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resumo 
 

 

Neste trabalho, exploramos magnetes permanentes nano-estruturados, livres 
de terras raras, incluíndo filmes finos, nanopartículas e nanocompósitos 
focando magnetes de Alnico e hexaferrites. Investigamos os efeitos de 
diferentes condições de tratamento térmico nas propriedades estruturais e 
magnéticas de filmes finos de Alnico V pulverizados por RF em substratos de 
Si. Fizemos uma análise mais aprofundada das várias amostras tratadas 
termicamente para desvendar a origem da alta coercividade nesses filmes 
finos com uma recentemente descoberta fase Tetragonal Centrada no Corpo 
(bct) rica em Fe-Co. Os magnetes exchange-spring também são explorados, 
e.g.  hexaferrite de bário (BaM) e hexaferrite de estrôncio (SrM). Investigamos 
a possibilidade de revestir partículas de hexaferrite semelhantes a flocos de 
BaM e SrM por meio de métodos hidrotérmico e de coprecipitação para 
preparar nanocompósitos tipo núcleo-casca de BaM/Fe3O4 e SrM/Fe3O4, onde 
as partículas de ferrite foram preparadas por meio de método sol-gel de 
combustão. Mostramos como a relação de fases magnéticas macia e dura, 
mais as condições de preparação otimizadas, levam a um aprimoramento 
significativo das suas propriedades magnéticas duras em comparação com  
pós de ferrite comerciais. Além disso, usando o pó de nanocompósito de alto 
desempenho, investigamos as propriedades mecânicas e magnéticas do pó do 
nanocompósito comprimido a quente em uma matriz de epóxi. Mostramos 
como a combinação pó-resina e as condições de preparação levam à 
obtenção de propriedades mecânicas otimizadas e a um aprimoramento do 
produto de energia máxima do magnete composto. Finalmente, realizamos 
simulações micromagnéticas para melhor compreender e apoiar os resultados 
experimentais do comportamento de acoplamento de troca dos 
nanocompósitos magnéticos duros-macios de BaM/Fe3O4. Mostramos como a 
espessura das partículas BaM afetam a coercividade e como a fração de 
volume de cada fase magnética, assim como a área de interface entre elas, 
afetam o comportamento de acoplamento de troca bem como o produto 
energético máximo dos magnetes de nanocompósitos. 
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Abstract 

 
 
 
In this work we explore on the rare-earth free nanostructured permanent 
magnets, including thin films, nanoparticles and nanocomposites with the focus 
on Alnico magnets and hexaferrites. Here we investigate the effects of different 
heat treatment conditions on structural and magnetic properties of RF-
sputtered Alnico V thin films on Si substrates. We show an in-depth analysis of 
the various heat treated samples with high coercivity to unveil the origin of high 
coercivity in these thin films with a recently discovered Fe-Co rich Body-
Centered Tetragonal (bct) phase. Exchange-spring magnets are also explored, 
namely barium hexaferrite (BaM) and strontium hexaferrite (SrM). We   
investigate on the possibility of coating BaM and SrM flake-like hexaferrite 
particles via a hydrothermal and coprecipitation method to prepare core-shell-
like BaM/Fe3O4 and SrM/Fe3O4 nanocomposites, where the ferrite particles 
where prepared via a sol-gel auto-combustion method. We show how 
optimised hard to soft magnetic phase ratio and preparation conditions lead to 
a significant enhancement in their hard magnetic properties compared to 
commercial ferrite powders. Moreover, we employ the prepared high-
performance exchange-coupled nanocomposite powder and investigate the 
mechanical and magnetic properties of warm compressed nanocomposite 
powder in an epoxy matrix. We show how the powder-to-resin ratio and 
preparation conditions lead to optimised mechanical properties, and 
enhancement in the maximum energy product of the composite magnet. 
Finally, micromagnetic simulations were employed to better understand and 
support the experimental results of the exchange coupling behaviour of the 
BaM/Fe3O4 hard-soft magnetic nanocomposites. We show how the thickness of 
BaM particles affect their coercivity and how the volume fraction of each 
magnetic phase, together with their interface area, affect the exchange 
coupling behaviour and maximum energy product of the nanocomposite 
magnets. 
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Chapter 1

Introduction

Magnetic materials are essential for modern lifestyle and industries. They are used

in many electronic devices and medical equipment, and in emerging energy applica-

tions, such as renewable energy conversion and refrigeration. They also play a major

role in electric motors, wind turbines and hydroelectric power generators, and hybrid

car motors. For the past couple of centuries, electric motors played the main role in

the technological society. In developed countries, nearly 20% of the produced electric-

ity is consumed by electric motor devices in the industrial sectors. Therefore, a few

percent of improvement in the efficiency of these electrical motors leads to saving of

billions of dollars and reduction of CO2 emissions. Thus, high-performance hard and

soft magnets are necessary to make electric devices lighter and more energy efficient

[1–4]. Considering the current applications, magnetic materials can be divided into

two main groups: soft magnetic materials, which are easy to magnetise and demag-

netise, and hard magnetic materials, which are hard to magnetise and demagnetise.

Soft magnetic materials, such as iron, cobalt, nickel etc., have high permeability and

low coercivity. On the other hand, the primary requirement of hard magnetic mate-

rials is high coercivity. The high coercivity is essential to increase the resistance to

demagnetisation of the hard magnets, making them suitable to be used as permanent

magnets [5]. Examples of hard magnetic materials are Alnico, barium and strontium

ferrites and neodymium magnets. Figure 1.1 shows the distinguished characterisations

of hard and soft magnetic materials.

The focus in this work is to improve characteristics of rare-earth free permanent

1
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Fig. 1.1: Hysteresis curve of soft and hard magnetic materials [6].

magnets namely Alnico magnets and ferrite-based magnets. Before going any further,

we shall first explore the main characteristics of magnetic materials.

1.1 Figure of Merit of Permanent Magnets

In ferromagnetic materials, the magnetisation (M ) has a nonlinear response to an ap-

plied magnetic field (H ) and shows hysteresis behaviour (Figure 1.1). Several features,

that represent the magnetic properties of a magnetic material, characterise the hys-

teresis loop. In this section, we will explore the key features of ferromagnetic materials

derived from the MH curves.

1.1.1 Saturation Magnetisation

At large enough values of the applied magnetic field, the magnetisation reaches its

highest possible value. This constant value is called saturation magnetisation (Ms).

Spontaneous magnetisation depends on temperature and on heating falls sharply to

zero at the Curie temperature (TC). Ferromagnetic elements such as Fe, Co and Ni,

which have TC values above 600 K, show a spontaneous magnetisation Ms of 1720,

1370 and 485 kA/m (or emu/cm3 in cgs) at room temperature, respectively. For

magnetic ferrites such as magnetite (Fe3O4) and barium ferrite (BaFe12O19) the room

temperature Ms are 480 and 380 kA/m (emu/cm3), respectively [7, 8]. Magnetite
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and barium ferrite have a Curie temperature of 856 K and 723 K. To date, no new

ferromagnetic material has been discovered with a Ms greater than that of “Premendur”

alloy, Fe65Co35, discovered around 1920, with Ms of 1950 kAm−1 (Js = 2.45 T) [8].

1.1.2 Remanence

As can be seen in Figure 1.1, when the external magnetic field is removed from a

ferromagnetic materials, the magnetisation does not reduce to zero. The residual mag-

netisation at H = 0 is called remanence (Mr).

1.1.3 Coercivity

In order to remove the magnetisation of a ferromagnetic material, a negative external

field has to be applied. The intensity of the negative external field that removes

the magnetisation (M =0) is called intrinsic coercivity (Hci). Coercivity measures the

resistance of the ferromagnetic material to become demagnetised. The coercivity is an

important parameter to distinguish between a soft and hard magnetic material. Figure

1.2 shows the progress in the 20th century in expanding the range of coercivity of soft

and hard magnetic materials [8, 9].

1.1.3.1 Intrinsic Coercivity and Coercivity

When a ferromagnetic material is exposed to an external field H, the magnetic induction

inside the sample is referred as B. The total magnetisation M is given by the total

magnetic moments m per unit volume V. We then have:

M =
1

V

∑
V

m, (1.1)

B = H + 4πM (cgs), (1.2)

B =µ0(H+M) (SI), (1.3)

where µ0 is the magnetic permeability of free space (µ0 ≈ 4π × 10−7 N.A−2).
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Fig. 1.2: Progress in the 20th century in expanding the range of coercivity of the soft

and hard magnetic materials [8].

Both B vs. H and M vs. H show nonlinear hysteresis loops due to the mag-

netic domains existing in ferromagnetic materials. The curves differ at the saturation

point where it reaches a horizontal straight line in the MH plot whereas the constant

magnetic susceptibility is reflected as a slope in the BH plot. Figure 1.3 shows an

illustration of how the MH and BH hysteresis loops may differ in ferromagnetic ma-

terials. As seen in Figure 1.3, the value of coercivity is also different in both curves,

where the intrinsic coercivity (Hci) is the reverse external magnetic field required to

remove the magnetisation M from the remnant magnetisation Mr and coercivity (Hc)

is a reverse external magnetic field required to remove the induced magnetisation B

from the remnant induced magnetisation Br [9].

1.1.4 Maximum Magnetic Energy Product

The product BH has the unit of J/m3 in the SI units and G.Oe in the cgs units. The

point in the second quadrant of the hysteresis loop, also known as the demagnetisation

curve, where the area of the rectangle under the BH curve is maximised defines maxi-
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Fig. 1.3: (a) MH vs (b) BH curves. [9].

mum energy product (BH(max)) (Figure 1.4). This is the key figure of merit for a hard

magnet, and determines the maximum amount of magnetic energy that can be stored

in the permanent magnet [10].

The theoretical maximum magnetic energy product is calculated as:

BH(max) =
µ0Mr

2

4
, (1.4)

which has been estimated to be 125 MG.Oe (1 MJ/m3) [12]. Development in the energy

product of the permanent magnets increased rapidly by the beginning of 20th century,

as a result of using iron-based tungsten steel and cobalt steels with high magnetisation

as permanent magnets, with BH(max) ≈ 1 MG.Oe (≈ 8 kJ/m3) for the steels discov-

ered during the early part of the century [1]. Alnico magnets, alloys of Fe with Al, Ni

and Co, were the first advanced hard magnetic materials developed between 1930 and

1970. They are hard ferromagnets with high magnetisation and Curie temperatures

above 800 ◦C. The main drawback in applications of Alnico alloys is their relatively

low coercive field, below 700 Oe for the most used Alnico 5 or up to 1500 Oe for op-

timised Alnico 8 compositions [13–16]. In 1950s Philips laboratories introduced a new

generation of permanent magnets by developing the barium and strontium hexaferrites

(Ba/Sr)Fe12O19. These ceramics showed lower Curie temperature and magnetisation
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Fig. 1.4: The second quadrant showing both normal and intrinsic hysteresis curves and

key figures of merit. Maximum energy product, BH(max), is represented by the shaded

area [11].

comparing to Alnico magnets. However, the main advantage of these ceramic mag-

nets is their very large coercivities due to the large magnetocrystalline anisotropy [17].

Figure 1.5 shows the development of permanent magnets during the last century [1].

The major development in the energy product of the permanent magnets occurred in

the 1960s with the discovery of SmCo5, the first generation of rare-earth based per-

manent magnets. These magnets showed much larger energy product and coercivity

comparing to previous permanent magnets. They also have high Curie temperature

making them useful for high-temperature applications [18]. The high price of Sm and

Co sparked numerous attempts to produce permanent magnets with similar character-

istics of Sm-Co magnet in the 1970s and 1980s. In 1984 Sagawa et al. [19] reported

sintered and quenched Nd2Fe14B as the new iron-based rare-earth-based permanent

magnet of high energy product. The energy products of the Nd-based magnets, the

third generation of rare-earth magnets, were surprisingly larger than in the Sm-based

magnets. Since the introduction of Nd-based magnets, they have become the most

attractive permanent magnets in the growing market. The developments in the en-
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ergy product of the rare-earth permanent magnets during the past decades showed an

improvement from ≈ 1 MG.Oe (≈ 8 kJ/m3), for iron-based tungsten steels, to ≈ 3

MG.Oe (≈ 24 kJ/m3), for hexagonal ferrites, and finally peaked to ≈ 56 MG.Oe (≈

445 kJ/m3) for neodymium-iron-boron magnets [1, 2, 10].

Fig. 1.5: Development in the energy product of the permanent magnets in the 20th

century [1].

Table 1.1 shows the most relevant hard magnetic properties of the frequently used

permanent magnets.

1.2 Rare Earth Free Permanent Magnets

The main concern about the Nd2Fe14B magnets is the relatively low magnetocrys-

talline anisotropy and Curie temperature (≈ 300 ◦C). In order to increase the operating

temperature of Nd-based permanent magnets above ≈ 180 ◦C, typical in electric car

motors, a significant amount of heavy rare-earth elements (mainly Dy and Tb) must

be added to their composition [22–24]. For the excellent properties and relatively low

prices of the Nd-based magnets, they became the most important permanent magnets
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Table 1.1: Typical values for the most important magnetic properties of some perma-

nent magnets [20, 21].

Material Category Br (T)
Hc

(kA/m)

Hci

(kA/m)

BH(max)

(kJ/m3)

TW
∗

(◦C)

TC

(◦C)

MO·6(Fe2O3) Ferrite 0.2-0.4 150-290 200-380 8-30 250 450

Alnico Alloy 0.7-1.3 40-150 40-170 10-70
450-

550

810-

860

SmCo5

Rare

Earth

0.85-

0.95
600-720

1300-

2400
130-180

250-

300

685-

700

Nd2Fe14B
Rare

Earth
1.0-1.4

760-

1030

880-

3300
190-400

125-

150
310

* TW represents the maximum working temperature of the permanent magnet.

in the market in the past two decades. Currently Asia produces nearly the entire

global output of rare-earth metals (in particular, heavy rare-earths), which makes the

production of the current high performance rare earth magnets heavily dependent on

supply from this particular region. Rare-earth based magnets are the heart of many

modern technologies such as mobile phones, laptops and even highly efficient washing

machines. High-performance permanent magnets are also essential in the green econ-

omy. To put it into a perspective, an electric car carries ∼ 5 kg of rare-earth-based

magnets. Around 2 tonnes of rare-earth-based magnets are included in a wind turbine.

The demand for high rare-earth elements is booming from ∼ 30,000 tonnes in the 1980s

to ∼ 200,000 tonnes in 2015 [25]. Because of the relatively recent hike in 2011 in the

prices of rare-earth elements, and environmental issues with the mining and processing

of these elements, there has been a significant interest in the development of rare-earth

free permanent magnets for the European and US industry [1, 2, 26, 27].

1.2.1 Alnico Magnets

Alnico alloys are mainly composed of iron and cobalt, with about 30% of Al, Ni, Cu,

and Ti in some of its grades. This class of magnets takes advantage of the spinodal
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decomposition of the alloy during cooling into two body centred cubic (bcc) phases,

the Fe-Co-rich rod precipitates (α1) and the Al-Ni-rich matrix (α2). The anisotropic

growth of the α1 phase causes an anisotropic hysteretic response to the external mag-

netic field. The origin of the coercivity in Alnico alloys is mainly the shape anisotropy.

Compared to the permanent magnets with high magnetocrystalline anisotropy, the

shape anisotropy of Alnico alloys leads to lower values of coercivity and BH(max). Sev-

eral grades of Alnico alloys contain a number of minor additives, such as Ti, Nb and

Cu, and receive complex heat treatments under a strong magnetic field to optimise

the magnetic properties. Table 1.2 shows the compositional differences and magnetic

properties of commercial grades of Alnico magnets [28, 29].

Table 1.2: Compositional differences and magnetic properties of commercial grades of

Alnico magnets [28].

Commercial grade Composition (wt. %) Br (kG) Hci (Oe)

Fe Co Ni Al Cu Nb Ti

5-7 49.9 24.3 14.0 8.2 2.3 1.0 0.0 13.5 740

8 30.0 40.1 13.0 7.1 3.0 0.0 6.5 7.4 1900

9 35.5 35.4 13.1 7.0 3.2 0.5 5.0 11.2 1375

Alnico 5-7, with the highest concentration of Fe in their composition, have the

highest Br and the lowest Hci. On the other hand, Alnico 8 with the least amount

of Fe content have the lowest Br and highest Hci. Alnico 9 has the highest BH(max)

of ∼ 10 MG.Oe with values of Hci and Br in between of the other grades. Figure 1.6

shows transmission electron microscopy (TEM) images and schematics of α1 phase in

different grades of Alnico magnetic alloys. Alnico 5-7 and 9 have a high degree of grain

alignment with most of the α1 grains aligned along [001] direction. These grades are

produced by casting in a heated cylindrical die with a chilled bottom plate, to impose

directional solidification, followed by a heat treatment in an external magnetic field

aligned to the casting direction. In contrast to Alnico 5-7 and 9, grains in Alnico 8 are

randomly distributed. Alnico 8 alloys are usually heat-treated at higher temperatures

with the external magnetic field along the cylinder axis [28].
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Fig. 1.6: TEM images and schematics of α1 phase of (a-c) Alnico 5-7, (d-f) Alnico 8,

(g-i) Alnico 9 [28].

1.2.2 Ferrite Magnets

Hexaferrites have a crystal structure similar to the natural mineral magnetoplumbite,

(PbFe7.5Mn3.5Al0.5Ti0.5O19) without Ti, Al and Mn, and with the general structure

of MO·6Fe2O3 or MFe12O19, where the M ion is divalent [30]. Hexaferrite magnets

were born out of the need for high coercivity which could not be provided by Alnico

magnets. With coercivities around 2.5 kOe (200 kA/m), these ferrites can easily be

produced in powder form and then shaped as required. Barium hexaferrite (BaFe12O19)

and strontium hexaferrite (SrFe12O19) are among the best-known examples of M-type
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hexaferrites which are technologically important and constitute more than 50% of the

global consumption of magnetic materials [31]. The large Ba and Sr ions in their crys-

talline structure cause a slight distortion of the crystalline lattice, which is responsible

for the large magnetocrystalline anisotropy.

Figure 1.7 shows the crystalline structure of barium hexaferrite. The M-type bar-

ium hexaferrite has lattice constants of a = 5.89 Å and c = 23.19 Å with a hexagonal

closed packed (hcp) lattice structure of oxygen and Ba. The M-type strontium hex-

aferrite has identical crystalline structure with lattice constants a = 5.88 Å and c =

23.05 Å. Fe atoms are in octahedral (12k, 4f2, and 2a), tetrahedral (4f1), and trigonal

bipyramidal/hexahedral (2b) sites. The Fe3+ cations are the source of magnetic mo-

ments in the structure where the Fe ions in the 12k, 2a, and 2b sites are spin up and

the ones in 4f1 and 4f2 sites are spin down. The hexagonal structure with the space

group of P63/mmc is constructed from 4 building blocks of S, S∗, R, and R∗ with ten

layers of oxygen atoms along the c-axis. The stared blocks (S∗ and R∗) have the same

structure as the ones without the star with a 180◦ rotation around the c-axis. The S

and S∗ (Fe3+6 O2−
8 ) blocks have the structure of spinel ferrites with 2 oxygen layers and

six Fe3+ ions. The R and R∗ blocks (Ba2+Fe3+6 O2−
11 ) with hexagonal structures consist

of three oxygen layers with one of the oxygen anions replaced by Ba or Sr and six Fe3+

ions. Each Fe3+ ion contributes 5 µB to the magnetic moment at 0 K. Therefore, the

total magnetisation at 0 K can be calculated as 20 µB (eight Fe3+ ions are in the spin

up state, and four are in spin down state) [32–34].

Hard magnetic hexagonal barium and strontium ferrites are suitable for numerous

applications such as permanent magnets, electronic components, electromagnetic ab-

sorbers and also as a magnetic recording material, due to their low cost, high electrical

resistivity, high oxidation and corrosion resistance, great chemical stability, large Hc,

and high TC , [31, 35]. Many of these applications require controlled particle size and

magnetic properties, as well as homogeneous structure. There are several ways to pre-

pare Ba/Sr hexaferrites. In the conventional method, submicron powders of barium

carbonate (BaCO3) or strontium carbonate (SrCO3) are mixed with iron oxide (Fe2O3)

followed by calcination at > 1200 ◦C and a prolonged ball milling of the calcined pow-

der which results in powders with particles of small aspect ratio [36]. There are several
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Fig. 1.7: The schematic structure of BaFe12O19 [34].

chemical synthesis techniques such as co-precipitation [37], hydrothermal [38] or sol-

gel auto-combustion [39] to prepare the M-type ferrites which require lower calcination

temperatures (∼ 1000 ◦C). As a result of these chemical routes, hexagonal shaped

plate-like particles of smaller size with high aspect ratio and larger coercivity can be

produced. Figure 1.8 makes the comparison between the morphology of strontium hex-

aferrite powders produced via a conventional synthesis and a sol-gel auto-combustion

method [36].
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Fig. 1.8: SEM images of strontium hexaferrite powders produced via a (a) conventional

route and (b) sol-gel autocombustion [36].

1.3 Advanced Nanostructured Magnets

A new generations of hard magnets, the exchange-coupled nanocomposites, contain

different soft and hard magnetic phases in nanoscale morphology. By using these com-

posite permanent magnets, it is possible to design magnets for different applications.

For instance, in applications which require magnets in high temperature, nanocompos-

ites of Sm-Co as the hard phase, and Fe or Fe-Co as the soft phase, could be used

[40].

1.3.1 Exchange Coupling

The concept of exchange-coupled (also referred as exchange-spring) magnets was first

introduced by Coehoorn et al. in 1989 [41]. Their investigations showed an enhance-

ment in the remanence of the Nd2Fe14B/Fe3B composite, which they described as of

the exchange coupling between the grains. Later in 1991, Kneller et al. [42] showed

the possibility to produce high-performance permanent magnets by coupling soft and

hard magnetic phases in a nanocomposite. Their simulations showed that the amount

of hard phase in the composite could be less than 15% of the volume, thus reducing

drastically the overall cost of the materials of the permanent magnets. Further inves-
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tigations on this concept by Panagiotopoulos et al. [43], Skomski and Coey [12] and

Schrefl et al. [44] showed the theoretical possibility to enhance the energy product of

exchange-coupled magnets up to ∼ 120 MG.Oe (956 kJ/m3), which is almost twice

the energy product of the best single-phase rare-earth permanent magnets. Figure

1.9 shows schematic hysteresis loops of a soft magnet, hard magnet and an exchange-

coupled magnet, which leads to a larger BH(max) in the composite magnet compared

to the parent phases.

Fig. 1.9: Schematic hysteresis loops of a soft magnet, hard magnet and an exchange-

coupled magnet [45].

In the exchange-coupling phenomena, the grains of the soft magnetic phase are

pinned to the grains of the hard magnetic phase at their interfaces, while the centre

of the soft phase can rotate in a reversed magnetic field (Figure 1.10). To achieve a

complete exchange coupling between the hard and the soft magnetic phases, the grain

size of the soft magnetic phase should not exceed twice the domain wall thickness of

the hard phase. The critical exchange length (dcr) can be described as dcr = π
√

As

KH

[42], where, As is the exchange stiffness of the soft magnetic phase and KH is the

magnetocrystalline anisotropy of the hard magnetic phase.

Since the discovery of the exchange coupling effect, many investigations have been

done to produce hard/soft exchange-coupled magnets using various preparation tech-

niques, including rapid quenching, melt spinning, mechanical alloying, and thin film
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Fig. 1.10: Schematic of exchange-coupled Hard-Soft magnet [42].

deposition [24, 46–48]. The concept of producing exchange-coupled magnets opened

new routes to provide permanent magnets with required properties by choosing proper

soft and hard phases and by tuning the phase distribution. Since soft magnetic phases

are mainly iron compounds, the exchange-coupled magnets become mostly cheap.

Bottom-up approaches, using magnetic nanoparticles, became the field of interest

of many research groups to produce exchange-coupled nanocomposite magnets. How-

ever, the challenge for bulk nanostructured magnet synthesis is maintaining the homo-

geneous nanoscale morphology. Conventional compaction and condensation techniques

lead to excessive grain growth. Recently, nontraditional approaches such as shock com-
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paction [49], spark plasma sintering [50], and warm compaction [51] methods have been

reported for producing dense bulk nanocomposite magnets with controlled grain size.

1.4 Motivation and Plan of Thesis

As described previously, Alnico magnets have low coercivities compared to the coer-

civity values up to 26 kOe (2069 kA/m) for Nd-Fe-B and Sm-Co rare-earth magnets.

Yet, they present high saturation magnetisation and the highest energy product of

rare-earth free permanent magnets. DC-sputtered Alnico V thin films on Si substrates

showed unusually high Hc values ∼ 6 kOe (477 kA/m) [52], almost one order of mag-

nitude higher than any of the known bulk samples. A strong dependency of magnetic

properties on heat treatment was observed, but not understood. In 2012, films grown

with different thicknesses and substrates [53] were shown to reach values of magnetic

coercivity up to 10 kOe (796 kA/m), and Curie temperatures up to 300 ◦C. The un-

usually high coercivity value was suggested to be due to Si ions diffusing from the

substrate to the thin film, leading to the formation of a novel body centred tetragonal

(bct) Fe-Co-Si phase. Nonetheless, the diffusion mechanism, chemical composition and

saturation magnetisation of this novel phase require further studies. In chapter 3 of

this study, we investigate the effects of different heat treatment conditions on structural

and magnetic properties of RF-sputtered Alnico V thin films on Si substrates. The

work here presented led to the following publication:

[P1] F. Mohseni, A. Baghizadeh, A.A.C.S. Lourenço, M.J. Pereira, V.S. Ama-

ral, J.M. Vieira, J.S. Amaral, Interdiffusion Processes in High-Coercivity RF-Sputtered

Alnico Thin Films on Si Substrates, JOM. 69 (2017) 1427–1431. doi:10.1007/s11837-

017-2382-y.

The published results of this chapter derived from a project entitled ”Exploring

Nano-fabrication Methods of High Coercivity Rare-earth Free Si-Alnico Permanent

Magnets” led by Dr. J.S. Amaral. The Alnico V thin films were deposited by Prof.

A.A.C.S. Lourenço, while some of the microscopy analyses were done with the assis-

tance of Dr. A. Baghizadeh. The main tasks of the project, including sample prepa-

ration, heat treatments, magnetic, structural, chemical studies on the thin films, were
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done by myself. The manuscript itself was mainly written by myself, benefiting from

inputs, suggestions, and corrections from all co-authors.

In chapter 4, we investigate the exchange coupling behaviour on M-type ferrites,

namely barium hexaferrite (BaM) and strontium hexaferrite (SrM.) Plate-like BaM and

SrM nanoparticles were prepared by the sol-gel autocombustion method to achieve high

aspect ratios and large surface areas of the nanoparticles. Spinel ferrites, of general

chemical formula MFe2O4, where M is a divalent metallic ion or a combination of

metallic ions, are also interesting due to their potential applications such as in magnetic

devices, hyperthermia and drug delivery [54]. Among the soft spinel ferrites, Fe3O4

nanoparticles attracted the interest of many investigations for use as the soft magnetic

phase in exchange-coupled magnets, due to their low cost, chemical stability, high

Ms, and high TC [55, 56]. These nanoparticles are typically synthesised using chemical

methods, such as sol-gel, co-precipitation and hydrothermal methods. Organic-solvent-

free hydrothermal methods for synthesising Fe3O4 nanoparticles are preferable due to

their simplicity and good control of particle size [57]. This spinel ferrite was used as the

soft magnetic phase in the ferrite based exchange coupled magnet. In this chapter, we

explore correlation between the structural, compositional and microstructural changes

and magnetic properties, of BaM/Fe3O4 and SrM/Fe3O4 nanocomposites.

Resin bonded magnets are among the most sold of the commercially available

permanent magnets due to their low cost of preparation, lightweight structures and

their low processing temperatures. They are produced from different types of polymers

such as thermoplastic (e.g. polycarbonate, nylon, polyethylene) or thermoset materials

(e.g. epoxy, phenolic or polyester resins), as the matrix mixed with a wide range of

different hard magnetic powders [58–61]. These polymer matrix composite magnets

exhibit interesting thermal, electrical, magnetic and mechanical properties [62–64].

To form complex geometries in a sintered permanent magnets, several manufacturing

processes, such as cutting, machining and grinding are applied, which leads to the waste

of magnetic materials and creates limitations for the geometric complexity of the final

product [64]. On the other hand, bonded magnets can be fabricated in many shapes

and sizes through injection moulding, extrusion moulding or compaction moulding

processes. These low cost, complex shaped magnets find extensive applications, such
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as flexible magnets, microwave absorbers and magnetic seals [65]. In chapter 5, we

study the effects of compaction conditions, as well as the ferrite concentration in resin

bonded exchange-coupled BaM/Fe3O4 and SrM/Fe3O4 composite magnets on their

mechanical, magnetic and structural properties. The work on the exchange-coupled

nanocomposites and resin bonded magnets has led to the following publications:

[P2] F. Mohseni, R.C. Pullar, J.M. Vieira, J.S. Amaral, Enhancement

of Maximum Energy Product in Exchange-Coupled BaFe12O19/Fe3O4 Core-Shell-

Like Nanocomposites, Journal of Alloys and Compounds 806 (2019) 120–126.

doi:10.1016/j.jallcom.2019.07.162.

[P3] F. Mohseni, R.C. Pullar, J.M. Vieira, J.S. Amaral, Bonded Ferrite-Based

Exchange-Coupled Nanocomposite Magnet Produced by Warm Compaction, Journal of

Physics D: Applied Physics (2020) accepted manuscript. doi:10.1007/s11837-017-2382-

y

The main idea of the published works of chapters 4 and 5 were mine benefiting

from the collaboration with Dr. Rob Pullar and his expertise on the subject of ferrites

synthesis techniques. The sample preparation, including exchange-coupled nanocom-

posite powders and warm pressed bulk magnets, heat treatments, magnetic, struc-

tural, chemical and mechanical studies were done by myself. The manuscript itself was

mainly written by myself, benefiting from inputs, suggestions, and corrections from all

co-authors.

To gain further understanding of the experimental results on the effect of thick-

ness of the flake-like BaM nanoparticles on their magnetic properties on their magnetic

properties and to optimise the phase balance of the exchange-coupled BaM/Fe3O4 hard-

soft magnetic nanocomposites, micromagnetic simulations were performed and are pre-

sented in chapter 6. Simulations were performed using the MuMax3 software, exploring

the recent possibility of simulating 3D grains in modelling the superparamagnetic-like

behaviour of the magnetite nanoparticles of the system and comparing to continuous

film models. Relatively large size models of the nanocomposites (micrometer sized)

with various phase fractions were simulated and the achieved magnetic hysteresis curves

were compared to the experimental results. We show how phase balance and distri-

bution affect exchange-coupling behaviour which ultimately govern the hard magnetic
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properties of the nanocomposites.

The work in this chapter, particularly in its initial studies, greatly benefited from

the collaboration with Dr. A. Hierro-Rodriguez and his expertise in the field of micro-

magnetic simulations. The model preparation and simulations were done by myself.

The work here presented is aimed at a future submission as scientific publication.
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Chapter 2

Experimental Techniques

2.1 Sample Preparation

2.1.1 Alnico V Thin Films

2.1.1.1 Principles of Magnetron Sputtering

Magnetron Sputtering is a physical vapour deposition (PVD) technique in which high-

quality thin films can be prepared from materials such as metals, insulators, semi-

conductors, alloys, metal oxides, nitrides, and carbides. In a sputtering system, two

electrodes are used inside a vacuum chamber (<10−8 Bar), the target is the cathode

and the substrate is the anode. The inert gas (usually argon gas) is then introduced in

the chamber and electric potential is applied between electrodes. During the process,

the target is bombarded with high-energy positively charged inert gas ions. When the

kinetic energy of the bombarded ions exceeds the thermal energy of the atomic bonds

of the target material, atoms of the target surface are ejected, or “sputtered” and can

be deposited as a thin film on the surface of a substrate [66–69]. During the ion bom-

bardment, secondary electrons are emitted from the target surface which maintain the

plasma on the target. In the magnetron sputtering setup, the magnetic field is situ-

ated parallel to the target surface and restrains the secondary electron motion to the

proximity of the target. As a result of this, a dense plasma is formed which leads to an

increased ion bombardment, higher deposition rate and of lower Ar pressure (∼ 10−3

mbar compared to 10−2 mbar in basic sputtering) [67]. Figure 2.1 shows the schematic

21
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diagram of a sputtering setup.

Depending on the process of formation of ions, magnetron sputtering is divided

into direct current (DC) magnetron sputtering and radio frequency (RF) magnetron

sputtering. In the DC sputtering setup, a high DC voltage is connected to the elec-

trodes (high negative voltage to the target and positive or ground to the substrate). In

this setup, the target materials must be electrically conductive. Therefore, DC sput-

tering is mostly used for metal deposition. For insulating targets, the positive charge

accumulates on the target and the sputtering rates gradually decrease. In order to

solve this problem, a RF sputtering setup with a high-frequency alternating current

(AC) can be applied between cathode and anode to sustain the ion production [68, 69].

To synthesize thin film alloys via a sputtering method, the most common practice is

to simply deposit the alloy from a homogeneous alloy target or to apply co-deposition

from multiple targets. The use of multiple targets is also useful to prepare nano-

structured composite thin films and/or exploring different compositions [66].

Fig. 2.1: Schematic diagram of sputtering [67].
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2.1.1.2 Synthesis of Alnico V Thin Films

Thin film samples of 100 nm thick Alnico V were prepared at different deposition

temperatures, ranging from room temperature to 550 ◦C via a RF sputtering setup at

the Physics department of the University of Aveiro, at the CICFANO building. The

∼ 0.7 mm thick sputtering targets were made of commercial pure Alnico V alloy and

silver with the percentage of total contamination below 0.1 %. Substrates were of 700

µm thick Si(100) single crystal. In order to investigate the effect of the SiO2 layer on

top of the Si substrates, thin films were deposited on substrates with and without a

SiO2 layer. The removal of this SiO2 layer was performed using a solution of 0.75 ml

fluoric acid with 9 ml deionised water and 1 ml of methanol for 120 s in an ultrasonic

bath. The RF-sputtering chamber was first evacuated to 4 × 10−10 Bar and then filled

with 99.9999 % pure Ar for the deposition with the pressure of 7 × 10−6 Bar. Figure

2.2 shows the RF sputtering setup used to prepare the thin films. In order to prevent

surface oxidation during post annealing treatments, the surface of the thin film samples

was coated with a thin silver layer of a few nanometres. Samples were then sealed in

a quartz tube containing Ar with the pressure of 300 mbar and 1.2 bar and annealed

at 600 ◦C, 800 ◦C and 900 ◦C for 60 minutes followed by quenching or slow cooling.

2.1.2 BaM-SrM / Fe3O4 Nanocomposite Powder

In order to prepare BaM/Fe3O4 or SrM/Fe3O4 nanocomposite powders, flake-like BaM

and SrM nanoparticles were first prepared via a sol-gel autocombustion method, fol-

lowed by an optimised annealing process to form single-phased M-type hexaferrite.

The prepared powders were then mixed with a solution of Fe3+/Fe2+ 2:1 dissolved in

deionised water and magnetite nanoparticles were nucleated and grown on the sur-

face of hexaferrite powders via a hydrothermal or coprecipitation method to form the

nanocomposite powder.

For this process, Strontium nitrate (Sr(NO3)2), Barium nitrate (Ba(NO3)2), Iron

nitrate (Fe(NO3)3 · 9H2O) and Ammonia 25 wt.% solution were purchased from Chem-

Lab NV. Iron(III) chloride hexahydrate (FeCl3 · 6H2O), Iron(II) lactate hydrate (dried

material) (Fe(lac) · xH2O), Citric acid monohydrate (C6H8O7 · H2O) and Sodium
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Fig. 2.2: RF sputtering setup used to prepare samples of Alnico V thin film.

hydroxide (NaOH) pellets were purchased from Sigma-Aldrich. All the reagents used

in this study were of analytical purity.

2.1.2.1 Sol-gel Autocombustion Synthesis of Barium/Strontium Hexafer-

rite Powders

In the sol-gel auto-combustion method, flake-like particles of the hexaferrite were pro-

duced via the exothermic reaction of a xerogel. A stoichiometric solution of metal

nitrates Ba(NO3)2 or Sr(NO3)2 and Fe(NO3)3 · 9H2O in distilled water was prepared,

and then citric acid was added to the mixture with a molar ratio of 1:1. The nitrate

salts are more desirable in the sol-gel auto-combustion method, due to their ability

to dissolve in water at low temperatures. A 25% ammonia solution was then added

dropwise to the solution to adjust the pH to 7. The mixture was then dried at 80

◦C in an oven for 4 days. The dried xerogel was then heated up on a hotplate to a

temperature of 320 ◦C to initiate the combustion process. The rapid exothermic evo-

lution of CO2 gas during the large mass loss of the organic fuel from the xerogel during

combustion generates the barium or strontium containing nanopowders (Figure 2.3).

These powders were then calcined at 600 ◦C, 900 ◦C and 1000 ◦C for 1-5 hours in order
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to achieve single-phased M-type hexaferrite.

Fig. 2.3: Exothermic reaction during sol-gel autocombustion method.

2.1.2.2 Synthesis of Fe3O4 Nanoparticles

In the hydrothermal method, 4 mmol of ferric chloride and 2 mmol of ferrous lactate

were used as ferric and ferrous ion sources. The molar ratio of ferric to ferrous ions

was kept at 2. The reagents were then dissolved in 80 ml of deionised water and aged

for 10 min. Calcined single phase BaM or SrM nanoparticles were then mixed with

the ferrous/ferric solution. 40 ml of 1.0 kmol/m3 sodium hydroxide solution was added

dropwise into the solution at the rate of 3.0 ml/min under vigorous stirring, using a

magnetic stirrer, in an argon atmosphere to precipitate magnetite nanoparticles on the

calcined M-type hexaferrite nanoparticles. In the hydrothermal method, the mixture

was transferred to an autoclave, sealed and then heated in an oven at 120 ◦C for 20

h (Figure 2.4(a)) and for the coprecipitation method, the mixture was heated up and

kept at 70 ◦C for 1 h under stirring in an argon atmosphere (Figure 2.4(b)). The

achieved nanoparticles, from both methods, were then washed with deionised water 3

times and collected by centrifugation at 3000 rpm, and dried at 40 ◦C for 10 h.
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Fig. 2.4: Hydrothermal and coprecipitation synthesizing methods of Fe3O4 nanoparti-

cles.

2.1.3 Ferrite Based Exchange-Coupled Bonded Magnets

In order to prepare bulk bonded permanent magnet composites, a thermoset epoxy

resin powder was used as the matrix and the exchange-coupled ferrite based nanocom-

posites of BaM or SrM nanoparticles coated with magnetite nanoparticles, were used

as the filler. The 72-PON Epoxy resin powder was purchased form CIN with a me-

dian particle size of 60 µm and the curing procedure of 10 min at 180 ◦C. The ferrite

powders with 80 wt.%, 85 wt.%, 90 wt.% and 95 wt.% were mixed with the epoxy

resin powder in a Turbula 3D shaker mixer for 30 minutes to homogenise the mixture.

The mixed powders were then warm pressed in a 10 mm diameter cylindrical shaped

die, heated at 180 ◦C for 10 min under 300 MPa, 500 MPa and 700 MPa of pressure.

During the warm compaction process, the epoxy resin bonds the magnetic powders

and cures. Figure 2.5 shows the warm compaction setup and the cylindrical form of

the bonded magnet sample.
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Fig. 2.5: Warm compaction setup and the form bonded magnet sample.

2.2 Characterisation Techniques

2.2.1 X-ray Analysis

2.2.1.1 X-ray Diffraction

X-ray diffraction (XRD) is a non destructive material characterisation technique which

is widely used for analysing the crystalline structure of materials. When an X-ray beam

with a given wavelength (λ) interacts with a material, the matter either absorbs the

x-ray beam or scatters it in elastic and nonelastic ways. In the elastic scattering, the

scattered beam conserved energy and its wavelength λ [70–72].

Bragg’s law can be expressed as:

λ = 2d sin(θ), (2.1)

where λ is the wavelength of the incident X-ray, d is the distance between the lattice

planes and θ is the incident glancing angle. Each lattice plane is generally indexed by

Miller indices (hkl). In an X-ray powder diffraction experiment, peaks are generated

from randomly distributed orientations in different grains. The intensity of peaks from
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each plane (Ihkl), obtained from the number of photons counted in the XRD detector,

is related to their structural factor (Fhkl):

Ihkl ∝ |Fhkl|2 (2.2)

All planes with identical d-spacing (e.g. (111), (1-1-1), (-1-1-1), etc.) contribute

to the same diffraction intensity [72]. X-ray powder diffraction can also be used to

calculate the average crystallite size (τ) using Scherrer equation:

τ =
Kλ

β cos θ
, (2.3)

where K is a dimensionless shape factor depending on the geometry of the crystallites

(∼ 0.9 for spherical crystallites) and β is the full width half maximum (FWHM) of the

diffraction peaks [72].

In this study, the characterisation of the crystalline structure of the synthesised

nanoparticles was performed with Cu Kα radiation (λ = 1.5406 Å) over a range of 2θ =

(20◦ < 2θ < 80◦) using a Rigaku Geigerflex XRD diffractometer. X’pert software was

used for preliminary detection of the phases and Rietveld refinement was performed

using FullProf.

2.2.1.2 X-ray Reflectivity

Due to the high frequency of Cu Kα radiation (in the order of 1019 Hz), which is ∼ 4

orders of magnitude larger than the eigenfrequency of an electron bound to a nucleus

of an atom, the interaction of X-ray radiation with matter can be described by the

index of refraction. The index of refraction can characterise the change of direction of

the X-ray beam when passing from air to the material [73–75]. The complex index of

refraction for X-ray radiation (n) can be written in the following way:

n = 1− δ − iβ (2.4)

δ =
λ2

2π
reρe (2.5)
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β =
λ

4π
µx, (2.6)

where δ is the scattering index, β is the absorption index of the material, ρe is the

electron density of the material, re is the classical electron radius (re = 2.818 × 10−15

m−1) and µx is the absorption coefficient of the material [74].

When the X-ray radiation passes from air, with the refractive index of 1, to a

material, with n < 1, the beam can be totally reflected, if the incident angle is smaller

than a critical angle (θc),

cos θc = n = 1− δ (2.7)

Since the refractive index in X-ray is very close to 1, θc is very small with an

approximation:

θ2c = 2δ (2.8)

δ ∼ 10−5 − 10−6 (2.9)

θc ∼ 0.1◦ − 0.5◦ (2.10)

The reflectivity is described as:

Reflectivity R =
Intensity of the reflected beam

Intensity of the primary beam
(2.11)

For θ > θc, a part of the incident beam refracts into the material [74, 75]. This

phenomenon is the basis of determining the thickness of thin films on a substrate

(Figure 2.6). According to Snell’s law:

n1 cos θ1 = n2 cos θ2 (2.12)

cos θ2 =
cos θ1
1− δ

(2.13)

When θ1, θ2 and δ << 1, then:
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θ2 ≈
√
θ21 − 2δ (2.14)

For thin film samples a constructive interference occurs when:

2t sin θ2 ≈ 2t
√
θ21 − 2δ = nλ (2.15)

Fig. 2.6: X-ray reflectivity from thin films [76].

As a result, the reflectivity shows oscillations, the Kiessig fringes. The period

of fringes is inversely related to the thickness of the film, thinner films showing larger

distances between fringes. The amplitude of the fringes is related to the electron density

of the material. The surface roughness also affects the reflectivity intensity, the rougher

the surface the faster is the intensity decreased [74, 75]. To optimise the deposition rate

in the RF sputtering of the Alnico V thin films, X-ray reflectivity measurements were

performed on the initial samples, using a Philips Panalytical X’Pert Pro MRD and

X’pert Epitaxy software were used to calculate the thickness of the deposited samples.

Figure 2.7 shows a result of X-ray reflectivity measurements on one of the Alnico V

thin film samples.
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Fig. 2.7: X-ray reflectivity pattern of Alnico V thin film sample deposited for 30 min

at room temperature.

2.2.2 Electron Microscopy

2.2.2.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a versatile characterisation technique which is

employed to analyse the surfaces of materials. In a SEM, the specimen is hit by a high

energy electron beam and the outcoming electrons and X-rays are obtained for different

analyses. Through the analysis of the outcoming electrons and X-rays, several useful

information about the morphology, topography and composition of the specimen can

be obtained. The high-quality and detailed image obtained from an SEM can have a

spatial resolution of a few nanometres and the magnification can extend up to a few

hundred thousand times. The specimen for SEM has to be electrically conductive to

avoid the overcharging effect on the surface, which can introduce extreme brightness

in the produced image. Therefore, the non-electrically conductive samples are usually

coated with a very thin layer of graphite or gold-platinum alloy in a sputtering machine

[77, 78].

In a SEM the primary electrons, produced by an electron gun, hit the sample

and release secondary electrons (SE) from the specimen surface which then can be

collected by a detector to form the image. The ejected electrons from the specimen

(SEs) usually have low energy (less than 50 eV) and create vacancies in the specimen’s

inner shell electrons. The vacancies are then filled with higher level orbital, which then
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produces an X-ray characteristic of that energy transition. Energy-Dispersive X-ray

Spectroscopy (EDS) is an elemental analysis technique that can take advantage of these

emitted X-ray photons for chemical characterisation of the specimen.

In this study, the morphological and compositional characterisations of synthesized

nanoparticles and bulk bonded magnets were carried out on a Hitachi S-4100 SEM

equipped with EDS operated at 25 kV.

2.2.2.2 Transmission Electron Microscopy

Electron microscopes take advantage of high energy electron beams (20-300 kV) and

thus produce accelerated electrons with a very short wavelength (0.859-0.037 Å) com-

pared to the wavelengths used in the optical microscopes (2000-7500 Å). Electron

microscopes are then able to produce high resolution images which make it possible

to analyse very small features in the specimen [77]. Transmission electron microscopes

(TEM) operate at much higher voltages compared to a SEM, which leads to a much

higher resolution in the produced images. Unlike SEMs, which analyses the surface of

the specimen in the scanning mode, TEM detects the transmitted electron beam, which

leads to an in depth analysis of the specimen. In a TEM, several detailed analyses, such

as structural, morphological, crystallographic, can be performed. In order to achieve

TEM images, the specimen has to be transparent to the electron beam. Therefore, a

critical sample preparation is needed to thin down the specimen to thicknesses below

50 nm. For bulk and thin film samples, a precise mechanical or chemical polishing

followed by an ion milling, and for powder samples an ultrasonication of the powder is

required.

The wavelength of the high energy electrons in the TEM is much smaller than

the atomic space in a crystalline structure of a specimen. Therefore, the electron

beam diffracts. In a TEM setup, the electron beam can be concentrated on a specific

region and by inserting the selected area aperture instead of the objective aperture,

the diffraction pattern of that specific region can be produced, which is called selected

area electron diffraction (SAED). Similar to the XRD technique, SAED can be used

to analyse crystal structures of the specimen but on a specific region of the specimen

[79, 80].
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A scanning transmission electron microscope (STEM) takes advantage of the

strength of both SEM and TEM. The micrograph obtained from a STEM is a re-

sult of the scanning of the specimen with a condensed electron beam in a transmission

mode. Like TEM, the specimen in the STEM has to be transparent to the electron

beam. The advantage of a STEM over a TEM is that it can analyse other signals,

such as SEs and elastically scattered beam electrons, which cannot be obtained by a

TEM. In STEM, the elastically scattered beam electrons, from the elastic interaction

between the electron beam and the nuclei of sample atoms, can be detected using a

high angle annular dark field (HAADF) detector. HAADF images are dark field (DF)

images which shows the contrast in the compositional differences in a multiphase sam-

ple, which can give important information about the analysed sample. In both TEM

and STEM the characteristic X-rays can be collected with an X-ray detector for com-

positional studies. However, STEMs can produce EDS mappings and line scans due

to their scanning mode, which leads a detailed and in depth compositional analysis of

the sample [81].

In this study, a Hitachi H-9000 TEM operated at 300 kV and a JEOL 2200FS TEM

operated at 200 kV and a Hitachi HD-2700 STEM operated at 200 kV, all equipped

with EDS, were applied for the structural characterisation and composition analysis of

the synthesized nanoparticles of the ferrites as well as Alnico V thin film samples.

2.2.3 Superconducting Quantum Interference Device

The Josephson junction consists of two superconducting (S) electrodes separated by

a thin insulating (I) or normal conducting (N) layer. In the SIS junction, the two

superconducting electrodes are weakly joint by a thin insulating layer. It is known

that the current transport occurs by tunnelling of Cooper pairs through the insulating

part without any voltage drop and only causes a phase difference δ in the macroscopic

wave functions of the two superconducting electrodes. The supercurrent (Is) across

the junction can be expressed as:

Is = I0 sin δ, (2.16)
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where I0 is the critical current (maximum supercurrent). A superconducting quantum

interference device (SQUID) is an extremely sensitive magnetometer device which op-

erates on the basis of Josephson junctions. The SQUID magnetometers can operate in

DC mode (DC SQUID) or AC mode (RF SQUID). Due to the lower intrinsic flux noise

in the DC SQUIDs compared to RF SQUIDs, the DC SQUIDs have more sensitivity.

Figure 2.8 shows a schematic of a DC SQUID. The setup consists of a super-

conducting loop with a bias current (I) which is divided into I1 and I2. An external

magnetic field (H = B/µ0) is applied to the ring and two Josephson junctions are incor-

porated to the arms which limit the critical current IC resulted from the critical current

of each junction (IC1 and IC2). It is known that the flux enclosed in a superconducting

loop is quantised into units of flux quantum, described as:

Φ0 =
h

2e
≈ 2.07× 10−15Wb, (2.17)

where h is the Planck’s constant and e is the electronic charge.

First, the magnetic flux, enclosed inside the superconducting ring, modulates the

IC in the ring periodically, with a period of Φ0, which is caused by the interference

of the two wave functions in the two sections of the ring with phases difference of

∆δ. Then a slightly higher bias current (I > IC) is applied to the ring, which makes

it possible to measure the voltage across the junctions directly as a function of the

external magnetic field. When IC reaches its maximum V is minimum and vice versa

[82].

In this study, magnetic measurements were performed using a Quantum Design

MPMS3 SQUID magnetometer with a maximum field of 7 T, with the advantage of

performing the measurements in DC or vibrating sample magnetometer (VSM) modes.

However, the accuracy of the measured magnetic moments values in this type of magne-

tometer is affected by the geometry and the radial offset of the sample, which requires

post measurements corrections [84]. The data correction can be performed by the sim-

ulation software provided by Quantum Design for both VSM and DC measurements.

However, the software needs accurate measurements of sample geometry and radial

offset which in most cases, such as powder samples, can be difficult to obtain. In order

to overcome this problem, we used a simple method which solely needs a VSM and
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Fig. 2.8: Principle of SQUID magnetometer [83].

a DC measurement at a given external magnetic field. We have found that there is

a unique function of correction (α(x)), independent of the sample’s geometry and/or

radial offset, which is a function of the DC scan length and the VSM amplitude [P4].

This correction method can be described as:

x =
(MV SM −MDC)

MV SM

(2.18)

Mreal =
MV SM

α(x)
, (2.19)

where MV SM and MDC are the magnetic moments measured in the VSM and DC

modes and Mreal is the corrected value of the magnetic moment. By doing a single

measurement in both VSM and DC modes for the sample, the measured magnetisation

can then be normalized to the corrected values. All magnetic measurements performed

in powdered and composite samples in this thesis have been corrected by this method.
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2.2.4 Atomic Force Microscopy

Atomic Force Microscope (AFM) is a type of scanning probe microscope in which

the surface topographical image, with sub-nanometer accuracy, of a specimen can be

achieved. During the scan, a sharp probe runs across the sample surface and moved

vertically by a feedback close loop to maintain a constant interaction with the sample.

These vertical movements are recorded against XY position of the probe to produce the

final surface topography. These XY Z nano positionings are achieved by piezoelectric

scanners working in voltages in the range of hundreds of volts. The AFM probes consist

of a sharp tip, with a radius ranges from a few nm to 30 nm, and a micro cantilever. The

cantilever detects the probe-sample interaction. To measure the bending or twisting of

the cantilever, a laser diode is focused onto the end of the cantilever and reflected from

the cantilever to a position sensitive photodiode (PSPD). When the cantilever bends

or tilts, the direction of the reflected laser beam changes and can be detected on the

PSPD [85].

AFMs have several modes of operation, such as contact mode, tapping mode and

non contact mode. In the contact mode, the tip moves around the surface of the

sample with a constant force and directly scans the surface. When the probe scans

across recessed and protruding feature, the cantilever is lowered and pushed up to

eliminate the deflection errors. In the tapping mode the probe oscillates nearby its

resonance frequency on the surface of the samples and taps the surface. This mode

is used to eliminate the frictional forces for less destructive measurements. In the

non contact mode, the probe oscillates above the surface. The topography image is

produces with the changes in the amplitude of the oscillation due to the van der Waals

forces. The non contact mode is used as a non destructive technique mostly for soft

samples [85].

In this study, the surface quality of the Alnico V thin films after deposition and

the surface roughness after different heat treatments were analysed using a Park XE7

AFM.
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2.2.5 Hardness Testing

The hardness test provides qualitative relationships to other mechanical and physical

properties such as rigidity, strength and density. However, several publications reported

the relationship between hardness and ultimate tensile strength (UTS) of materials

[86]. The ASM handbook [87] shows that there is a fairly good relationship between

the hardness and metallic alloys over a wide range of strength:

HV ≈ 3× σUTS, (2.20)

where HV (expressed in kgf/mm2) is the Vickers hardness and σUTS (expressed in

MPa) is the UTS of materials.

The basic principle of a hardness test is to form an indentation on the surface of a

specimen and measure the ability of the material to resist plastic deformation. Vickers

hardness (HV ), first developed in 1921, uses a 136◦ pyramidal diamond indenter to

form a square shaped mark (Figure 2.9). In order to cover all testing requirements, the

Vickers test can be performed in the force range of micro (10 g to 1000 g) and macro

(1 kg to 100 kg). Vickers values are considered test force independent, which means

that changing the force does not affect the Vickers hardness values. In order to have

a reliable measurement, the difference between the diagonals of the indentation marks

(d) should not exceed ∼ 5 %. The area of the indentation can be calculated as:

A =
(d1 + d2)

2

2 sin (136◦/2)
(2.21)

Therefore, the Vickers hardness is:

HV =
F

A
≈ 1.8544

F

(d1 + d2)
2

(
kgf/mm2

)
, (2.22)

where F is the applied force [88]. The Vickers hardness number is then reported such

as 90HV2, where 90 is the hardness number and 2 is the applied load in kgf. In this

study, Vickers hardness tests were performed with a Wilson Hardness VH 1102 using

2 kgf.
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Fig. 2.9: Indentation of Vickers hardness test on the bonded magnets.

2.2.6 Density Measurements

Archimedes’ principle states that a fully or partially immersed body in a fluid expe-

riences a buoyant force acting vertically upwards on it and is equal to the weight of

the fluid displaced by the body. Using this principle aids to determine the density of

materials as such:

ρ =
Wa

Wa −Wl

ρl, (2.23)

where ρ is the density of the specimen, Wa is the weight of the specimen immersed

in air, Wl is the weight of the specimen in the aid liquid and ρl is the density of the

aid liquid. In the density calculations, the temperature of the liquid must also be

considered. The difference of 0.1 ◦C in the temperature can cause density changes in

the third decimal. In this study, an ADAM ADP-110 density determination set was

applied to the density measurements. The aid liquid was an analytical reagent grade

99.99 % pure ethanol with a density of ∼ 785 kg/m3 at 25 ◦C. In order to achieve a

more precise measurement, at least 3 different measurements were performed on each

sample [89].
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High Coercivity Alnico V Thin

Films

Developed in 1931, Alnico alloys were the first advanced hard magnetic materials, and

are mainly composed of iron and cobalt, with about 30 % of Al, Ni, Cu, and Ti in

some of its forms. They are hard ferromagnets with high magnetisation and Curie

temperatures above 400 ◦C due to a spinodal decomposition of the alloy into two Body

Centred Cubic (bcc) phases of elongated Fe-Co rich rod participates (α1) in an Al-

Ni rich matrix (α2) [1]. Their main drawback in applications is their relatively low

intrinsic coercive field, below 700 Oe (56 kA/m) for the most popular Alnico V, up

to 1500 Oe (120 kA/m) for optimised Alnico 8 compositions, which poorly compares

to the values up to 26 kOe (2000 kA/m) for Nd-Fe-B and Sm-Co rare-earth magnets.

Yet, they present the highest energy product of rare-earth free permanent magnets, at

∼ 10 MG.Oe (∼ 80 kJ/m3) [28].

In 2010, DC-sputtered Alnico V thin films on Si substrates showed unusually high

Hc values ∼ 6 kOe (480 kA/m) [52], almost one order of magnitude higher than any

known bulk samples. A strong dependency of magnetic properties on heat treatment

was found, but remained unexplained. In 2012, films grown in different thicknesses and

on different substrates [53] were shown to reach values of magnetic coercivity up to 10

kOe (800 kA/m), and Curie temperatures up to 300 ◦C. The unusually high coercivity

value was suggested to be due to Si ions diffusing from the substrate to the thin film,

leading to the formation of a novel Body Centred Tetragonal (bct) Fe-Co-Si phase.

39
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Samples with thicknesses above 100 nm showed reduced coercivity, most likely due to

the diffusion length of Si and quenching of thin film samples becoming essential to form

the metastable phase. Nonetheless, the diffusion mechanism, chemical composition and

saturation magnetisation of this novel phase require further studies.

In this chapter, we study the effects of different heat treatment conditions on

structural and magnetic properties of RF-sputtered Alnico V thin films on Si substrates.

The chapter is organised as follows: in Sec. 3.1, Alnico V preparation procedure and

characterisation used to optimise the deposition rate are explained; in Sec. 3.2 the

results of magnetic measurements performed on the thin film samples are presented; in

Sec. 3.3, the structural studies to investigate the origin of high coercivity in Alnico thin

films are presented in detail. Finally, in Sec. 3.4, as a summary, an overall discussion

of the results is provided.

3.1 RF-Sputtering of Alnico V Thin Films

In order to optimise the deposition rate of the Alnico V thin films, two sets of Alnico

V thin films on Si substrate were prepared using the same deposition power (20 W )

with different deposition times. Figure 3.1 shows the X-ray reflectivity patterns of the

Alnico V thin film samples deposited for 10 min and 30 min. The distance between

the fringes corresponds to the thickness of the thin films. The measurements show that

the thin films deposited for 10 min and 30 min have a thickness of ∼ 20 nm and ∼ 50

nm, respectively.

In order to study the diffusion mechanism of Si into Alnico thin films, as well as

the effect of different preparation conditions on the magnetic properties of the Alnico

samples, several Alnico V thin film samples deposited at different temperatures and

with or without the natural SiO2 layer were prepared. A few nanometres thick silver

layer was applied on the Alnico thin films to prevent the oxidation of the thin film.

Figure 3.2 shows illustrations of the thin film samples prepared for this study. In order

to study the diffusion of Si atoms, a silver buffer layer was deposited on the Si substrate

before depositing the Alnico V thin films in some samples to prevent the diffusion of

Si atoms from the substrate to the thin film (Figure 3.2(c)).
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Fig. 3.1: X-ray reflectivity patterns of Alnico V thin films deposited for 10 min and 30

min.

Fig. 3.2: Illustration of Alnico V thin film samples deposited (a) on Si substrate with

the natural SiO2 layer and with an Ag capping layer, (b) on Si substrate without the

SiO2 layer and with an Ag capping layer, and (c) on Si substrate sandwiched between

two layers of Ag.

Atomic force microscopy (AFM) was used to investigate the quality and the surface

roughness of the prepared thin film samples. Figure 3.3 shows that the as-deposited

thin film sample, prepared at room temperature, has a shiny surface with a surface

roughness of < 0.5 nm, which confirms the good quality of the film prepared via the

sputtering method.

AFM measurements on both the heat treated and the samples prepared at high

temperatures show a significant increase in the surface roughness of the samples (Figure
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Fig. 3.3: Surface roughness measurements achieved from an AFM on the as-deposited

Alnico V thin film sample prepared at room temperature and the prepared thin film

sample from RF sputtering.

3.4). The results show no noticeable distinction between the surface roughness of the

samples with and without the silver capping layer. The topography, measured with an

AFM, shows a surface roughness of ∼ 50 nm in both samples.

Fig. 3.4: AFM analysis on the (a) Alnico V thin film samples heat treated at 600 ◦C

for 1 h followed by quenching, and (b) Alnico V thin film sample deposited at 500 ◦C.
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3.2 Magnetic Studies of Alnico Thin Films

Room temperature magnetic measurements of the as-deposited thin film samples pre-

pared on Si substrate show a Hci of < 50 Oe (< 4 kA/m) which is considerably smaller

than the coercivity of bulk Alnico V magnet (∼ 450 Oe (∼ 36 kA/m)) used as the

target in the sputtering setup (shown in Table 3.1). The as-deposited samples on the

Si substrate without the natural SiO2 layer were then annealed at 600 ◦C, 800 ◦C and

900 ◦C for 1 h in a 300 mbar and 1.2 bar pressure Ar atmosphere followed by quench-

ing. The film annealed at 800 ◦C in a 300 mbar pressure Ar atmosphere shows an

increase in Hci to values up to 400 Oe (32 kA/m), which is slightly smaller than the

coercivity of bulk Alnico V magnets. By increasing the Ar pressure to values slightly

above atmospheric pressure (1.2 bar), the coercivity of 1 kOe (80 kA/m) was observed

in the thin film sample annealed at 600 ◦C for 1 h followed by quenching. Increasing

the annealing temperature to 800 ◦C maximized the coercivity to 1.8 kOe (145 kA/m),

which is 4 times greater than the coercivity of the bulk Alnico V, followed by a rapid

decrease to values < 100 Oe (< 8 kA/m) where the sample is annealed at 900 ◦C

(Figure 3.5). This high coercivity was also observed in the samples deposited on Si

substrate with the natural SiO2 layer, following the same heat treatment procedure.

In order to study the effect of quenching or slow cooling processes on the magnetic

properties of the thin films, as-deposited thin film samples on Si substrate without the

SiO2 layer were heat-treated at 800 ◦C followed by slow cooling to room temperature.

The magnetic measurements of the sample show a Hci of ∼ 1.5 kOe (120 kA/m),

which is almost 3 times greater than the Hci of bulk Alnico V magnet. In order

to prevent the diffusion between the substrate and the film, samples of Alnico thin

film, sandwiched between a thin buffer layer of silver and the silver capping layer,

were prepared. These thin film samples were then heat-treated at 800 ◦C followed by

quenching. The magnetic hysteresis loop of the sandwiched sample shows a coercivity

of ∼ 1.5 kOe (120 kA/m) (Figure 3.6, Table 3.1).

Unlike previous reports by Akdogan et al. [53] on high-coercivity Alnico V thin

films, where a direct contact between the Alnico and Si substrate allowed the diffusion

process during the heat treatment and quenching was required to form the metastable
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Fig. 3.5: Room temperature hysteresis loops of the commercial bulk Alnico V and RF-

sputtered Ag coated thin films deposited on cleaned Si(100) substrates and annealed

at 600 ◦C, 800 ◦C and 900 ◦C in above ambient pressure Ar atmosphere followed by

quenching.

phase of Fe-Co-Si of high coercivity, our results show no such correlation, pointing to

different mechanisms at work.

Even though a large saturation magnetisation is required to achieve high-

performance permanent magnets, present results are mostly focused on the increase

of coercivity and looking for the origin of this high coercivity in the Alnico V thin

films. Compared to the Ms of bulk Alnico V magnet of ∼ 1200 emu/cm3 (kA/m), the

results show very low values of Ms for the high coercivity Alnico V thin films with the

heat treatments.

Magnetic measurements on the as-deposited samples show that increasing the de-

position temperature from room temperature up to 600 ◦C causes no improvement in

the Hci of the samples. The Ms of the Alnico V thin films deposited at high tem-

peratures varies with the deposition temperature. However, no consistent correlation

has been observed between the deposition temperature and the Ms of the as-deposited
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Fig. 3.6: Room temperature hysteresis loop of the sample with capping and buffer

layers around Alnico thin film and the sample with only the capping layer, both samples

annealed at 800 ◦C in 1.2 bar pressure Ar atmosphere, followed by quenching.

samples.

3.3 Structural Studies of Alnico Thin Films

In order to investigate the origin of the high coercivity observed in our samples, detailed

electron microscopy analyses were performed on the high coercivity thin film samples

using a TEM. Figure 3.7 shows the cross-sectional TEM image of the as-deposited

Alnico V thin film sample at room temperature. The TEM with EDS analysis confirms

an Alnico V layer with a uniform thickness with a silver capping layer RF-sputtered on

Si substrate without the natural SiO2 layer. The TEM image also assists to optimise

the deposition rate of the RF sputtering with more accuracy.

Figure 3.8, the cross-sectional TEM image of the heat-treated film with a Hci of 1.8

kOe (145 kA/m), shows the formation of a double layer inside the Alnico V layer with

an average grain size of 20 nm in the lower part and of 60 nm in the upper layer. This
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Fig. 3.7: Cross-sectional TEM image of Alnico V thin film sample deposited at room

temperature with the silver capping layer.

double-layered structure on annealed Alnico V was previously reported by Akdogan et

al. [53]. As no elongated precipitates were found in the thin film, the origin of high

coercivity in the heat-treated films is different from the bulk Alnico magnets. The

origin of the increase in the coercivity to 1.8 kOe (145 kA/m) could not be justified

by the explanation given by Kumar et al. [90], who concluded that the changes in

the morphology and grain size of magnetic thin films could cause an increase in the

coercivity to values up to 100 Oe (8 kA/m).

TEM images also show some triangular shaped precipitates in the interface of

the Alnico film and the substrate. These objects were observed in samples with high

coercivity deposited on Si substrates with and without a SiO2 layer. TEM study of

the samples with low coercivity show absence of these triangular shaped precipitates.

Figure 3.9 shows the cross-sectional TEM image of the as-deposited thin film sam-

ple prepared at 500 ◦C. The film/substrate interface is flat and free of precipitates.

Magnetic measurements show a Hci < 50 Oe (< 4 kA/m) for this sample.

Langkau et al. reported similarly shaped Ni-Fe rich features occurred at disloca-



47

Fig. 3.8: Cross-sectional TEM image of Alnico V film RF-sputtered onto a Si/SiO2

substrate annealed at 800 ◦C followed by quenching.

tions of the silicon matrix synthesized by solid-state reactions. These precipitates were

identified as a NiSi2-like phase with a cubic structure, space group of Fm-3m (225) and

the lattice parameter of a = 5.408 Å [91]. In order to further investigate the possible

mechanism behind the observed high coercivity values, a detailed high-resolution TEM

(HRTEM) study was made. HRTEM images and fast Fourier transform (FFT) analysis

of the triangular shaped precipitates and the Si(100) substrate of the high coercivity

Alnico thin film (Figure 3.10(a)) show a similar diffraction pattern, with an equivalent

estimate of the lattice parameter within experimental error, a= 5.43 ± 0.04 Å. How-

ever, HAADF STEM image (Figure 3.10(b)) reveals that the composition of this area is

different from the Si substrate and contains atoms of higher atomic numbers. A linear

EDS analysis in the cross-sectional STEM image of the sample from the substrate to

the film (Figure 3.11(a)) shows the presence of Ni, Co, and Fe in the triangular shaped

precipitates in the interface with Si substrate and confirms the interdiffusion of Si into

the film and of film elements into the substrate (Figure 3.11(b)). The concentration of

Al in the lower layer of the Alnico film is higher than the upper layer and the concen-
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Fig. 3.9: Cross-sectional TEM image of Ag capped Alnico V thin film sample deposited

at 500 ◦C.

tration of Fe, Co and Ni are higher in the upper layer of the film. The formation of an

Al rich phase and a Fe-Co-Ni rich phase during the heat treatment might have caused

the high coercivity of the heat-treated films. In order to investigate the necessity of the

presence of Si substrate, Alnico thin film were deposited on MgO(100), SrTiO3(100),

LaAlO3(100) and Al2O3(001) substrates and annealed at 800 ◦C followed by quenching

as before. Unlike the samples prepared on Si substrates, these samples showed very

low coercivities (< 50 Oe (< 4 kA/m)). This indicates that Si plays a significant role

in the formation of the high coercivity phase.

Sharma et al. [92] and Fu et al. [93] reported high coercivity values of ∼ 1.5 kOe

(120 kA/m) for Fe-Co-Ni nanowires deposited in Anodic Aluminium Oxide (AAO)

templates. The higher coercivity values are due to larger shape anisotropy of the

nanowires with large aspect ratios. Other studies on microstructural and magnetic

properties reported Fe-Co-Ni alloys as soft magnets with coercivities < 100 Oe (<

8 kA/m) and a bcc/fcc structure with the lattice constant a ∼ 2.86 Å [94–96]. As

it is shown in Figure 3.8, these triangular shaped precipitates were always present
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Fig. 3.10: (a) High-resolution TEM image and FFT from the Si substrate (1), a tri-

angular shaped precipitates inside the substrate (2) and (b) HAADF-STEM image of

the sample of Alnico V RF-sputtered onto a Si/SiO2 substrate and annealed at 800 ◦C

sample.

with small aspect ratio. Therefore, the origin of the high coercivity of the annealed

samples could not be justified by shape anisotropy. The diffusion of Fe, Co, and Ni

inside the Si substrate forms the triangular shaped precipitates with a different lattice

constant compared to the bulk Fe-Co-Ni alloy. A possible reason for the observed

high coercivity in the annealed samples might be structural deformation. While the

interdiffusion of transition metal ions into a Si-like cubic structure would not directly

lead to magnetocrystalline anisotropy, one possible mechanism behind the observed

increased coercivity of the samples showing these triangular shaped precipitates would

be a layering or otherwise structured stacking of ions of different magnetic species.

In order to prevent the diffusion between the substrate and the film, samples of

Alnico thin film sandwiched between two thin buffer layers of silver were prepared.

Samples were then heat-treated to 800 ◦C and slow cooled to room temperature. The

cross-sectional STEM image and EDS analysis of the samples show the diffusion of Si

to the film and formation of two layers inside the film (Figure 3.12(a)). As seen in

the EDS analysis, the presence of the Ag buffer layer does not prevent the diffusion

of atoms from the Si substrate to the film and vice-versa (Figure 3.12(b)). Triangular
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Fig. 3.11: (a) Cross-sectional STEM image of the 800 ◦C annealed sample with a

coercivity of 1.8 kOe (145 kA/m), (b) Linear EDS.

shaped precipitates containing Fe, Ni and Co were also found inside the Si substrate

of samples with the Ag buffer layer.

Further evaluation of the EDS and microscopy analyses supports the composition

and structure of triangular shaped precipitates as transition metal disilicides. Silicon

has a fcc cubic lattice of fd-3m (227) space group and lattice constant a = 5.4286 Å.

Lattice mismatch for epitaxial growth of cubic disilicides of the transition metals (Fe,

Co, Ni) on Si substrates increases from the NiSi2 to the CoSi2. These disilicides of the

cubic lattice have space group fm-3m (225) and values of lattice constant a=5.416 Å

for NiSi2, a = 5.389 Å for the metastable γ-FeSi2 and a = 5.364 Å for CoSi2 [91, 97–99].
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Fig. 3.12: (a) Cross-sectional STEM image of the thin film Alnico sandwiched between

two buffer layers then annealed at 800 ◦C, (b) Linear EDS.

The solid-state solubilities of the transition metals (Fe, Co, Ni) in the Si lattice at the

annealing temperatures of the present study are very low [91]. The EDS line, seen in

Figure 3.11(b) and Figure 3.12(b), of the disilicides precipitates corresponds to the solid

solution of NiSi2 with also cubic phases of CoSi2 and γ-FeSi2 [91, 97]. NiSi2 presents

the minimum of lattice mismatch in relation to the Si lattice and NiSi2 nuclei can form

early [91] to allow the growth of the (Ni, Co, Fe)Si2 solid solution. The intensification

of lattice mismatch of the solid solution with increasing concentrations of Co and Fe

limits the solubility in the MSi2 solution [91], the observed solubility for Co being

higher than for Fe, Figure 3.11(b) and Figure 3.12(b). The Si concentration in the
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precipitate is mostly determined by 1:2 stoichiometry of disilicide. The Al substitutes

Si in the MSi2 lattice [91] and present a steep gradient across the particle and alloying

of Ag with Si catalysis and accelerates the reaction to form Ni disilicides [100].

Table 3.1 summarises the types of prepared thin films and their magnetic proper-

ties, emphasizing the effect of deposition temperature, annealing conditions and silver

layer deposition on Ms and Hci of the Alnico V thin films.

Table 3.1: A summary of the effects of deposition temperature, post heat treatment

conditions on Ms and Hci of Alnico V thin films deposited on Si substrates without the

SiO2 layer.

Deposition

temp.

(◦C)

Annealing

temp.

(◦C)

Annealing

atm.

pressure

(bar)

Cooling pro-

cedure

Ag

buffer

layer

Hci

(kOe)

Hci

(kA/m)

Ms

(emu/cm3

=

kA/m)

RT - - - No < 0.05 < 4 ∼ 700

200 - - - No < 0.05 < 4 ∼ 800

300 - - - No < 0.05 < 4 ∼ 1100

400 - - - No < 0.05 < 4 ∼ 900

500 - - - No < 0.05 < 4 ∼ 800

RT 800 0.3 Quenching No 0.4 32 < 100

RT 600 1.2 Quenching No 1 80 ∼ 50

RT 800 1.2 Quenching No 1.8 145 ∼ 150

RT 900 1.2 Quenching No < 0.1 < 8 ∼ 100

RT 800 1.2 Slow cooling No 1.5 120 ∼ 200

RT 800 1.2 Quenching Yes 1.5 120 ∼ 100

* Magnetic measurements on the bulk Alnico V sample, used as the sputtering target, show

a Ms of ∼ 1200 emu/cm3 (kA/m) and a Hci of 450 Oe (36 kA/m).
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3.4 Summary

In this chapter, we have studied the effects of different heat treatment processes on the

morphology and crystal structure of high coercivity Alnico V thin films on Si substrates.

A coercivity of 1 kOe was observed in the heat-treated thin film sample at 600 ◦C fol-

lowed by quenching and maximized to 1.8 kOe (4 times greater than the bulk Alnico V

value) in the sample annealed at 800 ◦C. It was seen that the pressure of Ar atmosphere

in the quartz tubes for the heat treatment process affects the coercivity of the samples.

The structural studies showed that the origin of this high coercivity is different from

the formation of Fe-Co rich precipitations in Al-Ni matrix which determines the mag-

netic properties of the bulk Alnico magnets. Unlike previous studies on Alnico thin

films on Si substrates, high coercivity values were also observed in slow-cooled samples

and in those with Ag buffer layers. Fe, Co and Ni atoms diffused into the Si substrate

and formed triangular shaped precipitates inside the substrate along the interface be-

tween the Si substrate and the film. While the presence of these precipitates is directly

correlated to the observed high magnetic coercivity in samples, the mechanism behind

the magnetocrystalline anisotropy remains unclear. Nonetheless, it could result from

an inhomogeneous or layered positioning of atoms inside these features. The aim of

this study was to investigate the origin of high coercivity in Alnico V thin film samples

and to prepare bulk rare-earth free nanocomposite permanent magnets based on such

high-coercivity Fe-Co-Si phase. However, our studies on Alnico thin film samples on

Si substrates showed a different and yet novel origin of high coercivity in the prepared

films; the diffusion of Fe, Co and Ni to the Si substrates and formation of triangular

shaped precipitates associated to the observation of high coercivity. Major difficulties

regarding the preparation of more Alnico thin film samples and on understanding the

origin of this high coercivity caused to focus on another exciting field of nanostruc-

tured rare-earth free permanent magnets by preparing exchange-couple ferrite based

nanocomposite magnets.
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Chapter 4

Exchange-Coupled BaM/Fe3O4 and

SrM/Fe3O4 Nanocomposites

Ferrite magnets, first discovered in the 1950s, are a type of technologically impor-

tant material which constitute more than 50% of the global consumption of magnetic

materials [31]. However, their lower BH(max) compared to the rare-earth permanent

magnets has led to many recent investigations into the preparation of exchange-coupled

nanocomposite magnets, using ferrites as both the hard and soft magnetic phases, via

different techniques, such as combustion methods [101], ball milling [102], sol-gel [103]

and gas aggregation [104].

Hard magnetic hexagonal barium and strontium ferrites (BaFe12O19 and

SrFe12O19), also known as M-type hexaferrites (BaM and SrM), are suitable for numer-

ous applications such as permanent magnets, electronic components, electromagnetic

absorbers and also as magnetic recording material, due to their low cost, high electri-

cal resistivity, high oxidation and corrosion resistance, great chemical stability, large

Hc, and high TC , [31, 33]. Many of these applications require controlled particle size

and magnetic properties, as well as homogeneous structure. Therefore, a reliable syn-

thesis technique is needed to produce M-type ferrites, such as co-precipitation [37],

hydrothermal [38] or sol-gel auto-combustion [39].

Spinel ferrites, of general chemical formula MFe2O4, where M is usually a diva-

lent metallic ion or a combination of metallic ions, are also interesting due to their

potential applications such as in magnetic devices, hyperthermia and drug delivery

55
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[54]. Among the soft spinel ferrites, Fe3O4 nanoparticles have attracted the interest

of many investigations for use as the soft magnetic phase in exchange-coupled mag-

nets, due to their low cost, chemical stability, high Ms, and high TC [55, 56]. These

nanoparticles are typically synthesised using chemical methods, such as sol-gel meth-

ods, co-precipitation and hydrothermal methods. Organic-solvent-free hydrothermal

methods for synthesising Fe3O4 nanoparticles are preferable due to their simplicity

and good control of particle size [57].

In this chapter, we study the exchange-coupling mechanism and show the correla-

tion between the structural, compositional and microstructural changes and magnetic

properties of BaM/Fe3O4 and SrM/Fe3O4 nanocomposites. The chapter is organised as

follows: in Sec. 4.1, BaM and SrM nanoparticles preparation procedures are presented.

The characterisation techniques used to optimise the calcination time and temperature

to achieve single phase ferrite with optimised hard magnetic properties are presented;

in Sec. 4.2 the effect of different synthesising methods on the magnetic and structural

properties of Fe3O4 nanoparticles are presented; in Sec. 4.3 and 4.4, the exchange

coupling mechanism of BaM/Fe3O4 and SrM/Fe3O4 is investigated to achieve high-

performance ferrite based nanocomposite magnet. Finally, in Sec. 4.5, a summary and

an overall discussion of the results is provided.

4.1 Single Phase BaM and SrM Nanoparticles

In order to investigate different M-type ferrites as the hard-magnetic phase, flake-like

particles of SrM and BaM nanoparticles were produced via a sol-gel autocombustion

method followed by an annealing process to form single phase powder.

4.1.1 BaFe12O19 Nanoparticles

In order to form single-phase BaM nanoparticles with optimised hard magnetic prop-

erties, the as-prepared BaM powders from the sol-gel auto-combustion method were

calcined at 600 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C for 1-5 h. Figure 4.1 shows the XRD

patterns of the BaM nanoparticle powder before and after calcination at 600 ◦C for

1 h and at 1000 ◦C for 5 h. The XRD analysis indicates the presence of impurity
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phases of hematite (Fe2O3) and barium carbonate (BaCO3) in the non-calcined sample

as well as in those calcined at 600-900 ◦C. After calcination at 1000 ◦C for 5 h, these

impurity phases disappear, and all the diffraction peaks match with the standard phase

of M-type barium ferrite, corresponding to JCPDS card no. 43-0002, with no other

impurity phase observed. The Rietveld refinement of the BaM powder calcined at 1000

◦C for 5 h using FullProf confirms the hexagonal structure of the powder with the space

group of P63/mmc (194), and lattice parameters a = 5.892 Å and c = 23.216 Å. This

temperature is typical of that needed to obtain single phase BaM powders [31].

TEM and SEM were used for the structural and compositional characterisation of

the calcined BaM nanoparticles. Figure 4.2 shows the TEM and SEM images of the

BaM nanoparticles calcined at 1000 ◦C for 5 h, which exhibit the formation of thin,

flake-like hexagonal particles with a wide range particle size distribution and average

diameter of ∼ 300 nm. The EDS analysis of the BaM nanoparticles, performed in the

TEM also confirmed the composition of BaM nanoparticles.

Room temperature M–H hysteresis loops of calcined BaM nanoparticles are shown

in Figure 4.3. As can be seen, the BaM nanoparticles calcined at 1000 ◦C for 5 h present

the most desirable hard-magnetic properties with a Ms of 61 emu/g (61 Am2/kg) and

Mr and Hci of 30 emu/g (30 Am2/kg) and 3.56 kOe (283 kA/m) respectively. This

compared well to other reported hydrothermal BaM particles [31]. The M–H hysteresis

loops of BaM calcined at a low temperature of 900 ◦C, or a shorter time at 1000 ◦C

(see Figure 4.3), show a small kink at low magnetic field, while the MH curve of the

sample calcined at 1000 ◦C for 5 h is smooth and convex shaped. This indicates that

a calcination temperature or period below 1000 ◦C for 5 h is not sufficient to form

a completely single-phase BaM powder, which agrees with the XRD analysis. The

BH(max) of the samples was quantified by the calculation of the area of the largest

rectangle that can be inscribed under the second quadrant of the B-H hysteresis loop

[105]. The BaM nanoparticles calcined at 1000 ◦C for 5 h also exhibit the largest

BH(max) of 0.74 MG.Oe (5.89 kJ/m3).
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Fig. 4.1: XRD patterns of the BaM nanoparticles powder (a) calcined at 1000 ◦C for 5

h, (b) calcined at 600 ◦C for 1 h, (c) before calcination and (d) the peaks corresponding

to BaM phase (JCPDS card no. 43-0002). Rietveld refinement data are also included in

(a). The symbol (O) and full line represent the observed and calculated x-ray diffraction

profiles, respectively. The vertical bars represent the Bragg reflection positions of the

observed phase and the difference curve is plotted in the bottom.

4.1.2 SrFe12O19 Nanoparticles

In order to form single phase SrM, the as-prepared powders from the sol-gel autocom-

bustion reaction were annealed at 1000 ◦C for 5 h [106, 107]. Figure 4.4 shows the

XRD patterns of the SrM nanoparticle powder after calcination at 1000 ◦C for 5 h.

The XRD analysis indicates that all the diffraction peaks match with the standard
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Fig. 4.2: (a) TEM image of the calcined BaM powders at 1000 ◦C for 5 h and (b) SEM

image of the calcined BaM powders at 1000 ◦C for 5 h.

Fig. 4.3: Room temperature magnetic hysteresis (MH ) loops of the BaM powders

calcined at different temperatures.

phase of M-type strontium ferrite, corresponding to JCPDS card no 43-006-3369, with

no other impurity phases observed. The Rietveld refinement of the SrM powder cal-

cined at 1000 ◦C for 5 h using FullProf confirms the hexagonal structure of the powder
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with the space group of P63/mmc (194), and lattice parameters of a = 5.882 Å and c

= 23.062 Å.

Figure 4.5 shows the TEM and SEM images of the SrM nanoparticles calcined

at 1000 ◦C for 5 h, which exhibit the formation of thin, flake-like particles with a

wide range particle size distribution and an average diameter of ∼ 400 nm. The EDS

analysis of the SrM nanoparticles, performed in both TEM and SEM also confirmed

the composition of SrM nanoparticles.

Room temperature magnetic measurements were performed on the SrM nanopar-

ticles calcined at 1000 ◦C for 5 h (Figure 4.6). The results show that the heat treated

SrM nanoparticles have a Ms of 71 emu/g (71 Am2/kg), Mr of 35 emu/g (35 Am2/kg)

and Hci of 3.29 kOe (261 kA/m), which are comparable with the hard-magnetic prop-

erties of the calcined BaM nanoparticles at 1000 ◦C for 5 h.

4.2 Synthesis of Fe3O4 Nanoparticles

In order to study the effect of different coating methods on structural and magnetic

properties of ferrite based exchange-coupled nanocomposites, magnetite nanoparticles

were prepared via a hydrothermal and coprecipitation method.

To synthesize the Fe3O4 nanoparticles, 1.0 kmol/m3 sodium hydroxide solution

was added dropwise into a solution of ferric chloride and ferrous lactate with the molar

ratio of 2 under vigorous stirring in an argon atmosphere to precipitate magnetite

nanoparticles. In the hydrothermal method, the mixture was then transferred to an

autoclave, sealed and then heated in an oven at 120 ◦C for 20 h. In the coprecipitation

method, the mixture was heated up and kept at 70 ◦C for 1 h under stirring in an

argon atmosphere. The prepared nanoparticles were then washed with deionised water

and dried in an oven.

Figure 4.7 shows the crystalline structure analysis of the magnetite nanoparticles

prepared via a hydrothermal and coprecipitation method. The XRD patterns confirm

that all the diffraction peaks match those of the standard phases of magnetite, cor-

responding to JCPDS card no. 01-086-1336, and no impurity phases were observed.

The Rietveld refinement of the Fe3O4 nanoparticles using FullProf confirms the cu-
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Fig. 4.4: XRD patterns of the SrM nanoparticles powder (a) calcined at 1000 ◦C

for 5 h and (b) the peaks corresponding to SrM phase (JCPDS card no. 43-006-3369).

Rietveld refinement data are also included in (a). The symbol (O) and full line represent

the observed and calculated x-ray diffraction profiles, respectively. The vertical bars

represent the Bragg reflection positions of the observed phase and the difference curve

is plotted in the bottom.
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Fig. 4.5: (a) TEM image of the calcined SrM powders at 1000 ◦C for 5 h and (b) SEM

image of the calcined SrM powders at 1000 ◦C for 5 h.
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Fig. 4.6: Room temperature magnetic hysteresis (M–H) loop of the SrM powders

calcined at 1000 ◦C for 5 h.

bic structure of the nanoparticles with the space group of Fd-3m (227), and lattice

parameters of a = 8.382 Å and a = 8.364 Å for the samples prepared via a copre-

cipitation and hydrothermal method respectively. The average crystallite size of the
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Fe3O4 nanoparticles, calculated from the full width at half maximum (FWHM) using

the Scherrer formula, is found to be ∼ 148.9 Å and ∼ 96.5 Å for the samples prepared

via a coprecipitation and hydrothermal method respectively.
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Fig. 4.7: XRD patterns of the Fe3O4 nanoparticles synthesised via (a) a coprecipitation

and (b) a hydrothermal method; and the peaks corresponding to Fe3O4 phase (JCPDS

card no. 01-086-1336). Rietveld refinement data are also included in (a) and (b).

The symbol (O) and full line represent the observed and calculated x-ray diffraction

profiles, respectively. The triangles represent the Bragg reflection positions of the

observed phase and the difference curve is plotted in the bottom.

Figure 4.8 shows the TEM micrograph of Fe3O4 nanoparticles synthesised via a

hydrothermal and coprecipitation method. The TEM images show Fe3O4 nanoparticles
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with an average size of ∼ 10nm and ∼ 15 nm for the nanoparticles prepared by a

hydrothermal and coprecipitation method respectively. The results agree with the

crystallite size values calculated from the XRD patterns. This indicates that they are

single nanocrystals, consisting of only one crystalline or magnetic domain.

Fig. 4.8: TEM image of the Fe3O4 nanoparticles synthesised via (a)-(b) a hydrothermal

and (c)-(d) a coprecipitation method.

In order to achieve a complete exchange coupling between the hard and the soft

magnetic phases, the particle size of the soft magnetic phase should not exceed twice

the domain wall thickness of the hard phase. The critical exchange length (dcr) can be

described by dcr = π
√

AS

KH
[42]. Where, AS is the exchange stiffness of the soft phase

(AS = 1.32 × 10−11 J/m for Fe3O4 [108]) and KH is the magnetocrystalline anisotropy

of the hard phase (KH = 330 kJ/m3 for BaM [109] and KH = 360 kJ/m3 for SrM
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[110]). Therefore, for BaM/Fe3O4 and SrM/Fe3O4 exchange-coupling systems dcr ≈

20 nm. Figure 4.9 shows the particle size distribution of the magnetite nanoparticles,

prepared via a hydrothermal and coprecipitation method. Unlike the Fe3O4 nanopar-

ticles, prepared via a hydrothermal method, which obtained an average particle size

of ∼ 10 nm and a narrow size distribution (σ = 2.92 nm), the Fe3Ov4 nanoparticles

synthesised via a coprecipitation method exhibit a noticeably wider size distribution (σ

= 6.11 nm) with an average particle size of ∼ 15 nm. The cumulative percent graph in

Figure 4.9 shows that all the Fe3O4 nanoparticles prepared via a hydrothermal method

have diameters below dcr. However, in the coprecipitation method, 85% of the Fe3O4

nanoparticles have diameters below dcr which could lead to an incomplete exchange

coupling. A complimentary Brunauer-Emmett-Teller (BET) analysis was performed

on the magnetite nanoparticles to determine the surface area of the powders. The re-

sults show that Fe3O4 nanoparticles, prepared via a hydrothermal method have larger

value of surface area (77.74 m2/g) compared to the nanoparticles prepared via a copre-

cipitation method (58.99 m2/g). The results confirm the smaller value of the average

particle size for the particles prepared by a hydrothermal method. The BET analysis

on the calcined BaM and SrM nanoparticles shows a surface area of 2.73 m2/g and

2.12 m2/g, respectively. This confirms the larger average particle size of the annealed

SrM nanoparticles compared to BaM nanoparticles.

Room temperature M–H hysteresis loops of Fe3O4 nanoparticles are shown in

Figure 4.10. The as-prepared Fe3O4 nanoparticles via a hydrothermal method exhibit

a Ms of 91 emu/g (91 Am2/kg) and the coprecipitated Fe3O4 nanoparticles exhibit a

Ms of 85 emu/g (85 Am2/kg). Both samples show Hci values < 50 Oe (< 4 kA/m).

The magnetic parameters confirm their applicability as the soft magnetic phase in this

nanocomposite. Such high Ms values are typical for single domain Fe3O4 NPs, with

very small, virtually superparamagnetic, Hci values [111].

4.3 BaM/Fe3O4 Nanocomposite

The BaM/Fe3O4 nanocomposites with mass ratios of 1:1, 3:1 and 9:1 were prepared

via coating the single phase BaM nanoparticles calcined at 1000 ◦C for 5 h with mag-
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Fig. 4.9: Particle size distribution of Fe3O4 nanoparticles prepared via a hydrothermal

and a coprecipitation method.

netite nanoparticles by mixing different amounts of calcined BaM powder to the fer-

rous/ferric solution in the hydrothermal process. Figure 4.11 shows the XRD patterns

of the BaM/Fe3O4 nanocomposite with the mass ratio of 1:1. The diffraction pattern

clearly shows the characteristic diffraction peaks of both BaM and Fe3O4 with no other

impurity peaks. The peaks corresponding to the soft spinel ferrite phase are broader

due to their smaller size. The Rietveld refinement of the nanocomposite samples (in-

cluded in Figure 4.11(a)), with the χ2 (goodness-of-fit quality factor) of 1.98, shows no

significant changes in the lattice parameters of each phase in the as-coated samples.

Figure 4.12 shows the TEM images of the BaM/Fe3O4 nanocomposite with the

mass ratio of 9:1, which clearly shows that following the hydrothermal synthesizing

method, the magnetite nanoparticles coat the flake-like hexagonal BaM nanoparticles.

Figure 4.12(c) exhibits a homogeneous precipitation of the Fe3O4 nanoparticles on the

surface of the calcined BaM, which can lead to a maximisation of the exchange-coupling

between the hard and soft magnetic phases. As seen in Figure 4.12(c) the coated

surface of the BaM nanoparticles appears flat, which indicates that a low amount of
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Fig. 4.10: Room temperature magnetic hysteresis loops of the as-prepared Fe3O4

nanoparticles.

interdiffusion and reaction between them.

To confirm the crystallinity of both magnetite and BaM nanoparticles, together

with the interface between them, a high resolution TEM (HRTEM) analysis was per-

formed. Figure 4.13 shows HRTEM image of the interface between the Fe3O4 nanopar-

ticles on flake-like BaM powders in the nanocomposite with the mass ratio of 9:1. The

HRTEM of the BaM powder, obtained from region I (Figure 4.13(b)), shows a lattice

spacing of 0.42 nm, which corresponds to the (103) plane of the BaFe12O19 phase, in

good agreement with the XRD results. The HRTEM image and the diffraction pattern

obtained from fast Fourier transform (FFT) analysis confirm the high crystallinity of

the BaM powder. Figure 4.13(c) shows the HRTEM micrograph and FFT analysis of

Fe3O4 nanoparticles (region II). It can be seen that the as-synthesised Fe3O4 nanopar-

ticles have high crystallinity with a lattice spacing of 0.23 nm, which corresponds to

the (222) plane of the spinel magnetite phase and agrees well with the XRD results.

Figure 4.14 shows the room temperature magnetic hysteresis loops of the as-

prepared Fe3O4 nanoparticles, the BaM nanoparticles calcined at 1000 ◦C for 5 h
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Fig. 4.11: XRD patterns of (a) BaM/Fe3O4 1:1 nanocomposite powder, (b) the peaks

corresponding to BaM phase (JCPDS card no. 43-002), and (c) the peaks correspond-

ing to Fe3O4 phase (JCPDS card no. 01-086-1336). Rietveld refinement data are also

included in (a) for the BaM/Fe3O4 1:1 nanocomposite powder. The symbol (O) and full

line represent the observed and calculated x-ray diffraction profiles, respectively. The

vertical bars and the triangles represent the Bragg reflection positions of the observed

phases and the difference curve is plotted in the bottom.

and the as-coated calcined BaM nanoparticles with Fe3O4 nanoparticles with the mass

ratios of 1:1, 3:1 and 9:1. The hysteresis loops of the as-coated BaM/Fe3O4 nanocom-

posite samples with different mass ratios, show an increase of up to 40% in Ms value,

up to 89 emu/g (89 Am2/kg) in the nanocomposites compared to the calcined BaM
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Fig. 4.12: TEM image of the as-coated BaM/Fe3O4 9:1 nanocomposite powder with

different magnifications.

powder (values in Table4.1). The mass ratio of the soft magnetic phase does not have

any significant effect on the value of the Ms in the nanocomposite samples. However,

the value Hci varies greatly with the hard magnetic phase content, and is maximised in

the nanocomposite sample with the mass ratio of 9:1 (Table 4.1). The nanocomposites

with the mass ratios of 1:1 and 3:1 do not exhibit a smooth hysteresis loop due to an in-

complete exchange-coupling between the soft and the hard magnetic phases. However,

the hysteresis loop of the as-coated nanocomposite with the mass ratio of 9:1 shows

a smooth hysteresis loop without the dual magnetic phase behaviour, which confirms

the formation of a fully-coupled exchange-coupled hard magnetic powder. This 9:1

nanocomposite sample also shows the largest Hci of 3.58 kOe (285 kA/m), which leads
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Fig. 4.13: (a) HRTEM of the interface between Fe3O4 and BaM nanoparticles in the

as-coated 9:1 nanocomposite (b) zoomed in HRTEM image and FFT of the region I,

corresponds to BaM nanoparticle, and (c) zoomed in HRTEM image and FFT of the

region II, corresponds to Fe3O4 nanoparticle.

to a significant enhancement of 75% of BH(max), with the value of 1.14 MG.Oe (9.07

kJ/m3), compared with the parent hard magnetic phase (Table 4.1).

In order to investigate the effect of post-heat treatment on the magnetic properties

of the nanocomposites, which has been reported as an essential step to form the ex-

change coupling between the soft and the hard magnetic phases in previous studies [55,

56], as-coated nanocomposite samples were annealed at 300 ◦C, 400 ◦C, 500 ◦C and 600

◦C for 1 h. A post-heat treatment process improves the coercivity of the samples with

mass ratios of 1:1 and 3:1. However, the magnetic measurements exhibit no significant

improvement in the sample with the mass ratio of 9:1, which has the most promising

hard magnetic properties (Figure 4.14). Not requiring a post-heat treatment leads to a

reduction of cost, and simplifies the preparation of this high-performance BaM/Fe3O4

nanocomposite hard magnetic powder.

In order to further evaluate the exchange coupling behaviour of the nanocomposite

samples, the switching field distribution (SFD) curves were plotted by taking the 1st

derivative of the demagnetisation curve (dM/dH of the demagnetisation curve), as

shown in Figure 4.15. The presence of a single peak in the SFD plot of the calcined

BaM confirms the formation of a single-phase hard phase after calcination at 1000 ◦C

for 5 h. As for the nanocomposite samples, the dM/dH curves of the nanocomposites

with the mass ratios of 1:1 and 3:1 exhibit two distinct peaks, which is due to the
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Fig. 4.14: Room temperature magnetic hysteresis (MH ) loops of the BaM powders

calcined at 1000◦C for 5 h, as-prepared Fe3O4 nanoparticles, as-coated BaM/Fe3O4

nanocomposite powder with different mass ratios and BaM/Fe3O4 9:1 nanocomposite

annealed at 300 ◦C and 600 ◦C for 1 h.

uncoupled or weak coupling between the soft and the hard magnetic phases [112].

For the BaM/Fe3O4 nanocomposite with the mass ratio of 9:1 a broad single peak is

observed which confirms the fully coupled exchange between the two magnetic phases.

The reduction of the intensity of the peak of the soft phase from the nanocomposite

with the mass content of 1:1 to 9:1, together with the increasing of the peak due to the

hard phase also confirms the improvement of the exchange-coupling by increasing the

percentage of the hard magnetic phase in the nanocomposite.

4.4 SrM/Fe3O4 Nanocomposite

To form the exchange-coupled SrM/Fe3O4 nanocomposite, calcined SrM powders

were coated with magnetite nanoparticles via the coprecipitation method with the

SrM/Fe3O4 mass ratio of 9:1. Figure 4.16 shows the crystalline structure of the coated
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Fig. 4.15: Switching field distribution curves (dM/dH of demagnetisation curves) of

the BaM nanoparticles calcined at 1000 ◦C for 5 h, as-prepared Fe3O4 nanoparticles

and BaM/Fe3O4 nanocomposite powder with different mass ratios.

powder. The XRD pattern confirms that all the diffraction peaks match with the

standard phases of strontium hexaferrite phase, corresponding to JCPDS card no. 04-

006-3369, and magnetite phase, corresponding to JCPDS card no. 01-086-1336, and no

impurity phases were observed. The Rietveld refinement of the nanocomposite sample,

with the χ2 = 2.47, shows no significant changes in the lattice parameters of each phase

in the as-coated samples.

Figure 4.17 shows the TEM images of SrM/Fe3O4 nanocomposite with the mass

ratio of 9:1. The TEM images confirm that via a coprecipitation method, magnetite

nanoparticles coat the surface of the annealed flake-like SrM nanoparticles, also allow-

ing exchange coupling between the hard and the soft magnetic phases.

A HRTEM study was performed on the SrM/Fe3O4 nanocomposite to confirm

the crystallinity of both magnetite and SrM nanoparticles, and to expose the interface

between them (Figure 4.18). The flat interface between the two phases confirms a low

amount of interdiffusion and reaction between them. The HRTEM of the SrM powder,



73

25 30 35 40 45 50 55 60 65 70

 

In
te

ns
ity

 (a
. u

.)

2 Theta (deg.)

Fe3O4 JCPDS: 01-086-1336 

 

SrFe12O19 JCPDS: 04-006-3369

D  Fe3O4

I   SrFe12O19
2 = 2.47

 

SrM/Fe3O4 9:1 Rietveld refined profile

a)

b)

c)

Fig. 4.16: XRD patterns of SrM/Fe3O4 9:1 nanocomposite powder. The corresponding

peaks of SrM phase (JCPDS card no. 04-006-3369), and Fe3O4 phase (JCPDS card

no. 01-086-1336) are marked. Rietveld refinement data are also included in (a) for

the SrM/Fe3O4 9:1 nanocomposite powder. The symbol (O) and full line represent the

observed and calculated x-ray diffraction profiles, respectively. The vertical bars and

the triangles represent the Bragg reflection positions of the observed phases and the

difference curve is plotted in the bottom.

obtained from region I (Figure 4.18(b)), shows a lattice spacing of 0.39 nm, which

corresponds to the (006) plane of the SrFe12O19 phase, in agreement with the XRD

results. The HRTEM image and the diffraction pattern obtained from fast Fourier

transform (FFT) analysis confirm the high crystallinity of SrM powder. Figure 4.18(c)
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Fig. 4.17: TEM image of the as-coated SrM/Fe3O4 9:1 nanocomposite powder with

different magnifications.

shows the HRTEM micrograph and FFT analysis of Fe3O4 nanoparticles (region II). It

can be seen that the as-synthesised Fe3O4 nanoparticles have high crystallinity with a

lattice spacing of 0.21 nm, which corresponds to the (400) plane of the spinel magnetite

phase and agrees with the XRD results.

Fig. 4.18: (a) HRTEM of the interface between Fe3O4 and SrM nanoparticles in the

as-coated 9:1 nanocomposite (b) zoomed in HRTEM image and FFT of the region I,

corresponds to SrM nanoparticle, and (c) zoomed in HRTEM image and FFT of the

region II, corresponds to Fe3O4 nanoparticle.

Figure 4.19 shows the room temperature magnetic hysteresis loops of the SrM

nanoparticles annealed at 1000 ◦C for 5 h, the as-prepared Fe3O4 nanoparticles synthe-
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sised by a coprecipitation method and the as-coated annealed SrM nanoparticles with

magnetite nanoparticles with the mass ratio of 9:1. The magnetic measurements on

the SrM/Fe3O4 nanocomposite show a Hci of 2.64 kOe (210 kA/m), Ms of 80 emu/g

(80 Am2/kg) and BH(max) of 0.84 MG.Oe (6.68 kJ/m3) (Table 4.1). The incomplete

exchange-coupling between the hard and the soft magnetic phases leads to a decrease

in the Hci in the nanocomposite powder compared to the parent hard magnetic phase.

Fig. 4.19: Room temperature magnetic hysteresis (M–H) loops of the SrM powders cal-

cined at 1000◦C for 5 h, as-prepared Fe3O4 nanoparticles prepared via a coprecipitation

method and as-coated SrM/Fe3O4 9:1 nanocomposite powder.

Figure 4.20 shows the SFD curves of the calcined SrM nanoparticles at 1000 ◦C

for 5 h, the SrM/Fe3O4 9:1 nanocomposite and the Fe3O4 nanoparticles prepared by a

coprecipitation method. The presence of a hump in the SFD peak of the calcined SrM

(at high coercivity) is due to the shape anisotropy distribution of the nanoparticles

which has also been observed in previous studies [112]. As for the nanocomposite

sample, the dM/dH curve exhibits a distinct peak at ∼ 0 Oe, which is due to the

uncoupled or weak coupling between the soft and the hard magnetic phases.

Table 4.1 summarises the magnetic properties of the investigated samples, com-
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Fig. 4.20: Switching field distribution curves (dM/dH of demagnetisation curves) of

the SrM nanoparticles calcined at 1000 ◦C for 5 h, as-prepared Fe3O4 nanoparticles via

a coprecipitation method and SrM/Fe3O4 9:1 nanocomposite powder.

paring also our results with a commercial BaM powder and previous studies on the

BaM/Fe3O4 exchange-coupled nanocomposite magnets [55, 56].

4.5 Summary

Flake-like single phase BaM and SrM nanoparticles were synthesised using a sol-gel

auto-combustion method followed by a heat treatment process. X-ray diffraction anal-

ysis and magnetic measurements guided the optimisation of the annealing conditions.

BaM/Fe3O4 and SrM/Fe3O4 core-shell-like nanocomposite powders were successfully

prepared by coating the BaM and SrM nanoparticles with magnetite nanoparticles via

a hydrothermal and a coprecipitation method respectively. The structural analysis

confirms the presence of both phases. Exchange-coupling behaviour was observed be-

tween the hard/soft magnetic phases which leads to an increase in Ms and BH(max)

of the nanocomposite samples compared to their parent hard magnetic phase. Unlike
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Table 4.1: The magnetic properties of the investigated nanoparticles and nanocompos-

ite samples and the commercial BaM powder, as well as data from Refs [55, 56].

Ms

(emu/g =

A m2/kg)

Hci

(kOe)

Hci

(kA/m)
Mr/Ms

BH(max)

(MG.Oe)

BH(max)

(kJ/m3)

Fe3O4 Hydrothermal 91 < 0.05 < 4 0.04 0.002 0.02

BaM 1000 ◦C 5 h 61 3.56 283 0.49 0.74 5.89

BaM/Fe3O4 9:1 86 3.58 285 0.45 1.1 9.07

BaM/Fe3O4 3:1 87 2.47 197 0.39 0.54 4.30

BaM/Fe3O4 1:1 89 0.52 41 0.20 0.08 0.64

Commercial BaM 68 2.82 224 0.67 0.96 7.64

[55] Hydrothermal

BaM/Fe3O4 nanocompos-

ite

∼ 60 ∼ 0.2 ∼ 16 - - -

[56] Mixed powder

BaM/Fe3O4 nanocompos-

ite

37 3.17 252 0.33 - -

Fe3O4 Coprecipitation 85 < 0.05 < 4 0.04 0.002 0.02

SrM 1000 ◦C 5 h 71 3.29 261 0.49 0.77 6.12

SrM/Fe3O4 9:1 80 2.63 210 0.45 0.84 6.68

previous studies on the exchange-coupling of BaM and Fe3O4 nanoparticles [55, 56],

the results demonstrate that an additional post-heat treatment is not required, which

reduces the cost and simplifies the preparation process. These low cost core-shell-like

nanocomposite powders with improved permanent magnetic properties, high resistiv-

ity and chemical stability could potentially be densified and used as bulk permanent

magnets in a variety of applications.
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Chapter 5

Bonded Ferrite-Based

Exchange-Coupled Nanocomposite

Magnets

Resin bonded magnets are among the most commercially fabricated permanent mag-

nets due to their low cost of preparation, lightweight structure and their low pro-

cessing temperatures. They are produced from different types of polymers such as

thermoplastic (e.g. polycarbonate, nylon, polyethylene) or thermoset materials (e.g.

epoxy, phenolic or polyester resins), as the ”matrix” can be mixed with a wide range

of different hard magnetic powders and by different manufacturing techniques [58–61].

These polymer matrix composite magnets exhibit interesting thermal, electrical, mag-

netic and mechanical properties, which make them suitable for a variety of applications

[62–64]. In order to form complex geometries in sintered permanent magnets, several

manufacturing processes, such as cutting, machining and grinding steps are needed,

which leads to the waste of magnetic materials and have limitations in the geometric

complexity of final products [64]. On the other hand, bonded magnets can be fabri-

cated in different shapes and sizes through injection moulding, extrusion moulding or

compaction moulding processes.

Resin bonded exchange-coupled BaM/Fe3O4 and SrM/Fe3O4 composite magnets

were prepared via a warm compaction procedure with an epoxy resin. The effects of

compaction conditions, as well as the ferrite concentration in the bonded magnets on

79
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their mechanical, magnetic and structural properties are investigated. Results show

an enhancement of BH(max) in the exchange-coupled ferrite-based bonded magnets

compared to a commercial magnet, with optimised mechanical properties.

The chapter is organised as follows: in Sec. 5.1, the preparation procedures of

ferrite-based bonded composite magnets together with the morphological characterisa-

tion of the prepared magnets are presented; in Sec. 5.2 the effect of compaction pressure

and the ferrite concentration on the density of the bonded magnets is presented; in Sec.

5.3, the mechanical stability of the bonded magnets is explored; in Sec. 5.4, the effect

of ferrite concentrations and warm compaction parameters on the magnetic properties

of the bonded magnets are presented. Finally, in Sec. 5.5, a summary of the results is

provided.

5.1 Morphological characterisation of the Bonded

Magnets

The prepared composite powders of BaM/Fe3O4 (magnetite from hydrothermal pro-

cess) and SrM/Fe3O4 (magnetite from coprecipitation process), with mass ratios of 9:1,

were mixed with epoxy resin powder to obtain 80 % to 95 % mass ratios, and warm

pressed in the range of 300-700 MPa. During the warm compaction process, the epoxy

resin forms a thin layer around the powder and bonds the magnet after the curing

process. Epoxy powders are used as the bonding agent due to their excellent adhesion,

flexibility, hardness and chemical resistance [113]. SEM was used for morphological

characterisation of the bonded magnets. Figure 5.1 shows the SEM images of epoxy

bonded SrM/Fe3O4 composite magnets pressed at 300 MPa with the ferrite components

of 80 wt.% and 95 wt.%. The SEM images confirm that the epoxy resin was uniformly

distributed in the composite. However, increasing the ferrite powder component from

80 wt.% to 95 wt.% in the composite, causes the formation of microcracks (Figure

5.1(b-d)). The cross section SEM (Figure 5.1(d)) shows in-depth propagation of these

microcracks, which can affect the mechanical properties of the bulk magnet. Figure

5.2 shows the SEM images of the surfaces of epoxy bonded BaM/Fe3O4 composite

magnets pressed at 300 MPa with the ferrite powder components of 80 wt.% and 95
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wt.%. The presence of microcracks in the epoxy bonded BaM/Fe3O4 composite with

the ferrite concentration of 95 wt.% confirms the presence of an excessive amount of

ferrite volume (95 wt.% in the composite magnet) in both BaM/Fe3O4 and SrM/Fe3O4

-based magnets.

Fig. 5.1: SEM images of the epoxy bonded SrM/Fe3O4 composite warm pressed at 300

MPa with a ferrite powder component of (a) 80 wt.%, (b-c) 95 wt.% and (d) cross

section SEM image of SrM/Fe3O4 composite with 95 wt.% ferrite content.

5.2 Density of the Bonded Magnet

Figure 5.3 shows the effect of compaction pressure and the ferrite powder component

on the density of the bonded magnet. Due to the higher density of BaM over SrM, the

density of BaM/Fe3O4 bonded magnets are slightly higher than those of the SrM based

magnets. Also, the increase in the ferrite powder component in the bonded magnets

causes an increase in the density of the bonded magnet. The density of the solid

constituent of the bonded magnets are 5.28 g/cm3 for BaM, 5.18 g/cm3 for SrM, 5.18
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Fig. 5.2: SEM images of the epoxy bonded BaM/Fe3O4 composite warm pressed at

300 MPa with a ferrite powder component of (a) 80 wt.% and (b) 95 wt.%.

g/cm3 for the soft ferrite Fe3O4 [109] and 1.29 g/cm3 for the cured epoxy. The values

of density of the bonded magnets in Figure 5.3(a) and (b) corresponds to porosities

of 24-30 vol% in the BaM/Fe3O4 magnets and 27-30 vol% in SrM/Fe3O4 magnets

respectively. Porosity is caused by closed bubbles of air in the epoxy and voids in the

ferrite nanoparticle packing. The density values show no significant improvement in

the density of the bonded magnets by increasing the compaction pressure from 300

MPa up to 700 MPa. However, the excessive compaction pressure might cause a slight

decrease in the density due to the formation of cracks in the samples prepared at high

pressures.
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Fig. 5.3: Variation of density with compaction pressure and powder to resin ratio

of (a) the epoxy bonded BaM/Fe3O4 composite magnet and (b) the epoxy bonded

SrM/Fe3O4 composite magnet.
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5.3 Mechanical Stability of the Bonded Magnets

In order to compare the mechanical stability of the prepared bonded magnets, Vickers

hardness tests with 2 kgf were performed on the bulk samples. Figure 5.4 shows the

variation of Vickers hardness with the compaction pressure and the ferrite concentration

in bulk samples for both exchange-coupled BaM/Fe3O4 and SrM/Fe3O4 based magnets.

At least 3 different measurements were performed on each sample with the average

shown in Figure 5.4. The results indicate that in general, the SrM/Fe3O4 based bonded

magnets are harder than BaM/Fe3O4 based bonded magnets, and the samples with

ferrite concentration of 90 wt.% prepared at 500 MPa for BaM/Fe3O4 and 700 MPa

for SrM/Fe3O4 ferrites have maximised mechanical stability with the hardness of ∼ 75

HV2 and ∼ 90 HV2, respectively. The hardness test could not be performed on some

of the samples with 95 wt.% ferrite content due to microfracture and loss of mechanical

stability (dark regions in Figure 5.4).
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Fig. 5.4: Variation of Vickers hardness with compaction pressure and powder to resin

ratio of (a) the epoxy bonded BaM/Fe3O4 composite magnet and (b) the epoxy bonded

SrM/Fe3O4 composite magnet.

5.4 Magnetic Properties of the Bonded Magnets

Figure 5.5 shows the room temperature magnetic hysteresis curves of the BaM/Fe3O4-

based bonded magnets with different ferrite concentrations and warm compaction pres-
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sures compared to their parent exchange-coupled BaM/Fe3O4 nanocomposite phase.

It is shown that the values of intrinsic coercivity of the bonded magnets are slightly

smaller than their parent nanocomposite phase and the compaction pressure and ferrite

concentration has a small effect on the coercivity of the bonded magnets.
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Fig. 5.5: Room temperature MH curves of the BaM/Fe3O4-based bonded magnets with

different ferrite concentrations and warm compaction pressures compared to the parent

exchange-coupled BaM/Fe3O4 nanocomposite powder. The inset shows the demagneti-

sation curve of the BaM/Fe3O4-based bonded magnets with different concentrations

all prepared at 300 MPa.

Figure 5.6 shows the room temperature magnetic hysteresis curves of the

SrM/Fe3O4-based bonded magnets with different ferrite concentrations and warm com-

paction pressures compared to their parent exchange-coupled SrM/Fe3O4 nanocom-

posite phase and a commercial SrM-based bonded magnet. The MH curves show that

the intrinsic coercivity of the bonded magnets are slightly larger than their parent

nanocomposite phase and the commercial SrM-based bonded magnet. It is shown that
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the compaction pressure and ferrite concentration have a small effect on the coercivity

of the bonded magnets.
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Fig. 5.6: Room temperature MH curves of the BaM/Fe3O4-based bonded magnets with

different ferrite concentrations and warm compaction pressures compared to the parent

exchange-coupled SrM/Fe3O4 nanocomposite powder. The inset shows the demagneti-

sation curve of the SrM/Fe3O4-based bonded magnets with different concentrations all

prepared at 300 MPa.

Figure 5.7 gives a detailed magnetic characterisation of the bonded magnets for

more in-depth investigation of the effect of compaction pressure and ferrite concen-

tration on the hard magnetic properties of the bonded magnets. The magnetic mea-

surements on the bonded magnets indicate that the warm compaction pressure has

little effect on the BH(max) of the bonded magnets (Figure 5.7 (a)). However, the

BH(max) of the exchange-coupled bonded magnet could be improved by up to ∼ 60 %

(up to 0.8 MG.Oe (6.36 kJ/m3)) for BaM/Fe3O4 and up to ∼ 50 % (up to 0.55 MG.Oe

(4.38 kJ/m3)) for SrM/Fe3O4 by increasing the ferrite concentration from 80 wt.% to
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95 wt.%. BaM/Fe3O4 based bonded magnets show larger Ms and Hci values than the

SrM/Fe3O4 based bonded magnets. In both types of the bonded magnets, Ms increases

with the increase of ferrite concentration (Figure 5.7(b-c)). Figure 5.7(b) shows that

the ferrite concentration has no significant effect on the Hci of the bonded magnets. The

samples prepared at higher warm compaction pressure show smaller Hci than those pre-

pared at lower pressure. Magnetic measurements on a commercial bonded SrM magnet

with ∼ 85 wt% SrM content show an Hci of 2.85 kOe (227 kA/m), Ms of 63 emu/g (63

Am2/kg) and BH(max) of 0.38 MG.Oe (3.0 kJ/m3). Present magnetic measurements

show that the BH(max) of the exchange coupled BaM/Fe3O4 and SrM/Fe3O4 bonded

magnets are up to 120% and 45% larger than those of the commercial bonded SrM

magnet, respectively.

Table 5.1 summarises the magnetic properties of the exchange-coupled SrM/Fe3O4

and BaM/Fe3O4 nanocomposite powders and their parent hard and soft magnetic

phases, as well as a comparison between our investigated exchange-coupled ferrite based

bonded magnets with a commercial SrM based bonded magnet.

5.5 Summary

Bonded ferrite-based composite magnets were prepared via a warm compaction process

at 180◦C for 10 min at different compaction pressures. The exchange-coupled mag-

netite coated BaM and SrM nanocomposites were used as the magnetic filler. Epoxy

powder was used as the matrix in the composite magnet.

The density measurements on the bonded composite magnets show an increase

in the density with the increase of the ferrite concentration in the composite. No

significant improvement in the density by increasing the compaction pressure from 300

MPa up to 700 MPa was observed. The excessive compaction pressure actually causes

a slight decrease in the density due to the formation of cracks in the samples prepared

at high pressures, which could be observed in the SEM images. Vickers hardness tests

indicate that the samples with ferrite concentration of 90 wt.% prepared at 500 MPa for

BaM/Fe3O4 and 700 MPa for SrM/Fe3O4 ferrites have maximised mechanical stability.

Magnetic measurements on the bonded magnets show that BH(max) of the exchange
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Fig. 5.7: Variations of (a) BH(max), (b) Hci and (c) Ms, with compaction pressure

and powder to resin ratio of the epoxy bonded BaM/Fe3O4 and SrM/Fe3O4 composite

magnet.

coupled BaM/Fe3O4 and SrM/Fe3O4 bonded magnets is up to 120% and 45% greater

than the values in a commercial bonded SrM magnet of comparable powder to polymer

ratio, respectively. We observed that the increase in the SrM/Fe3O4 concentration

from 80 to 95 wt.% in the composite magnet causes an improvement in the maximum

energy product. In the BaM/Fe3O4 magnets, the BH(max) increases significantly with
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Table 5.1: A comparison between magnetic properties of our investigated samples with

a commercial SrM based bonded magnet.

Ms

(emu/g =

A m2/kg)

Hci

(kOe)

Hci

(kA/m)
Mr/Ms

BH(max)

(MG.Oe)

BH(max)

(kJ/m3)

Fe3O4 Hydrothermal * 91 < 0.05 < 4 0.04 0.002 0.02

BaM 1000 ◦C 5 h * 61 3.56 283 0.49 0.74 5.89

BaM/Fe3O4 9:1 * 86 3.58 285 0.45 1.1 9.07

Fe3O4 Coprecipitation * 85 < 0.05 < 4 0.04 0.002 0.02

SrM 1000 ◦C 5 h * 71 3.29 261 0.49 0.77 6.12

SrM/Fe3O4 9:1 * 80 2.63 210 0.45 0.84 6.68

SrM/Fe3O4 bonded magnet

(85 wt% 300 MPa)
68 2.83 225 0.44 0.44 3.50

SrM/Fe3O4 bonded magnet

(95 wt% 300 MPa)
75 2.85 227 0.44 0.55 4.38

BaM/Fe3O4 bonded mag-

net (85 wt% 300 MPa)
74 3.28 261 0.43 0.59 4.69

BaM/Fe3O4 bonded mag-

net (95 wt% 300 MPa)
82 3.23 257 0.43 0.80 6.37

Commercial SrM bonded

magnet (85 wt%)
63 2.85 227 0.49 0.38 3.02

* data shown in Table 4.1 is here repeated for convenience.

the increase in the ferrite concentration. This might be due to the larger increase in the

density of BaM/Fe3O4 compared to the SrM/Fe3O4 bonded magnets with the increase

in the ferrite concentration. Our results show that the epoxy-bonded exchange-coupled

SrM/Fe3O4 with the ferrite concentration of 95 wt.% compressed at 700 MPa and the

BaM/Fe3O4 with the ferrite concentration of 90 wt.% compressed at 500 MPa have

optimised magnetic and mechanical properties.
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Micromagnetic Simulations on the

Ferrite Based Nanocomposites

To better understand and support the experimental data of the magnetic properties

of the nanocomposite powders, computational simulations of the exchange coupling

behaviour of the BaM/Fe3O4 hard-soft magnetic nanocomposites and the response of

these nanocomposites to an external magnetic field to obtain their hysteresis curves

were carried out. The simulations were performed with a graphics processing unit

(GPU)-accelerated micromagnetic simulation software MuMax3 [114], which employs

finite-difference discretisation.

6.1 Theory of Micromagnetism

Ferromagnetic materials show a hysteresis behaviour in the presence of an external

magnetic field which is a consequence of short- and long-range spatial scale (rang-

ing from nm to µm) interactions between the magnetic moments. These short-range

interactions (anisotropy and exchange interactions) and long-range interaction (mag-

netostatic interactions) are described in terms of the free energy of the system.

6.1.1 Exchange Energy

The exchange interaction, which is a quantum mechanical phenomenon, takes into

account the spin-spin interactions on a scale of atomic distances and tends to interact

89
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with the neighbour spins which favours parallel alignment to each other [115]. The

Heisenberg Hamiltonian [116] can be written as:

Ĥspin = −2JSi · Sj, (6.1)

where Si and Sj are the localized spins and J is the exchange constant between the

spins i and j. For J > 0, the spins tend to a parallel state and the material shows

ferromagnetic ordering. On the other hand, for negative values of J , the material

would have an antiferromagnetic behaviour [117]. In a solid material, an exchange

interaction exists between all the neighbouring atoms. By defining a unit vector m in

the direction of −Si, then Si = −Smi, where S is the spin magnitude. By ignoring the

discrete nature of the lattice of spins the Heisenberg Model can be written as:

Ĥ = −
∑
j

JS · Sj, (6.2)

where the summation is over the nearest neighbours. Assuming the angle between the

two neighbouring spins is very small, φij << 1 for all i and j, the energy of the system

can be written as:

Eexch = −JS2
∑
<ij>

cosφij = constant +
JS2

2

∑
<ij>

∅2ij, (6.3)

where the constant term can be ignored when all the spins are parallel. Considering m

as the reduced magnetic moment, m = M
Ms

, where M is the magnetisation and Ms is

the saturation magnetisation we get |φij| ≈ |mi −mj| (Figure 6.1).

Given that reduced magnetisation does not vary from point to point,

|mi −mj| ≈| (rij · ∇)m (6.4)

And the energy of the system can be written as:

Eexch = JS2
∑
<ij>

[(rij · ∇)m]2 (6.5)

In a continuum limit, the summation can be replaced by an integral over the

volume of the sample V ,
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Fig. 6.1: The reduced magnetisation unit vectors at neighbouring sites i and j [117].

Eexch = As

∫
V

[
(∇mx)2 + (∇my)

2 + (∇mz)
2] d3r (6.6)

By combining all the constant into a single material dependent term, A,

As = JS2c/a, (6.7)

where As is the exchange stiffness of the material, a is the distance between the neigh-

bouring spins and c is a constant depending on the crystalline structure. For example,

c = 1, 2 and 4 for simple cubic and bcc and face centred cubic (fcc) systems respectively

and c = 4
√

2 for hexagonal close packed (hcp) systems [118].

6.1.2 Anisotropy Energy

Due to the lattice structure and crystal symmetry, ferromagnetic materials tend to

magnetise along a certain energy favoured direction when there is no external magnetic

field, which is called the easy direction. It can be assumed that there is a force that

tends to align the magnetisation along the easy direction. In micromagnetics this force

is an important part of the total free energy. Considering a volume ∆V with uniform

magnetisation M and m as the reduced magnetic moment:

mx = sin θ cosφ (6.8)
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my = sin θ sinφ (6.9)

mz = cosφ, (6.10)

where θ and φ are the polar and azimuthal angles, respectively. Then the free energy

density can be expressed as:

Eanis = eanis(m) ·∆V (6.11)

We assume that eanis(m) is independent of m and defined as a constant. Different

energy surfaces with different quantitative details can be obtained by choosing dif-

ferent values of this constant. The energy surfaces show some depressions which are

energetically favoured and are called easy magnetisation axes. The solution of

∂eanis(m)

∂m
= 0 (6.12)

gives local minima and maxima in the energy surface which are called easy and

hard axes. Depending on the symmetry, there could be multiple easy axes in the

system. However, most of the metallic systems have either uniaxial or cubic anisotropy

[115, 117].

6.1.2.1 Uniaxial Anisotropy

In the case of uniaxial anisotropy, there is only one easy axis which is along the z-axis.

The anisotropy energy is also rotationally symmetric. Therefore:

m2
x +m2

y = 1−m2
z = sin2 θ (6.13)

And the energy density is expressed as:

Eanis = K0 +K1 sin2 θ +K2 sin4 θ, (6.14)

where K0, K1, and K2 are the anisotropy constants with the unit of J/m3. Figure 6.2

shows the uniaxial anisotropy energy density when K1 > 0 and K1 < 0.
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Fig. 6.2: Uniaxial anisotropy energy density when K1 > 0 (right) and K1 < 0 (left)

[119].

6.1.2.2 Cubic Anisotropy

Due to spin-lattice coupling in cubic crystals, there are 3 easy axes in a cubic anisotropy

which are along x, y, and z -axes. The anisotropy energy density can be expressed as:

Eanis = K0 +K1(m
2
xm

2
y +m2

ym
2
z +m2

zm
2
x) +K2m

2
xm

2
ym

2
z

(6.15)

Figure 6.3 shows the cubic anisotropy energy density when K1 > 0 and K1 < 0.

Fig. 6.3: Cubic anisotropy energy density when K1 > 0 (right) and K1 < 0 (left) [120].

6.1.3 External Field (Zeeman) Energy

The term external field energy represents the energy cost of misalignment between the

magnetic moment of the sample and an applied magnetic field H. By considering a
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single spin with magnetic moment µ in an external field, the Hamiltonian would be:

Ĥ = −µ0µ ·H (6.16)

In the continuum approximation, the total Zeeman energy for a sample in a mag-

netic field is [117]:

EZeeman = −µ0

∫
H ·MdV = −µ0Ms

∫
H ·mdV (6.17)

6.1.4 Stray (Demagnetising, Magnetostatic) Field Energy

The magnetic moments of the sample create a magnetic field inside the bulk which

opposes the external field. This energy term is called demagnetising energy and can

be calculated by replacing the demagnetising field (Hd) in Zeeman energy formula

(equation 6.17). According to Maxwell’s equation:

∇ ·Hd = −∇ ·M (6.18)

∇×Hd = 0 (6.19)

Then the demagnetising energy can be expressed as [117]:

Edemag =
1

2
µ0

∫
all space

Hd ·MdV = −1

2
Ms

∫
sample

Hd ·mdV (6.20)

6.1.5 Micromagnetic Equations

By summing up all the energy contribution terms mentioned before the total energy

of a ferromagnetic body can be obtained. Considering M = Ms · m then

Etotal = Eexch + Eanis + Edemag + EZeeman (6.21)

Etotal =

∫
V

[
As(∇m)2 + Fanis(m)−Hext ·M +

1

2
Hd ·M

]
dV, (6.22)
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where Fanis is the energy term summing up all the contributions of magnetocrystalline

anisotropy. The energy terms of magnetorestrictive effects and external stress in the

sample have been omitted, due to the fact that they are incompatible with the simu-

lation software [114]. Many variations of the total energy term with many constraints

can be derived from this equation [121].

fL ·m = −2A∆m+∇mFanis(m)− (Hext +Hd)Ms (6.23)

∇ · (µ0Hd +M) = 0 (6.24)

∇×Hd = 0 (6.25)

The term fL ·m can be written as -MsHeff , therefore:

Heff = Hext +Hd +
1

Ms

[2As∆m−∇mFanis(m)] , (6.26)

where Heff is the effective field containing all the various magnetic components. In a

static equilibrium

M ×Heff = 0, (6.27)

which shows that the torque on the magnetisation is zero at equilibrium. In a

dynamic magnetisation equation, proposed by Landau and Lifshitz (LL) [122], the

statement can be written as:

dm

dt
= −γm×Heff , (6.28)

where γ is the gyromagnetic ratio of the electron. In this statement, no energy losses

have been taken into account. By including an additional term that describes local

dissipative phenomena, the Landau-Lifshitz-Gilbert (LLG) equation [123] is obtained:

dm

dt
= −γLLm×Heff + αLLm× (m×Heff ) (6.29)
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γLL =
γ

1 + α2
G

(6.30)

αLL =
γαG

1 + α2
G

, (6.31)

where αG is the Gilbert damping coefficient. Using this expression in a micromagnetic

simulation, it is possible to obtain the equilibrium state of a magnetic system and

evaluate the magnetic body under several time-dependent perturbations.

6.2 MuMax3: Numerical Method, Features and

Capabilities

The open source micromagnetic simulation program MuMax3, written in Go [124] and

using Cuda platform [125], allows the computation of magnetisation response to an

applied magnetic field as well as magnetisation dynamics. The software employs the

GPU, due to its excellent capability for parallelisation which leads to much faster

simulations compared to CPU-based programs (i.e. OOMMF [126]). MuMax3 uses a

finite difference (FD) discretisation of space and a 2D or 3D grid of orthorhombic cells

(Figure 6.4) and uses the following form of the Landau-Lifshitz-Gilbert equation [123]:

τLL = γLL
1

1 + α2
(m×Heff + α (m× (m×Heff ))) , (6.32)

where τLL = dm
dt

is the torque, γLL the gyromagnetic ratio and α is the dimensionless

damping parameter.

In MuMax3 the components of the effective field are calculated as follows:

1. Magnetostatic Field

H
(i)
demag = Kij ·Mi (6.33)

Then,

Edemag = −1

2
M ·Hdemag (6.34)
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Fig. 6.4: Schematic of a 2D FD discretisation of space [127].

with the possibility of using periodic boundary conditions (PBC), which allows

the magnetisation to wrap around in 3 directions.

2. Exchange Interaction Energy

Hexch = 2
As

Msat

∑
i

(mi −m)

∆xi
, (6.35)

where index i is between the 6 nearest neighbours and ∆xi is the spatial separation

between mi and m then the exchange interaction energy becomes,

Eexch = −1

2
M ·Hexch (6.36)

3. Magnetocrystalline Anisotropy

In the uniaxial anisotropy,

Hanis =
2Ku1

Hsat

(u ·m)u+
4Ku2

Hsat

(u ·m)3u, (6.37)

where u is the anisotropy vector. Then,

Eanis = −1

2
Hanis (Ku1)−

1

4
Hanis (Ku2)M (6.38)

In the cubic anisotropy the term Ku2 is omitted.
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6.3 Model Description

6.3.1 Barium Hexaferrite Grain Model

In order to produce the hysteresis curve of the BaM powder, the MuMax3 extension,

“ext makegrains”, was applied in the simulation code. The extension helps to produce

grains with a controlled average size, which represent particles of BaM in the simulation

model. Figure 6.5 shows an illustration of using 300 nm sized grains in XY plane

and with various thicknesses. The model had a length of 1000 nm in both x and y

directions and the thickness varied from 10 to 100 nm with grains having a random

magnetocrystalline anisotropy direction resembling different particles. The magnetic

field was applied in z direction (Hz) with the initial magnetisation set to random. The

material parameters, magnetocrystalline anisotropy constant, K1 = 3.3 × 105 J/m3,

saturation magnetisation, Ms = 3.82 × 105 A/m, and exchange stiffness constant, As

= 6.3 × 10−12 J/m, were used in this simulation [109].

Fig. 6.5: BaM model with 300 nm grain size, which the magnetic field was applied in

z direction (Hz). The initial magnetisation set to random. The arrows represent the

magnetocrystalline anisotropy of each grain.
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6.3.2 Magnetite Model

The magnetite part in the nanocomposite powder was simulated using two different

approaches. In the first approach, 10 nm sized films of Fe3O4 with random mag-

netocrystalline anisotropy directions were simulated and in the second approach, the

MuMax3 extension, “ext make3dgrains”, was applied in the simulation code to produce

10 nm sized grains. This extension, made recently available in the MuMax3 version

3.9C, helps to produce grains with an average size in 3 directions. As a result of this

more uniformly sized particles, such as cubic and spherical particles, can be simulated.

Figure 6.6 shows an illustration of using 10 nm sized films (Figure 6.6(a)) and 10 nm

sized grains (Figure 6.6(b)). The material parameters, magnetocrystalline anisotropy

constant, K1 = -1.36 × 104 J/m3, saturation magnetisation, Ms = 4.85 × 105 A/m,

and exchange stiffness constant, As = 1.32 × 10−11 J/m, were used in this simulation

[109].

Fig. 6.6: Fe3O4 Model with (a) 10 nm sized layers and (b) 10 nm grain sized, to which

the magnetic field was applied in z direction (Hz). The initial magnetisation set to

random. The arrows represent the magnetocrystalline anisotropy of each grain.
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6.3.3 Nanocomposite Model

In order to investigate the exchange-coupling effect in the BaM/Fe3O4 nanocomposites

with MuMax3, a model of multilayers of Fe3O4 coated BaM was simulated (Figure 6.7).

The BaM part contains 300 nm sized grains with a 90 nm thickness and coated with 1,

2, or 3 layers of Fe3O4 films or nanoparticles. The exchange length (lex) is an important

parameter in micromagnetic simulations, which defines the length of transition between

the magnetic domains [128].

lex =

√
2A

µ0M2
s

(6.39)

The cell size was 2.5 × 2.5 × 2.5 nm3 taking into consideration that the exchange

length of BaM was around 5.8 nm and of Fe3O4 was around 4.9 nm [109]. The periodic

boundary condition (PBC) of (3, 3, 10) in (x, y, z) direction was used in the simulation

models.

Fig. 6.7: Schematic of the model used for coated BaM with Fe3O4 layers. Each layer

of BaM nanoparticles is coated with 1, 2, or 3 layers of Fe3O4 films or nanoparticles.

6.4 Simulation Results

6.4.1 Effect of Thickness on the Magnetic Properties of BaM

In order to investigate the the effect of the thickness of the flake-like BaM nanoparticles

on their magnetic properties, and better describe their magnetic properties, compared
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to experimental results, 300 nm sized grains BaM with various thicknesses, from 10

nm to 100 nm, were simulated. Figure 6.8 shows the simulated MH curves of the

BaM grains. We previously reported that the BaM nanoparticles, prepared by a sol-

gel autocombustion method and annealed at 1000 ◦C for 5 h, show an Hci of ∼ 3.5

kOe and have an average particle size of ∼ 300 nm. The simulation results show that

increasing the thickness of the BaM grains from 10 nm to 100 nm causes an increase in

the Hci from ∼ 3.25 kOe to ∼ 3.7 kOe, and the ones with 50 nm and 60 nm thicknesses

have an Hci of ∼ 3.5 kOe which is comparable to our experimental results (Figure 6.9).
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Fig. 6.8: MH curves of 300nm sized BaM grains with different thicknesses.

6.4.2 Fe3O4: Film vs Grains

In order to simulate the magnetite part of the exchange-coupled BaM/Fe3O4 nanocom-

posite, different approaches were examined, including 10 nm sized Fe3O4 films and 10

nm sized Fe3O4 grains. Figure 6.10 shows the simulated MH curves of both mag-

netite films and grains. Using the magnetite films, the hysteresis curves show a soft

magnetic behaviour with an Hci < 0.4 kOe. However, our previous experimental re-

sults show a superparamagnetic-like behaviour for the magnetite nanoparticles (Figure
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Fig. 6.9: Dependence of intrinsic coercivity on thickness of simulated 300 nm sized

BaM grains.

4.10). In order to achieve the superparamagnetic behaviour in the magnetite part of the

nanocomposite, 10 nm sized grains with negligible exchange interaction between grains

[129] were simulated. The hysteresis curve confirms the superparamagnetic behaviour

with Hci ≈ 0 kOe.

6.4.3 Nanocomposite Simulation

Taking into account the density values of BaM and Fe3O4, (5.28 g/cm3 and 5.18 g/cm3,

respectively), and to simplify the simulations of composite with the same volume frac-

tion as the produced samples, 1, 2 and 3 layers of 10 nm sized Fe3O4 are coated on

a 90 nm thick layer of BaM with a PBC of (3, 3, 10) in (x, y, z) directions. This

leads to simulation of BaM/Fe3O4 nanocomposites with 9:1, 9:2, and 9:3 volume ratios

which are comparable with the weight ratios due to the proximity of the density of

both magnetic phases. Even though the results of 10 nm thick magnetite films did

not represent the experimental work, BaM/Fe3O4 nanocomposites with a continuous

film of Fe3O4 were simulated. Figure 6.11 shows the hysteresis curves of up to 3 layers
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Fig. 6.10: MH curves of 10 nm sized Fe3O4 grains and 10 nm sized Fe3O4 film.

of 10 nm sized Fe3O4 films coated on 90 nm sized BaM layer. The MH curves show

oddly shaped curves for the BaM/Fe3O4 nanocomposite with the volume ratio of 9:3

and 9:2 with noticeable separate coercivities and a smooth curve for the BaM/Fe3O4

nanocomposite with the volume ratio of 9:1. This smooth curve indicates a complete

exchange-coupling between BaM and Fe3O4 films.

Figure 6.12 shows the hysteresis curves of up to 3 layers of 10 nm sized Fe3O4

grains, with superparamagnetic behaviour, coated on 90 nm sized BaM layer. The

MH curves clearly show that the BaM/Fe3O4 nanocomposite with the volume ratio

of 9:1 has a complete exchange-coupling between BaM and Fe3O4 grains while the

curves, which represent the nanocomposites with volume ratios of 9:3 and 9:2, show

two separate coercivities due to an incomplete exchange-coupling between the magnetic

phases.

Figure 6.13 gives a more detailed magnetic characterisation comparing the sim-

ulation and experimental values. Both the experimental and simulated results are

adjusted to the BaM volume fraction for better comparison. In both simulated and

experimental results, the Hci increases with the increase of BaM in the nanocompos-
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Fig. 6.11: MH curves of up to 3 layers of 10 nm sized Fe3O4 films coated on 90 nm

sized BaM layer.

ite and reaches values in close proximity to the nanocomposites with ∼ 0.9 volume

BaM (Figure 6.13(a)). However, the results show different values for the other vol-

ume fractions, namely ∼ 0.75 volume fraction of BaM. In the simulation, magnetite

nanoparticles were sandwiched in between flat BaM layers and no soft magnetite par-

ticles were left in between of the BaM grains. However, TEM analysis of the prepared

nanocomposites showed that each particle of BaM is coated with magnetite nanopar-

ticles (Figure 4.12), which leads to a more complete interface for exchange coupling

between the phases with an increase in the Hci. In order to achieve more accurate com-

parison of BH(max) calculations, the Ms of the simulated phases were adjusted to the

experimental values (Figure 6.13(b)). The results show comparable BH(max) values for

the nanocomposite with ∼ 0.9 volume BaM between simulated model and experimental

analysis. However, as a result of the reduced exchange coupling in the simulations for

the ∼ 0.75 volume BaM, the calculated values of BH(max) are smaller in the simulated

model.
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sized BaM layer.

While the data shown in Figure 6.13 present a comparison between the simulation

and experimental results, we need to keep in mind that exchange-coupling behaviour is

an interface dependent phenomenon and the geometry of the phase distribution plays

an important role along with the volumetric phase fraction. To have a more realistic

comparison, the contact surface of the hard and the soft phase should be considered. In

the flat-slab geometry of the simulation model the thickness of the hard ferrite slabs,

th, and the area of contact of hard and soft ferrites, Shs, are held constant. In the

geometry of experimental study with hard ferrite powder coated by the soft ferrite

grains, the area of contact, Shs, changes in proportion to the volume fraction of the

hard ferrite phase, fvh:

Shs = Svh × fvh, (6.40)

where Svh is the volumetric specific surface area of the BaM hard ferrite. Taking into

account the analysed surface area from BET measurements (2.73 m2/g for BaM) and
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experimental results of BaM/Fe3O4 with different BaM volume fractions.

the density of BaM (5.28 g/cm3), Svh = 1.44 ×107 m−1.

In the geometry model, the average thickness is only dependent to the number

of Fe3O4 layers (10 nm, 20 nm or 30 nm). However, in the experimental composite

powder, the average thickness of the soft ferrite layer, ts, is determined as

ts =
1

Svh

(
1

fvh
− 1) (6.41)

Figure 6.14 shows the variation of Hci with average thickness of the soft ferrite.

Considering the particle size distribution of Fe3O4 nanograins, void spaces and irregu-

larity in the thickness of the Fe3O4 coating, the average thickness in the experimental

results could be much lower than the estimated particle size of Fe3O4 nanoparticles
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(∼ 10 nm). By increasing the average thickness of the soft ferrite, a weak or incom-

plete exchange-coupling between the magnetic phases occurs, and Hci decreases. The

largest coercivity is observed in a complete exchange coupling with a thin coating of

Fe3O4 nanoparticles. It can be seen that both the simulation results and the calculated

average thickness show a reasonable trend [130–132] for the dependence of Hci of the

composite with the average thickness of the soft phase.
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Fig. 6.14: Variation of Hci with average thickness of the soft ferrite.

In order to improve the micromagnetic simulation of the nanocomposites of lower

BaM volume fraction, a more complex simulation with lengthier computational time

might be employed, namely a model of separate hexagonal shaped BaM particle coated

with 10 nm sized magnetite nanoparticles. Recent micromagnetic simulations on single

hexagonal particles showed a more rectangular shaped hysteresis curve [133]. Even

though all the BaM particles might have similar sizes, the shape of the hysteresis

curves might be improved by stacking several particles, each coated with magnetite

particles.
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6.5 Summary

In this study, the exchange coupling behaviour of the BaM/Fe3O4 hard-soft mag-

netic nanocomposites was investigated by micromagnetic simulations, employing the

MuMax3 software. The simulation results were compared with the experimental re-

sults. In order to study the effect of thickness on the Hci of the BaM nanoparticles,

300 nm sized grains with thicknesses from 10 to 100 nm were simulated. The results

showed that an increase in the thickness of the hard ferrite causes an increase in the

Hci and the grains with 50 and 60 nm of the hard ferrite showed a comparable Hci with

the previously analysed BaM nanoparticles prepared by a sol-gel autocombustion and

annealed at 1000 ◦C for 5 h (Table 4.1).

Using different simulation models to achieve a superparamagnetic behaviour in the

Fe3O4 nanoparticles, the proper magnetic behaviour was found to only be achievable by

employing the recently added extension “ext make3dgrains” of MuMax3 with negligible

intergranular exchange interaction.

The simulated hysteresis curve for the BaM/Fe3O4 nanocomposites with ∼ 0.9

BaM volume fraction showed comparable magnetic properties, such as BH(max) and Hci,

with previously studied experimentally prepared nanocomposites. Even though the ex-

perimental results on the nanocomposite with ∼ 0.75 BaM volume fraction shows an

incomplete exchange coupling between the soft and the hard magnetic phases, the sim-

ulation results showed smaller Hci and BH(max) compared to the experimental results.

The employed sandwich simulation model of hard and soft magnetic phases causes less

interparticle interactions which leads to a weaker exchange coupling in nanocomposites

with larger volume fractions of Fe3O4 particles.
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Conclusions and Future Works

Recent economic and environmental concerns have prompted intensive research on the

development and optimisation of rare-earth free permanent magnets. In this study, we

investigated strategies to improve the hard magnetic properties of early generations of

permanent magnets, in particular, Alnico magnets and M-type ferrites.

Alnico alloys are one of the most commonly used rare-earth free permanent mag-

nets with high saturation magnetisation and relatively low coercivity. Recent studies

on the Alnico V thin films have shown unusually high Hci values compared to bulk

Alnico magnets for heat treated thin films. In order to investigate the origin of the

reported high coercivities, we studied the effects of different heat treatment processes

on the morphology and crystal structure of high coercivity Alnico V thin films on Si

substrates. The as-prepared Alnico V thin film samples were annealed in an Ar at-

mosphere. The results, seen in Chapter 3, show Hci values of 1 kOe in the thin film

sample heat-treated at 600 ◦C followed by quenching. Unexpected values of Hci up

to 1.8 kOe (4 times greater than the bulk Alnico V value) in the sample annealed at

800 ◦C were also achieved. It was observed that the pressure of Ar atmosphere during

the heat treatment plays an important role to the Hci of the samples. The high Hci

only appears in the samples annealed at above atmosphere pressure of Ar. Structural

studies showed that the origin of this high coercivity is different from the formation

of Fe-Co rich precipitations in Al-Ni matrix which causes the magnetic properties of

bulk Alnico magnets. Unlike previous studies on Alnico thin films on Si substrates,

high coercivity values were also observed in slow-cooled samples and in those with Ag

109
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buffer layers. We show how Fe, Co and Ni atoms diffuse into the Si substrate and form

triangular shaped precipitates along the interface between the substrate and the film

inside the substrate, which are identified as MSi2 disilicides (M= Ni, Co, Fe). While

the presence of these precipitates is directly correlated to the observed high magnetic

coercivity in the samples, the mechanism behind the magnetocrystalline anisotropy is

not clear. Nonetheless, it could result from an inhomogeneous or layered positioning

of atoms inside these features. Further studies are suggested to investigate the rea-

son behind the formation of the triangular shaped features inside the substrate and to

unravel the origin of the observed high coercivity values.

In Chapter 4, the exchange-coupling behaviour of BaM/Fe3O4 and SrM/Fe3O4

was investigated. M-type barium hexaferrites and strontium hexaferrites are techno-

logically important, low-cost permanent magnets, with high TC and high resistance to

oxidation and corrosion. Their magnetic performance can be improved upon by explor-

ing exchange-coupling mechanisms, to increase competitiveness with existing rare-earth

magnets. In this part of the study, flake-like single phase BaM and SrM nanoparticles

were synthesised using a sol-gel auto-combustion method followed by heat treatment.

Well known chemical synthesising routes of producing nanoparticles, namely hydrother-

mal and coprecipitation methods, were used to coat BaM and SrM nanoparticles with

Fe3O4 nanoparticles with different mass ratios. The structural analysis of the achieved

BaM/Fe3O4 and SrM/Fe3O4 nanocomposites confirms the presence of the two mag-

netic phases with exchange-coupling behaviour being observed between the hard/soft

magnetic phases. The magnetic measurements on the BaM/Fe3O4 nanocomposites in-

dicate more than 40% increase in the Ms in each of the nanocomposites compared to

the annealed BaM. Results also show a 75% increase in BH(max) at room temper-

ature in the BaM/Fe3O4 9:1 hard/soft nanocomposite, compared to the parent hard

BaM phase. Results are significant in the sense that they represent an enhancement

above 30% in the Ms and the BH(max) of the prepared nanocomposite compared

to a commercial BaM powder. Unlike previous studies on the exchange-coupling of

BaM and Fe3O4 nanoparticles [55, 56], present results demonstrate that an additional

post-heat treatment is not required, which reduces the cost and simplifies the prepara-

tion process. In contrast to the significant improvement in the magnetic properties of
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the BaM/Fe3O4 9:1 nanocomposite, the SrM/Fe3O4 9:1 nanocomposite shows a mod-

erate increase of ∼ 10% in the both Ms and BH(max), and a ∼ 20% decrease in the

intrinsic coercivity in the nanocomposite compared to the parent hard SrM magnetic

phase. This is attributed to the larger size and the wider size distribution of magnetite

nanoparticles prepared via a coprecipitation method compared to those prepared via

a hydrothermal method, which might cause an incomplete or weak exchange-coupling

between particles of the soft and hard magnetic phases. This hypothesis is explored in

the simulation work presented in Chapter 6.

In Chapter 5, we investigated the mechanical and magnetic properties of warm

compressed high-performance low cost ferrite based exchange-coupled nanocomposites

in an epoxy matrix. The bonded ferrite-based composite magnets were prepared via

a warm compaction process at 180 ◦C for 10 min with different compaction pres-

sures. The exchange-coupled magnetite coated BaM and SrM nanocomposites, pre-

pared via a sol-gel autocombustion method followed by a hydrothermal or a copre-

cipitation method, were used as magnetic fillers, and epoxy powder was used as the

matrix. The density of the bonded composite magnets increases with the increase of

the ferrite concentration in the composite. No significant improvement in the density

results from increasing the compaction pressure from 300 MPa up to 700 MPa. Exces-

sive compaction pressure might actually cause a slight decrease in the density due to

the formation of cracks in samples prepared at high pressures. The Vickers hardness

test indicates that the samples with ferrite concentration of 90 wt.% prepared at 500

MPa for BaM/Fe3O4 and 700 MPa for SrM/Fe3O4 ferrites have maximised mechanical

stability. Magnetic measurements on the bonded magnets show that BH(max) of the

exchange-coupled BaM/Fe3O4 and SrM/Fe3O4 bonded magnets is up to 120% and 45%

greater than a commercial bonded SrM magnet of comparable powder to polymer ratio,

respectively. The increase in the SrM/Fe3O4 concentration from 80 to 95 wt.% in the

composite magnet causes no significant improvement in the maximum energy product.

In the BaM/Fe3O4 magnets, the BH(max) increased with the increase in the ferrite

concentration. This might be due to the larger increase in the density of BaM/Fe3O4

compared to the SrM/Fe3O4 bonded magnets with the increase in the ferrite concen-

tration. It is shown that the epoxy-bonded exchange-coupled SrM/Fe3O4 with the
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ferrite concentration of 95 wt.% compressed at 700 MPa and the BaM/Fe3O4 with the

ferrite concentration of 90 wt.% compressed at 500 MPa have optimised magnetic and

mechanical properties.

In addition to the experimental works, a simplified model of the BaM/Fe3O4

nanocomposite was simulated using MuMax3 micromagnetism software, presented in

Chapter 6 . By employing the recently added extension “ext make3dgrains” of MuMax3

a superparamagnetic behaviour was observed in the simulated Fe3O4 nanoparticles,

which later used in the nanocomposite simulation model. The simulated hysteresis

curve for the BaM/Fe3O4 nanocomposites with ∼ 0.9 BaM volume fraction have com-

parable magnetic properties, such as BH(max) and Hci, to the experimental study of

the nanocomposites. Even though the experimental results on the nanocomposite with

∼ 0.75 BaM volume fraction shows an incomplete exchange coupling between the soft

and the hard magnetic phases, the simulation results showed smaller Hci and BH(max)

compared to the experimental results. The employed sandwich simulation model of

hard and soft magnetic phases causes less interparticle interactions which leads to a

weaker exchange coupling in nanocomposites with larger volume fractions of Fe3O4

particles.

7.1 Future works

In this study, we investigated different approaches to improve the hard magnetic prop-

erties of Alnico and ferrite based magnets. Exploring nanostructured rare-earth free

magnets provided new ideas for further investigations on this topic.

• For better understanding the origin of the high coercivity in Alnico V thin films

and to perform a more detailed analysis on the observed triangular shaped precipi-

tates, it would be interesting to explore the effect of different heat treatments on the

multilayers of Alnico/Si nanocomposite. This might open new paths to create new

rare-earth free permanent magnets based on this novel phase.

• Exploring the effects of applying different compaction techniques, such as spark

plasma sintering (SPS) and injection moulding techniques in the presence of an external

magnetic field to prepare bulk exchange-coupled ferrite based magnets. Our prelimi-
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nary results on the spark plasma sintered BaM/Fe3O4 nanocomposites obtained with

collaboration with Dr. Petra Jenus from Jožef Stefan institute in Slovenia have shown

promising results.

• While the simulation results, shown in Chapter 6, regarding exchange-coupled

nanocomposites are promising and comparable to the experimental results, preparing

more complex simulation models could lead to optimising the phase ratios and distribu-

tions in different compositions and geometries, such as core-shells, thin films, physically

mixed and coated composites, to predict and optimise the BH(max).

The path to industrial scaling production of high performance Alnico based rare-

earth free permanent magnets would undoubtedly present many obstacles. On the

other hand, our studies on the exchange-coupled ferrite based nanocomposites and on

the fabrication of bonded magnets show that these high performance magnets can be

produced in large scale. Even though that these improved and high performance rare-

earth free magnets show lower BH(max) values compared to rare-earth base magnets,

they can be used in multiple applications that a ferrite magnet has inadequate per-

formances. This leads to a lower consumption of rare-earth based magnets and lower

environmental and economic impacts. In this study, we showed a new method to pre-

pare exchange-coupled nanocomposite magnets. An interesting approach might be to

employ these same coating methods to prepare exchange-coupled rare-earth magnets

to improve the performance alongside with reduction of rare-earth elements in the final

product.
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