprophytic pathogen that can affect plants,
animals, and humans. It belongs to the family Enterobacteriaceae. In medical terms, K. pneumoniae is
an enteric bacterium responsible for multiple nosocomial infections, including pneumonia, urinary

tract, soft tissue infections, and septicemias.

Haemophilus influenzae (H. influenzae) strain is a coccobacilli bacterium that can cause invasive
disease. It belongs to the family Plasteurellaceae. H. influenzae disease in humans ranges from non-
invasive infections such as acute otitis media to severe invasive infections like meningitis and
epiglottis. H. influenza commonly resides as commensals within the human pharynx and may cause

respiratory or invasive infections, variable for the presence of a polysaccharide capsule.

Culture media, also known as growth media or nutrient agar, is a specific mixture of nutrient and
other substances that support the growth of microorganisms such as bacteria. Liquid culture medium,
also called broth, is a medium widely used for the culture of undemanding microorganisms. The
nutrient broth was used for the bacterium and FeisCo2Ps powder mixtures contact. Culture media
preparation must be carried out accurately to ensure microbiological growth is correctly promoted. The

preparation of both the growth media and the nutrient broth is completed first. The individual
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ingredients of the nutrient agar and nutrient broth powders were carefully weighed out according to the
culture media formulation recipe using a precision sensitive balance and suspended in distilled water.
Then, the ingredients were well mixed and heated to boil with a magnetic stirrer until completely
dissolved powders. The agar medium was poured into a flask and the broth culture dispensed into
tubes then sterilized at 121°C for 15 minutes using an autoclave; a huge steam cooker. The agar was
afterward poured into sterile Petri dishes where the rack was tilted to allow the agar to solidify using
Bunsen burner flame which creates a sterile field. Subsequently, in the sterile field all the bacterial
strains were cultured by taking a single colony from the stock bacterial culture with an inoculating
loop and streaking it to the Petri dishes containing the nutrient agar. The weighed FeisCo2P3 powder
mixtures by analytical sensitive balance were added to 9 ml of liquid growth, with concentrations of
0.00, 0.22, 0.88 and 1.66 mg/mL in a sterile field. The sample with a concentration of 0.00 mg/mL was
considered as a control. Again, it was placed in a drying and heating chamber, with the stock bacterial
new culture, overnight at 37°C. Controls (0.00 mg/mL) and test samples were incubated exactly in the
same conditions. All the steps and instruments are shown in Figure 11.3. Sterility matters in culture
media preparation; it’s the most common area for things to go wrong. It is essential that the stated
directions are followed when sterilizing culture media so that vital microbial nutrients and other factors

are not destroyed and so that toxins are not developed through excessive heating.
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Figure 11.3: Instruments and steps used for bacterium cultures media and Fe1sCo2P3 powder mixtures

samples.




11.2.3 Optical Density

On the second day in a sterile field, a minimum quantity of incubated bacterial strains were taken
by a loop and added to the different concentrations and controls and returned back for incubation.
After the growth of bacteria, a typical Kinetic growth curve experiment, the growth of different
concentrations of the Fe;sCo2P3 powders with all the bacteria strains were monitored by determining
the population growth rate using the optical density method with a UV-Vis spectrophotometer with
quartz cells to assess bacteria cell density, based on the measurements of light extinction at the
wavelength of 600 nm with nutrient broth as a reference. The readings were performed every 2h and

up to 24h, as shown in Figure 11.4.
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Figure 11.4: Determining population growth rate using the optical density method.

I11.3 Characterization Methods

11.3.1 X-ray Diffractometry

X-Ray Diffraction (XRD) is a qualitative, powerful and nondestructive analytical
characterization technique that uses X-ray radiation. X-ray powder diffraction has been the preferred
choice for qualitative phase analysis for over 100 years, since von Laue’s discovery of the diffraction
of X-rays in 1912 (Eckert, 2012).A primary use of XRD analysis is the identification of materials
based on their diffraction patterns. As well as phase identification, XRD also yields information on
how the actual structure deviates from the ideal one, owing to internal stresses and defects. This
characteristic is based on the absorption and re-emission of electromagnetic radiation, whereby the
energy remains constant. The electrons around the nucleus are accounted for this phenomenon. It
provides information on crystalline phases and orientations; it determine structural properties such as,
lattice parameters, strain, average grain size, epitaxy, crystallinity, crystal defects, phase composition

and preferred orientation (texture). In addition, this technique measures the thickness of thin films and
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multi-layers and determines atomic arrangements. Furthermore, it is able to differentiate differences
between structures even when assuming they have the same elemental profiles, and thus it can detect

minute differences between samples.
11.3.1.1 Working of XRD Instrument

In XRD, a collimated beam (thin and parallel beam) of X-rays is directed towards the sample.
The crystal structure can diffract X-ray because the interplanar spacing in a crystal lattice is of the
same order as that of the wavelength of X-ray. The incoming beam of rays can penetrate deep into the
material and can be diffracted from the periodic arrays of the specimen’s atoms and scatter in the
outward direction. The angle between an incoming beam and the surface of the specimen is 6. The
angle of the diffracted beam is 26; which is dependent on the arrangement of the atoms and the type of
atoms, etc. The diffracted beam is then detected by a detector and sent to a computer to produce an
XRD pattern (Figure 11.5).

XRD pattern
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Figure 11.5: Schematic representation of working of XRD instrument along with XRD pattern.

The structure of the milled powder was checked by XRD using a Bruker-D8 advanced
diffractometer in a (6-—20) Bragg—Brentano geometry, equipped with Cu-Ka radiation source (Acy =
0.15406 nm) (Figure 11.6).
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Figure 11.6: Bruker-D8 advanced diffractometer (LPCM, El-taref University).
11.3.1.2 Principles of X-ray Diffraction

When a propagating X-ray wave encounters some regularly spaced particles, where the
wavelength is in the same order of magnitude as the spacing between the particles, diffraction occurs
(Callister, et al., 2013). The resulting interference pattern is dependent on the phases of the diffracted
waves. X-rays can be considered as waves of electromagnetic radiation with high energies and short
wavelengths (in the order of the atomic spacing for solids). When an X-ray beam hits a solid material,
some of the waves are scattered in all directions by the electrons of the atoms that make up the solid.
Not all diffracted waves appear, however, in the interference pattern due to the destructive interference
caused by out of phase waves. A crystal can be described as a grating, which is made up of atomic
layers with a designated distance d. These layers correspond to the crystallographic planes, described
by the Miller Indices h, k and 1. For every crystal structure, only one possibility exists; that is, how the
atoms and the appropriated lattice planes are ordered. Diffraction occurs, if the distance between the

gridlines in gratings is in the order of the X-ray radiation wavelength’s magnitude.

Bragg’s law gives a condition for the intensity of the diffracted beam related to the angle

between the diffracted beam and the solid. This behavior is summarized by the equation:
nA = 2 dnki Siné (1. 1)

Where n is the order of diffraction, 1 is the wavelength of the incident X-ray, d is the interplanar
spacing within the crystalline solid known as the distance between the crystallographic planes (h, k,
and 1), 0 represents the incident angle between the X-rays and sets of parallel “planes” in the

crystalline solid (also called Bragg angle). Bragg’s condition is schematically depicted in Figure 11.7.
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Figure 11.7: Diffraction of X-ray waves by crystallographic planes.
11.3.1.3 Rietveld Refinement on X-Ray Diffraction Patterns

A powder X-ray diffraction pattern is represented as a two dimensional plot showing the
intensity as a function of the diffraction angle. After the preliminary data analysis, the diffraction
pattern could be decomposed. Recently, the Rietveld method (Rietveld, 1969) was adapted for
quantitative XRD analysis (Hill, et al., 1987 and Bish, et al., 1988). This method involves calculating
diffraction patterns of a mixture’s individual components using a crystal structure model. To identify
the phases of a measured pattern, their diffraction lines have to be compared with already known
structure data from the literature. Qualitative and quantitative phase analysis of XRD patterns was
investigated by the Rietveld refinement data (Young, 1996) analysis. The calculated diffraction pattern
can be fitted to the measured one using the Materials Analysis Using Diffraction (MAUD) program
(Lutterotti, et al., 1999). The resultant simulated pattern is fit to an observed pattern by varying
parameters of the model(s). The Rietveld method is very powerful and provides not only abundances

but also other quantitative measurements, namely:

» Quantitative phase analysis (crystalline and amorphous).
» Lattice parameters.

» Atomic positions and occupancies.

» Temperature vibrations (isotropic and anisotropic).

» Grain size and micro-strain (isotropic and anisotropic).
» Stacking and twin faults.

A (nonlinear) least squares optimization method can be used to fit the parameters in the
approximation of the residue function, M, which is the weighted sum of squares used only for the




minimization routines. Its absolute value depends on the intensities and the number of points
(SenGupta, et al., 2002):

M = 3wy — ¥ei)? (1.2)

Where yjand yciare, respectively, the observed and calculated intensities at the point I, wj is the weight

factor associated with the i observed count:
w; = " (1.3)

The calculated intensity y.; is obtained by summing different contributions of Bragg and the

continuous background (Gravereau, 2012), as follows:

h .
Yei = Ybi + Dot So- Lic=1Jok- Lok Opre- A- | Foic|*. Qi (11.4)

With yui is the continuous background intensity, K is Miller’s index for a reflection h, k and I, Sy is a
scale factor proportional to the volume fraction of each refined phase, js is the multiplicity factor of
the k™ reflexion peak, Lpg is the Lorentz-Polarization factor, Oy is a correction factor describing the
preferred orientation. A is the absorption factor, Fu is the structure factor, and Qig« is the profile shape

function.

The reliability factor Rp about the profile is considered. The summation is extended to the

number of profile counts.
Rp = LOizYei) (11.5)
Yi

The quality Rietveld refinement can be checked by the so called R-factor, also known as the
reliability weighted, Rwp. The weighted profile R-factor follows directly from the square root of the
quantity minimized, scaled by the weighted intensities. A smaller R-value corresponds to a better

fitting between the observed and the calculated pattern. The weighted pattern Rwp is given as:

_ /ZiWiCVi_y )2
Rwp = Zi(WiYi); (116)

The expected R factor, Rexp, IS given by the equation:

o = (o)

N and P are the number of experimental points and refined parameters, respectively.

(11.7)

Bragg factor is defined by the expression:




_ 2kl Tl (11.8)

Rirag Sklk
Where Ixand Ik are integral and calculated intensities of Bragg pick, respectively.

The Rietveld refinement is a mathematical method, which describes the whole pattern using
structure, profile and instrument related parameters. In a least square process, the calculated and the
observed intensities were compared. The goodness of fit GoF can be determined from the expected and
the weighted profile R factors:

GoF = 2w (11.9)
Rexp

Generally, a known contribution to X-ray peak broadening is the small crystallite size. The
average crystallite size <L> at the nanoscale is obtained from the line broadening at half the maximum
intensity Sha. Where, the peak width (B) is inversely proportional to crystallite size <L>. Since its first
publication, the Scherrer equation is used in X-ray diffraction and crystallography (Scherrer, 1912).
This formula, named after the Swiss physicist Paul Scherrer, has become a widely used analytical
method for determining crystallite size in a powdered sample by measuring X-ray line profile
broadening. The average nanocrystalline size was calculated using Debye-Scherrer’s formula (De, et
al., 1984):

KA

’Bhkl_ <L>cos@

(11.10)

Where Bnu is the line broadening at half the maximum intensity, K is the dimensionless shape factor,
also known as the constant of proportionality (the Scherrer constant). The latter depends on the width
determination, the shape of the crystal, and the size distribution. The shape factor has a typical value of
about 0.9, 1 (the X-ray wavelength). <L> is the average crystallite size. As the crystallite size gets
smaller, the peak gets broader. 4 is Bragg angle.

According to Williamson—Hall approach (Williamson and Hall, 1953), the diffraction line
broadening is due to the crystallite size and strain contribution. Uniform deformation model considers
uniform strain throughout the crystallographic direction, which is introduced in the nanocrystals due to
crystal imperfections. In other words, uniform deformation model considers strain isotropic in nature
(Hall, 1949). The strain induced in powders due to crystal imperfection and distortion was calculated

using the formula:

pru=4otand  (11.11)
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With ¢ is the strain also called deformation parameter, o = %.The average strain was calculated

hkl
using the formula:

231/2-_1 Fc
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11.3.2 Vibrating Sample Magnetometer (VSM)

The Vibrating Sample Magnetometer (VSM) is one of the most successful implementations of a
magnetometer, first proposed and developed by Simon Foner in 1955 and reported it in 1959 (Foner,
1956 and 1959). VSM is a sensitive and versatile instrument commonly used for determining the
material’s magnetic moment as a function of magnetic field and/ or temperature. Its use to measure
magnetization is based on the Faraday’s laws of induction, which states that an electromagnetic force
is induced when a conductor is placed in a varying magnetic field. It allows measuring the basic
magnetic properties, such as hysteresis loop, magnetization curve, and field cooling curve. Moreover,
the magnetic parameters such as coercive force, magnetic field strength, saturation magnetization,
retentively, magnetic conductivity, Curie temperature, magnetic anisotropy and susceptibility can be
measured in a wide range of temperatures with very high precision. In this technique, the magnetic
sample is placed in a constant applied magnetic field in which the sample is physically vibrated
sinusoidally. Since the magnetic flux changes due to the sample’s vibration, the induced voltage in the
pick-up coil varies sinusoidally (Figure 11.8). This induced voltage is measured using a lock-in
amplifier and then converted into magnetization. The magnetic properties of pellet, powder, film, disk

and sphere shaped sample could be measured by this technique.
Vibrator

Sample holder
Sample

\ / Aomagnet
Pick-up coils
Figure 11.8: Schematic diagram of vibrating sample magnetometer.

The magnetic characterisation was performed using the vibrating sample magnetometer
MicroSence-EZ7 under an applied magnetic field of 20 kOe. The samples were characterized at 300 K
(Figure 11.9).




Figure 11.9: Vibrating sample magnetometer MicroSence-EZ7 (LPCM, El-taref University).

11.3.3 Ultraviolet-Visible (UV-VIS) Spectroscopy

Spectroscopy in the ultraviolet (UV) and visible (Vis) spectra is an analytical and powerful
technique widely used in many areas of science ranging from bacterial culturing, drag identification,
chemical research and biochemistry. This technique measures the amount of discrete wavelengths of
UV or visible light that are absorbed by or transmitted through a sample in comparison to a reference
or blank sample. This property is influenced by the sample composition (in terms of content and
concentration). The optical density (OD), also known as the absorbance, is the quantity of light
absorbed by a solution. The OD measurement follows Bear-Lambert law which states that the
absorbance of a solution varies directly with the density of the absorbing material and the free path
length. In fact, OD measurements are the most common measurement used in microbiology
laboratories to assess microbial growth. It is used both qualitatively as the turbidity of a culture and
guantitatively as a measure of the intensity of light transmitted along a path through the culture of a
known path length. UV-Vis spectrophotometers are also used as detectors in many biological
processes, like high pressure liquid chromatography, analytical chemistry, structural biology etc.

Spectroscopic analysis is common for solutions, though solids and gases can also be analyzed.




The optical density is often used in spectrophotometry and can be expressed by the following

equation:

OD = -log [i] (11.13)

In this equation, lo is the incident light intensity, | is the intensity of light transmitted through the
sample and measured by the photo sensor (Svanberg, 2004).

A standard spectrophotometer measures absorbance one sample at a time, typically placed in a
cuvette through which light is sent horizontally. An absorbance plate reader offers higher through put
and can measure the absorbance of samples in microplates, by sending light through each wall
vertically. Light of a certain wavelength, depending on the material being measured, is passed through
a sample, and a detector on the other side of the microplate wall measures how much of the original

light was absorbed by the sample in the wall (Figure 11.10).

T

Digital display
i or meter

Light Monochromator sample

source or filter

Figure 11.10: Schematic diagram of UV-Visible spectrophotometer.

A UV-Vis spectrophotometer Unico Model 1200, 325-1000 was used in this study to measure

optical density (Figure 11.11).




Figure 11.11: UV-Vis spectrophotometer Unico Model 1200, 325-1000 Range. (Pedagogic

laboratories. Khenchela University).
11.3.4 Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) is a practical tool for qualitative and quantitative analysis. It is
a simple, rapid and sensitive method for chemical compounds analysis. In this energy region spectra

are often classified by wave number in the range of 4000-400 cm ™.

FTIR gives valuable information about the rotation and vibration of the molecular structures and
chemical bonding status of the materials, which make it easier for investigating both inorganic and
organic materials. Besides, an infrared spectrum provides information about a sample’s fingerprint
with absorption peaks associated with the vibrations frequencies between the bonds of the sample
atoms. This spectroscopy probes the molecular vibrations. In particular, when a molecule has a
center of symmetry, all vibrations which are symmetrical with respect to the center are infrared
inactive. In contrast, the asymmetric vibrations of all molecules are detected. Consequently, infrared
spectroscopy can lead to an identification of materials. Besides, with the FTIR, we are able to decide
the quality of a sample, identify unknown materials and the components amount in a mixture. The
FTIR spectrometer is based on the Michelson interferometer theory (Michelson, et al., 1887).This
technique uses the mathematical process (Fourier transform named after the French mathematician and
physicist Jean Baptiste Joseph Fourier) to translate the raw data (interferogram) into the actual
spectrum. FTIR method is used to obtain the infrared spectrum of transmission or absorption of a fuel

sample.

The FTIR is consisting of IR source, laser, beam splitter, fixed mirror, moving mirror, laser

detector and IR detector. Figure 11.12 shows the schematic diagram of FTIR.
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Figure 11.12: Schematic diagram of FTIR.

The FT/IR-4700 was designed to provide operational features and sensitivity levels found only in
more expensive instruments (Figure 11.13). The innovative technology incorporated in these
instruments results in exceptionally high signal-to-noise ratio specifications. The FTIR
spectrophotometer (FT/IR-4700) recorded the spectra within the range of 4000 to 400 cm™.

Figure 11.13: FTIR -4700 spectrophotometer (Pedagogic laboratories. Oum El bouaghi University).




Chapter Ill:

Structural, Microstructural and Mechanical
Study

This chapter is devoted to study the influence of the milling time on the
structural, microstructural and mechanical properties of the nanostructured
Fe15Co2P3 powder mixtures obtained by high energy mechanical milling in order

to have reliable results.




I11.1 Structural Study

The structure of the milled powder was checked by XRD using a Bruker-D8 advanced
diffractometer in a (6—20) Bragg—Brentano geometry, equipped with Cu-Ka radiation source (Acuy =
0.15406 nm). The formed phases, the evolution of the structural, microstructural, and mechanical
properties of the obtained powders was investigated by MAUD program (Lutterotti, et al., 1999) based
on the Rietveld method (Young, 1996). For more specific formation and evaluation of the presented

phases in the Fe1sCo2P3 powder mixtures, FTIR spectra are given.
111.1.1 X-Ray Spectral and Phase Composition Evolution of the FeisC02P3s Powder Mixtures

The evolution of XRD patterns with milling time is displayed in Figure I11.1. The diffraction
peaks have Lorentzian contributions. The intensity of diffraction peaks reduced gradually. Although
there was a gradual peaks’ broadening as a function of the milling time, which can indicate the
evolution of phases besides grain refinement, the atomic level of strains raised continuously. In
addition, the variation of phase’s percentage and higher crystalline defects were observed. A variety of
crystal defects such stacking faults, dislocations, vacancies and grain boundaries were introduced
promoting the mutual diffusivity of all elements during the milling process. The as-mentioned
phenomena resulted from welding and disordering effects, occurring because of repeated collisions
(ball-powder-ball and ball-powder-wall of bowl). The overlapping of XRD reflections arising from
different phases results in an enlargement of peaks’ width indicating a slight increase in interatomic
distances leading to unit cell expansion. The effect of such phenomena can be observed clearly on the
diffraction peaks illustrated in Figure I11.1. For longer milling times (1, 2 and 3h), it is obvious that the
line profiles are almost symmetrical due to the formation and the stabilization of a new phases after 1h

of milling.

The XRD pattern of the un-milled powder mixture showed the presence of hexagonal cobalt
(Co-hexagonal), simple cubic phosphorus (sc-P), and body centered cubic a-Fe (bcc-a-Fe) structures
besides different structural and microstructural properties. The P phase diffraction cannot be observed
because of its amorphous state and its small percentage in comparison with those of Fe (Figure 111.1).
After 1, 2 and 3h of milling, the same peaks are observed as in the un-milled mixture (Oh) with a
decrease and broadening of all peak intensities especially for (110) line. This could be explained by the
diffusion of P atoms into the iron lattice during the first hour of milling, resulting in the formation of a
bee a-Fe(P) solid solution with Im-3m space group, by solid state reaction. As a consequence of their
close lattice parameters, the resolution of both elements was prevented. Due to the processes of cold
working and recovery during milling, grain refinement occurs leading to the formation of very fine
grains. Bensalem, et al. (2009) found that the same bcc a-Fe(P) solid solution was formed after 9h of

milling of Feg2Pg powder mixtures while Tebib, et al. (2008) confirmed the formation of this solid
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solution after 21h of milling of nanostructured Fe-8P (wt%) powder mixture. Furthermore, there was a
slight increase in powder temperature significantly increasing the diffusivity of solute elements into
the solvent lattice and hence alloying occurs which can explain the formation of a binary bcc CorsFezs

phase with Im-3m space group (Suryanarayana, 2001 and 2004).
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Figure 111.1: XRD patterns of Fe;sCo.P3 powder mixtures for different milling time (Oh, 1h, 2h and
3h) indicating the (hkl) peaks and phase’s positions.

In order to check the functional behavior of the FeisCo2P3 powder mixtures, it is necessary to
obtain good refinements to stabilize the microstructure. The best Rietveld refinement of XRD patterns
of the powder mixtures has been obtained using an isotropic fitting model with the combination of
different phases. The Marquardt least-squares procedure was adopted for minimizing the difference
between the observed and simulated powder diffraction patterns to give information about the quality
of fit. The best refinement was reached when GoF approached 1.0. To simulate the theoretical XRD

patterns, some considerations were taken into account as indicated in Table 111.1.




Table I11.1: The reliability factors, residual parameters and GoF values of the Fe1sCo2P3 powder

mixtures revealed from Rietveld analysis.

Milling time () Rumnb Rb Rup Rep  GOF (Rwp/ Rexp)
0 75424  1.8933 25042  2.1433 1.1683
1 27498 15797 19724  1.9434 1.0149
2 29378 16115 21459  1.9425 1.0371
3 1.8040 16095  2.0305  1.9698 1.0222

Figures 111.2, 111.3, 111.4, and 111.5 obtained from the MAUD program present the evolution of
patterns of X-ray of the Fei1sCo2P3 powders as a function of milling times. For the un-milled mixture
powders, the diffraction peaks characteristics show the presence of the pure sc P, bec a-Fe in addition
to Co-hexagonal structure. The best Rietveld refinement for the milled powder was found with two bcc
phases: an a-Fe(P) solid solution and a binary CozsFezs phase. It is only natural to expect the formation
of solid solutions during mechanical milling from blended elemental red P and a-Fe powders due to
the formation of grain boundaries in the milled elements. This facilitates the diffusion of P into the a-
Fe matrix, resulting in the creation of a-Fe(P) solid solution with less energy. This is probably due to
the small difference between the radius of the host metal a-Fe and the dissolved P atom (rre = 0.125
nm, rr = 0.128 nm), which prefer a substitutional site in the Fe lattice. However, since the two
constituent elements Fe and Co have an electronegativity of 1.8, Co atoms diffuse and incorporate into
a-Fe crystal lattices giving rise to the formation of binary CosFezs phase, which most likely occurs.
The formation of this binary phase is due to its higher thermodynamic stability under the experimental
milling conditions compared to other phases present in the binary Fe-Co phase diagram (see the
appendix). The existence of the a-Fe(P) solid solution and the CorsFezs phase is confirmed by the
important decrease of Fe and Co peaks intensities after 1h of ball milling. The same mixture of a-Fe(P)

solid solution and the CorsFezs phase was observed after 2 and 3h of milling with deferent percentages.
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Figure 111.2: Rietveld refinement of the XRD pattern of Fei1sCo2P3 powder mixture before milling.
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Figure 111.3: Rietveld refinement of the XRD pattern of Fe1sCo2P3 powder mixture milled for 1h.
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Figure 111.4: Rietveld refinement of the XRD pattern of Fe1sCo2P3 powder mixture milled for 2h.
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Figure 111.5: Rietveld refinement of the XRD pattern of Fe1sCo2P3 powder mixture milled for3h.




111.1.2 FTIR analysis

The effects of mechanical milling time on the chemical structure and composition of FeisCo2P3
powder mixtures were elucidated by the FTIR analysis. The spectra obtained from FTIR measurements
of ball-milled Fei1sCo2P3 powder mixtures at different milling periods Oh, 1h, 2h and 3h were recorded
in the range of 400 to 4000 cm™* wave number and are depicted in Figure 111.6. This figure shows the
change of FTIR peak and pattern. As observed, the characteristic peaks were situated in the same
position after each milling period. However, the relative intensities of the peaks varied considerably
indicating the change in the crystalline structure. The result shows that due to mechanical milling, few
of the characteristics of bonds were changed in transmittance. In fact, as the milling time increases, a
progressive increase wave numbers at 500 cm™ and 1000 cm™. Also, the FTIR spectrum (Figure 111.6)
of samples at different milling times (1, 2 and 3 h) appeared the similar transmittances band in the
wave number range of 1250-1750 cml. FeCo materials indicate strong transmittance bands at
wavenumber 507 cm™ with stretching mode (Shankar, et al. 2015 and Farahmandjou, et al. 2018)
where the FTIR spectra of FeisCo2P3 powder mixtures indicate medium transmitance bands at the
same wavenumber which can be result of presence of phosphorus in our powder mixtures and also the
structure CorsFezs. Furthermore, there is no transmittance peaks around 1650 cm™ and 3400 cm™
which are characteristic of water molecules. This could be evidence that the nanostructured Fe1sCo2P3

powder mixtures milled for different durations are hydrophobic.
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Figure 111.6: FTIR spectra of Fe1sCo2P3 powder mixtures milled for (t = Oh, 1h, 2h, and 3h)




111.1.3 Effect of Milling Time on Crystalline Parameters

The mechanical milling process can generate several types of defects such as dislocation and
vacancy, which influence the crystal parameters. Table 111.2 presents the corresponding crystalline
parameters (a and c) of the formed phase, the solid solution and the relative deviation of the lattice
volume, deduced from the Rietveld refinement of the XRD patterns of the FeisCo2Ps milled powders.
The relative deviation of the unit cell volume is defined by:

AV (V-Vp)
Vo Y

(11.2)
Where V is the cell volume after milling and Vo is the cell volume from that of the perfect crystal
obtained from ao in the Inorganic Crystal Structure Database (ICSD).

The lattice parameter of a-Fe phase increased during the mill. This can be related to the diffusion
of P and Co atoms in a-Fe matrix, leading to the formation of the solid solution and the binary phase.
The lattice parameters of the a-Fe(P) solid solution and the binary CozsFezs phase reached the same
value of about 0.2890 nm after 2 and 3h of milling. The deviation increases after the first hour of
milling due to the deformation of the crystal structure of the a-Fe(P) solid solution and the binary
CorsFexs phase, associated with the repeated fracturing, cold welding, and re-welding processes of the

newly formed powdered particles and the diffusion of both P and Co atoms within the host Fe lattice.

?}—V is found to be nearly constant after 1h of milling for both a-Fe(P) solid solution and binary CozsFezs

0

phase (Table 111.2). The obtained results revealed that the unit cell volume expansion of the newly

formed binary Co7sFezs phase was higher than that of the a-Fe(P) solid solution. In fact, after 3h of

milling, \A/—V of Co7sFezs was in the order of 5.26 + 0.02%, which is two times higher than 2.5 + 0.02%
0

for a-Fe(P), signifying that the structure of the binary CozsFezs phase is more deformed than that of the
a-Fe(P) solid solution. These results can be correlated with the higher internal microstrain for CozsFezs
compared to the a-Fe(P) solid solution, after 3h of milling.

Table 111.2: Lattice parameters and the relative deviation of the lattice volume, AV/V..

Phase a(nm)+10% ¢ (nm)+10* AVIVo (%)
o-Fe 0.2882 / -
Co 0.2874 0.4050 -
o P 0.2280 / -
=
£ a—Fe(P) 0.2889 / 2.3
> — CorsFezs 0.2890 / 5.14
C
= a—Fe(P) 0.2890 / 2.56
~  CorsFess 0.2890 / 5.24
- FeP) 0.2890 / 2.5
CorsFezs 0.2890 / 5.26



https://pubs.rsc.org/en/content/articlelanding/2020/ra/d0ra06541b#tab1

111.1.4 Evolution of Phase’s Percentage with Milling Duration

In order to investigate the phase’s stabilities during mechanical milling, we obtained the phase
proportions of the identified phases as a function of milling time. The obtained results are shown in
Figure 111.7. The milling process was divided into three main stages (I, 11, and 111) as shown in Figure
[11.7. In stage | (0-1h), a decrease in the proportions of a-Fe(P) was observed. This may be due to the
mutual diffusion of P in the a-Fe matrix and to the formation of the a-Fe(P) solid solution. The
percentage of the formed the CozsFezs phase increased rapidly in the first milling hour, at the expense
of the pure Co and iron elements, reaching 60 %. During stage Il (1-2h), which represents a post
formation of the a-Fe(P) solid solution and the Co7sFezs binary phase, we note that the CorsFezs ratio
decreased inversely with the proportion of the solid solution. Finally, in stage Il (2-3h), the
percentage of the binary phase increases while the percentage of the solid solution decreases. In fact,
the pure a-Fe has the highest percentage before milling, reaching about 75 % then varying with milling
time to reach 35% after 3h milling for the a-Fe(P) solid solution. A higher value of percentage was
obtained by Co7sFezs (65% after 3h of milling). Those evolutions can be due to plastic deformations

and the complexity of the milling process. In fact, all types of crystalline defects act as a short circuit
of atoms diffusion.
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Figure 111.7: Phases percentage evolution during the milling.
111.2 Microstructural Parameters

The microstructural parameters are essential to follow the phase constitution and transformation
characteristics during high energy milling. In nanomaterials, the crystallite size and lattice strain play a

major role since the phase constitution and transformation characteristics are dependent on them. The
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values of the crystallite sizes <L> and the internal microstrain <¢®>>'? were obtained from Rietveld
refinements of the XRD patterns by the MAUD program. Peak broadening of the diffraction profile is
commonly affected by both the crystallite size and microstrain. This fact was considered in the values

simultaneously extracted from the XRD peak patterns.
111.2.1 Evolution of Crystallite Sizes

Mechanical alloying process has been well known for its ability to reduce particle size to the
range of nanometer in a short time (Suryanarayana 2004). A diffraction peak broadening, observed
with increasing milling time, is usually associated with grain size reduction and increment of internal
strain. Figure 111.8 depicts the evolution of crystallite sizes <L> for the a-Fe(P) solid solution and the
CorsFexs phase, plotted as a function of milling time. The formation of solid solution as confirmed by
the change in XRD peaks broadening has been accompanied by particle size reduction (grain
refinement). The increase in milling time results in a reduction in crystallite size and an increment in
lattice strain. Accordingly, for a-Fe(P) solid solution, the crystallite size decreases from 483 nm to
reach an average stable value of about 100 nm from 1 to 3h of milling. This rapid reduction indicates
the effect of repeated collisions in flattening the grains. The reduction in crystallite size is mainly due
to severe deformations of powders during the milling process, as well as the increase in the probability
of sites nucleation during crystallization, provided by higher defects density (Suryanarayana, 2001). It
was noticed that the crystallite size of the CozsFexs phase was nearly stable with milling time and
reached a mean value of 193 nm (Figure 111.8). In fact, the crystallite size reached a saturation value
possibly due to the constraint of the crystallites deformation. These results can be correlated with the

values of the internal microstrains, <¢>>%2,
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Figure 111.8: Variation with milling time, of crystallite size, <L>, for the a-Fe(P) solid solution

and the CorsFezs phase.




111.2.2 Internal Microstrain

The dependence of crystallite size on lattice strain is well known in nanomaterials, in addition to
the preparation method and crystal dislocation contributions to lattice strain (Dapiaggi, et al., 2005).
High lattice strain in nanocrystalline material is a result of the effect of grain boundary. While the
crystallite size comes to extremely smaller size like nanometer, grain boundary is associated with more
volume defects like vacancies and vacancy clusters. Hence, the stress induced from the volume defects

at the grain boundaries exerts lattice strain in nanostructured materials.

The effect of milling time on internal microstrain <c?>?2 for the a-Fe(P) solid solution and the
CorsFeos phase is illustrated in Figure 111.9. The increment of microstrain level continues moderately
until reaching maximum values of 0.04 £ 0.02 and 0.02 + 0.02 % after 3h of milling for the binary
CorsFexs and the a-Fe(P) solid solution, respectively. The important grain refinement occurs with a
progressive rise in microstrain level as the milling time is prolonged. High density of dislocations
induced by severe plastic deformations can be generated with a prolonged milling duration leading to
an increase in the micro-hardness of the powder particles as well as an increase in internal micro
strains (Loudjani, et al., 2011).
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Figure 111.9: Evolution with milling time, of microstrain rate, <¢>>'2, for the a-Fe(P) solid solution

and the CorsFezs phase




111.3 Effect of Milling time on Stacking Fault Probability
The stacking fault probability (SFP) is one of the most important microstructure defects, which is
a measure of deformation faulting. The planar defects, expressed in terms of stacking faults

probability, are given by the relation (Warren, et al., 1950 and 1969):
SFP=[15(@ +a”)+ f] (11.2)

Where a’, .’ are the intrinsic and extrinsic deformation faults probabilities, respectively, and g is the

twin faults probability.

The SFP in the a-Fe(P) solid solution and the CorsFezs phase deduced from the Rietveld
refinement of the XRD patterns of the Fe1sCo2P3 powder mixtures is shown in Figure 111.10.a. For the
solid solution, the SFP increases with increasing milling time reaching a value of 8.04 x 10 after 3h.
This value is higher than that obtained in the binary CorsFezs phase after the same milling duration.
The decrease of this parameter after 2h of milling can be attributed to the annihilation of dislocations
to minimize their energy and thus increasing the SFP. It is clear that the dislocation density on
CorsFezs was stable and reached the smallest values of about 2.22x 10'° m2. It has been shown that
twining and deformation stress depends on the crystallite size (Meyers, et al., 2001). The creation of
stacking faults by mechanical deformations is closely related to the creation and the reaction of
dislocations (Louidi, et al., 2012). These results highlights the path of the solid state reactions in this
powder mixture, achieved by diffusing P and Co elements in the Fe matrix through the stacking fault
and the dislocations induced by the milling process into the solid solution and the CozsFezs phase. As
a host, the bcc a-Fe phase can dissolve P atoms, which create lattice defects such as dislocations and

grain boundaries.

According to Warren’s formulas, the determination of ordered planes N from the inverse of SFP
(N = 1/SFP) indicates the average number of compact atomic planes between two consecutive stacking
faults (either deformation or twin-type) (Sort, et al., 2004). The average number of layers between two
stacking faults of the a-Fe(P) solid solution and the Co7sFezs phase in the FeisCo2P3 powder mixtures
is presented in Figure 111.10.b. N shows that the number of planes between two neighboring stacking
faults in the CorsFezs phase is reduced with milling time. In effect, after 3h of milling, N decreases
from 30700 to 16920 planes. The higher value of N indicates that between two stacking faults there
are, in average, 62500 ordered planes for the a-Fe(P) solid solution for the unmilled Fe1sCo2P3 powder
mixtures. The lower value of N is 1200 ordered for the same solid solution existed in the FeisC02P3
milled for 3h. As it is clear, the values of the average number of layers between two stacking faults in
the Co7sFezs phase, are found to be higher compared to those in the a-Fe(P) solid solution. Therefore,
it can be inferred that Co facilitates the formation of the binary phase more than the amorphous red P

in the formation of the solid solution. Those low values of ordered planes reached in the a-Fe(P) solid
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solution, for a long milling time, makes it less stable in comparison to the CozsFe2s phase and drives to

its transformation.
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Figure 111.10: Variations with milling time of (a) the stacking fault probabilities and (b) the average
number of layers, N, for the a-Fe(P) solid solution and the CozsFezs phase of the FeisCo2P3 powder

mixtures during the ball-mill.
I11.4 Dislocations Density

For milled samples subjected to severe plastic deformation by impacts of balls, the dislocation
density, p, is the main defects besides grain boundaries. The density of dislocation is one of the
important parameter influencing the final nanocrystalline microstructure. It was calculated using the

following equation (Hull, et al., 1950):

/
p=2433222 (1.3)

<L>B

Where B is the Burger’s vector, equal to av/3/2 for the bce crystallographic phase, the direction
of easy dislocations concentration is (1 1 1), <L> is the crystallite size, and <c®>? is the microstrain
(r.m.s). <L> and <¢?>''2 are deduced from Rietveld refinement.

The variation of the dislocation density can be associated with the ball-to-powder mass ratio that
characterizes the collision number, the energy impact, and the number of defects introduced within the
lattice. The severe plastic deformation leads to a developing number of matrix dislocations. The
created dislocations are multiplied in the shear zones, as a result of their rearrangement and
interactions (Enayati, et al., 2009). Figure 111.11 illustrates the evolution of the calculated dislocation
densities for both a-Fe(P) solid solution and the CozsFezs phase of the alloyed FeisCozPs. For the a-
Fe(P) solid solution, p increased to reach a value of 5 x 10 m with the milling time increasing from

0 to 3h. On the other hand, the dislocation density of the CozsFezs phase was steady and reached the
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smallest value of about 0.53 x 10'* m™2, These results highlight the pathway of the solid state reactions
in this powder mixture, occurring by diffusing both elemental P and Co within Fe host lattice through
stacking faults as well as dislocations induced by the milling process into the solid solution and the
CorsFezs phase. As a host, the bee a-Fe phase can dissolve P atoms, thereby creating lattice defects

such as grain boundaries and hence further increase in the dislocation density.
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Figure 111.11: Variation, with milling time, of the dislocation density, p, for a-Fe(P) solid solution and

the CozsFezs phase in the FeisCo2P3 powder mixtures.

111.5 Mechanical Properties

In general, before any material or any component is utilized, the mechanical properties should be
studied thoroughly to ensure the mechanical integrity during use. Young’s modulus and Poisson’s ratio
are crucial parameters of the stiffness matrix in modeling materials subject to thermal and mechanical
loading, and to model load transfer between different stacked layers (Larson, 2013). Using the MAUD
software, it is possible to compute the evolution of the simulated mechanical parameters such as

Poisson’s ratio v, Young modulus E and the calculated bulk modulus, K.
111.5.1 Young Modulus

Young’s modulus, E, or the modulus of longitudinal elasticity (the elastic stiffness) describes a
material’s resistance to stretching or compression during elastic deformation. The modulus of elasticity
is a set of physical quantities that characterize the ability of any solid body to be elastically deformed
under conditions where force is applied to it. In simple cases, E is defined as the ratio of stress to

elongation. When hydraulic fracturing occurs, Young’s modulus can be referred to as the amount of
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pressure needed to deform the material. Materials with high Young’s modulus tend to be very hard but
are prone to brittleness. In other words, a low Young’s modulus value means a solid is elastic while a

high Young’s modulus value means a solid is inelastic or stiff.

The highest value of Young modulus, E, in the Fe1sCo2P3 powder mixtures was nearly equal to
200 GPa, which is closed to those for coarsed metals and higher than those of nanomaterials. An
example of such materials is nanomaterials obtained for FeCoP nanoglass films which are found to
have a Young modulus of up to 138.85 GPa (Zhang, et al., 2020). Such results reflect the effect of the
addition of the red P powder to the Fe-Co system which decreases Young modulus values compared to
the Fe-Co binary alloys. In comparison with the FegCoso alloys, Young modulus was estimated to
approximately equal 250 GPa (Vas ko, et al., 2004) and have a high value between 611 and 536 MPa
for the monolithic FeCo alloy (Albaaji, et al., 2017). This can be attributed to the precipitation of the
CorsFeos particles embedded in the a-Fe(P) solid solution during the milling process, resulting in the
weakness and rigidness of final powder mixtures because the initial powder mixture was ductile (Co,
Fe) — brittle (P) type.

111.5.2 Poisson’s Ratio

Poisson’s ratio, v, is often used to characterize the elastic properties of a material. Poisson’s ratio
measures the deformation in the material in a direction perpendicular to the direction of the applied
force. When a stretching force is applied lengthwise to a solid, the solid starts to stretch. During this
stretching, in the vast majority of cases, the cross-section of the material decreases. Poisson’s ratio
shows how the cross-section of a deformable body changes under lengthwise stretching (or
compression). Its value is the ratio of the linear contraction of cross-section e’ to the elongation e,

mathematically expressed as follows (Poplavko, 2019):

! Ad/D
B —" )

. =L (1n.4)

When a material undergoes a tensile force F, it occurs a stress according to the applied force. In
proportion to the stress, the cross section is decreased by Ad from the diameter D and the length
elongates by AL from the length L, as illustrated in Figure 111.12. When a material is compressed in
one direction, it usually tends to expand in the other two directions perpendicular to the direction of

compression. This circumstance is called the Poisson effect.




Al

Figure 111.12: Tensile test of a sample.

Poisson’s ratio is dimensionless and ranges from 0.1 to 0.45. In case of an entirely brittle
material, Poisson ratio is zero, whereas for a completely elastic material, v=0.7. A low Poisson’s ratio
(0.1-0.25) means easier rock fracture whereas high Poisson’s ratio (0.35-0.45) indicates the rocks are
harder to fracture. Figure 111.13 presents the evolution of Poisson’s ratio versus milling time. Poisson’s
ratio, v, of the CorsFezs phase had high values during milling. On the other hand, the a-Fe(P) solid
solution had lower values gradually decreasing with milling time. Those results exposed the brittle

nature of the a-Fe(P) solid solution in comparison with the CozsFezs phase which is harder to fracture.
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Figure 111.13: Evolution with milling time of Poisson ratio, v, of the CozsFezs phase and the a-Fe(P)

solid solution in the FeisCo2P3 powder mixtures.
111.5.3 Bulk Modulus

The bulk modulus of elasticity K is a parameter quantifying the inverse of compressibility. K
results from the reduction of the body’s bulk volume that occurs when equal forces are applied to all
sides. Moreover, K characterizes the capability of an object to change its volume, for example, under

hydrostatic pressure. It should be noted that K of a nonviscous liquid is different from zero, whereas




for an incompressible fluid, it is infinite. The bulk modulus is calculated using the following formula
(Donaldson, et al., 2013):

K=—2L (111.5)

T 3(1-2v)

This equation shows that v must remain less than 0.5 for a positive value of K.

The bulk modulus for the a-Fe(P) solid solution rapidly decreased from 137.5 GPa to 70.20 GPa
after 3h of milling because increasing the milling duration leads to more hardening work effect which
made the a-Fe(P) solid solution brittle (Figure 111.14). On the other hand, for the CosFezs phase, K
decreases after 2h of milling then it increased. The increase in bulk modulus during the last hour of
milling is attributed to the refined microstructure; outcomes of the homogeneous distribution of the
binder phase through the alloys. The bulk modulus of ¢lasticity for the a-Fe(P) solid solution was less
than that of the CorsFezs phase. These results revealed that the modulus is enhanced by the 3d-

transition metals (Fe, Co) present in the CozsFezs phase.

| | —*— a-Fe(P)
300 —0—g075F625 é é
250 f
< 200 F
a¥
S 9
Y 150 F
*
100 - \
* * *
50 [ [ [ [
0 1 2 3
Milling time (h)

Figure 111.14: Bulk modulus versus milling time for CozsFezs phase and a-Fe(P) solid solution in the

Fe1sC02P3 powder mixtures.

111.6 Conclusion

X-Ray spectral and phase composition evolution of the FeisCo.Pz powder mixtures were
obtained from the MAUD program. During the first hour of milling, the FeisCo2P3 powders were
subject to heavy plastic deformation accompanied by lattice defects, resulting in an enhancement in the
solid state reactions between the diffusion couples (P, Fe) and (Co, Fe) of the reactant materials,
leading to the formation of the a-Fe(P) solid solution and the CorsFezs phase. The crystallite size,

structural microstrain and dislocation density of the a-Fe(P) solid solution and the CorsFezs phase in



https://www.sciencedirect.com/science/article/pii/B978193376240150012X#!

the FeisCo2P3 mixtures, undergone ball milling for different time periods (Oh — 3h), have been
investigated in this study using different procedures based on integral breadth analysis of the obtained
XRD patterns. Phase changes and the variations in the percentage of phases were also studied. In
addition, the mechanical properties were examined to better understand the induced changes in the

mechanical parameters of the existing solid solution, the binary phase and the role of milling time.

Based on this study, the following summarized conclusions can be offered:

e The results indicate that mechanical alloying leads to the formation of the a-Fe(P) solid solution
and the CorsFezs binary phase after 1h of milling with bcc structure and Im-3m space group.

e The highest percentage before milling was 75 % for a-Fe then varied with milling time to reach
35% after 3h milling for the a-Fe(P) solid solution. After 3h of milling, the highest value of
percentage was 65% obtained by the Co7sFezsphase.

e By increasing the milling time, the crystallite size of the a-Fe(P) solid solution remarkably
decreases but is nearly stable for the CorsFezs phase. The crystallite size of the solid solution
reached a value of 100.3 nm after 3h of milling. The presence of iron tremendously affects such
changes.

e The stacking fault probability of the a-Fe(P) solid solution was clearly higher than that of the
CorsFess phase. The high values of the SFP reflect an important increase in the dislocations
density in the Fe host lattice.

e The mechanical results reveal that the value of Young modulus in the FeisCo2Ps powder mixture
is smaller than that obtained in binary Fe-Co alloys, reflecting the effect of P addition.
Furthermore, the bulk modulus of elasticity for the a-Fe(P) solid solution is less than that of the
CorsFeos phase. These results reflect the brittle nature of the a-Fe(P) solid solution in comparison
with the harder to fracture CozsFezs phase..




Chapter IV-

Magnetic Properties

In this chapter, the magnetic behavior of the Fe,;Co,P; powder mixture milled for
several times is detailed. The dependence of magnetic properties on

the structural/microstructural parameters of ball-milled Fei5Co,P3 powder mixtures was

investigated.




V.1 Hysteresis Loops

The effect of mechanical milling on the magnetic behavior as well as the evolution of the
magnetic properties of the FeisCo2P3 powder mixture milled for 0, 1, 2 and 3h, were examined. The
time dependence of the hysteresis loops (M-H) (the magnetization, M, as a function of the external
applied magnetic field, H) at room temperature, of the mechanically alloyed FeisCozPs powder
mixtures are illustrated in Figure IV.1 and Figure IV.2. All M-H curves of the nanostructured
FeisCo2P3 powder mixtures were closed, narrow, saturated and irrespective of the milling time
implying their typical ferromagnetic order. All hysteresis cycles exhibited a sigmoidal shape usually
observed in nanostructured samples with small magnetic domains. This is due to the presence of
structural distortions inside the grains. Generally, fine soft magnetic materials possess a small coercive
domain (small hysteresis losses) (McHenry and Laughlin, 2014). In other words, lower maximum
energy product is preferred for soft magnetic materials. This behavior can mainly be related to the

microstructural internal deformations, chemical composition, grain size and magnetic anisotropy.

160 Oh jigfr*iff 160 |— lh e
- é::’ L ’I‘;-'_-
80— 80 |-
= s |
=) S
go 7 5 0 % ~
= L / s L 5h q
= /I o 10f /
s 9
80— s / -80 {— ] S va
l' / o e &
i / | ] k =3 / /
B [ / B # 2 9
7 /I i -10 ! {
_ P - a1 f_,ﬂ ash
g — W /r L1 -160 - - ol 1 2 L1
40000 0 00 200 300 1000100200
| ] | ] [ I | | | Hoes |
-20000 -10000 0 10000 20000 -20000 -10000 0 10000 20000
H (Oe) H (Ce)

Figure 1V.1: Representative magnetization-field hysteresis loops recorded in the longitudinal

configuration and the inset representing M-H curves at low fields for the Fe1sCo2P3 powder mixtures

milled for Oh and 1h.
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Figure 1V.2: Representative magnetization-field hysteresis loops recorded in the longitudinal
configuration and the inset representing M-H curves at low fields for the Fe1sCo2P3 powder mixtures
milled for 2h and 3h.

1VV.2 Coercivity

In alloys, the coercivity Hc, is governed by the movement of domain walls and the spin rotation,
and hence it can be strongly influenced by the grain refinement. Thus, Hc is often affected by grain
size, the lattice internal strain and most type’s defects including point defects, grain boundaries,
secondary phases and structural defects, precipitates, dislocations, and the redistribution of elements
during phase evolution (Herzer, 2005 and Kronmiller, 1981). However, in mechanical milling, the
evolution of Hc is due to the internal nanostructure, impurities, pores and defects introduced during
alloying. The microstructures obtained after mechanical milling can strongly influence the magnetic
properties of the FeisCo2P3s powdered alloys (Herzer, 1990). The evolution of the average coercive
field Hc, and the average crystallite size <L> with alloying time is displayed in Figure 1V.3. The
average coercive field of the Fe1sCo2P3 powder mixtures remarkably increased with milling time. This
continual increase in Hc can also be due to the introduction of internal stresses, structural defects such
as the increase in the density of dislocations, as a result of severe plastic deformation of the powders
upon milling, which serve as pinning sites for the magnetic domain wall movement that would impede
the wall motion (Souilah, et al., 2012 and Chermabhini, et al., 2009). As it can be seen in Figure V.3,
the decrease of the average grain size resulting from the competition between fracture and welding can
be related to the increase in the coercivity. Hc increased from 144.621 Oe to a higher value of about

150.309 Oe after 3h of milling. This coercivity behavior as a function of the milling time is higher than
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that reported by other studies on Fe-Co alloys (Popova, et al., 2012 ; Sort, et al., 2004 and Zelendakova,
et al., 2007), where values of the coercivity were in the range of 25-100 Oe for nanocrystalline FeCo
alloys obtained by different methods, including mechanical alloying. Hc of the FeisCo2Ps powder
mixtures was higher than Hc of the Feio0-xCox (X = 55, 50, 45) samples synthesized by high energy ball
milling by Bez, et al. (2015) who found an Hc of almost 42 Oe for the FessCoss sample. Mebrek, el al.
(2021) found that the value of Hc for FeesCozs milled powders was very low and decreased during the
ball-mill from ~7.28 Oe to ~1.88 Oe after just 2h and 30 min of milling. The increase of Hc that started
just after 1h of milling is due to increased domain-wall pinning attributed to an increased number of
grain boundaries (reduced average crystallite size), as determined from XRD analysis. This modest
increase of coercivity between 1 and 3h of milling can be caused by the simultaneous diffusion
mechanism and the formation of the same binary CozrsFezs as well the a-Fe(P) solid solution during the
ball-mill. In the FeisCo2Ps composition, a bce-CorsFezs phase is completely formed after just 1h of
milling and the incorporation of Co-atoms into the bcc-Fe structure increases the residual stresses.
Therefore, Hc increases due to the coercivity being an extrinsic property of magnetic materials that
strongly depends on the microstructure of the material including the effects of internal defects, residual
stresses, grain sizes, and nonmagnetic inclusions, especially when mechanical milling is used to obtain
it (Sdnchez-De Jesus, et al., 2016 and Behvandi, et al., 2010). Furthermore, the reduction of crystallite
size promotes the formation of single magnetic domains which are more difficult to be oriented due to
the presence of the a-Fe(P) solid solution and the CorsFezs phase. This acts as additional obstacles to

the magnetic domain wall movement.

+ A
s

= 148}
e
O
I
146 |
144 F +
0 1 2 3
Milling time (h)

Figure 1V.3: Evolution of the average coercive field, Hc and the average crystallite size, <L>, of the

Fe1sCo2P3 powder mixture versus milling time.




V.3 Saturation Magnetization

Saturation magnetization, Ms, is another important magnetic parameter which is determined by
the nature of the component, and the composition and type of the crystal structure. The variation in Ms
with milling time provides additional information on the evolution processes occurring during
mechanical milling. The change of saturation magnetization Ms with milling time is depicted in Figure
IV.4. It can be seen that Ms decreases rapidly from a higher value of 117.180 emu/g to a minimum
value of 82.005 emu/g after 1h of milling. This noticeable decrease of Ms can be attributed to the
presence of pure ferromagnetic bcc-iron and hcp-cobalt before the solid reactions take place, then the
formation of the paramagnetic a-Fe(P) solid solution after 1h of milling. When P is alloyed to Fe, the
change of the nearest neighbor configuration leads to the reduction of the magnetic moment per atom
and therefore to the magnetization reduction. This fact can be explained by the interaction between the
Fe metallic atoms which is ferromagnetic with P atoms that are non-ferromagnetic in nature
(Abdellaoui, et al., 1997 and Bensebaa, et al., 2014). Moreover, the 3p electrons of P can fill the d
shell of Fe through p-d hybridization and suppress the magnetic moment of Fe, and consequently
decreases Ms (Wang, et al.,2013). Furthermore, the decrease of Ms can be related to the dilution effect
of the magnetic moment of cobalt atoms promoted by the formation of the binary CozsFezs phase. In
fact, in correlation with XRD analysis, the alloying of non-ferromagnetic P atoms with the two
ferromagnetic elements Co and Fe atoms leads to the formation of the solid solution and the CorsFezs
binary phase by diffusion mechanism. This has been confirmed during the early hours of mechanical
milling. The diffusion of Co in Fe matrix induces the transformation of charges between the Co and Fe
atoms (Yuping, et al., 2014). It is known that the chemical composition, local environment of the
magnetic atoms and their electronic structure have strong influence on Ms (McHenry, et al., 1999).
Also, the refinement of grain size during the ball-mill and increasing the fraction of grain boundaries
leads to the increase in the average inter-atomic distances between the neighboring atoms, weakens
their exchange interaction, and consequently can contribute to the Ms diminution upon milling
(Taghvaei, et al., 2012). Ms increases gradually to 97.340 emu/g after 3h, which can be attributed to
the combined effects associated with the decrease of the proportion of the a-Fe(P) solid solution, the
increase of the proportion of the ferromagnetic CorsFezs phase and the refinement of microstructures.
This effect dominantly arises from alloying Co of smaller magnetic moment of 1.72 xB with Fe, which
has a larger magnetic moment of 2.2 uB, as well as the formation of the Co7sFezs binary phase with
strong ferromagnetic exchange interaction (Ling, et al.,2014). Ms values were lower than those
obtained from the Feioo-xCox (X = 55, 50, 45) samples by Bez, et al. (2015) who found that Ms was
more than 200 emu/g for all the milled samples. Sanchez-De Jesus, et al. (2016) also found higher
values for hcp-FezoCoso and bee-FespCoro of 225 emu/g and 154 emu/g, respectivly.
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Figure 1V.4: Evolution of the saturation magnetization, Mswith the milling duration of the Fe1sCo2P3
powder mixtures.

V.4 Squareness

Once the M, and Ms values for the FeisCo.P3 powder mixture milled for several times are
determined, we can infer the squareness (the remanence ratio) by taking the ratio of M, over Ms.
M:/M;s is an important parameter in the determination of the magnetic energy and the type of the
magnetic domain. The squareness values are plotted against milling time in Figure IV.5. The
behaviour of the M\/Ms is almost similar to that of Hc. Effectively, the continuous increase in the
squareness of FeisCo2P3 correlates with the increase in Hc observed in the alloys. The rise of the
magnetic squareness ratio can be linked to the crystallization process that leads to the increase in
magnetic anisotropy; the lower the Fe1sCo2P3 squareness, the higher the anisotropy in the alloys. Such
lower values of Mi/Ms, ranging from 0.070 to 0.092 are less than 0.1 indicating that the small magnetic
particles are typically single domains (Fallot, 1936). Azzaza, et al. (2006) found that the FesoCoso
nanostructured powder prepared by high-energy ball milling behaves as a soft ferromagnetic with
lower values of the squareness ratio (less than 0.065) as compared to those obtained for the Fe;sCo2P3

powder mixtures.
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Figure 1V.5: Values of the squareness ratio, M/Ms, of Fe1sCo2P3 powder mixture versus milling time.

IVV.5 Magnetocrystalline Anisotropy Constant
The magnetocrystalline anisotropy constant k is an intrinsic property calculated using the

relation between the saturation magnetization, Ms, and coercivity, Hc, as follows (Zubair, et al., 2017):

_ HeXxXMg

k (IV.1)

Figure 1V.6 presents the magnetocrystalline anisotropy constant k as a function of the milling
time. After 1h of milling, k reduced from a higher value of 8.473 x 10° erg/cm? of the un-milled
powders to a minimum value of 6.095 x 10° erg/cm® As expected, the maximum value of the
magnetocrystalline anisotropy constant is achieved by the un-milled mixture contining Co atoms,
because it crystallizes in a hexagonal crystal structure (hcp) that has an uniaxial crystalline anisotropy
higher than that of the materials with cubic structures (bcc), obtained after 1h of ball-mill. The
reduction in k values indicates the existence of weak grain to grain interactions in these powder
mixtures. Furthermore, the diminution in the anisotropy of magnetocrystalline in the first hour of
milling is caused by the gradual reduction of crystallite size at the same hour, which is promoted by
the mechanical energy generated by the high-energy ball milling thereby facilitating the rotation of the
magnetic vector, the average effect of magnetization over the randomly oriented nano-sized grains and
also the diffusion of P atoms in Fe matrix that leads to the formation of the a-Fe(P) solid solution
(Loudjani, et al., 2016). Afterwards, k increases to 7.315 x 10° erg/cm?® at 3h of milling due to the
formation of the ferromagnetic CozsFezs phase with higher proportions. However, this value is smaller

than that of the un-milled sample.
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Figure 1V.6: Magnetocrystalline anisotropy constant, k, as a function of the milling time.

V.6 Maximum Energy Loss

Energy losses are the chief technical parameter by which the properties of a soft magnetic
material are evaluated. The milling effect on the maximum energy loss Qn, in the 2" and 4" quadrant
of the hysteresis loop is shown in Figure IV.7. A very small hysteresis loss is implied by the resulting
narrow hysteresis loop. This type of loss strongly depends on the crystallite size, residual stresses, and
density of the material. According to the obtained results, the hysteresis loss for the Fe1sCo2P3 powder
mixtures shows a higher value of 6.94x1072 erg/cm?® in the un-milled powder mixture due to the large
crystallite size. The hysteresis loss decreased in the first hour of milling following an important
reduction in the crystallite size (Shokrollahi and Janghorban, 2006) and then increased with further
milling to reach the same value at 2 and 3h. The number of pinning centers influences the domain
structure to a lesser extent, resulting in a moderate increase in energy loss. This increase occurs when
the hampered domain wall moves during the milling process while the dislocation density increases
due to plastic deformations (Permiakov, et al., 2004). The existence of a small gap either between the
powder particles where the excitation field created in the alloy by the external field is in the
intragranular pores and not in the particles of the magnetic circuit thus inducing energy losses
(Boukeffa, et al., 2021).
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Figure 1V.7: Evolution with milling time of maximum hysteresis loss energy, Qn.
IVV.7 Maximum Magnetic Permeability

The permeability is one of the most characteristic and important parameters for soft magnetic
materials since it indicates the magnetic induction generated by the material in a given magnetic field.
It is related to two different magnetization mechanisms; the spin rotation and the domain wall rotation.
Furthermore, the permeability is a microstructure sensitive parameter, affected by the shape, density
and porosity of the particle and strongly depends on grain size (Hamzaoui, et al., 2006 and
Shokrollahi, 2009). Figure 1V.8 shows the evolution, during the ball-mill of the maximum magnetic
permeability, pumax, Of the FeisCo2Ps powder mixtures. umax decreased to a minimum value of
49.302 % 102 emu/g/Oe during the first hour of milling as a result of the formation of the a-Fe(P) solid
solution and the Co7sFess phase at the same hour. Subsequently, pmax increased and reached a
maximum permeability value about 65.441 x 10 emu/g/Oe at 3h of milling. This could results from
the presence of the nonmagnetic P element in the a-Fe(P) solid solution in the FeisCo2P3 powder
mixtures, which acts like an air gap as a source of the demagnetizing field causing the existence of
very mobile domain walls thus increasing the maximum permeability. It is well known that the
addition of P content increases the permeability (Kordecki, et al., 1982 and Manna, et al., 2014). Also,
the reason for the increased permeability is likely to be due to the increase in the ferromagnetic
CorsFezs phase proportions. In fact, the finer grain size in soft materials, the lower magnetic properties
due to the higher concentration of grain boundaries acting as pinning sites for domain walls that

prevent their movement during the magnetization process (Mazeeva, et al., 2020).
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Figure 1V.8: Evolution with milling time of maximum magnetic permeability, pmax.

The values of the average remanent magnetization My, the nucleation field Hn, the switching
field distribution SFD, are listed in Table 1V.1.

The M, of the un-milled powder mixture was estimated to be 8.242 emu/g and reached a
minimum of 6.525 emu/g, after 1h of milling. Due to the crystal defects induced during milling and
lattice distortion, the M, followed an abrupt change in the milled samples. It reached a maximum value
of 9.384 emu/g in 3h milled powder.

Nucleation means that a magnetization state becomes unstable and the change in the
magnetization configuration starts at the nucleation field Hn. The nucleation field increases during the
ball-mill as showed in Table 1V.1. Hnreached values close to the coercive field Hc (Hn = Hc), indicating

that our mixture powder is almost a perfect magnet.

The switching field distribution, SFD, is an important micromagnetic characteristic curve in the
magnetic recording media that depends on the degree of alignment of particles along the easy axis in a
texture (Sebt and Akhavan, 2001). It is supposed that the extracted SFD from macroscopic
measurements rely on separating the contributions to the measurements of the intrinsic SFD and the
extrinsic effects of magnetostatic and exchange interactions (Ruta, et al., 2017). The characteristic
features of interphase exchange coupling are illustrated by switching field distribution via dH/dH.
(Table 1V.1), where dH is the field between 0.5 M; and —0.5 M, and H. is the coercivity. The
distribution of the switching field showed a higher value at 1h of milling (a typical characteristic of
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soft phases) indicating the magnetization reversal is completed in one step for this powder mixture.
Consequently, the width of the dH/dH. peak can be interpreted as an estimation of the efficiency of
hard/soft interphase exchange coupling.

Table 1V.1: More magnetic measurements as a function of milling duration of the Fe;sCo2P3 powder

mixtures.
Milling time (h) M (emu/g) Hn(Oe) SFD
0 8.242 144.62 1.02
1 6.525 148.67 1.12
2 7.64 150.27 1.03
3 9.384 150.31 1.03

I1VV.8 Conclusion

The magnetic measurements have been obtained using a vibrating sample magnetometer (VSM).
The magnetic properties of mechanically alloyed materials can notably be influenced by the ball-mill
process due to the stresses and defects generated during milling together with a consequent grain size
reduction that results in enhanced magnetic behavior. The effect of milling time on the magnetic
properties of the Fe1sCo2P3 powder mixtures have bee studied. The results indicate that:

e A narrow hysteresis loop suggests a very low hysteresis loss. All the magnetization curves
displayed similar soft magnetic features of the Fe1sC02P3 powder mixtures.

e The reduction in the crystallite size affects many magnetic parameters such as the coercive
field and the remanence ratio which vary proportionally with the milling time. This is
accompanied by an enhancement of the microstrain ratio.

e The Ms of the powders continuously decreased from a higher value of 117.18 emu/g after 1h of
milling to a lower value of 97.340 emu/g after 3h of milling. It has been demonstrated that the
simultaneous changes in the lattice strain and crystallite size determine the variation in Hc of
the powders during milling.

e The magnetocrystalline anisotropy constant and the maximum magnetic permeability showed
similar changes during the ball-mill.

e The different magnetic parameters such as the average remanent magnetization, the SFD and
the nucleation field have been determined as function of milling time.

e The simultaneous changes in the lattice strain, the average crystallite size and the proportion of
the a-Fe(P) solid solution and the CorsFezs phase determine the variation in the magnetic

parameters of the powder mixtures during milling.




Chapter V

Effect of Fe,;Co,P, Powder Mixtures on Test-Bacteria Growth

In this chapter, Fe,Co,P; nanostructured powders were monitored by bacterial cell
growth tests. The quantitative analysis was evaluated using optical density measurements to
study the effect of powder mixtures on four bacterial strains (Staphylococcus (@),
Staphylococcusaureu, Klebsiella pneumonia and Haemophilus influenzae). The influence of

concentration, average grain size and magnetic saturation on bacteria growth is also

discussed, in details.




V.1 Effect of FeisCo2P3 Powder Mixtures in Growth of Test Gram-Positive and Gram-Negative

Bacteria Strains

The qualitative bacteriological assay of the synthetized FeisCo.P3 nanostructured powders,
milled for O, 1, 2 and 3h on bacteria strains, was studied. Growth curves are presented by ODegoo Values
as a function of the incubation time. A close study of the growth of the four species Streptococcus («),
Staphylococcus aureus, Klebsiella pneumoniae and Haemophilus influenzae, used as models for
Gram-positive and Gram-negative bacteria strains respectively, was conducted with different

concentrations of the powder mixtures at the same temperature in the same laboratory environment.
V.1.1 Effect of the Un-milled Fei1sCo2P3 Powder Mixtures on the Growth of Bacteria Strains

In Figure V.1, cell growth in the test variants prepared with both Gram-positive and Gram-
negative bacteria strains in terms of optical density is given for the un-milled FeisCo2P3 powder
mixture with different concentrations. A good bacterial growth for both Gram-positive cells was
observed in the presence of different concentrations of the un-milled Fei1sCo2Ps. There was an increase
in viability with the passage of time, as compared with the results of the control treatment (bacterial
incubation without powder mixture 0.00 mg/mL). It is well noted that the un-milled powder mixture
with different concentrations had no effect on these bacteria strains. The highest value of the optical
density, OD, was about 0.347 registries for the contact of Streptococcus (a) with 0.22 mg/mL (Figure
V.1a). During kill time analysis, S.aureus treated with the un-milled FeisCo2P3 powder mixture
showed an optical density of about 0.55 after 24h of incubation (Figure V.1b). The bacteriological
activity indicated that the un-milled mixture powder with higher concentrations clearly improved the
growth of these Gram-positive strains producing reliable good growth curves with these strains. Pure
Fe, red P and especially the Co presented on the un-milled FeisCo2P3 powder mixture could not
impede both Gram-positive bacteria strains. Besides, little information is available in the literature on
the bacteriological activity of metallic pure iron and cobalt nanoparticles without conjugation with
other materials. The un-milled FeisCo2Ps with higher concentrations can easily be taken up by
Streptococcus (o) and S.aureus and also used as a growth factor. The results of the optical density
measurement after treatment of the un-milled FeisCo2Ps powder mixture showed that the growth of
Klebsiella strains is completely stopped in the presence of high concentrations of the un-milled powder
mixture (1.66 mg/mL), which was improved by the slight decrease in the OD values and completely
stopped after 24h of incubation (Figure V.1c). The un-milled powder mixture caused the death of K.
pneumonia strains. The highest value of OD was about 0.18 obtained from 0.22 mg/mL of the un-
milled powder mixture. Figure V.1d shows that the un-milled Fe1sCo.P3 powder mixture caused the

death of the Gram-negative bacteria H.influenzae. As observed from this figure, bacteria showed no




significant decrease with an increase in the un-milled FeisCo2P3 powder mixture with different

concentrations, compared to the control which reached growth values close to zero.
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Figure V.1: Effect of the un-milled Fe1sCo2P3 powder mixture on (a) Streptococcus (a),

(b) Staphylococcus aureus, (c) Klebsiella pneumoniae and (d) Haemophilus influenzae.
V.1.2 Effect of FeisCo2P3 Powder Mixture milled for 1h on the Growth of Bacteria Strains

Cell growth in the test variants prepared with both Gram-positive and Gram-negative bacteria
strains in terms of optical density for the FeisCo2P3 powder mixture milled for 1h with different
concentrations is illustrated in Figure V.2. Streptococcus («) in contact with this powder mixture
showed no significant change in the optical density (Figure V.2a). A clear diminution was observed in
the optical density after 2h of incubation until the end of the incubation period (24h) for different
concentrations compared to the control. The highest values of OD were about 0.1 obtained due to 0.22
mg/mL concentration of this product after 2, 4 and 24h of incubation. Many studies considered the use
of complex nanostructured systems based on cobalt and iron, such as CoFe>Os nanoparticles
(Gheidari, et al., 2020 and Venkatesan, et al., 2015), and Co-doped TiO2 nanostructures (Hosseini-

Zori, 2018), which have presented a good antimicrobial behavior in Gram-positive bacteria with
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remarkable efficacy against this pathogen responsible for serious infections. However, Figure V.2b,
shows a good cell growth of Staphylococcus aureus in contact with the 1h milled Fe;sCo2P3z powder
mixtures with different concentrations after 24h of incubation. This powder mixture improved the
growth of this strain. The highest values of OD were about 0.55 obtained by 0.88 mg/mL
concentration of this product after 24h of incubation of S. aureus. On the other hand, the increase in
the concentration of the FeisCo2Ps powder mixture milled for 1h increases the growth of both Gram-
negative bacteria strains after 24h of incubation (Figure V.2c and Figure V.2d). Based on such
observations, it can be suggested that increasing the concentration of this powder mixture leads to a
good growth of K. pneumonia and H. influenzae strains compared to the control plates. The highest
values of OD were about 0.45 and 0.29 obtained, respectively, from Klebsiella and Haemophilus after
24h of incubation in contact with 1.66 mg/mL of the FeisCo.P3 powder mixture milled for 1h. This
product clearly improves the growth of these Gram-negative strains and results in reliable good growth
curves with the strains. The FeisCo2P3 powder mixture milled for 1h can easily be taken up by K.
pneumonia and H. influenzae and also used as a growth factor. Therefore, this powder mixture was not

effective against these bacteria strains.
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Figure V.2: Effect of Fe1sCo2P3 powder mixture milled for 1h on (a) Streptococcus («),

(b) Staphylococcus aureus, (c) Klebsiella pneumoniae and (d) Haemophilus influenzae.




V.1.3 Effect of FeisCo2P3 Powder Mixture milled for 2h on the Growth of Bacteria Strains

The four bacteria strains have been in contact with the Fe;sCo2P3 powder mixture milled for 2h
and incubated for 2, 4 and 24h. Bacteria cell growth was followed and the obtained results are shown
in Figure V.3. The Fe1sCo2P3 powder mixture milled for 2h improved Streptococcus (o) death with the
incubation duration compared to the control (0.00 mg/mL of the product), as shown in Figure V.3a.
Nevertheless, the increase in the concentration of the powder mixture improved the growth of
Staphylococcus aureus bacteria strain after 24h of incubation (Figure V.3b). The highest value of OD
for this product was about 0.18 for both concentrations of 0.88 and 1.66 mg/mL after 24h of
incubation. The increase in the concentration of the Fei1sCo2P3 powder mixture milled for 2h led to a
good growth of Gram-negative bacteria strains compared to the control plates (Figure VV3.c and Figure
V.3d). After 24h of incubation, the values of OD are about 0.39 and 0.20 obtained from Klebsiella and
Haemophilus in contact with 1.66 mg/mL of FeisCo2P3 powder mixture milled for 2h. The FeisCo2P3

powder mixture milled for 2h can easily be taken up by K. pneumonia and used as a growth factor.
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Figure V.3: Effect of Fe1sCo2P3 powder mixture milled for 2h on (a) Streptococcus («),

(b) Staphylococcus aureus, (c) Klebsiella pneumoniae and (d) Haemophilus influenzae.




V.1.4 Effect of FeisCo2P3 Powder Mixture milled for 3h on the Growth of Bacteria Strains

In Figure V.4, cell growth in the test variants prepared with the four bacteria strains is given for
the Fe1sCo2P3 powder mixture milled for 3h with different concentrations. It was noticed that this
powder mixture with different concentrations killed Streptococcus (a) with further negative influence
on the cell metabolism and consequently on cell multiplication as compared to the control (Figure
V.4a). However, the same powder mixture remarkably improved cell growth; it can be used by
Staphylococcus aureus in its metabolism (Figure V.4b). Based on such finding, it can be suggested that
increasing the concentration of this product leads to a good growth of the S. aureus strain. The highest
value of OD was about 0.25 obtained in contact with a 1.66 mg/mL of this powder mixture. Figure
V.4c and Figure V.4d, clearly show a good growth of bacterial density in samples containing the same
powder mixture. This means that this powder mixture improves the growth of K. pneumoniae and H.
influenzae. It can be concluded that the growth increases by increasing the concentration of this
powder mixture. The highest values of OD after 24h of incubation of Klebsiella and Haemophilus
were 0.29 and 0.32 in contact with 0.22 mg/mL and 0.88 mg/mL of this mixture, respectively. The
results could be related to the presence of iron and phosphorus in the FeisCo2P3 powder mixtures,
which are essential for Gram-negative pathogen growth (Palmer, et al., 2016 and Sheldon, et al.,
2016).
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V.2 Effect of the Average Crystallite Size on Bacterial Cell Growth

In order to study the effect of crystallite size <L> of the Fe1sCo2P3 powder mixtures on different
bacteria strains, the obtained ODeoo Was gathered for the same 1.66 mg/mL concentration of different
Fe1sC02P3 powder mixtures milled for several durations after 24h of incubation with all bacteria strains
(Figure V.5). An excellent correlation was demonstrated between OD and <L>. The optical density
decreased with the decrease of the average crystallite size during milling for both Gram-positive
strains Streptococcus («) and S. aureus (Figure V.5a). This good bacterial activity of Fe;sCo2P3 powder
mixtures could result from the penetration of the small crystallite size into Streptococcus («) and S.
aureus members. Many studies have demonstrated that the small size of nanostructured materials can
also contribute to bactericidal effects. For example, Makhluf, et al. (2005) and Yamamoto (2001)
reported that the decrease in MgO and ZnO particle size could increase the antibacterial activity
against S. aureus. It is therefore evident that the crystallite size affects the antibacterial activity. i.e. in
order to increase the antibacterial activity, the average crystallite size must be reduced. On the other
hand, for the Gram-negative strains K. pneumonia and H. influenzae, the optical density increases with
the decrease in the average grain size (Figure V5.b). Both Gram-negative strains can use the milled
Fe1sCo2P3 mixture like a cofactor for their growth. Hence, the interaction of the powder mixtures
toward microbial cell wall would be more intense if the crystallite size was smaller. The results of the
bacterial activity showed similar tendency in the powder mixtures milled for 1, 2, and 3h. Therefore,
the results can be explained by cell wall differences between Gram-positive and Gram-negative
bacteria strains that interfere with the interaction with the FeisCo2P3 powder mixtures. This could be
because Gram-positive and Gram-negative bacteria strains have different cell wall structures, cell
physiology, metabolism and degree of contact. The cell wall in Gram-positive bacteria such as
Streptococcus (o) and S. aureus has a peptidoglycan layered cell wall that facilitates the direct
interaction between the FeisCo2P3 powder mixtures and the bacterial outer membrane and kills them
smoothlier than the cell wall of Gram-negative bacteria cells, like K. pneumonia and H. influenzea.
Such wall has another thick cell wall and different external membrane that contains
lipopolysaccharides, the porin channels and a thin peptidoglycan which covers a layer of those Gram-
negative bacteria cells (Banner, et al., 2020; Slavin, et al., 2017 and Matthew, et al., 2005). As a
consequence, it can be concluded that nanomaterials’ bacteriological behavior is strongly size

dependent (Bagherzade, et al., 2017)
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Figure V.5: Evolution with milling time of the average crystallite size, <L> and the optical density,
ODesoo Overtime at concentrations of 1.66 mg/mL, forFe1sCo2P3 powder mixtures after 24h of

incubation on (a) Gram-positive and (b) Gram-negative strains.
V.3 Effect of the Saturation Magnetization on Bacterial Cell Growth

Magnetic nanoparticles and magnetic nanomaterials have been of importance since the
successful use of magnetically labeled antibodies for cell separation and growth of test bacteria
(Whitesides, et al., 1983; Kemsheadl and Ugelstad, 1985 and Stolyar, et al., 2019). Investigation of
magnetic nanomaterials in vitro has ushered modern antibacterial studies into an increasingly attractive
research area. A study of the induced effect of the milled FeisCo2Ps powder mixtures with their
saturation magnetization values on bacterial growth was performed in Figure V.6, comparing the effect
of the saturation magnetization on Gram-positive and Gram-negative bacteria strains. Figure V.6
presents the evolution of saturation magnetization, Ms, and the optical density, ODeoo, with milling
time at a concentration of 1.66 mg/mL of the FeisCo2P3 powder mixtures on various bacterial strains
after 24h of incubation. The OD decreases with the decreasing saturation magnetization during ball
milling for both Gram-positive strains (Figure V.6a). The results indicate that the saturation
magnetization of the powder mixtures gives a measurable change in the growth rates of both Gram-
positive bacterial species. Wang, et al. (2011) have demonstrated the viability of silver-coated
magnetic nanoparticles for achieving effective bacterial inactivation efficiency, comparable to and
better than silver nanoparticles conventionally used. It is well known that inorganic metallic-based
core—shell nanomaterials, especially iron oxide magnetic nanomaterials are able to disrupt pathogen
membranes and generate reactive oxygen species, which cause mitochondrial damage (Tokajuk, et al.,
2017). However, for Gram-negative strains, OD increases with decreasing saturation magnetization

(Figure V.5b). This shows that the lower the saturation magnetization value leads to a good growth of
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Klebsiella and Haemophilus. Interestingly, iron, in this case, is required for the growth of many
bacteria and phosphorus is an essential component of all living systems. The good cell growth of K.
pneumonia and H. influenzae can be due to the existence of iron in the milled FeisCo2Ps powder
mixtures, which is a transition metal essential for Gram-negative pathogen growth (Palmer, et al.,
2016 and Sheldon, et al., 2016). Magentic nanomaterials and nanoparticles with antimicrobial
properties can find application in water treatment facilities of any liquid wastes (household, industrial,
medical) (Stolyar, et al., 2019).
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Figure V.6: Evolution with milling time of saturation magnetization, Msand the optical density, ODeoo
overtime at concentrations of 1.66 mg/mL, of Fe1sC02P3 powder mixtures on (a) Gram-positive strains

and (b) Gram-negative strains after 24h of incubation.
V.4 Conclusion
The current study provides evidence that the Fe1sCo2P3 powder mixtures prove several benefits:

e The un-milled FeisCo2P3 powder mixture gives rise to cell growth of the Gram-positive strains
with different concentrations. The un-milled Fe1sCo2P3 powder mixture can be used like a cofactor for
Streptococcus (o) and S. aureus strains but the same powder mixture have showed better antibacterial
activity against Gram-negative K. pneumonia and H. influenzae bacteria strains.

e The addition of the Fe1sCo2P3 powder mixtures milled for 1, 2 and 3h killed Streptococcus («)
with further negative influence on the cell metabolism and consequently on cell multiplication.

o Staphylococcus aureus can use the FeisCo2Ps powder mixtures milled for 1 and 3h like
cofactors for a good bacteria growth. However, FeisCo2P3 milled for 2h inhibited the growth of this
bacteria strain.

e K. pneumonia and H. influenzae are most resistant when treated with the FeisCo2P3s powder
mixtures milled for 1h, 2h and 3h. This milled FeisCo02P3 can be used like a cofactor with different

concentrations for the examined Gram-negative bacteria strains.




e The milling time periods play an important role in the formation of homogeneous
nanostructured materials with smaller crystallite size, and hence, the smaller the crystallite size the
good bacteriological behavior of the powder mixture.

e Saturation magnetization plays an important role in the bacteriological behavior of the milled
powder mixtures in contact with the four bacteria strains. The decrease in saturation magnetization of
the FeisCo2P3 powder mixtures leads to cell death of Gram-positive bacteria strains especially
Streptococcus («). However, the lower saturation magnetization values of the powder mixture increase

the growth of Gram-negative bacteria strains.




General Conclusions and Future Outlook



The first objective of this thesis deals with the synthesis of the FeisCo2P3 powder mixtures using
mechanical milling process. This robust non-equilibrium technique allows the elaboration of
nanocrystalline powders and leads to significant changes in the phase diagram of the FeCoP system.
The effect of the mechanical milling time, that ranged from 0 to 3h, on the evolution of the structural,
mechanicaland magneticproperties, as well as on bacteria cell growth of mechanically produced
Fe1sC02P3 powder mixtures prepared from elemental Fe, Co and red P powders, has been investigated.
Qualitative and quantitative phase analysis of XRD patterns were performed by means of the Rietveld
method using the MAUD program. The magnetic measurements were obtained using the VSM and the
effect of the concentration and the average grain size of Fe1sCo2P3 powder mixtures on cell growth test
have been discussed in terms of optical density using the UV-Vis spectrophotometer. The obtained

results can be summarized as follows:

v From the XRD analysis, the a-Fe(P) solid solution and the Co7sFezs binary phase with a body
centered cubic structure forms in the first hour of milling. This phenomenon is confirmed by
the progressive decrease of peaks’ intensity as well as the remarkable peak broadening with
milling time. The powder-ball collisions generate severe plastic deformations and high level of
crystal defects promoting the mutual diffusivity of elements.

v The unit cell volume expansion of the newly formed binary CozsFezs phase is higher than that
of the a-Fe(P) solid solution.

v' The crystallite size gradually decreases reaching 100.3 nm for the a-Fe(P) solid solution but is
nearly stable for the CorsFezs binary phase.

v The mechanical results reflect the brittle nature of the a-Fe(P) solid solution in comparison
with the CozsFezs phase (harder to fracture).

v The milled FeisCo.Pz alloy powder exhibits a soft ferromagnetic characteristics where the
magnetic parameters are sensitive to the milling time, mainly due to the average grain size
refinement as well as the formation the of a-Fe(P) solid solution and the CorsFezs phase.

v Both the coercivity (Hc) and the squareness ratio (M,/Ms) increase with the milling time.

v The saturation magnetization (Ms) and the magnetocrystalline anisotropy constant (k) have
showed the same evolution during the ball-mill, attaining the values of Ms = 97.340 emu/g and
k = 7.315 x 108 erg/cm? after 3h of milling.

v' The Un-milled FeisCo2P3 powder mixture has a good growth for Streptococcus («) and S.
aureus Gram-positive strains. The milled Fe1sCo2P3 powder mixture for different durations 1,
2 and 3h killed Streptococcus («) and S. aureus bacteria strains. This powder mixture have
showed better antibacterial activity against Streptococcus («) strain.

v' The same un-milled powder mixture killed both Gram-negative K. pneumonia and H.

influenzae bacteria strains. The milled Fei1sCo2Ps powder mixture for different durations 1, 2
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and 3h gave a rise in the growth of both K. pneumonia and H. influenzae strains. Therefore, it

can be used like a cofactor for both examined Gram-negative strains.

Further research should be carried out using Mdssbauer spectroscopy in order to investigate
more magnetic parameters of the FeisCo2P3 powder mixtures. In addition, a detailed study on the
thermal, morphological properties and the antifungal activity of FeisCo.P3s powder mixtures is to be

completed.




Appendix



A.1 Fundamental Properties of Pure Elements
The elemental powders used to synthetize our FeisCoPs powder mixtures were iron, red

phosphorus and cobalt. Some properties of each pure element are given bellow in Table A.1.

Table A.1: Fundamental properties of Fe, Co and red P.

Properties Iron (Fe) Cobalt (Co) Red phosphorus (P)
Atomic number 26 27 15
Chemical series Transition metal Transition metal Non-metal
Density (g/Cm3) 7.86 at 25°C 8.9 at 25°C 2.34 at 25°C

Hardness 4 5

Atomic properties

Electronic configuration

[Ar] 3d%4s?

[Ar] 3d"4s?

[Ne] 3s22-*

Atomic radius (nm) 0.125 0.167 0.128
Atomic mass (g.mol?) 55.845 +0.002 58.93 30.973+5:
Crystalline structure bcc Hcp bcc
Crystalline parameters(nm) a=0.286 a=0.251, c=0.405 a=0.229
Physical properties
State at 20°C Solid Solid solid
Melting point (°C) 1535 1495 416
Boiling point (°C) 2750 2900 -
The molar heat of fusion (°C) 14.9 16.2
Other properties
Magnetic structure Ferromagnetic Ferromagnetic Diamagnetic
Elastic modulus (GPa) 200 211 128
Electronegativity 1.83 1.88 2.19
Specific heat (J/kg’C) 449 435 800
Electricalconductivity (Sm™) 9.93x10° 17x106 1,0x10°°
Thermal conductivity (wmK1) 80.2 69.21 0.235

Others

Reactive, unstable,

Unstable, magnetic,
toxic, absorbs.

Stable, insoluble,
reactive, nontoxic.



https://fr.wikipedia.org/wiki/N%C3%A9on
https://fr.wikipedia.org/wiki/Orbitale-s
https://fr.wikipedia.org/wiki/Orbitale-p

A.2 Equilibrium Diagrams
A.2.1 Fe-Co (Iron-Cobalt) System

The constitution of the Co-Fe alloys is reproduced in Figure A.1. The system is characterized by
an extensive solid solution range between fcc y(Fe) and fce y(Co) and a wide a-Fe solid solution
region, which transforms via a second order reaction into the ordered CsCl type phase FeCo. Cobalt
exists in two allotropic forms, a closed-packed hexagonal (¢) stable at temperatures below
421°C, and a face-centred cubic (o) stable at higher temperatures (Betteridge, 1982). A peritectic
reaction at 1494°C decreases smoothly to a shallow minimum at 1476°C and about 65 at.% Co. The
allotropic transformation y/e occurs over a wide range of temperatures (around 400°C), obviously
owing to the small differences in Gibbs energy of the two modifications and the relatively low
temperature. A thermodynamic analysis of the fcc/hcp transformation in ternary Fe-alloys leading to
the relative stability of g(Fe) was undertaken by Ishida and Nishizawa (Ishida, et al., 1974). They
could evaluate the effect of iron on the fcc/hcp transformation of pure cobalt. The addition of cobalt to
iron hardly raises the a/y transformation temperature between 0 and 8 at. %Co (Fischer, et al., 1970).
The temperature then rises very slowly to a maximum at about 970°C and ~ 45 at. %Co. Further
additions of Co decrease the transformation temperature rapidly whilst increasing the (o+y) two phase
field. The y/e(Co) transformation, with relatively low differences in Gibbs energy coupled with low
diffusion rates owing to the relatively low temperature, make equilibration a slow process resulting in
substantial discrepancies between the various observations. However, more recent information has
been used, mainly data pertaining to the order/disorder reactions. The disordered fcc y-Fe phase
transforms to a disordered bce a-Fe phase via a first order reaction, while a-Fe transforms at the
maximum temperature of about 733°C ~48 at. % Co (Oyedele, 1970) via a second order reaction into
an ordered CsCl type phase FeCo. It is known that ordered iron-cobalt alloys exhibit anomalous
behavior near 550°C. Cobalt exists in two allotropic forms, a closed-packed hexagonal (g)
stable at temperatures below 421°C, and a face-centred cubic (o) stable at higher temperatures
(Betteridge, 1982). There is an eutectoid transformation at 250°C. Additions of iron to cobalt may
lead to the formation of a brittle, ordered o' phase which is stable at room temperature in alloys

containing between 25-75 wt.% Fe . Table A.2 shows the Co-Fe crystal structure data.
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Figure A.1: Phase diagram of the Fe-Co system (Massalski and Okamoto, 1990).

Table A.2: Co-Fe crystal structure data (Okamoto, 2008).

Phase Pearson symbole Space group
(aCo, yFe) cF4 Fm-3m
(0Fe) cl2 Im-3m
(aFe) cl2 Im-3m
(¢Co) hP2 P6s/mmc
a’ cP2 Pm-3m

A.2.2 Fe-P (lIron-Phosphorus) System

Experimental studies on the phase equilibrium and thermodynamic properties of the Fe-P system
were reviewed by Okamoto (Figure A.2) (Massalski and Okamoto, 1990), who proposed a partial
diagram of the Fe-P system in the Fe-rich region. The Fe-P system was thermodynamically optimized
in the full composition range and five stoichiometric phosphides including FesP, Fe-P, FeP, FeP, and
the existance FeP4 between 627 °C and 927 °C (Jeitschko and Braun, 1978) and the (yFe), (aFe) solid
solutions,were considered. The melting temperature of Fe is 1538°C. The crystal structure information
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of all solid phases in the Fe-P system is summarized in Table A.3. The Fe-richest eutectic was placed
at 16.9 at.% P and 1048°C, the metastable eutectic at 18.7 at. % P and 930°C (melts with more than
16.7 at. % P tends to form unstable states, if solidification takes place too quickly). The 6Fe«<>yFe and
yvFe«oaFe transformation temperatures are 1394 and 912°C, respectively. The melting point of 6Fe is
1538°C. The solid solubility of phosphorus in iron is below 1000°C (Hofmann, et al., 1970 and
Takayama, et al., 1981). The assessed maximum solubility of P in (yFe) is 0.56 at.% is at ~ 1150°C.
The solid solubility of P in (aFe) decreases as the temperature decreases. The most common form of P
is oP (white). The melting point and the boiling point temperatures of aP are 44.14 and 277°C,
respectively. The thermal stability of the P-rich phosphide compounds such as FeP, and FePs were
estimated to be much higher than those of FesP, Fe,P and FeP. High-order phosphides FeP> and FeP4
were considered stable till at least 1544°C. The L«>(aFe) + FesP eutectic temperature was reported as
~ 980°C. The FesP considered the melting to be congruent at 1104°C. However, subsequent
investigations showed peritectic melting occurs at the temperature of 1166°C. The L<—FeoP + FeP
eutectic temperature is 1262 or 1265°C. The enthalpies, A,-H and entropies, A,.S of the dissociation are
for some reactionswere given in Table A.4. The estimated values of enthalpies of formation, AsH

(298) and heat capacity, Cp for FesP and FezP are given in Table A.5.
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Figure A.2: Phase diagram of the Fe-P system (Massalski and Okamoto, 1990).




Table A.3: Summary of crystal structure information of all phases in the Fe-P system, space group and
enthalpy of formation, AH® (You, 2020 ; Brahimi, 2019).

Phase Structure Type a(nm) b(nm) c(nm) Space group AHS

a-Fe  Cubic (bcc) 0,2866 Im3m
y-Fe Cubic (fcc) 0,3591 Fm3m
FesP Tetragonal NizP 0,9100 0,4460 14 -164,0
FeoP Hexagonal Ni.P  0,5852 0,3453 P62m -160,2
FeP  Orthorhombic 0,5191 0,5790 0,30983 Pna2l -138,1
FeP, Orthorhombic FeS;  0,4973 0,5657 0,27235 Pnnm -220,9
FePs Monclinic 04619 1,3670  0,7002 P21/c

Table A.4: The enthalpies, A,.H and entropies, A,.S of the dissociation of some reactions.

Reaction A.H (K]J) A.S (J/IK)
2FeP; —2FeP + Pag) 259.4 + 8.5 221.3 + 4.5 (531 to 973°C)
4FeP«>2FesP +Py) 354.84+8.5 210.5 + 4.2 (727 to 2125 °C)

Table A.5: The estimated values of enthalpies of formation, AH (298) and heat capacity, Cp for
FesP and FezP

Compound Reaction of Cp A¢H (298)
formation
(J/mol. K) (kJ/mol)
FesP 3Fe + aP—FesP  117.11 +13.067 x10°T - 17.78 X 10° T 2 -164.01 +8.4
(25 to 1166°C)
FesP 2Fe + aP —Fe:P  76.73 + 17.046 x107°T -6.054 X 10° T -160.25 + 8.4
(25 to 1370°C)




A.2.3 Co-P (Cobalt-Phosphorus) System

The assessed partial Co-P phase diagram (Figure A.3), is based primarily on the data of Zemczuzny, et
al. (1909). The equilibrium phases of the Co-P system are: rich phase in phosphorus CoP3, equimolar
intermediate CoP with orthorhombic structure and Co2P phase rich in cobalt. The melting point of
cobalt is 1495°C. The CoP compound, with a melting temperature higher than 1000 °C, is an
amonoclinic compound formed at a high pressure phase rich in phosphorus CoP2, and the cubic
intermediate phase CoP3. The CozP phase with an extended homogeneity range at higher temperatures,
Is stable up to its congruent melting temperature of 1386 °C. CozP rich in cobalt, contain the eutectic
a-Co + Co2P at 20 at.%P, which melts at 1023°C (Zemczuzny, et al., 1909 and Hashimoto, 1939) and
1041 °C (Berak, 1951). Its instability gives a proof that the evaporation of CoP3 directly gives CoP
phase (929 — 1072 °C) without going through an intermediary CoP, performed by the reaction CoPs3 (s)

= CoPy + Pz @, With enthalpy AHjes, = 263.67 +2.64— and entropy, AS;oz, = 187.74 +

2.43 1 The CoP transforms to Co,P (1125-1328°C), 4CoP¢) = 2C02Ps) + Pa(g), AHj,35 =

mol.K

298.19 +4.27 -2, AS},5 = 17297 £3.39——  (Ishida and Nishizawa, 1990). Table A.6

presentsCo-P crystal structure data.
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Figure A.3: Phase diagram of the Co-P system (Ishida and Nishizawa 1990).




Table A.6: Co-P crystal structure data (Ishida and Nishizawa 1990).

Phase Composition, at.% P Pearson symbol Space group
(aCo)(a) ~0 cF4 Fm3m
(eCo)(b) ~0 hP2 P6s/mmc

CooP ~33a34 oP12 Pnma

CoP 50 oP8 Pnma
CoP2(c) 66,7 (d)

CoPs3 75 cl32 Im3
P (white) 100 (e)

P (black) 100 0C8 Cmca

P (red) 100 (e

(a) From 1495 to ~422°C, (b) ~422°C, (c) At 65 kbar, (d) Monoclinic and (e) Cubic.
A.2.4 Fe-Co-P (Iron-Cobalt-Phosphorus) System

Ternary phosphide materials are composed of three elements and usually involve two metals and
a phosphorus isothermal section, 900 °C (1173 K) (Figure A.4). Phase relations within the system Fe—
Co—P were first described by (Berak, 1951) and later summarized by (Villars, et al., 1995). Three
phases are stable in the metal-rich part of the system: Co.P, Fe2P, and FesP. Furthermore, they reported
three compounds: (Fe1-xCox)sP solid solution and (FeixCox)2P phosphides crystallized in an
orthorhombic or a hexagonal structure. Researchers stated that no compounds have the composition
CosP corresponding to FesP (Villars, et al., 1995 and Ishida and Nishizawa, 1991). The maximum
solubility of cobalt in FesP at 900°C is at.45% which rapidly decreases with a temperature to 10 at.%
below 70°C (Berak, 1951).
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Figure A.4: Phase diagram of the Fe-Co-P system?
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