
PREPARATION AND EVALUATION OF MAGNETIC 

NANOCOMPOSITE FILMS AND FIBERS CONTAINING α″-Fe16N2 

NANOPARTICLES 

(

) 

 

 

 

 

By 

CHRISTINA WAHYU KARTIKOWATI 

 

 

 

 

 

 

 

 

 

 

HIROSHIMA UNIVERSITY 

SEPTEMBER 2017 



PREPARATION AND EVALUATION OF MAGNETIC 

NANOCOMPOSITE FILMS AND FIBERS CONTAINING α″-Fe16N2 

NANOPARTICLES 

(

) 

 

A Thesis submitted to 

The Department of Chemical Engineering 

Graduate School of Engineering 

Hiroshima University 

 

By 

CHRISTINA WAHYU KARTIKOWATI 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

Doctor of Engineering 

 

 

Hiroshima University 

SEPTEMBER 2017 

 

 

Approved by 

Associate Professor Takashi Ogi 

Advisor 



i 

 

Abstract  

Magnetic materials play a key role in modern life as they facilitate the conversion of 

electrical to mechanical energy, transmission and distribution of electric power, microwave 

communications, and data storage systems. Nowadays, magnetic materials are used in various 

advanced devices, such as motor, recorder data devices, biomedical, sensor, spintronic devices, 

ferrofluid-related devices, etc. Until now, permanent magnet has been continuously developed 

in response to the growing demand for higher volume-specific magnetic power to support the 

advancement of motors, generators, and other energy-related applications. These broad 

applications require a magnetic material with high energy product. Having the highest magnetic 

moment and high uniaxial magnetic anisotropy among any ferromagnetic material, α"-Fe16N2 

nanoparticles (NPs) emerge as a potential rare-earth-free permanent magnet. However, these 

NPs have a high magnetic interaction among the NPs and a small magnetic coercivity. These 

problems can be solved by structuration of α″-Fe16N2 NPs. α″-Fe16N2 NPs were synthesized by 

nitridation and then followed by dispersion to break-up the agglomerates NPs, can be 

structurized in a nanocomposite form such as film and fiber. Magnetic field was applied during 

nanostructuration to align the magnetic moment of α"-Fe16N2 NPs. A magnetic field was 

applied during nanostructuration to align the magnetic moment of α"-Fe16N2 NPs for enhancing 

the magnetic properties. Therefore, detailed understanding on the preparation of α″-Fe16N2 

nanocomposites under applied magnetic field and their magnetic performance are highly 

desired.  

In this dissertation, preparation and evaluation of α″-Fe16N2 nanocomposite films via 

spin coating and fibers via electrospinning are systematically investigated. An external 

magnetic field was applied during the nanocomposites preparation to align the magnetic 

moment of the α″-Fe16N2 NPs. The effect of this applied magnetic field on the nanocomposite 

morphology, structure and magnetic properties was studied. The major contents of this 

dissertation are listed as follow.    

 Chapter 1 describes the background and the motivation of this research. Basic 

theoretical explanation and review of previous researches on the α″-Fe16N2 magnetic materials 

as well as an overview of the magnetic nanocomposite materials are also provided.  

 Chapter 2 explains the synthesis of α″-Fe16N2 nanocomposite films via spin-coating 

under 0.1T of applied magnetic field as well as effects of these magnetic field on the magnetic 

performance. A ~1 μm densely packed assemblies of the NPs were formed and aligned 
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perpendicularly in a film. The application of the magnetic field during film formation increased 

the magnetic coercivity (Hc) and remanence (Mr) values of the resulted films by 23% and 55%, 

respectively.   

 In Chapter 3, an effect of applied magnetic field strength on the magnetic performance 

of α″-Fe16N2 nanocomposite films via spin-coating are discussed. The film with thickness of 1 

μm was prepared with same method as in the chapter 2. However, some external magnetic 

fields of strength 0, 0.6, 0.9, or 1.2 T were applied to examine the magnetic orientations of α″-

Fe16N2/Al2O3 NPs films. X-ray diffraction and SQUID analyses showed the relationship 

between the aligned orientation of the NPs and their magnetic properties; magnetic coercivity, 

remanence, and maximum energy product enhanced by 24%, 66%, and 160%, respectively, 

with increase in magnetic orientation of 35%. The shape of hysteresis loops of the films 

approached to rectangular by increasing the vertically applied magnetic field. These results 

were further verified by applying the magnetic field horizontally.  

The effect of applied magnetic field on diameter of α″-Fe16N2/PVP nanocomposite fiber via 

electrospinning and its magnetic performance are investigated in Chapter 4. An external 

magnetic field of 0.1 T was applied during process of electrospinning. α-Fe NPs which is soft 

magnet was also used to investigate the effect of NP magnetic strength on the nanocomposite 

fiber properties such as, diameter and magnetic properties. These NPs were dispersed in toluene 

using low-energy beads-mill dispersion to prepare magnetic NPs slurry. The magnetic NPs 

slurry was mixed with a 15 wt % of PVP solution to make a ferrofluid precursor for 

electrospinning with two different loadings of 16.5wt% and 28.4 wt% of magnetic NPs. The 

PVP solution was obtained by dissolving 15 wt% PVP in a mixture of toluene and methanol 

with a mass ratio of 1:1. SEM and TEM analysis results showed that the applying the magnetic 

field in the same direction as the electric field resulted in smaller and more uniform fiber 

diameters. Further, nanocomposite fibers containing α″-Fe16N2 had smaller diameters than 

those containing α-Fe NPs. In addition, magnetic hysteresis curves showed an enhancement of 

the magnetic coercivity and remanence by 23% and 22%, respectively. 

Chapter 5 contains the summary of all chapters and direction for further investigation. 
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Chapter 1 

Introduction 
1. 1 Importance of magnetic materials in modern and future human life  

Magnetic materials play a key role in modern and future life as they facilitate the conversion 

of electrical to mechanical energy, transmission and distribution of electric power, microwave 

communications, and data storage systems [1]. Nowadays, magnetic materials are widely used 

in various advanced devices, such as motor [2], recorder data devices [3], biomedical [4, 5], 

spintronic devices [6] ferrofluid-related devices [7], and advanced technology such as internet 

of thing (IoT) and artificial intelligence. Advance permanent magnet is one of the most 

interesting magnetic materials and it is also important for alternative energy technologies [8], 

such as wind turbine, wave, and tidal power. Until now, permanent magnet has been 

continuously developed in response to the growing demand for higher volume-specific 

magnetic energy to support the advancement of motors, generators, and energy applications.  

 
Figure 1.1 Applications of magnetic materials. 
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Magnetic material is composed of domains each containing large number of atoms and the 

magnetic dipoles align one to the other, which exhibits and enhances the collective response 

even in the absence of a magnetic field. A magnetic particle is composed of single domain if 

its size decreases below the critical limit (around 100 nm) where this magnetic particle cannot 

be split up further into domains. Single domain particle has different characteristic from multi-

domain particle. Single domain magnetic particle also has higher magnetic performance 

compared to multi domain particle.  

There are four parameters that can describe the strength and the magnetization of the 

material: coercivity (Hc), saturation magnetization (Ms), remanence (Mr) and energy product 

((BH)max). Hc is the external field required to reduce the magnetization back to zero, which is 

related to the minimum energy needed for reversal of the magnetization of the material. Ms 

shows the maximum value of the magnetization that the material can reach under a sufficient 

magnetic field, while Mr indicates the residual magnetization at zero applied field. These four 

parameters can be identified in the hysteresis loop generated in field-dependent magnetization 

measurement as shown in Figure 1.2. There are also two main features that dominate the 

magnetic properties and give them various special properties: (a) finite-size effects (single-

domain or multi-domain structure and quantum confinement of the electrons); (b) surface 

effects which results from the symmetry breaking of the crystal structure at the surface of the 

particle, oxidation, dangling bonds, existence of surfactants, surface strain, or even different 

chemical and physical structures of internal “core” and surface “shell” parts of the  nanoparticle.  

By evaluating the values of Hc, Ms, Mr and (BH)max, magnet material can be classified as 

soft or hard magnet. Soft magnetic material has low magnetic coercivity and high saturation 

magnetization of ~22 kG, which was used where a high magnetic induction and low losses are 

needed such as transformer and biomedical applications. Hard magnetic material has Hc higher 

than 6 kOe and Ms of ~16 kG, which was used where a high remanence is required such as 

permanent magnet and magnetic recording devices. 

Driven by many applications of permanent magnets, studies on the synthesis of permanent 

magnet with higher energy product is growing fast. Basically, in order to achieve high energy 

product, the material need to have both large magnetization and high magnetic anisotropy. 

However, up to now, most of the high-energy product of magnet materials contain rare-earth 

components, such as Nd, Sm, Dy, and Tb. Therefore, the high-energy product of magnet 

materials without rare-earth components are highly desired for new generation of magnetic 

materials. α″-Fe16N2 invented as magnetic material with high saturation magnetization has a 

good potential as a candidate for new rare-earth-free magnetic material with high magnetic 
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performance. Several kinds of magnetic materials with their magnetic properties are shown in 

Table 1.1. 

 
Figure 1.2 Magnetic hysteresis loop. 

Table 1.1. Fundamental magnetic properties of hard magnetic compounds  

Compound Saturation 
magnetization 

Anisotropy 
field 

Curie 
temperature 

Theoretical 
(BH)max 

Nd2Fe14B 16.0 kG 67 kOe 312 C 64.0 MGOe 

Sm2Fe17N2.3 15.4 kG 140 kOe 476 C 59.3 MGOe 

Sm2Co17 12.5 kG 65 kOe 920 C 39.1 MGOe 

SmCo5 11 kG ≤ 440 kOe 681 C 30.2 MGOe 

PrCo5 12.3 kG ≥ 145 kOe 620 C 37.8 MGOe 

 

1. 3 α″-Fe16N2 magnetic material  

The interest in iron nitrides arises from their potential applications in high-density magnetic 

recording media due to their excellent magnetic properties, in catalyst depending on the 

availability of N-active sites, in biomedical fields since the iron nitrides are relatively less 

cytotoxic than the iron oxides, and as high wear-resistant and corrosion resistant coating. As 

compared to other iron compounds, the nitrides possess a greater degree of magnetization than 

the iron oxides and are more cost-effective than ferromagnetic alloys such as FePt. This iron 

nitride was found to have attractive magnetic properties due to their high magnetic moment, 

which is tunable with the concentration of nitrogen in the FexNy lattice. 

Depending on the nitrogen concentration, there is a series of binary Fe-N compounds: γ″-

FeNy (y = 0.9-1.0) with ~50 atomic % of N, ζ-Fe2N with ~33% of N, ε-Fe3N1+y (y = 0-0.33) 

with ~25% of N, γ′-Fe4N with ~20% of N, and Fe8N (or α″-Fe16N2) with ~11% of N [9]. The 

nitrogen concentration can be synthetically altered to stabilize the Fe-N phases with different 

Mr 
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crystal structures, and thus the electronic and magnetic properties can be tuned. The Fe-N phase 

diagram with magnetic transformation data in the Fe-N system and with the results of 

nitridation at atmospheric pressure [10, 11] was shown in Figure 1.3. 

 
Figure 1.3 Fe-N phase diagram based on the nitridation process at atmospheric pressure. 

Among the Fe-N phases, α″-Fe16N2 was discovered as Fe-N phase with the highest 

magnetic moment. α″-Fe16N2 has body-centered-tetragonal structure (a = 5.72 Å, c = 6.29 Å, 

space group I4/mmm) and is metastable as shown in Figure 1.4. One eight amount of nitrogen 

occupies the interstitial sites of the α-Fe body-centered cubic lattice on its edge centers in an 

ordered manner. The unit cell was a 2 2 2 superlattice of α-Fe, expanded by about 10% along 

the c-axis by the incorporation of interstitial nitrogen atoms. This electronic structure 

calculation was resulted in average magnetic moment of 2.4-2.9 B/Fe which is higher than 

that of BCC Fe (2.2 B). Theoretically, this high magnetic moment is due to the stronger on-

site coulomb interaction between the localized 3d electrons in α″-Fe16N2. In α″-Fe16N2, the 

nitrogen atoms sit at the center of a cluster of six Fe atoms, and additional Fe atoms stay in 

between these clusters tend to get localized and contribute to the enhanced magnetic moment. 
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Figure 1.4 Crystal structure of α″-Fe16N2 phase. 

1. 3. 1 Synthesis of single-domain α″-Fe16N2 nanoparticles 

Due the fact that single domain magnetic NPs have hinger magnetic performance compared 

to multi domain NPs, it is preferable to synthesis single domain α″-Fe16N2 NPs for further 

application. α″-Fe16N2 phase is formed by nitridation reaction through ammonia (NH3) gas 

which was preceded by reduction in hydrogen (H2) gas flow to form Fe phase. Iron nitride 

phases are formed by interaction of ammonia with solid Fe at temperatures of ≥ 400 C. Iron 

and the resulting iron nitride phases act as the catalyst in the dissociation of NH3 to atomic and 

subsequently to molecular nitrogen and hydrogen. The nitrogen in its atomic state diffuses into 

the Fe to convert it to its nitride, and the extent of nitridation depends on temperature and time 

of the reaction and flow rate of NH3 gas. To get only one Fe-N phase, the nitriding reactions 

should be optimized at a certain temperature according to Fe-N phase diagram. The formation 

of iron nitride from Fe NPs is shown in the chemical reaction as follows. 

FexOy + H2  Fe + H2O 

16Fe + 2NH3  Fe16N2 + 3H2              4Fe4N + 3H2  
               
Synthesis of single phase α″-Fe16N2 nanoparticles (NPs) have been done for the first time 

by T. Ogawa et al which have an high Ms value of 234 emu/g and magnetocrystalline 

anisotropy constant (Ku) of 9.6  106 erg/cm3 [12].  

T. Ogi et al. and R. Zulhijah et al. have reported the synthesis of single domain core-shell 

α″-Fe16N2/Al2O3 magnetic NPs in gas phase process by nitriding plasma synthesized α-

Fe/Al2O3 magnetic NPs [13-16] as shown in Figure 1.5. They successfully synthesized a 50-

nm single-domain core-shell α″-Fe16N2/Al2O3 magnetic NPs with Ms and Hc of 169 emu/g and 

3 kOe, respectively as shown in Figure 1.6.  
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Figure 1.5. The schematic diagram of synthesis of α″-Fe16N2/Al2O3 magnetic nanoparticles. 

 

 
Figure 1.6. SEM image (a), X-ray diffraction (b), and magnetic hysteresis loop (c) of α″-

Fe16N2/Al2O3 magnetic nanoparticles prepared by nitridation. 
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the case of α″-Fe16N2 magnetic NPs synthesized in the gas phase process, high temperature 

process, particularly in reduction process, will lead to sintering easily. The aggregates and 

agglomerates particles cannot directly be used for further magnetic nanoparticle alignment. 

Thus, dispersion after magnetic NP synthesis is highly required and important prior to magnetic 

nanoparticle alignment. 

R. Zulhijah et al. [17, 18] have reported for the first time the dispersion of α″-Fe16N2/Al2O3 

magnetic NPs using low energy beads-mill dispersion as shown in Figure 1.7. The 

dispersibility of these NPs in toluene by a low energy type of all-separator-type beads mill 

dispersion machine was studied. The core– shell α″-Fe16N2/Al2O3 NPs were synthesized by 

simultaneous reduction and nitridation of core–shell plasma-synthesized α-Fe/Al2O3 NPs. The 

effects of the dispersion conditions, i.e., the rotation speed, dispersion time, and bead size, on 

the dispersion process were thoroughly investigated. The optimum conditions for producing a 

well-dispersed slurry were examined, and the morphological, physical, and magnetic properties 

of dispersed core–shell α″-Fe16N2/Al2O3 NPs were also investigated clearly. Optimum 

dispersion conditions provide sufficient energy which enabled agglomerated NPs to be broken 

up into primary particles without destroying their structure. The well-dispersed core–shell α″- 

Fe16N2/Al2O3 NPs had the same crystal phase and Ms value as before dispersion. However, the 

coercivity was significantly changed, because of the rotation of single spin of NPs according 

to the applied magnetic field and direction as shown in Figure 1.8. This magnetization 

evaluation confirmed that this process is appropriate and essential for the preparation of well-

dispersed α″-Fe16N2/Al2O3 NPs. Thus, the NPs after dispersion will be more applicable for the 

construction of rare-earth-free high-performance bulk magnet material by restricting the 

magnetic rotation of the NPs. 

 
Figure 1.7 Schematic diagram of all separator beads mill machine. 
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Figure 1.8 Hysteresis curves of α″-Fe16N2/Al2O3 before and after dispersion process. (b) 

Schematic illustration of magnetic interaction among single domain of α″-Fe16N2/Al2O3 NPs 

under applied magnetic field. The red arrow in the circles indicates magnetic dipole moment.  

1. 4 Nanostructuration of ferromagnetic materials 

As mentioned before, magnetic materials have a broad potential application in modern and 

future human life. Therefore, the creation of rare-earth-free magnetic materials with high-

energy-product is highly desired for their broad application. While it is not possible to find, or 

create elemental replacement for rare-earth material, the high (BH)max can be achieved by 

creating other magnetic systems by control of the crystal structure, the nanostructure and /or 

the microstructure of alloys and compounds composed of common and plentiful elements. In 

general, there are two kinds categories of strategy in the development of high energy product 

rare-earth-free magnetic material: (i) nanocrystal and microstructural development in 

permanent magnetic nanocomposites with exchanges spring or exchange bias behavior, and ii) 

crystal structure development to realize high-anisotropy magnetic compounds. 

The former describes that this magnet is composed of at least two magnetic phases of 

complementary magnetic character, e.g., soft magnet and hard magnet that are combined at the 

nanoscale to exploit the best properties. The latter shows the improvement of the energy 

product based on the magnetocrystalline anisotropy. Among the various sources of magnetic 

anisotropy, magnetocrystalline anisotropy provides the largest anisotropy. In this manner, 

magnetic moment of the material may align perpendicular to the basal plane direction, 

providing two energy minima for the magnetization that define the uniaxial magnetic 

anisotropy state. Particular ferromagnetic materials showed the high moment in their ordered 

form, such as ordered tetragonal nitrogen martensite (α″-Fe16N2), the L10-type equiatomic 

FeNi, and tetragonal L10 -MnAl. 
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This research has been focused on the latter method to develop new generation of rare-

earth-free magnetic material with high-energy product. As explained in the above, to get high 

coercivity, it is necessary to align each magnetic moment of particle in their easy axis direction 

by external magnetic field, then followed by compression bulk magnet with high magnetic 

performance will be obtained. This such alignment only can be occurred when the particle is 

in a single-domain particle where each particle only composed of one domain. In a single-

domain particle, all of spin will align in the same direction and the particle is uniformly 

magnetized with the existence of external magnetic field. Because there are no domain walls 

to move, the magnetization will be reversed through spin rotation rather than through the 

motion of domain walls, resulting in large coercivity of the nanoparticles. There are two factors 

which results in high coercivity of small nanoparticles: (a) spin rotation instead of domain wall 

motion, (b) shape anisotropy. 

Rare-earth free α″-Fe16N2 NPs, which have the highest magnetic moment among the 

ferromagnetic magnetic materials, are difficult to produce as single domain magnetic NPs 

because of its quasistable state and high reactivity. However, this NPs have high magnetic 

interaction among NPs and small magnetic coercivity. Therefore, the nanostructuration α″-

Fe16N2 NPs for enhancing its magnetic performance, which are important and inevitable 

condition for producing rare-earth-free high performance magnetic materials, is important to 

be investigated. The nanostructuration illustration of α″-Fe16N2 NPs is shown in Figure 1.9. 

α″-Fe16N2 NPs can be structurized in a nanocomposite form such as film and fiber.  

Nanocomposites usually comprise two or more phases of different chemical constituents 

or structures, with at least one of the chemicals and/or structural phases having nanometric 

dimensions. These nanocomposites, due to their improved physical/chemical properties, 

establish applications ranging from energy, sensors, biotechnology, smart materials, filtration, 

and regenerative medicine. These nanocomposites contribute to producing light/efficient 

batteries, fuel cells, and fabricating structural components fibers with high strength-to-weight 

ratio, lightweight sensors, as well as magnetic and fluorescent nanocomposites for efficient 

viewing/removing of the tumors [19]. 

 
Figure 1.9 Illustration of nanostructuration of α″-Fe16N2 nanoparticles. 

Core-shell type to decrease 
the magnetic interaction  
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1.4.1 Magnetic nanocomposite film 

The research on α″-Fe16N2 has attracted tremendous attention since Kim and Takahashi 

reported great invention of α″-Fe16N2 film with magnetic moment on the order of 3.0 B [20]. 

Subsequently, many research has been performed to investigate the magnetic properties of α″-

Fe16N2 either in film or bulk forms, whereby the Fe–N phases are grown on the Fe substrate 

via N doping [21, 22]. Several in-situ methods have been widely used for the preparation of 

α″-Fe16N2 films that include sputtering [23-26], ion beam deposition [27], nitrogen ion 

implantation [28], and tempering nitride-based bulk martensite [29]. Recent studies have 

reported that Fe16N2 thin films can achieve high magnetic saturation Ms values [30, 31]. Table 

1.2 shows the various in-situ methods to prepare α″-Fe16N2 films. 

Even though the high magnetic performance of α″-Fe16N2 film has been achieved, this α″-

Fe16N2 film synthesis still have limitations, i.e (1) complex synthesis methods that are usually 

conducted at high temperatures, (2) synthesis process is usually performed by doping N atom 

by flowing NH3 and/or N2 gases on the Fe substrate, therefore another Fe-N phase is also exist, 

affecting the magnetic performance, and (3) difficulty in forming singly magnetically oriented 

films. Therefore, alternative synthesis of α″-Fe16N2 NPs film which can overcome those 

problems is more preferable.  

 

Table 1.2 Methods of the α″-Fe16N2 film synthesis 

Method Substrate Film thickness Magnetic 
properties Ref 

Magnetron sputtering Silica   [32] 
Facing target sputtering GaAs  Ms = 26.8 kG [33] 
Plasma DC-sputtering Al2O3 6  m Ms = 0.35 kG [28] 
Plasma assisted evaporation  Mo 100-300 nm Ms = 25 kG [34] 
Molecular beam epitaxy ln0.2Ga0.8As 34-83 nm Ms = 28.3-29.8 kG [35] 
Nitrogen ion implantation 
sputtering beam Fe-MgO 50 nm - 250 nm Magnetic moment 

= 2.4 B/Fe [36] 

 

In this thesis, spin-coating was used to prepare the magnetic film using α″-Fe16N2 NPs due 

to its simplicity and high processing speed. By using NPs as the raw materials resulting in the 

possibility for aligning their magnetic moment. The more detail investigation of structuration 

of α″-Fe16N2 with aligned magnetic moment is necessary to clear this material as a candidate 

for high performance of permanent magnetic.  

 

1.4.2 Magnetic nanocomposite fiber 
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Nanocomposite fibers consisting of magnetic nanoparticles embedded into a polymer 

matrix have been under intensive investigation because of their magnetic-field dependent 

physical properties. A large number of applications like magnetic cell separation [37], magnetic 

resonance imaging contrast agents [38], magnetic filters [39], magnetic sensors [40], 

microwave absorbers [41, 42], tissue-engineering scaffolds [43, 44], electromagnetic wave 

absorbers [45], magnetic catalyst [46, 47], ferroelectric photovoltaic devices [48], low 

frequency magnetic shielding, and magnetic hyperthermia [49] were developed based on their 

properties. The polymeric nanofibers containing magnetic nanoparticles combine the typical 

properties of a polymeric nanofiber material, i.e. high surface/volume ratio, good mechanical 

flexibility and high electrical resistivity, with the high magnetic susceptibility of the magnetic 

nanoparticles, becoming attractive materials for high-frequency electronic applications. 

Among various methods to synthesize nanocomposite fiber, electrospinning showed to be 

a versatile and an effective synthesis method of fibers with diameters ranging from a few 

nanometers to several micrometers. Electrospinning has the unique ability to produce 

nanofibers of different materials in various fibrous assemblies. The relatively high production 

rate and simplicity of the setup make electrospinning highly attractive to both academia and 

industry. Recently, an external magnetic field was applied during electrospinning process to 

get an aligned nanofiber. 

Several studies of the synthesis of magnetic nanocomposite fiber containing MNPs, i.e. 

Fe3O4 NPs, via magnetic-field assisted electrospinning have been reported [50-52]. Yang et al 

fabricated well-aligned poly (vinyl alcohol) fibers by placing two magnets at the sides of the 

collector during electrospinning. Wang et al used a similar magnetic-field configuration to 

produce aligned polyvinylpyrrolidone (PVP)/Fe3O4 fibers, but further plasma treatments were 

conducted to obtain pure Fe3O4 fibers with an average diameter of 200 nm. A different 

configuration was reported by Ajao et al [52] in which a cylindrical magnet was employed to 

produce well-aligned poly(ethylene oxide). However, the effects of the applied magnetic field 

on the fiber diameter and magnetic properties have not been thoroughly analyzed, despite the 

production of well-aligned fibers. Therefore, the more detail investigation on this magneto-

electrospinning process is highly necessary.  

Since the synthesis process of α″-Fe16N2 NPs was conducted in gas phase with relatively 

high temperature, particularly on the reduction reaction, some agglomerates are usually formed. 

As explained in the above, to apply these particles for construction of magnetic nanocomposite 

materials, only well-dispersed single domain magnetic NPs are accepted. Therefore, dispersion 
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process after synthesis process is inevitable to form well dispersed single domain magnetic 

NPs.  

1. 5 Objectives and Outline of the Dissertation 

The main objectives of this dissertation are: detail investigation of effects of applied 

external magnetic field on the magnetic performance of (1) magnetic α″-Fe16N2 NPs film 

(Chapter 2 and 3), and (2) α″-Fe16N2 magnetic nanocomposite fiber (Chapter 4). To examine 

the enhancement of magnetic performance of the composite film and fiber, a superconducting 

quantum interference device magnetometer (SQUID; MPMS 5XL, Quantum Design, Japan, 

operated at 300 K) was used. This dissertation comprises of 5 chapters. The schematic diagram 

of dissertation organization is shown in Figure 1.10. The brief descriptions of each chapter are 

shown below. 

Chapter 1 describes the background and the motivation of the current research. Basic 

theoretical explanation and review of previous researches on the α″-Fe16N2 magnetic materials 

as well as an overview of the magnetic nanocomposite materials were also provided.  

Synthesis of α″-Fe16N2 NPs film via spin-coating under applied magnetic field as well as 

effects of these magnetic field on its magnetic performance are explained in Chapter 2. Core–

shell single-domain α″-Fe16N2/Al2O3 NPs with average size of 47 nm were synthesized by 

nitridation process. Due to the agglomeration, a low energy dispersion process was done to 

produce well-dispersed α″-Fe16N2/Al2O3 NPs in toluene solvent prior to film preparation. α″-

Fe16N2 NPs film was prepared by spin coating of the well-dispersed NPs slurry on the Si 

substrate. An external magnetic field of 1.2 T was applied vertical to the substrate during the 

film formation to align the magnetic orientation of NPs followed by fixation of the NPs with 

resin. The SEM and XRD results showed that densely packed assemblies of the NPs were 

formed and aligned perpendicularly in a ~1 μm film. Based on the magnetic hysteresis curve 

of the NPs film which is obtained from SQUID analysis, the application of the magnetic field 

during film formation increase the Hc and Mr values of the resulted films by 23% and 55%, 

respectively. 

In Chapter 3 the effect applied magnetic field strength on the magnetic properties of α″-

Fe16N2 NPs film via spin-coating are discussed in detail. The film with thickness of 1 μm was 

prepared with same method as in the chapter 2. However, some external magnetic fields of 

strength 0, 0.6, 0.9, or 1.2 T were applied to examine the magnetic moment alignment of α″-

Fe16N2/Al2O3 NPs in composite films. X-ray diffraction and SQUID analyses showed the 

relationship between the aligned magnetic moment of the NPs and their magnetic properties; 
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Hc, Mr, and (BH)max enhanced by 24%, 66%, and 160%, respectively, with increase in 

magnetic orientation of 35%. The shape of hysteresis loops of the films approached to 

rectangular by increasing the vertically applied magnetic field. These results were further 

verified by applying the magnetic field horizontally. The magnetic properties of the film were 

decreased by applying the magnetic field horizontal to substrate.  These findings show that 

control of the magnetic orientation of single domains of magnetic NPs improves the magnetic 

performances compared with that of agglomerated magnetic NPs. 

 
Figure 1.10 Organization and structure of chapters in the present dissertation. 
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nanocomposite fiber and its magnetic performance are investigated in Chapter 4. Magnetic 

nanocomposite fibers containing α″-Fe16N2 NPs, which is hard magnet, in 

polyvinylpyrrolidone (PVP) matrix were prepared via electrospinning with and without 

magnetic field applied of 0.1T to the spinning direction. α-Fe NPs which is soft magnet was 

also used to investigate the effect of NP magnetic strength on the fiber properties. These NPs 

were dispersed in toluene using beads-mill dispersion to prepare magnetic NPs slurry. The 

magnetic NP slurry was mixed with a 15 wt % of PVP dissolved in mixture of toluene and 

methanol with a mass ratio of 1:1 to make a ferrofluid precursor for electrospinning with two 

different loadings of 16.5wt% and 28.4 wt% of magnetic NPs. The ferrofluid was then 

electrospun with a flow rate of 2–20 μl min-1 under an applied high voltage. The environment 

during electrospinning was kept at a temperature of (30±2) °C and a relative humidity of 

(30±5) %. SEM and TEM analyses results showed that the applying the magnetic field in the 

same direction as the electric field resulted in smaller and more uniform fiber diameters. 

Further, nanocomposite fibers containing α″-Fe16N2 had smaller diameters than those 

containing α-Fe NPs. These magnetic-field effects on the fiber formation were explained by 

referring to the kinetic energy of the moving jet in the electrospinning process. In addition, 

magnetic hysteresis curves showed an enhancement of the Hc and Mr values by 23% and 22%, 

respectively. 

Chapter 5 contains the summary of all chapters and direction for further investigation. 
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Chapter 2 

Synthesis of well-dispersed single-domain α″-Fe16N2 

nanocomposite films under magnetic field 

2. 1 Introduction  

Synthesis of ferromagnetic nanoparticles (NPs) with a single-domain has attracted much 

attention for the formation of bulk magnet [1-4]. Recent reports have shown that these 

ferromagnetic NPs with single-domain, by magnetically aligned assembly, will give higher 

magnetic performance than that of large magnetic NPs with many domains [5-8]. However, 

most of these ferromagnetic NPs with the highest magnetocrystalline anisotropy usually 

composed of rare-earth elements, such as Nd, Sm, and Dy [8-11]. Therefore, synthesis of single 

domain ferromagnetic NPs without rare-earth component and alignment of their magnetic 

moment are still become a challenge in the magnet development.  

α″-Fe16N2 NPs have been reported as the ferromagnetic NPs with the highest magnetic 

moment and uniaxial magnetic anisotropy among ferromagnetic NPs [12]. Moreover, due to 

these excellent magnetic properties, these α″-Fe16N2 NPs have a great potential for the rare-

earth-free magnetic material applications. However, compared to the rare-earth magnetic 

materials, such as Nd2Fe14B and SmCo5, these α″-Fe16N2 NPs still have relatively low magnetic 

coercivity value (Hc) and more studies are still necessary to enhance their Hc value. Therefore, 

synthesis of single domain α″-Fe16N2 NPs and alignment of their magnetic moment may 

become a prospective method to increase Hc value of α″-Fe16N2 NPs. 

However, since this α″-Fe16N2 NP is a hard magnet material, these particles will easy to 

agglomerate during the preparation process, for that it will be difficult to synthesize α″-Fe16N2 

NPs with a single-domain and in well-disperse condition. Thus, dispersion process after NPs 

synthesis will be necessary prior to further magnetic alignment process. 

Recently, our group successfully synthesized spherical core– shell typed α″-Fe16N2 NPs via 

a gas phase method using α-Fe, and Al2O3 or SiO2 as the core and shell, respectively [13-15]. 

The synthesized core–shell magnetic NPs primarily constituted single phase α″-Fe16N2 and had 

a relatively high magnetic performance without any hard aggregation of the NPs observed. The 

core–shell α″-Fe16N2 /Al2O3 NPs has been bead-milled to break up aggregates into the primary 

NPs with a single-domain. 
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Based on this successfulness to prepare well-dispersed single-domain α″-Fe16N2 NPs, as 

the continuation for the next step process, the magnetic alignment process is performed in a 

film form. Preparation of these α″-Fe16N2 NPs in the film form are selected and more preferable 

to demonstrate the magnetic alignment process, because in the film form, the particle will be 

easier to be aligned in a single direction rather than in the bulk form. Therefore, the evaluation 

on this magnetic alignment will be easier. Moreover, the preparation of these α″-Fe16N2 NPs 

in the film form allow these particles to be applied in many applications, such as magnetic 

sensor, magnetic recording media, and especially for the construction of rare-earth-free bulk 

magnetic material with high magnetic performance. In addition, the formation of α″-Fe16N2 

NPs in the film form has not been reported elsewhere. 

In this research, the formation of α″-Fe16N2 NPs composite films using α″-Fe16N2 NPs is 

reported. Core–shell single-domain α″-Fe16N2 /Al2O3 NPs were used as a basic material. For a 

model process, spin-coating method was used due to its simplicity and high processing speed. 

An external magnetic field was applied during spin-coating to align the magnetic moment of 

the assembled NPs. The evaluated magnetic performance of the prepared α″-Fe16N2 NPs films 

demonstrates the potential of magnetic NPs to be used as a base material for magnetically 

aligned film. This study also creates possibilities for the construction of bulk magnetic 

materials from α″-Fe16N2 NPs. 

2. 2 Experimental 

2.2.1 Preparation of raw materials 

Core-shell single-domain α-Fe/Al2O3 magnetic NPs used as raw material in this research 

was prepared by one-step radio-frequency thermal plasma process. This synthesis was 

explained in our previous reports [16]. To synthesize core-shell α-Fe/Al2O3 magnetic NPs, 

precursors containing pentacarbonyl iron (purity 99.5%, BASF) and alumina (1 μm, purity 

99.9%, Kojundo Chem. Lab. Co. Ltd. was used. The produced core–shell α-Fe/Al2O3 NPs were 

then stored in a glove box with N2 environment. The raw materials such as epoxy resin were 

purchased from Sigma Aldrich (China) and toluene (99.95%) was purchased from Kanto 

Chemicals (Japan). These raw materials were used without further treatment or purification. 

2.2.2 Preparation of magnetic NPs film 

The detailed routes on magnetic alignment of core–shell single-domain α″-Fe16N2 /Al2O3 

NPs in the film form are shown in Figure 2.1. First, α-Fe/Al2O3 NPs were synthesized by one-
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step radio-frequency thermal plasma process. Then, the plasma synthesized α-Fe/Al2O3 NPs 

were subjected to hydrogen reduction reaction at 275 °C for 1.5 h and subsequent nitridation 

process by flowing NH3 gas at 145 °C for 15 h in a fluidized bed reactor similarly to the 

procedure described in our previous studies [13, 16]. The synthesized α″-Fe16N2 /Al2O3 NPs 

were then stored in toluene as a slurry for passivation. The α″-Fe16N2 /Al2O3 NPs slurry was 

fed into bead-mill dispersion process employing zirconia beads (diameter: 30 lm) to obtain 

dispersed α″-Fe16N2 /Al2O3 NPs slurry as explained in our previous report [17]. The obtained 

dispersed α″-Fe16N2 /Al2O3 NPs slurry was purified further from the excess dispersants and 

broken particles by centrifugation (Himac CR 22G; Hitachi, Japan). The purified slurry was 

then concentrated by mean of rotary evaporation (Buchi Rotavapor R-200, Switzerland). For 

the film formation process, the concentrated α″-Fe16N2 /Al2O3 NPs slurry was dropped onto a 

Si wafer and spin coated using dual speed [18] by a spin coater (Mikasa 1H-D7, Japan) at 200 

and 1000 rpm subsequently. During film formation, a magnetic field of 1.2 T was applied 

vertically to the film using a magnetic circuit that was set up between the film surface and 

bottom of the Si wafer until the film was dried. Furthermore, adhesive cyanoacrylate resin was 

embedded into the film to fix the magnetic moment alignment of the α″-Fe16N2 /Al2O3 NPs 

following by removal of the applied magnetic field  

 
Figure 2.1. Schematic illustration of the preparation process of magnetically aligned core–shell 

single-domain α″-Fe16N2/Al2O3 NPs films. 

2.2.3 Characterization 

The particle size distribution during bead-mill dispersion was evaluated by dynamic light 

scattering (DLS; HPPS-5001, Malvern Instruments Ltd., UK). The morphology of the α″-

Fe16N2 /Al2O3 NPs was observed using a scanning electron microscope (SEM; Hitachi S-5000, 

Japan) and a transmission electron microscope (TEM; JEM-3000F, JEOL, Japan). 
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Characterization of the elemental composition of the core and shell of the particles was 

conducted using a scanning transmission electron microscope coupled with electron energy 

loss spectroscope (STEM-EELS; HD- 2700, Hitachi, Japan), using an operating voltage of 200 

kV and beam size of 0.2 nm, and elemental analysis (776 ENFINA 1000, Gatan). The 

crystalline structure of the NPs was examined using X-ray diffraction (XRD; D2 Phaser, 

Bruker, Germany). The magnetic properties were evaluated on a superconducting quantum 

interference device (SQUID, Quantum Design, USA). Magnetization was measured as a 

function of applied field from 1 to 50 kOe at 300 K. The magnetic hysteresis loops were 

measured using the magneto-optic Kerr effect (MOKE, BH-620LP, Neoark, Japan) technique.  

2. 3 Results and discussion 

2.3.1 Physicochemical properties of α″-Fe16N2 /Al2O3 NPs 

The physicochemical properties of the α″-Fe16N2/Al2O3 NPs prepared by nitridation of 

plasma synthesized α-Fe/Al2O3 NPs are shown in Figure 2.2. As observed from the SEM 

image in Figure 2.2 (a) and bottom-left inset of Figure 2.2 (a), respectively, the as-prepared 

α″-Fe16N2/Al2O3 NPs are slightly agglomerated without significant sintering and featured 

average particle size and shell thickness of 47 nm and ⁓4.5 nm, respectively. The obtained 

particle size is appropriate for permanent magnet applications and the presence of the thin shell 

decreases magnetic lateral interactions among the particles, particularly during the 

magnetically aligned film preparation. EELS analysis, Figure 2.2 (b), shows that the core is 

iron and the shell consists of Fe and Al, thus confirming that the shell is composed of aluminum 

oxide and iron oxide as amorphous state in the surface of iron core due to the passivation of 

iron as reported in our previous study [15]. 

Owing to the agglomerated state of the as-prepared α″-Fe16N2/Al2O3 NPs, dispersion of the 

NPs to break down the agglomerates is required prior to film preparation. Low-energy bead-

mill dispersion has been well investigated in our previous studies [17, 19, 20] to disperse 

agglomerated and aggregated particles into primary particles without changing the particle 

properties. The properties of α″-Fe16N2/Al2O3 NPs after bead-mill dispersion is shown in 

Figure 2.2 (c) and (d). TEM image as shown in Figure 2.2 (c) shows that after dispersion, non-

agglomerated particles without any necking among the particles were obtained. XRD results 

confirm that the crystal properties of the α″-Fe16N2/Al2O3 NPs after bead-mill dispersion did 

not significantly change relative to those of the particles before dispersion as shown in Figure 
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2.2 (d). These results confirm that the α″-Fe16N2/Al2O3 NPs are in well-dispersed state prior to 

their alignment of magnetic moment during film synthesis. 

 
Figure 2.2. Physicochemical properties of as-prepared and dispersed core–shell α″-

Fe16N2/Al2O3 NPs. (a) SEM image and (b) EELS analysis of as-prepared NPs. 

(c) TEM image of dispersed NPs. (d) XRD pattern of as-prepared and dispersed 

NPs. The insets in (a) show cross sectional TEM images of the particle. The red 

line in the top-right inset of (a) is the scanned range for the EELS line analysis. 

2.3.2 Structure of magnetically aligned film 

Figure 2.3 shows the SEM images of the surface and cross-section of the spin-coated film 

constituting the α″-Fe16N2/Al2O3 NPs. Figure 2.3 (a) shows a smooth and dense-packed α″-

Fe16N2/Al2O3 NPs film with a thickness of ⁓1 μm. The dense-packing of the α″-Fe16N2/Al2O3 

NPs in the film was due to the well-dispersed state of the NPs. When magnetic field was applied 

to the film, the film surface was turned into spikes-like shape, where this pattern is generally 

found in ferrofluid under magnetic field [21]. Resin was immersed over the film surface to 

maintain the NPs arrangement in the film as shown in Figure 2.3 (b). The application of resin 

may affect the formation of spikey shapes on the film surface, in which the shape is not 
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completely same as in the ferrofluids. Magnetic field applied on the film caused the particles 

to be distributed into groups of NPs on the substrate. However, no strongly agglomerated 

particles in the group were observed. These results confirm that the dispersion process prior to 

film preparation plays an important role in the film formation. 

 
Figure 2.3. SEM images of cross section of the core–shell α″-Fe16N2/Al2O3 NPs spin-coated 

film viewed at a tilt angle of 40°: (a) without resin and no applied magnetic field 

and (b) with resin under applied magnetic field. Inset in (b) shows the cross section 

of the oriented film. Dashed lines show the average film thickness. 

This phenomenon can be illustrated in Figure 2.4. In the case of no magnetic field applied, 

the dispersed single domain magnetic NPs are easily interact each other forming dense packed 

NPs film. When the magnetic field applied (out of plane direction) during the spin coating 

process is higher than lateral magnetic interaction, the single domain magnetic NPs are 

decoupled forming separated clumps of magnetic domains. When the magnetic field applied is 

removed, the aligned magnetic NPs are in unstable state and easily coupled each other forming 

the original flat surface shape. Therefore, to maintain the magnetic alignment, the movement 

of the magnetic NPs should be prevented by the adhesive resin (as shown in Figure 2.3 (b)). 

Films prepared with and without magnetic field during the spin coating process were 

expected to have different degree of alignment. To evaluate the particle alignment of the 

prepared magnetic film, XRD analysis was conducted. Figure 2.5 shows the XRD patterns of 

the randomly and vertically aligned α″-Fe16N2/Al2O3 film referring to the films prepared 

without and with the existence of magnetic field during spin coating process, respectively. Both 

XRD pattern of the films were compared to those of the NPs form. High intensity peak of Si 

(004) substrate was observed for both films and were excluded from the comparison. 
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Figure 2.4. Illustration of magnetic particle direction in several conditions: no applied 

magnetic field, under magnetic field and after fixation using adhesive resin. 

By comparing the XRD pattern of the randomly aligned α″-Fe16N2/Al2O3 films to the 

powder (Figure 2.2 (d)) form, it can be shown that the (103), (213) and (004) peaks vanish 

while other (202), (220), and (400) peaks remain. This result shows that in the film form, the 

α″-Fe16N2/Al2O3 NPs are tend to align in the in-plane direction. When comparing the XRD 

pattern of the vertically with the randomly aligned films, the (400) peak disappears, while (004) 

peak appears. Moreover, the (220) peak decreases significantly while the (224) peak increases. 

These results suggest that in the vertically aligned film, the magnetic moment of the NPs tend 

to align in the out of plane direction. However, the remains of (202), (220), and (224) peaks 

showed that not all the particles are aligned completely in the vertical orientation. 

From these XRD peaks, the degree of particle orientation can also be estimated. The 

Lotgering factor (LF) has been proven to be of good use for the evaluation of particle 

orientation due to the simplicity and easy in calculation. The LF is calculated from the 

intensities of XRD peaks with the conventional 2h/h scan mode, and is defined as the following 

equation: 
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where LF is Lotgering factor, p is the fraction of the summation of the peak intensities 

corresponding to the preferred alignment axis to that of the summation of all diffraction peaks 

in particle-aligned materials. p0 is p of a material with a random particle distribution [22]. 

Using the above calculation, LF value is 0.31. The results confirmed that not all particles 

were vertically oriented, therefore stronger magnetic field is necessary to increase the 

orientation of the particles in the film. Further study on the effects of magnetic field strength 

will be investigated in our future work. 

 
Figure 2.5. XRD patterns of vertically and randomly oriented of the α″-Fe16N2/Al2O3 magnetic 

NPs films. 

2.3.3 Magnetic properties of magnetically aligned film 

Applying a magnetic field to the film enables control over the alignment of the magnetic 

moment of NPs in the film that can increase the magnetic anisotropic properties. Kerr effect 

and SQUID analyses were conducted to evaluate the magnetic performance of the prepared α″-

Fe16N2/Al2O3 NPs films. Figure 2.6 shows the hysteresis curves obtained by Kerr effect 

measurements of the spin-coated α″-Fe16N2/Al2O3 NPs films prepared under the presence and 

absence of an applied magnetic field of 1.2 T at 300 K. The results showed that both films had 

the same Hc value of ⁓3.5 kOe. However, the Kerr rotation values were different; the out-of-

plane-oriented film had larger Kerr rotation angles when compared with the randomly oriented 

film. These results show that alignment of the magnetic moment of the α″-Fe16N2/Al2O3 NPs 

in the film increases the anisotropy of the film. 
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Figure 2.6 Magneto-optic Kerr effect analysis of the core–shell α″-Fe16N2/Al2O3 NPs films. 

The red and black curves show the hysteresis of the films prepared under the 

presence and absence of an applied magnetic field, respectively. 

Figure 2.7 shows the magnetic property of the randomly and vertically oriented films 

obtained by SQUID analysis. In each M-H loop, magnetization is normalized by the saturation 

magnetization (Ms) value of the film. The Ms value was determined by simple extrapolation 

of the M value to 1/Hex2 → 0, where Hex refers to the applied field. The Ms values of the 

randomly and vertically aligned films were 651 and 721 emu/cc, respectively, corresponding 

to 0.82 and 0.91 T, respectively by removing the resin contribution and estimating the 

occupancy of the α″-Fe16N2/Al2O3 NPs inside the film [23]. Ms value for the vertically oriented 

film was higher than the randomly oriented. This may be due to the estimation of the dimension 

of the film. Hc value of the vertically oriented film was 2.7 kOe that was higher than the 

randomly oriented film (2.2 kOe), showing that alignment of the magnetic moment of the 

particle in the film significantly enhanced the magnetocrystalline anisotropy of the film, 

increasing their magnetic performance. This result was also confirmed by Mr/Ms values: 

randomly and vertically oriented films were 0.29 and 0.45, respectively. 
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Figure 2.7 Hysteresis loops of the core–shell α″-Fe16N2/Al2O3 NPs films measured on a 

SQUID magnetometer at 300 K for randomly and vertically oriented films. 

2. 4 Conclusion  

Nanostructured spherical core–shell single-domain α″-Fe16N2/Al2O3 NPs films were 

prepared by spin-coating of well-dispersed core–shell α″-Fe16N2/Al2O3 NPs in toluene. The 

spherical α″-Fe16N2 NPs were aligned under an applied magnetic field of 1.2 T during spin-

coating. XRD results confirmed the successful orientation of the α″-Fe16N2/Al2O3 NPs in the 

film. Kerr effect evaluation showed that the spin-coated α″-Fe16N2/Al2O3 NPs had a higher Hc 

of 3.5 kOe than the as-prepared α″-Fe16N2/Al2O3 NPs (2.5 kOe) [13]. SQUID analysis shows 

the increase in Hc and Mr of 22.7% and 55.2%, respectively, after the application of magnetic 

field. This result shows that the α″-Fe16N2/Al2O3 NPs have potential for the construction of 

bulk magnetic materials using α″-Fe16N2 NPs 
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Chapter 3 

Effect of magnetic field strength on the alignment of single 

domain α″-Fe16N2 nanocomposite films  

3. 1 Introduction  

Ferromagnetic FePt nanoparticles (NPs) ranging in size from single to several tens of 

nanometers and SmCo, NdFeB, and α″-Fe16N2 NPs have been widely studied, and much 

research has focused on the functionalization of NP assemblies [1-4]. Such magnetic NP 

assemblies are expected to provide high-performance magnetic materials for practical 

applications in new nanotechnologies such as ultrahigh-density recording media, high-

performance nanocomposite bulk magnets, biomedical materials, spintronic devices, and 

environmentally friendly technologies [5-12]. Different applications require NP assemblies 

with different magnetic properties. Precise control of the magnetic properties of NP assemblies 

is therefore highly necessary [13]. Control of their magnetic properties enables NP assemblies 

to be used in a wider range of advanced applications. 

Recently, rare-earth-free high-magnetic-moment NPs, namely single-domain 

ferromagnetic spherical α″-Fe16N2 NPs have been successfully synthesized [2, 14-16]. As rare-

earth-free magnetic material, α″-Fe16N2 NPs have a theoretical BM product of 130 MGOe. 

These implies that this NPs are a prospective magnetic material, although the present Hc value 

is not as high as those of the rare-earth materials. The α″-Fe16N2 phase was formed by nitriding 

core–shell α-Fe NPs that were prepared directly using a plasma method. It was expected that 

assembled magnetic films or bulk materials with higher magnetizations and coercivities, in 

which α″-Fe16N2 NPs are isolated as single-domain particles covered with non-magnetic 

materials such as Al2O3 or SiO2, could be obtained. 

Several methods have been widely used for the preparation of α″-Fe16N2 films, including 

sputtering, ion beam deposition, nitrogen-ion implantation, tempering nitride-based bulk 

martensite, and dip coating [17, 18]. However it is difficult to form a pure α″-Fe16N2 phase 

(other Fe N phases are present, affecting the magnetic properties) and to control the magnetic 

moment orientation of the film to improve the magnetic performance. Control of the magnetic 

moment orientation, simply called the magnetic moment, of magnetic NP assemblies is 

therefore still a challenge and crucial for the development of new nanostructured magnets. 
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Our group successfully prepared a ferrofluid of well-dispersed core shell α″-Fe16N2/Al2O3 

NPs by a low-energy bead-mill dispersion method [19]. A new route to form a ferromagnetic 

film from rare-earth-free well-dispersed α″-Fe16N2 NPs with the presence and absence of an 

applied magnetic field was established [20]. The applied magnetic field aligned the easy c-axis 

and magnetic moment of the NPs, resulting in the enhancement of the magnetic performance 

of the film. The magnetic remanence ratio (Mr/Ms) and coercivity (Hc) increased by 55.2% 

and 24%, respectively upon the application of a 1.2 T magnetic field. However, the effects of 

the magnetic field on the magnetic moment alignment of the NP films and their magnetic 

properties were not examined. As a continuation of our previous studies [20], we have focused 

on the control of the magnetic moment alignment during the synthesis of α″-Fe16N2 films using 

well-dispersed α″-Fe16N2 NPs and analyzed the relationship between the aligned magnetic 

moment of the NPs and their magnetic properties, using newly prepared α″-Fe16N2 NPs. 

In this research, α″-Fe16N2 NPs films were prepared by spin-coating, using the same method 

as in our previous study [20]. Magnets with various magnetic field strengths up to 1.2 T were 

applied during the film formation to align the magnetic moment of the assembled NPs in the 

same direction before fixing the NPs in the film with epoxy resin binder. The magnetic 

properties such as the magnetic coercivity (Hc), magnetic remanence (Mr), maximum energy 

product [(BH)max], and anisotropic magnetic field (Hk) of the prepared α″-Fe16N2 NP films 

show that the control of the magnetic moment alignment improves the performance of the 

resulting magnetic materials. The magnetic properties of the α″-Fe16N2 NP films show the 

potential for the nanostructuration of bulk magnetic materials with tunable magnetic properties. 

3. 2 Experimental 

3.2.1 Preparation of raw materials 

The synthesis of ferromagnetic core-shell single-domain α″-Fe16N2/Al2O3 NPs by the 

nitridation of plasma synthesized core–shell single-domain α-Fe/Al2O3 NPs was described in 

our previous report [2, 14, 16]. The raw materials such as epoxy resin were purchased from 

Sigma Aldrich (China) and toluene (99.95%) was purchased from Kanto Chemicals (Japan). 

These raw materials were used without further treatment or purification. 

3.2.2 Preparation of magnetically aligned films 

A concentrated ferrofluid containing α″-Fe16N2/Al2O3 NPs dispersed in toluene (59 wt%), 

prepared by low-energy bead-mill dispersion [19], was mixed with epoxy resin (3,4-
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epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate) as an NP binder, in a mass ratio of 

1 : 1. The mixed solution was dropped onto a silica (Si) wafer and coated using a spin-coater 

(Mikasa 1H-D7, Japan) at 300 and 1000 rpm for 30 and 10 s, respectively, as previously 

described [20]. After the formation of the thin film on the Si wafer, magnetic fields of strength 

0, 0.6, 0.9, and 1.2 T were applied before the toluene evaporated from the coated film. The 

magnetically aligned NP film was dried and completely fixed with the resin, and then the 

magnetic field was removed. Details of the preparation of the magnetically aligned core shell 

α″-Fe16N2/Al2O3 NP film are shown in Figure 3.1, and details of the applied magnetic fields 

used in preparing the various samples are listed in Table 3.1.  

 
Figure 3.1. Schematic diagram of preparation of magnetically aligned α″-Fe16N2/Al2O3 NPs 

film. 

Table 3.1. Applied magnetic fields used in preparing various samples 

Sample Applied magnetic field 
 Magnetic field, 

H (T) 
Direction 

V0 0 - 
V1 0.6 vertical 
V2 0.9 vertical 
V3 1.2 Vertical 
H 0.6 Horizontal 
R 0 (powder) - 

Thin film formation by 
spin coating

Ferrofluid preparation by 
low energy beads-mill 

dispersion

α″-Fe16N2/Al2O3

ZrO2 Bead

Vertically applied 
magnetic field

Horizontally applied 
magnetic field

Well-dispersed
α″-Fe16N2/Al2O3 NPs 

Magnetic orientation 
of α″-Fe16N2 film 
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3.2.3 Characterization 

The morphologies of the prepared α″-Fe16N2/Al2O3 NP films were observed using field-

emission scanning electron microscopy (FE SEM; Hitachi S-5000, Japan) and transmission 

electron microscopy (TEM; JEM-300F, JEOL Co., Ltd, Japan). The crystalline structures of 

the films were examined using X-ray diffraction (XRD; D2 Phaser, Bruker, Germany). The 

magnetic properties were evaluated using a superconducting quantum interference device 

(SQUID; Quantum Design, USA). Magnetization was measured as a function of the applied 

field from 1 to 50 kOe at 300 K. 

3. 3 Results and discussion 

Figure 3.2 shows SEM (a) and TEM (b) images of core–shell single-domain α″-

Fe16N2/Al2O3 NPs. The SEM image shows the as-prepared NPs, and the TEM image shows the 

NPs after bead-mill dispersion. The inset figure shows the cross-sectional TEM image after 

bead-mill dispersion. The particles are single-domain NPs of an average size of approximately 

50 nm, with a shell thickness of 4 nm. Because the α″-Fe16N2/Al2O3 NPs were prepared by the 

gas phase method at high temperature, it is very difficult to obtain monodisperse NPs. The NP 

samples were similar to those described in our recent study [20]. 

 
Figure 3.2. SEM (a) and TEM (b) images of α″-Fe16N2/Al2O3 NPs; inset shows cross-sectional 

TEM image. 

Figure 3.3 (a) shows a SEM image of the surface of the spin-coated α″-Fe16N2/Al2O3 NP 

film under a vertically applied magnetic field, viewed at a tilt angle of 40°. The film surface is 

wavy because of the thickness of the resin. The film surface was covered with resin to maintain 

the NP arrangement in the film, as shown in Figure 3.3 (b), which shows a cross-section of a 

densely packed core-shell α″-Fe16N2/Al2O3 NP film of thickness 1 μm. The dense packing of 

25 nm

100 nm

(b)(a)

100 nm
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the α″-Fe16N2/Al2O3 NPs in the film is clearly observed. This packing results from the well-

dispersed state of the spherical NPs. 

 
Figure 3.3. SEM images of surface and cross-section of spin-coated α″-Fe16N2/Al2O3 NP film 

under vertical magnetic field, viewed at a tilt angle of 40°: low (a) and high (b) 

magnification. 

The alignment of the α″-Fe16N2 NPs can be carried out using two strategies, i.e., aligning 

the magnetic moment and aligning the easy c-axis of the particle. Aligning the easy c-axis, 

simply called the c-axis, of the particle is preferable due to the lower energy required. However, 

this strategy is applicable for only well-dispersed particles, where each of the particles can 

move freely. In the case of agglomerated particles, the alignment of the NPs can be performed 

only by the first strategy. Consequently, alignment of the magnetic moment in agglomerated 

particles requires high energy. XRD was used to determine the alignment of the c-axis of the 

α″-Fe16N2 NP crystal inside the film. Due to the rotation of the particle (Brownian rotation) 

during the alignment process, the c-axis and the magnetic moment of the particles were aligned 

in the same direction along the magnetic field. In other words, the alignment of the c-axis 

represents the alignment of the magnetic moment. Figure 3.4 shows typical XRD patterns of 

core-shell α″-Fe16N2/Al2O3 NP powder and films; the vertical magnetic fields applied to the 

films varied from 0 to 1.2 T. A comparison of the XRD pattern of the α″-Fe16N2/Al2O3 NP film 

without an applied magnetic field (sample V0) with that of the powder (R) shows that the (103), 

(213), (004), and (224) diffraction peaks of α″-Fe16N2 disappeared in the film. For the films 

with higher vertically applied magnetic fields (samples V1, V2, and V3), (004) and (224) 

diffraction peaks of α″-Fe16N2 appeared, and their intensities increased with the increasing 

magnetic field strength, whereas the (220) intensity decreased significantly, as shown in Figure 

3.4. 

10 μm

(a)

Film 
thickness

500 nm

(b)

Film 
thickness
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Figure 3.4. XRD patterns of α″-Fe16N2/Al2O3 NPs and films under various applied magnetic 

fields. 

The (004) peak has a vertical direction along the c-axis direction. If the (004) peak 

increased, it means that more of the c-axes of the particles are aligned in the vertical direction. 

From Figure 3.4, the intensity of the (004) diffraction peak of samples V1, V2, and V3 

increased, which shows the vertical alignment of the NPs. However, the horizontal direction 

was shown by the (220) peak. This explains why the (220) peak decreased upon increasing the 

applied magnetic field strength, which means that the vertically aligned c-axis increased. 

However, the presence of (103) and (224) peaks shows that not all the c-axes are aligned 

perfectly in the vertical direction. The disappearance of the (400) peak in the pattern of the 

vertically aligned film suggests that no c-axes are aligned in the horizontal direction. The 

degree of alignment of the magnetic moment or c-axis, which is generally represented by the 

Lotgering factor (LF), can be calculated from the intensities of the XRD peaks, obtained in the 

conventional 2θ/θ scanning mode, using the following equation [21]: 

 

where p is the ratio of the summation of the peak intensities corresponding to the preferred 

alignment axis to the summation of all the diffraction peaks in particle-aligned materials; p0 is 

the p of a material with a random particle distribution. 

The LF values were calculated using the above equation from the intensities of the (004) 

and (224) peaks because those peaks have a vertical direction. Therefore, the degree of c-axis 
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alignment can be evaluated from the enhancement of their intensity upon increasing the vertical 

magnetic field strength. 

The LF values of the vertically aligned c-axis increased to 35% when the magnetic field 

was increased to 1.2 T (V3), as shown in Table 3.2. These results show that 35% of the α″-

Fe16N2 NPs in the film were vertically aligned; therefore, a stronger magnetic field is necessary 

to increase the alignment of the c-axis of the NPs in the film. It was estimated that an 11 T 

magnetic field would be needed to perfectly align (LF = 100%) the c-axis in the vertical 

direction. Contrary to the case where a magnetic field was applied during the synthesis of NPs, 

the application of a magnetic field during film preparation did not affect the morphology, 

crystal structure, or magnetic domain structure of the α″-Fe16N2/Al2O3 NPs [22-26]. Instead, it 

only aligned the magnetic moment and c-axis of the NPs along the magnetic field direction. 

Table 3.2. Orientations of vertically aligned α″-Fe16N2 NP films 

Sample Alignment 
[LF (%)] 

R 0 
V0 28 
V1 33 
V2 33 
V3 35 

 
 

An LF value of 28% was obtained for the film prepared without a magnetic field (sample 

V0), showing that the alignment of the magnetic moment of the NPs occurred even when no 

magnetic field was applied. This alignment may arise from magnetic interactions between NPs, 

forming a chain with a head-to-tail arrangement of magnetic dipole moments [12, 27]. This 

alignment was parallel to the Si wafer due to surface interactions between the NPs and the Si 

wafer. The SEM image in Figure 3.2 confirms that the α″-Fe16N2 NPs form a chain as a result 

of the magnetic interactions between particles. The LF values of all the samples and their 

directions are summarized in Table 3.2. 

Figure 3.5 shows the magnetic hysteresis loops of the randomly and vertically aligned 

films obtained by SQUID measurements at 300 K; these have been corrected by the effect of 

demagnetization. For each M–H loop, the magnetization is normalized by the saturation 

magnetization (Ms) of the film. The shape of the hysteresis loops approaches rectangular with 

the increase in the applied magnetic field, as clearly shown in the figure. A complete alignment 

of the c-axis of the NPs should ideally result in a rectangular hysteresis loop with a magnetic 

remanence ratio (Mr/Ms) = 1. The Ms values of the films were 409 emu per cc or 124.54 emu 
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per gr film, and the Hc and Mr values of the vertically aligned film increased by 24% and 66%, 

respectively, upon increasing the applied magnetic field to 1.2 T. This increase in Hc and Mr 

is strongly related to the c-axis rotation phenomenon. 

 
Figure 3.5. Hysteresis loops of α″-Fe16N2/Al2O3 NPs and films under various applied magnetic 

fields; inset shows changes in coercivity (Hc). 

The c-axis rotation phenomenon was different for well-dispersed and aggregated NPs. The 

differences in the alignment phenomena of the magnetic moment upon applying a magnetic 

field between well-dispersed and agglomerated NPs are illustrated in Table 3.3. 

In the case of well-dispersed NPs, the particles are able to move freely, forming magnetic 

dipole coupling among NPs. By applying a magnetic field, the c-axis of the particle will be 

easily aligned, where in the case of single domain α″-Fe16N2 NPs, the alignment of the c-axis 

means the alignment of its magnetic moment. This means that the magnetic moment and c-axis 

have the same direction. However, if the NPs were agglomerated, a higher energy is required 

to align the magnetic moment of the NPs because the particle cannot move freely. In other 

words, only Néel rotation will occur instead of particle rotation. This means that the magnetic 

moment and the c-axis have different directions. 

By aligning the magnetic moment of the well-dispersed α″-Fe16N2 NPs under a magnetic 

field and then fixing it using resin, the magnetic moment and the c-axis will be aligned in the 

same direction, along the magnetic field. This alignment of the magnetic moment results in an 

increase in the magnetic remanence of the film, as shown in the illustration in Table 3.3. The 

alignment of the magnetic moment of the particles influences the rotation of the magnetic 

moment during SQUID measurement, resulting in a different hysteresis curve. Applying a 
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magnetic field results in an improvement of the magnetic performance of the film, i.e., 

magnetic remanence (Mr) and coercivity (Hc). 

Table 3.3. Illustration of alignment phenomena of magnetic moment in the agglomerated and 

well-dispersed magnetic NPs 

 
The increase in both the Hc and Mr/Ms values with the c-axis alignment was also observed 

on SmCO5 NPs, where a strong magnetic interaction occurred among isolated nanoparticles 

[10]. The magnetic properties of the agglomerated α″-Fe16N2 films were higher than those of 

the well-dispersed film, likely due to the effects of the resin present in the film, which is a 

nonmagnetic material [28-30]. 

Significantly higher energy products [(BH)max] were also obtained for the α″-Fe16N2 films 

under a magnetic field than for that without a magnetic field; for example, (BH)max value up to 

1.211 MGOe was obtained for the film prepared using a magnetic field of 1.2 T, compared 

with a (BH)max value of 0.465 MGOe for the film prepared without a magnetic field. These 

(BH)max values are considerably lower than that of the α″-Fe16N2 NPs, which is 2.029 MGOe. 

This increase in the maximum energy product occurs because the film consists of well-

dispersed NPs; as we previously reported [19], the Hc value of well-dispersed α″-Fe16N2 NPs 

is smaller than that of agglomerated particles because of the strong exchange interactions 

among the particles [31]. The (BH)max for an applied magnetic field of 0.9 T was slightly lower, 

possibly because of the deviation in the estimation of the film volume. Because (BH)max 
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strongly depends on the magnetic coercivity, the application of a stronger magnetic field, which 

increases the coercivity, also increases (BH)max. The effect of the magnetic field strength on 

these magnetic properties of α″-Fe16N2 films are shown in Figure 3.6. These results confirm 

that the alignment of the magnetic moment of the particles in the film significantly enhances 

its magnetic performance. Application of a magnetic field during the synthesis of the magnetic 

NPs also enhanced the magnetic properties of the prepared NPs [32]. 

 
Figure 3.6. Maximum energy product and magnetic coercivity of the α″-Fe16N2/Al2O3 NP film 

as a function of the applied magnetic field. 

For comparison, we synthesized an α″-Fe16N2/Al2O3 magnetic film under a horizontal 

magnetic field of 0.6 T. Figure 3.7 (a) and b show the XRD patterns and hysteresis loops, 

respectively, of the horizontally aligned (sample H) α″-Fe16N2/Al2O3 film and the film prepared 

without a magnetic field (sample V0). For the horizontally aligned film, (224) and (400) α″-

Fe16N2 diffraction peaks were observed, and the intensity of the (220) peak was higher than 

that for randomly aligned and vertically aligned films, which are shown in Figure 3.4. The 

appearance of a (400) peak for the horizontally aligned film suggests that there are c-axes of 

the particles aligned in the horizontal direction. The horizontally aligned film shows a higher-

intensity (220) peak, indicating that many c-axes are aligned in the horizontal direction. 

For comparison with the vertically aligned film, the degree of alignment of the magnetic 

moment, LF, of the horizontally aligned film was evaluated from the intensities of the (004) 
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and (224) diffraction peaks. The LF value was 27%. The smaller LF value than those for the 

randomly and vertically aligned films confirms that the c-axis of the particles was aligned in 

the horizontal direction. This value of LF is in the vertical direction, meaning that the NPs were 

73% horizontally aligned. The XRD pattern of sample H shows that the intensity ratio of the 

(202) and (220) α″-Fe16N2 NPs diffraction peaks was similar to that of sample V0 (without a 

magnetic field), which is shown in Figure 3.4. This indicates that the c-axes of the NPs in the 

film prepared without a magnetic field were aligned in the horizontal direction. 

The magnetic properties of the horizontally aligned film (sample H) are shown by the 

demagnetization field corrected hysteresis loop in Figure 3.7 (b). The application of a magnetic 

field of 0.6 T in the horizontal direction impairs the magnetic properties [Mr/Ms, Hc, and 

(BH)max values of 0.32, 2.1 kOe, and 0.42 MG Oe, respectively] compared with those of the 

film sample prepared without a magnetic field (sample V0). These results show that the 

magnetic properties of the α″-Fe16N2 magnetic film are governed by the alignment of the 

magnetic moment of the NPs, which can be tuned by applying an external magnetic field during 

film preparation.  

 
Figure 3.7. XRD pattern (a) and magnetic hysteresis loop (b) of α″-Fe16N2/Al2O3 NP film 

under a horizontally applied magnetic field. 

 

The relationship between the alignment of the magnetic moment of the α″-Fe16N2 NPs and 

the magnetic performance of the film, as shown in Figure 3.8, confirms that both Hc and 

(BH)max increased with increasing the alignment of the magnetic moment. It was estimated that 

the maximum Hc and (BH)max values were approximately 8 kOe and 7 MGOe, respectively, at 

the perfect alignment. The low value of (BH)max value may arise from the presence of resin in 

the film. These results are important for the development of spintronic device applications and 
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also suggest the possibility of the nanostructuration of bulk anisotropic magnetic materials by 

magnetic field induced compaction of single-domain α″-Fe16N2 NPs. 

 

 
Figure 3.8. Relationship of magnetic NP alignment with magnetic properties of α″-Fe16N2 NP 

film. 

3. 4 Conclusion  

The magnetic field induced single domain core-shell α″-Fe16N2 NP films show densely 

packed NP assemblies. The XRD and SQUID analyses show increases in the alignment of the 

magnetic moment of the NPs and the magnetic properties with the increase in the magnetic 

field applied vertically to the film substrate. At 1.2 T, the alignment of the magnetic moment 

increased by 35%, whereas the Hc, Mr, and (BH)max increased by 24%, 66%, and 160%, 

respectively. The maximum Hc and (BH)max values can be estimated from the relationship 

between the alignment of the magnetic moment and the magnetic properties to be 

approximately 8 kOe and 7 MGOe, respectively. These results imply that core–shell α″-

Fe16N2/Al2O3 NPs have the potential for the construction of bulk magnetic materials with 

tunable magnetic performances by applying a magnetic field. 
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Chapter 4 

Synthesis of α″-Fe16N2/Polyvinylpyrrolidone magnetic 

nanocomposite fibers under magnetic field 

4. 1 Introduction  

Nanocomposite fibers with magnetic nanoparticles (NPs) embedded in the polymer matrix 

are increasingly gaining attention due to the fact that the geometrical dimensions of these 

materials are comparable to key magnetic length scales, such as the exchange length or the 

domain wall width [1, 2]. These materials also have potential applications in many fields, such 

as magnetic sensors, magnetic filters, microwave absorbers, tissue-engineering scaffolds, 

electromagnetic wave absorbers, magnetic catalysts, ferroelectric photovoltaic devices, and 

magnetic hyperthermia [3-6]. Among the methods used to synthesize polymeric fibers, 

electrospinning is a versatile and effective technique for producing fibers with diameters 

ranging from a few hundred nanometres to several micrometres [7]. The relatively high 

production rate and simplicity of the setup make electrospinning highly attractive to both 

academia and industry. 

Several studies of the synthesis of magnetic polymeric fibers containing magnetic NPs, 

i.e. Fe3O4 NPs, via magnetic-field assisted electrospinning have been reported [8-10]. Yang 

et al fabricated well-aligned poly(vinyl alcohol) fibers by placing two magnets at the sides of 

the collector during electrospinning [8]. Wang et al used a similiar magnetic-field configuration 

to produce aligned polyvinylpyrrolidone (PVP)/Fe3O4 fibers, but further plasma treatments 

were conducted to obtain pure Fe3O4 fibers with an average diameter of 200 nm. A different 

configuration was reported by Ajao et al in which a cylindrical magnet was employed to 

produce well-aligned poly(ethylene oxide) [10]. However, the effects of the applied magnetic 

field on the fiber diameter and magnetic properties have not been thoroughly analyzed, despite 

the production of well-aligned fibers. 

The magnetic performances of magnetic nanocomposite fibers are significantly affected by 

the magnetic properties of the embedded NPs. It has been reported that α″-Fe16N2 NPs have the 

highest saturation magnetization and a high magnetic moment, and have potential as rare-earth-

free magnetic materials [11]. Recently, our group successfully synthesized core–shell 

structured α″-Fe16N2 NPs from α-Fe and Al2O3 as the core and shell, respectively, via a gas-

phase method [12-14]. The obtained core–shell magnetic NPs consisted of partially 
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agglomerated and aggregated α″-Fe16N2 NPs, thus dispersion is necessary to prepare well-

dispersed single-domain α″-Fe16N2 NPs. In our recent research, we have succeeded in 

dispersing these core–shell α″-Fe16N2 NPs into primary particle size in the organic solvent 

without destroying their structure via low-energy bead-mill dispersion [15]. Single-domain 

MNPs are of tremendous interest both from a fundamental viewpoint and for their potential 

applications due to their unique magnetic properties, such as enhanced coercivity, and chemical 

catalytic properties, integrated with their high specific surface area [16]. 

Based on these results, we found that these NPs, with their excellent magnetic properties, 

have a potential use in highly magnetic nanocomposite fibers. Further, to the best of our 

knowledge, there is no report of the use of core–shell α″-Fe16N2 NPs in nanocomposite fibers. 

Therefore, the synthesis of high-magnetic-performance fibers using α″-Fe16N2 NPs would be 

an interesting advance in the development of magnetic nanocomposite fibers. 

In this research, the synthesis of magnetic nanocomposite fibers containing core–shell α″-

Fe16N2/Al2O3 NPs in PVP via magneto-electrospinning was reported. A ferrofluid of dispersed 

α″-Fe16N2 NPs in a PVP-toluene-methanol solution was used as the precursor solution. We 

compared magnetic fibers containing α″-Fe16N2 NPs acting as a hard magnet with those 

containing a soft magnet, i.e. α-Fe NPs, to investigate the effects of NP magnetic strength on 

the fiber properties. Two different magnetic NP loadings were used to investigate their effect 

on the fiber formation. The effect of the applied magnetic field on the morphology and 

magnetic performance of electrospun magnetic nanocomposite fibers was examined by 

applying an external magnetic field in the same direction as the electrospinning, which is 

expected to significantly improve the magnetic performance. 

4. 2 Experimental 

4.2.1 Preparation of raw materials 

The core-shell single-domain α″-Fe16N2 /Al2O3 NPs used as the raw materials in this study 

were prepared via nitridation of core–shell single-domain α-Fe/Al2O3 NPs, which were 

synthesized and stored in a glove box with an N2 environment, as reported in previous study 

[12]. The core–shell α-Fe/Al2O3 NPs were prepared using a one-step radio-frequency thermal 

plasma process [13]. The other raw materials, such as PVP (K-90), toluene (99.95%), and 

methanol (99.95%), were purchased from Kanto Chemicals, Tokyo, Japan, and were used 

without further treatment or purification. 
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4.2.2 Preparation of ferrofluid for electrospinning 

Magnetic NP slurries were prepared from concentrated core–shell α″-Fe16N2/Al2O3 and 

α-Fe/Al2O3 NPs dispersed in toluene. The NPs were obtained by a low-energy bead-mill 

dispersion process in same manner reported in our recent study [15]. The magnetic NP slurries 

were mixed with a PVP solution to make a ferrofluid precursor for electrospinning with two 

different loadings of 16.5 wt% and 28.4 wt% of magnetic NPs. The PVP solution was 

obtained by dissolving 15 wt% PVP in a mixture of toluene and methanol with a mass ratio of 

1:1. The electrical conductivity of the ferrofluid precursors (WM-50EG, DKK-TOA Corp., 

Japan) is shown in Table 4.1. The electrical conductivity of the PVP solution was 129.9 μS 

m−1. 

Table 4.1. Electrical conductivities of ferrofluid precursors 

Fibers NPs 
loading 

Electrical conductivity 
(mS/m) 

α-Fe /PVP 28.4 wt% 0.434 
16.5 wt% 0.730 

α″-
Fe16N2/PVP 

28.4 wt% 0.483 
16.5 wt% 0.760 

 

4.2.3 Magneto-electrospinning 

An external magnetic field of 0.1 T was applied to the aluminum foil substrate 

perpendicular to the collector and parallel to the electric field in the electrospinning system, as 

shown in the schematic diagram of the magneto-electrospinning apparatus in Figure 4.1. The 

ferrofluids were loaded into a 1000 μl glass syringe with a stainless-steel needle and an inner 

diameter of 0.21 mm. The solution was fed through the needle using a syringe pump (PhD 

2000, Harvard Apparatus) at a flow rate of 2–20 μl min−1 to examine the effect of ferrofluid 

flow rate. The needle was connected to a high-voltage power supply (Matsusada HER 20R3, 

Matsusada Precision) with a dc voltage capacity of 20 kV. A positive electrical potential 

varying within a certain range was applied to the needle to create a stable Taylor cone. During 

the electrospinning process, the solvent evaporated and altered fibers were collected 

electrostatically on a grounded silicon wafer attached to the aluminum foil, which was placed 

11 cm from the needle tip. The environment during electrospinning was kept at a temperature 

of (30±2) °C and a relative humidity of (30±5) %. 
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Figure 4.1. Schematic diagram of the magneto-electrospinning apparatus 

4.2.4 Characterization 

The morphologies of the prepared nanocomposite fibers were examined using field 

emission scanning electron microscopy (FE-SEM; Hitachi S-5000, Hitachi, Japan, operated at 

20 kV) and transmission electron microscopy (TEM; JEM-3000F, JEOL Ltd, Japan). The fibers 

were also examined using x-ray diffraction (XRD; D2 Phaser, Bruker, Germany, Cu Kα 

radiation, scanning range 2θ=20°–80°). A superconducting quantum interference device 

magnetometer (SQUID; MPMS 5XL, Quantum Design, Japan, operated at 300 K) was used to 

determine the magnetic properties of the prepared nanocomposite fibers. 

4. 3 Results and discussion 

4.3.1 Core–shell α″-Fe16N2 /Al2O3 and α-Fe/Al2O3 NPs 

Figure 4.2 shows the morphologies of the core–shell α″-Fe16N2 and α-Fe NPs. Figure 4.2 

(a), (d), (b), (e), and (c), (f) show the SEM and TEM images and size distributions, respectively, 

of the core–shell α″-Fe16N2 and α-Fe NPs. The SEM images show the as-prepared magnetic 

NPs, and the TEM images show the NPs after bead-mill dispersion. The SEM images and 

particle size distributions show that before bead-mill dispersion, the α″-Fe16N2 and α-Fe NPs 

both consisted of agglomerated spherical particles with average sizes of 48.4 and 46.9 nm, 

respectively. The TEM images confirmed that the α″-Fe16N2 and α-Fe NPs were well dispersed 

after bead-mill dispersion. Furthermore, core–shell structures were observed for both types of 

NP with an average shell thickness of 4 nm. 
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Figure 4.2 SEM and TEM images, and size distributions of core-shell α″-Fe16N2/Al2O3 (a), (b), 

(c) and α-Fe/Al2O3 (d), (e), (f) NPs, respectively. 

4.3.2 Electrospun PVP fibers 

 

Figure 4.3 SEM images and size distributions of electrospun PVP fibers prepared without (a) 

and with (b) magnetic field. 

The SEM images and size distributions of the electrospun PVP fibers without embedded 

magnetic NPs at fixed flow rate 2 μl min−1 are shown in Figure 4.3. Figure 4.3 (a) shows that 

the fibers prepared without the presence of a magnetic field have an average diameter of 532 
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nm, with a standard deviation of 0.065. After application of a magnetic field, as shown in 

Figure 4.3 (b), the electrospun fiber’s diameter became slightly smaller, with an average 

diameter of 468 nm and a standard deviation of 0.061. Application of a magnetic field increases 

the stability of the electrospinning jet, leading to the formation of fibers with smaller and more 

uniform diameter. 

4.3.3 Electrospun magnetic nanocomposite fibers 

 

Figure 4.4. XRD patterns of the nanocomposite magnetic fibers with magnetic NP loadings of 

28.4 wt%. (a) and (b) are α″-Fe16N2/PVP and α-Fe/PVP magnetic nanocomposite 

fibers, respectively. 

The nanocomposite fiber was prepared by embedding magnetic NPs into the fibers. The 

XRD patterns of as-spun α″-Fe16N2 and α-Fe magnetic nanocomposite fibers prepared with a 

magnetic field and magnetic NP loading of 28.4 wt% at fixed flow rate of 3 μl min−1 are shown 

in Figure 4.4. The plots show that there is no phase change observed in the XRD pattern of the 

well dispersed core–shell α″-Fe16N2 and α-Fe NPs, solutions, and fibers. The crystal properties 

of the magnetic NPs after electrospinning are not significantly different from those of the 

particles before electrospinning. This indicates that there is no phase change of the magnetic 

NPs after the electrospinning process. A decrease in the peak intensities of both magnetic NPs 
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after electrospinning was observed, indicating the effect of the polymer used on the NPs in the 

nanocomposite fibers. 

Figure 4.5 shows the TEM images of the as-spun magnetic α″-Fe16N2 nanocomposite 

fibers with an NP loading of 28.4 wt% prepared without (a) and with (b) magnetic field. These 

images show that the core-shell α″-Fe16N2 NPs are inside the fibers without any NPs on the 

fiber surface. The images show different NP distributions inside the fibers. For fibers prepared 

without the existence of magnetic field, the NPs are randomly distributed. However, after the 

applying the magnetic field, the NPs are aligned along the fiber and the diameter of the fiber is 

decreased. These results show that application of the magnetic field is not only reducing the 

fiber diameter but also aligning the NPs inside the fiber. This NPs alignment is possible because 

of the well-dispersed state of the NPs. Figure 4.5 (c) and (d) show the SAED pattern and high-

resolution TEM image of a α″-Fe16N2 NP inside the fibers, respectively. These images confirm 

that the magnetic NP present was single-domain α″-Fe16N2. The interplanar spacing is 

measured to be 5.47 Å, which is consistent with the (110) crystal structure of a bct α″-Fe16N2 

phase. 

 
Figure 4.5. TEM images of magnetic α″-Fe16N2/PVP nanocomposite fibers produced with an 

NP loading of 28.4 wt% without (a) and with (b) magnetic field. (c) and (d) are the 

SAED pattern and HRTEM image of α″-Fe16N2 NP inside the fiber. White lines in 

panels (a) and (b) show the fiber diameter. 
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4.3.4 Evaluation of electrospun magnetic nanocomposite fibers 

Table 4.2 shows the FE-SEM images of electrospun α″-Fe16N2 and α-Fe magnetic 

nanocomposite fibers prepared without (a)–(d) and with (e)–(h) a magnetic field, at a fixed 

flow rate of 3 μl min−1. The average diameters of the fibers prepared without a magnetic field 

shown in Table 4.2 (a)–(d) are 1.84, 1.56, 2.35, and 1.69 μm, respectively. Table 4.2 (e)–(h) 

shows the fibers prepared with a magnetic field, for which smaller average diameters of 1.25, 

1.19, 1.44, and 1.09 μm were observed. 

These findings confirm the results for electrospun PVP fibers, although the diameter of 

the composite fiber was larger than that of PVP alone. This increase was due to the addition of 

NPs inside the fibers. The fibers produced by electrospinning with a magnetic field applied 

also have more uniform diameter than those without the magnetic field. The details of the size 

distributions and standard deviations of the prepared fibers are given in Table 4.3. These results 

are in good agreement with previous reports that studied the effect of Fe3O4 NPs on magnetic-

field-assisted electrospinning, although the magnetic field in these studies was applied 

perpendicular to the electric field. They explained that by applying a magnetic field during the 

electrospinning process, fibers with smaller and more uniform diameter were produced. 

However, the reason for the smaller diameter was not explained [17, 18]. 

The diameter of the α″-Fe16N2 fibers was smaller than those of the α-Fe fibers. This is due 

to the electrical conductivity of the α-Fe solution, which is smaller than that of the α″-Fe16N2 

solution. The higher electrical conductivity produces a smaller jet diameter, which results in a 

smaller fiber diameter [19]. The electrical conductivity of the solution with a magnetic NP 

loading of 16.5 wt% was higher than that of the 28.4 wt% NP loading because the electrical 

conductivity of the solution of each precursor depends on the ratio of the toluene and methanol: 

the 16.5 wt% loading contained a larger amount of methanol. However, the diameters of the 

fibers with an NP loading of 28.4 wt% are smaller than those of 16.5 wt%. This is because the 

change of fiber diameter is not only influenced by electrical conductivity but also by the 

viscosity and magnetic NP content of the solutions. The solution with an NP loading of 28.4 

wt% has a smaller viscosity and higher magnetic NP content than that with a loading of 16.5 

wt%, leading to the formation of smaller diameter fibers. 
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Table 4.2. SEM images of magnetic α″-Fe16N2 /PVP and α-Fe/PVP nanocomposite fibers at 

flow rate of 3 μl/min 
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Without magnetic 
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Table 4.3. Diameter distributions of nanocomposite fibers prepared without and with applied 

magnetic field.  

 
 

4.3.4.1. Effect of flow rate on the fiber diameter  

The fiber diameter is one of the most important physical properties of the electrospun 

fibers. Many researchers have developed analytical models of the relationship between the 

electrospinning parameters and fiber diameter. One of the most widely used models was 

reported by Fridrikh et al [20]. For a constant solution surface tension and permittivity, the 

equation can be simplified as follows: 

 

Here, df is the fiber diameter, Q is the flow rate, and I is the electric current. This model assumes 

that solvent evaporation is insignificant prior to attainment of the limiting diameter. Solvent 

evaporation changes the diameter but not the length of the fibers.  

Figure 4.6 shows plots of the average diameter of α″-Fe16N2 (a) and α -Fe (b) 

nanocomposite fibers against the inverse of the volume charge density Q/I for different MNP 

loadings on a log scale. The relationship between fiber diameter and flow rate obeys a power 

law for fibers prepared both without and with a magnetic field. Linear regression gives slopes, 

intercepts and R2 values, which are summarized in Table 4.4. These results imply that the 

increase in the average diameter with increasing Q follows a power law, i.e. d≈ (Q/I)0.612 and 

d≈(Q/I)0.427, for α″-Fe16N2 fibers with an NP loading of 28.4 wt% prepared without and with a 

magnetic field, respectively. For α-Fe fibers, the power laws were d≈(Q/I)0.489 and d≈(Q/I)0.320. 
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Figure 4.6. Plots of log df (average nanocomposite fiber diameter) against log (Q/I) at different 

MNP loadings. (a) and (b) are the α″-Fe16N2/PVP and α-Fe/PVP nanocomposite 

fibers, respectively. 

The difference in the exponent from that in the model developed by Fridrikh et al may be 

due to the solution properties (viscosity and conductivity) and the MNPs embedded in the fibers. 

The model developed by Fridrikh et al neglects the effect of viscosity and conductivity on the 

final fiber diameter. Viscosity may play a role in determining the rate of jet thinning in the 

system between the nozzle and asymptotic [21]. By embedding MNPs, the conductivity of the 

precursor increased, which increased the current flow through the fibers. This would lead to a 

decrease in the diameter of the fiber. 

The power coefficients of α-Fe fibers were lower than that of α″-Fe16N2 fibers. However, 

the power coefficients of both fibers are still lower than that obtained from model, which is 

0.667. Increasing the magnetic NP loading also increased the power coefficient for fibers 

prepared both without and with a magnetic field. However, application of the magnetic field 

decreased the power coefficient, with a greater decrease experienced by α-Fe fibers. These 

show the effect of the magnetic properties of the NPs embedded on fiber formation, namely 

that α″-Fe16N2 NPs have a stronger effect than α-Fe NPs. The magnetic strength increases with 

increasing numbers of NPs in the fibers. This result also shows that the effect of magnetic field 

is more significant on α″-Fe16N2 fibers than that of α-Fe fibers. For the α″-Fe16N2 fibers, the 

effect of the magnetic NPs was greater than that of the applied magnetic field. This verifies 

that the fiber diameter decreases on application of a magnetic field. The difference in the 

intercept value was dependent on the ferrofluid properties. 
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Table 4.4. Power law exponents of prepared fibers under various conditions 

Fibers MNPs loading 16.5 wt% 28.4 wt% 

Slope Intercept R2 value Slope Intercept R2 value 

α”-Fe16N2 
Without 
magnetic field 0.469 -4.263 0.979 0.612 -3.604 0.929 

With magnetic 
field 0.314 -4.802 0.895 0.427 -4.239 0.960 

α -Fe 
Without 
magnetic field 0.325 -4.612 0.966 0.489 -3.756 0.946 

With magnetic 
field 0.119 -5.287 0.847 0.320 -4.291 0.964 

 

4.3.4.2. Effect of applied magnetic field on fibers diameter 

The large improvement in fiber uniformity can be attributed to the control of the cone-jet 

geometry by an electric current or reduction of the spinning jet instability by applying a 

magnetic field during electrospinning [22, 23]. The magnetic field can balance the force that 

reduces the instability that can cause formation of branched fibers. Under a magnetic field, the 

current generates a centripetal ampere force, Fm, on the jet, the direction of which is towards 

the initial equilibrium point [24]. 

 

where qe is the electric charge, B is the magnetic induction, I is the current, M is the 

magnetization, P is the polarization, u is the velocity of the jet, and c is the velocity of light in 

a vacuum. The produced Fm will lead to a straightened whipping circle, resulting in an increase 

in the velocity of the moving jet (u). In other words, an increase in Fm results the increase in 

u, (u F ≈ m). According to mass conservation, the diameter of the fiber decreases with 

increasing velocity of the jets (d2
f/4 ~ 1/u). This means that the fiber diameter decreases on 

application of a magnetic field. Furthermore, the decrease in the diameter of the whipping circle 

increases the cone-jet stability, which will drive production of a more uniform fiber. 

4.3.5. Magnetic properties of electrospun magnetic nanocomposite fibers 

The magnetic properties of the α″-Fe16N2 nanocomposite fibers prepared without and with 

a magnetic field were evaluated from the hysteresis curves. Figure 4.7 shows the magnetic 

properties of the nanocomposite fibers, obtained by SQUID analysis at 300 K, where an 

extremely high magnetization was observed. The measured saturation magnetization (Ms) 

values of the magnetic fibers prepared by electrospinning were 44.01 and 49.29 emu g−1 for 
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fibers prepared without and with a magnetic field, respectively. The Ms value of the fibers 

prepared with a magnetic field was slightly higher than that of the fibers prepared without an 

applied magnetic field, which may be due to the different number of magnetic NPs inside the 

fibers. The Ms values of the prepared fibers were smaller than that of the α″-Fe16N2 NPs (144 

emu g−1) due to the effect of the polymer mass in the nanocomposite fibers. 

The magnetic coercivity of the fibers prepared without the magnetic field was 0.83 kOe. 

After applying magnetic field, Hc was enhanced to 1.02 kOe. This result indicates that the 

magnetic moments of the NPs were aligned by the magnetic field, which means that aligment 

of the particles in the fibers significantly enhanced the magnetocrystalline anisotropy of the 

fibers, increasing their magnetic performance. The Hc value of the nanocomposite fibers is 

smaller than that of the α″-Fe16N2 NPs (2.3 kOe). The magnetic remanence values of the fibers 

prepared without and with a magnetic field were 7.37 and 9.01 emu/g. The hysteresis curve of 

the α″-Fe16N2 magnetic NPs shows a great increase on magnetization by applying a small 

magnetic field. This implies that α″-Fe16N2 NPs have a sensitive magnetic property, which is a 

promising feature for application in magnetic sensors. 

 

Figure 4.7. Hysteresis curves of nanocomposite α″-Fe16N2/PVP magnetic fibers with an MNP 

loading of 28.4 wt%. 

The core-shell α″-Fe16N2 NPs were spherical particles dispersed as single-domain NPs. 

Their surfaces were covered with surfactant molecules, enabling the magnetic NPs to rotate 

freely in their positions. Fixing the magnetic NPs inside the fibers would prevent degradation 

of the NP performance and agglomeration caused by the coupling magnetic moment. Figure 
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4.8 (a) shows the initial SQUID analysis of the α″-Fe16N2 fibers. The curve slope of the fibers 

prepared with a magnetic field indicates that the applied magnetic field caused the magnetic 

NPs to align inside the fibers. The possible magnetic NP directions inside the fibers based on 

these results are shown in Figure 4.8 (b). The applied magnetic field promoted the alignment 

of the magnetic NPs, which led to a reduction in the fiber diameter. Without the magnetic field, 

the magnetic NPs were randomly distributed inside the fiber. After applying a magnetic field, 

the NPs aligned along the fiber and formed a chain. During electrospinning, the magnetic 

moment of the NPs was perfectly aligned along the fiber length due to the external magnetic 

field. After deposition on the collector, the direction of the magnetic moments was slightly 

changed along the magnetic field direction as the particle moved closer to the external applied 

magnet. 

 

Figure 4.8. (a) Initial SQUID analysis of nanocomposite α″-Fe16N2/PVP magnetic fibers with 

a MNP loading of 28.4 wt%. (b) Schematic diagram of possible magnetic particle 

directions inside fibers prepared without and with a magnetic field. 

4. 4 Conclusion  

The morphology of two kinds of magnetic nanocomposite fiber with either core–shell 

single-domain α″-Fe16N2/Al2O3 or α-Fe/Al2O3 NPs embedded in PVP as a function of flow rate 

was examined in a magneto-electrospinning system. In this system, an external magnetic field 

of 0.1 T was applied parallel to the electric field. The experimental results showed that the 
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applied magnetic field gave the fiber a smaller diameter and a more uniform distribution. The 

higher loading of either α″-Fe16N2 or α-Fe NPs in the fiber resulted in smaller diameters than 

the lower loading. It was found from the TEM observation that the α″-Fe16N2 NPs were aligned 

stably in one dimension along the longer direction of the fiber. No change in the crystal 

structure of α″-Fe16N2 due to the electrospinning was observed. Further, the SQUID 

measurements for the 28.4 wt% loading of α″-Fe16N2 NPs revealed an extremely high 

saturation magnetization of 49 emu/g with a coercivity of 1 kOe. These results suggest the 

potential of constructing bulk magnetic materials using α″-Fe16N2 NPs, which furthermore 

reveals promising features for many other magnetic applications, such as magnetic sensors.  
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Chapter 5 

Summary and conclusion 

Magnetic materials play a key role in modern life since these magnetic materials have been 

currently being applied in human life and industrial applications, such as magnetic recording 

devices, motor, biomedical, sensor, spintronic devices, energy alternatives, etc. α″-Fe16N2 

nanoparticles (NPs), which have the highest magnetic moment among the ferromagnetic 

materials, has believed as a potential new rare-earth-free magnetic material. However, α″-

Fe16N2 NPs has strong magnetic interaction among NPs which lead to small magnetic 

coercivity value. Therefore, a method to enhance the magnetic performance of this NPs is 

highly desired for new generation of high performance magnetic materials. Alignment of the 

magnetic moment of the α″-Fe16N2 NPs resulted in an enhancement of their magnetic properties. 

Therefore, detailed understanding on the preparation of magnetically aligned α″-Fe16N2 

nanocomposite and their magnetic performance are highly desired to make clear the application 

of this material for the formation of high performance of rare-earth-free magnetic material. 
In this dissertation, the synthesis of α″-Fe16N2 magnetic NPs composites were successfully 

prepared from well-dispersed single phase core-shell α″-Fe16N2/Al2O3 NPs which are 

synthesized from -Fe/Al2O3 by reduction and nitridation process followed by dispersion of 

the nitrided samples using bead-mill dispersion process. The α″-Fe16N2 NPs composites were 

prepared by spin-coating for film and electrospinning for fibers under applied external 

magnetic field. For the conclusion of the dissertation, the major results are summaries as 

follows:  

1. Nanostructured spherical core–shell single-domain α″-Fe16N2/Al2O3 NPs films were 

prepared by spin-coating of well-dispersed core–shell α″-Fe16N2/Al2O3 NPs in toluene. 

The spherical α″-Fe16N2 NPs were aligned under an applied magnetic field of 1.2 T 

during spin coating. XRD results confirmed the successful alignment of the core–shell 

α″-Fe16N2/Al2O3 NPs in the film. Kerr effect evaluation showed that the spin-coated 

core–shell α″-Fe16N2/Al2O3 NPs had a higher Hc of 3.5 kOe than the as-prepared α″-

Fe16N2/Al2O3 NPs (2.5 kOe). SQUID analysis shows the increase in Hc and Mr of 

22.7% and 55.2%, respectively, after the application of magnetic field. 

2. The effect of magnetic field strength on the alignment of single-domain α″-

Fe16N2/Al2O3 NPs films were investigated in detail. The XRD and SQUID analyses 



 Chapter 5. Summary 

64 

 

show increases in the alignment of the magnetic moment of the NPs and the magnetic 

properties with the increase in the magnetic field applied vertically to the film substrate. 

At 1.2 T, the alignment of the magnetic moment increased by 35%, whereas the Hc, 

Mr, and (BH)max increased by 24%, 66%, and 160%, respectively. The maximum Hc 

and (BH)max values can be estimated from the relationship between the alignment of the 

magnetic orientation and the magnetic properties to be approximately 8 kOe and 7 

MGOe, respectively. 

3. The morphology of magnetic nanocomposite fiber with core–shell single-domain α″-

Fe16N2/Al2O3 NPs embedded in PVP as a function of flow rate was examined in a 

magneto-electrospinning system. In this system, an external magnetic field of 0.1 T was 

applied parallel to the electric field. The experimental results showed that the applied 

magnetic field gave the fiber a smaller diameter and a more uniform distribution. The 

higher loading of α″-Fe16N2 NPs in the fiber resulted in smaller diameters than the lower 

loading. It was found from the TEM observation that the α″-Fe16N2 NPs were aligned 

stably in one dimension along the longer direction of the fiber. No change in the crystal 

structure of α″-Fe16N2 due to the electrospinning was observed. Further, magnetic 

hysteresis curves showed an enhancement of the magnetic coercivity (Hc) and 

remanence (Mr) by 22.9% and 22.25%, respectively. 

From the conclusions stated above, it is can be highlight that the magnetic performance 

of the α″-Fe16N2/Al2O3 NPs can be enhanced by aligning the magnetic moment of the NPs. The 

highest magnetic performance of α″-Fe16N2 materials can be achieved by perfectly aligned their 

magnetic moment under higher applied magnetic field. These results imply that core–shell 

single-domain α″-Fe16N2/Al2O3 NPs have the potential for the construction of bulk magnetic 

materials with tunable magnetic performances by applying a magnetic field. The results of this 

research also showed that the magnetic properties of magnetic materials can be tuned by tuning 

their magnetic moment. This magnetic property tuning process is also possible to be applied to 

others magnetic materials.  
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