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Micro-magnetization loop for two vortex domains with different initial
vortex directions in the demagnetized condition.
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SYNOPSIS

The thesis focuses at studying the structure of magnetic domains and field induced
domain wall dynamics on the surface of bulk polycrystalline iron and iron base alloy steels
viz. duplex stainless steel (DSS) and cold worked AISI type 304 austenitic stainless steel
(AUSS). Magnetic Force Microscopy (MFM) has been employed in imaging the magnetic
domains in the three materials, which were selected in view of their varied microstructure
such as volume fraction, size and shape of ferromagnetic phase. The magneto crystalline
anisotropic effect on the domain structure is analyzed with the support of Electron
Backscatter Diffraction (EBSD) study. The local micro-magnetization behaviour is studied

in-situ by MFM in presence of in-plane external magnetic field in the range of £2000 Oe.

In bulk polycrystalline iron, the effects of crystallographic orientation and external
magnetic field on magnetic microstructure have been studied with the MFM technique. A
distinct variation in magnetic domain structure is observed based on the crystallographic
orientation of the grain surface normal with respect to the cube axis i.e. the easy axis of
magnetization. With MFM studies in presence of in-plane external magnetic field, various
micro-magnetization phenomena such as reversible and irreversible domain wall
movements, expansion and contraction of domains, Barkhausen jump, bowing of a pinned
domain wall and nucleation of a spike domain have been visualized. The respective
changes in the magnetic microstructure are compared with the bulk magnetization obtained
using vibrating sample magnetometer. Bowing of a domain wall, pinned at two points,
upon application of magnetic field has been used to estimate the domain wall energy

density. The MFM studies in presence of external field applied in two orthogonal directions



of the in-plane sample surface have been used to reveal the influence of the crystalline

anisotropy on the local micro-magnetization.

In the DSS specimen, the MFM imaging could clearly differentiate ferrite phase
(ferromagnetic) from the austenite phase (paramagnetic) due to the maze type magnetic
domains present in the ferrite phase. The DSS contains equal proportions of ferrite and
austenite phases. The ferrite phase exhibited presence of out of plane domain
magnetization. The difference in the domain structure in different grains is analysed with
the support of EBSD measurements. The MFM phase contrast and domain width are
correlated with the orientation of surface normal with respect to the easy axis of
magnetization (<100>). The influence of application of external magnetic field (£1600 Oe)
on the domain structure is studied as a function of the grain orientation and the leakage
field at the grain boundaries is analyzed in view of the mis-orientation between the grains.
MFM imaging in presence of in-plane external magnetic field in the two orthogonal
directions revealed the magnetocrystalline anisotropy influence in the magnetization

phenomena.

In cold worked AUSS, magnetic domains in very fine martensitic (ferromagnetic)
precipitates in an austenitic matrix have been studied by MFM. The martensite phases of
thin lamellar and small dot shapes could be clearly identified due to the presence of
magnetic domains. The average area fraction of the martensite phase estimated by MFM
imaging at different locations over the sample is found to be in good agreement with that
obtained by X-ray diffraction technique. Both in-plane and out-of-plane magnetized
domains have been observed for the precipitates with the same crystallographic orientations
indicating strong effect of size or the shape anisotropy. MFM imaging in presence of
external field provided local observation of field induced domain wall dynamics in the fine

ferromagnetic phases. The micro-magnetization loop of two oppositely rotated vortex

il



domains has also been studied. The study demonstrated that the shape anisotropy influences
the magnetic domain structure in fine isolated ferromagnetic phases whereas the
magnetocrystalline anisotropy governs the domain structure and its orientation in

polycrystalline ferromagnetic materials with larger grains.



INTRODUCTION

1.1 BACKGROUND CONTEXT

Magnetism is one of the important fields of physics for fundamental research and
industrial applications. Even though the utilization of permanent magnets has been
known since olden days, the origin of ferromagnetism is complex and requires the
knowledge of advanced physics involving quantum mechanics to understand such
phenomenon. During the last century, tremendous improvements have been made in this
field causing significant progress in the modern day technologies. Exploration of
fundamental phenomena in magnetic nanostructures enables a remarkable development in
data storage industry, particularly in the last few decades, that has had an immeasurable

influence in our way of life.

The magnetic domain theory provides explanation for the presence of domain
structure in a ferromagnetic material, which is the result of different energy contributions
such as quantum exchange energy, magnetostatic energy, magneto anisotropy energy,
magnetostriction energy and Zeeman energy. Essentially, the magnetic domain imaging
techniques made it possible to access direct information about magnetization and
anisotropy distributions as well as advance details about the micro-magnetization
processes. Various techniques have been employed for the visualization of magnetic
micro and nanostructures on the surface of ultra-thin films to the bulk materials. These
techniques have their own advantages and limitations making them suitable for specific
applications. A few of the frequently used techniques are magneto-optical Kerr
microscopy, Bitter method, Scanning Electron Microscopy with Polarization Analysis

1
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(SEMPA), Lorentz Transmission Electron Microscopy (LTEM) and Magnetic Force
Microscopy (MFM). Figure 1.1 depicts the maximum lateral dimension of the imaging
area and corresponding lateral resolution for various techniques mentioned above. Among
these techniques, MFM is one of the most powerful tools for studying magnetic domains
on the surface of a ferromagnetic material with a minimal requirement of surface
preparation. It can detect magnetic stray fields from the surface using a magnetically
coated very sharp tip of the radius of curvature of about 20-40 nm. Magnetic force
microscope has lateral resolution of about a few tens of nanometers and it can perform in

the ambient atmospheric conditions.
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Figure 1.1: Comparison between different magnetic domain imaging techniques

Several studies have been reported on high resolution magnetic domain imaging
in thin films and fabricated nanostructures. However, high resolution studies of magnetic
domain structures in bulk polycrystalline samples are relatively less. Detailed
characterization of magnetic microstructure in a bulk polycrystalline material can provide
a better understanding of the micro-magnetization events, which is important for
development of magnetic techniques for non-destructive characterization of the material.
In the present thesis, the structure and field induced domain wall dynamics of magnetic

domains in presence of in-plane magnetic field have been studied using high resolution



Dutline of the Thesis

MFM technique in bulk polycrystalline materials having different sizes, shapes and

volume fractions of magnetic phases.

1.2 OUTLINE OF THE THESIS

Chapter 1 discusses the background context of the work carried out in the thesis.
A brief introduction is given for the basic understanding of magnetic domain and their

imaging techniques.

Chapter 2 deals with the origin of magnetic domain structure in ferromagnetic
materials and discusses the importance of studying the field induced magnetic domain
wall dynamics at micro/nano scale. Visualization of magnetic domains with various
techniques has been discussed. Introduction to MFM and its emergence as an advanced
scanning probe microscopy technique for studies of magnetic domains have been
presented. The last section deals with the background of the materials studied in the

dissertation. Finally, motivation and objective of the thesis are given.

Chapter 3 deals with the experimental setup of MFM in presence of external
magnetic field, used in the present study. The NOVA® software and associated features
used for acquisition and analysis of MFM images are described. Optimization of
experimental parameters, the details of the MFM cantilever used in the present work and
magnetic stability of its tip are also described. The specimen preparation procedures for
the materials used in the study and details of Electron Backscatter Diffraction (EBSD)

measurement are also presented.

Chapter 4 presents the applicability of MFM in combination with EBSD
technique to study the influence of crystallographic orientation on the magnetic domain
structure and field induced domain wall dynamics on the surface of a polycrystalline iron

specimen. Various micro-magnetization phenomena such as reversible and irreversible

3
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domain wall movements, expansion and contraction of domains, Barkhausen jumps,
bowing of a pinned domain wall and nucleation of a spike domain are visualized. The
MFM studies in the presence of external field in two perpendicular directions are used to

reveal the influence of the crystalline anisotropy on the local micro-magnetization.

Chapter 5 presents the investigation of local micro-magnetization behaviour in a
duplex stainless steel (DSS) having almost equal fractions of ferrite and austenite phases.
The MFM imaging clearly differentiates ferrite phases (ferromagnetic) from the austenite
phases (paramagnetic) due to the maze type magnetic domains present in the ferrite
phases. The magneto crystalline anisotropic effect on the domain structure is discussed
with the support of EBSD measurements. The MFM phase contrast and domain width are
correlated with the orientation of surface normal with respect to the easy axis of
magnetization (<100>). The influence of external magnetic field application on the
domain structure is studied as a function of the grain orientation and the leakage field at

the grain boundaries is analyzed based on the mis-orientation between the grains.

Chapter 6 investigates magnetic domains and micromagnetic events in fine
lamellae and dot precipitates of the strain induced martensite (SIM) phases of austenitic
stainless steel (AUSS). The distribution of SIM phase could be studied due to the
presence of magnetic domain structure in martensite. MFM study on the SIM phases in
presence of external magnetic field has been used for understanding the micro-
magnetization behaviour in very small ferromagnetic phases in a non-magnetic matrix. A
comparison of magnetic characteristics of the materials of different types studied in the

thesis is deliberated in the final part of the chapter.

Chapter 7 summarizes the results obtained, conclusions drawn and the scope for

future work.



LITERATURE REVIEW

2.1 INTRODUCTION

This chapter deals with the origin of magnetic domains in the ferromagnetic
materials and discusses the importance of studying field induced domain wall dynamics
of the magnetic domain at micro/nano scale. Visualization of magnetic domains with
various techniques has been discussed. Introduction to MFM and its emergence as an
advanced scanning probe microscopy technique for the studies of magnetic domains has
been presented. The last section deals with the background of the materials studied in the

dissertation. Finally, motivation and objective of the thesis is given.

2.2 QUANTUM ORIGIN OF FERROMAGNETISM

The bulk magnetic behaviour of the material originates from the individual
magnetic moment of atoms. The magnetic moment of an atom in the absence of a
magnetic field consists of two contributions. The first is from orbital motion of the

electron based on the Ampere’s circulating currents.

m = ——I (2.1)

2me

where, m; is the magnetic moment due to orbital motion of an electron, e is the electron
charge, [ is the orbital angular momentum and m, is the electron mass. The second
contribution is from the intrinsic magnetic moment (my) of the electron which is known

as spin.
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my= —<s 22)

where, § is the spin angular momentum. The orbital and spin magnetic moments are

coupled together to produce the total magnetic moment of the atoms.

According to the Pauli’s exclusion principle, two electrons cannot have same
combination of the four quantum numbers such as n, I, m; and m,. The energy states are
admitted in the first three quantum numbers. The spin quantum number mg can only take
the values +1/2 (spin up or down). Therefore, only two electrons can be filled in each
energy states with opposite spin quantum number. If one individual electron is present in
the energy state, then the overall magnetic moment is contributed by the spin magnetic
moment of that electron. When two electrons occupy the same energy state but spins
antiparallel to each other, the magnetic moment of one electron cancels out the other. On
the other hand, if the atom contains unpaired spins, then there will be a net magnetic

moment in the atom which results in magnetic properties of the elements.

The paramagnetic material consists of the atoms with uncompensated electron
spins. In the absence of external magnetic field the magnetic moments of individual
atoms are randomly oriented in paramagnetic materials (Fig. 2.1a) and with the
magnetization process the atoms are aligned in the field direction. When the temperature
is lowered to a specific value, the paramagnetic materials go through a phase transition to
an ordered state. In that state, there is a local alignment within the atomic magnetic
moment. The ordered state is known as ‘ferromagnetic’ in which atomic magnetic
moments are aligned parallel to each other. The respective phase transition temperature of

the ferro-para or para-ferro is known as Curie temperature [1, 2].



Histary of magnetic domain concept
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Figure 2.1: Schematic of magnetic structures: (a) paramagnetic, (b) and (c) are
ferromagnetic material in demagnetized and uniformly magnetized states,

respectively.

A complete ferromagnetic material is subdivided into regions, having different
magnetization directions, known as magnetic domains (Fig 2.1b) [3, 4]. The well-known
room temperature ferromagnetic materials are iron, cobalt and nickel. These materials

play important roles in various magnetic applications and technologies [5, 6].

2.3 HISTORY OF MAGNETIC DOMAIN CONCEPT

In the beginning of twentieth century, the real understanding of magnetic
phenomena came with the Langevin theory of paramagnetism [7]. He showed that
elementary magnets in a material (analogous to the atoms and molecules as elementary
particles of a matter) lead to weak magnetic phenomena only at room temperature and
concluded that the strong magnetism arises due to some interaction between the
elementary magnets. Further, Pierre Weiss in 1906 [8] stated his hypothesis of the
molecular field which elaborated the interaction between the elementary magnets. He
proposed that a ferromagnetic in the demagnetized state is divided into small regions of
domains which are unidirectionally magnetized. However, the directions of magnetization
of the various domains are different such that the specimen as a whole has no net

magnetization. Within the framework of Weiss theory, ferromagnetic materials can be
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spontaneously magnetized even without an external magnetic field. Conversely, this
theory in itself did not provide an explanation for the fact of having a zero average
magnetization state in most of the ferromagnetic materials. This difficulty was also
overcome by Weiss, as he considered that the magnetization vector is only fixed in
magnitude and its direction remains a variable. The demagnetized state of a ferromagnetic
material like iron at room temperature (far below the ferromagnetic transition
temperature) could be explained by considering that the magnetization vectors in different
parts of the magnetic sample which are magnetized in opposite directions cancel each
other. Weiss’ famous theory was successful in explaining the general behaviour of the
temperature dependence of saturation magnetization and the dependence of interaction
strength on the Curie temperature. In this case, nature of the interaction field is a quantum
mechanical exchange effect which was identified later by Heisenberg in 1927 [9]. It is
worth mentioning that, at first, notion of ferromagnetic domains presented by Weiss
remained without any experimental verification. Later, the first experimental
confirmation of the magnetic domain concept was provided by Barkhausen in 1919, as a
coincidence with the noise heard in a speaker when made audible by an amplifier [10].
From these results, Barkhausen revealed that the magnetization is often a discontinuous
process (Barkhausen jumps). Analyzing the dynamics of Barkhausen jumps, Langmuir
[11] concluded that such jumps could occur only by a spatially inhomogeneous process,
such as by the propagation of a boundary between domains of opposite magnetization.
This was confirmed with the experiments of Sixtus and Tonks [12, 13] who followed
propagation of the domain boundary along the stressed wire by electronic means. In 1933,
Bloch became interested in analyzing the transition region between domains magnetized
in opposite directions and he explained that walls must have few hundreds of lattice

constant of width due to the Heisenberg exchange effect [14]. At the same time, other
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properties of magnetic domains were also studied such as anisotropy effect,
magnetostriction and internal stress effect on the magnetic microstructure [15-18].
Meanwhile, Bitter [19] provided the first observation of magnetic domains in 1932. In
1935, Landau and Lifshitz [20] proposed the theory for the magnetostatic energy which
causes the magnetic domain formation and explained that it happens due to global
minimization of the energy. The major improvement in the experimental approach of
magnetic domains provided convincing demonstration of the domain theory [21]. Kittel’s
review on magnetic domains and experiments served as a significant reference in the
magnetic domains research [22-24]. The extensive background of the magnetic domains

can be found in the book by Hubert and Schafer [25].

2.4 THEORY OF MAGNETIC DOMAIN STRUCTURE

2.4.1  Internal energies of magnetic domains

The magnetic domains in ferromagnetic material are a consequence of
minimization of total energy of the system. The magnetic domain formation is occurring,
based on the intrinsic magnetism to balance the following energy terms: exchange energy
(E.,), magnetostatic energy (E,,s), magnetocrystalline anisotropy energy (Egzniso),
magnetostriction or magneto elastic energy (E,,.) and domain wall energy (E\yq;1) [26].

The combined total energy is given by:

Etot = Eex + Ems + Eaniso + Eme + Ewall (2'3)

2.4.1.1 Exchange energy
The exchange energy is basically coming from the quantum mechanical effect

which was identified by the Heisenberg in 1928 [9] as an exchange effect due to
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overlapping wave function of neighbouring atoms. The exchange energy term can be

described as follows:
Eex =—2ijli jSi-S; (2.4)

where, J; ; is the exchange constant, indices i, j refer to the position of the atoms in the
lattice site and S; is the spin angular momentum of the site i. If J; ; > 0, the energy will
be minimum which favors the spins alignment to be parallel to each other. Hence,
complete alignment of all atomic moments in the specimen (magnetic saturation) is
favoured by this term. The exchange interaction is short range, so the sum can be reduced
to one over nearby atoms in the equation 2.4. For the simplified case, the value J; ; can be
kept as a single constant and also J; ; has linear dependence with the Curie temperature

[27].

The exchange energy form can be modified from discrete atom basics to the

continuous magnetization M(r), then equation 2.4 is deliberated in the integral form like,
A
E., = fVM—Sz(VM)Zd3r (2.5)

where, M is the saturation magnetization and A is the stiffness constant or exchange
constant. The value of 4 depends on the material’s crystalline structure and it is also
proportional to the integral exchange constant J. If the exchange energy term favours the
complete alignment of the magnetic moment in the material, then the explanation is

required for the demagnetized state.

2.4.1.2 Magnetostatic energy
Magnetostatic or stray field energy is the principle driving force for the formation

of magnetic domains [20, 24]. When the magnetization field is applied on a material, an
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internal opposite field termed as demagnetization field, is created. Its effect is to eliminate
the emergence of stray field from the surface of the material. Magnetostatic energy is the
energy associated with the existence of a demagnetizing field induced on the surface of a
material caused by the free magnetic poles when the domain magnetization is directed out
of the material [28]. It causes the shape-anisotropy effect. Magnetostatic energy (Eus)
arises from the interaction of the magnetization M and the magnetic field H.

Eps = —to | H.OM (2.6)

where, p, is the permeability of the free space. At any external or internal surface of a
uniformly magnetized specimen, there is a discontinuous change in the component of M
normal to the surface, which can be envisioned as a source of “free poles'. A finite body
has free poles on its outer surfaces, causing a demagnetizing field H,; antiparallel to

magnetization vector M. This field is given by:
where Ny is the demagnetizing factor, which depends on the specimen geometry. In the

absence of the any field, the E,,,; depends only on M and N,;.

Ems = 5 NaMs® (28)

The minimum in magnetostatic energy occurs when the net magnetization is zero
(closure domain structures). In domain structure, E,,s plays a vital role in subdivision of
domains and produce a maximum possible finer domains to eliminate the stray field out

of the surface [4].

2.4.1.3 Magnetocrystalline anisotropy energy
Magnetocrystalline anisotropy is the alignment of atomic magnetic moments

along preferred axes of the crystal, known as easy axes of magnetization or magnetic easy

11
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axes. On the other hand, magnetic hard directions are particularly unfavourable to the
magnetization direction. The orbital moments are constrained in particular directions by
the crystal lattice, so the crystal symmetry influences the behaviour of spin magnetic
moments through this interaction. The energy required for the spins to align in that
preferred direction is termed as anisotropy energy or magnetocrystalline anisotropy

energy. The anisotropy energy per unit volume can be written as

Egniso = K. f(61,6,,03) (2.9)

where, 8;, 6, and 05 are the direction cosines of magnetization vector with respect to the
lattice primitive vectors, the function f depends on the spatial symmetry of the lattice.
The magnetic easy axes are well established for different crystal structures, such as; in
iron with body center cubic (BCC) crystal structure, the anisotropy constant K is positive
and the three distinct directions of cube edges < 100 > are the easy magnetization
directions. In nickel having face centered cubic (FCC) crystal structure; the magnetic easy
axes are < 111 > cube diagonals. Whereas, in cobalt having hexagonal closed pack
(HCP) crystal structure, the hexagonal axis is the only magnetic easy axis. In NdFeB
(hard magnet) having tetragonal crystal structure, the tetragonal axis is the only easy axis.
The one easy axis crystals are referred to as uniaxial. The hard magnetic materials (rare
earth metals) are hard to demagnetize due to the high magnetic anisotropy [29]. On the

other hand low magnetic anisotropy materials are termed as soft magnetic material [30].

2.4.1.4 Magnetostriction or magnetoelastic energy

Magnetostriction is a property of ferromagnetic materials that causes them to
change their shape or dimensions during the process of magnetization. It is a dimensional
variant associated to the magnetic polarization [1]. It is the elastic energy associated with
the deformation and stresses originating on the material. The magnetostriction value is
positive for the specimens that elongates in the magnetization direction and negative for

12
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the specimen that contract in the direction of magnetization. This additional energy comes
as an inverse effect to the anisotropy and it is also referred to as the magnetoelastic
energy. Magnetostriction depends on the magnetic history of the material and the thermo

mechanical treatment to which it has been exposed [25].

2.4.1.5 Magnetic domain wall energy

The explicit region between two oppositely magnetized domains which is
involved in rotation of the magnetic moments from one direction to the other direction of
magnetization is known as ‘domain wall’. The domain walls are characterized by the
direction of the spin rotation axis with respect to the specimen surface. The typical two
cases of domain walls are Bloch and Néel wall. In 1932, Bloch [14] studied about the
domain walls in which the rotation of spins occurred along the perpendicular to the
surface (Fig. 2.2). In the other case, the spin rotation of the Néel wall occurs within the
plane of the sample surface [31]. The energy and width of different types of domain walls

have been calculated [4, 32, 33].

Neéel wall Bloch wall

Figure 2.2: Schematic of Néel wall and Bloch Wall.

The width of the domain wall depends upon the exchange and the anisotropy
energy contributions which are involved in rotation of the spins. The exchange energy
contribution favours to keep all the spins aligned parallel to each other, which results in
moderating the rotation angle between two adjacent spins by spreading the width of the
boundary. In contrast, the magnetocrystalline anisotropy term favours to keep all the spins

aligned along the direction of the easy axis. This contribution neutralizes the effect of the

13



Lhapter 2

exchange energy and tends to reduce the width of the boundary in which the spin
direction is deviating from the direction of easy axis. Hence, the arrangement of a
magnetic domain wall is an assessment between the exchange interactions which tend to

make a wide wall and the anisotropy effect which tend to make a thin wall.

2.4.2  Formation of domain structure

Naturally, domains occur when a domain structure has a lower total energy
compared with the uniformly magnetized state or single domain state as shown in Figure
2.3a. The single domain structure (Fig. 2.3a) will divide into multiple domains (Fig. 2.3b)
of opposite magnetization in order to reduce the large magnetic stray field. Figures 2.3 ¢
and d demonstrate the possible closure domain structures along two perpendicular easy
axes in a cubic crystal. These structures will completely eliminate the magnetostatic
energy or the magnetic stray field component out of the surface (Fig. 2.3 ¢ and d). Even
though the anisotropy energy favours both the domain structures shown in Figs. 2.3 ¢ and
d, the domain structure shown in Fig 2.3¢ has lower domain wall energy due to fewer
domain walls. However, domain structure shown in Fig 2.3d occurs more frequently due
to magnetostriction effects. In demagnetized condition, domains are magnetized in
different directions, and the domains are distorted in different directions because of the

magnetostriction.

The specimen with domain structure shown in Fig. 2.3d can be easily deformed
over most of its length because the distortion produced by magnetization in opposite
directions is the same. Some magnetoelastic energy is required to hold the small spike
triangular domains or closure domains to the rest of the specimen, but this energy is much

less than that required for the large domains of Figure 2.3c. As a result, the size of the
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domains in materials with cubic crystal structure is generally limited by the

magnetoelastic energy.

N\ /N NN
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Figure 2.3: Schematic of (a) a uniformly magnetized single domain, (b) parallel domains

with opposite magnetization and (c¢) and (d) closure domain structures.

Generally, thin films exhibit in-plane magnetization with the film surface for
uniaxial or bi-axial anisotropy, as shown in Figs. 2.4 a and b, respectively. In case of a
strong uniaxial perpendicular anisotropy, the material will have magnetization along the
normal to the film and favours an out-of-plane magnetization as shown in Figs. 2.4 ¢ and
d with stripe or bubble type domains, respectively. The trend of the magnetization to
rotate out-of-plane, however, is hindered by the presence of the magnetic charges on the
surface of the film which contribute to the magnetostatic energy. The ratio (Q,) between

the anisotropy and the stray field energy is a material parameter. It is a dimensionless

quantity defined by Q, = K / Ky where K 1is the first-order constant of any kind of

2
anisotropy constant and K, is the stray field energy density ie. K; = ;1012\/15 . A soft

magnetic material has @, < 1 and the domains are in-plane magnetized. In hard magnetic
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material (Q, > 1) with high perpendicular anisotropy, out-of-plane magnetization is

favoured [34].

Figure 2.4: Schematic of magnetic domains in thin films with (a and b),in-plane and (c
and d) perpendicular magnetization, termed as stripes (a and c), closure

domain (b) and pattern magnetic bubbles (d) [35].

The magnetic domains may occur to moderate the magnetostatic energy or to
favour the local magnetocrystalline anisotropies or to the specimen shape depending on
the material constants, the size of the specimen, and external parameters (e.g., magnetic
field, stress). Basically, the domain theory provides in-depth understanding of the

magnetic domains and is indispensable for micromagnetic calculations.

2.5 MAGNETIC DOMAIN IMAGING TECHNIQUES

The integral bulk magnetometry techniques; such as Vibrating Sample
Magnetometer (VSM) [36], Superconducting QUantum Interference Device (SQUID)
magnetometer [37], Alternating Gradient Magnetometer (AGM) [38] and Magneto-
Optical Kerr Effect (MOKE) magnetometer [39] are used to obtain averaged information
about the bulk magnetization and become highly beneficial when dealing with
macroscopic samples or very large numbers of identical nanostructures. However, in the
case of micro-magnetism, a precise understanding of the properties of magnetic

nanostructures is vital for application on technological implications. Hence, experimental
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techniques with adequate resolution and sensitivity are essential for the detailed study of

magnetic phenomena at the nanoscale [40].

Imaging of magnetic domains and their dynamics provides the most direct access
to the effective magnetic properties of materials at various ranges from macro to the
nanoscale [41]. The knowledge of the magnetic domain behaviour with external influence
gives unrivaled insight into the origin of micro-magnetization reversal mechanisms.
Magnetic domains are visualized by various techniques which are developed in the 20
century [42-44]. Currently, a number of techniques involving various physical
mechanisms of magnetic contrast formation is used consistently for imaging of magnetic
micro/ nanostructures. Based on the requirements, different imaging methods were
adopted in various studies. The numerous techniques available for magnetic domain

imaging include:

e Bitter pattern technique

e Magneto-optical Kerr Effect Microscopy (MOKE)

e Type I and Type II Scanning Electron Microscopy (SEM Type I and Type II)
e Scanning Electron Microscopy with Polarization Analysis (SEMPA)

e Lorentz Transmission Electron Microscopy (LTEM)

e FElectron Holography

e X-ray Magnetic Circular Dichroism (XMCD)

e Spin Polarized Low Energy Electron Microscopy (SPLEEM)

e Magnetic Force Microscopy (MFM)

e Scanning Hall Probe Microscopy (SHPM)

e Scanning Superconducting Quantum Interference Device (SQUID) Microscopy

e Spin Polarized Scanning Tunneling Microscopy (SP-STM)

17
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e Neutron grating interferometry techniques

In general, there are a few common facts that apply to every domain imaging
method. At first, each method is related to the sample’s magnetization or to the magnetic
field generated by that magnetization. The former is very useful in understanding or
developing new materials and the latter is of practical significance in devices. Second,
most of the methods are limited to the topmost few micrometres and are therefore
dominated by surface magnetic structure. Third, every technique desires to have smooth,
clean, damage-free surfaces. In general, the surfaces need to have at least the equivalent
of a mirror polish. Otherwise, topography and surface stress may influence the

measurement to varying extents [43].

Bitter pattern technique is the earliest method of domain observation [45, 46],
developed by Bitter [47], which is based on the observation of stray field configurations
in the domain structures by fine colloidal suspension of magnetic particles coated on the
surface. Still, Bitter is the simplest technique for the applications which quickly provide
the information of size and shape of the domains present in the material [48]. This method
reveals domain walls which intersect the surface because the resulting stray fields interact
with the magnetic particles stronger than the surrounding regions. In conventional form,
the optical microscope was used to capture decorated sample with magnetic colloids on
the sample surface and the higher resolution is attained with the scanning electron

microscope.

In Magneto optic imaging, the contrast is obtained with the interaction between
polarized light and a sample’s magnetization, which leads to several useful optical
domain imaging applications [21, 41, 49] Although the physics of the magneto optic

interactions can be rather complicated [25], the basic level of magneto-optic imaging is
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only based on the rotation of the plane of polarization of linearly polarized light upon
reflection from, or transmission through a magnetic material. In transmission mode,
magneto optic effect is basically referred to as “Faraday effect”, which is applied rarely
and also only in transparent materials. In reflection mode, the technique is known as ‘Kerr
effect’. In both methods, domain contrast in the image is directly related to the magnitude
and direction of magnetization in the sample. Moreover, MOKE also provides the
possibility of measuring local magnetization curves. The scanning Kerr microscopy can
record images very fast within the nanosecond scale, providing to study the dynamics of
domain pattern formation (micro-magnetization). However, the resolution of the MOKE
technique is limited to the optical source used (few hundred nanometers). The recent

review of optical imaging has been given in [41].

In principle, conventional SEM can also be used to image the magnetic domain
with the two distinct contrast mechanism such as Type I and Type II magnetic contrast
[50, 51]. In both cases, the electrons in the magnetic field get deflected by the Lorentz
force. However, in former mechanism the contrast arises from deflection of the low
energy secondary electrons by the stray field out of the surface [29]. In the latter case, the
contrast arises from the high energy backscattered electrons deflected by the magnetic
field within the material. The resolution in both the cases is of the order of ~300 nm and

is roughly determined by the penetration depth for the incident electron.

Scanning Electron Microscopy with Polarization Analysis observes surface
magnetization distribution by measuring the spin polarization of secondary electrons
ejected from a magnetic sample due to the high energy electron beam incident on the
material [52, 53]. SEMPA can directly detect the sample magnetization component with a

high spatial resolution of about 20 nm [43]. The main constraint in application of SEMPA

19



Lhapter 2

is the fact that the measurements must be carried out in ultra-high vacuum on a well

prepared clean conducting surface.

Lorentz transmission electron microscopy can produce high spatial resolution
magnetic domain images [54, 55]. Similar to the SEM Type 1 and Type II methods,
Lorentz force causes the deflection of the electron beam transmitting through the thin
magnetic specimen. Contrast in regions with different magnetization can be obtained due
to the electron beam trajectory deflects when it passes through a region of magnetic
induction. In general, two different variants of Lorentz microscopy such as Fresnel and
Foucault modes can be used. Using the Fresnel mode, domain walls can be visualized and
distinguished from other features such as dislocations. Adopting the new aberration-
corrected microscopes, spatial resolution in the order of 1 nm can be achieved. However,
the applications of LTEM technique is limited due to the high cost of the TEM
instrument, involvement of very special specimen preparation such as flat, very thin and
also electron transparent, and it is hard to apply magnetic fields to the sample as this often

changes the electron beam trajectory.

Electron holography, uses a high energy field emission transmission electron
microscope (FE-TEM) to form an interference pattern from electrons that can reach the
detector via two alternative paths, the lines in the interference pattern can be directly
interpreted as flux lines. This technique makes possible both direct observation and
quantitative measurement of magnetic flux and a resolution of 10 nm has been achieved
[56]. Since it is a transmission technique, same constrained as TEM is applicable here

also such as the thin transparent and conductive specimen.

X-ray magnetic circular dichroism is made possible by the availability of

variable, high intense synchrotron radiation source. The method is based on the relative
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orientation of the x-ray photon angular momentum and the sample magnetization [57,
58]. The difference in the absorption of x-rays, termed as x-ray dichroism, is maximum
when magnetization of the material and the photon polarization or helicity, are parallel
and antiparallel. Magnetization images of a monolayer thick magnetic film can be

observed.

Neutron grating interferometer technique utilizes the interaction of the
polarised neutron beam with the spins of the electrons and nuclei, while passing through
the magnetic material [59, 60]. This technique allows a wide field observation by taking
projections at diverse angles which facilitates a 3D visualization of the domain structure,
but the spatial resolution is low. The main drawback is very expensive and requires

access to a nuclear reactor.

Scanning probe microscopy based magnetic domain imaging utilizes various
types of stray field detection methods for visualization of magnetic microstructure [42].
The semiconductor Hall and SQUID sensors are used for obtaining the magnetic stray
field out of the sample surface with very high sensitivity [61, 62], but relatively low
resolution. In that, MFM is one of the dynamic modes scanning probe techniques which
detects magnetic stray field of the material surface by the magnetostatic interaction
between sample surface and the cantilever tip coated with thin layer of a magnetic
material. Due to the long range magnetostatic interaction, MFM needs minimal sample
preparations and can be used in ambient conditions to provide a spatial resolution down to
10 nm [63]. MFM is well suitable to study multi-phase and relatively large thick (bulk)
materials by measuring simultaneously the topography and the magnetic microstructure

[64].
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The above mentioned techniques have their own limits and advantages, and are
complimentary to each other. The summary of a few most important techniques has been
given in Table 1. In the present thesis, MFM has been employed to study the magnetic
domain dynamics in the polycrystalline bulk structural materials due to its easy
implementation, good spatial resolution and possibility of domain imaging with in-situ

external field application.

Table 2.1: Comparison of magnetic domain imaging methods [25, 42, 43]
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and Type 11 min low
SEMPA Good |Quantitative |20/200 2 1-100 Very None Very
min high High
Lorentz Very |Indirect 10/50 Sample |0.03—-30s [High 10000 High
TEM good thickness
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2.6 MAGNETIC FORCE MICROSCOPY

The first probe microscope, scanning tunnelling microscope, was invented in 1981
[65]. It is based on the quantum tunnelling effect to investigate the surface morphology
with the atomic resolution. A few years later, the same group developed comparatively
simple approach, which can sense the forces between the probe and the surface, famously
known as atomic force microscopy (AFM) [66]. This force microscope can detect all
short / long range of tip-sample interactions such as electrostatic, magnetostatic, Van der
Waals, adhesive, friction, elastic modulus, chemical and magnetic exchange. Schematic
of a macroscopically uniform surface probed by a sharp tip and tip-sample interaction are
shown in Figs. 2.5 a and b, respectively. The different interatomic and electromagnetic

forces as a function of distance of tip from the sample surface are shown in Fig. 2.5¢ [69].

(a) (b) (€) =3~ 1000 nm
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Figure 2.5: Schematic of (a) a macroscopically uniform surface probed by a sharp tip.
(b) the tip-sample interaction at the atomic scale and (c) Different forces as a

function of distance of tip from the sample surface [67]

Hence, AFM has been adapted to the various methods in which a handful of
different properties in the material can be measured, such as force modulation
microscopy, electrostatic force microscopy, Kelvin Probe force microscopy, magnetic

resonance force microscopy, contact resonance AFM, liquid AFM and chemical AFM.
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MFM is one of the two-pass dynamic methods in atomic force microscope. It has
great acceptance as a powerful magnetic imaging technique for studying and analyzing
the magnetic structure on the surface of ferromagnetic materials with the resolution of
few tens of nanometers [68]. It has been commonly employed for imaging magnetic
domain structures on a wide variety of magnetic materials, such as high-density recording
media [69, 70], ultrathin films [71], nanoparticles [72], patterned elements[73, 74],
template-mediated assembly of nanoclusters, nanowires [75], multilayers [76], magnets,

and biological samples [77] as well as other magnetic features and nanostructures.

2.6.1  Basics of magnetic force microscopy

The first magnetic force microscope was developed by Y. Martin and H.K.
Wickramasinghe in 1987 for studying local magnetic properties [78]. The working
principle of MFM is similar to that of an AFM except for using a cantilever tip coated
with a thin layer of ferromagnetic material with specific magnetization. Here, the
description of the interaction between sample magnetic field H (r) and the tip
magnetization is quite complicated. However, due to the shape of the tip, the tip moment
is more stable and stronger for the axial magnetization. The tips are magnetized along
their axes and the fields are highly localized to the tip. The cantilever deflection senses
the force mostly in the direction normal to the sample surface. The magnetic tip can be

considered as a single point magnetic dipole having the magnetic moment 7 and the

respective magnetostatic energy of the tip-sample is the scalar product of the H and .
Eps=—(H. m) (2.10)

Figure 2.5 shows the schematic of the magnetostatic interaction between the tip and the

sample. In general, the magnetic moment of the MFM tip can be written as a
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superposition of the dipoles as a form of MdV, where M is the magnetization of the tip

coating and dV is the elementary volume of the coating layer.

The total energy of the interaction of the tip-sample can be obtained by integrating

over the complete layer of the tip.

Eayer = = Jygyer M) HE' +7) aV’ 2.11)

Magnetic coating

Figure 2.6: Schematic of the magnetostatic interaction of tip and sample.
Then, the interaction force of the tip with the magnetic field of the sample is given as
F = —grad(Ejgyer) = flayerV(M H)av' (2.12)

Hence, the vertical (Z) component of the force is

aHX 0H aHZ 12
By = fyer | Me 52+ My 2+ M, 52| dv (2.13)
and the force gradient of the z- component is
, 0%H, 0%H 92H, ,
F'2 = fyer | Mx S+ My 524+ M, 22| dv (2.14)
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In general, MFM operates in the non-contact mode or attractive force region.

There are presently two main approaches in MFM imaging:

e Force mode MFM

e Force gradient mode MFM

In force mode MFM imaging, a magnetically active tip maps the surface by maintaining a
constant height (10-100 nm) above the sample of interest. The magnetostatic interaction
between the stray field from the sample and the known magnetization of the probe
produces a force F'(x,y) that deflects the tip and the associated cantilever from its nominal
position. The cantilever deflection (0) is measured by the standard AFM laser photo-diode
optical system and an image of the magnetic structure of the sample is thus obtained. This
mode of operation is also known as static or DC mode MFM. The interaction force F' is
measured through the detection of the cantilever deflection 6 from the equilibrium

position which is given by

(2.15)

o
Q
|

where, £ is the cantilever spring constant. However, in order to perform the scanning at
certain constant height, a two-pass technique is considered for the specimen with evident
roughness. In the first pass, topography of the surface is obtained in tapping mode or
semi-contact mode which is influenced only by the short range (<10 nm) Van der Waals
force between the sample surface and the probe. In the second pass, the probe is lifted by
a particular height (z-offset) to circumvent the influence of van der Waals force and the
probe traces the topography obtained in the first pass to sense the long range magnetic

interaction.
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The other operating mode is force gradient or dynamic or AC mode MFM. The
dynamic MFM mode is also a two pass technique. With the help of a piezo-vibrator
cantilever oscillations are excited at a frequency close to resonance. During the first pass
in semi-contact mode the surface topography is recorded. On the second pass, the tip goes
above the sample with a trajectory corresponding to the first pass so that the average lift
off (z-offset) separation is kept at a constant value h, as shown schematically in Fig. 2.7.

second pass
for the MFM

first pass for
topography

specimen

Figure 2.7: Schematic of the two pass approach of MFM imaging.

here, MFM tip interacts with the magnetic stray field emanating from the sample surface,
which changes the resonance frequency of the cantilever. The resonance frequency shifts
in the range of 1-50 Hz for cantilevers having a resonance frequency fy ~ 100 kHz. The
frequency shift (V'fy) of the cantilever is proportional to the vertical gradient of the
magnetic force on the tip, which can be detected in one of the following ways: phase
detection, which measures the cantilever’s phase of oscillation relative to the piezo drive;
amplitude detection, which tracks variation in oscillation amplitude; and frequency
modulation, which detects shift in resonant frequency directly. The MFM image can be
formed by monitoring changes in the phase (¢), amplitude (A) or resonant frequency (f;)
of the tip oscillations. If the force gradient acts on the cantilever in the vibration direction
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z, then the above mentioned parameters can be expressed in terms of force gradient as

follows,

QoF
k 0z

Q

Ve (2.16)

24,Q 8F

VA ~ 3V3k 0z

2.17)

1 OF

where, Q is the quality factor of vibrating cantilever, A,is the amplitude of cantilever
oscillation at resonant frequency (f,) in the absence of external force gradient. It can be
seen in the above equations that all the experimentally determinant variables are linear
functions of the force derivative. Phase map can provide the qualitative information and
more regularly opted due to its ease of use, greater signal-to-noise ratio, and reduced
artifacts content. The variations in the magnetic interaction force between the cantilever
tip and the sample surface can be measured by a position-sensitive optical deflection
sensor, which is used to detect the cantilever motion and hence to measure the force
gradient due to the tip-sample magnetostatic interactions. The force gradient, as low as

10 N/m, can be easily detected.

2.6.2  Interpretation of MFM images

MFM images do not correspond to the sample magnetization directly, but depict
the force gradient of tip-sample magnetostatic interaction due to the stray field over the
surface. Moreover, magnetic interaction between a sample and a magnetic tip is highly
complicated due to the long range magnetic forces and their complex sources, along with
the potential field interaction between tip-sample and also the interaction of the stray field

of the tip may influence the sample magnetization in soft magnetic samples. A magnetic
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material such as Co, CoCr, CoPt, or NiFe of thickness around (20 - 40 nm) is coated on
the flexible micro fabricated cantilever based on the application. The resolution of the
MFM image depends on the tip radius and also on the Z-offset (lift scan height) in the
second pass [79, 80]. The tip is most often magnetized vertically to make it sensitive to
the vertical components of the sample stray field. In MFM images, the magnetic domain
variations appear as either dark or bright contrast, depending on the attractive or repulsive

force gradient, respectively.

MFM images, obtained with the tip magnetized vertically, do not differentiate
direction of the in-plane magnetized domains. Figure 2.8a shows the MFM imaging of a
thin film with in-plane magnetization of the two domains aligned opposite to each other
which are separated with a Néel domain wall. When the tip is scanned over the sample,
the attractive region at the edges of the domain walls appear with a dark contrast and next
to that the repulsive region appear with a bright contrast as shown in the MFM image
along with the Fig. 2.8a. In case of a sample with out-of-plane magnetization, flux is
closed outside the sample at the domain boundaries, as indicated in Fig. 2.8b. The
perpendicular component of this force changes signal at the center of the domain wall,
resulting in an image as shown on the right. In case of out-of-plane domains this is
relatively easy due to the image contrast, but in case of in-plane domains, only the
domain wall is observed and have a difficulty in identify the different magnetization
directions. The pattern of MFM images of different domain states were properly

illustrated in [81], as shown schematically in self-explanatory images of Fig. 2.9.
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G

Figure 2.8: Representation of the contrast in MFM: (a) a thin film with in-plane
magneitzation exhibits contrast only at the domain wall (b) an out-of-plane
magnetization exhibits domain contrast due to the stray field emananting

from the domains [42].
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Figure 2.9: Illustration of the MFM principle: (a) a vibrating cantilever scanning across
a sample with out-of-plane domain magnetization and (b) — (f) patterns of

MFM phase contrast in different domain states [81].

2.6.3 MFM applications

In the early 1990s, MFM got acceptance as one of the widely applicable method
for studies in magnetic materials and in the development of magnetic logic devices.

Especially, the magnetic storage industry became an important field of industrial
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application to produce high density magnetic recording media [63], which led to more
commercial availability of the instrument. Nowadays, most of the AFM manufactures
provide the multimode equipped instruments which can be used as an MFM. In the past
three decades, MFM has been used for almost all types of ferromagnetic materials from
the bulk samples to the ultra-thin films [82, 83] and imaging of soft magnetic materials to
hard magnets [84, 85]. Notice the importance of the MFM not only because of its
capability for imaging the domain structure, but also for its usefulness as a powerful tool
to understand the magnetization process in the submicrometer scale [86, 87]. Numerous
works have been performed with the variable field MFM to study the magnetization
reversal phenomenon [74, 86, 88-92]. For example, Asenjo et.al [86] demonstrated the
effect of the stress on the magnetization process by visualizing the evolution of the weak
perpendicular out-of-plane domain structure in thin film of Fe-B/Co-Si-B multilayer with

an external magnetic field as shown in Fig.2.10.

Figure 2.10: (a) Topography of the Fe-B/Co-Si-B multilayer (b)-(¢) MFM image at

different external field applied along the arrow mark direction [86].
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Low temperature MFM measurements have also provided fundamental understanding of
magnetic properties [71, 93]

In the past, quite a few bulk polycrystalline materials were studied using MFM
imaging such as duplex stainless steel [94-97], pearlitic steel [98], Ni-Cr hard face alloy
deposited on 316LN stainless steel [99], chromium depleted regions in metastable Fe-Cr-
C alloy [100], aged 321 stainless steel [101], maraging steel [102] and austenitic stainless
steel [103, 104]. However, imaging the field induced domain wall dynamics with

external field in the polycrystalline materials have been very limited [98, 105].

2.7 BACKGROUND OF THE SELECTED MATERIALS

The present thesis mainly focuses on the studies of different types of magnetic
domains in bulk polycrystalline ferromagnetic materials using MFM. Three different
structure of ferromagnetic materials are selected: (i) a polycrystalline pure iron having
average grain size of about 80 wm containing only ferromagnetic phase, (ii) a duplex
stainless steel consisting of equal proportions of elongated ferromagnetic and
paramagnetic phases of ~5 wum width and ~ 100 pum length, and (iii) a cold worked AISI
type 304 stainless steel with very fine particles (<1 um diameter) and lamellae shaped (~1

pm width and ~ 5 pwm length) martensite (ferromagnetic) phases in the austenite matrix.

2.7.1 Studies of magnetic domians in iron

Iron is a very well-known ferromagnetic material over many centuries and
abundantly available metal in the earth crust [2]. The iron-silicon alloys (electrical steel
magnetically equivalent to pure iron) are commonly termed as soft magnetic materials,

which are used mainly in the electrical machines, inductive devices and electronic
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industries [106]. Iron has body center cubic crystal structure. Hence, the easy and hard

axes of magnetization are <100> and <111>, respectively as shown in Fig. 2.11.
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Figure 2.11: Magnetization curve of an iron single crystal [30].

Generally, multi easy axes materials have low perpendicular anisotropy which prefers
domain alignment parallel to the surface [25]. The magnetic domains in the different
planes of grain oriented silicon iron (3% silicon) were observed with the specific grain
orientation [107-109]. In case of {100} grain orientation, closure domain structure with
the 90° domain walls were observed using optical Kerr microscope as shown in Fig 2.12a.
In case of {110} planes, domain structures with 180° walls were observed and lancet type
reverse domains were also observed (Fig 2.12b). The iron-silicon crystal with surface
parallel to {111} exhibit a complicated domain structure (Fig. 2.12c) as it does not have
any easy axis of magnetization in the plane. Similar results were reported by Gallaugher
et. al [110] in a sheet electrical steel with randomly oriented grains, using forescatter
detector and electron backscatter diffraction. The changes in domain structure with the

external field and stress effect were also studied [111]. The soft iron alloys have been
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exploited in the design of magnetic materials of commercial importance, e.g. conducting

losses are reduced by the grain oriented electrical steels.

Figure 2.12: Magnetic domain images of iron silicon single crystals having planes
orientation along (a) {100} (b) {110} (Magneto optical Kerr image) and
(c) {111} (high resolution MFM image) [25].

Batista et al. [105] have recently studied the influence of external magnetic field
on the domain structures in polycrystalline pure iron and unalloyed steels using MFM
cantilevers with tips coated with CoCr alloy with a coercivity of ~400 Oe. In the range of
the magnetic field (£250 Oe) applied in their study, reversible movement of a few domain

walls have been visualized on the surface of pure iron specimen (marked as 3 with arrow
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in Fig. 2.13). However, as the applied field was too low as compared to the saturation

field of iron (~10000 Oe), different magnetization phenomena could not be visualized.

H=+190 A/cm H=-190 A/cm
- —

Figure 2.13: MFM images of a bulk polycrystalline iron with in-plane magnetic field
[105].

2.7.2  Duplex stainless steel

Duplex stainless steel (DSS) is a significant and expanding class of stainless steel
in industrial and technical applications. The microstructure of DSS consists of nearly
equal proportions of y-austenite (face center cubic) and o-ferrite (body center cubic)
phases, which contribute to high mechanical strength and excellent corrosion resistance
properties [112-114]. DSS microstructure can be described as islands of austenite
(paramagnetic) in ferrite (ferromagnetic) matrix. Several studies have been reported on
the non-destructive characterization of DSS using magnetic techniques, which are
sensitive to the structure of ferromagnetic phase [115-118]. In addition to the
conventional methods, magnetic domain visualization methods have also been used for
characterization of DSS. Earlier, magnetic domain structure of the DSS was visualized
using TEM [119]. In the last two decades, several studies have been reported on

microstructural characterization in DSS through the visualization of magnetic domains
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using MFM [94-97, 120-124]. In DSS, MFM can easily differentiate ferrite from the
austenite phase because of the presence of distinct maze type and stripe magnetic
domains in the ferrite phase [97]. MFM has been used for microstructural
characterization, secondary sigma phase identification [94, 122] and to study the effect of
heat treatments [123, 124] in DSS. Domain patterns with different contrast and widths
were observed in DSS samples annealed at different temperatures [123]. These
observations were attributed to various orientations of the grains. However, quantitative
correlations of crystallographic orientation with contrast/width of domains were not
attempted. Even though, various MFM studies have been carried out in DSS, the micro-
magnetization behaviour of DSS in the presence of external field has not been reported so
far through direct domain visualization using MFM or any other domain imaging

technique.

2.7.3 Cold worked AISI 304 austenitic stainless steel

Austenitic stainless steels are used in a wide variety of technological and
commercial applications as a structural material, especially in nuclear power plants and
chemical and petrochemical industries. It has good corrosion resistance combined with
their relatively high toughness, formability and weldability. However, it has relatively
low yield strength in the annealed state [125-127]. The conventional AUSSs consist of y-
austenite phase whose stability decreases with reduction in the austenite stabilizing
element (usually nickel). When the austenitic stainless steels are subject to thermo-
mechanical treatment, dislocations and twins are generated which cause the
transformation of the metastable y-austenite phase (paramagnetic) to the o'-martensite
phase (ferromagnetic) by strain induced martensite transformation. The martensitic

transformation in austenitic steels have also been reported during sub-zero deformation,
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hydrogen charging and ion implantation [128-130]. The amount of martensite formation
depends on the chemical composition and working temperature [131, 132]. An increase in
the volume fraction of the martensite increases the strength as well as magnetic moment

of the stainless steel [133, 134].

MFM has been used to detect the magnetic phases in the stress corrosion regions
[102] and tip of fatigue crack regions of AUSS [103, 104]. The observed magnetic region
around the grain boundaries of the chromium depleted sensitized AUSS are shown in Fig.

2.14.

 —— NN
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Figure 2.14: The chromium depleted region in an AISI type 304 AUSS specimen (a)
AFM topography and (b) MFM phase image (revealing magnetic domains
at the grain boundaries) [103].

Interestingly, Sort et. al. [135] generated local martensite phases with nano-
indentation method and studied them with MFM. Such controlled and localized
martensite transformation in AUSS can be used to generate controlled ferromagnetism in
a non-magnetic matrix, which can be used for micro-magnetization studies in the

structural materials
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2.8 MOTIVATION AND OBJECTIVES

MFM is a powerful tool for studying the magnetic domain structure in magnetic
materials with high resolution. It has found very wide applicability in all types of
magnetic materials due to the minimal sample preparation requirement and good
performance of the system in the ambient atmospheric condition. Hence, MFM is a
suitable technique to get high resolution magnetic domain imaging in steels. In additional
to that, MFM superposed with the external magnetic field enables visualization and

interpretation of the magnetic domain dynamics and micro-magnetization events.

In the present dissertation, external field value of £2000 Oe has been used to
investigate the micromagnetic phenomena in polycrystalline iron and iron based alloys
with different microstructure such as complete ferromagnetic polycrystalline pure iron,
partially ferromagnetic duplex stainless steel consisting of equal proportion of
ferrite/austenite phases and cold worked AISI 304 stainless steel with very low amount of

fine ferromagnetic martensite phase distributed in the austenite matrix.

The main objectives of the present thesis are thus:

» To explore the magnetic properties in bulk ferromagnetic materials at micro/nano
scale using MFM technique.

» To understand the influence of crystallographic orientation on magnetic domain
structure in bulk polycrystalline ferromagnetic materials.

» To study the field dependent domain wall dynamics in-situ by MFM in presence of
external magnetic field in the range of £ 2000 Oe to understand various micro-
magnetic phenomena

» To study the size effect on magnetic domain structure and field induced domain

wall dynamics.
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3.1 INTRODUCTION

This chapter deals with the experimental setup of MFM in presence of external
magnetic field, used in the present dissertation. The NOVA® software and associated
features used for acquisition and analysis of MFM images are described. Optimization of
experimental parameters, the details of the MFM cantilever used in the present study and
magnetic stability of its tip are also described. The specimen preparation procedures for

the materials used in the study and details of EBSD measurement are also presented.

3.2 MFM EXPERIMENTAL SETUP

The MFM experiments have been carried out using an NTEGRA AFM/MFM system
supplied by M/s. NT-MDT. Co., Zelogonard, Russia. Photograph of the experimental
setup is shown in Figure 3.1a. In Figure 3.1a, one of the monitors displays the GUI of
NOVA software and the topography and MFM phase maps. The other monitor shows the
live optical photograph of the cantilever over the sample surface, as obtained by the
optical microscope shown in Fig. 3.1a. NTEGRA system is furnished with a SMENA
head (shown in Figure 3.1b) which consists of a cantilever holder, a laser source and a
four quadrant photodiode to detect and measure the deflection of the laser. The
wavelength of the laser is 650 nm which is class 2R type laser with the maximum output
less than 1 mW. The signals from the photodiode are sensed by the controller, which is
furnished with a lock in amplifier. The processed data by the controller is then sent to the

computer for further processing and analysis. A typical cantilever box with 15 MFM
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cantilevers is shown in Fig. 3.1c. In-plane external magnetic field in the range of £2000
Oe can be generated by the electromagnetic coil, as shown in Figure 3.1d. A hall probe
sensor is attached close to one of the pole shoes to measure the field. The maximum field
generated by the electromagnet increases with reducing the gap between the shoe poles.
The schematic representation of the MFM system equipped with in-plane magnetic field
setup is shown in Figure 3.2. MFM setup within the range of £2000 Oe was used to
demagnetizing the specimen by applying cyclic alternative magnetic field of reducing
field strength. No remnant magnetization could be observed (using a Hall probe) in the

specimen after the demagnetization sequence.

Commonly, two kinds of scanning are possible in AFM, i.e., scan by specimen or
scan by probe. The system used in the present study is of the latter type. As MFM is one

of the two pass modes of AFM, the detection principle of MFM is same as in AFM.

AFM MEN head |
.
FM/MFM scanning

> ' Vibration table-"-.gp;itz?;wdeo ‘

Cantilever holder =~ Sample and stage .

Figure 3.1: Photographs showing (a) the AFM/MFM experimental setup, (b) SMENA
head, (c) cantilevers in a box and (d) specimen stage and external in-plane

electromagnet setup.
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Figure 3.2: Schematic of the experimental setup for MFM imaging in presence of

externally applied in-plane magnetic field.

3.2.1 Cantilevers used in the present study

It is well known that ferromagnetic coated cantilevers are used for MFM studies
because of their ability to interact with the stray field of the magnetic specimens. The tip
radius is slightly larger than that of the normal AFM probes due to the additional
magnetic coating. MFM studies in presence of high external magnetic field strength
demand MFM tips to be coated with corresponding higher coercivity magnetic material to
assure reliable magnetic imaging of the specimen surface [80]. The MFM cantilevers
having spring constant of about 2-3 N/m and tips coated with high coercivity Co-alloy
(~2 kOe) were used. The first free resonance frequencies were in the range of 60-65 kHz,
the tip radius was about 40 nm and the cantilever dimensions were 225 x 35 x 2.5 um?, as

mentioned by the manufacturer (NT-MDT).
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3.2.2  NOVA® software

NOVA® control program is intended to operate instruments manufactured by NT-
MDT. It can be used to perform various tasks such as adjusting the optical systems
(aiming), control the approach mechanism (landing), acquire and process the frequency
responses, acquisition of AFM topography and MFM phase maps, process the images
obtained from the instrument, obtain Force—Distance curves, perform lithography
operations and control over electromagnetic operations. Figure 3.3 shows the screenshot
of the NOVA® software. NOVA® also provides possibility of writing own scripts for
performing specific tasks using NOVA® power script. A few important parameters in
AFM control are given below:
Magnitude (Mag): It is the magnitude of vibration of the cantilever.
Deflection (DFL): It is the deflection signal of the cantilever.
Setpoint (SP): It is actually a measure of the force that is applied by the tip on to the
sample surface and maintained by the feedback loop during measurement in contact
mode. SP for semi contact AFM topography imaging is approximately kept as half of the
magnitude of the cantilever vibration before landing.
Feedback: The deflection of the cantilever and magnitude of the cantilever oscillations
are maintained by the Feedback in contact and semi-contact modes, respectively.
Feedback aids to obtain images with uniform tip-sample surface distance during the AFM
imaging. Feedback loop consists of a tube scanner which monitors the height of the tip
and the optical lever. For a good AFM system, a very well-constructed feedback loop is

vital.
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Figure 3.3: Screenshot of NOVA® software

3.2.2.1 Image processing in NOVA® software.

Along with the useful information, AFM/MFM images also contain a lot of
artifacts affecting the data and leading to image distortions. Probable distortions in
AFM/MFM images are caused by imperfection of the equipment and by external parasitic
influences such as constant components, constant inclination, hardware noises, scanner
imperfection, instability in tip sample contact and external vibrational noises [136]. The
artifacts can be removed by the image processing options in the NOVA® software such as
peak removal to eliminate spurious peaks, line correction to eliminate the variation in the
line by line data and average plane subtraction to eliminate the inclination. Figure 3.4
illustrates the different processes of eliminating distortions and final quarter shows the
appropriate AFM image. Various image correction tools are also indicated on the right-

side column in Fig. 3.4
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Figure 3.4: Screenshot of processing of topography image in NOVA® at different stages.

3.2.3 MFM imaging

MFM is a semi-contact mode two pass technique in the scanning probe
microscopy (SPM) methods. In the first pass, topography of the surface is acquired in
tapping mode raster scanning, where the short range (less than 10 nm) Van der Waals
interaction acts between the specimen surface and the probe. In the second pass, the probe
in resonance, traces the identical path as first pass, with a small z-offset (lift scan) to
sense the long range magnetic interaction with very low or no effect of Van der Waals
force. The resonance frequency and phase of the cantilever vibration are influenced by the
interaction between the out-of-plane magnetic stray field of the sample surface and the tip

magnetization. This interaction is effective in the range of 10 to 100 nm [97].

The resonance frequency map can provide quantitative information about the out-
of-plane stray field on the surface of the specimen, if the magnetic moment of the tip is

known. The phase map can provide qualitative information about the variations in the
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out-of-plane stray field along the specimen surface and hence can also be used effectively
to map the different domains magnetized differently in the surface microstructure. In the
present investigation, the phase change is used to study the local magnetic microstructure

in the specimens.

The change in phase (@) of an oscillating cantilever is related to the rate of change
in magneto static force (F) with the space between the sample surface and the cantilever

tip (z) as given below [77]
~ 29F
Ap ~ -— 3.1)

where, Q and k are quality factor and spring constant of the cantilever,

respectively. The magneto static force F'is given as [137]

9Hsam
F = m, oz (32)

where, m. and Hy.» are magnetic moment of the cantilever tip and the magnetic stray field
of the sample, respectively. It can be seen in equation 1 that with increasing repulsion
between the tip and the sample, the phase value increases and vice versa. The increase in
the repulsion indicates the increase in stray field out of sample surface in the present tip

magnetization (downwards) condition.

3.2.3.1 Optimization of lift-off height in MFM imaging

Magnetic imaging resolution is affected by the combination of many factors, such
as the properties of the tip including mechanical geometry and magnetic structure, tip-
sample distance (lift-off), instrument sensitivity and the background noise level. In
general, the system and environmental conditions including mechanical, electrical and
acoustic noises are related to the vertical resolution; while the tip shape and tip-sample

distance affect the lateral resolution mostly. Sharper tips provide better spatial resolution.
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The lift-off distance during the second pass imaging drastically affects the image quality.
Figure 3.5 shows the effect of lift-off distance on the image quality of phase map obtained
on the cold worked 304 stainless steel specimen. A continuous reduction in the phase
range can be observed with increasing lift-off distance from 30 to 100 nm in Figs. 3.5 a-d,
respectively. The reduction in the phase range indicates the loss of sensitivity. This can be
quantitatively seen in Fig. 3.6 as decreasing phase contrast with increasing lift-off
distance. However, at small lift-off distances of 30 and 40 nm (Figs. 3.5 a and b),
intermittent streaking are observed in presence of any sharp topography feature. Hence,
an optimum lift-off distance of 50 nm has been used for MFM imaging on 304 stainless

steel specimens with 10 x 10 pm?

scan area. The optimum lift-off distance is also
influenced by the scanning speed. Faster the speed, more should be the lift-off distance to
avoid streaking. In case of larger scan area, the linear scan speed is usually higher. Hence,

higher value of lift-off of about 80 nm was found to be optimum for MFM imaging on

iron and DSS samples with about 50 x 50 um? scan area.

Figure 3.5: MFM phase maps of AISI type 304 austenitic stainless steel obtained with
different offset heights of (a) 30 nm, (b) 40 nm, (c) 50 nm and (d) 100 nm.
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Figure 3.6: Influence of lift-off height on MFM phase contrast (a) MFM phase signal
obtained for the same scan line at different lift off height and (b) Variation
in MFM phase contrast with lift off height.

324  MFM imaging in presence of external magnetic field and stability of the
cantilever

Before performing the detailed study on the influence of external magnetic field
on the domain structure, it is required to ensure the stability of the tip in the range of
magnetic field being studied. While scanning the tip-sample distance was fixed and the
feedback kept ON. Typical magnetic domain structures in the iron specimen obtained in
presence of decreasing external magnetic field from +2000 Oe to -1800 Oe are shown in
Figs. 3.7 a-c, respectively. The spike magnetic domain with the phase contrast of about 1°
was observed in presence of +2000 Oe external field. The phase contrast reduced to about
0.7° upon removal of the field (Fig. 3.7b) and increased again with increasing field value
in the negative direction (Fig. 3.7c). A gradual systematic increase / decrease in the
domains sizes can be observed in Fig. 3.7 during the magnetization reversal process.
However, no specific change in the domain contrast is observed during the complete
magnetization cycle indicating the stability of the tip’s magnetization in the range of the

applied field.
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Figure 3.7: MFM phase map in bulk iron specimen (a) in presence of 2000 Oe in-plane
magnetic field (b) without field and (c) with field of -1800 Oe. (arrow marks

denotes the field directions).

3.3 MATERIALS AND SAMPLE PREPARATION

Figure 3.8 shows the typical microstructures of the samples selected for the
present study. They are having distinct structure of magnetic phases and precipitates. The
bulk iron is a complete ferromagnetic material. The sample was heat treated at 1373 K for
4 hours followed by furnace cooling to relieve internal stresses. It has an average grain
size of around 80 um. The DSS 2205 sample contains almost equal amount of austenite
phase in the ferrite matrix. The cold worked AISI 304 stainless steel contains strain
induced fine lamellaec and dot shaped martensite phases on the specimen surface. Table

3.1 shows the chemical compositions of the three samples used in the present study.

Table 3.1: Chemical composition of the materials selected in the present study in wt %.

Elements Cr Ni [ Mn | Mo | Si P A\ Cu Fe

Pure Fe - - - - - - - - 199.99

DSS 2205 |21.79 [ 5.17 149291042 0.15]0.16 | 0.22 | Bal

304 AUSS | 18.3219.26 | 1.63 0.25]0.35]034| 0.1 |0.21 | Bal
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Pure Fe (99.99 %)

Figure 3.8: Microstructure of the three samples studied in the dissertation.

The samples used in the thesis were first polished up to 1000 grit size SiC emery
paper using an automatic polishing machine. Then diamond suspensions of 6, 3, 1 and
0.25 micron were used systematically to obtain a decent mirror polish. In order to remove
the debris from the preceding polish, the samples were cleaned thoroughly after each and
every polish. Polishing time was about 300 to 1000 seconds at every stage. To obtain, fine
mirror finish and to maintain surface roughness below 5 nm, colloidal silica polishing (a
combination of mechanical and chemical polishing) was used. It also helps to produce
strain free surfaces after polishing. Colloidal silica contains typical particle sizes of < 70
nm which can maintain a surface roughness < 5 nm depending on the polishing time.

Durations of 1000 to 2000 seconds for colloidal silica polishing was used depending on
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the material. Micro-hardness indents, as shown in Figure 3.9, were intentionally made on

the specimen surface to enable easy identification of reference locations.

deoe e

Figure 3.9: Optical micrograph of the DSS 2205 specimen with micro indents for

location identification.

3.4 ELECTRON BACKSCATTER DIFFRACTION (EBSD)

EBSD study was performed using a Zeiss SUPRA 55 Gemini field emission gun
SEM at an accelerating voltage of 20 kV, an aperture of 60 pm and a working distance of
12 mm, to obtain the crystallographic orientations to correlate with the magnetic

microstructure obtained with MFM.

3.5 SUMMARY

The details of MFM experimental setup equipped with externally applied
magnetic field is presented. The optimization of lift-off distance for the second pass
during MFM imaging is discussed for the specimens used in the present study. The
magnetic stability of the tip in the range of external applied field (£1800 Oe) used in the
present study is demonstrated. The chemical composition and details of thermo-
mechanical treatment and microstructure of the specimens used in the present study are
also presented.
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MFM STUDIES IN BULK
POLYCRYSTALLINE IRON

4.1 INTRODUCTION

The magnetization behaviour of a ferromagnetic material is governed by the
characteristics of the magnetic domains and their dynamics. Magnetic domain imaging
provides the most direct access to the effective magnetic properties from macro to nano
scale for fundamental and application point of views [25, 41]. Various studies have been
performed to directly visualize the magnetic domains and their dynamics in different
materials using magnetic imaging techniques as discussed in Chapter 2. In the present
chapter, MFM has been employed to image the domain structure in a pure iron specimen.
The bulk polycrystalline iron contains grains oriented in arbitrary crystallographic
directions. Hence, magnetocrystalline anisotropic effect on the domain structure can be
characterized with the support of electron backscatter diffraction (EBSD) technique. The
distinct variations in magnetic domain structure are expected based on the
crystallographic orientation of the grain surface normal with respect to the cube axis i.e.

the easy axis of magnetization.

Further, the chapter discuss the visualization of the local magnetization behaviour
in-situ by MFM in presence of external magnetic field in the range of -2000 to 2000 Oe.
Various micro-magnetization phenomena such as reversible and irreversible domain wall
movements, expansion and contraction of domains, Barkhausen jump, bowing of a pinned
domain wall and nucleation of a spike domain are visualized. The respective changes in

the magnetic microstructure are compared with the bulk magnetization obtained using
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vibrating sample magnetometer. Bowing of a domain wall, pinned at two points, upon
application of magnetic field is used to estimate the domain wall energy density. The
external field applied in two perpendicular directions is used to reveal the influence of the

crystalline anisotropy on the local micro-magnetization.

4.2 RESULTS AND DISCUSSION

At first, MFM has been used to image magnetic domains on the surface of
randomly oriented grains in the polycrystalline iron sample. The obtained MFM phase
maps show clear differences in the domain patterns in different grains as shown in Fig.
4.1 a-d. However, the crystallographic orientations of the grains are required to be known
to properly understand the features in the MFM phase maps. Further the direction of in-
plane magnetization of the domains can only be revealed by studying its response against
the application of external in-plane magnetic field. Hence, both MFM in presence of in-
plane magnetic field and EBSD studies have been performed at the same locations of the

sample and the results are discussed in this section.
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Figure 4.1: MFM phase maps obtained in different grains of bulk polycrystalline iron.
The MFM phase ranges for (a) — (d) are [0.81°], [0.84°], [0.85°] and [0.61°]

respectively.

4.2.1  Role of crystalline anisotropy on magnetic domain structure

In this section, the influence of crystallographic orientation on the magnetic

structure is studied in the polycrystalline iron specimen in the demagnetized state.

4.2.1.1 Grain orientation in the selected region

Figures 4.2 a-c show the inverse pole figure (IPF) maps of an area of 600 x 450
um? on the surface of the iron specimen for Xo, Yo and Zo directions, respectively. The
directions are shown schematically in Fig. 4.2d. About 30 grains with random

orientations can be seen in the selected area with the average grain size of about 80 um.
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The grains with orientations close to {100}, {110} and {111} planes parallel to the
sample surface were selected to study the effect of crystallographic orientation on the

domain structure.

Figure 4.2: Inverse pole figure maps of the polycrystalline iron specimen in (a) Xo, (b)

Yo and (c) Zo directions of the sample as shown schematically in (d).

4.2.1.2 Influence of grain orientation on the domain strucuture

The MFM images were obtained after demagnetization within the minor loops in
the range of £2000 Oe. The domain structures in the grains marked as 4-F in Fig. 4.2¢c are
shown in Figs. 4.3 a-f, respectively and the inset shows 3D grain orientation. The surface
of the grains indicated as 4 and B, C and D, and E and F are oriented close to {100},
{110} and {111}, respectively, as shown in the IPF map corresponding to the normal (Zo)
direction (Fig. 4.2¢). The MFM images exhibit contrast corresponding to the domain
walls and a feable contrast is only observed between different domains. This indicates

that the domains are essentially aligned parallel to the surface plane.
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The grains with surface parallel close to {100} (Figs. 4.3 a and b) exhibited
domains aligned in two perpendicular directions. The grains with surface parallel to
{110} (Figs. 4.3 c and d) exhibited domains essentially aligned in one direction. This is in
line with the domain structures reported in grain-oriented and non-oriented electric steels
[110, 111]. However, the grains with surface parallel to {111} crystallographic plane
exhibited fine and complex maze type domains. These observations can be explained
based on the magneto crystallographic anisotropy in iron with body centered cubic (BCC)
structure. The easy magnetization direction of the BCC iron is <100>, both the opposite
directions are magnetically equivalent in the easy magnetization direction. In order to
have at least one easy magnetization direction lying in a plane, by the Weiss zone law,
any one of the plane indices {hkl} should be zero; and for two perpendicular easy
directions to be present, two of the indices must be zero. Hence, the grains with surface
parllel to {100} and {110} are expected to have two and one easy magnetization
directions [25], respectively, lying on the surface plane. With two easy magnetization
directions lying on the {100} plane, domains aligned in two perpendicular directions are
expected, as observed in Figs. 4.3 a and b. For the grains with surface parallel to {110},
domains aligned in only one direction parallel to the easy axis are expected, as seen in
Figs. 4.3 ¢ and d. In the grains with surface parallel to {111}, no easy magnetization
direction can lie on the surface. In this case, a fine complex maze type domain is
observed. due to branching of the surface domains to minimize the magnetostatic energy
[2], as observed in Figs. 4.3 e and f. The study cleary indicates that the grains with
specific orientations exhibit particular domain structure on the surface depending upon its

orientation with respect to the easy magnetization direction.
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Figure 4.3: MFM phase maps obtained in iron specimen for grains with surface parallel
to (a) and (b) {100};(c) and (d) {110}; and (e) and (f) {111}. The grains are
marked as A-F in Fig. 4.2c, respectively. Insets indicates the respective grain

orientations.
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4.2.2  MFM imaging of evolution of magnetic microstructure with applied field

4.2.2.1 Magnetization curve of the bulk polycrystalline iron

Figure 4.4 shows the hysteresis curve obtained for the polycrystalline iron
specimen. The field required for complete saturation is ~ 15 kOe and the saturation
magnetization is about 2 T. The bulk magnetization measurement has shown negligible
value of coercivity as the pure bulk polycrystalline iron specimen is magnetically very
soft. The low coercivity (around 20 Oe) value of the iron values are in excellent

agreement with those reported in literature for pure iron [33, 105, 138].
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Figure 4.4: Magnetization curve for polycrystalline iron.

Before performing the detailed study on the influence of applied magnetic field on
the domain structure, it is required to ensure the stability of the tip in the range of
magnetic field being studied. The details of the tip stability and the MFM phase image
reliability were discussed in the section 3.2.6. Figure 3.7 depicts the lancet type domain
structure which shows the particular grain may have two easy axes of magnetization. The
orientations of all the lancet type spike domains are observed to be almost parallel to the
horizontal direction indicating the easy axis <100> to be aligned in this direction. With
decreasing magnetic field from +2000 Oe to -1800 Oe, the length of the domains in the
white encircled region (Fig. 3.7) decreased. Based on this, the spin orientations within the

domain are indicated by black arrows in Fig. 3.7.
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A systematic increase/ decrease in the size and nucleation/ annihilation of
domains can be visualized with decreasing field. However, no sudden change in the phase
contrast was observed for any domain confirming the magnetic stability of the tip in the
range of external magnetic field applied in the present investigation. Even though a
systematic change in the domain structure is observed with changing field, the complete
magnetic saturation is not observed in the MFM images at the maximum field applied in
the present study. This is in agreement with the bulk average magnetization curve
obtained by the vibrating sample magnetometer, which indicates that the field required
for complete saturation is about 1 Tesla (Fig. 4.4). Further, as each grain is big in size, the
local MH loop measurements with magneto-optic Kerr effect can also provide qualitative

information about the magnetic anisotropy.

4.2.2.2 Observation of micro-magnetization events

A detailed analysis of the evolution of magnetic structure with applied field is
studied for the area encircled in Fig. 4.2c. Figure 4.5a shows the MFM phase map in the
demagnetized condition. The selected area comprises of three grains marked as (I)-(III) in
Fig. 4.5a. The grain boundaries are highlighted as white dotted lines for clear
visualization. It can be seen in the IPF map corresponding to Zo (sample normal) direction
(Fig. 4.2¢) that the surface normal of grain I has orientation between <100> and <110>.
The surface normal of grain II is oriented between <100> and <111>, whereas, grain III is
oriented parallel to {111} plane. This is clearly reflected in terms of increasing
complexity of the magnetic microstructure from grain I to grain III, as seen in Fig. 4.5a.

These observations are in line with those described in the earlier section.

Figures 4.5 b-k show the changes in the magnetic microstructure during a minor
magnetization loop. The magnetic field is applied along the vertical direction (Yo in Fig.4.
2d). The direction of positive field is upwards and the negative field is downwards in the
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Figure 4.5: MFM phase maps obtained in presence of in-plane magnetic field of (a) 0
Oe [0.27°], (b) 400 Oe [0.27°], (c) 1200 Oe [0.26°], (d) 1600 Oe [0.27°], (e)
2000 Oe [0.28°], (f) 0 Oe [0.3°], (g) -1200 Oe [0.32°], (h) -1600 Oe [0.34°],
(1) -2000 Oe [0.36°], (j) -1000 Oe [0.37°] and (k) O Oe [0.28°]. Contact
mode AFM topography image is shown in (1) and the insets show the pole
figure and 3D cube orientation of grain I obtained from EBSD study. The

positive direction field is upwards and the negative direction is downwards.
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images shown in Fig. 4.5. In spite of the complex domain structure, the influence of the
applied field can be visualized is grain III. The fine domains in the area denoted by a

rectangle in grain III got aligned in the direction of applied field with increasing field.

Grain I exhibited small phase contrast between different domains, however, the
domain walls are associated with sudden phase variations and hence can be clearly
identified. This indicate in-plane magnetization in the grain. The contact mode AFM
topography image is shown in Fig. 4.5/. The insets in Fig. 4.5/ show the pole figure of
grain | and 3D orientation obtained by EBSD. As the orientation of the grain surface is
between {100} and {110}, one to two easy magnetization directions are expected to lie
close to the plane surface in directions parallel to the arrows shown in Fig. 4.5/. These are
also indicated by the directions of white arrows in Figs. 4.5 a-k. Different domains
exhibiting significant changes are denoted by A4-E in Fig. 4.5a. Several lancet domains
oriented parallel to one of the two easy axes can be seen on the boundaries between
domains 4 and C, domains 4 and E, and at the grain boundary. A few lancet domains are
also observed within domain 4. The MFM imaging with application of = 2000 Oe
external field demonstrates various micro-magnetization phenomena in the iron specimen

as described below.

The growth of domain A, at the expanse of domains B, C, D and E, with
increasing applied field up to +2000 Oe can be clearly visualized in MFM phase maps
shown in Figs. 4.5 a-e. Based on the above, the possible magnetization directions of the
domains are indicated in Fig. 4.5k. The field dependent domain wall dynamics can be
visualized clearly by the movement of domain wall between domains 4 and B (indicated
by white arrow). The domain wall returned almost to the original position upon the
removal of the external field (Fig. 4.5f). With further application of the external field in
the negative direction, growth of domain A4 is clearly visualized in Figs. 4.5 g-i. The
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domain wall moved in one of the easy magnetization directions by about 7 pm upon
application of -2000 Oe as compared to the without field condition. Nucleation of a lancet
domain in domain B at its wall with domain 4 can be visualized in Fig. 4.51 upon
application of -2000 Oe. The nucleation of the lancet domain is associated with formation
of a kink at the wall to overcome a pinning site. The nucleated lancet domain is aligned
along the easy axis. The locations corresponding to the nucleation point of the lancet
domain are shown by circles in all the MFM and topography images. Corresponding to
the same location, a lancet domain can also be observed in the MFM images obtained at
0-1200 Oe applied fields (Figs. 4.5 a-c). A small surface defect like feature is clearly
observed corresponding to this location in Figs. 4.5 d-f and k. However, the AFM image
did not reveal any topography feature at this location. A few other surface defects are
observed in the topography image as identified by dotted ellipse in Fig. 4.5/. All these
surface defects are also revealed in MFM images, as indicated in Fig. 4.5k, with similar
appearance as the defect at the location of the lancet domain. The absence of defect
feature in the AFM topography image may be attributed to better sensitivity in the MFM
imaging due to the stray fields associated with these defects. The hindrance to the
movement of domain wall and nucleation of lancet domains at the defect clearly
demonstrate the influence of surface defects on the field dependent domain wall dynamics
studied on the surface of a specimen. The reduction in the areas of domains C and D with
respect to their area in the demagnetized states are plotted in Figs. 4.6 a and b,
respectively, during the minor magnetic loop. With increasing applied field in the
positive direction up to 2000 Oe, the area decreased almost linearly by about 60 %
(80um?) for domain C. The linearity was maintained during the reduction in field up to -

2000 Oe, indicating reversible domain wall movement.
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Figure 4.6: Change in the area of (a) domain C and (b) domain D with applied magnetic
field. Domains C and D are indicated in Fig. 4.5a.

However, during the decrease in applied field from -2000 Oe to zero, a nonlinear
behaviour is observed. On the other hand, domain D (a lancet spike domain at the grain
boundary) exhibited irreversible domain wall movement with nonlinear hysteresis
behaviour with reduction in the domain area by about 90% (6 pum?) with increasing field
to 2000 Oe. The remanence and coercivity effects are also seen clearly for this domain.
The coercivity value is found to be about -1600 Oe, corresponding to the same size of the

domain observed during reducing field as in the demagnetized state.

4.2.2.3 Bowing of a domain wall

Various magnetization effects can be visualized in a part of the domain wall
between domains A4 and E marked with the dotted white arrow in Fig. 4.5. In the
demagnetized state (Fig. 4.5a), the domain wall is straight, indicating stress free region
[105].With the application of 400 Oe in-plane external field in the upward direction,
bowing of the domain wall is observed along the direction of white dotted arrow, i.e.
parallel to one of the easy axes, as the domain wall is pinned between the points separated
by about 5.76 um as seen in Fig. 4.5b. With further increase in the field up to about 1200

Oe, no further movement of the domain wall is observed which indicates the pinning of
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the domain wall (Fig. 4.5¢). Sudden jump of the domain wall is observed at 1600 Oe (Fig.
4.5d), and slight further bowing is observed at 2000 Oe field. The field induced domain
wall dynamics can be clearly visualized in the trace of the domain wall shown in Figs. 4.7
a and b corresponding to increasing field from zero to 2000 Oe and reducing field from
2000 Oe to -1600 Oe, respectively. The variations in bowing distance (X, as indicated in
Fig. 4.7¢) with applied field are shown in Fig. 4.7d. The sudden jump (bowing) of domain
wall at 400 Oe, with no further movement at 800 and 1200 Oe followed by a sudden jump
at 1600 Oe are clear manifestations of the pinning effect (defect induced Barkhausen
jump). The domain wall pinning happened specifically at two locations at 400 and 1600
Oe (Fig. 4.7a) during the increasing field. At the same locations, pinning of domain wall
were observed during the reduction in the applied field also (Fig. 4.7b). This confirmed

that the observed domain wall pinning were due to real defects present at those locations.

During decreasing field, no significant change at 1000 to -800 Oe, these images
were not shown in Fig. 4.5. However, the trace of domain wall at 1000 and -800 Oe is
shown in Fig. 4.7. After that, sudden reduction in bowing at -1200 Oe and reaching the
initial state at -1600 Oe. This clearly shows irreversible movement during bowing of the
domain wall. Remanence and coercivity phenomena of the minor loop can be seen clearly
in Fig. 4.7. Bowing in the opposite direction is not observed upon application of negative
field upto -2000 Oe, as domain A4 is sandwiched between domains C and E due to their
expansion during the application of field in the negative direction (downwards). The
coercivity value is found to be about -1600 Oe corresponding to the position of the
domain wall as in the demagnetized state. This value is similar to that obtained for
domain D, as described earlier. The apparent coercivity value of -1600 Oe is very large
for pure iron. The coercivity values for pure iron are reported to be in the range of 1 — 10

Oe for bulk samples [1, 2]. For larger domain (domain C with ~130 pm? area), the
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coercivity observed in the present study is in line with those reported earlier. However,

the hysteresis observed on the surface in MFM results could be attributed more to the

surface phenomena similar to those discussed to explain the higher value of domain wall

energy density on the surface. The similar phenomenon is observed in case of thicker film

of CoP specimen. In that case, bulk magnetization shows smaller coercivity and

remanence as compared to the surface magnetization values [139]. It is evident from the

analysis of field induced domain wall dynamics in Fig. 4.5 that depending upon the

domain size and surrounding domain structure and microstructure, various domains

within the same grain show different behaviour such as irreversible or reversible

movement at similar field values.

Figure 4.7:
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distance (x) and distance between pinning points (2y) are shown in (c). (d)

Shows the variations in bowing distance with applied magnetic field.
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The extent of bowing of a domain wall (x), pinned at two points separated by distance
(2y), under the influence of an external magnetic field (H) is related to the domain wall

energy density (E) as shown in the simplified equation given below [5]:

2
% = %%cos(@) (4.1)

The Msvalue of 2 Tesla is obtained from Fig. 4.4. The applied field (H) of 400 Oe, the x
value of 3.8 um and y value of 2.88 um are used (Fig. 4.7d). 8 (= 40°) is the angle
between the external field and the bowing direction. The value of surface energy density
of the domain wall is calculated as 52 mJm™. The values are even larger if x values
corresponding to 1600/ 2000 Oe are used. The domain wall energy density value obtained
in the present study is higher than that reported for polycrystalline metallic materials (1-8
mJ m?) [2, 140] and thinfilms (3-15 mJ m™) [5, 32]. The higher value of domian wall
energy density is also attributed to the presence of surface defects contributing to larger
hindrance to the movement of surface domain walls. Considering that the hindrance to the
movement of domain wall is much less inside the sample, the movement of domain wall is
expected to be more inside the sample as compared to that on the surface at the same

applied field. This would lead to pulling effect on the domain wall observed on the surface

by the overall domain inside the sample.

4.2.2.4 Magnetic anisotropic influence in the micro-magnetization

Various micro-magnetization phenomena could be visualized by the MFM studies
in presence of applied field in Grain I (Fig. 4.5a), which surface normal was oriented close
to the cube axis with two easy axes of magnetization on the surface parallel to Xo and Yo
directions. In order to observe the magnetic anisotropy effect on the local micro-

magnetization, another grain (Grain ‘G’ in Fig. 4.2) with <110> surface normal is selected
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which exhibits easy axis of magnetization <001> along Y direction and <110> along Xo

direction, as shown in Fig. 4.2.

Figure 4.8: MFM phase maps obtained (a) without field and (b) in presence of 1600 Oe
field applied in the vertical direction. The specimen was then rotated by 90°
after completing one cycle of magnetization. MFM phase maps obtained (c)
without and (d) in presence of 1600 Oe field in the horizontal direction.
MFM images shown in (c) and (d) are rotated by -90° for direct comparison

with (a) and (b). The 3D cube orientation of the grain is shown as inset in

(a). The MFM phase range of (a) — (d) are [0.27°].

Figure 4.8a shows the MFM image obtained before the application of external
field. The easy axis of magnetization for the grain is in the vertical direction (Yo) as seen
in the 3D orientation shown as inset in Fig. 4.8a. MFM images were obtained at different
applied fields in the vertical direction (Yo/ <001>) in the range of = 1600 Oe during one

magnetization cycle. Figure 4.8b shows the MFM image obtained in presence of 1600 Oe
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external field. Reduction in the size of domains (S and 7 marked in Fig. 4.8) are clearly
observed upon application of the external field. Based on the response of the domains to
the external field, the directions of magnetization in different domains are indicated by
arrows in Fig. 4.8. The reductions in the area for domains S and 7 as functions of the
applied field are shown in Figs. 4.9 a and b, respectively. About 90% change in the
domain area is observed for Domain S upon application of + 1600 Oe field. Domain T
exhibited about 40 % reduction in the area upon application of 1600 Oe and about 70%
increase in the area upon application of -1600 Oe field. Changes are also observed in
other domains in the grain. After completing one cycle of magnetization, the specimen
was rotated by 90° and the acquired MFM images were also rotated by -90° for direct
comparison with Figs. 4.8a and b. Figure 4.8c shows the MFM image in absence of
external field. MFM images were obtained at different applied fields in the horizontal
direction (Xo/ <110>) in the range of = 1600 Oe during one magnetization cycle. Figure
4.8d shows the MFM image obtained in presence of 1600 Oe external field. The
reductions in the areas of domains S and T as functions of the applied field are also shown

in Figs. 4.9 a and b, respectively.
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Figure 4.9: Change in the area of (a) domain S and (b) domain 7" with applied magnetic
field along <100> and <011> direction. Domains S and 7 are indicated in

Fig. 4.8a.
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It can be clearly seen from Figs. 4.8 and 4.9 that the magnetic domain structures changed
only marginally with the applied field in <110> direction as compared that in <001>
direction i.e. along the easy magnetization direction. The field dependent domain
dynamics studied in both the grains exhibited that the magnetization essentially
progresses with large changes in lancet domains at the grain boundaries. This provides the
experimental validation of the influence of grain boundaries on the magnetization process
as proposed by Sakamoto et. al [141] and observed through enhanced magnetic

Barkhausen emission in smaller grains by many authors [142].

4.3 CONCLUSIONS

The present chapter demonstrates the applicability of MFM in combination with
EBSD to study the influence of crystallographic magneto anisotropy on the magnetic
microstructure and field dependent domain wall dynamics on the surface of a
polycrystalline iron specimen. MFM study in presence of external magnetic field
provided clear visualization of various micro-magnetization phenomena such as
reversible and irreversible domain wall movements, expansion and contraction of
domains, Barkhausen jump, generation of a spike domain, and bowing of a pinned
domain wall. The study indicates that depending upon the domain size and surrounding
domain structure and microstructure, various domains within the same grain show
different behaviour such as irreversible or reversible movement at similar field values.
The higher coercivity and surface domain wall energy density values obtained for smaller

domains in the present study are attributed to the presence of surface defects.
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MFM STUDIES IN DUPLEX
MAGNETIC STRUCTURE STEEL

5.1 INTRODUCTION

This chapter investigates the local micro-magnetization behaviour in duplex
stainless steel (DSS) using MFM. The duplex microstructure of DSS has equal amount of
austenite phase in ferrite matrix. The MFM imaging clearly differentiates ferrite phase
(ferromagnetic) from the austenite phase (paramagnetic) due to the maze type or complex
stripe magnetic domains present in the ferrite phase. The microstructure of DSS helps to
study the influence of the interface (grain boundary) The magneto crystalline anisotropic
effect on the domain structure is discussed with the support of EBSD measurements.
MFM phase contrast and domain width are correlated with the orientation of surface
normal with respect to the easy axis of magnetization (<100>). The influence of external
magnetic field (£1600 Oe) application on the domain structure is studied as a function of
the grain orientation and the leakage field at the grain boundaries is analyzed based on the

mis-orientation between the grains.

5.2 RESULTS AND DISCUSSION

5.2.1  Influence of crystallographic orientation on domain structure

5.2.1.1 Domain structure in the three orthogonal planes
The polished and un-etched sample was probed with MFM to obtain the magnetic
domain structure. Figure 5.1 depicts the topography and the MFM phase map of the DSS

sample. The MFM phase map differentiates the ferrite from the austenite phase. The maze
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type and striped domain patterns are observed on the surface of the ferrite phase region,
and the paramagnetic austenite phase shows a homogeneous and uniform MFM phase
distribution. The magnetic domain structures observed by MFM on the three orthogonal
planes of the DSS specimen are shown in Fig. 5.2 as a 3D image. Similar, microstructures
obtained with optical microscope (showing distribution of ferrite and austenite phases)

have been reported for DSS specimens [114, 143].

=33

0 10 20 30 40 50

Distance (pum)

Figure 5.1: (a) AFM topography, (b) MFM phase map and (c) the line profiles of
both topography and MFM phase maps obtained on the DSS sample.
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Influence of crystallographic arientation on domain structure in 0SS

Figure 5.2: 3D magnetic microstructure of DSS sample obtained using MFM, X, -

Normal direction, Yo - Rolling direction and Zo -Transverse direction.

The sandwich of elongated ferrite and austenite grain structure are seen in the
rolling (Yo) and transverse sections (Zo). The microstructure in the normal section (Xo)
plane shows austenite grain spread isotropically in the ferrite matrix. The observed
magnetic domain structures in the ferrite grains on all the three surfaces of the specimen
show similar striped / maze type domain patterns with strong magnetic contrast. In the
present study, the detailed analysis of magnetic domain structure is performed on the
transverse section (Zo) of the specimen so that the effect of anisotropic microstructure
(elongated grains) on magnetization behaviour could be studied in two perpendicular

directions.

5.2.1.2 Grain orientation in the selected regions
Figures 5.3 a and b show the plane normal inverse pole figure (IPF) maps of

austenite and ferrite phases, respectively, in an area of 200 x 200 um? on the transverse
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section (Zo) of the specimen. The microstructure consists of two phases with similar
frequency of occurrence and the recrystallization fractions for austenite (FCC) and ferrite
(BCC) phases are 48.4% and 47.5% respectively. The grains are elongated in the Yo
direction; however, no preferential crystallographic orientation is observed. The residual
stress on the specimen was also measured using XRD technique along the rolling
direction (Yo) in the longitudinal section (XoYo plane in Fig. 2). Negligible values of -10
+ 30 MPa and -10 + 25 MPa were observed in the ferritic and austenitic phases. For
further detailed analysis of the MFM images and the corresponding crystallographic

orientation image maps, the marked region in Fig. 5.3b is selected.

|
=

e

e el o

Lot e

Figure 5.3: Z, direction inverse pole figure map of DSS sample for (a) austenite phase

and (b) ferrite phase.
5.2.1.3 Influence of grain orientation on MFM contrast and width of domains
Figures 5.4 a-c show the IPF maps of ferrite phases corresponding to Xo, Yo and
Zo directions, respectively, for the selected area of 50 x 50 um? on the DSS surface.
Figure 5.4d depicts the MFM image for the corresponding area after minor loop
demagnetization (with the range of £2000 Oe) in the X, (horizontal) direction. The bright
and dark regions in ferrite phases clearly reveal that the magnetic domains are pointing

out of the surface for the bright region and pointing into the surface for the dark region, as
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Influence of crystallographic arientation on domain structure in 0SS

per equation 3.1. Therefore, most of the visualized magnetic domains in the DSS
specimen are perpendicularly magnetized to the surface and separated by 180° domain

walls.

Figure 5.4: (a-c) Inverse pole figure maps of the ferrite phase for the area marked in Fig.
5.3b in Xo, Yo and Zo directions respectively and (d) the corresponding
MFM image with the phase range of 1.06°.

The orientations of grains A, C, D, F and G are shown schematically in Fig. 5.4a.
Interestingly, it has been noted that the grain orientation has a close relationship with the
MFM phase contrast. Grain A with surface normal along <001> easy axis of
magnetization (red in Zo IPF) shows a strong MFM contrast as compared to grains B-G
with the surface normal along <110> direction (green in Zo IPF). In addition to the

variations in the MFM phase contrast, the domain widths are also found to be different in
73



Lhapter &

these grains. For better visualization of the effect of crystallographic orientation on the
domain structure, the 16 grains observed in Fig. 5.4 are indicated on the IPF

corresponding to the surface normal in Figs. 5.5 a and b.
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Figure 5.5: Influence of grain orientation on (a) maximum MFM phase contrast and (b)
domain width. The sizes of the bubbles are proportional to the absolute
values and the IPFs are shown corresponding to the surface normal. (c)
shows the variations in maximum MFM phase contrast and domain width
with the deviation of surface normal from the easy axis of magnetization
(<100>).

The sizes of the bubbles in Figs. 5.5 a and b are proportional to the absolute values of the

MFM phase contrast and domain width, respectively. It can be observed that the MFM

phase contrast decreases and domain width increase with the increased deviation of

surface normal from the easy axis of magnetization (<001>). The variations in the
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maximum MFM phase contrast and domain width with angle between <001> and the
surface normal are shown in Fig. 5.5c. The observed variations in the MFM phase
contrast and domain width can be explained by considering out-of-plane magnetization,

as shown schematically in Fig. 5.6.
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Figure 5.6: Schematic representation of the magnetic moments with their respective
stray fields for a perfect orientation along easy [001] direction (Left) and
with an angle (6 > 0°) (Right).

The MFM tip is magnetized perpendicular to the surface and hence senses the
component of the stray field emerging perpendicularly from the surface. In case of the
surface normal parallel to the easy axis of magnetization (Fig. 5.6a), the stray fields are
also normal to the surface and the maximum MFM phase contrat is observed. With
increasing deviation of surface normal from the easy axis of magnetization (Fig. 5.6b),
only a part of the stray field component that is perpendicular to the surface, influences the
phase of the vibrating cantilever. This leads to decrease in the MFM phase contrast as
observed in Fig. 5.5. The domain width is minimum if the domains are oriented parallel to
the surface normal and increases with increasing deviation of surface normal from the

easy axis of magnetization (Fig. 5.6). Increase in domain width with increasing angle
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between easy magnetization and surface normal was also observed by Batista et al. [144]

in perpendicularly magnetized cementite precipitates.

The alignment of the stripe domains are also observed to be governed by the
crystallographic orientation. For the grains with surface normal along <110> direction,
the domain stripes are found to be oriented along the easy axis of magnetization parallel
to the surface, as seen in Fig. 5.4. For example, grains C and F with [001] parallel to the
Yo direction (red in Fig. 5.4b) exhibit domain stripe alignment along the Y axis; whereas,
grains B, D and E with [001] parallel to the X direction (red in Fig. 5.4a) exhibit domain
stripe alignment along the Xo axis. A grain with surface normal parallel to <100>
direction, such as Grain A shown as red in all the three IPFs (Figs. 5.4a-c), can exhibit
alignment along one of the two easy axes depending upon the previous magnetization.
Because of the minor loop demagnetization (with the range of £2000 Oe) performed in
the horizontal direction (parallel to Xo axis), the domains in Grain A are aligned along the

Xp axis.

5.2.2 Evolution of domain structure in presence of external field
5.2.2.1 Magnetization curve of the bulk specimen

Figure 5.7 shows the magnetization curve obtained for the DSS specimen at low
temperature (2.2 K) and room temperature (300 K) by VSM measurements. The field
required for complete saturation of the bulk specimen is ~ 5 kOe and the saturation
magnetization at room temperature is about 0.98 T (99.9 emu/g). In VSM study, the
average macroscopic magnetic properties of the specimen are measured. The bulk
remanence and coercivity values obtained by VSM measurement of the DSS sample are
similar to those reported in earlier studies [145, 146]. Both iron and DSS has negligible
remanence and coercivity. Hence, the saturation magnetization obtained for DSS with

~50% ferrite is about half of that reported for a pure iron specimen [147].
76



Evalution of domain structure in presence of external field in 0SS

12{)__ ----------------------

] DSSat22K
804—+— DSS at 300 K

40

40- —:

-120_-"|""| ~~~~~~~~~ T 7 —
-4000 -2000 0 2000 4000
Magnetic field (Oe)

Magnetization (emu/gm)
(=]
1

Figure 5.7: Magnetization curve for DSS at low temperature and room temperature.

5.2.2.2 Field induced domain dynamics

MFM image of the same area as shown in Fig. 5.4d was obtained in presence of
in-plane external magnetic field in the complete cycle of +1600 Oe. The field was
increased in steps of 200 Oe up to 1600 Oe followed by decrease in 2 steps.
Subsequently, the field direction was reversed, and the field was increased in steps
of -200 Oe up to -1600 Oe followed by decrease in 2 steps. MFM images were obtained
by holding the field at every step. At first, the complete cycle of in-plane magnetic field
was applied parallel the Yo direction (Fig. 5.4a) i.e. along the vertical direction in Fig. 5.8.
The typical MFM images corresponding to various applied fields viz 0 Oe, 800 Oe, 1600
Oe, 0 Oe, -1600 Oe and 0 Oe during one magnetization cycle are shown in Figs. 5.8 (a)
through (f), respectively. The influence of applied field on the domain structure is
analyzed in view of the direction of easy axis of magnetization on the surface with respect
to the applied field. As discussed in the previous section, the grains with surface normal
along <110> direction (Grains B-F) exhibit domain stripes oriented along the easy axis of
magnetization parallel to the surface. For such grains with easy axis of magnetization

orthogonal to the applied field direction (such as Grain D), no appreciable change in
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Figure 5.8: MFM phase maps obtained in presence of in-plane magnetic field of (a) 0
Oe [0.7°], (b) 800 Oe [1.03°], (c) 1600 Oe [2.8°], (d) 0 Oe [0.48°], (e) -1600
Oe [2.5°] and (f) 0 Oe [0.92°], The positive direction field is upwards and
the negative direction is downwards. The values in [ ] indicate the range of

MFM phase variation in the corresponding image.
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domain structure is observed with applied field except for a small reduction in the domain
contrast. For such grains with easy axis of magnetization along the applied field (Grains
C and F), the domains were already aligned along the applied field direction. With the
application of external field, a larger reduction in the domain contrast is observed in these
grains as compared to the other grains. After the completion of the magnetic cycle, the
domains with stripes aligned in the field direction are observed as in the initial condition.
The study indicates that the grains with surface normal along <110> direction (Grains B-
F) does not exhibit any appreciable change in the domian structure upon application of
magnetic field in the direction parallel or perpendicular to the easy axis of magnetization
in DSS upto the maximum field of £1600 Oe applied in the present study. However,
interesting results are observed for grain with surface normal along <100> direction
(Grain A) for which two perpendicular easy axes of magnetization are present on the
surface. Domain stripes aligned along Xo axis is observed in the initial condition due to
the application of field in the Xo direction for demagnetization. After application of the
magnetization cycle, the domain stripes are found to be aligned in the vertical (Yo)
direction i.e. along the direction of applied field. The evolution of magnetization in this
grain can be visualized clearly in Figs. 5.9 a-/ showing the magnified MFM phase maps
of Grain A at smaller steps of applied field. It can be seen in Fig. 5.9a that even though
the stripe domains seem to be aligned along Xo direction, perpendicular domains are also
observed branching from them as indicated within the rectangle in Fig. 5.9. Upon
application of magnetic field in Yo direction, the small branching domains grow in the
direction of applied field and join with the branching domains of the neighbouring stripes
(Fig. 5.9¢). At the same time, the stripe domains in the Xo direction (perpendicular to the
applied field) shrink. These lead to the final magnetic structure with domain stripes
aligned in the direction of applied magnetic field i.e. vertical direction (Fig. 5.9¢). With

application of field in the opposite direction, further domain alignment parallel to the
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magnetization direction is observed (Fig. 5.9/). In these case, the direction of the stripes is
rotated along the field direction. Which is earlier identified as rotatable anisotropy in the

CoP thick film by Oscar de Abril et. al. [139].

Figure 5.9: MFM phase maps obtained in presence of in-plane magnetic field of (a) 0
Oe [0.75°], (b) 400 Oe [1°], (c) 800 Oe [1.2°], (d) 1200 Oe [1.7°], (e) 1600
Oe [2.8°], (f) 900 Oe [0.93°], (g) 0 Oe [0.4°], (h) -400 Oe [0.46°], (i) -800
Oe [0.9°], (j) -1200 Oe [1.46°], (k) -1600 Oe [2.54°] and (/) 0 Oe [0.72°].
The positive direction field is upwards and the negative direction is
downwards.
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After subjecting the DSS specimen to a magnetization cycle in the Yo (vertical)
direciton, the specimen was subjected to a magnetization cycle in the Xo (horizontal)
direction. Figure 5.10 shows the MFM phase maps obtained at different magnetic field
values during the magnetization. Similar phenomena as observed during magnetization in
the Yo direction are observed. For the grains with surface normal along <110> direction,
no appreciable change in the domain structure has been observed. However, Grain A with
surface normal along <100> direction exhibted change of stripe alignment from vertical

to horizontal direction.

Figure 5.10: MFM phase maps obtained in presence of in-plane magnetic field of (a) 0
Oe [1.42°], (b) 400 Oe [2.3°], (c) 1000 Oe [2.7°], (d) 1600 Oe [8.8°], (e)
900 Oe [2.2°] and (f) 0 Oe [1°], The field direction is towards right.
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5.2.2.3 Role of grain orientation on field induced domain dynamics

The role of grain anisotropy effect on magnetization can be summarized in Fig.
5.11 showing the MFM phase maps in Grains A, C and D in remnant conditions after
application of in-plane magnetic fields in the orthogonal directions. Grains C (Figs. 5.11
b, e and h) and D (Figs. 5.11c, f and 1) did not exhibit much variation in the domian
structure, however the changing stripe alignments in Grain A (Figs. 5.11 a, d and g) with
application of in-plane fields in the orthogonal directions can be clearly visualized. All
MFM phase maps in Fig. 5.11 are shown with the same phase range values [1.4°] for
ready qualitative comparision in the phase variaions. No change in phase contrast is

observed in any of the three grains after the magnetization cycles.

Figure 5.11: MFM phase maps [phase range = 1.4°] for three grains with different
crystallographic orientations as indicated by the cube orientations in the
insets obtained at remnant conditions after applying magnetic cycles

(£1600 Oe) in the directions indicated by arrows.
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5.2.2.4 Influence of grain mis-orientation on the stray field at the boundaries

In addition to the change in the domain structure within the ferrite grains, leakage
of stray fields at their interfaces with neighbouring ferrtic grains are also observed at
higher applid field values, as indicated with circle in Fig. 5.9. The leakage of stray fields
are essentially observed for the grain boundaries perpendicular to the applied field
direction (Figs. 5.8 and 5.10). The MFM phase across two grain boundaries along AA'
(shown in Fig. 5.8¢) and a grain boundary along TT" (Fig. 5.10b) are shown in Figs. 5.12
a and b, respectively for application of fields in vertical and horizontal directions. The
variations in the maximum MFM phase values across the first grain boundary along AA’
and across the grain boundaries along BB' (Fig. 5.8¢c) and TT" are shown in Fig. 5.12c. It
can be seen that the leakage field is observed beyond a minimum (threshold) applied field
and it increases almost linearly with further increase in the applied field upto 1600 Oe.
For example, the leakage field starts to appear clearly at 400 Oe, 600 Oe and 1200 Oe for
the grain boundaries across TT', first grain boundary across AA' and second grain
boundary across AA’, respectively. Further, the rate of change in the phase variations
with the applied field and the extent of phase variations are also different at different
boundaries. The leakage field at the grain boundaries are observed due to the surface free
poles appearing at grain boundaries shared by grains with different magnetic orientations
where the discontinuity (divergence) of saturation magnetization (M;) across them leads
to a divergence of magnetic field [148]. In view of this, an attempt is made to correlate
the MFM phase contrast observed across the grain boundaries with the mis-orientations

between the adjoining grains obtained by the EBSD study.
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Figure 5.12: MFM phase variations along lines (a) AA' (Fig. 5.8) and (b) TT' (Fig. 5.10)
at different field values. The maximum MFM phase contrast is plotted

against field values in (c).

MFM phase contrast at the grain boundaries oriented close to the X direction are
considered during application of magnetic field in the Yo direction and vice versa. Figure
5.13 shows the variations in the maximum MFM phase contrast at 1600 Oe at all the
grain boundaries in the area selected for MFM analysis (Fig. 5.4). It can be seen in Fig.
5.13 that the MFM phase contrast is very low for the grains with similar orientations
across the boundary i.e. with small mis-orientation. A linear increase in the maximum
MFM phase contrast is observed with increasing mis-orientation between the adjoining
grains with the application of magnetic field in the Xo direction. The extent of increase is

found to be more for the grain boundaries parallel to the Yo direction (magnetization in
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Xo direction) as compared to that to the Xy direction (magnetization in Yo direction). This
could be attributed to the concentration of stray field at only a few available ferrite-ferrite
grain boundaries during magnetization in Xo direction. Further, at a few boundaries with
large mis-orientations in the range of 55-60°, very low MFM phase contrast values are
observed. These boundaries are associated with Grains D and F (Fig. 5.4) which exhibited
very low MFM contrast within the ferrite grains also (Fig. 5.5a). This indicates that in
addition to the mis-orientation between the two grains, their surface normal with respect

to the easy magnetization axis also plays a role in governing the amount of leakage field.
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Figure 5.13: The variation in the maximum MFM phase contrast across the grain
boundaries as a function of the mis-orientation between the adjoining

grains.

5.3 CONCLUSIONS

The influences of crystallographic orientation and in-plane magnetic field on the
domain structure in the ferrite phase of a DSS are studied in detail in the present paper

using MFM. Most of the visualized magnetic domains in the DSS specimen are
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perpendicularly magnetized to the surface. The width of the stripe domain increases
linearly and the MFM phase contrast decreases almost linearly with the deviation of the
surface normal from the easy axis (<100>) of magnetization. In the range of applied
magnetic field of £1600 Oe, no appreciable change in the domain structure is observed
for the grains with plane normal close to <110> directions. However, alignment of the
stripe domains in the direction of the applied field is clearly visualized for the grain with
surface normal and applied field along <100> directions. The leakage of stray field at a
grain boundary is found to appear at a threshold applied field perpendicular to the
boundary and increases linearly with increasing applied field. Further, the stray field at a
grain boundary is found to be the function of the mis-orientation between the adjoining
grains and also depends upon the deviation of the surface normal from the easy axis of
magnetization. The paper provides a better understanding of the domain structure and its
field induced domain dynamics in a duplex structure with cubic ferromagnetic phase

exhibiting out-of-plane magnetization.
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MFM STUDIES IN FINE MARTENSITE
PRECIPITATES IN AN AUSTENITE
MATRIX

6.1 INTRODUCTION

The current chapter investigates magnetic domains and micromagnetic events in
fine precipitates of the strain induced martensite (SIM) phase in a 47% cold worked AISI
type 304 austenitic stainless steel (AUSS). In the earlier chapters, the micro-
magnetization studies were carried out on the specimens having magnetic phases larger
than a few micrometers. Conversely, the current chapter deals with the specimen having
sub-micron sized magnetic structures in the paramagnetic austenitic matrix.
Understandings of magnetic properties of sub-micron sized magnetic particles are
important as such particles are candidates for various practical applications such as non-
volatile magnetic random access memory, magnetic storage media and magnetic logic
gates. The conventional method for fabrication of nano/micro sized domain structure are
the electron beam lithography, laser lithography, scanning probe lithography,
nanoimprints, radiation damage and multiple step growth methods [149]. However, in the
present case, strain induced precipitation of martensite phase upon cold working of a
meta-stable austenitic phase has been utilized for obtaining fine ferromagnetic structures.
The extent of cold work is arrived at based on the prior studies of the evolution of size
and distribution of martensite phase during cold work of the AUSS [150]. The 47% cold
worked AISI 304 stainless steel is pragmatically chosen for having very fine

ferromagnetic phases of dimensions smaller than about one micrometer but sufficiently
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larger to be probed by MFM (a couple of hundreds of nanometer). The study
demonstrates that MFM can be used to identify distribution of strain induced o'-
martensite phases due to their magnetic domain structure and it can also be used for
understanding of micro-magnetization behavior in very small ferromagnetic phases in a
paramagnetic matrix. The influence of microstructural variations on the domain structure,
its field dependent domain dynamics and magnetic properties in the three materials

studied in the dissertation are also discussed at the end of the chapter.

6.1.1  Martensitic transformation

Generally, different kinds of martensite morphology can be formed by cold
working (mechanically) [133], sub-zero cooling (thermally) [151], ion implantation and
hydrogen charging [128-130] in AUSS. The SIM transformation is a direct consequence
of the plastic deformation of the austenite phase, where dislocation networks and twins
act as easy nucleation sites for the martensite. Two types of martensite phases (¢ and a')
can be formed from the austenite (y) phase by the following sequences, i.e. y = ¢,y — o'
and y — ¢ —a' [152, 153]. The hexagonal closed pack e-martensite is paramagnetic and
body center cubic o' martensite phase is ferromagnetic. The o' martensite phase is
thermodynamically more stable than the e-martensite. The e-martensite forms at smaller
strain and transforms into the o' martensite with the increasing strains. The o' martensite
may also forms directly from the metastable austenite phase [153, 154]. The o'-
martensite nucleates at the shear band intersections and growth occurs by the repeated

nucleation of new embryos [155].
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6.2 RESULTS AND DISCUSSION

6.2.1 Size effect on domain structure

6.2.1.1 Microstructure of cold worked 304 stainless steel

Figures 6.1 a-c depict the band contrast images obtained on the electro polished
sample at different magnifications by the EBSD technique. The microstructure of the
47% cold worked AUSS sample contains highly deformed dislocation sites, twin bands
and SIM phases. However, it is difficult to distinguish them in the band contrast images
(Fig 6.1). Normally, the a'-martensite nucleates at intersections of twins or shear bands

and grows in the form of a plate structure parallel to them.

Figure 6.1: Band contrast images, obtained by the EBSD revealing microstructure in

47% cold worked AISI type 304 austenitic stainless steel.

89



Lhapter 6

The martensite precipitates could not be indexed reliably by EBSD due to their
fine dimensions and deformed structure. Hence, it was difficult to obtain the orientation
of the SIM phases in the cold worked sample. The SIM is expected to obey the

Kurdjumov-Sachs orientation relationship with the austenite matrix [156].

6.2.1.2 Magnetic domains in o'-martensite phases

Figures 6.2 a and b show the AFM topography and the MFM phase map
respectively, of the cold worked 304 SS sample. In the semi-contact mode, a clean
surface image could not be obtained due to the presence of a few artifacts, possibly due to
dust particles. Hence, the topography was obtained separately using a contact AFM
cantilever in the contact mode. The martensite phases could still not be identified clearly
in the topography image. However, distinct magnetic patterns in form of bright and dark
contrasts are clearly visible in certain regions of the MFM images and the other regions
(austenite matrix) did not exhibit any contrast. The distinct magnetic stray field detected
regions are identified as the magnetic domains of the a'-martensite. Hence, the MFM
phase map has an ability to detect a'-martensite in the austenite matrix (Fig. 6.2 b). The
domains observed regions on the surface correspond to the cross sections of the plate or
single rod shape structures of o'-martensite phases. The isolated and grouped lamellae
structures of about 10 um length and isolated dots of a'-martensite phases with diameter
smaller than 1 um can be clearly seen in Fig. 6.2b. Different MFM phase contrasts are
observed for different precipitates depending upon the stray field. The white arrow
marked region shows continuous linear structure in the topography image, but a
discontinuous phase contrast in the MFM image. This may be attributed to in-plane and
out-of-plane magnetizations in the domain structure at different regions of the same

precipitate. The strong bright and dark MFM phase contrasts correspond to the magnetic
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domains with out-of-plane magnetizations. The magnetic domains with in-plane

magnetization are visible with lesser contrast.

302 NN 10.8°

0

nm

Figure 6.2: (a) Contact mode AFM topography image and (b) MFM Phase image (b) of
47 % cold worked AISI type 304 austenitic stainless steel.

The three orthogonal surfaces of the sample was prepared to obtain the
distribution of a'-martensite in different planes. The MFM phase maps were obtained for
a scan area of 30 x 30 pm? with the resolution of 60 nm on the three surfaces. These
MFM phase maps arranged together in the form of a 3D image is shown in Fig. 6.3. The
distribution of a'-martensite on the three surfaces depicts almost similar type of domain

patterns. The top (normal direction) surface is taken for further investigations.
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Figure 6.3: Magnetic structure observed in the three orthogonal planes of AUSS sample
using MFM.

6.2.1.3 Area fraction of o'-martensite in 47% cold worked AUSS specimen

Figures 6.4 a-d show a few typical MFM images obtained on the surface of the
well-polished sample. The distribution of the o'-martensite is observed to be different in
different MFM images of area 40 x 40 um?, i.e. the area fraction of o'-martensite in each
image is varying significantly. The difference in the distribution of the martensite phase
may be attributed to the different orientations of the parent austenite grain and the SIM
formation at different regions. For example, a large amount of martensite is formed near
to the grain boundaries, twins and high dislocation density regions. The area fractions of
the o'-martensite phase as observed in the MFM images are calculated using Image J©

software.
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Figure 6.4: Typical MFM phase maps [phase range =1.3°] at four random locations in
47% cold worked specimen to estimate the martensite area fraction.

For example, the area fractions of o'-martensite in Figs. 6.4 a-d are approximately 31%,

27%, 10% and 11%, respectively. Likewise, the area fraction was measured at different

randomly selected regions and the results are shown as a histogram in Fig. 6.5. The

estimated average value is around 22%, which is very close to that obtained by the X-ray

diffraction (21%) in the same sample [150].
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Figure 6.5: Histogram of area fraction of the a'-martensite at different locations.

6.2.1.4 Magnetization curve of the bulk specimen

Figure 6.6 shows the magnetic hysteresis curve obtained for the 47% cold worked
304 stainless steel. The 304 AUSS is basically paramagnetic in nature. However, the
ferromagnetic hysteresis loop has been observed due to the presence of the o'-martensite
phases. The saturation magnetization value (0.05 Tesla) is disproportionately less
considering 21% volume fraction of a ferromagnetic phase which may be attributed to the

discuntinuuos magnetic structure. The coercivity field of the sample is about 300 Oe.
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Figure 6.6: Hysteresis loop of 47% cold worked AISI type 304 austenitic stainless steel.
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6.2.1.5. Interpretation of magnetic domains in fine a'-martensite precipitates

High resolution (30 nm) topography and MFM phase maps of a 10 x 10 um? area
obtained to clearly visualize the domain patterns in o'-martensite phases are shown in Fig.
6.7. Martensite phases of different shapes (round dots and lamellae of different
thicknesses) and sizes can be observed in Fig. 6.7b. Further, different variants of
martensite can be observed with different orientations within the same austenitic grain. It
can be observed in Fig. 6.7 that the domain structure is essentially governed by the shape
and size of the martensite phase. The martensite precipitates having apparent circular
shape with diameter smaller than 1 pm on the cross-section surface (1-4 indicated with
white circles in Fig. 6.7b) exhibited typical of single domain structures such as a dipole or

a vortex structure. In 3D, they may be considered to be of a rod shape with closer

domains on the top surface as shown schematically in Fig. 6.8a.

nm

e

0° 1.04°

Figure 6.7: (a) Semi-contact AFM topography image and (b) MFM phase image of 47
% cold worked AISI type 304 austenitic stainless steel.

The thin lamellae type o'-martensite precipitates (A and B indicated with white

ellipses in Fig. 6.7b) exhibit alternate bright and dark high MFM phase contrast along
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their length. The thin stripe or lamellae shape observed on the cross-section surface may
correspond to a plate shaped martensite phase in 3D. Based on the large phase contrast
and the shape, this possible domain structure with out-of-plane magnetization is
schematically illustrated in Fig. 6.8b. Similar domain structures were also observed in
individual elongated magnetite lamellae by Frandsen et al. [157].

The thick lamellae type martensite precipitates (C-F indicated with black ellipses
in Fig. 6.7b) exhibited complex multi-domain structure with both in-plane and out-of-
plane magnetization on the cross-section surface. Similar complex domain structures have
also been reported for thin Co stripes of ~2 um width and 7 pm length [158]. The
difference in the domain structure is most dominantly influenced by the thickness and the
width of the plate structured phases. When the o'-martensite phase has larger width (i.e.
two or more plates combined together), they are readily forming the closure domains on
the surface with in-plane magnetization to reduce the overall energy. With decreasing

width and increasing thickness of the precipitate, domains may tend to have out-of-plane

magnetization.
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Figure 6.8: Schematic of o'-martensite precipitate at the shear bands: (a) single rod
structure showing closure domains such as dipole or vortex domain and (b)

plate type structure exhibiting domains with out-of-plane magnetization.
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6.2.2 Field Induced domain dynamics in fine phases of a'-martensite.

MFM image of the same area as shown in Fig. 6.7 was obtained in presence of in-
plane external magnetic field in the complete cycle of £1600 Oe. The field was increased
in steps of 100 Oe up to 1600 Oe followed by decrease in 3 steps. Subsequently, the field
direction was reversed, and the field was increased in steps of -100 Oe up to -1600 Oe
followed by decrease in 3 steps. MFM phase maps were obtained by holding the field at
every step. After obtaining the MFM phase maps during the complete cycle of in-plane
magnetization parallel to the horizontal direction, the sample was rotated by 90° and the
MFM phase maps were obtained again for the same area with the applied field in the
range of £1600 Oe. It is a tedious process to obtain the same location of about 10 x 10
um? in the sample after rotation. The intentionally made micro-hardness marks on the
sample were found to be very useful to approach the respective locations and
subsequently, the exact location was identified by obtaining a few MFM phase maps of
larger areas. The MFM phase maps obtained after rotating the sample were rotated
by -90° for direct comparison with the other MFM phase maps and are mentioned as
magnetization in the vertical direction. A few typical MFM phase maps obtained during
magnetization in the horizontal and vertical directions of the sample are shown in Figs.

6.9 and 6.10, respectively.
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Figure 6.9: MFM phase maps obtained in presence of in-plane magnetic field of (a) 0
Oe [1.4°], (b) 500 Oe [1.4°], (c) 800 Oe [1.4°], (d) 1600 Oe [1.4°], (e) 0 Oe
[1.26°], (f) -500 Oe [1.2°], (g) -1000 Oe [1°], and (h) -1600 Oe [1.4°]. Black
arrows denote directions of the field. The value in [] indicates MFM phase

range.
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Figure 6.10: MFM phase maps obtained in presence of in-plane magnetic field of (a) 0
Oe [1.05°], (b) 800 Oe [1.05°], (c) 1600 Oe [1.05°], (d) 0 Oe [0.9°], (e) -
1600 Oe [1.05°], and (f) 0 Oe [0.8°] after rotating the sample by 90°. The
images are rotated by -90° for ready comparison with results shown in Fig.

6.9. The arrows represent the positive and the negative field direction.

Figure 6.9a shows the MFM image in the absence of magnetic field, which depicts
various types of domains, as discussed earlier. Different domains exhibited different
response to the applied magnetic field. Domain A with alternative high contrast
(described as out-of-plane magnetization in Fig. 6.8b) didn’t exhibit large variation in the

structure or contrast of the domain up to about 1000 Oe. With further increase in the
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applied field, slight increase in the contrast along the direction of the applied field is
observed. However, obvious changes in structure and contrast are observed for many
other domains exhibiting in-plane magnetization, e.g. a change in the structure of Domain
C (parallel to Domain A i.e. having same crystallographic orientations) can be observed
in the phase map obtained at 500 Oe. After applying 1600 Oe and removal of the field, a
complete change in the structure is observed for domain C which exhibits a structure

similar to that of Domain A (Fig. 6.9¢).

After application of the complete cycle of magnetization, when the sample was
rotated and the phase map was obtained, both Domains A and C exhibited similar in-
plane magnetization (Fig. 6.10a). With the starting domain structure having in-plane
magnetization, a large change in the structure and contrast of Domain A is observed at
relatively low applied field itself (Fig. 6.10b). At the end of the magnetization cycle,
Domain A exhibited again out-of-plane magnetization. The variations in the maximum
relative MFM phase contrast within Domain A with the in-plane applied magnetic field in
both horizontal and vertical directions are shown in Fig. 6.11. It can be clearly seen that
the phase contrast within Domain A was influenced very marginally during the
application of field in the horizontal direction i.e. when the domain exhibited out-of-plane
magnetization. However, a systematic large variation is observed during the application

of field in the vertical direction, when the domain exhibited in-plane magnetization.

The study indicates that the domain structures for fine (thin) precipitates are
highly dependent upon the magnetic history. The same precipitate may exhibit out-of-
plane or in-plane magnetization. However, precipitates E and F with larger width as
compared to that of precipitates A and C, exhibited in-plane magnetization only with

complex magnetic domain structure after the magnetization cycles. Other, noticeable
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variations in the domain structure after one positive cycle of magnetization are indicated
with arrows in Figs. 6.9 a and e.
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Figure 6.11: Variations in MFM phase contrast with the in-plane external magnetic

field.

6.2.2.1 Rotation of vortex domains with applied field

As discussed in section 6.2.3.5., the martensite precipitates having apparent
circular shape with diameter smaller than 1 pm on the cross-section surface (1-4 indicated
with white circles in Fig. 6.7b) exhibited typical structure of a closure domain in form of
a single domain such as a dipole or a vortex structure. In the demagnetized condition, two
oppositely rotated vortex domains were identified in Fig 6.10a (denoted as Vortex A and
Vortex B) to study their response to the external magnetic field. Vortex A exhibited
clockwise magnetization (bright contrast on top left and bottom right quadrants), whereas
Vortex B exhibited anticlockwise magnetization (bright contrast on top right and bottom
left quadrants) (Fig 6.12a) [159]. With the application of field along the positive direction

(direction marked with arrow), vortex A did not exhibit any change in the vortex
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direction, rather it simply exhibited a dipole type of structure with large leakage field at
higher field values (1000 Oe and 1600 Oe). However, Vortex B exhibited rotation at 500
Oe during application of field in the positive direction. Comparing the MFM phase maps
of Vortex B obtained at 300 Oe and 500 Oe, it can be seen that the orientation of the top
half of the domain flipped, however the bottom half is similar. The flipped orientation of
bottom half can be seen in the MFM phase map acquired at 600 Oe. Beyond 500 Oe, the
directions for both the vortices were found to be similar at all the field values. After

removal of the field also, both the vortices exhibited clockwise magnetization.

—_— >

Figure 6.12: Rotation of two vortex domains (A and B) with opposite initial vortex
directions upon application of in-plane magnetic field in (a) positive

(rightwards) and negative (leftwards) directions as indicated by arrows.
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During application of the field in the opposite direction, flipping of vortex direction is

observed for Vortex B at -600 Oe. Vortex A also exhibited flipping in the MFM phase

map acquired at -800 Oe applied field.

A micro-magnetization loop is generated based on the direction of the vortex as
shown in Fig. 6.12. The values for clockwise and anticlockwise directions are taken as +1
and -1. It can be seen in Fig. 6.12. that the vortices may exhibit random orientations in the
demagnetized condition. However, they get aligned in the direction of applied field, with
almost similar coercivity values in both positive and negative directions of magnetization.
The results demonstrate that the basic micro-magnetization studies for single and multiple

domains in fine particles can be studied using naturally occurring ferromagnetic o'-

precipitates in the paramagnetic austenite matrix.

—¢— Vortex A
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Figure 6.13: Micro-magnetization loop for two vortex domains with different initial

vortex directions in the demagnetized condition.
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6.3 COMPARISON STUDY OF MARTERIALS

A comparison of microstructure and magnetic properties of the three materials
studied in the dissertation viz. polycrystalline pure iron (Chapter 4), duplex stainless steel

(Chapter 5) and cold worked AUSS (Chapter 6) is made in Fig. 6.13.

Cold worked AUSS

10u- - 1 A 10um

Large and lancet domains stripe and maze domains  Lamellar and vortex domains

Decreasing volume fraction of ferromagnetic phase

100 % 50 % 20 % »
Decreasing saturation magnetization value .
~2 Tesla ~1 Tesla ~0.05 Tesla
Decreasing grain size of ferromagnetic phase >

~100 pm ~20 pum ~1 um
Increasing shape anisotropy effect -

Figure 6.14: Comparison of magnetic properties of the materials studied in the Thesis.

The amount of ferromagnetic phase decreased from 100% in the polycrystalline
pure iron to 50% and 20% in the duplex stainless steel and cold worked AUSS,
respectively. The reduction in the amount of ferromagnetic phase is clearly evident in the
saturation magnetization values of 2 T, 1 T and 0.05 T, respectively. A proportional 50 %
lower value of saturation magnetization for 50 % reduction in ferromagnetic phase is
observed for DSS sample as compared to the polycrystalline iron sample. However,

disproportionately lower value of magnetization (0.05 T) in the cold worked AUSS may
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be attributed to the discontinuous distribution of ferromagnetic martensite phase in the

paramagnetic austenitic matrix.

The magnetic domains observed in the polycrystalline iron specimen are mostly
in-plane magnetized, except for the domains in the {111} planes. This may be attributed
to the alignment of reasonably larger size domains in the surface to reduce the stray filed
energy and low perpendicular anisotropy in iron. In the case of DSS sample, the domains
are mostly magnetized in the out-of-plane direction due to the high perpendicular
anisotropy. In both iron and DSS specimens, the domain structures are primarily
influenced by the crystallographic orientations, i.e. crystallography anisotropy govern the
domain structure. However, in the case of cold worked 304 SS, both in-plane and out-of-
plane magnetization are observed for the precipitates with the same crystallographic

orientations but different sizes indicating strong effect of size or the shape anisotropy.

6.4 CONCLUSIONS

Magnetic domain structures and their field dependent domain dynamics in fine
martensitic precipitates of cold worked 304 AUSS are studied in the present chapter using
MFM. MFM imaging could clearly identify the martensitic precipitates in the austenitic
matrix due to the presence of magnetic domains leading to phase contrast in MFM
imaging. The average area fraction of the martensite phase estimated by MFM imaging
at different locations over the sample is found to be in good agreement with that obtained
by X-ray diffraction technique. Both in-plane and out-of-plane magnetized domains have
been observed for the precipitates with the same crystallographic orientations indicating
strong effect of size or the shape anisotropy. Micro-magnetization loops of two vortex
domains with different initial orientations have also been studied. The study

demonstrated that the shape anisotropy influences the magnetic domain structure in fine
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isolated ferromagnetic phases, whereas the magnetocrystalline anisotropy governs the
domain structure and its orientation in polycrystalline ferromagnetic materials with larger

grains.
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SUMMARY AND FUTURE
DIRECTIONS

7.1

SUMMARY

The present study demonstrates the applicability of MFM in combination with
EBSD technique to study the influence of magneto crystalline anisotropy on the
magnetic microstructure and field dependent domain wall dynamics on the surface

of polycrystalline iron and iron based alloy steels.

Three specimens having ferromagnetic phases of different size, shape and volume
fraction viz polycrystalline pure iron, duplex stainless steel and cold worked AISI

type 304 austenitic stainless steel are investigated.

Domains with in-plane magnetization are observed on the surface of the
polycrystalline iron specimen with at least one easy axis of magnetization lying on
the surface. However, irrespective of the grain orientation, ferrite phase in DSS
exhibited out of plane magnetization of stripe domains and the martensite phase in
AUSS exhibited in-plane or out-of-plane magnetization depending upon its size

and shape.

The MFM phase contrast is higher for out of plane magnetized domains. In DSS,
the width of the stripe magnetic domain increases linearly and the MFM phase
contrast decreases almost linearly with increasing deviation of the grain surface

normal from the easy axis of magnetization.
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7.2

MFM study in presence of external magnetic field provided clear visualization of
various micro-magnetization phenomena such as reversible and irreversible
domain wall movements, expansion and contraction of domains, Barkhausen
jump, generation of a spike domain, bowing of a pinned domain wall,

rearrangement in maze/ stripe type domains and rotation of vortex type domains.

Domain wall energy density is estimated in pure iron from field dependent bowing

of a surface domain wall pinned at two points.

DSS containing equal proportion of ferromagnetic and paramagnetic phases,

provided the effect of grain boundaries on micro-magnetization phenomena.

The study on cold worked AUSS provided micro-magnetization characterization
on naturally occurring micro / nano sized ferromagnetic structures in

paramagnetic matrix.

Local minor magnetic hysteresis loops are generated using suitable parameters

from MFM measurements.

The study demonstrates that the shape anisotropy effects become more prominent
as compared to the crystalline anisotropy with decreasing size of the

ferromagnetic phase.

FUTURE DIRECTIONS

Micro-magnetic simulation of bulk polycrystalline ferromagnetic materials will
complement the MFM studies performed in the thesis for better understanding of

the bulk magnetic properties.

A tip with known magnetic moment and resonance frequency based MFM
imaging will provide better quantitative information about magnetic domains.
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Future directions

» Study with a volumetric magnetic domain visualization technique in presence of
external magnetic field will provide a better understanding of correlation between

surface and bulk domain structure and dynamics.

» The combination study of MFM with magnetic optical Kerr microscopy on bulk
structural magnetic material could be useful to investigate temperature effect on

the domain dynamics.
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LIST OF ABBREVIATIONS AND SYMBOLS

AFM
AGM
AUSS
DSS
EBSD
IPF
MFM
MOKE
LTEM
SEM
SEMPA
SHPM
SIM
SP-STM
SPLEEM
SQUID

XMCD

Eaniso
Eex
Epe
Eps

Ewall

Atomic Force Microscopy

Alternating Gradient Magnetometer

Austenitic Stainless Steel

Duplex Stainless Steel

Electron Backscatter Diffraction

Inverse Pole Figure

Magnetic Force Microscopy

Magneto-Optical Kerr Microscopy

Lorentz Transmission Electron Microscopy
Scanning Electron Microscopy

Scanning Electron Microscopy with Polarization Analysis
Scanning Hall Probe Microscopy

Strain Induced Martensite

Spin Polarized Scanning Tunneling Microscopy
Spin Polarized Low Energy Electron Microscopy
Superconducting Quantum Interference Device
X-Ray Magnetic Circular Dichroism

Electron charge

Magnetocrystalline anisotropy energy
Exchange energy

Magnetostriction energy

Magnetostatic energy

Domain wall energy

X1l



fo

Jij

o

Cantilever resonance frequency
Demagnetization Field
Exchange energy constant
Cantilever spring constant
Mass of electron

Saturation magnetization
Demagnetization Factor
Cantilever quality factor

Permeability of free space

xiii
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