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Cristina Stanciu from Universitatea Tehnică of Cluj-Napoca for their help with sample preparation,

structural and microstructural analysis, and often very fruitful discussions. Lucian Barbu-Tudoran

from INCDTIM Cluj-Napoca for some of the SEM images contained in this work. From our own

institution, Dr. Sever Mican with whom I have worked very closely for many years and whose

expertise I have often relied on; Teodor-Lucian Biter and George Crişan for their help in working
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Chapter 1

Introduction

keywords: exchange coupling, spring magnets, coercivity, mechanical milling, annealing,

microstructure, spark plasma sintering

1.1 Preamble

In this work we have set out to study the influence of the microstructure on the interphase

exchange coupling in hard-soft magnetic nanocomposites obtained trough mechanical milling. To

this end we have altered the microstructure formation process at every stage of synthesis, by either

changing the powder mixture, tuning the milling energy and applying various annealing or SPS

routes.

This thesis was produced at Ioan Ursu Institute of Physics at the Faculty of Physics, Babeş-Bolyai

University, Cluj-Napoca, Romania.

The work presented was done in conjunction with several institutions: Univeristé Grenoble

Alpes, CNRS, Institute Néel, Grenoble, France; Technical University of Cluj-Napoca, Romania and

INCDTIM, Cluj-Napoca, Romania.

1.2 General Context

1.2.1 Why High Performance Permanent Magnets are Important

Permanent magnets are ubiquitous in today’s society, as they are used in a wide range of ap-

plications, from the simple windscreen wipers, locks and microphones, to the ubiquitous smart

phones and laptops, to contenders in the clean energy market such as electric vehicles and wind

turbines [1]. If one were to estimate the number of magnets an average person owns, that number

would probably be in the hundreds [2].
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CHAPTER 1. INTRODUCTION 2

The performance of rare-earth based magnets is hard to beat. Given the ubiquity of magnets in

modern society they have become crucial, but concerns about tight rare-earth supplies from China

and the huge fluctuations in rare-earth price in recent years have driven researchers to look for

ways to minimize the quantity of rare-earth elements used for the production of high performance

permanent magnets [3]. These factors stimulated intense efforts, so new research and development

routes emerged [4, 5]: 1) the increase of usage efficiency; 2) recycling; 3) new lean or non-rare-earth

containing magnets. The latter was addressed mainly in three directions: a) modifying the rare-

earth magnets [6, 7], b) hard magnetic phases with low content or without rare-earth [8–12] and c)

hard/soft magnetic nanocomposites coupled by interphase exchange interactions [6, 13–18]. The

current work follows latter direction.



Chapter 2

Magnetism and Magnetic Materials

2.1 Introduction

2.2 Magnetically Ordered Systems

2.2.1 The Exchange Interaction

Magnetically ordered systems are those in which a percentage of the total energy is dependent

on the alignment of neighbouring magnetic moments. The short range interactions which lead the

ordering of magnetic moments is called the exchange interaction. More broadly the exchange in-

teraction is a spin dependent electrostatic energy of the same order of magnitude as the Colombian

interaction.

2.2.2 Anisotropy

For the uniaxial case (in the above example, when the magnetic moment lies along the c axis),

in a simple first term expansion, the anisotropy energy can be written as:

Ea = K sin2(θ) (2.1)

where K is called the anisotropy constant, and theta is the angle made between the magnetization

direction and the c axis.

2.2.3 Magnetic Domains

Pierre Weiss assumed that a large piece of a magnetic material is made up of of smaller mag-

netic regions called magnetic domains. Inside the magnetic domain, the magnetic moments are all

3



CHAPTER 2. MAGNETISM AND MAGNETIC MATERIALS 4

aligned along the same direction, but, in order to minimise the magnetostatic energy, the direction

of magnetization differs between domains [19]. The transition between magnetic domains is not

abrupt, but gradual and their length is dictated both by the anisotropy energy and the exchange

energy. These transition areas are called domain walls.

2.2.4 Hysteresis

A system which presents hysteresis is a system in which the final state of the system depends

on the system’s history, i.e. all the intermediate states which lead up to the final state. In other

words, the transformations suffered by the system are not reversible.

We introduce the saturation magnetization Ms which is the maximum magnetization, all the

magnetic domains are parallel aligned. The remanent magnetization Mr which is the value of

the magnetization which remains after the external field has been removed. The coercive field Hc
which is the value of the opposite applied magnetic field, required to bring the moment back to

zero after the material was saturated.

The energy product (BH)max represents the maximum energy which can be stored in a magnetic

material.

2.2.5 The Demagnetizing Field

The free magnetic poles which appear at the surface of magnetic materials give rise to a mag-

netic field Hd in the opposite direction to the magnetization, this field is called the demagnetizing

field:

Hd = −NdM (2.2)

where Nd is called the demagnetizing factor.

2.2.6 Magnetic Materials

Though magnetic materials can be classified in many ways, for the purposes of this study we

would like to put forward the classification into soft and hard magnetic materials. This classifica-

tion is based on the value of the coercive field of a material. Low values means the material is soft

i.e. the direction of the magnetization is easily changed, while hard means that the material resists

the external field (it has a high value of the coercive field).

Soft Magnetic Materials

In this subsection we would like to focus specifically on the soft α-Fe phase and the effect of Co

addition on its magnetic proprieties. Fe is the most abundant metal in the known universe. From
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room temperature up to 1185 K it has a Body centred cubic (BCC) structure and is ferromagnetic

up to its Curie temperature of 1044 K.

Hard Magnetic Materials

Hard magnetic materials are characterized by high anisotropy and high coercivity. The most

competitive hard magnetic materials currently available are base on rare earth metals such as Sm

and Nd.



Chapter 3

Exchange Coupled Nanocomposites

3.1 Theoretical Considerations

The idea of hard-soft exchange coupled nanocomposite magnets, otherwise known as spring

magnets was first proposed by Kneller and Hawing [15]. The basic premise of the spring magnet

comes from the idea that we could obtain a magnetic material with a high energy product by

combining a material which has a high magnetization (a soft magnetic phase) with a material which

has a high magnetocrystaline anisotropy (a hard magnetic phase). The hard magnetic material is

meant to stiffen the magnetic structure of the soft magnetic material. This was proposed as being

achievable in a composite nanomaterial.

3.2 State of the Art

Even if exchange coupled nanocomposites show a lot of promise, researchers still struggle with

the synthesis of these kinds of materials, especially with the optimization of the microstructure

required to make these types of materials feasible.

Theoretical calculations highlight the importance of the microstructure. The geometry of the

grains is pivital, the difference in energy product between embeded layers, cilindrical inclusions

and core shell type particles proving to be drastically different [22–25].

It was also calculated that large energy products can be attained even for soft phase volume

fractions of 80% [25]. On the other hand the choice of the soft phase also plays an important role

with respect to the proprieties of exchange coupled hard-soft nanocomposites. While phases such

as Fe65Co35 leed to high energy products, others such as Co are predicted to allow for larger soft

phase grains thus lessening the synthesis constraints [26–28].

While the choise of the soft phase is of great import, as mentioned previously, the general

microstructure of the composite determines the final magnetic properties of the nanocomposite

6
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and therefore the effect of irregular grains was investigated using micromagnetic simulations, and

it was found that grain sizes should not exceed 20 nm for the hard magnetic phase (Nd2Fe14B) and

10 nm for the soft magnetic phase (α-Fe) in order to obtain a good degree of interphase exchange

coupling [29, 30]. Additionally the matter of microstructure optimization is further complicated

due to the fact that even if grain sizes are keept in check, easy axis missalignment can lead to

reductions in the energy product [31]. Moreover it has been show that at the interface between

hard and soft grains (in the specific case of Nd2Fe14B + α-Fe) the short Fe - Fe distances leed

to antiferomagnetic coupling, a case which dose not hold up for Co [32], this was also confimed

experimentaly in thin films [33] but has not been observed yet in bulk materials.

Experimental studies have explored a great deal of synthesis routes in the attempt of creating

exchange coupled nanocomposites with good proprieties i.e. well designed microstructures and

high energy products, such as : melt-spinning [34], mechanical milling [35], sono chemical syn-

thesis [36], bulk injection casting [37], suction casting [38], hot deformation [39], thin films [40]

etc.

In the hopes of improving the magnetic proprieties of hard-soft nanocomposites, researcher

have also tried doping the hard and soft phases with various elements such as: Ti [41], Dy [42], Co,

Zr, Ga [43, 44], Gd [45] or Cr and Cu [46].

While the energy products obtained so far remain relatively low, some of the benefits of ex-

change coupled hard-soft magnetic nanocomposites predicted by Kneller and Hawig [15] were

attained in practice such as the improved temperature stability [47] [48], corrosion resistance and

surface pasivation [49].

Even though very good experimental results have been reported in epitaxial SmCo5/Fe mul-

tilayers with energy products of over 400 kJ/m3 [50], in general the energy products obtained so

far are not at the level of theoretical predition because the optimization of the microstructure for

exchange coupled hard-soft magnetic nanocomposites has proven to be very difficult especially

in compacts. The effects of these uneven microstructures are not neceseraly immediately obvious

from the normal demagnetization or hysteresis curves, but can be better visualised in FORC data

[41, 51]. Moreover it was shown that the structures resulting in bulk (in this case specifically, an-

nealed amorphous ribbons of Nd2Fe14B) tend to form a structure of embeded hard grains. This is

due to the fact that when the hard phase recrystallizes it pushes the additional material (the soft

phase) to the grain boundary [52]. For Nd2Fe14B + α-Fe this mechanism favours the formation of

fairly consistent chemical compositions for both the soft and hard magnetic phase, while in the

case of SmCo5 + α-Fe mass transfer between the two phases can occur, resulting in exchange cou-

pled nanocomposites in which the hard phase is dopped with Fe and the soft phase is dopped with

Co [53].

In the case of a composite material formed out of three phases: hard, semi-hard and soft, it

was shown that the semi-hard phase can act as a nucleation site for the hard phase. In the case of
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mechanically milled samples, defect regions can act in the same way. The defect regions appear

due to the milling process and can reduce the coercivity of the final nanocomposites, because they

have a lower anisotropy than the perfect hard phase regions. Since the defect regions are exchange

coupled to both hard and soft regions, the domain wall energy in the soft phase needs only equal

the wall energy in the defect region in order to invade it, which leads to the easy nucleation of the

remaining perfect hard phase regions [54]. This problem is made worse by the fact that the synthe-

sis of exchange coupled hard-soft magnetic nanocomposites trough mechanicall milling requires

large shock energies which lead to the creation of many defects [55].

In most cases, the route of sinthesis starts with the creation of an amorphous or nanocrystalline

composition such as amorphous ribbons or powders [16, 56] or even a combination of the two

i.e. powders created by milling amorphous ribbons [57]. This step is usually followed by short

annealing or sintering in spark plasma sintering equipments [58].

In the scientific literature, researchers have used a very large variety of synthesis methods in

the attempt to produce exchange coupled hard-soft magnetic nanocomposites, each with slightly

differing results [37][56][59][36][28]. We have decided, in this work, to go down a single synthesis

route and investigate the influence that each step of the process has on the final magnetic properties

of the materials produced. To this end we have selected mechanical milling, due to the accessibility

and scalability of the method, for the production of the nanocrystalline or amorphous composite

material which is followed by annealing, SPS or both. We have proposed to study this synthesis

route at all stages from the influence of the starting powder mixture, to the energies and mecha-

nisms involved in the milling process to the optimization of the annealing and sintering processes.

The aim is to point out the areas in the overall process where additional research is best directed

and to provide a starting point for future studies by investigating the physical processes which

most influence the proprieties of the final material.



Chapter 4

Experimental Methods and

Methodology

4.1 Synthesis Methods

4.1.1 The Arc Furnace

The arc furnace is a very wide spread synthesis method for polycrystalline materials [60]. The

furnace works by creating an electric arc between the tungsten tip and the surface of the sample.

The arc furnace can reach temperatures of over 2000 ◦C. Because the heating mechanism is based

on electric conductivity this method is not suitable for all materials. At least one constituent of the

alloy must be a conductor [61].

4.1.2 The Induction Furnace

The induction furnace heats up metallic samples by applying a high frequency (HF) electro-

magnetic field. Of course, since the method of heating is fundamentally the Joule effect (like in the

case of the arc furnace Section 4.1.1) at least one of the sample components must be conductive.

4.1.3 Spark Plasma Sintering (SPS)

Sintering is a technological process trough which materials may be produced using powder

metallurgy i.e. powdered materials may be densified into bulk materials trough the application of

heat. The aim is to achieve mass transfer inside pressed powder compacts by the application of

thermal energy, thus filling the inter particle voids and reducing the volume of the compact, thus

increasing its density.

9
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In Spark Plasma Sintering (SPS) the heating process is driven by the application of large cur-

rents via graphite electrodes to the powder compact. The electric discharge dissipates a large

amount of energy within the powder which translates to a very high and homogeneous heating

rate. Pressure is applied during the process in order to favour densification.

4.1.4 Mechanical Milling/Alloying (MM/MA)

Mechanical milling/Alloying is a powder processing technique which involves the synthesis of

various materials trough repeated fracturing and re-welding processes, inside a high energy ball

mill.

Milling Machines

There are several types of mill designs, such as vibratory mills (shaker mills), planetary ball

mills, atritor mills, etc [62, 63]. In this work we will only discuss planetary ball mills.

Process Description

The milling process consists of a succession of fracturing and welding processes which occur

when powder particles are trapped between balls (or between a ball and the inner wall of the

vial),as depicted by E. Gaffet in [62]. This means that some mass transfer between powder particles

is inevitable.

Milling Machine Modeling, The Planetary Ball Mill

Mechanical milling is a very difficult process to describe analytically, in part due to the large

number of bodies traveling at high speeds inside the vial. Analytic models can approximate the

total power of the milling process, but can not accurately assess how much of it is transferred to

the powder. This is due to the fact that it is difficult to calculate the impact frequency and impact

angle of a ball. However, such information can be obtained trough computer simulation [64–66].

4.1.5 The Turbula Mixer

The Turbula mixer is a device used for mixing powders or liquids. The special movement

generated by the Schatz linkage (more commonly known as the Turbula linkage) [67] prevents

particle segregation according to mass and size. From the list of features of this mixer design we

would also like to highlight the fact that mixing can be done in sealed containers, under controlled

atmosphere (in our case high purity Ar gas). This is very important when working with materials

containing rare-earth metals as they oxidize easily.
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4.1.6 Heat Treatment

In this work, heat treatment has two functions. The first is to stabilize and homogenize the

magnetic phases in the ingots used as the starting samples for the milling process. And the second

is to recrystallize the desired phases from the amorphous as-milled powders.

4.2 Structure and Microstructure Measurements

4.2.1 X-Ray Diffraction (XRD)

X-Ray diffraction (XRD) is used for phase identification, and for determining the average grain

sizes for each phase, post milling and annealing.

Phase identification is done for the master alloys and for the final powders.

The averege crystallite sizes are measured using the Scherer equation [68]:

D =
Kλ

βcos(θ)
(4.1)

where D is the average cristallite size, K is a dimmensionless shape factor, λ is the wavelenght

of the X-rays, β is the full width at half maximum of the peak (FWHM) minus the instrumental

broadening and θ is the Bragg angle.

4.2.2 Scanning Electron Microscopy

Scanning electron microscopes (SEM) were used for the determination of the shape and size of

the powder particles and the cristallite sizes in the nanocomposite powders, trough imaging. The

SEM was also used to check the chemical composition and dispersal of the chemical elements in the

nanocomposite. This was done by energy dispersive X-Ray spectroscopy (EDXS), i.e. by analysing

the specific X-ray radiation emitted by the atoms which make up our samples.

4.3 Magnetic Property Analysis, Equipment and Methodology

4.3.1 Equipment

The magnetic proprieties of the samples discussed in this work were measured using the ex-

traction or the vibrating sample method.

4.3.2 Methodology

In order to block the powder particles, ensuring an acurate measurement, they were encap-

sulated in epoxi resin. Moreover as the samples contain rare-earths the resin also provides some
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resistance against oxidation. The demagnetizing factor Nd for these samples was taken to be 1/3,

the same as for isolated spheres (this approximation was considered viable because the volumetric

resin to powder ratio is very large). For sintered samples, whole pieces were used, and the demag-

netizing factor was calculated assuming they are of square cross-section [20]. These calculations

allow us to approximate the internal field Hint =Happl −NdM.

All samples were studied by demagnetization curves and their derivative with respect to the

applied field. The demagnetization curves are used for the estimation of the coercive field Hc,

the remnant magnetization Mr and the maximum energy product (BH)max. The derivative yields

qualitative information about the interphase exchange coupling. Variations in the rate of domain

reversals produce peaks in the dM/dH vs H plot. Therefore peaks at large fields are indicative

of good exchange coupling, while peaks at low fields are indicative of poor interphase exchange

coupling. The relative intensity of the high field (HF) and low field (LF) peaks also yields qualita-

tive information. Samples with a higher ration of HF/LF peak intensities present better interphase

exchange coupling.

All magnetic measurements in this work were recorded at 300 K.

4.3.3 First Order Reversal Curves (FORC)

The Preisach Model Of Magnetism

I.D. Mayergoyz defines hysteresis as ” a nonliniarity with a memory which reaveals itself trough

branching ” [69]. This general definition also serves to highlight the fact that hysteresis phe-

nomenon can be encountered in many fields besides magnetism (such as ferroelectric hysteresis,

mechanical hysteresis, electron beam hysteresis etc.), nevertheless the general mathematical treat-

ment of hysteresis can be applied to any of them.

The Classical Preisach Model of Hysteresis

In order to adequately describe this model we first must introduce the simplest hysteresis oper-

ator which consists of a single rectangular loop.

This loop can only have two output states (magnetic moment in our case), ∆m and −∆m. The

input values (applied field) α and β correspond to the switching values between the 2 outputs i.e.

when H exceeds the value α the moment is switched to ∆m and when the field is swept below

β the output switches to −∆m, otherwise it remains at its previous value. Obviously what we have

described above is a system with local memory. In practice, in magnetism, we deal with system

of greater complexity with non-local memory. However by taking our basic model and we can

expand it by saying that our real-life systems can be represented trough a superposition of many

such simple rectangular loops. Therefore, we model reality by considering that every magnetic

domain contained in our material can be represented by one of these simple rectangular hysteresis
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loops. Of course in order to accurately model a magnetic hysteresis loop, we must introduce a

function n(hc,hu). Here hc and hu are defined in terms of α and β (Equations 4.2.

α = hu + hc and β = hu − hc (4.2)

The magnetization of the system is the contribution from of all units in the distribution [70] :∫ ∞
0
dhc

∫ ∞
−∞
n(hc,hu)dhu =N (4.3)

where n(hc,hu)dhcdhu represents the number of units in element dhcdhu

First Order Reversal Curves

The FORC method allows us to investigate the Preisach distribution of a sample experimentally.

p(hc,hu) = −∂M(hc,hu)
∂hc∂hu

(4.4)

4.4 General Sample Synthesis

4.4.1 Nd2Fe14B + 10 wt% α-Fe nanocomposites

In general the Nd2Fe14B ingot is obtained by first arc melting a Fe14B ingot, remelting it along-

side the required amount of Nd in an induction furnace and then annealing the resulting material

at 950 ◦C for 72 h. This process ensures that the ingot is homogeneous and hence once crushed,

Nd2Fe14B powder used for milling is homogeneous as well. After crushing, the Nd2Fe14B powder

is sieved trough a sieve with an opening of 500 µm and the resulting powder is mixed with 10 wt%

Fe powder. The mixture is then milled in a planetary ball mill (Frisch Pulverisete 4) under high

purity Ar gas. The milling vials (80 ml) and balls are made of 440C hardened steel. The ratio be-

tween the rotation speed of the disc and the relative rotation speed of the vials was Ω/ω = 333/900

rpm with a ball-to-powder weight ratio of 10:1.

4.4.2 SmCo5 + 20 wt% α-Fe nanocomposites

The SmCo5 phase was obtained by induction melting of the stichiometric quantities of Sm and

Co and subsequent annealing at 950 ◦C for 72 h. The resulting ingot is then crushed (powder

particles < 500 µm) and mixed with Fe powder (particle size < 100 µm) in a 80 to 20 % weight ratio

respectively. The powder mixture was milled in a planetary ball mill (Frisch Pulverisete 4) for 6

h. The milling vials (80 ml) and balls (10 mm in diameter) are made of 440C hardened steel. The

ratio between the rotation speed of the disc and the relative rotation speed of the vials was Ω/ω =

333/900 rpm with a ball-to-powder weight ratio of 10:1.



Chapter 5

Effect of Short Time Annealing on

The Interphase Exchange Coupling in

Hard-Soft Magnetic Nanocomposites

5.1 Nd2Fe14B + 10 wt% Fe nanocomposite powders

5.1.1 Synthesis

We prepared Nd2Fe14B + 10 wt% α-Fe nanocomposite powders in the manner described in

Section 4.4.1, using α-Fe powder with particle sizes<100 µm. The powder mixture was milled for

6 and 8 h using � = 10 mm balls.

5.1.2 Structural and Microstructural Studies

Milling destroys the crystalinity of the hard magnetic phase. By annealing for a short duration

at temperatures between 700 and 800 ◦C (above the recrystallization temperature of the Nd2Fe14B

[16]) the characteristic peaks of the hard magnetic phase reappears in the XRD patterns for both 6

h MM and 8 h MM sample sets.

The average size of the soft phase grains for the 6 h MM annealed samples are larger than

those of the 8 h MM ones. However, after annealing these values remain in the 5-20 nm range

meaning that the excessive growth of the soft phase crystallites was hampered during the short

time annealing.

14
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Figure 5.1: Demagnetization curves (a,c,e) and dM/dH vs H plots (b, d, f) for Nd2Fe14B + 10 wt% α-Fe 6 h
MM and annealed (as indicated) nanocomposites
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5.1.3 Magnetic Properties of Nd2Fe14B + 10 wt%Fe nanocomposites

Magnetic measurements show that the magnetic proprieties of the investigated samples are

highly dependent on both annealing time and temperature. The demagnetization curves show

that, for used interval of time and temperature, both remanence and coercivity values improve by

increasing the annealing temperature and time. These improvements are seen for both 6 h and 8 h

milled nanocomposites. Due to the fact that the 8 h MM samples present a greater defect density,

they generally exhibit lower values of Mr and Hc than the samples which were milled for 6 h.

The relationship between the magnetic properties of the samples and annealing temperature is

clearly pointed out when we look at the samples annealed for 1.5 min. We see that in the case of

the 6 h MM samples the values of Hc and Mr improve with temperature leading to a more than

two fold increase in the energy product (BH)max from 30 to 57 to 70 KJ/m3 over a temperature

interval of 100 ◦C. The trend is also seen in the 8 h MM samples, however the increase in energy

product when going from 700 to 750 ◦C is an entire order of magnitude (from 4 to 40 KJ/m3) while

further increase in temperature only leads to an improvement of 5%. This difference between the

6 h MM and 8 h MM samples reinforces the idea that even though increased milling time leads to

lower α-Fe phase grain sizes the additional damage to the Nd2Fe14B structure is significant, a fact

especially visible for the samples annealed at 700 ◦C for 1.5 min where the increase in milling time

leads to a drop in (BH)max from 30 to 4 KJ/m3 a nearly eight fold decrease.

The effectiveness of the interphase exchange coupling was studied using dM/dH vs H plots

(See section 4.3.2). We can see that the ration between well coupled and poorly coupled particles

increases by increasing annealing temperature. This is best exemplified when looking at the set of

samples made up of those annealed for 1.5 min where we can see that the irreversible peak shifts

to higher field values as annealing temperature is increased for both 6 h MM and 8 h MM samples,

Figures 5.1 and 5.2. When we look in the same manner at the samples which were milled for 8

h (Figures 5.2b, 5.2d, 5.2f) we see that each data set contains at leas one sample for which the

nucleation behavior is dictated by the soft magnetic phase i.e. we see only a large peak at low field,

but again we see that by slightly increasing the annealing time, the irreversible peak reappears.

5.2 SmCo5 + 20 wt% Fe magnetic nanocomposite powders

5.2.1 Synthesis

The SmCo5 + 20wt% α-Fe nanocomposite samples were prepared in the manner described in

Section 4.4.2, followed by annealing at temperatures between 500 and 820 ◦C.
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Figure 5.2: Demagnetization curves (a,c,e) and dM/dH vs H plots (b, d, f) for Nd2Fe14B + 10 wt% α-Fe 6 h
MM and annealed (as indicated) nanocomposites
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5.2.2 Structural and Microstructural Studies

XRD patterns were recorded for both classically annealed and rapidly annealed samples. Both

classical and rapid annealing regimes have proven effective in the recovery of the hard magnetic

phase with the peaks attributed to the SmCo5 and α-Fe phases being clearly visible. Moreover the

peaks attributed to the hard magnetic phase become better resolved with increasing temperature

for both types of heat treatment.

In both cases the average crystallite sizes were also estimated using the Scherrer method (Equa-

tion 4.1). We can see that for the classical annealing, raising the temperature from 500 to 550 ◦C

produces a large increase in the average crystallite sizes for α-Fe, but only a small increase in the

case of the SmCo5 phase. However further increasing the annealing temperature while lowering

the duration (from 1.5 h at 550 ◦C to 0.5 h at 600 ◦C), the microstructure can be kept in check.

For short time annealing, crystallite sizes vary linearly with annealing temperature. Fe crystal-

lite sizes are kept in the 5 - 20 nm range.

5.2.3 Magnetic Properties of SmCo5 + 20 wt%Fe nanocomposites
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Figure 5.3: Demagnetization curves (a) and dM/dH vs H plots (b) for SmCo5 + 20 wt% α-Fe nanocomposites
6 h MM and annealed at 500 - 600 ◦C for 0.5 to 1.5 hours

The magnetic properties for both data sets, classical and short time annealing respectively, were

investigated trough demagnetization curves and dM/dH vs H plots (see Section 4.3.2). From the

demagnetization curves (Figures 5.3a and 5.4a) we can see that for the classical annealed samples,

remamanence remains the same for all samples, while Hc increases with temperature. The same

trend is observed for the rapidly annealed samples, however in this case we also notice an im-

provement in the rectangularity of the curves with increasing annealing temperature. Moreover
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this behaviour is confirmed by the derivative of the magnetization vs field (Figures 5.3b and 5.4b)

where in the case of the classically annealed samples the high field maximum shifts to higher val-

ues with increased annealing temperature, while in the case of the rapidly annealed samples, the

peaks not only shift to higher values but also become narrower at higher annealing temperature,

which means that the majority of domain reversal phenomenon take place in a narrower band i.e

the shape of the hysteresis curve becomes more rectangular.
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Figure 5.4: Demagnetization curves (a) and dM/dH vs H plots (b) for SmCo5 + 20 wt% α-Fe nanocomposites
6 h MM and annealed at 700 - 820 ◦C for 1.5 min

We see that even though we have a high variation in α-Fe grains sizes. In the samples annealed

at 500, 550 and 600 ◦C, the energy product varies only slightly from 91 to 98 KJ/m3. Of course this

increase is associated with the increased coercivity from 0.63 T at 500 ◦C to 0.81 T at 600 ◦C and

remanence (from 90 to 94 Am2/Kg). The relatively small variations in (BH)max is also observed in

the samples annealed for 1.5 min, from 89 KJ/m3 at 700 ◦C to the peak value of 103 KJ/m3 at 780
◦C. It should be noted that the best samples of each set have the same Hc, 0.81 T and the same

Mr of 94 Am2/Kg, but the sample annealed for 1.5 min has a 5% higher energy product, due to

increased rectangularity of the demagnetization curves, despite the slightly higher α-Fe grain sizes.

5.3 Partial Conclusions

In summary, for Nd2Fe14B + 10% α-Fe exchange coupled hard-soft magnetic nanocomposite

samples obtained trough mechanical milling, short time annealing has proven effective in restoring

the crystallinity of the hard magnetic phase while also keeping the α-Fe grain sizes low. This proves

that it is a viable synthesis route for spring magnets in which a good degree of interphase exchange

coupling can be achieved, reflected in the high Hc values of around 0.6 T and Mr of up to 100
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Am2/Kg.

In the case of SmCo5 + 20% Fe nanocomposite samples obtained trough mechanical milling, it

was shown that both short time annealing and classical annealing lead to a good degree of inter-

phase exchange coupling. However, short time annealing at high temperatures lead to improved

rectangularity in the demagnetization curves and a 5% increase in the energy product. These re-

sults are encouraging with respect to the transferral of such annealing regimes to an SPS synthesis

route where higher temperatures also lead to higher sample densities.



Chapter 6

Effect of Starting Powder Mixture on

the Interphase Exchange Coupling of

Soft-Hard Magnetic Nanocomposites

Obtained by Mechanical Milling

6.1 Effect of Hardness Disparity Within the Starting Powder

6.1.1 Synthesis

In order to study the effect of α-Fe particle size reduction in the starting mixture on the inter-

phase exchange coupling in Nd2Fe14B + α-Fe nanocomposites, the soft magnetic phase was pre-

milled for 4 h. However this process lead to a significant increase in the mechanical hardness of

the α-Fe phase. Therefore the focus of the study was widened to include the investigation of the

effect of the mechanical hardness disparity between the α-Fe and Nd2Fe14B phases in the starting

mixture. To this end we prepared 6 h and 8 h milled Nd2Fe14B + α-Fe nanocomposites (in the man-

ner described in Section 4.4.1, using � = 10 mm balls) with 4 h dry-milled Fe powder as the low

anisotrpy phase. The mechanical hardness of the pre-milled Fe powder (MH-Fe) was measured by

nanoindentation to be 840 MPa, significantly higher than 670 MPa for the un-milled α-Fe used in

the previous Chapter 5 (a value similar to that for Nd2Fe14B).

21
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6.1.2 Structural and Microstructural Studies

The average crystallite sizes for the soft magnetic phase were measured in this case as well. The

results are comparable with those recorded in the case of unhardened iron.

6.1.3 Magnetic Properties of Nd2Fe14B + 10 wt%Fe nanocomposites

For the Nd2Fe14B + 10 wt% MH-Fe we see a maximum coercive field of 0.53 T, a lower value

than for the samples made with unhardened α-Fe of 0.61 T. The use of MH-Fe produces samples

with lower Hc andMr compared to the values obtained for samples with unhardened Fe, described

in section 5.1. Moreover, if we look at the energy product of the samples we see that the maximum

values are 50 KJ/m3 and 41 KJ/m3 for the 6 h MM and 8 h MM samples respectively. This repre-

sents a significant drop in (BH)max for the 6 h MM samples, compared to the previous case, where

the maximum value was 70 KJ/m3. On the other hand, the best results for the 8 h MM samples,

in therms of energy product are comparable 42 KJ/m3 versus 41 KJ/m3 for the samples made with

α-Fe and MH-Fe respectively. Once again we see that increasing the milling duration from 6 to 8

h, coercivity suffers greatly, often remaining under 0.1 T after annealing, this leads to very poor

energy products (lower than 10 KJ/m3), due to the strong damage of the hard magnetic structure.

Some evidence for the delayed formation of the microstructure necessary for achieving a good

degree of exchange coupling between the Nd2Fe14B and MH-Fe can be observed when we compare

the magnetic properties of the samples milled for 6 h with those milled for 8 h. In the case of the

6 h MM samples annealed at 700 ◦C, Figure 6.1a and 6.1b, interphase exchange coupling improves

with increasing annealing time, up to 2 min (Hc and Mr increase, Figure 6.1a and the irreversible

peak in the derivative shifts to higher applied field values 6.1b), but another 30 s of annealing time

produces the opposite effect. When we increase the temperature to 750 ◦C (Figure 6.1d) we see

the same trend, improvement up to 1.5 min and then a decrease. Comparing with the samples

milled for 8 h, the results remain the same at 700 ◦C (Figure 6.2d) with a noticeable decrease

in the interphase exchange coupling at 2.5 min, but not in the case of the samples annealed at

750 ◦C (Figure 6.2d) where things seem to slightly improve at 2 min of annealing time (Mr remains

the same, while Hc increases slightly). This behaviour is also reflected in the energy product.

Increasing annealing time from 1.5 to 2 min at 700 ◦C yields an increase from 34 to 42 KJ/m3 and

3.3 to 25 KJ/m3 for the 6 h and 8 h MM samples respectively, while further increasing annealing

time to 2 min results in a significant drop to 23 and 17 KJ/m3 for the same samples. Again looking

now at the samples annealed at 750 ◦C we see that increasing annealing time form 1 to 2 minutes

greatly improves the energy product from 11 to 50 KJ/m3 and from 2 to 31 KJ/m3 for the 6 h and

8 h MM samples respectively, while a further increase results in a loss of (BH)max for the 6 h MM

samples and a slight increase to 32 KJ/m3 for the 8 h MM sample. The diverging trends seen for

the annealing temperature of 750 ◦C suggest, in this case, that interphase exchange coupling is

improved by the additional 2 h of milling time . This leads us to conclude that at 6 h MM, using
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Figure 6.1: Demagnetization curves (a,c,e) and dM/dH vs H plots (b, d, f) for Nd2Fe14B + 10 wt% MH-Fe
nanocomposites 6 h MM and annealed (as indicated)
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MH-Fe, even though average crystallite sizes are low 5 - 20 nm and comparable with those obtained

for the samples using unhardened α-Fe, the soft magnetic phase particles1 become too large to be

effectively pinned by the Nd2Fe14B phase. Moreover if this behaviour was to be driven by defects,

we would expect that the samples milled for a longer duration would present an even lower degree

of interphase exchange coupling as their defect density is much higher than that of the samples

milled for only 6 h (as was concluded in Section 5). The samples annealed at 800 ◦C show only an

improvement in magnetic properties, for the annealing times studied (up to 1.5 min).

1crystallite sizes are expected to be small, especially in the case of the hardened Fe which was milled for 4 additional
hours, and was not annealed before being used in the starting powder. Moreover average crystallite sizes give us a good
idea of particle growth rates, but do not necessarily inform on their size or shape
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6.2 Effect of Phase Dispersal in Starting Powder Mixture on the

Interphase ExchangeCoupling inHard-SoftMagneticNanocom-

posites

6.2.1 Synthesis

The Nd2Fe14B + 10wt% Fe nanocomposite samples were created in the manner described in

Section 4.4.1. Additionally three powder mixtures were created by varying the type of Fe powder,

and mixing method (Table 6.1).

Table 6.1: Powder characteristics and premixing method for each of the three Nd2Fe14B+10wt%Fe starting
powders

Sample ID Nd2Fe14B powder 90wt% Fe powder 10wt% Mixing Method

S1 Particle size < 500 µm Particle size < 100 µm By hand

S2 Particle size < 500 µm Particle size < 1 µm By hand

S3 Particle size < 500 µm Particle size < 1 µm Turbula mixer

6.2.2 Structure and Microstructure Studies

XRD patterns for all milled and annealed samples show an increase in the crystallinity of both

the Nd2Fe14B and α-Fe phases as the annealing temperature increases from 700 to 800 ◦C. No

significant differences could be observed between the samples annealed at the same time and tem-

perature. The average cristallite sizes, derived from XRD measurements, for the soft magnetic

phase present the same behavior for all three starting powder types, the Fe < 1 µm starting powder

yielding the same values (within the experimental error) as the Fe < 100 µm starting powder.

6.2.3 Magnetic Properties of Nd2Fe14B + 10 wt%Fe nanocomposites

The magnetic properties of the 6 h MM and annealed nanocomposite samples were studied

using demagnetization curve. In the case of the samples made using Fe<100µm, Figure 6.3a, in-

creasing annealing temperature from 700 to 800 ◦C improves the coercivity of the samples from

0.55 to 0.64 T, a 16% improvement. However remanence decreases from 113 Am2/Kg at 700 ◦C

to 109 Am2/Kg after annealing at 800 ◦C, a 3% decrease. Of course, this translates into an overall

gain, as the energy product slightly increases for 107 to 110 KJ/m3. Moving on to the the Fe<1

µm - HM samples we see a similar behavior, Figure 6.3c, as Hc increases from 0.58 to 0.68 T, a

17% increase while Mr also increases in this case from 98 to 108 Am2/Kg leading to an energy

product of 118 KJ/m3. The last sample set, the one mixed using the Turbula mixer, Figure 6.3e,

even though it presents the lowest Hc values, 0.51 T at 700 ◦C and 0.62 T at 800 ◦C it presents
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the highest remanence values of all the sets, with an Mr of 115 Am2/Kg after annealing at 700 ◦C

which increases to 117 Am2/Kg after annealing at 800 ◦C; this leads to the largest energy product

of all the samples 123 KJ/m3.

The quality of the magnetic interphase exchange coupling was further evaluated by dM/dH vs

H plots (see Section 4.3.2), the data is shown in Figures 6.3b, 6.3d and 6.3f. The samples annealed

for 1.5 min at 700 ◦C (Figure 6.3b) present a similar behaviour, with a large peak at high field

(around 0.6 T) and a very small one at low values of H . As the annealing temperature is increased

to 750 ◦C (Figure 6.3d) the samples produced with Fe < 1 µm show a much higher peak at high

fields than the sample produces with the starting powder containing larger Fe particles ( < 100 µm

). All other things being the same it is possible that the smaller grains allow for a better dispersal

of the Fe particles which in turn leads to improved magnetic interphase exchange coupling. At the

highest annealing temperature (Figure 6.3f) the samples produced with Fe < 1 µm still present the

higher peaks at high field. The samples which were mixed by hand show a very small peak at low

field while the ones mixed with a Turbula mixer do not. Continuing our previous reasoning (where

we discussed the enhanced Mr and (BH)max) we could conclude that the slight improvement in

exchange coupling is due to the the improved dispersal of α-Fe in the Nd2Fe14B starting powder

by using the Turbula Mixer.

The energy product (BH)max was calculated for the 6 h MM and annealed samples. The samples

prepared with Fe < 1 µm show an increase in the energy product with the increase in annealing

temperature, while for the samples prepared with the powder mixture containing larger Fe par-

ticles the energy product remains relatively constant. The highest energy value 123 kJ/m3 was

recorded for the samples prepared using the Turbula Mixer, a value at least 5% higher than that

of the Fe < 100 µm - HM and Fe < 1 µm - HM annealed in the same manner. Therefore it seems

that increasing the homogeneity of the starting powder, by mechanically mixing the initial phases,

slightly improves the performance of the nanocomposite samples.

6.3 Partial Conclusions

In summary, we have shown that for the suitable formation of exchange coupled hard-soft

nanocomposites trough mechanical milling, the difference in mechanical hardness between the two

constituent phases plays a very significant role and should be kept as low as possible. Hardness

disparity delays the beginning of the composite formation process and increases the requirements

for both crack formation and particle welding. All this leads to a less optimal microstructure and

a high defect density i.e. large particle sizes for the soft magnetic phase and a lower anisotropy in

the case of the hard magnetic phase.

To conclude, increasing the homogeneity of the starting powder slightly increases magnetic

performance in Nd2Fe14B + 10% α-Fe obtained by mechanical milling. This is reflected in increased
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Figure 6.3: Demagnetization curves (a, c, e) and dM/dH vs H plots (b, d, f) for Nd2Fe14B + 10 wt% Fe 6 h
MM and annealed (as indicated) nanocomposites



CHAPTER 6. EFFECT OF STARTING POWDER... 29

Mr (5-10% in comparison to the other sample sets) and (BH)max values. The highest energy product

of 123 kJ/m3 being obtained for the sample premixed using a Turbula Mixer.



Chapter 7

Effect of Milling Energy on the

Microstructure and Hard-Soft

Exchange Coupling in

Nanocomposite Magnetic Materials

Obtained Trough Mechanical Milling

7.1 Synthesis

The Nd2Fe14B + 10wt% Fe nanocomposite samples were created in the manner described in

Section 4.4.1. The values for the milling energy were obtained trough computer simulations in the

manner described by Abdellaoui and Gaffet.

Table 7.1: Milling media used for each data set

Number of Balls Ball Diameter � (mm)

1 209 5

2 26 10

3 9 15

4 4 20

30
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7.2 Structure and Microstructure Studies

As we shown before, during the milling process, the crystal structure of both phases is severely

damaged. In order to improve the crystallinity of the hard magnetic phase, while also keeping the

crystallite sizes of α-Fe as small as possible, the as-milled powders were annealed for 1.5 min at

700, 750 and 800 ◦C. We can see that the Nd2Fe14B peaks become well resolved for all samples as

temperature increases, therefore we can conclude that the crystallinity of all the samples improves

with the increase in temperature. The samples milled with � = 20 mm diameter balls present the

highest degree of amorphisation (clearly visible for annealing at 700 ◦C, where the thermal energy

supplied by the furnace is lower), followed by the samples milled with � = 5 mm diameter balls,

while the other samples present the highest degree of crystallinity with no significant differences

between each other. This behaviour can be explained when taking into account the fact that the

fracture initiation and fracture growth energy increases as the particle sizes decrease [71, 72]. This

means that the effectiveness of the fracturing and re-welding process involved in milling becomes

less efficient (especially for smaller impact energy) as the powder particles decrease in size during

the milling process. As by increasing the impact energy, the fracturing process becomes more

efficient, leading to the high degree of amorphisation seen in the samples milled with 20 mm

diameter balls, as they have the largest energy per impact. On the other hand, the amorphisation

seen in the samples milled with the 5 mm diameter balls can be explained by the high impact rate,

and high total energy. This milling regime should produce a very large number of defects, even if

the fracturing and re-welding process is less efficient.

The evolution of the structure and microstructure for the milled and Nd2Fe14B + 10 wt% Fe

samples was evaluated trough XRD and SEM. The investigation of the microstructure trough XRD

revealed that the average crystallite sizes of the soft magnetic phase are largely independent of

the milling energy. For the milling energies investigated the size of the Fe grains varies only with

annealing temperature. This is most likely due to the ductile nature of Fe. On the other hand, the

values of the average crystallite sizes, for the brittle Nd2Fe14B phase decrease (down to approxi-

mately 25 nm) as the impact energy increases due to the increased efficiency of the fracturing and

re-welding process for small particles during mechanical milling.

7.3 Magnetic Properties of Nd2Fe14B + 10 wt%Fe nanocompos-

ites obtained by different milling energy.

The magnetic proprieties of the 6 h MM and annealed Nd2Fe14B + 10 wt% Fe samples were

investigated trough demagnetization curves. These measurements show that the magnetic proper-

ties of all the samples improve with increasing annealing temperature, as bothHc andMr increases

due to the diminution of the defect density in the hard magnetic phase, which leads to an increase
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Figure 7.1: Demagnetization curves (a, c, e) and dM/dH vs H plots (b, d, f) for Nd2Fe14B + 10 wt% 6 h MM
and annealed (as indicated) nanocomposites
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in its anisotropy, thus allowing for the better pinning of the soft magnetic inclusions. We see that

the lowest coercivity, at all annealing temperatures, belongs to the samples milled using the 5 mm

� balls. This is a result of the fact that the milling energy per impact is low (6 mJ/impact) and

hence the crystalite sizes of the hard phase are the largest, 40-50 nm, where the optimum would

be around 20 nm [29, 30], moreover due to the high impact frequency they also present a very

large number of defects, in comparison with the other samples. The weak interphase magnetic

coupling in these samples is especially obvious in the dM/dH vs H plots Figure 7.1 (b,d,f), where

they consistently present two peaks, with a large intensity for the peaks at low field (around 0.1-

0.2), a strong indication of ineffective interphase exchange coupling. However when the impact

energy is increased to 34 mJ/impact, the average grain sizes for Nd2Fe14B decrease, resulting in a

much higher value for Hc than that recorded for the samples milled with 5 mm � balls. Further

increasing the impact energy, by using the 15 mm � balls further decreases the grain sizes of the

hard magnetic phase and again leads to coercivity enhancement and improved smoothness of the

demagnetization curve. This fact is also reflected in the dM/dH vs H plots, as at all annealing

temperatures, for this sample set we mostly see a large peak at high field values, indicative of a

good degree of exchange coupling. Increasing the milling energy to 124 mJ/impact (� = 20 mm

balls) dose not lead to further reduction of grain sizes, however it severely decreases the magnetic

properties of the composite samples. It is very likely that the increased stress and defect density

is responsible for the observation, because increasing the annealing temperature hugely improves

both remanence and coercivity. The the important increase in both Hc and Mr with annealing tem-

perature (as more and more defects are removed) is evidence that the composite formation process

was effective, but the magnetic properties of the sample are severely affected by defects and stress.

Moreover the dM/dH vs H plots for the samples milled at 124 mJ/impact (� = 20 mm balls) show

only one small peak at low fields after annealing at 700 ◦C, due to the poor crystallinity of the hard

magnetic phase. The single peak implies that the coercivity of the hard phase is comparable with

the one of soft phase. Increasing annealing temperature causes the appearance of a very intense

peak at high field values, which suggests that the anisotropy of the Nd2Fe14B phase is increased

trough the improvement of its crystallinity, however the smoothness of the demagnetization curve

suggests that some soft phase inclusions remain unpinned by the hard magnetic phase.

The high coercivity and energy product (at all annealing temperatures) of the samples milled

with 15 mm diameter balls are result of both the very small mean crystallite sizes of the hard and

soft magnetic phases (ensuring good magnetic coupling), and the lower overall degree of amor-

phisation induced by the milling process. This leads us to the idea that for these samples a very

good balance was struck between the impact energy and the total milling energy, yielding (after

annealing) a favourable structure and microstructure for interphase exchange coupling.
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7.4 Partial Conclusions

In summary, Nd2Fe14B + 10 wt% Fe nanocomposites were produced through mechanical milling

at different energies induced by different milling balls (using � = 5, 10, 15 and 20 mm diame-

ter balls) and subsequent annealing at 700, 750 and 800 ◦C for 1.5 min. The average crystallite

sizes of the hard magnetic phase mainly depend on the impact energy. In the investigated range

of milling conditions, the higher the impact energy, the lower the mean crystallite sizes become

(down to a limit of approximately 25 nm). The average crystallite sizes for α-Fe phase of about

10 nm, are largely unaffected by the change in milling energy but increases significantly upon

increasing the annealing temperature. The mean crystallite size (of both phases) influences the in-

terphase exchange coupling, as the smaller crystallite sizes result in a better coupling between the

hard Nd2Fe14B and soft α-Fe phase. Increasing the milling energy also leads to an increase in the

amorphisation of the crystalline structure of the hard magnetic phase which means that in order

to restore the crystallinity, higher temperatures or longer annealing times are required which in

turn leads to the significant growth of the α-Fe crystallites. This reduces the effectiveness of the

interphase exchange coupling and consequently optimized conditions have to be found. The best

results for the studied nanocomposites were were obtained for the samples milled with � = 15 mm

diameter steel balls and annealed at 800 ◦C: Hc = 0.65 T, Mr = 108 Am2/Kg and (BH)max = 110

KJ/m3.



Chapter 8

Effect of Spark Plasma Sintering on

Hard-Soft Interphase Exchange

Coupling in Magnetic Nanocomposite

Powders

8.1 SPS Magnets Based on Nd2Fe14B + 10% Fe Nanocomposites

8.1.1 Synthesis

Nd2Fe14B + 10 wt% α-Fe sintered nanocomposite samples were produced by ball milling (see

Section 4.4.1) and subsequent spark plasma sintering. The starting powder (90 wt% Nd2Fe14B <

500 µm and 10 wt% α-Fe < 1 µm mixed using a Turbula mixer) was milled for 6 h in a planetary

ball mill. The resulting nanocomposite powder was then sintered in SPS installation. Sintering

was done at a pressure of 35 MPa with a heating rate of 5 K/s and a cooling rate of 2K/s. The

temperature was raised up to 700, 750 or 800 ◦C where it was kept stable for 2.5, 2 and 1.5 minutes

respectively.

8.1.2 Structural and Microstructural Studies

The structure and microstructure of the sintered nanocomposite samples was investigated us-

ing XRD. The diffraction patterns for the sintered samples show that the hard magnetic phase is

well crystallized in after all applied sintering regimes, with only the peaks corresponding to the

Nd2Fe14B and α-Fe being visible. The average cristallite sizes were calculated for both the hard

35
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and soft magnetic phases . The average cristallite sizes for Fe are very similar in all three cases,

being situated around 22-23 nm, the upper acceptable limits for hard-soft interphase exchange

coupling. The mean grain size for the Nd2Fe14B phase was also evaluated to be withing the 31 to

33 nm range, which was previously found to be adequate for achieving a good degree of hard-soft

exchange coupling.

The density of the sintered compacts was evaluated by measuring the volume and weight of the

samples. The sample densities fall between 60 and 70 % of the theoretical value for the composite

material. The densities were used later for the calculation of the polarization J .

8.1.3 Magnetic Properties of Nd2Fe14B + 10 wt%Fe SPS nanocomposites

The magnetic behavior of the Nd2Fe14B + 10 % α-Fe SPS compacts was studied trough demag-

netization curves and dM/dH vs H plots (Figure 8.1). The demagnetization curves, Figure 8.1a,

show that the coercivity of the samples improves with increasing annealing temperature (as the

hard phase is better recrystallized due to the increased temperature), but the smoothness of the

curves is much worse than in the case of annealed powders (Figure 5.1). To elaborate, the concave

shape of the curves indicates that our samples contain a significant amount of unpinned or poorly

pinned α Fe particles. This is not surprising as the average crystallite sizes for the soft magnetic

phase are fairly large and thus most likely serve as nucleation sites for the investigated materials.

The shape of the curve is better analyzed in the derivative (Figure 8.1b), where in all three cases

we see two peaks, which signifies dual magnetic phase behavior instead of single, or almost single,

which was evidenced in nanocomposite annealed powders, Figures 5.1 (b,d,f).
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Figure 8.1: Demagnetization curves (a) and dM/dH vs H plots (b) for Nd2Fe14B + 10 wt% Fe SPS compacts
sintered at 700, 750 and 800 ◦C

The magnetic performance the Nd2Fe14B + 10wt%Fe SPS samples is very poor, with energy
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products ranging only between 6 and 15 KJ/m3, an order of magnitude lower than the results

obtained for annealed powders.

8.2 SPS Magnets based on SmCo5 + 20 wt% Fe Nanocomposites

8.2.1 Synthesis

The SPS compacts were produced by sintering SmCo5 + 20 wt% Fe nanocomposite powder

produced in the manner described in Section 4.4.2. The details of the SPS process were given in

Section 4.1.3. The sintering time, temperature and pre-sintering annealing (if any) are summarized

in table 8.1 for all samples. Pre-sintering annealing at 350 ◦C was performed in order to eliminate

stress within the powder, in order to improve densification during the SPS process. As can be seen

from Table 8.1 annealing leads to nearly doubling the density of the nanocomposite material (from

35 % density for sample P4 to 60 % for sample P6). The annealing at 600 ◦C was done in order to

investigate the effect of sintering on a powder which already presented a good degree of interphase

exchange coupling.

Table 8.1: Synthesis details and density for SmCo5+20wt% α-Fe SPS compacts

Sample ID Annealing Sintering Density

Kg/m3 % of Theoretical

Powder 600 ◦C 0.5 h N/A Theoretical 100

P4 N/A 600 ◦C 2 min 3013 35

P5 N/A 600 ◦C 6 min 4654 55

P6 350 ◦C 6 h 600 ◦C 2 min 5010 60

P7 600 ◦C 0.5 h 600 ◦C 2 min 5058 60

P8 600 ◦C 0.5 h 700 ◦C 2 min 5747 68

8.2.2 Structural and Microstructural Studies

The structure and microstructure of the sintered samples was investigated using XRD. Since

some samples (P4 and P5) were measured using Cu Kα radiation and others (P6, P7 and P8) were

measured using Co Kα radiation, the diffraction patterns were plotted over 1/d instead of 2θ. We

can see that the sintered samples contain both SmCo5 and Sm2Co17 as the hard magnetic phases,

their coexistence is pointed out clearly by the two peaks at around 0.4 �A
−1

. Since we see no evi-

dence of other phases and since the 1:5 phase dose not form stable structures with iron we can say

that most likely the formation of the 2:17 phase takes place by the infusion of iron from the soft

magnetic phase, therefore the formula for the 2:17 structure would be of the form Sm2Co17−xFex.

However from our measurements we can not estimate the value of x. Both phases seem to be
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present at all SPS sintering temperatures, however the presence of Sm2Co17 is most evident for the

highest sintering temperature (P8) as the XRD peaks become sharper and the Sm2Co17 (002) peak

(situated on the right of strongest intensity reflection of this phase) emerges between the strongest

reflections of both the SmCo5 phase and α Fe.

Looking at the dependence of the average grain sizes of iron, before and after SPS, as o function

of annealing temperature. For legibility reasons only the samples sintered at 600 ◦C were plotted.

From this graph we can conclude that the increase in size is mostly dude to the SPS sintering pro-

cess as the difference in grain sizes before and after SPS is huge ( nearly three times larger). Which

can be extremely problematic as the minimum condition for pinning the soft phase inclusions is

that their size can not exceed twice the magnetic domain wall length of the hard magnetic phase

as discussed in section 3 (somewhere in the interval 5 nm for SmCo5 to 12 nm for Sm2Co17.

8.3 Magnetic Properties of SmCo5 + 20 wt%Fe SPS Compacts

Demagnetization curves for SmCo5 + 20 wt % Fe (Figure 8.2a) recorder at 300 K show that the

sintered samples have comparable Hc. Excepting P4 the coercivity of all other samples falls within

the 0.78-0.81 T interval.However the remanence is much lower for the SPS compacts compared to

the un-sintered powder. Partially, this decrease can be attributed to the low density of the sintered

samples (< 70% of theoretical value), but the shoulders seen in the demagnetization curves for the

SPS compacts suggest that Jr is significantly affected by the inefficient pinning of the soft phase

inclusions. From the dM/dH vs H plots (Figure 8.2b) we can see that the central peak positions

of the sintered samples and the reference powder match (excluding P4 as the degree of interphase

exchange coupling is quite poor in this case), the significant difference between the two being

the broadness of the peaks. The very sharp peak profiles seen in the sintered samples can be

attributed to the spread of magnetic domain reversal due to compaction. This effect is most visible

in the reduction of energy product between the reference powder and sintered samples. Even if we

consider that the SPS compacts have the theoretical density, P8 which has the highest (BH)max of

the compacts, only yields an energy product of 80 KJ/m3 which means that the difference between

it and the reference powder is due to the poor pinning of soft phase inclusions.

8.4 Partial Conclusions

The SPS method was successful at producing dense samples, however it is very likely that den-

sification allows nucleation processes to propagate trough the entire sample (as opposed to being

confined to individual powder particles). This is assumed to significantly increases the proportion

of seemingly low coercivity magnetic domains within the sintered samples. In the case of Nd2Fe14B

SPS compacts it has been shown that the soft phase inclusions can be at least partially pinned. It
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Figure 8.2: Demagnetization curves (a) and dM/dH vs H plots (b) for SmCo5 + 20 wt% Fe SPS compacts

seems that even though XRD measurements show that the hard magnetic phase is fairly well crys-

tallized and grain sizes for Fe are kept in check with reasonable success, improvements in both

areas are required in order to achieve a good degree of hard-soft exchange coupling. Spark plasma

sintering on SmCo5 + 20% Fe magnetic nanocomposite powders has yielded much better results

than in the case of Nd2Fe14B + 10% Fe SPS compacts. The ratio between well and poorly cou-

pled magnetic domains, as analyzed trough dM/dH vs H plots, is promising. The highest recorded

values of Hc (0.81 T) from the demagnetization curves compare well with those measured on pow-

der samples, while the values of Jr (0.59 T) could be feasibly increased by better control of the

microstructure and density.



Chapter 9

Conclusions and Future Prospects

In this work we have set out to study the influence of the microstructure on the interphase

exchange coupling in hard-soft magnetic nanocomposites and its influence on the magnetic prop-

erties of the material. Specifically we strove to alter the microstructure of the material by tweaking

the synthesis process at its various stages. These modifications resulted in the creation of various

nanocomposite microstructures, which could then be investigated so that their relationship with

the magnetic properties of the spring magnets could be studied.

Our studies revolved around two nanocomposite materials: Nd2Fe14B + 10wt% α-Fe and SmCo5

+ 20wt% α-Fe. The hard magnetic phase was obtained by melting, annealing and finally grinding.

The resulting powder was then milled alongside the soft magnetic phase. The composite pow-

ders where annealed and/or sintered. Therefore conceptually the synthesis process, itself, can be

broken up into three main stages:

• The creation of the starting powder mixture

• Milling of the initial mixture

• Annealing and/or sintering the milled powders

where modifications at each stage produce different microstructures with different magnetic

properties.

The Starting Powder Mixture Stage

Because in hard-soft exchange coupled nanocomposites there exists a very intimate relationship

between the magnetic properties and the size of the soft magnetic inclusions, at this stage we have

attempted to limit their size, while not increasing milling time.
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Premilling the soft magnetic phase lead to a significant increase in its mechanical hardness.

This in turn resulted in a delay in the composite formation process while simultaneously increas-

ing the amount of stress and the number of defects in the composite material. These aspects are

reflected in a severe drop of the magnetic performance of the spring magnets. In contrast, improv-

ing the dispersion of the two phases which make up the starting mixture has proven effective, as

the increased homogeneity of the starting powder resulted in enhanced energy products.

The Mechanical Milling Stage

The effect of the milling energy on the microstructure, i.e. the interphase exchange coupling,

of the Nd2Fe14B + 10wt% α-Fe nanocomposites was studied. The milling energy and impact fre-

quency were tuned using different diameter balls. The energy per impact and the total energy were

both evaluated by computer simulation. Our studies showed that the hard magnetic phase crys-

tallite sizes decrease as the energy per impact increases due to additional fracture and re-welding

events during the milling process. However, once a base value is reached, further increasing the

impact energy only serves to further damage of the crystalline structure.

Magnetic studies have shown that by tuning the Nd2Fe14B crystallite sizes the energy product

of the nanocomposites can be improved. This has been attributed to the fact that the nucleation

field of the hard magnetic phase increases with decreasing crystallite sizes.

The Annealing and SPS Stage

The main objective of the annealing followed the recovery of the anisotropy of the hard mag-

netic phase, by improving its crystalinity, destroyed by milling. Simultaneously, we took into ac-

count that the heat treatments should avoid, as much as possible, the growth of the soft phase

crystallites. Considering the above objectives we used two types of annealing: classical annealing

and short time annealing. Most of the studies were done using the short time annealing process,

because our investigations proved that this type of heat treatment is better suited for obtaining

the desired microstructures for hard-soft nanocomposites. Additionally, in order to improve the

physical and magnetic properties of SPS compacts, pre-sintering annealing was also employed.

These result encouraged us to use SPS procedure to create both Nd2Fe14B + 10wt%Fe and

SmCo5 + 20wt%Fe compacts. It was shown that compaction favors the propagation of magnetic do-

main reversal throughout the entire sample, diminishing the energy products previously attained

in annealed powders. It should also be noted that SmCo5/Fe compacts achieved energy products

over four times greater than Nd2Fe14B/Fe compacts. This observation could be attributed to the

fact that the SmCo5 hard magnetic phase is inherently a much more anisotropic material. However,

given the limited data sets currently available the assertion regarding the difference in magnetic

performance should be taken as speculation. Moreover additional data could shed some extra light

into the matter and will make the subject of future study. Furthermore the improvement of (BH)max
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in SPS compacts, due to modest densities, could be achieved by increasing the compact densities

and optimizing the composite nanostructure.
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Poland



Bibliography

[1] R. Skomski, P. Manchanda, P. K. Kumar, B. Balamurugan, A. Kashyap, and D. J. Sell-

myer. Predicting the future of permanent-magnet materials. IEEE Transactions on Magnetics,

49(7):3215–3220, 2013.

[2] J. M. D. Coey. Permanent magnets: Plugging the gap. Scripta Materialia, 67(6):524–529, 2012.

[3] A. Zhukov. Novel Functional Magnetic Materials. Springer, series in edition, 2016.

[4] Workshop on ”Energy and Materials Criticality, Santorini”.

http://www.physics.udel.edu/emc/index.html, aug 2013.

[5] Trilateral EU-Japan-U.S. Conference on Critical Materials for a Clean Energy Future, Wash-

ington DC, ”. oct 2011.

[6] J. S. Jiang. Magnetization processes in core/shell exchange-spring structures. Journal of Ap-

plied Physics, 117(17):17A734, 2015.

[7] Narayan Poudyal and J Ping Liu. Advances in nanostructured permanent magnets research.

Journal of Physics D: Applied Physics, 46(4):043001, 2013.

[8] D. J. Sellmyer, B. Balamurugan, B. Das, P. Mukherjee, R. Skomski, and G. C. Hadji-

panayis. Novel structures and physics of nanomagnets (invited). Journal of Applied Physics,

117(17):172609, 2015.

[9] Rajasekhar Madugundo and George C. Hadjipanayis. Anisotropic mn-al-(c) hot-deformed

bulk magnets. Journal of Applied Physics, 119(1):013904, 2016.

[10] P. Tozman, M. Venkatesan, and J. M. D. Coey. Optimization of the magnetic properties of

nanostructured y-co-fe alloys for permanent magnets. AIP Advances, 6(5):056016, 2016.

[11] Imants Dirba, Philipp Komissinskiy, Oliver Gutfleisch, and Lambert Alff. Increased mag-

netic moment induced by lattice expansion from -fe to -fe8n. Journal of Applied Physics,

117(17):173911, 2015.

47



BIBLIOGRAPHY 48

[12] Semih Ener, Johannes Kroder, Konstantin P. Skokov, and Oliver Gutfleisch. The search for

room temperature tetragonal phases of fe-mn-ga: A reactive crucible melting approach. Jour-

nal of Alloys and Compounds, 683(Supplement C):198 – 204, 2016.

[13] David J. Sellmyer. Applied physics: Strong magnets by self-assembly. Nature, 420:374 – 375,

2002.

[14] R. Skomski. Aligned twophase magnets: Permanent magnetism of the future? (invited). Jour-

nal of Applied Physics, 76(10):7059–7064, 1994.

[15] E. F. Kneller and R. Hawig. The exchange-spring magnet: A new material principle for per-

manent magnets. IEEE Transactions on Magnetics, 27(4):3588–3600, 1991.

[16] V. Pop, S. Gutoiu, E. Dorolti, O. Isnard, and I. Chicina. The influence of short time heat treat-

ment on the structural and magnetic behaviour of Nd2Fe14B/α-Fe nanocomposite obtained by

mechanical milling. Journal of Alloys and Compounds, 509:9964–9969, 2011.

[17]
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