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Introduction

Along with the evolution of human society the interest in understanding and usage has
also increased the interest in various practical applications of natural phenomena such as
magnetism and related magnetic behaviour of the substance. Long after their discovery,
magnetic phenomena have been studied only on a macroscopic scale and only in the last
century atomic-scale magnetic phenomena have been studied and understood. Exchange
interaction, crystal field interaction with magnetic moments and relativistic spin-orbit
coupling which are atomic-scale magnetic phenomena have been extensively exploited in
permanent magnets based on intermetallic compounds of 3d transition metals with rare earth
R (magnets Sm-Co or RyFe 4B type). Achieving high performance magnetic materials, even
there is about hard or soft magnetic materials, involves materials with remarkable intrinsic
magnetic properties (saturation magnetisation, Curie temperature, anisotropy constant,
magnetostriction constant etc.). Nanocrystalline magnetic materials present interesting
magnetic properties regarding both fundamental research and applications. They play an
important role in the field of hard and soft magnetic materials. Theoretical calculation shows
that the preparation of hard/soft magnetic composite with dimensions of crystallites or thin
layers at nanometric scale would allow using all the potential of the two classes of magnetic
materials: large anisotropy — hard magnetic materials — and higher magnetization — soft
magnetic materials. The result is a new class of hard magnetic materials namely hard/soft
nanocomposite or spring magnets. The development of obtaining techniques and study
methods has led to the discovery and understanding of new phenomena that characterize these
materials, as is the exchange coupling.

The promising energy product obtained in the case of nanocomposite magnets based
on Nd-Fe-B system, has pointed out these materials as potential candidates for performing
hard magnetic materials. This paper proposes the study of RyFe;sB + x wt% a-Fe magnetic
nanocomposite (where x = 10 or 22, R = Nd, Nd+Dy) and also a study of hard Nd,Fe;4B and
soft a-Fe separately magnetic phases. Samples were obtained by mechanical milling and
subsequently annealed. Mechanical milling allows the obtaining of homogeneous powders at
nanometric scale. We proposed two types of annealing — conventional heat treatment and short
heat treatment. By both modes of heat treatment we have desired to restore the structure of
hard magnetic phase without leading to excessive growth of crystallite dimensions of soft
phase.

The paper is structured in five chapters, ending with a chapter containing general
conclusions and perspectives. In the first chapter of the paper we present the main classes of
magnetic materials and each specific property. Within exchange enhanced magnetic materials
were presented SmCs/soft magnetic phase based on Fe and RyFe 4B/soft magnetic phase based

on Fe.



The second chapter contains a brief overview of the main methods of obtaining the
materials studied in this work and the used study methods.

Chapter three presents in detail the methodology to obtain the powders of soft and hard
magnetic phases and the powders of R,Fe;4sB/Fe magnetic nanocomposite. There are also
detailed the technical aspects of the way perform annealing.

Crystallographic properties determined by X-ray diffraction, XRD, microstructure
evolution determined by XRD, and scanning electron microscopy and magnetic properties
determined by measurement of magnetic hysteresis of hard and soft phases are described in
chapter four. In order to determine the optimum annealing conditions were performed
differential scanning calorimetry measurements that have described structural and
microstructural transformations of the studied sample.

The last chapter of the thesis presents the study of the influence of the structure and
microstructure of magnetic nanocomposite materials on the interphase exchange coupling
between hard and soft magnetic phase. There were presented the study of structured and
magnetic properties of four sets of samples, two different reports between hard and soft phases
(10 and 22 wt%) and two different types of annealing (classical and short time annealing)

In the final part of the paper are presented general conclusions and perspectives of
research in the field concerned. The main conclusions of the research are highlighted and there
are also mentioned the effects of milling and annealing conditions on the evolution of the
structure, microstructure and magnetic behaviour of samples. List of articles published in
professional journals and/or presented at international or national conferences is presented at
the end.



Chapter 1

MAGNETIC MATERIALS

In this chapter are presented the main classes of magnetic materials (soft magnetic
materials, hard magnetic materials, exchange enhanced magnetic materials) indicating the

specific magnetic properties and their utility in applications.

1.1. Soft magnetic materials

Soft magnetic materials are those materials which can be magnetized and
demagnetized easily; presenting small coercitive fields, high permeability and high mobility of
magnetic domains walls. For certain applications, soft magnetic materials provide high
saturation induction (Bg), high Curie temperature and low electrical conductivity. Soft
magnetic phases are characterized be weak magnetocristaline anisotropy imposed firstly, by
the high symmetry crystalline structure.

The main classes of soft magnetic materials are:

A. Soft magnetic materials based on iron

B. Iron-nickel and iron-cobalt soft magnetic materials
C. Soft ferrite
D.

Soft amorphous magnetic materials

1.2. Hard magnetic materials

Hard magnetic materials are characterized by high coercive fields, high remanent
magnetization large hysteresis loops. The coercive fields values are between 102 and 106
A/m. Besides high coercivity, the practical use of these materials requires high values of Curie
temperature, T¢, remanent induction, B,, and maximum energy product (BH)max.

Magnetic anisotropy is an intrinsic factor which leads to large coercivity materials.
Depending on the type of anisotropy two types of permanent magnets are obtained. The first
category is based on the anisotropy given by the shape of the particles and includes AINiCo
and steel type permanent magnets. The second category is based on nanocrystalline anisotropy
and includes hard ferrite permanent magnets and permanent magnets based on rare earth.

The development of techniques for obtaining pure rare earth and the development of
melting methods in vacuum or inert gas led to the investigation of a new type of alloys based

on rare earth and 3d transition metals. Transition metals such as: Mn, Fe, Co, Ni and Cu are



used as alloying elements with rare earth. Since 1983 [6] has ben developed a new class of
iron — based permanent magnets, RoFe 4B. These magnets can be obtained in both crystalline
and amorphous state. An important advantage of Fe — based magnets is the low production
cost. The magnetic behavior of R Fe 4B type magnets is shown in a parallel coupling between
magnetic moments of iron and magnetic moments of light rare earth and also an antiparallel

coupling between iron and heavy rare earth moments.

1.3 Exchange coupled magnetic materials

At the beginning of 1991, Kneller et al. [11] showed that a mixture of hard (Nd,Fe4B)
and soft (Fe;B/o/-Fe) magnetic nanogreins, coupled by exchange interactions can lead to a
maximum energy product (BH)me of 200 kJ/m’, increasing the interest to study those
compounds. Understanding the concept of “exchange coupling” [11] lead to new ways of
obtaining high performant hard magnetic materials. Combining the high coercivity of hard
magnetic phase with high magnetization of soft magnetic phase can lead to a new class of
materials with high value of the energy product. Beside an important energy product it is
desired to consider the increase in thermal stability by high Curie temperature, which ensure a
stable functionality at the used temperature and an improved corrosion resistance, especially
of high importance for the magnets used in a hot and wet clime. The microstructural change of
the material must be also considered.

The materials obtained by a coupling between hard and soft nanocrystalline phases are
known as exchange coupling magnets or spring magnets [11,12,13-19]. In the soft/hard
exchange coupled magnets the coercivity of soft magnetic is realized on interphase exchange
interaction with hard magnetic phase, strongly anisotropic. Exchange coupling could generate
an energy product up to 795 kJ/m’ [20], which is much higher than maximum value of the
specific energy product (BH)max, obtained for the actual magnets on the market. The
calculation made by Skomski [106] on SmyFe;7N3/FeesCoss nanocomposite type magnets
show the possibility of obtaining 1090 kJ/m’ specific energies.

Due to unconventional methods of preparation, hard to replicate on industrial level,
hard nanocomposite materials have no direct interest and their economic impact has proven to
be partially neglected for a long time. With the development of preparation techniques
increasing magnetic performance of magnetic materials and also with increasing of marked
requirements we see a growing interest of the magnetic materials producers new production
technologies and implementation of these materials. As regards the applications, the most
important parameter for permanent magnet is represented by (BH)max.

Alloying/mechanical milling was intensive used for preparation of metastabile phases

with various interesting magnetic properties, including intensive exchange coupling [41-50].



In these systems have been reported relatively large magnetic properties of 326 kJ/m® [36].
The influence of annealing and mechanical milling on structure and magnetic behaviour of
magnetic nanocomposite based on Fe (soft magnetic phase) and hard phases on intermetallic
compounds with rare earth highlights the importance of structure and microstructure on

strength of exchange coupling between hard and soft magnetic phases [33, 51-55]

Chapter 2

TECHNIQUES AND EXPERIMANTAL METHODS

The chapter contains a brief overview of preparation techniques and annealing used to
obtain the studied R,Fe;sB/a-Fe nanocomposite. The methods of structural and magnetic

investigation are also presented.

Chapter 3

SAMPLE PREPARATION

3.1. Preparation of hard magnetic phase, R;Fe;sB

In order to obtain the hard magnetic phases were used chemical elements with 99.9 %
purity. Calculations were made for the desired composite, taking into account the proportions
of materials components.

Due to the reactivity of oxygen with rare earth, the alloys were prepared by arc furnace
under argon atmosphere. To ensure that the working atmosphere is clean, we have evacuated
several times the chamber and each time was filled with argon. Before the melting of the
sample we melted a piece of titanium (at high temperatures titanium catch the oxygen) in
order to clean oxygen impurities of the chamber. For sample preparation we have repeated the
melting to ensure an adequate homogenization. In same cases we have made used of an
induction oven for a better homogenization.

In order to obtain a structural homogenization the sample were annealed for a long
time under high vacuum of 10° mbar. The annealed temperature was 1223 K, and the

annealing time was 72 hours.



3.2. Preparation of soft magnetic phase, a-Fe and hard magnetic phase of
Nd,Fe4B type.

Soft, a-Fe and hard, Nd;Fe ;4B magnetic powders were obtained by mechanical milling
using a planetary mill, Frish Pulverisette 4 type, with two vials that allow working in
controlled atmosphere. Rotation of the vials is in opposite direction with the platform. The
following milling condition were used, speed of the vials: ® = -900 rpm; speed of the platform
Q=333 rpm..

The milling was performed in heat — treated steel vial with a volume of 80 ml. A vial
was used for mechanical milling of soft magnetic phase of commercial iron powder
100.24CN, having a particle size under 40 mm. The second vial was used to obtain the hard
magnetic phase, Nd,Fe ;4B powders. With Fe respectively Nd,Fe 4B magnetic powders, were
put 15 grinding balls in each vial, the ratio between the mass of magnetic materials and the
mass of grinding ball is 10:1. The vials were sealed in an oxygen — free inert environment
(argon gas) inside a glove box.

The milling was performed for 12 hours, taking test sample at 1, 2, 4, 6, 8 and 12
hours, each test sample having a mass of about 0.5 g. The powders obtained were annealed at

500, 550, 600 °C — conventional annealing and respectively at 800 °C — short time annealing.

3.3. Preparation of nanocomposite powders of R;Fe ;4B + x% Fe (x =10, 22) type.

In order to obtain composite magnetic sample the hard magnetic phase R;Fe 4B was co
— milled with soft magnetic phase a — Fe. After preliminary milling for 2 hours of hard phase
was added the powder of soft magnetic phase a — Fe in 10 and 22 weight percent. The powder
size of the iron was under 40 um. The milling was performed for 4, 6, 8 and 12 hours. The ball
— to — powder ratio was 1:10. Technical conditions of milling were identical to those used for

milling soft and hard phases separately.

3.4. Annealing applied

The first annealing technique — classical heat treatment or long time heat treatment —

consist in heating the samples at temperature of 500 — 600 °C for 1,5 hours to 14 hours and at



800 °C for 5 minutes. In the paper we use the notation HT referring to heat treatment and CHT
referring to conventional heat treatment.

The second heat treatment technique - short heat treatment — is a new method of
heating the samples. By this method we try to study the influence of annealing conditions on
crystallographic and magnetic properties of milled samples. Annealing was performed at
temperatures between 700 and 800 °C. The annealing was done for short durations at times
between 0.5 and 3 minutes. In the paper we use the notation SHT referring to short time heat

treatment.

Chapter 4

THE INFLUENCE OF MILLING AND ANNEALING
CONDITIONS ON THE CRYSTALOGRAPHIC AND AMGNETIC
PROPERTIES OF SOFT MAGNETIC PHASE, Fe AND HARD
MAGNETIC PHASE, Nd,Fe,4B.

Our previous studies [33, 54, 95, 96] on R,Fe4B/0o-Fe nanocomposite type show a
weak exchange coupling between soft and hard magnetic phases. One of the reasons for this
behaviour could be the poor crystallinity of hard magnetic phase and an excessive growth of
soft magnetic phase, above the conditions of achieving the exchange coupling between the
phases. A solution must be found in order to determine the optimal conditions of annealing.
The purpose of these conditions is to restore the crystallinity of hard magnetic phase without
leading to a higher growth of crystallites of soft magnetic phase. In order to find appropriate
annealing and milling conditions, an individual structural, microstructural and magnetic study

of the hard and respectively soft magnetic phase is proposed [97]

4.1. Structure and microstructure evolution of hard magnetic phase, Nd,Fe 4B

depending on milling and annealing conditions

The section shows the influence of milling and annealing process on the

crystallographic and magnetic properties of hard magnetic phase, Nd,Fe4B. The structural



evolution from the milling process is shown in figure 4.1. In the figure, which presents
diffraction patterns of the sample, we can see that the diffraction peaks increases with
increasing milling time and become undetectable at high milling times. This evolution can be
attributed to several effects that are induced by milling: the occurrence of induced internal
stresses, a decrease of the crystallite size and the amorphisation of the hard phase structure by
milling. The presence of the iron diffraction peaks can be attributed to a small quantity of

unreacted iron and to the contamination from vials and balls.
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Figure 4.1. X-ray diffraction patterns of Nd,Fe ;B milled from 1 to 12 h, obtained with a diffractmeter with Cu
Ka radiation. The diffraction pattern of Nd,Fe 4B ingot annealed at 950 °C for 72 h is also given for comparison.
In order to optimize the annealing conditions, we have proceeded to same thermal
analyses. Figure 4.2 shows DSC (differential scanning calorimetry) curves of Nd,Fe ;4B
sample milled for 6 h. In the heating process, the exothermic peak above 200 °C, indicates a
release of the milling induced internal stress. Around the temperature of 500 °C is reported the
presence of exothermic peak corresponding to recrystallization process of iron and Fe;B
phase, while around the temperature of 700 °C the exothermic peak that begins to appear can
be attributed to the crystallization of Nd,Fe;4B magnetic phase. In the cooling process, the
DSC signal vs. temperature shows only one transformation before 300 °C which is attributed

to the Curie temperature, T¢, of Nd,Fe; 4B hard phase.
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Figure 4.2. measurements of Nd,Fe 4B milled for 6 h.

Based on the analysis of DSC curves, we decided to perform two types of HT: a)
classical heat treatment, CHT, made at 500 — 600 °C for 2 h and b) short heat treatment, SHT,
made between 700 — 800 °C for 0.5 — 3 minutes.

The structural evolution of hard magnetic phase milled for 12h and annealed at 500,
550, 600 °C for 2 h is presented in diffraction patterns from figure 4.3. The diffraction pattern
of pure Nd,Fe 4B ingot annealed at 950 °C for 72 h is also given to be compared.
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Figure 4.3. X-ray diffraction patterns of Nd,Fe;sB milled for 12 h and classical annealed at indicated
temperatures and times. The diffraction pattern of Nd,Fe 4B ingot annealed at 950 °C for 72 h is also given to
compared. The diffractometer use a Cu Ko radiation



While increasing the annealed temperature it can be observed an increase of crystallinity of
hard magnetic phase; the corresponding peaks are well resolved and rather thinner.

The diffraction patterns of the sample annealed at 800 °C for 0.5; 1 and 1.5 minutes are
shown in figure 4.4. The diffraction pattern of pure Nd,Fe 4B ingot annealed at 950 °C for 72
h is also given to be compared. It is worthy of note that the annealing for 0.5 minutes did not
lead to a recovery of crystallinity of hard magnetic phase, the corresponding peaks being
undetectable. The best resolved and rather thinner diffraction peaks corresponding to the hard
magnetic phase occur for the sample annealed for 1.5 minutes, proving a good crystallinity

and a beginning of iron recrystallization.
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Figure 4.4. X-ray diffraction patterns of Nd,Fe ;B milled for 12 h and short time heat treatment at indicated
temperatures and times. The diffraction pattern of Nd,Fe 4B ingot annealed at 950 °C for 72 h is also given to be
compared. The diffractometer use a Cu Ko radiation

4.2. Structure and microstructure evolution of soft magnetic phase, Fe

depending on milling and annealing conditions

The section presents the structural and microstructural evolution of soft magnetic
phase obtained by mechanical milling and annealing. The induced milling effects on soft
magnetic phase are similar to those induced after milling hard magnetic phase. The annealing
lead to rearrangements of atoms in the body centered cubic structure of o-Fe and some

recystallization effects. The nanocystallites mean size of a-Fe crystallites calculated from



diffraction peak 20 = 106° (d = 1.434 A), according to Scherrer formula (equation 4.1) [94],
Cr radiation, are presented in table 4.1. Scherrer formula is:

KA

'B:D-cosﬁ 1)

where B is the width of diffraction peak, 0 is Bragg angle and A is the wavelength of X-ray

radiation

Table 4.1 Crystallites mean size of a-Fe milled for 12 h and annealed at different temperatures for 2 h, the
crystallite size has been calculated according to Scherrer formula

Annealing temperature Annealing time FWHM D
O (h) ©) (nm)
500 2 1,27 19 (£2)
550 2 1,25 19 (£2)
600 2 1,15 31 (£2)

Increasing the annealing temperature from 500 to 550 °C does not lead to a significant
increase of crystallite size. Instead the annealed performed at 600 °C lead to a net increase of
crystallites size value of about 31nm. The evolution of the crystallite size is due to the fact that
the temperature values of 500 and 550 °C are close or under close to the temperature of
recrystallisation process of Fe, while the temperature of 600 °C is above the recrystallization
temperature of Fe, figure 4.2.

The X-ray diffraction patterns of a-Fe samples milled for 12 h and annealed at 800 °C

for times between 0.5 and 2 minutes are shown in figure 4.5. For comparison is presented the
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Figure 4.5. X-ray diffraction patterns for 12 h milled Fe samples and annealed at 800 °C for times between 0.5
and 2 minutes. For comparison is shown the starting Fe powder.



diffraction pattern of Fe starting powder (the diffractometer used Cr Ka radiation) and 12 h
milled sample (the diffractometer used Cu Ko radiation). The nanocystallites mean size of a-
Fe crystallites calculated from diffraction peak 20 = 106° (d = 1.434 A), according to Scherrer
formula (equation 4.1) [94], Cr radiation, are presented in table 4.2. The crystallite size is
larger for samples annealed at 800 °C compared to samples annealed at 500 or 550 °C. By

increasing the annealing time from 1.5 to 2 minutes we obtained crystallites with double size.

Table 4.2. Crystallites mean size of 12 h milled Fe annealed at 800 °C for different times, according to Scherrer
formula

Annealing Annealing time FWHM D
temperature(°C) (min) @) (nm)
1,0 1,13 22 (£2)
800 1,5 1,01 25 (£2)
2,0 0,64 49 (+2)

4.4. The evolution of magnetic behaviour of hard magnetic phase, Nd;Fe ;4B

The magnetic measurements results are in agreement with structural and
microstructural results obtained by X-ray diffraction measurements. The magnetic hysteresis

loops for Nd,Fe 4B 12 h milled sample and annealed at 800 °C for times between 0.5 and
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Figure 4.6. Hysteresis loops recorded for Nd,Fe 4B samples milled for 12h and annealed at 800 °C for the
indicated time (a) hysteresis loops for the same samples presented in selected region (b)



3 minutes are shown in figure 4.6. By performing HT, there is an increase of corcivity from
0.03 to 0.40 T. Increasing annealing time lead to a higher coercivity. The magnetization of the
samples annealed between 1 and 3 minutes dose not reach the saturation in field of 10 T
indicated a strong increase in anisotropy by recovering the crystalline structure of hard
magnetic phase, Nd,Fe4B after HT. The magnetization of the sample annealed for 0.5
minutes at 800 °C reach the saturation faster indicating a poor crystallinity of hard phase after
milling and annealing, the results being in agreement with structural data discussed above.

The evolution of the coercivity of the samples depending on the annealing time for SHT is
shown in figure 4.7. There is a sudden increase in the value of coercivity from 0.03 T for
sample annealed for 0.5 minutes at 800 °C to a value of 0.36 T for the sample annealed for 1
minute at 800 ° This result is in agreement with XRD results, where we find a high
crystalisation of the sample after 1 minute of HT and a net increase of crystallite size with
increasing annealing time, figure 4.5 and table 4.2. The coercivity has a maximum for the
sample annealed for 1.5 minutes and after that the coercivity has a slight decrease to a value of
0.36 T for the sample treated for 3 minutes. This evolution may be caused by a poor exchange
coupling between hard and traces of the soft magnetic phases of the samples. Also, at higher
annealing times, higher than 1.5 minutes there is a reduction of defects (significant center for

peening for domain wall) induced by milling which lead to lower coercivity.
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Figure 4.7 The coercivity of Nd,Fe 4B samples milled for 12 h and annealed at 800 °C depending on annealing
time.



4.7. Conclusions.

In this chapter we presented the structural and magnetic results of hard, Nd,Fe 4B and

soft, Fe magnetic phases. The study and interpretation of magnetic properties was carried out

in direct correlation with the results of structural and microstructural studies. These researches

have the final goal use hard and soft magnetic phases in exchange coupled nanocomposite.

The main results of the study could be summarized as follows:

With increasing milling time one can notice a progressive crystallinity
destruction of phases. This behavior is much obvious for hard magnetic phase,
Nd,Fe;B.

Differential scanning calorimetry allowed the determination of annealing
conditions, which lead to the restoration of the crystallinity of hard magnetic
phase, without a net increasing of crystallites of soft magnetic phase. We
consider that solving this problem consists of a triple correlation between the
times of milling time of annealing and temperature of annealing.

We performed two types of annealing: classical heat treatment (CHT) at
annealing times of 1-2 hours, and short time heat treatment (SHT) at times of
annealing up to 3 minutes. The first of these was done around the
recystallization temperature of iron; the second was carried out at temperatures
higher than the recrystallization temperature of the hard phase.

The optimum annealing temperature for CHT is around 550 °

The best condition of annealing for SHT was determined to be around 800 °C
temperature for 1 minute time.

The crystallite main size for Fe, according to Sherrer formula was around 20
nm for both HT.

Comparing the degree of crystallinity of the hard magnetic phase annealed by
the two methods we concluded that SHT provide a better crystallization of this
phase, keeping an optimum size of Fe crystallites.

For the CHT the essential parameter in crystallinty restoration of hard magnetic
phase is the temperature while for SHT not only temperature but also the time
plays an important role in achieving optimal structure and microstructure of the
two phases. Annealing time is a critical parameter for SHT, while for the CHT
for 2 hours of annealing no significant changes occur in crystallographic

evolution of the samples.



Chapter 5

THE INFLUENCE OF MILLING AND ANNEALING CONDITIONS ON
THE CRYSTALOGRAPHIC AND MAGNETIC PROPERTIES OF
R,Fe;sB + x wt % o-Fe NANOCOMPOSITE (WHERE x = 10 OR 22, R =
Nd, Nd+Dy)

The study of structure and microstructure of R,Fe;sB + x wt % a-Fe magnetic
nanocomposit (where x = 10 or 22, R = Nd, Nd+Dy) has considered the influence of
preparation conditions (milling and annealing) on interphase exchange coupling between hard
and soft magnetic phase. In this chapter we present the study of structural and magnetic
properties of four sets of sample, two different proportions between hard and soft phases and
two types of annealing conditions.

a) Samples obtained by mechanical milling between 2 and 12 h, followed by long
heat treatment
1. Nd,FesB + 10 % wt a-Fe
2. (Ndo.92Dyo.8)2Fe1sB + 22 % wt a-Fe
b) Samples obtained by mechanical milling for 8 h, followed by short time heat
treatment
3. Nd,Fe4sB + 10 % wt a-Fe
4. Nd,Fe4B + 22 % wt o-Fe

Studying the calorimetric curves we proposed the tow types of annealing conditions

that were studied. Because for all the samples we worked with weight % of Fe, to simplify the

notation, %Fe must be understood as meaning the refers to the percentage of weight of iron.

5.1. Structure and microstructure evolution of Nd;Fe;sB + 10 wt% o-Fe

magnetic nanocomposite depending on milling and annealing conditions.

Structural study of Nd,Fe ;4B + 10% a-Fe nanocomposite [96, 104, 107] obtained by
mechanical milling were performed by X-ray diffraction measurements. Figure 5.1. shows the
diffraction patterns of 4 to 12 hour milled samples. The evolution of milled magnetic

nanocomposite samples is similar with the evolution of hard magnetic phase described in



chapter 4. From the diffraction patterns we can observ that for long milling times the
corresponding diffraction peaks of hard magnetic phase become undetectable. This evolution
can be explained by appearance of several effects: amorphisation of hard magnetic phase by
milling, a decrease of crystallite size the occurrence of induced internal stress and defects. The
width of diffraction peak increase for long milling times, but they are still detectable in

comparison with peaks of hard magnetic phase.
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Figure 5.1. X-ray diffraction patterns of the Nd,Fe;4B+10% a-Fe milled between 4 and 12 h. The diffraction
pattern of Nd,Fe 4B ingot annealed at 950 °C for 72 h and the diffraction pattern of Nd,Fe,B milled for 2 h are
also given for comparison. The diffractometer used a Cu Ko radiation.

As was mentioned in chapter 4, the optimum annealing temperature for CHT was 550
°C; at this temperature we succeeded to restore the crystallinity of hard magnetic phase,
NdyFe 4B without an excessive growth of soft magnetic phase. Considering these results the
CHT has been performed at 550 °C for 1.5 h. The HT led to improvement of crystallinity of
the sample as it was shown in figure 5.2. Compared to the only milled samples the annealed
samples present a recovery of the diffraction peak corresponding to the hard magnetic phase
and a rather thinner peak corresponding to the soft magnetic phase. While increasing the
milling time the refinement of the structure of hard magnetic phase, Nd,Fe ;4B become more
difficult. Due to release of the internal stress at temperatures between 200 and 300 °C [98] we

can neglect their contribution to the width of diffraction sample annealed at 550 °C.
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Figure 5.2. X-ray diffraction patterns for Nd,Fe;;B+10% o-Fe samples milled between 4 and 12 h and annealed
at 550 °C for 1.5 h. The diffraction pattern of Nd,Fe 4B ingot annealed at 950 °C for 72 h and the diffraction
pattern of Nd,Fe;4B milled for 2 h and annealed at 550 °C for 1.5h are also given for comparison. The
diffractometer used a Cu Ka radiation.

The diffraction patterns of Nd,Fe;4B+10 % a-Fe nanocomposite samples milled 8 h
and annealed at 700 and 800 °C for a period of time between 1 and 2 minutes are shown in

figure 5.3. In most cases the diffraction patterns show well resolved peaks corresponding to
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Figure 5.3.X-ray diffraction patterns of 8 hours milled nanocomposte and annealed at temperatures of 700 and
800 °C for times between 1 and 2 minutes. The diffraction pattern of Nd,Fe 4B ingot annealed at 950 °C for 72 h
is given for comparison. The diffractometer used a Cu Ka radiation.



the hard magnetic phase. This evolution indicates a good crystallinity of the samples annealed
at temperatures between 700 and 800 °C. The characteristic diffraction peaks of a-Fe phase
are large proving that HT dose not lead to an excessive size growth of soft magnetic phase.
Comparison with the peaks of Nd,Fe ;4B ingot, the composite samples milled for 8 h and
rapidly annealed at 700 and 800 °C present broader peaks, proving the small crystallites
obtained after milling and annealing. The additional diffraction peaks after HT are not
observed additional in diffractions.

The crystallites mean sizes of a-Fe phase in a Nd,Fe;4B/a-Fe nanocomposite milled
for 8 hours and annealed, calculated from diffraction peak 26 = 82.33° according to Scherrer
formula (see 4.1. equation) are given in table 5.1. For both cases of annealed samples,

classical

Table 5.1. The crystallites mean size of a-Fe phase in a Nd,Fe 4B + 10% o-Fe composite milled for 8 h and
annealed at different temperatures and times. The crystallite size has been calculated according to Scherrer’s
formula from XRD patterns obtained with Cu Ka radiation.

Annealing temperature | Annealing time | FWHM D (nm)
(°O) (minute) (°)

1,0 0.61 17 (£2)

800 1.5 0.50 21 (£2)

2,0 0.43 25 (£2)

1,0 0.88 12 (£2)

700 1.5 0.77 14 (£2)

2,0 0.66 16 (£2)

550 90 0.40 26 (£2)

and rapid annealing, we believe that the internal stresses were removed due to the
temperatures that caused them; consequently, their contribution to the FWHM was neglected.
For all rapid heat treatment up to 2 minutes the crystallite s are smaller than 25 nm. The small
size of the crystallites obtained for a sample annealed at 700 °C for 1 minute: 12 nm, entitles
us to believe that no significant recrystallisation took place during these annealing. Moreover ,
even in the case of SHT realized at 800 °C for 1 minute, the sizes of Fe crystallites were
sufficiently small to expect a good magnetic coupling with hard magnetic phase. It is
important to note that the size of Fe crystallites in samples annealed at 550 °C for 1.5 h are 26

nm, being bigger than the Fe crystallites obtained after rapid annealing at higher temperature.



5.2. Structure and microstructure evolution of R,Fe 4B + 22 wt% a-Fe (R = Nd,
Nd+Dy) magnetic nanocomposite depending on milling and annealing

conditions.

Our previous studies on Nd-Fe-B/a-Fe nanocomposite [33, 96, 104, 107] used 22 wt%
a-Fe as soft magnetic phase and in the composition of hard magnetic phase Nd was partially
substituted with Dy. The structural behaviour of (Ndg¢,Dyo0s).Fe1sB + 22% a-Fe magnetic
nanocomposite milled between 4 and 12 h is similar with the structural behaviour of Nd,Fe;4B
+ 10% o-Fe magnetic nanocomposite milled up to 12 h (see section 5.1.)

Using the tow ways of HT (short heat treatments and long heat treatments) we intend
to recovery the crystal structure of hard magnetic phase, decrease the density of defects and
reduced internal stress by local diffusions. For SHT, where the temperature of annealing is
higher than the recrystallization temperature of the two phases some recrystallizations process
could be possible. The first sets of the studied samples were annealed for longs times, the
annealing leading to the effects mentioned above. As a consequence the diffraction peaks of
both phases are easy detectable for samples annealed at temperatures above 500-550 °C

(figure 5.4.)
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Figure 5.4. X-ray diffraction patterns of (Ndg,Dyg0s).Fe1sB + 22 % Fe nanocomposite samples milled for 6 h
and annealed at indicated temperatures and times in comparison with as milled sample. The diffraction pattern of
Nd,Fe 4B ingot annealed at 950 °C for 72 h is also given for comparison. The diffractometer used a Cu Ka
radiation.

The second set of studied samples was obtained by 8 h co-milling of 78 wt% hard
magnetic phase, Nd,Fe 4B with 22 wt% of soft magnetic phase, a-Fe. After obtaining samples



these were annealed at high temperatures (between 700 and 800 °C) for short time (0.5 to 2.5
minutes). Figure 5.5 presents the diffraction patterns of Nd,Fe;sB/22% o-Fe magnetic
nanocomposite milled for 8 hours and annealed at temperatures of 700 and 800 °C for times
between 1 and 2 minutes. The crystallinity of hard magnetic phase increases while increasing
the annealing time. Comparing the sample annealed for 1 minute at 700 °C with the sample
annealed for 2 minute at the same temperature we observed a net refinement of the diffraction
peaks. Regarding the comparison between the samples annealed at 700 °C and the samples
annealed at 800 °C one can see, as we aspect, an increases of the degree of crystallinity of hard
magnetic phase once the annealing temperature increases. The characteristic diffraction peaks
of soft magnetic phase have an identical evolution with the characteristics diffraction peak of
hard magnetic phase. Through this way of annealing the high temperature of heat treatment
can lead to the reducing of the defects and the rearrangements of atoms in crystal structure and

also lead to possible recrystallisations effects.
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Figure 5.5. X-ray diffraction patterns of Nd,Fe;4sB + 22 % Fe magnetic nanocomposite milled for 8§ h and
annealed at indicated time and tempaerature. he diffraction pattern of Nd,Fe 4B ingot annealed at 950 °C for 72 h
is also given for comparison. The diffractometer used a Cu Ka radiation.

In order to find the optimal conditions to achieve the exchange coupling between hard
and soft magnetic phases the crystallites mean size of soft phase in an Nd,Fe4B/22%a-Fe
magnetic nanocomposite have been calculated. The crystallite mean dimensions were

calculated using Sherrer’s formula (equation 4.1) from the diffraction peak at about 82°. Table



5.2 presents the mean size of a-Fe in Nd,Fe4B/22%a-Fe magnetic nanocomposite annealed at
700, 750 and 800 °C for times between 1 and 2 minutes. Studing the results of crystallite size
dimensions and taking into account the magnetic measurement results (section 5.4.) we can
find that the optimum annealing conditions for obtaining a maximum exchange coupling
between hard and soft magnetic phases. These condition are realized at annealing temperature

of 700, 750 and 800 °C for times of 2, 1.5 and respectively 1 minute.

Table 5.2. The crystallite mean size of a-Fe phase in a NdyFe 4B + 22 % a-Fe composite milled for 8 h and
annealed at indicated time and temperature. The crystalite size has been calculated according to Scherrer’s
formula from XRD patterns obtained with Cu Ka radiation.

Temperatura de tratament | Timpul de tratament | FWHM (°) D (nm)
termic (°C) termic (minute)

1,0 0,82 15 (£2)

700 1,5 0,58 19 (£2)

2,0 0,48 24 (£2)

1,0 0,68 19 (£2)

750 1,5 0,61 22 (£2)

2,0 0,50 28 (+2)

1,0 0,56 24 (£2)

800 1,5 0,53 27 (£2)

2,0 0,48 30 (£2)

5.3. Study of magnetic behaviour and exchange coupling of Nd,Fe 4B + 10 wt%

a-Fe magnetic nanocomposite

The magnetic measurements for studing the Nd,FesB + 10 % Fe magnetic
nanocomosite [96,104, 107] were performed by vibrating sample magnetometer in magnetic
field up to 10 T at room temperature 300 K. The results of magnetic measurements of milled
composites and milled and annealed composites are in agreement with structural and
microstructural measurement results.

The magnetic hysteresis loops of Nd>Fe4B+10 % Fe samples milled between 4 and 12
h and HT at 550 °C for 1.5 h and magnetic hysteresis loops of hard magnetic phase milled for
2 h and annealed in the same conditions were shown in figure 5.6.

The performed annealing leads to improved magnetic properties the coercivity
reaching the value of 0.58 T for the sample milled for 4 h. For sample milled for long milling

times (12 hours) the annealing does not lead to an improving of coercivity equally to the
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Figure 5.6. Magnetic hysteresis loops of Nd,Fe;4B+10%Fe nanocomposite milled between 4 and 12 h and
annealed for the indicated conditions. The magnetic hysteresis loops for hard magnetic phase milled and
annealed in the same conditions is presented for comparison.

improvement of the coercivity of the samples milled for short milling times. The evolution of
magnetic hysteresis loops for the sample of hard magnetic phase, Nd;Fe 4B milled for 2 h and
annealed at 550 °C for 1.5 h compared with the evolution of the hysteresis loops for 4 h
nanocomposite annealed in the same conditions can be explained by the new microstructure
given by the presence of Fe and possible secondary phase FesB [95, 98, 99].

The magnetic behaviour of Nd,Fe;4B+10 % Fe magnetic nanocomposite obtained by
mechanical milling and subsequently short heat treatment has been studied from magnetic
hysteresis loops measurements and dM/dH vs. H curves [98]. The demagnetization curves for
Nd,Fe;4B+10% Fe composite milled for 8 h and annealed at 700 and 750 °C for different
times are plotted in figure 5.7 (8§ h MM + 700 °C/x minutes) and figure 5.8. (§ h MM + 750
°C/x minutes). The demagnetization curves for 8 h milled magnetic nanocomposite sample
and 8h milled and annealed at 550 °C for 1.5h nanocomposite sample are given for
comparison. For all samples we have applied the correction for demagnetization field,
considering spherical shapes samples the demagnetization factor is 1/3. The saturation
behaviour of the samples is illustrated in the inset of both figures. From both figures we can
observe an obvious improving of the coercivity and remanence after annealing, either
conventional or rapid annealing. The coercivity of samples obtained by rapid annealing is

higher than the coercivity of the samples obtained by classical annealing. On the contrary, the



remanence magnetization is slightly larger for the sample obtained by conventional annealing.
This behaviour could be connected with the decrease of the exchange strength of a-Fe, given

by the slight increase of Fe crystallites.
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Figure 5.7. Demagnetization curves recorded for Nd,Fe;sB+10 %Fe composite milled 8 h, as-milled sample and
annealed sample at 550 and 700 °C for time indicated in figure. The corresponding hysteresis curves are given in
inset.
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inset.



The evolution of the coercive field vs. annealing conditions is illustrated in figure 5.9.
By this preparation method, after 8 h of dry milling and different heat treatments, a maximum
coercivity of 0.59 T can be reached. The importance of annealing time and temperature is well
illustrated in figure 5.9. Comparable coercivity of magnetic nanocomposite can be attained for

short annealing time when increasing the annealing temperature.
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Figure 5.9. Coercive fields vs. annealing for Nd,Fe,sB+10%Fe composite milled 8 h and annealed at 700, 750
and 800 °C

5.3. Study of magnetic behaviour and exchange coupling of R;Fe ;4B + 22 wt% a-
Fe (R = Nd, Nd+Dy)magnetic nanocomposite

The evolution of coercivity and magnetisation of (Ndo92Dyo0s).FeisB + 22 % Fe
nanocomposite samples as milled and milled and annealed was studied by measuring the
hysteresis loops and from dM/dH vs. H curves. The value of coercive fields vs. annealing time
are illustrated in figure 5.10.The (Ndo.9:Dyo.0s)2Fe14sB + 22 % Fe magnetic nanocomposite
milled between 4 and 12 hours shows a linear decrease of the coercive filed value with

increasing milling time.
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Figure 5.10. Coercive field evolution vs. annealing time for (Ndy_ 9Dy s).Fe14B+ 22 % milled between 4 and

12 hours and for (Ndy_9,Dyq s).Fe 4B milled for 2 hours.

The recovery of crystal structure by annealing leads to increased nanocomposite
coercivity. As we presented, the hard/soft coupling is better evidenced from the study of
dM/dH = f(H) curves. For that purpose, in figure 5.11 were plotted dM/dH vs. magnetic field
curves for the samples annealed at 550 °C (figure 5.11 a), 600 °C (figure 5.11 b) and 800 °C
(figure 5.11 c). The peak which occurs at low field, in all the cases, correspond to the non
coupled hard and soft magnetic phases, while the maximum which occurs at higher values of
the field corresponds to the hard/soft coupled composite. Studying the evolution of the peaks
at small magnetic fields (from figure 5.11) we see a slight increase of that for samples
annealing at 600 °C and a net increase up to the characteristic peak of coupled composite for

the sample annealed at 800 °C for 5 minutes.
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Figura 5.11 dM/dH vs H curves of (Ndy¢,Dyos):FesB + 22 % Fe composite milled for 6 hours and
annealed for 1.5 hour at 550 °C (a), 600 °C (b) and annealed for 5 minutes at 800 °C (c)



The values of coercive field and remanent magnetisation of (Ndo¢2Dyo.08)2FesB + 22
% Fe magnetic nanocomposite samples milled for 8 h and annealed at 550 °C for 14 h and for
Nd,Fe4B+22 % Fe nanocomposite milled 8 h and annealed at 700, 750 and 800 °C for times
between 0.5 and 2.5 minutes are presented in table 5.3. We remark, that for classical heat
treatment even if an amount of Nd was substituted with Dy for enhancement the coercivity,
the coercive field values are significantly lower than those obtained in the nanocomposite
annealed for short times. SHT lead to values of coercive fields and remanent magnetization
improved in comparison with values obtained for classical annealed samples. From study of
crystallographic and magnetic measurements results we find that the better magnetic
properties for Nd,Fe;sB + 22 % Fe is: annealing temperature 700, 750 and 800 °C for

annealing time of 1.5 — 2.5 min, 1.5 — 2 min and 1 min respectively.

Table 5.4. Coercive field and remanent magnetization for (Ndgg,Dyps).FeisB + 22 % Fe nanocomposite
obtained after 8 h of milling and annealed at 550 °C and for Nd,Fe;4B+22%Fe nanocomposite milled for 8 h and
annealed at 700, 750 and 800 °C for indicated times. The sample marked with * is treated for 14 hours

Temperatura de tratament termic Timpul de | po He M,
) tratament termic | (T) (Am*/kg)
(min)
0.5 0.05 16.14
1 0.26 51.72
700 1.5 0.33 56.31
2 0.33 55.31
2.5 0.30 57.30
0.5 0.06 19.43
1 0.32 56.31
750 1.5 0.32 56.60
2 0.32 56.60
2.5 0.30 52.32
0.5 0.06 19.43
1 0.34 55.39
800 1.5 0.28 47.72
2 0.28 47.72
2.5 0.26 46.34
550 14 h* 0.18 46.15
0 0 0.02 10.74

The evolution of coercive field vs. annealing time for SHT is illustrated in figure 5.12.
The coercive field has a strong growth after the first minute of annealed for all the annealed
temperatures considered in this study. For 30 second of annealing there is a slightly raising
sloop in comparison with the sloop for 1 minute. This behaviour can be attributed to the fact
that after 30 seconds the temperature is not enough homogenizated in the mass of the sample

and the time is not long enough to have an efficiently diffusion of elements to obtained an



reconstruction of hard magnetic phase. Instead, after 1 and 2 minutes of annealing we see a
saturation process in the increasing of coercivity. After reaching the limit of this increase of
the coercivity is appeared a descendent slope in the dependence of coercivity vs. annealing
time, for long annealing times. This behaviour is attributed to recrystallization processes and

to an increasing of crystallites of hard magnetic phase.
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Figure 5.12 Coercive field values vs annealing for Nd,Fe;;B+22%Fe composite annealed for 8 hours and
annealed at 700, 750 and 800 °C. The first value of coercive field belongs to the composite substituted with Dy.

5.6. Conclusions

The RyFeisB + x wt % a-Fe (where R = Nd or Nd+Dy and x = 10 or 22) type
nanocomposite where obtained by mechanical milling method. After milling where performed
two different annealing: a short HT (Nd,Fe 4B + x wt % Fe; where x = 10 or 22) and a long
HT (Nd,Fe 4B + x wt % Fe, where R = Nd or Nd + Dy, and x = 10, 22). For all the sets of
samples, the milling leads to a decrease of crystallite size dimensions, increase the density of
defects and occurrence to the internal stress. By increasing the milling time, the value of
coercive field decrease drastically due to the amorphisation of crystal structure of hard
magnetic phase. The annealing performed lead to a decrease of density of defects reduces the
internal stress and restores the crystallinity of phases of magnetic composite. For both sets of
sample classical annealed, the optimal annealing temperature is about 550 °C. In the case of
SHT, the best magnetic properties, pH=0,34 T, were obtained for samples annealed at
temperature of 700, 750 and 800 °C for 1.5 — 2.5 min, 1,5 — 2 min and 1 min respectively. The



strength of the exchange coupling between hard magnetic phase and soft magnetic phase can
be improved by adjusting the amount of soft magnetic phase and for a given iron contend by

changing the milling conditions and annealing conditions.



General conclusions and perspectives

The purpose of this paper is the study of structure, microstructure, and magnetic
behaviour of magnetic materials such as hard/soft exchange coupled materials. The structural
and microstructural measurement results were correlated with magnetic measurement results.
The studied magnetic materials were obtained by mechanical milling and subsequently
annealed. It was obtained and studied hard magnetic phase, Nd,Fe 4B, soft magnetic phase, a-
Fe and four sets of RyFe;4B + x wt % o — Fe (where R = Nd or Nd + Dy and x = 10 or 22)
nanocomposite type.

Following the milling process, for all the samples is found an increase of defects,
induced internal stress, decrease of the crystallites size and a destruction of crystal structure.
These effects lead to large diffractions peaks of both samples. As milling time increase, the
effects mentioned above are more pronounced, the crystallinity of samples decreased with
increasing the milling time. The reduce of the crystallite size is achieved when numerous
processes of fission and fragmentation occurr. The milling effect is more pronounced for hard
magnetic phase than in the soft magnetic phase.

One of the requirements in order to achive the exchange coupling is given by the large
as possible magnetic anisotropy. These requirements may be accomplished by performing the
annealing for recrystallisation of hard magnetic phase but in the same time the annealing
should not lead to an increase of the size of crystallites higher than double of domain wall of
hard magnetic phase. In order to establish the optimum annealing conditions were performed
DSC measurements. Based on the analysis of DSC curves we established two types of
annealing, classical heat treatment, CHT done for the times to 14 hours and short heat
treatment done for times up to 3 minutes. The annealing lead to lower density of defects,
reduced internal stress, has rearranged the atoms in structure and similar possible effects of
recrystallisation.

In order to establish the optimum milling and annealing conditions the paper propose
an individual study of hard phase, Nd,Fe;4B and soft phase, Fe. The optimum annealing
temperature for CHT is 550 °C for 2 hours and for SHT is 800 °C for 1 minute. By applying
this annealing we have succeeded to recover the crystallinity of hard magnetic phase without
leading to an increase of crystallites size of soft magnetic phase up to the limit of optimum
exchange coupling. By comparing the degree of crystallinity of hard magnetic phase we
concluded that the best crystallinity of hard magnetic phase is obtained after the performing
SHT. At the same time diffraction peaks of the soft magnetic phase obtained by the two



methods of annealing have comparable Full-Width- at Half-Maximum. In the case of SHT,
both time and temperature are critical parameters in obtaining desired crystallographic and
magnetic properties while in the case of CHT annealing temperature parameter is essential in
archiving the final properties of the sample.

In the structural evolution of the composite we meet similar effects to those found for
hard and soft magnetic phases studied separately. By annealing we have succeeded to improve
the crystallinity of samples affected by grinding, and this has led to increase of hard/soft
coupling. Optimum annealing temperature for CHT is 550 °C. In the case of the composite
annealed for a short period of time the optimum conditions are: 700, 750 and 800 °C for 1.5 —
2.5 min, 1.5 -2.5 min and 1 min respectively. SHT lead to crystallographic and magnetic
properties greatly improved in comparison with CHT, the coercive fields are higher by 20 %.

One of the conclusions of the presented study points out that the destruction by milling
of crystal structure of hard magnetic phase affects hard/soft interphase exchange coupling.
Crystallographic recovery of hard magnetic phase by annealing is limited by the tendency of
growth of soft magnetic phase crystallite. Therefore, a direction for the future studies is to
preserve the partial crystallinity of hard magnetic phases by reducing the milling time.
Another issue considered refers to the reduction of interphase diffusion during milling and
annealing. One way concerning this is to perform the wet milling of composite in the presence
of a surfactant. The composite microstructure can be improved by optimizing the milling and

annealing conditions.
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