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ABSTRACT

Carbon-encapsulated iron-cementite magnetic nanoparticles (MNPs) have attracted
great attention in the scientific community due to their wide range of applications and
ease of production. The production of cementite nanoparticles is mostly done by the
chemical vapor deposition (CVD) method in the literature. Unlike this method, studies
have begun to be carried out with the pyrolysis method because it is simple, fast, and
repeatable. This study aims to perform the structural and magnetic characterization of
Fe/FesC structures produced at different temperatures using solid-state pyrolysis. With
this method, 6 different samples were produced in 45 minutes at 700-750-800-850-
900 and 1000 °C. The production of Fe/Fe3C nanoparticles could not be achieved with
a proper crystal structure at 700°C and 750°C but, at higher pyrolysis temperatures,
appropriate structuring occurred, and carbon nanotubes decorated with Fe/FesC
particles were formed. Phase analyses were performed by XRD and Rietveld
Refinement, and iron oxide structures were observed at 700 °C and 750
°C. Magnetization measurements were first made using magnetic field-dependent
magnetization measurement, and hysteresis curves compatible with ferromagnetic
nanoparticles were recorded with a SQUID magnetometer. In the temperature
dependent magnetization measurement, in addition to Curie Temperature effect, the
decomposition of FesC and phase formation took a role in magnetization changes.
Magnetization originating separately from iron and cementite was analyzed, and mass
ratios were calculated. It was seen that the mass ratios calculated from magnetization
and the mass ratios calculated with XRD were compatible with each other.

Keywords: Fe, Cementite, Solid State Pyrolysis Method, SQUID,

Ferromagnetism



OZET

Demir-Sementit icerikli karbon kapsiilli manyetik nanopargaciklar (MNP'ler), genis
uygulama alanlar1 ve iiretim kolayliklar1 nedeniyle bilim diinyasinda biiyiik ilgi
gormiistiir. Literatiirde Sementit nanoparcaciklarinin iiretimi ¢ogunlukla kimyasal
buhar biriktirme (CVD) yontemi ile yapilmaktadir. Bu yontemin aksine, basit, hizli ve
tekrarlanabilir olmasi nedeniyle piroliz yontemi ile caligmalar yapilmaya baslanmistir.
Bu ¢alismanin amaci, kati hal pirolizi kullanilarak farkli sicakliklarda iiretilen Fe/FesC
yapilariin yapisal ve manyetik karakterizasyonunu ger¢eklestirmektir. Bu yontemle,
700-750-800-850-900 ve 1000 °C sicakliklarinda 45 dakikada 6 farkli 6rnek iiretildi.
Fe/FesC nanopargaciklarinin 700°C ve 750°C'de uygun kristal yapi ile iretimi
gergeklestirilemedi. Bunun yani sira, daha yiiksek piroliz sicakliklarinda uygun
yapilanma meydana geldi ve Fe/FesC pargaciklari ile ¢evrelenmis karbon nanotiipler
olustu. Faz analizleri, X-1ismm1 kirinimi1 (XRD) ve Rietveld Analiz yontemleri
kullanilarak yapildi ve 700°C ve 750°C'de demir oksit yapilar1 gozlendi.
Manyetizasyon oOl¢iimleri, ilk olarak manyetik alana bagli manyetizasyon 6l¢iimii
kullanilarak yapildi ve Siiperiletken Kuantum Girisim Cihazt (SQUID)
manyetometresi ile ferromanyetik nanoparcaciklara uygun histerezis egrileri
kaydedildi. Sicakliga bagli manyetizasyon 6l¢iimiinde, Curie Sicakligi etkisinin yani
sira, FesC'nin Fe ve C’a ayrigmast ve yeni bir faz olusumu manyetizasyon
degisikliklerinde rol oynadi. Demir ve Sementit 'den elde edilen manyetizasyon degerli
ayr1 ayri analiz edilig kiitle oranlar1 hesaplandi. Manyetizasyondan hesaplanan kiitle
oranlar1 ile XRD ile hesaplanan kiitle oranlarinin birbiriyle uyumlu oldugu gortildii.

Anahtar Kelimeler: Fe, Sementit, Kati hal piroliz, SQUID, Ferromanyetizma
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1. INTRODUCTION

Carbon-encapsulated iron-cementite magnetic nanoparticles have significant attention
in the scientific community due to their wide range of applications and ease of

production.

Their high surface area and electronic properties make them effective catalysts for
various chemical reactions, including hydrogenation, carbon dioxide conversion, and
organic synthesis [1]. The ability to synthesize iron-cementite nanoparticles with a
carbon shell structure in a controlled manner provides an advantage in their use in
chemical methods. Achieving controlled synthesis allows for the modification of
properties such as surface area and electrical properties, facilitating the production of

suitable materials.

Their magnetic properties make them suitable for applications as magnetic materials,
such as magnetic data storage devices, sensors, and spintronics [2], [3]. Being coated
with a carbon shell structure, iron/cementite showing ferromagnetic properties, reduce
magnetic interactions, thus forming a more magnetically stable structure. This way,
while achieving magnetization with external magnetic fields, magnetic and thermal

stability is ensured in the nanocrystalline structure [4].

Also these electrical, magnetic and mechanical properties of carbon encapsuled
iron/cementite magnetic nanoparticles give an opportunity to use in the realm of
energy storage and conversion, offer potential in applications such as lithium-ion
batteries, supercapacitors, and fuel cell catalysts [5]. One of its most important features
is that, due to its carbon structure coating, it prevents the reaction of iron and cementite
with oxygen, thus preventing oxidation [6]. This also particularly supports its use in

industrial applications.

Additionally, they exhibit potential in biomedical applications. They can be utilized in
drug delivery systems, as contrast agents for magnetic resonance imaging, and in
hyperthermia-based cancer treatments. The magnetic properties of cementite
nanoparticles enable targeted drug delivery, imaging, and therapeutic heating under
alternating magnetic fields [7]. One of the most critical requirements for the use of

magnetic nanoparticles in biomedical applications is their biocompatibility. They

1



should be biologically compatible to be chemically and biologically inert, avoiding
any toxic effects. To achieve this biocompatibility, core/shell complex structures with
coating layers are preferred [8]. Iron-cementite magnetic nanoparticles with a carbon
shell structure are also suitable for use due to these properties. With all these usage

areas, its popularity is increasing day by day.

In a general approach, carbon encapsulated Fe/Fe;C magnetic nanoparticles consists
of a core forming a complex structure of iron/cementite surrounded by graphite as
shown in Figure 1.1.a. In reality, structure is more complex, as depicted in Figure 1.1.b,
consisting of a core that is comprised of iron/cementite and it is surrounded by graphite
which resembles a cloud-like structure. Systems composed of a magnetic core and a

shell in this manner are referred to as magnetic core-shell structures.

a)
Graphite

Layer
Fe/Fe3C
Nanoparticles

Figure 1.1: a) Schematic of carbon encapsulated Fe/Fe;C magnetic nanoparticles
b) Carbon encapsulated Fe/Fe;C magnetic nanoparticles [9].

The production of carbon encapsulated Fe/Fe3C magnetic nanoparticles could be done
by chemical vapor deposition (CVD) [10], detonation [11] and electric plasma
discharge [12]. Different from this methods, studies have been started with the

pyrolysis method [13] because it is simple, fast and reproducible [7], [9], [14].

With recent research, it has been observed that material production through solid-state
pyrolysis can be controlled by altering parameters such as the precursor, pressure,
temperature, and duration [15], [16]. However, due to its complex nature, occurring
dependending on multiple parameters, the exact mechanism is not yet fully

understood.

The main motivation in this study was to produce the iron cementite magnetic
nanoparticles by solid state pyrolysis method at different temperatures and observe

changes that occur in the resulting samples magnetic behaviors, structures and bonding

2



due to ambient temperature variations and the amount of samples. The aim was to
perform the structural and magnetic characterization of Fe/Fe;C structures produced
at different temperatures by solid state pyrolysis method. 6 different samples were

produced by this method at 700-750-800-850-900 and 1000 °C in 45 minutes.

The effects of producing process temperature on samples were investigated with
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD) and

Superconducting Quantum Interference Device Magnetometer (SQUID).

1.1. Magnetic Materials

Magnetic materials constitute an important field of study in the field of materials
science and engineering. These materials have the distinctive feature of exhibiting
magnetic properties in response to external magnetic fields. They play a fundamental
role in numerous scientific disciplines and technological applications with profound
implications for a variety of sectors, including electronics, electrical engineering and

advanced materials research.

The basis of magnetic material studies lies in the complex behavior of atomic or
molecular magnetic moments, each of which can assume different alignments. These
arrangements lead to a variety of magnetic properties, and materials exhibiting these
properties are classified as ferromagnetic, paramagnetic, diamagnetic, ferrimagnetic
and antiferromagnetic. These categories cover the subtle magnetic behaviors that are

used to engineer and optimize a wide variety of devices and systems.

Diamagnetism represents a property unique to all materials, resulting from the
response of electrons to an externally applied magnetic field. In diamagnetic materials,
the orbital movement of electrons at the atomic or molecular level causes tiny electrical
currents to circulate. These induced currents cause magnetic moments to align in the
opposite direction of the external magnetic field. Diamagnetic materials exhibit a

weak, inherently negative magnetic susceptibility.

Paramagnetism is seen in materials containing unpaired electrons. When unpaired

electrons are placed in an external magnetic field, they align their magnetic moments

parallel to the direction of the field. This alignment creates a net magnetic moment,

leading to positive magnetic susceptibility. Paramagnetic materials exhibit weak

magnetization that is directly proportional to the strength of the applied magnetic field.
3



Unlike ferromagnetic materials, paramagnetic materials do not have spontaneous

magnetization and their magnetization disappears when the external field is removed.

Magnetization

Diamagnetism

Paramagnetism

Ferrimagnetism

Antiferromagnetism

Ferromagnetism

oee | so¢ PP b d i
eoo ese XY ¢dd oo0
(X T spe Y'Y 00 (XY
Magnetic
Bcehavior

I/

Figure 1.2: Moment alignment and behavior of the magnetic materials [17].

Ferrimagnetism is another magnetic property in which atomic magnetic moments align
in both parallel and antiparallel directions. They have a weak but clear magnetization
and occur when unequal magnetic moments align in opposite directions. It can

maintain partial magnetization even in the absence of an external magnetic field.

For the antiferromagnetic materials, the magnetic moments are aligned in an
antiparallel position with each other. With this alignment, the net magnetization is zero
on a microscopic scale, making the material non-magnetic. Their magnetic
configuration causes phase transition below the Néel temperature, and they exhibit

long-range magnetic order.

The other and extremely popular type of magnetization is ferromagnetism, it is
distinguished by the distinct and spontaneous alignment of atomic magnetic moments
within a material; this causes their parallel orientation and the resulting emergence of
macroscopic magnetization, even in the absence of an externally applied magnetic
field. Ferromagnetic materials exhibit a characteristic phenomenon known as
hysteresis; This refers to their ability to maintain magnetization when the external
magnetic field recedes, making them capable of serving as permanent magnets. The
most important parameter in ferromagnetism studies is the Curie Temperature, which
represents the critical temperature at which ferromagnetic materials lose their

ferromagnetic properties and undergo a phase transition. This magnetic behavior is



fundamentally governed by complex exchange interactions between neighboring

magnetic moments.

1.2. Hysteresis Curve

The hysteresis loop is a graphical representation that gives insight into how
ferromagnetic materials respond to changing magnetic fields. It provides information
about the correlation between the applied magnetic field (H) and the magnetization

(M) of the material and thus explains the magnetization behavior.

Observation of hysteresis loop can be understand as follow: The applied magnetic field
intensity increases from its initial value of zero, the material demonstrates a nonlinear
magnetization behavior. When the field strength reaches a certain threshold, the
material initiates the process of magnetization, eventually reaching a state of saturation
characterized by complete alignment of magnetic domains. Once saturation is
achieved, the magnetic field can be decreased to zero, and the material retains its level
of magnetization. However, to reset the magnetization to zero, it is necessary to reverse
the direction of the magnetic field and increase its strength significantly till the reverse

saturation value [18].

Mr

Hc

Figure 1.3: M-H hysteresis loops of a ferromagnetic [19].

The other important parameters in hysteresis loop are Remanence Magnetization (M;),
Coercive Field (Hc) and Saturation Magnetization (M) (Figure 1.3). Saturation

magnetization is the maximum level of magnetization that can be achieved in a



material. It occurs when all the magnetic moments or domains are aligned with the
direction of applied magnetic field. Remanence magnetization is the permanent
magnetization that the material has when the applied magnetic field is removed after
the material is saturated. Another parameter that is obtained by dividing remanence
magnetization by saturation magnetization and plays a key role in determining the
magnetic performance of the material is Remanence Ratio. A high remanence ratio
indicates that the material has high remanence, that is, permanent magnetization
ability, while a low remanence ratio indicates that the material is less magnetically
stable and has less permanent magnetization. The external magnetic field needed to
revert the magnetization of the material from saturation, back to a state of complete
demagnetization is defined Coercive Field. Materials characterized by low remanence
magnetization and coercivity field exhibit soft magnetic properties, while hard

magnetic materials demonstrate opposite characteristics.

1.3. Cementite

Cementite, or iron carbide (Fe3C), is a significant chemical compound that plays a
crucial role in materials science and metallurgy. It is not a new material and well known
especially from Fe/C phase diagram [20]. According to phase diagram, in general
approach iron and carbon molecules changes their structures and bounds according to

their concentration and the temperature (Figure 1.4).

Characterized by a consistent composition of three iron (Fe) atoms for each carbon (C)
atom, cementite shows an orthorhombic crystal structure with a distinct atomic
arrangement. Its remarkable attributes include exceptional ferromagnetism, alongside
hardness and brittleness, a characteristic feature of iron-based materials. Cementite
naturally occurs during the phase transition of carbon-containing iron alloys. Its
microstructure substantially changes in terms of mechanical and magnetic properties,
especially when subjected to processes like heat treatment and phase transformations.
Due to this feature, it exists in a metastable phase that has also been known some time

and has a significant advantage in material applications [21].
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Figure 1.4: The metastable equilibrium of Fe + Fe3C phase diagram [22].

Cementite in space group “Pnma” has an orthorhombic structure, and its lattice

parameters are 0=90.0, =90.00, y=90.00, a= 0.508475 nm, b=0.67367 nm,
¢=0.451394 nm [23].

The structure of FesC is given in Figure 1.5, orthorhombic structure. The carbon and

iron atoms are depicted as black and white/grey spheres, respectively.

Fe;C exhibits ferromagnetic properties at room temperature, undergoing a transition

to the paramagnetic state when the temperature reaches the Curie Temperature (T¢) of

approximately 483 K [24].

When compared to iron, iron carbides offer numerous advantages. When subjected
subject to oxidation conditions [25], more stable structure of cementite makes it more
resistant to oxidation and corrosion compared to iron [26]. In addition, its metastable

phase gives more chemical stability to cementite compared to iron.



Figure 1.5: Structure of Fe3C cell [27].

On the other hand, it is possible to produce Fe/Fe;C two-phase nanoparticles with FesC
fabrication. With these two phases, it is easier to control the magnetic behavior of the
material because of the iron's higher saturation magnetization. The saturation

magnetization value of the bulk cementite is approximately 140 A.m?/kg [9].

1.4. Solid State Pyrolysis Method

The mechanism of solid-state pyrolysis involves the thermal decomposition of organic
compounds, which results in the release of volatile gases and the formation of a solid
residue. The solid residue can be further processed to form the desired material. The
reaction kinetics and the composition of the solid residue depend on several factors,
including the nature of the precursor material, the temperature and duration of the

pyrolysis process, and the presence of any additives.

Figure 1.6: Schematic of Solid-State Pyrolysis Method’s furnace.
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In this production method, as in others, the most important criterion is the solid
material selected depending on the material to be obtained. The material, called the
precursor, reacts roughly by the solid-state pyrolysis method to form the desired
material. In order for this reaction to occur as desired, parameters such as pressure,
temperature and time are taken into consideration. To provide more controlled
parameters, the precursor is enclosed in a quartz tube and this tube is heated in the tube
furnace (Figure 1.6) for specified periods of time to increase the temperature. In this

way, the completion of the reaction ensures the production of the desired material.

1.5. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a powerful technique used to visualize the
internal structure of materials with a resolution down to the atomic level. TEM imaging

is based on the interaction of electrons with matter.

Electrongun 4

of | | Objective apertune
Objective lens
Projector lenses
@Iuonsum screen

Figure 1.7: Schematic of Transmission Electron Microscope (TEM) [28].

In a typical TEM setup, a beam of electrons is generated by an electron gun, which
accelerates electrons to high energies using an electric field. The electron beam is
focused by a series of electromagnetic lenses and then passed through a thin sample
mounted on a thin film grid. When the electrons pass through the sample, they interact
with the atoms and electrons in the material. Some of the electrons are scattered by the

atoms, while others pass through the sample without interacting. The transmitted



electrons are collected by a detector, which generates an image based on the intensity

of the scattered electrons.

1.6. X-RAY Diffraction

An effective analytical method that is often used to examine the atomic and molecular
structure and characteristics of materials is the X-ray diffraction. This technique relies
on the scattering of X-rays in particular directions caused by the interaction of X-rays
with electrons in a crystal lattice. It is possible to ascertain the crystal structure,
content, and other physical characteristics of the substance being researched by

examining the scattering pattern.

The X-ray diffraction principle is based on Bragg's law, which asserts that when X-
rays are scattered by a crystal lattice, the scattering waves will only interfere
constructively if their paths are integral multiples of the X-rays' wavelength. This
condition is satisfied when the angle of incidence of the X-rays, the angle of scattering,
and the spacing between the lattice planes in the crystal all meet specific criteria. The
resulting pattern of constructive interference, called the diffraction pattern, is unique

for each crystal structure and can be analyzed to determine the crystal structure.

Incident Diffracted
beam nA = 2dsinf beam

Figure 1.8: Bragg’s Law’s schematic illustration [29].

1.7. Rietveld Analysis

Rietveld analysis is a highly complex mathematical and computational method widely
applied in the fields of X-ray and neutron diffraction. It serves as a tool for determining

the crystal structure of various materials and provides information regarding the

10



arrangement of atoms and molecules within the material. It is widely used in materials
science, chemistry and mineralogy, providing deep insights into the mechanical and

thermal properties of crystalline materials.

The process typically begins with collecting diffraction data of the material. An initial
model of the crystal structure is then designed, containing details of the types of atoms
and their distribution within the crystal lattice. The next stage, known as Rietveld
refinement, requires iterative tuning of the model's parameters. This involves fine-
tuning the atomic positions and thermal vibrations to achieve the best possible fit
between the observed diffraction data and the model's predictions. This iterative
process continues until an optimal fit is achieved, resulting in a crystal structure that

provides a comprehensive set of atomic arrangements within the crystal lattice [30].

These complex calculation processes, which offer many advantages such as
determination of crystal structure, phase characterization, calculation of mass and
volume ratios, can be easily performed today with various software programs such as
Fullprof, GSAS, JANA, MAUD and TOPAS. In this study, the softwares JANA and
MAUD were used.

1.8. Superconducting Quantum Interference Device
Magnetometer

SQUID stands for Superconducting Quantum Interference Device. It serves as a
remarkably sensitive and precise magnetometer employed for the measurement of
exceedingly faint magnetic fields. Operating on the principles of superconductivity
and quantum mechanics, these instruments possess the capability to discern magnetic
fields at the quantum level. They play a crucial role in various scientific and medical
areas, including the examination of material magnetism, biomagnetic assessments of
physiological processes within the human body, and geophysical investigations. To
maintain their superconducting attributes and achieve high sensitivity in detecting
even the slightest magnetic field alterations, SQUIDs operate under extremely low

temperatures.

SQUID magnetometers are highly sensitive devices used for measuring magnetic
fields. SQUID can detect the magnetic field which are millions of times
smaller/weaker than the Earth’s magnetic field (25000-65000 nT/0.5 Gauss) [31].

They are based on the superconducting quantum interference device (SQUID)
11



principle, which involves measuring the change in the magnetic flux through a

superconducting loop as a function of an applied magnetic field [32].

As detailed in Figure 1.9, it works under vacuum. The vacuum environment between
two large superconducting magnets is provided by Helium gas. In the center, there is
the sample chamber, where the sample moves up and down throughout the
measurement, and around it, the copper jacket, where the temperature change is
managed, and the thermometers, where the temperature is controlled. Between this and

the magnets at the center, there are SQUID detection coils that provide magnetization

measurement.
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Figure 1.9: Schematic of the Superconducting Quantum Interference Device [32].

The working principle of the SQUID magnetometer is based on the principles of

quantum mechanical effect: superconductivity, Josephson effect and magnetic flux

quantization.

Superconductivity is a quantum mechanical phenomenon in which certain materials

exhibit zero electrical resistance and perfectly repel magnetic fields from within them.
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This occurs when materials are cooled below a certain critical temperature, and this
temperature may vary depending on the type of material. With the transition to the
superconducting state, the electrical resistance of the material suddenly drops, and

electric current can flow freely within the material without loss of energy [33].

Magnetic flux quantization is also another special phenomenon of quantum mechanics
that occurs in the case of superconductivity. It states that the magnetic flux passing
through a superconducting circuit or ring cannot take any constant value but can only
be in certain amounts (quantized values). This is a result of the macroscopic quantum

field created by electrons in a superconducting ring [34].

Electron pairs (Cooper) in a superconductor are described by a wave function in
correlation throughout the entire superconductor. In a superconducting ring, the phase
of this wave function must be continuous throughout the ring. If we put this into a
mathematical condition, we say that the phase change around the ring must be a
multiple of exactly 2n. This phase condition also requires that the magnetic flux

passing through the ring be quantized.

The Josephson effect is a fundamental phenomenon of quantum mechanics in
superconductivity and occurs when a Josephson junction is formed by placing a very
thin insulating layer between two superconducting materials [35]. Electrons in the
form of Cooper pairs tunnel through this barrier, creating a supercurrent that carries
current without the application of any voltage, this is the direct current (DC) Josephson
effect. When a constant voltage is applied to the Josephson junction, an alternating
current (AC) flows through the junction and the frequency of this current is directly

proportional to the applied voltage.

In the working principle of the SQUID magnetometer, the sample is placed in the
sample circle with a long rod and is aligned at the center of the magnets. The vacuum
is first created, and then the measurement is started. Measurement is carried out by
moving the sample through the detection coils as the sample passes through the coils.
The sample’s magnetic moment causes an electric current to flow through the detection
coils due to the fact that the connecting wires, the detection coils, and the input coil of
the SQUID are all enclosed superconducting loops. Any change in the magnetic flux
of the detection coils results in a change in the persistent current of the detection circuit

corresponding to the change of the magnetic flux. Because the SQUID is a linear

13



current-to-voltage converter, the variations of the current of the detection coils result
in corresponding variations of the output voltage of the SQUID corresponding to the

changes in the magnetic moment [32].
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2. SYNTHESIS of Fe/Fes;C MAGNETIC
NANOPARTICLES

The synthesis of the Fe/FesC NPs was performed by solid state pyrolysis method.
Ferrocene powder precursor is put in the quartz tube which has 1 cm diameter and 55

cm length, inside the vacuum that has 0.01 Pa pressure.

Figure 2.1: Powder cementite.

Then, this prepared tube is placed in the tube furnace and the synthesis is started by
increasing the temperature. Two different reaction, given below, can take place

randomly depending on the amount of precursors and experimental conditions.
Fe(CsH,), —252-"— Fe+10C

3Fe(C.H,), —2t® 5 Fe.C+29C

-15H,

Tpye = 700-1000 °C tpyr = 45 min P:=0.01 Pa

According to these reactions, Fe3C, C, Fe particles and H» gas obtained. H> gas affects
the pressure of the tube and along the process pressure also affects the reaction. This
process proceeds in conjunction with each other. Thus, the production of Fe3C, C and
Fe nanoparticles in different ratios and structures depending on the reaction, pressure
and temperature is achieved. Since the two reactions occur together without being fully
controlled and there is a change in internal pressure, the only controlled parameter is

temperature.

In this study all the samples were produced in 45 minutes but at different temperatures
respectively of 700°C, 750°C, 800°C, 850°C, 900°C and 1000°C. The samples obtained
were in powder form (Figure 2.1). For all the samples final pressure was estimated to

be approximately 2-3 MPa that was related to reaction. In order to make the
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measurements and experiments easier to follow, the samples produced were named

according to their pyrolysis temperatures and are listed in Table 2.1.

Table 2.1: List of the samples’ names with pyrolysis temperature and time.

Sample Pyrolysis Pyrolysis
Temperature (°C) Time (min)

F700-45 700 45
F750-45 750 45
F800-45 800 45
F850-45 850 45
F900-45 900 45
F1000-45 1000 45
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3. MORPHOLOGICAL ANALYSIS AND SIZE
DISTRIBUTION

Morphological analyses of the samples were performed with FEI Tecnai F20
TEM/STEM/GIF Supertwin microscope (Figure 3.1). The field emission gun
operating voltage was 200 kV and yielded a point resolution of 0.24 nm.

Figure 3.1: TEM device.

All TEM images were obtained by imaging the powdered sample at 31000 and 35000
times magnification and then with ImagelJ software their scales were calibrated to 200
nm. Figure 3.2 shows TEM images for all samples from A to F respectively F700-45
to F1000-45, where the structures can be seen in detail. In those structures grey
particles belong to carbon, the darker ones that look like black are Fe/Fe;C

nanoparticles.
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Figure 3.2: TEM images of A.F700-45, B.F750-45, C.F800-45, D.F850-45, E. F900-
45, F. F1000-45.
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As can be seen from TEM images, the samples prepared by the solid-state pyrolysis
method at 700 °C and 750 °C have a bad crystallinity structure than others but when

compared to each other, F750-45’s structure is more regular.

When pyrolysis temperature is increased especially after 750 °C carbons are more like
nanotubes structures. These structures are also visible in samples prepared at 700 and
750 °C but they are very rare. In addition, the Fe/Fe3C nanoparticles have carbon shells
for all samples. Furthermore, after 800 °C Fe/FesC nanoparticles start to be placed
inner and outer walls of the carbon nanotubes. As the production temperature rises,

there is an observed increase in both the quantity and complexity of carbon nanotubes.

F700-45min

Figure 3.3: High- Resolution TEM images of F700-45.

Besides poor crystallization for F700-45 and F750-45 samples, other smaller structures
were observed. As seen in Figure 3.2, these particles, which are very small compared
to carbon and Fe/Fe;C structures, are not seen in other samples. At first look it is not
easy to see and define that particles from TEM images but from literature and high-
resolution TEM images they can detect and define as Iron Oxide structures [36]. It was

also confirmed in the XRD analysis in the following sections. The detailed structure
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was shown in Figure 3.3, which contains the high-resolution TEM image taken for
F700-45.

The diameter of particles is determined by analyzing approximately 50 images and
measuring around 1500 particles using the ImagelJ software. The diameter calculations
depending on the number of particles were graphically drawn with the Origin software
and fitted with the help of the lognormal function in line with the distribution pattern.

Size distributions and fit plots are shown in Figure 3.4 in detail for all samples.
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Figure 3.4: Size distribution of the samples measured with ImageJ software.

These diameter measurements and fit plots which can be seen in Figure 3.4 do not
include iron oxide particles while they are very small, and it is not possible to calculate
them accurately. Even so, when we look at the distribution of the number of particles
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depending on their diameter, it is seen that very small and even large-sized particles
are also included in the distribution graph. When the distribution is examined in
general, it is known that it behaves similarly to the lognormal function distribution,
and as a result of the lognormal fit, these large and small-sized particles are not

important in the average size calculation but only affect the standard deviation [37].

The diameter of the samples and the number of the particles were calculated from
lognormal fits (Figure 3.4) as: For F700-45 from 1486 particles 37.9+24.8 nm, for
F750-45 from 1421 particles 25.1£15.0 nm, for F800-45 from 2241 particles
40.8+19.1 nm, for F850-45 from 1597 particles 41.7+19.0 nm, for F900-45 from 1989
particles 38.3£23.2 nm and for F1000-45 from 1373 particles 53.7+£26.2 nm.
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Figure 3.5: The size distribution of all samples with standard deviation according to
solid state pyrolysis temperature.

For easier analysis, in Figure 3.5, the sizes and standard deviations of MNPs according
to the pyrolysis temperature are compared. It is seen that the diameters of Fe/Fe;C
MNPs are in the range of 10-80 nm for all samples produced at different temperatures.
Diameter dependence on temperature cannot be said to give big differences and

changes. With some standard deviation, the diameter is appr. 35-40 nm.
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4. STRUCTURAL ANALYSIS

X’Pert Panalytical Diffractometer which has Cu-Ka radiation (A=0.15706 nm) is used

for 26=10-120° at room temperature XRD characterization.

Figure 4.1: X Pert Panalytical Diffractometer.

The identification of crystalline phases was accomplished by utilizing the
Crystallography Open Database. Phase contents and mass ratios were found by

Rietveld refinement method using JANA and then MAUD software’s (Figure 4.2).
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Figure 4.2: Jana and Maud software’s’ interface.

In order to separate the sample's XRD measurements into their phases, the lattice
parameters of Fe, FesC and C were used in the refinement. The initial refinement
process was undertaken with the certainty that the resultant products derived via the
solid-state pyrolysis method invariably contained the substances of interest, although
their concentrations varied across the different samples. For the samples named F700-
45 and F750-45, the refining of iron oxides was additionally tried with different iron
oxides. The lattice parameters used in the refining process and taken from the

Crystallography Open Database are as follows.
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Table 4.1: Phases’ literature structure information.

Space a | B Y
Phase Crystal aA b A c(A o | !, | References
Group y (A) (A) (A) Aol o

Fe Im-3m Cubic 2.8608 | 2.8608 | 2.8608 | 90 | 90 | 90 [38]
Fe,C Pnma Orthorhombic | 5.08475 | 6.7367 | 4.51394 | 90 | 90 | 90 [39]

C P63mc Hexagonal 2.47 2.47 6.79 90 | 90 | 120 [40]

Cubic with a
vFe203 | Fd3m:2 tetragonal 8.33 8.33 8.33 90 | 90 | 90 [41]
supercell

Fe O, Pbcm Hexoctahedral | 2.7992 | 9.4097 | 9.4832 | 90 | 90 | 90 [42]

Elemental analysis were done with Rietveld method. When the structure information
of phases is uploaded to software with the XRD data, it makes the refinement
automatically and gives mass fraction of each phase separately. Thus, we can get more

information from the sample (Appendix-A).

XRD patterns were redrawn with Origin Software to make calculations easier and
analyze. The measured and calculated patterns for each sample is given separately in
Figure 3.4. The observed experimental data is represented as solid black lines while
the calculated data is given as red solid lines. The difference between the experimental
and calculated data is given as gray lines under each pattern. The differences between
observed and calculated data is a measure of the goodness of the fits and important to
see realization of the chosen phases in the samples, and allows us to compare the
results with literature.

Except for the 700 °C sample almost all the XRD peaks pretty good fitted. The reason
for 700 °C which already discussed at TEM section, criticality is very bad. Peaks
cannot be seen clearly. Additionally, F700-45 and F750-45 have Magnetite and
Maghemite that are Iron Oxides peaks. The oxide peaks are broader compared the
peaks belonging to the other phases which indicates that the particle sizes are

exceedingly small.
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Figure 4.3: Observed and Calculated XRD patterns of the samples.

To compare all the samples calculated fits of the samples were merged in the same
graph in Figure 4.4. The fits were placed according to solid state pyrolysis
temperatures and from top to bottom in the order of F700-45, F750-45, F800-45, F850-
45, F900-45, F1000-45. Peaks belonging to different phases are labeled with different
symbols on the XRD patern of F700-45 sample on the top of the figure, which is also

valid for other samples. Peaks labeled as stars (*) are associated with Fe, those labeled
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with arrows (=) belong to Fe3;C, those marked with solid circles (®) are related to C
while the peaks associated with the oxides (Fe3Os and yFe>O3) are labeled as open

circles (o) in the figure.
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Figure 4.4: XRD Patterns of Cementite-Iron-Carbon nanocomposites.

The peaks belonging to the graphite (C) phase are observed at 2-theta angles of 26, 28
and 82, those belonging to iron (Fe) are observed at 44, 65, 82, 98 and 116, those
belongig to cementite (Fe3C) are seen at 43, 44, 45 and 70 while those associated with
oxides (Fe304 & YFe20Os) are observed at 36 and 62. Oxide phases are only seen in
F700-45 and F750-45 samples while peaks associated with the other phases are
observed in all samples. The peak positions do not change among the samples,
however there are clear changes in the peak intensities which is relates to the variations

of the mass fractions of phases in different samples.
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Table 4.2: Rietveld refinement analysis % weight.

Wt % F700-45 | F750-45 | F800-45 F850-45 F900-45 F1000-45
G”E‘g;"te 147+20 | 43115 | 658+3.9 | 44.2+16 40.5+0.9 60.0+1.9
Iron

o) 8.8+0.6 | 28.9+06 | 17.0:04 | 346+08 30.6+05 28.840.6
e
Cementite | 55591 | 191416 | 17.3404 | 212+18 | 29.0:05 11.140.2
(FesC)

Magnetite

(Fos00) 42.1+4.2 0 0 0 0 0
Maghemite

oy, 4303 8.940.6 0 0 0 0

The mass fractions of the samples listed in Table 4.2 were calculated with Reitvield
Analysis by MAUD Software using lattice parameters. The maximum mass fraction
belongs to Magnetite in F700-45 sample while the other oxide phase is Maghemite
with a smaller concentration of approximately 4%. The 45% of the sample mass
belongs to oxides which are indicated as “0” symbol in Figure 4.4. The oxide fraction
in F-750-45 sample is about 9% which is much smaller than that in F700-45. However,
peaks belonging to this phase can still be observed in Figure 4.4. When pyrolysis
temperature increases from 700°C to 800°C carbon fraction in the sample increases,
cementite fraction decreases. On the other hand, iron fraction increases first and then
decreases. The reason for the observed behavior for iron is due to the presence of iron
oxides. There is a 20% difference in the mass fraction of carbon in samples F750-45
and F800-45 samples, being higher in the latter. This is confirmed by the TEM images
(Figure 3.2) which clearly indicate the increase in the amount of carbon nanotubes in
the F800-45 sample. When F800-45 and F850-45 were compared with each other,
large differences in mass fractions were observed compared to other samples. The
mass fraction of carbon decreases while FesC and Fe mass fractions increase
accordingly. The reason is that Fe;C has a metastable phase, and after almost 800°C in
production temperature, Cementite decomposition reaction starts. The reactions work
both ways; in addition to formation, decomposition also takes place. While F900-45

sample has the second highest Cementite mass fraction, the FesC fraction decreases

27



again in F1000-45 sample and carbon mass fraction reaches the second highest
concentration following the F800-45 sample. To better see the changes in the mass
fractions of cementite-iron phases among the samples, the variations of the
concentrations of different phases with pyrolysis temperature are given in Figure 4.5.

As can be seen from this figure, we cannot say that there is linear relation between the

mass fractions of cementite-iron phases and annealing temperatures.
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Figure 4.5: Phases weight percentages with error bar for all samples.
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S. MAGNETIC PROPERTIES of Fe/Fe,C
NANOPARTICLES

Magnetic measurements were conducted on powder samples by Quantum Design

MPMSXL SQUID Magnetometer (Figure 5.1).

Figure 5.1: Quantum Design MPMSXL SQUID Magnetometer.

In order to measure the magnetization of all samples produced at different
temperatures, samples were prepared to be placed in sample tubes. Two different
sample sets were prepared for each sample to be used in low and high temperature
measurements in experiments carried out to measure saturation magnetization and
observe magnetic behavior above Curie Temperatures. The mass of the samples was
measured, and they were placed in the sample holders to be placed in the sample tube.
The masses of the prepared samples were listed in Table 5.1 according to their names

and uses in low and high temperature measurements.
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Figure 5.2: a) Low temperature measurement sample, b) High temperature
measurement sample.

Table 5.1: Masses of the samples used for low and high temperature magnetization

measurements.
Name of Sample Mass (9)
the
Sample | Low Temperature | High Temperature
Magnetization Magnetization

F700-45 0.0023 0.0031
F750-45 0.0027 0.0032
F800-45 0.0017 0.0017
F850-45 0.0020 0.0019
F900-45 0.0021 0.0018
F1000-45 0.0024 0.0019

First magnetization hysteresis loops were recorded to observe the saturation
magnetizations at T= 10 K. All samples were going saturation circa 1-2 T (Figure 5.3).
F850-45 has a maximum saturation magnetization value of 68.34 Am?¥kg. It is
expected cause as known from the previous section Fe mass fraction is maximum in
that sample. Minimum saturation magnetization is around 24.16 Am?/kg for F700-45,
which has the minimum Fe mass fraction. For the other all samples M; values are from
high to low relatively; F850-45, F1000-45, F800-45, F900-45, F750-45, F700-45
(Table 5.2).
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Figure 5.3: Field dependence of magnetization for all samples at 10 K.

To get more detailed information about the magnetic properties of the samples, the

hysteresis curves were focused 10 times in the origin as in Figure 5.4.

60
1F750-45
40 4 F800-45
— F850-45
() ]
=<
T 204F1000-45
< /
s 7
S
s 0
N
: %
S
2 .20
=
-40 -
'60 T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4

Magnetic Field (T)

Figure 5.4: 10 times focused on origin field dependence of magnetization for all
samples at 10 K.
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Coercive field values of the samples except F700-45 are symmetric as expected like
ferromagnetic behavior, but for F700-45, there is a left side shift on the coercive field
value. The reason for that shift is that it has a very big amount of Iron Oxide. Since
ferromagnetic Fe/Fe3C nanoparticles and ferrimagnetic iron oxides have a multilayer
structure, a pinning effect is observed at the interface between these two structures due
to exchange bias. The ferrimagnetic layer pins the spins in the ferromagnetic layer,
resulting in a shift towards the negative direction in the hysteresis curve. The coercive
field values from high to low are listed as F700-45, F800-45, F750-45, F1000-45,
F850-45, F900-45, also in Table 5.2. Remanence magnetization values have the
highest value in sample F800-45, then F750-45, F850-45 and the lowest values are
almost equal for F1000-45, F900-45 and F700-45. The ratio of remanence
magnetization to saturation magnetization, Mrem/Ms, is calculated and the obtaind
values are given in Table 5.2. The maxiumum and minimum values of the Mrem/Ms

ratio is obtained for the F700-45 sample (0.37) and F1000-45 (0.12), respectively.

Table 5.2: Saturation magnetization, Remanence Ratio and Coercive Field list of the
samples investigated.

Sample | Ms (10K) [A.m¥kg] |Mrem/Ms (10K)| Hc (10K) [KA/m]
F700-45 24.16 0.37 75.25
F750-45 44.46 0.33 42.45
F800-45 61.36 0.28 60.54
F850-45 68.34 0.18 38.56
F900-45 59.09 0.13 13.11
F1000-45 67.28 0.12 39.41

The solid-state pyrolysis temperature dependence of coercive field and saturation
magnetization are shown in Figure 5.5. Red dots stand for saturation magnetization
values of the samples while black squares are used for the coercieve field values and
lines are drawn as a guide to the eye to show the variations. The relation between mass
fractions of the samples and saturation magnetization or coercive field is investigated

in detail in next section.
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Figure 5.5: Pyrolysis temperature dependences of coercive field and saturation
magnetization.

In addition, magnetizations were measured from 10 K to 650 K to see differences
above Curie temperature of the FesC, temperature dependence of magnetization and
calculate Fe's and Fe3C's magnetic moments. The high temperature and low
temperature measurements were performed separately with different samples that are
listed in Table 5.1. An external oven was used in the SQUID system for the high
temperature measurements, above 300 K. The measurements were conducted as
follow: First samples were cooled at zero magnetic field, then the samples were heated
to 300 K under the applied magnetic field of 2 T and finally the samples cooled down
under the same magnetic field of 2T (Figure 5.6 and Figure 5.7). This process, named
Zero Field Cool Field (ZFCF), was performed to observe whether the magnetization
was reversible at low temperatures. For the high temperature measurement (Figure 5.6
and Figure 5.7) samples were heated till 650 K which is above the Curie Temperature
of Fe3C (Tc(Fe3C)=485 K [43]) but below the Curie Temperature of Fe (Tc(Fe)=1042
K [43]). Then they were cooled again down to 300 K.

After the measurements, all the low temperature (LT) and high temperature (HT)

magnetic moments of the samples were drawn with Origin and merged to analyze their
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magnetic behaviors. The red circles represent LT measurements while blue circles
represent HT measurements in Figure 5.6 and Figure 5.7. The arrows indicate the

direction of the measurements.
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Figure 5.6: Variation of magnetization in low and high temperature from a) F700-45
b) F750-45 ¢) F800-45.

In LT measurement for all the samples especially between 5-300 K, there are almost
no differences in magnetization values. In addition to that after ZFCF measurements
the magnetizations are going back to same values and show reversible behavior. No
differences at magnetization between initial temperature and final temperature as

compatible with Fe/Fe3;C behavior.
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Figure 5.7: Variation of magnetization in low and high temperature from a) F850-45
b) F900-45 ¢) F1000-45.

In HT measurement differently from LT, magnetization of the all samples first start to
decrease when the temperature reached approximately 450 K, then around 580-600 K
it stays stable. This reduction comes from Fe3C's paramagnetic behavior above the Te.
After this T value all the magnetization comes from only Fe. After the heating process
was done at 650 K, at the cooling part magnetization is expected to increase below the
Tc again due to Fe3C's to be ferromagnetic again. In addition to that in case of some
FesC particles, which have metastable phase, decomposition to Fe and C, final

magnetization value should be more than the initial one. Differently from all
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expectation and interestingly except F700-45 all other samples’ final magnetization
values were less than the initial ones. For F700-45 has a large oxide content of around
50 % and iron oxide decomposes like cementite when the temperature increases. It
explains this reduction. For the other samples as they do not have any oxidation and
during the SQUID measurement, they have been inside Helium vacuum, external
oxidation could not be taking into account. In this instance, the main reason is that

temperature-induced structural modifications constitute the predominant factor.
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6. STRUCTURAL DIFFERENTIATION CAUSED by
MAGNETIZATION

In order to determine whether the different results obtained in magnetization
measurement were due to structural change or not, XRD measurements were made
again on the low temperature and high temperature magnetization measured samples
of F700-45, which is the only sample showing an increase in magnetization, and F850-

45, which showed the highest difference.

XRD characterizations were performed with the same X'Pert Panalytical
Diffractometer in Cu-Ka radiation (A=0.15706 nm) at room temperature in the range
206=0-100° for 7 hours. XRD patterns of LT and HT samples are given in Figure 6.1
and 6.2, red curve belongs to the LT and black curve is from the HT sample.
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Figure 6.1: XRD characterization of low temperature and high-temperature
magnetization measured F700-45 samples.

When comparing the high temperature and low temperature XRD patterns for F700-
45, no peak formation other than the existing peaks was observed as in Figure 6.1.
There is only a difference in the intensities of the XRD peaks. The intensity decreases
at 46°, 49°, 54° and 57° are due to Fe3C, since only FesC has the peaks at these angles.
Considering this situation, it has been observed that cementite, which is in a metastable
state, decomposes into Fe and C due to the increase in temperature. Accordingly,

increase in the intensity of C related can be seen clearly at 26° and 52° peaks as
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expected. For the Fe peaks in addition to increase there are some decreases depending
on the oxidation which can be seen at 30°, 35° 62° and 90° peaks. Some of the
decomposed Fe from FesC causes an increase in the iron oxide structure that will
combine with oxygen. For the XRD peak observed at 45°, which has the highest
intensity and highest decrease, the situation is a little bit complicated, as it involves

Fe, C and Fes;C together.
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Figure 6.2: XRD characterization of low temperature and high-temperature
magnetization measured F850-45 samples.

Upon comparison of the XRD patterns for F850-45 (as shown in Figure 6.2), it is seen
that besides the variation in peak intensities similar to what is noticed in F700-45, other
additional peaks are emerging. At first glance, it was observed that all patterns shifted
slightly to the right. This shift may be due to expansion in the lattice parameters of the
phases depending on temperature, or it may be due to the newly formed phase. The
intensities of the C peaks at 26° and 82° degrees, as well as the Fe peaks at 65°, 827,
and 99°, diminished, whereas, in contrast, the Fe;C peaks at 49° and 71° degrees
experienced an increase in intensity. The intensity of the composite peak consisting of
Fe, C, and Fe;C at 45° was found to have also diminished. An additional significant
distinction is the emergence of new XRD peaks observed at 30°, 35°, 57° and 63°.
These XRD peaks, which are not compatible with the existing Fe, C and Fe3;C phases,

indicate that a new phase has formed in the sample.
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7. CURIE TEMPERATURE CALCULATION

It was shown in the earlier section that the magnetization value changes depending on
the temperature, as the literature Curie temperature of cementite is exceeded in high
temperature measurements. Since the Fe/Fe3C magnetic nanoparticles produced by the
solid-state pyrolysis method have a more complex structure than pure cementite, Curie
temperature calculations were made to see whether the literature Curie temperature

was compatible with the produced samples.
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Figure 7.1: Curie temperature calculation graphs.

Since magnetization is a temperature-dependent function in the phase transitions here,
the magnetization function can be minimized and the Curie temperature can be found
from the temperature-dependent minimum points. According to Landau's theorem,

39



temperature at which teh magnetization change is maximum correspond to Curie
temperature. To make the calculation in line with Landau Theory, firstly the
temperature increase part, which is the first stage of high temperature magnetization
measurements of all samples, was considered. Then, the first derivative of
magnetization according to temperature was calculated and its graph was plotted as a
function of temperature (Figure 7.1). The minimum point of these graphs, which were
pointed with red lines, shows the Curie Temperatures at which the largest
magnetization change occurs. The list of the T¢’s is given in the Table 7.1, are related
with the literature value [43]. In addition to these, there are some other minimums

around 580 K and 620 K (Figure 7.1).

Table 7.1: Calculated Curie Temperatures of FesC.

Te Tc Tc Tc

Sample
Kelvin Kelvin Kelvin | Kelvin

F700-45 | 430+31 | 480+£30 | 595+11 --

F750-45 -- 485433 585+6 | 630+11
F800-45 -- 490+30 580+5 | 630+10
F850-45 -- 491+£27 581+£5 | 625+4
F900-45 -- 490427 580+£5 | 625+5
F1000-45 -- 486+33 581+6 | 626+6
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8. MAGNETIZATION ANALYSIS

The total value of the magnetization resulting from Fe and Fe3C was obtained by
measuring the temperature-dependent magnetization. To calculate how much of this
magnetization comes from Fe and Fe;C, it is necessary to calculate magnetization
value above the Curie Temperature of Fe3C. Since magnetization cannot occur from
cementite, which has paramagnetic properties above T, above this value, it is assumed

that all magnetization obtained is due to Fe.
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Figure 8.1: Iron-Cementite magnetic moment calculation graphs.
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According to Curie temperature calculation the values are 480 K, 485 K, 490 K for the
samples investigated in this thesis study, as listed in Table 6.1 Based on these data, a
temperature of 550 K was chosen to make sure that the Curie temperature is reached
for the calculation of magnetic moments of phases separately. Total magnetization
values of the samples were taken from 300 K (Figure 8.1). Since the magnetizations
of samples were obtained from Fe and Fe3;C and total values around room temperature
includes both, also at the 550 K are based on only Fe because of the Fe3;C’s Curie
temperature, the differences between of them gives Fe3C’s magnetic moment (Table

8.1).

Table 8.1: Magnetic moments of the Fe, Fe;C and Fe/Fe;C particles.

Moment Temperature Moment | Temperature Moment
Sample Fe Fe+FesC FesC
Am? [x1073] K Am? [x1073] K Am? [x1073]
F700-45 0.077 550 0.116 300 0.039
F750-45 0.074 550 0.115 300 0.041
F800-45 0.052 550 0.100 300 0.048
F850-45 0.088 550 0.134 300 0.046
F900-45 0.071 550 0.121 300 0.050
F1000-45 0.111 550 0.159 300 0.048

To calculate the mass of the Fe and Fe;C particles separately, the equation given below
was used, where m represents mass (g), M (Am?) magnetic moment and Ms (Am?/kg)

saturation magnetization:

m=— (7.1)

Since saturation magnetization values needed to make this calculation, the Ms of Fe;C
was found at 300 K and the Ms of Fe was determined at 550 K for each sample. Fe3C’s
Ms value at 300 K is 140 emu/g (0.140 Am?/g) as stated by L. Xiang et al [44]. For Fe,

as this value is not at a specific temperature, it was determined as 176 emu/g (0.176
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Am?/g) from the value at 0 K multiplied by the proportionality coefficient previously

calculated by Ma et al and Santos et al [45], [46]. (Appendix-B)

Table 8.2: Weight and weight percentages from magnetization calculations.

Sample | Feweight (g) | FesC weight (g) | Total weight (g)
wt% Fe | wt% FesC
[10] [10] [109]

F700-45 0.44 0.28 0.72 61.10 38.90
F750-45 0.42 0.29 0.71 58.94 41.06
F800-45 0.29 0.34 0.64 46.29 53.71
F850-45 0.50 0.33 0.83 60.34 39.66
F900-45 4,03 0.36 0.76 53.04 46.96
F1000-45 0.63 0.34 0.97 64.78 35.22

With magnetic moments of the particles and the literature Ms values using Equation
8.1 weight of the particles and weight percentages were calculated and the values
obtained are listed in Table 8.2. To compare calculations with XRD analysis, weight

percentages were also calculated from Rietveld Refinement as listed in Table 8.3.

Table 8.3: Weight percentages from magnetization and XRD measurement

calculations.
Magnetization wt % XRD wt %

Sample

Fe FesC Fe FesC
F700-45 61.10 38.90 22.49 77.51
F750-45 58.94 41.06 60.24 39.76
F800-45 46.29 53.71 49.55 50.45
F850-45 60.34 39.66 61.96 38.04
F900-45 53.04 46.96 51.34 48.66
F1000-45 64.78 35.22 72.12 27.88
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9. CONCLUSION

The production of Fe/Fe3C nanoparticles could not be achieved properly at 700°C.
Proper structuring occurred at higher pyrolysis temperatures, and carbon nanotubes
decorated with Fe/Fes;C particles by positioning on the inner and outer surfaces of the
carbon nanotubes were formed. It has been observed that it occurs at different rates
according to the pyrolysis temperatures but 700°C is not suitable for properly grow. In
addition to that oxidation was seen due to the absence of carbon shells in the formation

of Fe/Fe3C magnetic nanoparticles at 700°C and 750°C.

Dimensional analysis of the formed Fe/Fe;C magnetic nanoparticles were made from
TEM pictures with Imagel software. The size distribution of those particles does not
include iron oxide particles since they are very small, and it is not easy to take account.
The average diameter of the Fe/FesC magnetic nanoparticles were calculated to be

around 40 nm and it is consistent with each other, and also with the literature.

Phase analyzes were made with XRD measurement and Rietveld analyses with 2
different calculation softwares JANA and MAUD. Beside the Fe, C and Fe3C, iron
oxide structures were occurred in F700-45 and F750-45 which were determined as
Magnetite and Maghemite by attempting the refining of these and all other iron oxide
phases. It is shown by the mas fraction calculations for each sample that different
strucutres and phases form in different proportions in samples depending on the
pyrolysis temperatures. When the solid state pyrolysis temperature is reaches 800 °C
and beyond, the decomposition of cementite phase in the strucutre starts and the
mechanism takes more complex situation. The reason for the decreasing of the
cementite’s mass fraction could be this decomposition. It has been determined that the
most suitable construction occurs at 850°C compared to other pyrolysis temperatures

according to the TEM images and phase analyses from mass fraction.

Magnetization measurements were first performed at 10 K with magnetic field
dependent magnetization measurement, and hysteresis loops compatible with
ferromagnetic nanoparticles were recorded. Saturation occurred for all samples and
saturation magnetizations were measured around 1 T. The highest saturation
magnetization value belongs to F850-45 and lowest was observed for F700-45 which

are related to the mass fractions of the Fe and Fe3C. From the hysteresis curve coercive
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field, remanent magnetization values were taken and than remanent ratio is calculated

with saturation magnetization and remanent magnetization.

For F700-45 sample there is a shift on coercive field due to its content of Magnetite
and Maghemite and their ferrimagnetic nature. The coercive field values varied among
the samples: F700-45, F800-45, F1000-45, F850-45 and F900-45 list the samples with

coercieve field values from high to low.

The temperature dependent magnetization measurements were made for all samples at
both low and high temperatures in the range of 0-650 K. In the low temperature
magnetization measurement made in the range of 0-300 K, the temperature was first
decreased from room temperature to lower temperature and then increased back to
room temperature. As a result of the measurement, it was observed that the
magnetization value increased as the temperature decreased to a lower temperature,
and when it returned to the initial temperature of 300 K, it returned also to the initial
magnetization value, that is, it followed a reversible process. In the high temperature
measurement, which was made in the range of 300-650 K and included the Curie
temperature of Fe3C, magnetization decreased as the temperature increased, especially
when the Curie temperature of cementite was reached, a serious decrease in
magnetization was seen. This decrease, which is due to the paramagnetic behavior of
ferromagnetic cementite above the Curie temperature, occurred around 485 K, as
expected. Although there was an increase around this temperature when returning from
650 K to room temperature, a reversible process did not occur unlike the low

temperature case.

Moreover, magnetization value increased from initial to final value in F700-45, it was
expected due to the decomposition of cementite into Fe and C when measured back
from high temperature to low temperature. Differently from that for all other samples
final magnetization value is less than the initial one in HT measurement. It is an
interesting result during that process. Differences in structuring at high temperatures

have been taken into consideration as a reason for the decrease in magnetization.

To investigate the reason for the changes in magnetization, XRD analyses of low and
high temperature magnetization measurement samples of F700-45 and F850-45 were
performed and low and high temperature analyses were compared for each sample.

Although no new phase formation was seen in F700-45, it was observed that FesC in
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the metastable phase decomposed, resulting in a decrease in Fe3C intensity, and an
increase in C, Fe, and oxidation-related iron oxides intensities. While a decrease in
magnetization is expected due to the increase in oxidation and decrease in cementite,
an increase is also expected due to decomposite Fe. Since iron is magnetically harder
than cementite, the observation that magnetization increases with temperature increase
was found to be consistent with magnetization and XRD analysis. For F850-45, the
decrease in the intensities of Fe and C, the increase in Fe3C and the appearance of new
peaks indicate that a new temperature-dependent phase has formed in the sample. The
rightward shift in XRD patterns also supports this. Since the sample had only Fe, C
and FesC phases before the magnetization measurement and the magnetization
measurement took place in vacuum in SQUID, it is thought that the newly formed
phase is another phase containing Fe and C. Since the sample had only Fe, C and Fe3C
phases before the magnetization measurement and the magnetization measurement
took place in vacuum in SQUID, it is thought that the newly formed phase is another
phase containing Fe and C. However, despite the low possibilities' oxidation can be
observed in SQUID measurements under the vacuum. Although possible similar
phases such as FexC, FesCo, FesCs and iron oxides were tried in the Rietveld
refinements, it was seen that they were not compatible with the new phase formed. In
addition, it is seen that the newly formed peaks are in a position compatible with the
oxide peaks at F700-45. It is observed that oxidation may occur during or after the
SQUID measurement due to unstable phases that occur due to temperature. As a result
of these and considering the decrease in magnetization, it appears to be due to the
temperature-dependent decomposition of FesC into Fe and C or the oxidation of a

newly formed unstable iron carbide phase.

It was evaluated by temperature-dependent magnetization measurement that the Curie
temperature of Fe;C was exceeded at high temperatures and therefore there was a
decrease in magnetization. To test the decrease in magnetization with temperature and
calculate the Curie temperature of Fe;C for all the samples, Landau Theorem was used.
The Curie temperatures were found as; 480 K for F700-45, 485 K for F750-45 and
F1000-45, and 490 K for F800-45, F850-45 and F900-45. These values are consistent
with the values reported in literature. Since the curie temperature of Fe is much higher,
the values obtained are the curie temperature values of FesC. In addition, other

minimum values were seen around 580 K and 620 K. These minima are due to the
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complex structures of the samples and the increase in lattice parameters at high

temperature values [26].

To determine to what extent the obtained magnetization was caused by Fe and FesC,
magnetization value was determined at around 550 K which is above the T. of Fe;C,
for Fe's value. Since the magnetization value at 300 K is the total magnetization of Fe
and Fe;C, the difference between total and Fe's was found and the magnetization of
each was calculated. Again, saturation magnetizations were calculated at these
temperature values, and the weights of Fe and FesC in the samples were calculated
from the magnetization measurements, and the weight ratios were calculated from
these weight values. When weight ratios calculation from magnetization analysis and
XRD measurement were compared except the F700-45 for all other sample the values
are pretty close to each other. The the considerable amount of oxide presence in F700-
45 sample is the reason for that, as a result of magnetite and maghemite being
antiferrimagnetic. The fact that the other values are close and consistent with each
other shows that the XRD and magnetization measurements support each other, and

the content of the material is analyzed correctly.

As a result, Fe/FesC nanoparticles produced at 45 minutes at different pyrolysis
temperatures of 700°C, 750°C, 800°C, 850°C, 900°C and 1000°C show different
structural and magnetic properties in line with their complex structure. Structurally, it
has been observed that Fe/Fe;C nanostructures cannot crystallize properly at 700°C
and 750°C, and at other temperature values, C nanotubes settle on the inner and outer
walls and form more suitable crystal structures. It has been seen that the mass ratios of
the formed Fe/Fe;C nanoparticles change depending on the temperature, and due to
the metastable feature of FesC, the coalescence and dissociation processes can occur
simultaneously. In the magnetization measurements, it was seen that they reached
magnetic saturation around 1 T at 10 K. While temperature-dependent magnetization
changes were reversible for low temperatures, they tended to decrease, especially at
high temperatures, due to the metastable state of FesC. The consistency of mass ratios

calculated from structural and magnetic measurements validate the obtained results.
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APPENDICES

APPENDIX-A: RIETVELD REFINEMENT

The detailed refinement with all phases separately is given below. MAUD uses terms
such as sig., Rwp%, Rb% and Rexp% to indicate the accuracy and appropriateness of

the analyses.

The “sig.” value shows the difference between the value predicted by the model used
in the analysis and the actual measured value of each data point. A smaller sig value

indicates that the model fits the data better and the analysis is more reliable.

Rwp% (Rietveld Weighted Profile Residual) is a statistical measure used to evaluate
the quality of results obtained during a Rietveld refining analysis. Rwp% refers to the
fit of the analysis to the actual X-ray diffraction data of the model. A lower Rwp%
value indicates that the model fits the data better and the analysis is more reliable. The
Rwp% value is often used to determine the degree of confidence in the results of the

analysis.

Rb% (Rietveld Refining Factor) is another measurement used for score evaluation of
results obtained during a Rietveld refining analysis. Rb% expresses how well the
analysis model fits the actual X-ray diffraction. A lower Rb% value indicates a better

fit of the model and a more reliable analysis.

Rexp% (Rietveld Expected Profile Residual) is another statistical measure used to
evaluate the quality of results obtained during a Rietveld refining analysis. Rexp%
represents a measure of the difference between measured and calculated data. A lower
Rexp% value indicates that the model fits the data better and the analysis is more

reliable.
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Figure A.1: Rietveld refinements with accuracy parameters.
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APPENDIX-B: Fe SATURATION MAGNETIZATION CALCULATION
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Figure B.1: Reference value of Fe’s Saturation Magnetization at 0K [45]
[46].

57



