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Abstract

Dynamic scanning force microscopy techniques like magnetic force microscopy
(MEM), ultrasonic piezoresponse force microscopy (UPFM), and atomic force acoustic
microscopy (AFAM) were used for nanoscale imaging and characterization of magnetic,
ferro- and piezoelectric, and mechanical properties in structural steels and functional
ceramics. MFM coupled with an external coil providing a controllable external magnetic field
was used to reveal magnetic domain dynamics and its interaction with the microstructure in
bulk high purity iron and unalloyed pearlitic steel samples containing globular and lamellar
cementite precipitates. The observations were interpreted with respect to macroscopic
electromagnetic nondestructive testing signals like the magnetic Barkhausen noise. Using
electron backscatter diffraction, the crystalline orientations in ferrite and cementite were
determined and correlated to the magnetic domain structure. The surfaces of different lead-
free bismuth-based bulk ceramics (BNT, BNT-BT, Mn-doped BNT-BT, Sr-doped BNT-BT)
were imaged by UPFM and AFAM revealing the most stable ferroelectric domain structure in
the Sr-doped BNT-BT sample. Large thickness coupling coefficients (0.37) and vibration
amplitudes (18 nm maximum) were detected by an impedance measuring station and laser
vibrometry, respectively. The testing of the Sr-doped BNT-BT sample as ultrasonic
transducer material confirmed its high potential as alternative to lead-based piezoelectric

materials.

Dynamische Rasterkraftmikroskopieverfahren wie Magnetkraft- (MFM), Ultraschall-
Piezomode- (UPFM) und akustische Rasterkraftmikroskopie (AFAM) wurden zur Abbildung
und Charakterisierung magnetischer, ferro- und piezoelektrischer sowie mechanischer
Eigenschaften technischer Stahle und funktioneller Keramiken im Nanobereich genutzt. Mit
MFM in Kombination mit einer Spule zum Aufbringen eines externen Magnetfelds wurden
magnetische Domanenbewegungen und ihre Wechselwirkung mit der Mikrostruktur in
Proben aus reinem Eisen und unlegiertem perlitischen Stahl mit kugelférmigen bzw.
lamellaren Zementitausscheidungen beobachtet. Die Beobachtungen wurden in Korrelation
mit makroskopischen, elektromagnetischen, zerstorungsfreien Verfahren wie dem
magnetischen Barkhausenrauschen interpretiert. Mittels Elektronenriickstreubeugung wurden
die Orientierungen der Ferrit- und ZementitkGrner bestimmt und mit magnetischen
Doménenstrukturen korreliert. Weiterhin wurden verschiedene bleifreie Bismuth-basierte
Keramiken (BNT, BNT-BT, Mn- und Sr-dotiertes BNT-BT) untersucht. UPFM- und AFAM-

Aufnahmen zeigten in der Sr-dotierte BNT-BT-Probe die stabilste ferroelektrische

Vi



Doménenstruktur. Mittels Impedanz-Messungen und Laservibrometrie wurden grolie
Dickenschwingungskoppelfaktoren (0,37) und Schwingungsamplituden (18 nm maximal)
nachgewiesen. Die Untersuchung der Sr-dotierten BNT-BT-Probe bestatigte das hohe
Potential dieser Legierung, bleihaltige Keramikwerkstoffe im Ultraschallprifkopfbau zu

ersetzen.
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INTRODUCTION

I. INTRODUCTION

The development of new advanced materials and devices produced from
nanostructural constituents requires measurement methods which are capable to probe
material properties on the nanometer-length scale. One of the most promising approaches is
based on the use of scanning force microscopy (SFM) techniques which has the ability to
perform both imaging and also quantitative measurements of surface properties at a
nanoscale. Since its invention in the mid 1980s SFM is going far beyond, and a variety of
SFM-based techniques have been developed. Techniques such as magnetic force microscopy
(MFM), atomic force acoustic microscopy (AFAM), ultrasonic piezoresponse force
microscopy (UPFM), electrostatic force microscopy (EFM), Kelvin probe force microscopy
(KPFM), scanning thermal microscopy (SThM), and others have arisen to assess local
magnetic, mechanical, ferro- and piezoelectric, electric and thermal properties of materials on
the nanometer scale.

In this thesis, different SFM-based techniques are used, especially dynamic modes
such as MFM, AFAM and UPFM to nanoscale imaging and characterization of magnetic,
mechanical and ferro- and piezoelectric properties in different materials, including structural
steels and functional ceramics, the last in both thin films and bulk form. As it will be
described in detail in the following, dynamic SFMs are employed here mostly in two distinct
cases. First, the MFM technique is used for imaging and characterization of the magnetic
microstructure in steels to support the understanding of their macroscopic magnetic properties
which are used for nondestructive testing and evaluation (NDT&E). Second, the UPFM and
AFAM techniques are used to nanoscale characterization of ferro- and piezoelectric and
mechanical properties, respectively, in lead-free ferro- and piezoelectric ceramics with the
objective to support the design and optimization of those new materials to be applied in the
industry.

Nondestructive material characterization plays a crucial role on a wide range of
industrial sectors because properties of materials, components or structures can be evaluated
without causing damage. The strong demands for quality control and assurance require
reliable nondestructive techniques capable of inspecting and monitoring microstructural
changes during materials processing and materials degradation, and also the determination of
mechanical material properties. Electromagnetic and specially micromagnetic techniques like
the measurement of the magnetic Barkhausen noise, the incremental permeability and the
harmonic analysis of the tangential magnetic field have the ability to fulfill most of the above

mentioned requirements. Such techniques have been successfully applied for the
I-1



INTRODUCTION

nondestructive characterization of the microstructure of ferromagnetic materials and also the
determination of mechanical material properties like the yield strength, tensile strength,
hardness, and also load-induced or residual stresses.

Because of the current strong demand for light-weight structures, as for example in the
automotive sector, advanced high-strength steels containing different phases have been
developed. Due to the complexity of their microstructures and also stress states, the
interpretation of the nondestructive macroscopic electromagnetic measurement signals for
microstructure characterization and determination of mechanical properties becomes
extremely difficult. The observed macroscopic electromagnetic measurement signals rely on
the phenomenological description of the interactions of the magnetic domains with the
microstructure. There is therefore a need for local observation and characterization of the
magnetic microstructure and the interactions between magnetic domain walls with
microstructural features like grain and phase boundaries, dislocations, precipitations, etc. to
support the interpretation and evaluation of the macroscopic nondestructive electromagnetic
measurement signals. In line with this ultimate need, the work presented in the main and
largest part of this thesis concerns the use of MFM to directly imaging and characterization of
the magnetic microstructure and its dynamics in steels containing different phases at a micro-
and nanoscale.

At present, Pb(Zr,Ti)O3 and lead-based compounds constitute the best family of ferro-
and piezoelectric materials. Because of their excellent properties, ease of processing, and low
cost, lead-based piezoelectric materials are widely used as sensors, actuators, ultrasonic
transducers, energy harvesting systems, etc. In thin film form, lead-based ferroelectrics have
found many industrial applications, as e.g. in data storage devices. However, those materials
contain a large amount of lead (more than 60 wt%) which creates hazards during processing
and is environmentally toxic during disposal. As a result, legislations worldwide, as e.g.
ROHS [1], restrict the use of lead due to health care and environmental problems. Therefore,
lead-free materials with ferro- and piezoelectric properties comparable to lead-based
compounds, as e.g. Pb(Zr, Ti)Os, are in urgent demand.

The development of new lead-free ferro- and piezoelectric ceramics requires an
understanding of the micro- and nanostructures and also the local ferroelectric, elastic and
electromechanical coupling behavior at a micro- and nanoscale. Since the properties of ferro-
and piezoelectric ceramics are related to their ferroelectric domain patterns, the imaging of the
domains is also of particular interest. In the framework of a European-Mexican collaborative

project (BisNano) with the overall objective of “adding value to mining at the nanostructure
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INTRODUCTION

level” [2], different lead-free bismuth based alloys were synthesized, in both bulk as well as
thin films form, in order to discover new lead-free ferro- and piezoelectric materials for
industrial applications. In this context, the second and shorter part of this thesis deals with
mostly the characterization of lead-free ferro- and piezoelectric ceramic materials at a
nanoscale using UPFM and AFAM techniques.

This thesis is organized as follows. Chapter I is divided into main four sections.
Section 1 is devoted to the electromagnetic and micromagnetic nondestructive testing and
evaluation (NDT&E) of steels at the macroscale and up to a micro- and nanoscale. Section 1.1
describes a brief history as well as the state of the art of electromagnetic and micromagnetic
techniques. Problems and difficulties regarding interpretation of the output signals which are
based not only on the microstructure and residual stress states of the investigated material, but
also on the employed measurement setup, are discussed in section 1.2. In section 1.3, an
approach to overcome some of the unsolved problems on the interpretation of the measured
signals, and also to support further electromagnetic and micromagnetic techniques
development is presented. This approach is based on the measurement signals at a
macroscopic scale and also on the observation and characterization of the magnetic
microstructure and its dynamics (micromagnetic events) at a micro- and nanoscale. At a
macroscopic scale magnetic techniques like hysteresis loop and magnetic Barkhausen noise
are used, and the physics background of these techniques is therefore discussed. A general
overview of magnetic imaging techniques at a micro- and nanoscale which are relevant for
NDT&E is first presented. A short review on magnetic imaging techniques, particularly in
steels containing different phases, is also shown. MFM is chosen as the magnetic imaging
technique when considering the correlation with macroscopic electromagnetic NDT&E
methods.

The basic principles, the state of the art, and the experimental setups of the AFAM and
UPFM techniques are discussed in section 2 and 3, respectively. In section 4 the research
overview is presented.

The following chapters I1-VIII show individual publications. The new findings are

summarized after the individual publications in chapter 1X.



INTRODUCTION

1. ELECTROMAGNETIC AND MICROMAGNETIC NONDESTRUCTIVE TESTING
AND EVALUATION (NDT&E) IN STEELS: FROM MACRO TO MICRO- AND
NANOSCALE

1.1 Electromagnetic and micromagnetic techniques - brief history and state of the art

Magnetic measurement techniques like hysteresis loop and magnetic Barkhausen noise
(MBN) have been widely applied for the characterization of the microstructure of
ferromagnetic materials and their residual stress states. It is well known that the magnetic
properties of steels depend on their chemical composition and the thermo-mechanical
treatments to which the steel was subjected. Already in the early 1950s, magnetic Barkhausen
noise and coercive force derived from the magnetic hysteresis loop measurements were
employed with the objective to evaluate steels and other alloys with respect to their
composition and microstructural state [3,4].

In Germany, electromagnetic nondestructive materials characterization started in the
late 1970s during the nuclear safety research program with the goal of finding microstructure-
sensitive NDT techniques to evaluate the quality of heat treatments. After a report [5] on
MBN published in the United States revealing the use of the technique and its sensitiveness to
microstructure changes as well as to load-induced and residual stresses, the European steel
industry started a research using the MBN with the goal of determining residual stresses in
large steel forgings [6].

Traditionally, microstructural parameters like precipitations, grain and phase
boundaries, dislocation densities, etc. which directly influence the mechanical and magnetic
properties of materials have been characterized using standard microscopy techniques like
optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). With the objective to determine such microstructural parameters
nondestructively, further micromagnetic techniques like incremental permeability
measurement and harmonic analysis of the tangential magnetic field were later developed [7].
Such micromagnetic techniques require however calibration procedures and those are based
on the observed micro- and nanoscopic data using microscopy techniques. At that time, due to
the large scatter in the microscopy data and hence a strong propagation of errors in the
calibration procedure, the research followed a more practical (businesslike) direction, i.e. a
direct correlation between micromagnetic properties and mechanical properties like yield
strength and hardness was proposed [6-9]. This correlation is based on microstructure

interactions with both the domain walls as well as the dislocations [10]. An example of
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INTRODUCTION

hindering effects attributed to precipitates embedded in a matrix is shown in Figure 1. Figure
l1a displays a TEM micrograph in which dislocations are being pinned by fine carbonitride
precipitates in the Fe-22Mn-0.6C-0.2V alloy. Magnetic domain (Bloch-) walls which are
pinned by large as well as small cementite precipitates in the unalloyed steel Fe-1.5%C are
shown in the MFM image in Fig. 1b. Dislocations and magnetic domain walls are hindered by
the same microstructural feature, i.e. precipitates, which gives rise to an increase of both the

mechanical as well as the magnetic hardness of a ferromagnetic material.

200 nm

Figure 1. (a) TEM micrograph showing the hindering effect of dislocations by fine
carbonitride precipitates as outlined by the two black arrows in the Fe-22Mn-0.6C-0.2V alloy
[11]; (b) MFM image showing the hindering effect of domain (Bloch-) walls by large as well

as small cementite precipitates in the unalloyed steel Fe-1.5%C [12, Publication A].

Microstructure interactions with both the domain walls as well as the dislocations
allow therefore very often a correlation between mechanical and magnetic properties. By
measuring some magnetic parameters nondestructively and using this correlation, some
mechanical material properties like yield strength and hardness can be predicted. A schematic
relationship which correlates the magnetic phenomena to material’s mechanical properties is
shown in Fig 2.
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interaction microstructure interaction
state
with Bloch-walls with dislocations
magnetisation mechanical load
micromagnetic mechanical
values values

Figure 2. Correlations between micromagnetic and material mechanics [13].

However no micromagnetic parameters so far allow directly and universally valid
quantitative determination of mechanical material properties like yield strength and hardness
or load-induced and/or residual stresses. Due to the complexity of microstructures and the
superimposed stress sensitivities the determination of such mechanical material properties
becomes an extremly hard task. There was therefore a need to develop a robust multiple
micromagnetic parameter approach. The Micromagnetic Multi-parameter Microstructure and
stress Analysis (3MA) [14] is a methodology which was introduced into NDT by the
Fraunhofer Institute for Nondestructive Testing (1ZFP), Saarbriicken, where mechanical
properties like yield and ultimate strength and hardness as well as residual stress states can be
nondestructively evaluated. The 3MA method combines four micromagnetic techniques:
Barkhausen noise, incremental permeability, harmonic of the tangential magnetic field, and
multi-frequency eddy current (Fig. 3). By combining all these different micromagnetic
techniques redundant and diverse information, i.e., “magnetic fingerprints”, can be selected
from microstructures of material states to be nondestructively analyzed. The magnetic
fingerprints of the material consist of approximately 40 features derived from the measured
signals. Together with magnetic fingerprints of calibration samples which are used as input
for pattern recognition or regression analysis, mechanical material characteristics like
hardness, yield strength, etc., or residual stress of the unknown sample can be predicted. The
proper selection of the calibration specimen with well-defined values of the target quantity,
e.g. Vickers hardness, is the most important task. Currently, there are more than a hundred

3MA installations worldwide in different industrial areas, including the steel industry,
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mechanical engineering, etc.. For more details about the 3MA method the reader is referred to
[7,14,15,16].

An electromagnetic monitoring principle at a microscopic scale was also developed by
Fraunhofer IZFP. The Barkhausen noise and eddy current microscopy (BEMI) [17,18] allows
surfaces to be monitored regarding their stress condition and material properties with a spatial
resolution down to 10 um. Furthermore, a new magnetic field sensor called “Point Probe” is
beeing developed [19]. The Point Probe technique is based upon a needle-shaped
ferromagnetic core which locally measures the strength of remnant magnetic fields and which

can be applied for nondestructive hardness measurements, e.g. in parts with complex

geometries.
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Figure 3. Micromagnetic Multi-parameter Microstructure and stress Analysis (3MA)

approach [14].

1.2 Problems and difficulties of the electromagnetic and micromagnetic techniques

As previously described, electromagnetic and especially micromagnetic techniques
have been successfully applied in the field of NDT&E because electromagnetic and
micromagnetic intrinsic properties and mechanical properties are influenced very often by the
same microstructure parameters. This correlation allows the inspection and monitoring of
changes in microstructure states during material processing as well as materials degradation.
Materials degradation can be understood with the onset of microstructural changes over time.

A well-known example for this correlation is the connection between magnetic and
-7
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mechanical hardness. A material which shows high mechanical hardness usually exhibits a
high coercivity, i.e. high “magnetic hardness” [20]. When a ferromagnetic metal is cold
worked, both, mechanical and magnetic hardness, increases. When interstitial carbon atoms
are added to iron to make steel, both, the magnetic and mechanical hardness increase with the
carbon content [21]. However, the effect of the micro- and nanostructural features on the
mechanical hardness may be completely different from those on coercivity (“magnetic
hardness™) and the use, for example, of the correlation between mechanical and magnetic
properties is no longer valid. The addition of impurity atoms to a metal may result in the
formation of a second phase which may have completely different properties compared to the
matrix. The second phase may be softer than the matrix in terms of mechanical hardness
which may lead to an overall decrease in the mechanical properties of the material. However,
because of the magnetic anisotropy of the second phase, or due to its non-magnetic nature, the
magnetic hardness of the material may increase due to the enhanced pinning of the domain
walls [22]. In the case that impurity atoms are added to a metal to form a solid solution, the
mechanical hardness increases because the solute atoms interfere with dislocation motion.
However, the effect on the magnetic behavior is not to be foreseen. As discussed by Cullity
[21], when silicon is added to iron the material becomes mechanically harder, but
magnetically softer, because the addition of silicon decreases the crystal anisotropy K; and the
magnetostriction y. Additionally, magnetic oxides which are normally hard and brittle may be
magnetically soft or hard depending on the crystal structure. With the new advances in
materials processing, amorphous magnetic alloys are being developed which are mechanically
hard, but magnetically soft, and which are therefore a strategic field for further NDT&E
technology developments.

Further difficulties are also encountered as for example in the use of the MBN
techniques. Such techniques are “not yet” regulated by a standard. Comparisons of MBN
literature reveal considerable differences in experimental conditions such as magnetization
set-up, signal pick-up, band width, sample surface condition, etc., which influence
considerably the measured results. For example, large discrepancies between MBN results,
i.e. number and shape of MBN peaks, are found in different studies of very similar materials
[23,24,25]. First attempts into standardization of the MBN technique are initialized however
by the German Engineering Society (VDE Guidelines) [26].

By combining multiple methods using statistical techniques as e.g. in the 3MA method
[27,28], correlations are found between material degradation (e.g. by neutron irradiation),

mechanical property changes, and micromagnetic signatures. Such techniques have been used

1-8



INTRODUCTION

very often on monitoring hardening and recovery for example in reactor pressure vessel
materials [29,30]. However, common embrittlement problems like phosphorus segregation
cannot be detected using techniques based on micromagnetic methods when no hardening is
involved [31]. On the other hand, when hardening is involved, embrittlement thresholds often
can be determined. However, statistical regression methods and calibrated samples cannot
distinguish between different hardening events [32].

It becomes clear that there is a critical gap on understanding the relationship between
the magnetic NDT&E parameters and microstructural features. Some well-known case
problems were addressed, in which the interpretation of the macroscopic electromagnetic
NDT&E measurements becomes very difficult. Such problems become even more severe
when the new advances in metallurgical technologies on new materials containing different
microstructures and also stress states are considered, for example, multi-phase complex
microstructure steels used in the automotive industry like dual-phase (DP), transformation-
induced plasticity (TRIP), complex-phase (CP) steels, etc.. The development of practical
electromagnetic and micromagnetic NDT&E technologies for microstructure and mechanical
properties determination as well as early material degradation monitoring still lack in well
understood interpretation of the resulting measurement signals. Therefore, fundamental
scientific investigations at the micro- and nanoscale level are urgently required to support the
electromagnetic and micromagnetic NDT&E technologies which are used for inspection and
monitoring of component life assessment in industrial processes and also for future real-time

monitoring of degradation in materials.

1.3 Development of an approach to support the electromagnetic and micromagnetic

techniques

To support the understanding and further development of electromagnetic and
micromagnetic techniques, an approach based on macro-scale measurement signals as well as
the observation and characterization of the material at a micro- and nanoscale is proposed. At
the macro-scale magnetic hysteresis loop and magnetic Barkhausen noise are used for
materials characterization and evaluation. At the micro- and nanoscopic scale a relevant
magnetic imaging technique for NDT&E is selected and used for microstructure imaging and

determination of different micromagnetic events.
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1.3.1 Macroscopic scale electromagnetic NDT&E measurements

In this section, the concept of magnetic domains and the basic characteristics of the
magnetic hysteresis loop are first discussed. In the second part, the main principles of the

Barkhausen noise method are described.

1.3.1.1 Hysteresis properties — the magnetic hysteresis loop

In 1907, Weiss [33] postulated that a ferromagnetic material is subdivided into
uniformly magnetized regions called magnetic domains. Some years later, Bitter [34] using
the so-called Bitter technique confirmed the Weiss’ hypothesis by observing domain patterns
on iron and iron-silicon alloys with large grains. The concept of magnetostatic energy, which
supports the explanation of the formation of domains, was later proposed by Landau and
Lifshitz [35]. Domain walls separate neighboring domains of different magnetization
orientations. The magnetic domain structure results from the balance of several competing
basic energy terms involved in ferromagnetism: exchange energy (Eexchange), Magnetostatic
energy (Emagnetostatic), magnetocrystalline anisotropy (Emagnetocrystaliine), magnetoeleastic energy

(Emagnetoe|eastic), and dOmaIn Wa” energy (Ewa")

E= Eexchange + Emagnetostatic + Emagnetocrystalline + Emagnetoeleastic + EwaII. (1)

The exchange energy (Eexchange) Which originates from quantum mechanical exchange
forces or spin-spin interactions favors uniform magnetization configurations. The
magnetocrystalline anisotropy (Emagnetocrystaliine) favors the orientation of the magnetization
vector along preferred crystallographic directions, as for example <100> in iron. These
directions are also termed axes of easy magnetization [36]. The magnetostatic energy
(Emagnetostatic) Tavors the magnetization configurations giving a null average magnetic moment
[37]. The magnetoeleastic energy (Emagnetoeleastic) describes the relation between the crystal
lattice strains to the direction of domain magnetization. It reaches a minimum when the
crystal lattice is deformed such that the domain is elongated or contracted in the direction of
domain magnetization [38]. Domain walls have an energy Ea Which is proportional to its
surface area. It is out of the scope of this work to revise all these energy terms in detail. For
further information the reader is referred to [36,37,39,40]. The configuration of the final
magnetic microstructure is the outcome of the minimization of the sum of these five energy
terms.

A ferromagnetic material in the so-called virgin or demagnetized state consists of a
large number of magnetic domains with arbitrary magnetic orientation (Fig. 4). The overall
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magnetization (magnetic moment per unit volume) of a piece of material is the vector sum of
the domain magnetizations. In an ideally demagnetized state, the overall magnetization is
zero. An external magnetic field tends to align the individual magnetic moments of the
domains allowing a net magnetization in the field direction. Domains with moments aligned
most closely to the applied field increase their sizes at the expense of domains of other
orientations. The process of magnetization is converting the multidomain state to a single
domain magnetized in the direction of the applied field (Fig. 5). The process does not proceed
continuously but by stepwise movements of the domain walls, and in case of strong applied
fields also by rotation of the magnetization vectors in the domains towards the direction of the
applied field [6]. For a sufficiently strong applied field, the total resultant magnetization
reaches a saturation value. When the external magnetic field is decreased and reversed in sign,
the magnetization does not retrace its original path of values, the material exhibits the so-

called hysteresis [39].

Magnetic domain

Grain boundary

Figure 4. Schematic representation of magnetic domains with arbitrary magnetic orientation
in a polycrystalline ferromagnetic material in the so-called virgin or demagnetized state. For

better visualization, only some grains display magnetic domains.

In this work, the SI system of units is employed. The magnetization M and the
magnetic field H are measured in amperes per meter (Am™), whereas the magnetic induction
B is measured in Tesla (T). The permeability of the vacuum is given by po = 4710 Hm™.
The magnetic hysteresis loop is obtained by applying a magnetic field poH to the specimen
and measuring the ensuing change of the magnetization M or magnetic induction B in field
direction (Fig. 5). Starting from the initial demagnetized state (B = poH = 0 Tesla) the
magnetic induction increases with increasing field and if a sufficiently large field is applied it

reaches the saturation of the magnetic induction (B = Bs). By reducing the magnetic field
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from the saturated state to zero, the specimen remains magnetized. The magnetic induction at
zero external field is called remanence Bg. By applying a reverse magnetic field of strength
uoHc, known as the coercive field, the magnetic induction returns to zero. Further increase of
the reversed applied field magnetizes the specimen in the opposite direction, and if a

sufficiently large field is applied the specimen saturates in the opposite direction (B = -Bs).

/Applied field

Figure 5. Schematic representation of hysteresis loop and ensuing evolution of magnetic

domains.

The parameters most commonly used to characterize hysteresis are the coercive field
Hc, the remanent magnetic induction Bg, and the hysteresis energy loss Wy, which is
determined from the area enclosed by the loop. In general, the hysteresis parameters are
considered as independent. However, many materials have shown linear relationships
between, for example, Wy and Hc [8,41]. The basis of the magnetic hysteresis loop
measurement system is an electromagnet to generate the alternating magnetic field, a pick-up
coil wound around the sample to detect the change in the magnetic induction B, and a sensor,
e.g. Hall probe, to measure the tangential magnetic field strength H. Fig. 6a shows a typical

setup for the magnetic hysteresis loop (B-H) measurements in a rod specimen.
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Figure 6. Typical measurement devices for magnetic Barkhausen noise measurements:

encircling (a) and surface (b) Barkhausen noise detection.

1.3.1.2 Magnetic noise — the magnetic Barkhausen noise

In 1919, the German scientist Barkhausen [42] discovered that during the
magnetization of a sample of ferromagnetic material many short-lived voltage pulses are
induced in a coil wound around the sample. It was called “noise” because in the original
experiment the short-lived voltage pulses were detected as audible clicks in a loudspeaker.
The term “magnetic” for the magnetic Barkhausen noise is used to distinguish it from
“acoustic Barkhausen noise” (MAE), the latter being based on magnetostrictively excited
acoustic emission signals [43].

The magnetic noise is generated because during the magnetization process the
movement of domain walls takes place discontinuously. The domain walls are temporarily
pinned by microstructural obstacles like dislocations, precipitates, and phase or grain
boundaries and their stepwise pull-out from these obstacles change the magnetization state
locally inducing pulsed eddy currents into the sample. This noise phenomenon can give
information on the interaction between domain walls and compositional microstructures
and/or load-induced and residual stresses. By measuring the Barkhausen noise activity
quantitative information about micromagnetic events occuring in the bulk sample can be
obtained. In iron-based materials, while the MBN is generated by any sudden change in the
magnetization state (movement of any domain wall), the MAE arises only from 90° domain
wall motion. The MAE technique has never found widespread industrial application because
of the need of very high signal amplification and because of its high sensitiveness to electrical
interference noise. In a laboratory-scale, however, the combination of both MBN and MAE

techniques can provide complimentary information.
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The basis of a Barkhausen noise measurement system is similar to the one for the
hysteresis loop measurement. The main components are an electromagnet to generate the
alternating magnetic field, a pick-up coil to detect the noise pulses, and a magnetic sensor,
e.g. Hall probe, to measure the tangential magnetic field strength H. There are mostly two
types of Barkhausen noise experiments. The detection (pick-up) coil may be wound around
the specimen (Fig. 6a), which gives the term encircling Barkhausen noise. This restricts the
size and shape of the specimen and is therefore very often inconvenient for NDT. However,
using this setup, the hysteresis loop can also be accurately measured (homogeneous
magnetization and demagnetizing field) allowing a better understanding of the magnetization
phenomena. The alternative method uses the electromagnet placed onto a flat surface and a
detection (pick-up) coil on or near the surface of the specimen (Fig. 6b). This method can be
called surface Barkhausen noise [44]. The MAE measurements are accomplished using an
arrangement similar to the one in Fig. 6b, but instead of a detection coil, it uses a piezoelectric
transducer bonded directly to the sample surface.

As mentioned above, during the magnetization process of a ferromagnetic material
abrupt irreversible discontinuities in form of MBN emissions are observed (Fig. 7a). The
detected raw magnetic noise data are a series of voltage pulses which can be plotted for
example as a function of time (Fig. 7b). The root-mean-square (RMS) of the noise over
several field cycles can be obtained. A typical plot of the inductive Barkhausen noise
amplitude M versus applied field H is shown in Fig. 7c. Further plots are also often
encountered in the literature. For example, to obtain the noise frequency content, Fourier
analysis can be performed. The size distribution of noise pulses or the number of pulses can
also be plotted as a function of time or applied field. Additionally, single parameters like the
total number of pulses and the noise energy have been also used to characterize the noise

signals [45].
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Figure 7. (a) B-H curve showing irreversible discontinuities in magnetization as the magnetic
field is varied in the form of MBN emissions; (b) Magnetic Barkhausen noise plot showing the
raw noise versus time and (c) the schematic Barkhausen noise curve versus applied field with
the maximum of noise amplitude Mna, remnant noise amplitude Mg and coercive field Hcn

deduced from noise curve.

1.3.2 Micro- and nanoscopic scale NDT&E imaging

The observation of the magnetic properties at a micro- and nanoscopic scale allows the
identification of the microstructure changes which influence the macroscopic electromagnetic
NDT&E methods. Section 1.3.2.1 discusses the magnetic imaging techniques which have
most relevance when considering a correlation to and better understanding of macroscopic
electromagnetic NDT&E methods. In section 1.3.2.2, a literature review on magnetic imaging
in steels, particularly in those containing different phases, is presented. At the end of this
section, a magnetic imaging technique which is suitable for imaging the magnetic micro- and
nanostructure of multi-phase thick (bulk) steel samples as well as micromagnetic events is

selected.

1.3.2.1 Magnetic imaging techniques — general overview

Different techniques can be used to image magnetic microstructures. This work is
focused on the most relevant magnetic imaging techniques which have the potential to allow
the correlation to and better understanding of macroscopic electromagnetic nondestructive
methods. It is beyond the scope of this work to review all techniques in detail, but the reader
is referred to a recent review [46].

The earliest magnetic microstructure images were obtained by depositing very fine
magnetic powder on the specimen surface. The so-called Bitter technique [34] reveals domain
walls which intersect the surface because the resulting stray fields attract the magnetic
particles stronger than the surrounding regions [47]. The conventional Bitter pattern technique

however has a low spatial resolution (~ 1 um).
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The magneto-optic Kerr effect (MOKE) technique [48,49] is a powerful and relatively
cheap magnetic domain imaging method in which the contrast is obtained by the interaction
between magnetic fields and polarized light. The surface reflected light may undergo a change
in polarization state and intensity dependent on the relative orientation of the surface
magnetization. Besides, the possibility of measuring local magnetization curves, the scanning
Kerr microscopy [50] can perform very fast imaging within the nanosecond scale allowing to
study the dynamics of domain pattern formation (micromagnetic events). However, the spatial
resolution of the MOKE technique is limited by the wavelength of the used laser (few
hundred nanometers).

A much higher spatial resolution can be achieved using methods based on electron
microscopy. The domain observation using TEM in the so-called “Lorentz imaging mode” or
Lorentz electron microscopy (LEM) [51] is based on the deflection of electron beams caused
by the Lorentz force. Contrast in areas with different magnetization can be obtained because
the electron beam trajectory deflects when it passes through a region of magnetic induction.
Different variants as for example Fresnel and Foucault modes can be used. Using the Fresnel
mode, domain walls can be visualized and distinguished from other features such as e.g.
dislocations [52]. Using the new aberration-corrected microscopes, spatial resolution in the
order of 1 nm can be achieved [46]. Besides the high cost of the TEM instrument, the LEM
technique requires very special sample preparation (flat and electron transparent), and it is
difficult to apply magnetic fields to the sample as this often changes the electron beam
trajectory. It is thus challenging to apply an external magnetic field in LEM while imaging.
SEM techniques for magnetic domain imaging have also been developed. The so-called
scanning electron microscopy with polarization analysis (SEMPA) images surface
magnetization distribution by measuring the spin polarization of secondary electrons emitted
from a magnetic sample. The measurements are performed in a chamber of a SEM with the
help of a Mott detector [53,54]. SEMPA can directly detect the sample magnetization
component with a high spatial resolution of about 20 nm. The major limitation in application
of SEMPA is the fact that the measurements must be performed in ultra-high vacuum on a
well prepared clean conducting surface.

Magnetic domain imaging can also be performed using scanning probe techniques.
The scanning Hall probe microscopy (SHPM) [55] employs a semiconductor Hall sensor
which maps the magnetic induction associated with a sample. With the latest advances in the
SHPM systems high magnetic field sensitivity (0.1 uT—10T) can be achieved. The
drawback of this technique is the poor spatial resolution (~ 300 nm). MFM [56,57] is a
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dynamic scanning probe technique which records the magnetostatic interaction between the
sample surface and a microfabricated magnetic tip with a radius of curvature of nm
dimensions. The main advantages of MFM is that it does not need special sample preparations
and can work in ambient conditions with a spatial resolution down to 10 nm. MFM is suited
to study multi-phase and relatively large thick (bulk) materials by measuring simultaneously
the topography and the magnetic microstructure. The interpretation of the observed magnetic
contrast is, however, not straightforward since MFM does not directly monitor the
magnetization distribution but rather the stray field. In addition, the tip stray field may cause
reversible and irreversible changes in the local magnetic state of the sample and vice-versa
[58]. MFM is, however, the most commonly used magnetic imaging technique for studying
nanomagnets due to its easy implementation and relatively low costs. Furthermore, MFM has
the potential for studying local and collective magnetization switching behavior by
performing large area scans (~ 100 pm?) with in-situ magnetic fields [12,59].

All the previously mentioned magnetic imaging techniques are complimentary. Each
technique has its advantages as well as drawbacks. A combination of these techniques allows
one to reconstruct the complete magnetization distribution and also to understand the

magnetization behavior of materials at the nanoscale.

1.3.2.2 Magnetic imaging in steels

The imaging of the magnetic microstructure of steels containing different phases is
rarely encountered in the literature. The MFM technique has often been used to image domain
structures in magnetic thin films [60-62]. Only a few studies used MFM to image domain
structures in polycrystalline bulk materials [63]. In steel samples, MFM was used to image
phase transformations caused by defects like strain-induced martensite forming at crack tips
in 304 and 310S austenitic steels [64] and martensite formation along grain boundaries due to
chromium depletion in 304 stainless steel [65]. Most relevant for the correlation to and
understanding of macroscopic electromagnetic NDT&E methods is however the possibility of
imaging the magnetic microstructure when an external magnetic field is applied. This enables
the visualization and interpretation of the magnetic domain dynamics and of micromagnetic
events. Most of the work of this type, i.e. high-resolution magnetic imaging of steels in
combination with an external field, employs the LEM technique, which is based on the TEM,
in both, Fresnel and Foucault modes. Using this technique, the configuration of the magnetic
domains and their dynamics were observed in different steels containing different

microstructures including high strength low-manganese pearlitic steels [66], low carbon
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pearlitic steels [67,68], hypereutectoid pearlitic steels [69,70], and carbon-manganese steels
with ferritic/pearlitic and martensitic/bainitic microstructures [71].

As described in section 1.3.2.1, the observation of micromagnetic events
(magnetization dynamics) using LEM is however limited to samples which are transparent to
the electrons (confined to specially prepared thin foils). Such thin foils face many problems
during preparation. During the etching process in order to obtain thin areas transparent to
electrons, often preferential etching occurs due to the different etching rates of the different
phases. In addition to the laborious sample preparation, the TEM is complicated to handle and
only small dimensions of the examined sample volume can be characterized. The application
of an external magnetic field in the TEM is not an easy task. Furthermore, due to the strong
ferromagnetic structural components and various electromagnetic lenses in the microscope
column, accidental magnetization of the sample during sample insertion is possible [72].

Taking into account the inherent spatial resolution and instrumental constraints and
also the possibility to perform the measurements directly on the surface of relatively thick and
large (bulk) samples, the MFM is chosen in this work as the magnetic imaging technique
when considering the correlation with macroscopic electromagnetic NDT&E methods. MFM
with a superposed external magnetic field is used to observe local magnetization behavior as
for example the individual magnetization of the different phases in steels. The choice of the
magnetic probe plays a crucial role on the quality and reliability of the magnetic images.
During MFM imaging, the stray field of the magnetic probe may cause reversible and
irreversible changes in the local magnetic state of the sample and vice-versa. Therefore, an
appropriate magnetic probe is chosen for each particular experiment. The observation of the
magnetic microstructure and domain wall dynamics in the MFM is confined to the surface of
the sample. Even though the magnetic microstructure of the surface does not correspond
directly to the one of the volume, the characterization of different phases by their stray fields
and their individual response to an external applied field provides information about the
magnetic hardness of the individual phases and the different pinning mechanisms

(micromagnetic events), which occur during the magnetization processes.

2. ATOMIC FORCE ACOUSTIC MICROSCOPY - PRINCIPLE, STATE OF THE
ART AND EXPERIMENTAL SETUP

The atomic force acoustic microscopy technique [73-76] is a dynamic enhancement of
atomic force microscopy (AFM) [77], which is used to determine qualitative, and also

quantitative local elastic properties of sample surfaces at a nanoscale. A more recent name of
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the technique is contact resonance force microscopy (CR-FM) [78]. The basic ideas of AFAM
are demonstrated in Fig. 8. The AFM cantilever is driven to vibrate either by an actuator
attached to the cantilever holder or by an ultrasonic transducer (piezoelectric element)
coupled to one side of the sample. The response of the cantilever is composed of different
vibration modes such as transverse and lateral flexural and torsional modes. When the tip of
the cantilever is out of contact with the sample surface, i.e. free or in air, the resonant modes
occur at specific frequencies which depend on the shape, the geometrical dimensions and the
material properties of the cantilever Fig. 8(a). As soon the tip is brought into contact with the
sample surface (Fig. 8(b)) the frequencies of the resonant modes increase because of the tip-
sample forces which influence the mechanical boundary conditions of the cantilever (Fig.
(8c)). This shift of resonance frequencies from “out of contact, free or in air” to “contact”, is

dependent on the sample’s mechanical properties.
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Figure 8. Basic ideas of AFAM. Transverse flexural resonant modes of the cantilever are
excited by a piezoelectric actuator when the tip is (a) free or in air and (b) in contact with a
sample surface under an applied static force. (c) Resonant spectra showing the first and the
second free resonances as well as the first contact resonance. The first contact resonance is

encountered between the first and the second free resonances.

The experimentally obtained transverse flexural contact resonance frequencies can be
interpreted with an analytical model for cantilever dynamics [79,80]. One simple example of

such a model to describe the tip-sample contact forces (contact stiffness) is shown in Fig 9.
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The tip-sample interaction is entirely elastic and acts in a direction normal (vertical) to the
sample surface. The lateral stiffness as well as the lateral and vertical damping constants are
in this case neglected. The rectangular cantilever beam is coupled to the sample via the sensor
tip by a spring of stiffness K. L, is the length between the tip and the cantilever base, L is
the length from the tip to the end of the cantilever with L = L; + L" (Fig. 9). The analytical
model for cantilever dynamics provides a characteristic equation (see for example [79-81]),
which links the measured frequencies to the tip-sample contact stiffness K'. However, the
unknown effective tip position parameter L, of the cantilever influences the value of K
obtained using the characteristic equation. If the free and contact resonances for at least two
different transverse flexural modes are known, the unknown parameters L; and K~ can be
resolved. In this case, the contact stiffness K™ is calculated and plotted as a function of the tip
position parameter L, for each resonant mode. The cross-point of the two yields the value of
the contact stiffness K~ and the effective tip position. A more detailed description of models

of cantilever dynamics in AFAM can be found in [79,80].

Fig. 9. Transverse flexural beam-dynamics model for the AFM cantilever. The rectangular
cantilever beam is clamped at one end and has a total length L. The tip-sample contact forces
are represented by a spring of stiffness K* (contact stiffness) located a distance L™ away from
the free end of the cantilever. In this simple model, the lateral stiffness as well as the lateral

and vertical damping constants are neglected.

Using the values of K the elastic properties of the sample can be determined with the
help of a second model for the tip-sample contact mechanics, such as for example Hertz or
Maugis models [82,83]. The most used and simple contact mechanics model is the well-
known Hertzian model, which describes the elastic interaction between two nonconforming
bodies of general anisotropy [82]. Considering the sensor tip a hemisphere with radius R
pressed against a flat surface with an applied force F, the contact stiffness K™ can be

calculated from:

K* = }/6F.RE*2. (1)
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E” is the reduced Young’s modulus that combines the elastic properties of the tip and the
sample, and can be represented by:

2
1 1Vep | 1-vE

— = +—= 2)

E* Etip Eg

where Eiip, Es, viip, Vs, are the Young’s moduli and Poisson’s ratio of the AFM tip and the
surface, respectively. The Hertzian model however holds only for isotropic bodies. AFM
sensor tips made of single crystalline silicon and also individual grains in a polycrystalline
material are not elastically isotropic. In special cases of symmetry, i.e. if there is a three or
fourfold rotational symmetry axis perpendicular to the boundary, Egs.1 and 2 remain valid if
the reduced elastic modulus E/(1-v?) is replaced by an indentation modulus that is calculated
numerically from single crystal elastic constants [84,85]. The definition of the reduced

Young’s modulus E” becomes:

1 1 1
o T ©)
E Mep Mg

where My, and M are the identation moduli of the AFM tip and the sample, respectively. For
the [100] silicon AFM sensor tip the required symmetry holds, and My, = 165 GPa is used.
For the calculation of the Mg in Eq. (3) one requires the reduced Young's modulus of the
unknown sample Es. The tip radius R (Eq. 1) is difficult in practice to be determined, and it is
therefore an unknown parameter. To circumvent this problem two different reference methods
based on reference samples with known elastic properties have been developed: single
reference method [86] and dual reference method [80,87]. For the single reference method the
contact stiffness K~ of the reference (K i) and unknown sample (K',) are determined at the

same static load F. and compared:

n
* * Kg
E; = Ej, (rf) | (4)

E*s and E*s are the reduced Young's moduli of the unknown and reference samples,
respectively. The tip geometry factor n depends on the tip-sample geometry. For Hertzian
contact (spherically shaped), n = 3/2; for a flat punch (flat tip), n = 1. The indentation
modulus of the sample M can be therefore derived using Egs.(1-3) without the need of the
radius R of the tip. The measurements are usually performed by acquiring alternated contact
resonance spectra, i.e. on the unknown sample and a reference sample the elastic properties of

which are known.
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Figure 10. Experimental set-up for contact resonance spectroscopy and for acoustical

imaging using AFAM. The AFM tip is scanned in contact over the sample surface.

Figure 10 illustrates the setup for AFAM measurements. AFAM is based on a
combination of AFM and ultrasonic techniques. In standard AFM technique, the oscillation of
the cantilever while it scans across the surface of a material is used to map the topography.
The deflection of the reflected laser beam in the photodiode detector is used to measure the
height differences. For the AFAM technique the sample is mounted on an ultrasonic
transducer driven by a function generator which may be charged with either a sine (single
frequency) or a sweep. The ultrasonic transducer emits longitudinal waves through the sample
causing out-of-plane surface vibrations. The vibrations couple to the cantilever via its sensor
tip forcing the cantilever into transverse flexural vibrations. The low frequency components of
the cantilever vibrations are used for topographic imaging. The higher frequencies are
evaluated by special electronics which provides the high frequency oscillation amplitude and
phase of the cantilever which depends on the excitation frequency. A heterodyne
downconverter (mixer) in combination with a lock-in amplifier, or a fast signal acquisition
card in combination with fourier analysis, can be used [88].

As mentioned previously, the function generator can be programmed to send either a
sine (single frequency) or a sweep signal. When the sweep signal is activated, the excitation
frequency of the output signal is varied continuously over a fixed time interval to a maximum
cut-off frequency, whereby the contact resonance spectrum of the system composed of the

sensor with its tip and the sample can be found. The amplitude of the cantilever in contact
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with the sample surface as function of the frequency can be also recorded in dependence of
the applied force F.. In the case that the tip has a geometry different from a flat punch, an
increase in static load leads to an increase in the tip-sample contact area and therefore a larger
value for the tip-sample contact stiffness K* is expected [89].

When the contact resonance frequency is found, one can take acoustic (also called
AFAM amplitude) images by selecting a frequency close to a contact resonance of a
particular mode while the sample surface is scanned. In this case, the lock-in output is
connected to an auxiliary channel of the commercial AFM instrument, the signal is then
digitized, and displayed as a color-coded image. The resulting image thus contains the relative
amplitude of the cantilever vibration at the excitation frequency for each position on the
sample. The acoustic image contrast depends on the difference between the excitation
frequency and the local contact resonance. Therefore, acoustic images allow differences in the
local tip-sample stiffness, as e.g. between phases and/or grains having different crystal
orientations, to be detected. The topographic AFM image is acquired simultaneously with the
acoustic image. Contrast inversion of acoustic images is observed if the frequency of
excitation is varied between values below and above a contact resonance. Figure 11 presents a
practical example of an unalloyed pearlitic steel containing two phases, lamellar cementite
and ferrite. Figure 11a shows the topography image giving information about the sample
microstructure and surface roughness. The topographic height variation is about 300 nm. Fig.
11b displays a single point contact resonance frequency spectrum. The red and blue curves
represent the contact resonance frequencies for the cementite (745 kHz) and the ferrite
(755 kHz) phases, respectively. Figurec 11c and d show acoustic images acquired at these two
different frequencies. In the acoustic image taken at or close to the lower contact resonance
frequency (Fig. 11c), the cantilever vibration amplitude is higher for the more compliant
phase, here the cementite lamellae. Therefore, the cementite lamellae appear brighter.
Increasing the excitation frequency so that it is at or close to the higher contact resonance
frequency (Fig. 11d), the amplitude of the cantilever decreases on the more compliant phase
and increases on the stiffer one. Hence, the stiffer phase, here the ferrite, appears now
brighter. Thus, a contrast inversion is observed by varying the excitation frequency. If the
excitation frequency is far away from a contact resonance, the contrast disappears completely.
From acoustic images only qualitative information about the sample elastic properties is
obtained. In order to obtain local quantative information, contact resonance frequency

measurements in each image point are necessary. For faster acquisition of the contact
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resonance spectra further methods like the dual resonance excitation [90], band excitation [91]

and resonance tracking [92], were developed.

—— Cementite
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Figure 11. Principles of AFAM acoustic (amplitude) imaging showing contrast inversion. The
sample is an unalloyed pearlitic steel containing lamellar cementite embedded in a ferrite
matrix. (a) Contact-mode topography. (b) Single point contact resonance frequency spectra.
Acoustic images acquired at different excitation frequencies, (c) f = 745 kHz and (d) 755 kHz.

The first free transverse flexural resonance frequency of the cantilever is fo= 175.7 kHz.

As will be shown in the next section, contact resonances are also useful for signal

enhancement in the piezo-mode AFM technique.

3. PIEZO-MODE - PRINCIPLE, STATE OF THE ART AND EXPERIMENTAL
SETUP

The AFM-based dynamic technique called piezo-mode or piezoresponse force
microscopy (PFM) is used for nondestructive high resolution (~ 20 nm) ferroelectric domain
imaging and manipulation in thin films, single crystals, and polycrystalline ceramics. PFM is
based on the detection of surface deformations induced by the electrically biased probing tip

[93]. An ac voltage is applied between the electrically conductive sensor tip and the ground
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electrode creating a localized electric field below the tip which interacts with the surface of a
piezoelectric sample via the inverse piezoelectric effect. This voltage (peak-to-peak amplitude
of ~ 10 V) excites a sample vibration (expansion and contraction) locally which is detected
by the cantilever via its sensor tip being in contact with the sample surface. The laser beam
reflected from the cantilever is detected by the four quadrant laser diode of the commercial
AFM microscope, and the signal is then further analyzed using a lock-in technique. Similarly
to AFAM, PFM is carried out in contact mode, and using the low frequency components of
the cantilever deflection with the electronic feedback loop of the AFM, the topography of the
sample is simultaneously acquired. The frequency of the applied voltage is usually lower than
the first transverse flexural resonance frequency of the cantilever (mostly between 10 and
60 kHz). First images at a nanoscale of piezoelectric materials using PFM were presented in
1992 by Githner and Dransfeld [94]. To date, PFM has found a broad applicability to
ferroelectric domain imaging, domain patterning and spectroscopy in many different materials
such as ferroelectric perovskites [95], piezoelectric I1I-1V nitrides [96], and recently,
biological systems such as tissues [97,98] and proteins [99].

One distinguishes between vertical (VPFM) and lateral PFM measurements (LPFM).
In a VPFM measurement, the elongation or contraction of the surface (usually a single
domain) is analyzed perpendicularly to the sample surface. Those so-called out-of-plane
signals are obtained mostly via the transverse flexural vibrations of the cantilever and give
information on the out-of-plane component of electromechanical surface response. In a LPFM
measurement, the elongation or contraction of the surface is examined in the plane of the
sample surface. The so-called in-plane signals are obtained mostly via the torsional
movements of the cantilever and give information on the in-plane component of
electromechanical surface response. As mentioned previously, the lock-in technique is used to
analyze the detected signals by comparing those with the excitation signal in terms of
amplitude and phase of the cantilever vibrations. The resulting amplitude is a measure of the
local piezoactivity, and the phase indicates the direction of the domain polarization. Using the
information of VPFM and LPFM signals, the domain polarization, as e.g. in BaTiOs, can be
completely reconstructed [100,101]. Additionally, as discussed by Jungk [102], besides the
transverse flexural and torsional movements, the cantilever can suffer also an independent
third movement called “buckling”. In this case the in-plane force acts perpendicularly to the

tip but in axis with the cantilever (Fig. 12).
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Figure 12. (a) Forces acting on the sensor tip in PFM mode. The three forces Fges, Fouck and

Fwor cause three movements of the cantilever: transverse flexural deflection, buckling and
torsion, respectively (b). The vertical force Fqeq causes a transverse flexural deflection of the
cantilever which is independent of its orientation with respect to the surface normal. Already
in the case of the in-plane forces Fyr and Fpyck, the cantilever response is dependent on the
direction of the driving force with respect to the cantilever axis. While transverse flexural
deflection and buckling are detected as vertical signals, torsion results in a lateral signal on

the photodiode (c). Modified representation according to [102].

Buckling cannot be easily distinguished from a deflection of the cantilever because
both are detected as a vertical signal on the photodiode. Because of the symmetry of the
cantilever, an additional LPFM measurement must then be performed by physically rotating
the sample about 90° [103]. In this way, three components of the piezoresponse signal are
obtained, which allows at least a semiquantitative reconstruction of the polarization
orientation. A complete and precise determination of the polarization directions can be
calculated only if all components of the piezoelectric tensor are known [93]. For further
description of the method the reader is referred to [104-108].

The piezo-mode technique used in this work operates at much higher frequencies
compared to the standard (low frequency) piezoresponse force microscopy technique.
Because of the range of frequencies one operates with (few hundred of kHz to a few MHz) the
technique is named ultrasonic piezo-mode or ultrasonic piezoresponse force microscopy
(UPFM). As in the case of the AFAM technique, UPFM combines AFM with ultrasonics. The
schematic setup used in this work is presented in Fig. 13. The idea to excite contact resonance
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frequencies is similar, but the way to induce the sample vibrations differs considerably. In the
AFAM mode, the high frequency signal of the function generator is connected to the
ultrasonic transducer below the sample. Longitudinal waves are emitted which causes out-of-
plane surface vibrations that are sensed by the cantilever via its sensor tip. As described
earlier, contact resonance frequencies are excited. This can be used to measure local elastic
properties. In the UPFM mode, the high frequency signal of the function generator is
connected directly to the electrically conductive AFM-cantilever, and the tip-sample vibration
is excited via the inverse piezoelectric effect. Like in the AFAM mode, the operation
frequency is set close to a contact resonance frequency of the system. The piezo-mode signal
is thus enhanced through resonance amplification [85]. For the vertical (out-of-plane) surface
displacements, the excitation frequency is set close to a transverse flexural contact resonance
of the cantilever. In the case for the lateral (in-plane) surface displacements, the excitation
signal is set close to a torsional contact resonance of the cantilever. Similar to the standard
(low frequency) PFM, amplitude and phase images are taken for information about the piezo
activity of the sample. In order to allow local poling experiments with subsequent imaging of

induced changes, a DC-power supply is also connected to the system (Fig. 13).

Cantilever
Piezo-mode

DC-power | -, |

supply Sensor tip

Sensor tip—
Waveform S
generator

N
,\/\/\I ' Ferroelectric domain

| Ferroelectric ceramic
|
Lo~ ._& Ultrasonic transducer structure
AFAM

Figure 13. Schematic set-up showing the combined AFAM and UPFM techniques. The AFM
cantilever is in contact with the piezoelectric sample surface. The contact resonance modes of
the beam are excited by surface displacements caused by: (1) longitudinal waves emitted from
an ultrasonic transducer (AFAM mode); (2) due to the inverse piezoelectric effect when an
alternating electrical voltage is applied directly to the AFM cantilever and tip (piezo-mode).
A connected DC-power supply allows also the manipulation of the ferroelectric domains.

Modified representation according to [85,109].

Experiments are made in two steps. In a first step, a DC voltage of variable amplitude
and poling direction is applied between the tip and the sample while the sample is scanned. In

a second step, the same area is imaged in the UPFM mode to check whether the PFM contrast
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is changed locally. An increased contrast in the UPFM amplitude image corresponds to an

increased piezo activity.

4. RESEARCH OVERVIEW

4.1 Structural steels

The main objective of the first and largest part of this thesis is to identify the
mechanisms governing and/or contributing to the magnetization process of steels containing
different phases at the micro- and nanoscale in order to support the evaluation of macroscopic
electromagnetic and micromagnetic nondestructive methods. Analysis and interpretation of
the observed macroscopic electromagnetic and micromagnetic nondestructive output signals
require an understanding of the underlying domains and their interactions with the
microstructure. The observation and characterization of the magnetic microstructure and its
dynamics is therefore crucial to reveal the mechanisms controlling the magnetization
processes in multiphase steels.

In the work described in chapters 11-VI (publications A-E), samples of a high purity
polycrystalline iron and of two unalloyed pearlitic steels (Fe-0.8%C and Fe-1.5%C)
containing globular and lamellar cementite embedded in a ferrite matrix have been chosen as
model systems. To study the relative influences of the ferrite and cementite phases on the
macroscopic electromagnetic and micromagnetic measurement signals an approach based on
macroscopic measurement signals as well as the observation and characterization of the
material in the micro- and nanoscale is applied. At the macroscopic scale, magnetic hysteresis
loops and magnetic Barkhausen noise are used for materials characterization and evaluation.
At the micro- and nanoscopic scale, a relevant magnetic imaging technique for NDT&E,
namely MFM, is used for magnetic domains visualization and also for the detection of
different micromagnetic events.

A setup based on an electromagnet, a pick-up coil, and a magnetic field sensor was
used to measure magnetic hysteresis loops and magnetic Barkhausen noise of the high purity
polycrystalline iron and unalloyed pearlitic steel samples, the latter containing different
proportions of ferrite and cementite phases. A system composed of a commercial MFM
microscope coupled with an external coil providing a controllable external magnetic field was
built. Applying this setup, the influence of the cementite and ferrite phases on the
magnetization processes and also on the detected Barkhausen signals was investigated. The
characterization of local micromagnetic events in a thick (bulk) polycrystalline sample

requires a surface in which the grains are suitably oriented with regard to their easy axes of
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magnetization. Using the EBSD technique, the crystalline orientations of grains in both, the
ferrite and the cementite phases, were determined. Local elastic properties of the ferrite and
cementite phases were probed with a resolution down to the nm range using the AFAM
technique. By combining the MFM, AFAM and EBSD techniques, the local magnetic, elastic,
and crystallographic microstructure of the investigated unalloyed pearlitic steels were
examined.

Chapter Il (publication A, peer-reviewed paper) shows in detail the use of the MFM
under a controllable external applied field to image the magnetic microstructures of the high
purity polycrystalline iron and the Fe-0.8%C and Fe-1.5%C samples. Focus is given in the
magnetization process in the ferrite, reversible and irreversible domain wall movements are
observed, and different interactions of the domain walls in the ferrite matrix with the
cementite precipitates are revealed.

Chapter 111 (publication B, peer-reviewed paper) shows how one can optimize the
macroscopic measurement setup in order to identify the ferrite and the cementite phases in the
Fe-0.8%C and Fe-1.5%C samples on the MBN profiles. MFM under a controllable external
applied field is used to study the magnetic microstructure in the Fe-1.5%C sample with
special emphasis to the process related to the magnetization of the cementite phase.

Chapter IV (publication C, paper submitted to Ultramicroscopy) proposes a new
method to determine the magnetic easy axes of micro- and nanoscopic ferromagnetic
precipitates embedded in a bulk material by combining the MFM and EBSD techniques. It
also shows how different types of magnetic probes can influence the contrast in the magnetic
images. As examples, the Fe-0.8%C and Fe-1.5%C samples which contain globular and
lamellar cementite precipitates in a ferrite matrix are chosen.

Chapter V (publication D, conference paper) describes the dynamics of the magnetic
microstructure imaged by MFM of the high purity polycrystalline iron and the Fe-1.5%C
samples. Particular attention is given to the magnetization process of the high purity iron
sample. The domain wall movements in this sample are initiated by much weaker applied
field compared to those necessary on the Fe-1.5%C sample. It demonstrates how the
crystalline orientation of the grains in the high purity iron sample influences their surface
domain configurations.

Chapter VI (publication E, conference paper) presents the magnetic microstructure and
the local elastic properties of the Fe-0.8%C sample. Additionally, the AFAM technique is
used to image the microstructure and probe mechanical properties on the micro- and
nanoscale of austenitic twinning induced plasticity (TWIP) steels. Quantitative indentation
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modulus results were obtained as a function of the grain orientations and compared to the
results obtained using the nanoindentation technique. Finally, important insights in the
deformation mechanisms were examined via surface relief analysis obtained by AFM during

plastic deformation.

4.2 Functional lead-free ceramics

The main objective of the second much shorter part of this thesis, carried out together
with the BisNano project partners [2], is the evaluation of the functionalities of bismuth-based
materials for a variety of industrial applications, as e.g. lead-free ferroelectrics and
piezoelectrics. The design and engineering of new functional lead-free ferro- and piezoelectric
materials requires a thorough understanding of the micro- and nanostructure related
properties.

Chapter VII (publication F, peer-reviewed paper) describes ferroelectric epitaxial thin
film samples of bismuth ferrite (BiFeO3) which were grown in different crystallographic
orientations (100), (110), and (111). The quality of the films was evaluated using X-ray
diffraction (XRD) and AFM. To study the influence of the crystallographic orientation of the
films on the ferroelectric domain patterns, low frequency (standard) PFM and UPFM were
used. In order to examine local polarization switching, an additional dc-power supply was
connected to the PFM/UPFM system. Finally, AFAM was employed to probe the local elastic
properties of the films at a nanoscale by acquiring surface elasticity maps.

Promising candidates for lead-free piezoelectric materials were investigated at a
macro-, micro- and nanoscale (chapter VIII, publication G, part of the EU-Mexico BisNano
project report). Different lead-free bismuth-based bulk ceramics like BigsNagsTiO3 (BNT),
0.94BigsNagsTi03-0.06BaTiO; (BNT-BT), Mn-doped BNT-BT, and Sr-doped BNT-BT were
synthesized via conventional mixed oxide route and sintering. Macroscopic properties like
piezoelectric coupling coefficients and elastic constants were determined using impedance
and ultrasound measurements, respectively. Laser vibrometry was used for the identification
of sample resonances and also for the measurements of the maximal surface vibration
amplitudes of the ceramic samples at their resonances. Micro- and nanoscopic investigations
were performed using AFM, AFAM and UPFM. AFM contact mode was used to examine
first the quality of the sample surfaces with regard to roughness and cleanliness. AFAM and
UPFM were used to image at a nanoscale surface elastic properties and ferroelectric domains,
respectively. Finally, the most promising lead-free bismuth-based bulk ceramic samples were

successfully tested as ultrasonic transducer materials.
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II. MAGNETIC MICRO- AND NANOSTRUCTURES OF UNALLOYED STEELS:
DOMAIN WALL INTERACTIONS WITH CEMENTITE PRECIPITATES
OBSERVED BY MFM (PUPLICATION A)

L. Batista, U. Rabe, and S. Hirsekorn

NDT & E International (2013) Vol. 57; 58-68.

ABSTRACT. The morphology and content of a cementite phase controls the macroscopic
mechanical and magnetic properties of steels. The influence of the cementite content on the
bulk magnetic properties in unalloyed steels was observed in hysteresis loop and Barkhausen
noise signals. Globular cementite embedded in a ferrite matrix is characterized by atomic
force microscopy and magnetic force microscopy. Size, shape and orientation of the grains
influence the domain configuration. When an external magnetic field is applied, the
magnetization process occurs mainly in the ferrite matrix. The Bloch walls in the ferrite
matrix move, and they are pinned by the cementite precipitates. This microscopic observation

correlates with the macroscopic magnetic properties of the investigated material.

Keywords: Atomic force microscopy (AFM), Magnetic force microscopy (MFM), Steel,

Magnetic domains, Barkhausen noise, Microstructure, Non-destructive testing
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1. INTRODUCTION

Steels continue to be one of the most important structural material several millennia
after their discovery. Two prominent phases in steels are ferrite and cementite (FesC), a
metastable narrow-composition-field intermetallic compound with an orthorhombic
symmetry. Cementite is important because its morphology and volume fraction directly
controls mechanical and magnetic properties of steels. For quality control and assurance the
mechanical properties of steels as well as the morphology and content of the cementite phase
can be monitored using electromagnetic non-destructive testing methods. These methods are
based on a correlation between mechanical and magnetic properties and deliver parameters on
a macroscopic scale.

The bulk macroscopic magnetic properties and Barkhausen noise profile curves of
unalloyed steels have already been studied by many authors. It was shown that the carbon
content influences the shape of the hysteresis loop and the Barkhausen noise signals generated
by a microstructure containing globular cementite embedded in a ferrite matrix [1,2].
Amplitude and shape of the Barkhausen signal change with the addition of a small amount of
carbon, i.e. solid solution in iron [3]. Thompson and Tanner [4] discussed the influence of the
amount of pearlite phase on the magnetic and mechanical hardness. However, all these
macroscopic observations rely on a phenomenological description of the interactions of the
magnetic domains with the microstructure. Fundamental nano- and microscopic investigations
are still researching theoretically and experimentally the phenomena associated to such
interactions, e.g. the pinning effect of domain walls by magnetic inclusions.

The magnetic domain structures can be imaged by different techniques. For example,
the Bitter technique was used to examine the configuration of the magnetic domains in
magnetite [5]. Domains in high-permeability materials were imaged by Kerr microscopy [6],
the domain configuration of a cementite thin foil was revealed by Lorentz electron
microscopy [7], and recently a domain structure was imaged in three dimensions by Neutron
diffraction tomography [8]. Magnetic force microscopy (MFM) has been widely employed to
map magnetic structures of surfaces [9]. In addition to its outstanding local resolution of up to
10nm MFM has other advantages [10]: Topography and magnetic structure can be
simultaneously measured allowing the study of interaction between defects and magnetic
properties, and MFM can be performed under various environmental conditions. Since
magnetostatic interactions are long-range, MFM is less sensitive to surface contamination
than other scanning probe techniques, and the surface preparation is relatively easy. Different
reviews of the principles and methods of MFM were published [11-13]. Most studies of
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domain structures with MFM focused on thin magnetic layers [14-16], and only few studies
used MFM to image the domain structure of polycrystalline bulk materials [17].

In this paper, samples of a high purity polycrystalline iron and of two unalloyed steels
(Fe-0.8%C and Fe-1.5%C) containing globular cementite embedded in a ferrite matrix have
been chosen as model systems. In the first part of this work, the macroscopic magnetic
quantities, i.e. saturation magnetization, coercive field and maximum Barkhausen noise
amplitude were measured and interpreted with respect to the microstructural state. In the
second part, the magnetic microstructures were observed using a magnetic force microscope.
The MFM was coupled with an external coil providing a controlled in-plane magnetic field
which allowed the observation of the dynamic behavior of the magnetic domains.
Ferromagnetic domains were studied in the high purity polycrystalline iron sample and in the
cementite and ferrite phases of the unalloyed steels. By means of electron backscatter
diffraction (EBSD) the crystalline orientation of the cementite particles and the ferrite phase,
respectively, was determined. The correlation between the macroscopic magnetic properties

and the magnetic and crystallographic microstructure was examined.

2. BACKGROUND OF THE MEASUREMENT METHODS

2.1 Macroscopic magnetic methods

Ferromagnetic materials consist of small finite uniformly magnetized regions called
magnetic domains. Each domain is spontaneously magnetized to the saturation value of the
material. Domain walls separate neighboring domains of different magnetization orientations.
The driving energy for formation of domains in a macroscopic ferromagnetic material is the
stray field energy. The reduction of the stray field energy is accompanied by an increase of
the total domain wall energy. The equilibrium state therefore is characterized by the minimum
of the total energy, i.e. stray field plus domain wall energy [18,19]. In the magnetic structure
of a bulk ferrous magnetic material only two kinds of domain walls are observed: 180° -
Bloch walls (BWs) which are magnetostrictively inactive, have short range stress fields
resulting in high mobility and sensitivity to external stress, and 90°-BWs which are
magnetostrictively active, have long-range stress fields and therefore low mobility. The Bloch
wall movement takes place discontinuously because BWSs are temporarily pinned by
microstructural obstacles like dislocations, precipitates and phase or grain boundaries in a
polycrystalline material. The stepwise pull-out of the walls from the obstacles which changes
the magnetization state locally is called “Barkhausen event” or “-jump”. These local

magnetization changes induce pulsed eddy currents into the sample which are detected as
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electrical voltage pulses in a pick-up coil near the surface, the so called Barkhausen noise
[20]. Macroscopic magnetic properties including coercive field, permeability, residual
induction and power loss derived from hysteresis loop and Barkhausen signals allow
characterization of the microstructural state of ferromagnetic materials.

In the experimental set-up used here, the magnetic field for hysteresis loop and
Barkhausen noise measurements was generated by an electromagnet which was connected to
a computer-controlled bipolar power supply (Fig. 1). Cylindrical samples with a diameter of 8
mm and length of 50 mm were magnetized along their axial direction. A maximum magnetic
field strength H of 130 A/cm was reached at an excitation frequency of 0.05 Hz. The
magnetic tangential field strength H was measured by a Hall probe. The change in magnetic
flux density B and the inductive Barkhausen noise amplitude M were measured by a pick-up
coil surrounding the sample (Fig. 1). The envelope of the noise signals (analyzing frequency
fa = 200 Hz - 50 kHz) and the magnetic flux density were recorded as a function of the
tangential field strength.

(a) (b) B
Sample
Coil
H
Hall
+ robe
S r i Electro-
= 5 magnet
8 7
- . A A 4 (C) M
Magnetization,| | Tangential field strength H
bipolar power Magnetic flux density B ;
supply Barkhausen noise M 1A Mmax
Computer [¢ H

Figure 1. (a) Schematic sketch of the experimental set-up for hysteresis loop and Barkhausen
noise measurements, (b) schematic hysteresis loop with coercive field Hc, Magnetic flux at
saturation Bs, and remnant magnetic flux Bg, (c) schematic Barkhausen noise curve with
maximum of Barkhausen noise amplitude Mnax, remnant Barkhausen noise amplitude Mg, and

coercive field Hcy, deduced from Barkhausen noise curve.
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2.2 Magnetic force microscopy with a superposed external magnetic field

Magnetic force microscopy [21,22] is a special dynamic mode of atomic force
microscopy [23] in which a magnetic sample is scanned with a micro fabricated silicon
cantilever coated with a thin layer (thickness < 50 nm) of ferromagnetic material (Fig. 2). A
sharp sensor tip with an apex diameter in the nm range is attached to the cantilever. The
cantilever is deflected by the magnetic interaction force F between the ferromagnetic tip and

the stray field emanating from the sample surface:
F = (m-V)Hggpm, (1)

where m is the magnetic moment of the tip and Hsay, Is the magnetic stray field of the sample.
Since the magnetization of the tip is parallel to its axis, only the stray field component
perpendicular to the sample surface is detected. Thus, the force F; acting in the z-direction is

OHgsam
E, = (m ’ V)HSam = m, aS—Z (2)

A beam deflection position detector measures the bending of the cantilever. MFM
provides simultaneously an image of the topography and a map of the magnetic
microstructure of the specimen surface. Every image line is scanned twice, and the cantilever
is vibrated close to its resonance frequency during the scan. First the surface profile is
recorded in the intermittent contact mode (Tapping mode) [24]. In the second run, the line is
scanned once more at an adjustable distance above the previously measured topographic
profile. Due to the magnetic force gradient the cantilever experiences a shift in amplitude and
phase at its frequency of vibration. The topography and phase signals are displayed as color
coded images in a computer. The advantage of the lifting procedure is the automatic
subtraction of surface features from the total image leaving primarily magnetic information.
The typical lift height ranges from 10 nm to 100 nm [25]. A lift height of 60-80 nm was
chosen for all MFM measurements reported here. All magnetic images presented in this work
are phase images, i.e. the local phase shift was recorded as a function of position.

A commercial MFM instrument (Nanoscope 111°

multimode, Digital Instruments,
Santa Barbara, CA, USA) was used. The sensor tips were CoCr-coated with a coercivity of
~318.4 Alcm (~400 Oe) (MESP, Bruker AXS Inc., Madison, WI, USA). An external
electromagnet was combined with the MFM (Fig. 2). The pole shoes of the electromagnet

were adjusted such that the sample inside the AFM was magnetized parallel to its surface.
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Figure 2. Experimental set-up for the MFM measurements coupled with an external coil
providing a controlled in-plane magnetic field.

3. INVESTIGATED MATERIALS

Samples of high purity iron (99.99%) and of two unalloyed steels, Fe-0.8%C and Fe-
1.5%C, containing globular cementite (FesC) in a ferrite matrix were examined. The samples
were provided as-cast and machined in a cylindrical shape of 8 mm diameter and 50 mm
length. In order to remove all processing-induced residual stresses, the samples were vacuum
annealed at 600°C for 4h. Scanning electron microscopy (SEM) images (Fig. 3) show the
microstructure of the Fe-0.8%C and Fe-1.5%C samples. The size of the cementite precipitates
ranges from a few hundred nanometers to about 10 um in diameter. The average grain size is
approximately 80 pum for all samples.

For AFM and MFM measurements small specimens (3 x 3 x 1 mm®) were cut from the
annealed cylindrical samples by spark erosion and mechanically polished by standard
procedures. Directly before the measurements, the samples were slightly etched using Nital

(95% ethanol + 5% nitric acid) in order to obtain suitably reproducible surface conditions.
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Figure 3. SEM images showing the microstructure of the investigated samples with cementite
precipitates: (a) Fe-0.8%C and (b) Fe-1.5%C.

4. RESULTS AND DISCUSSION

4.1 Bulk magnetic properties

The magnetic hysteresis curves of the three samples are shown in Figures 4a-c (dotted

lines). The coercivity H increases with carbon content, while the relative permeability at the

coercive field Hc, the remanence Bg, and the saturation magnetization Bs at 100 A/cm

decrease with increasing carbon content. In summary the magnetic hardness increases as the

carbon content increases. A summary of the measured parameters is given in Table 1.

Table 1: Parameters deduced from the macroscopic measurements shown in figure 4.

_ _ Maximum Saturation
Carbon | Coercive Relative Remanence ) o
) . Barkhausen noise | magnetization
content | field Hc | permeability at Br ]
amplitude Mpax Bs
[wt%] | [Alem] Hc [T]
[mV] [T]
0
2.4 0.311 0.91 7.8 1.95
(Pure)
0.8 4.7 0.158 0.84 5.3 1.73
1.5 6.9 0.132 0.76 4.7 1.57

The Barkhausen noise curves (Figures 4a-c, continuous lines) give a further insight

into the differences in the magnetization processes. A high maximum of Barkhausen noise

(Fig. 4a) close to the coercive field Hc can be seen for the high purity iron sample. This is
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attributed to the easy irreversible domain wall movement of the 180° BWs in pure iron. The
addition 0.8 and 1.5 wt. % of carbon, respectively, results in a microstructure with globular
cementite precipitates embedded in a ferrite matrix with less than 0.008 wt. % of carbon in
solid solution. A broadening of the Barkhausen noise peak and a decreasing peak height can
be observed as shown in the continuous curves of Figures 4b and c, respectively, which can
be attributed to the interstitial carbon atoms in the ferrite matrix and the intra- and

intergranular cementite precipitates.

8 _ — 20 8 2.0

M[mV] | (a) Pure iron ~ L BT M[mV] (b) Fe-0.8%C P L B[T]
6 1.0 61 i L1.0
) /AN

: 0.0 4 G 0.0
2. L-1.0 2 r-1.0

.....

0 ; . r T -2.0 0 r " r . -2.0
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
H [A/cm] H [A/cm]
8 2.0
M[mV] | (c) Fe-1.5%C cprpenensTT - B[T]
6 g r1.0

=

0 r T r T -2.0
-150 -100 -50 0 50 100 150
H [A/cm]

Figure 4. Hysteresis loop (dotted line) and Barkhausen noise (continuous line) curves for (a)
pure Fe (99,99%) and two unalloyed steels containing different content of globular cementite
(b) Fe-0.8%C and (c) Fe-1.5%C. The measurements were performed at 1.8 V and 0.05 Hz.

Interstitial atoms involve magnetic after effect phenomena [26]. This effect is
associated with the diffusion of point defects, e.g. carbon atoms, within the crystalline lattice,
e.g., ferrite. When BWs are moving under an ac magnetic field, carbon interstitial atoms are
reoriented into energetically more favorable sites with regard to the spontaneous
magnetization. Thus, after each reverse scan of the field, the domain walls which are
interacting with the defects are hindered by the magnetic after effect pressure, and must
overcome an additional residual stress within the material [27]. As a result a higher field is
required to move all walls and to reach the saturation state. The direct effect is the lowering

and broadening of the maximum in the envelope of the Barkhausen noise as shown in Fig. 4b
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and c. Cementite precipitates embedded in the ferrite matrix, however, give rise to a much
higher interaction with BWs than interstitial atoms [3]. Due to the very high anisotropy of the
cementite its magnetic moments are not easily oriented by an applied magnetic field. The
magnetostatic energy is very high creating magnetic poles around the precipitates enhancing
the hindrance of the BWSs. By increasing the amount of carbon (from 0.8 to 1.5 wt%), i.e. the
amount of cementite precipitates, the pinning effect is enhanced requiring longer time to
move all walls and reach the saturate state. For the sample containing 1.5 wt% C an additional
peak starts to emerge at higher fields (Fig. 4c) which is attributed to the cementite phase
[28,29]. It will be shown later that the magnetic microstructure of the ferrite matrix often

appears to be unrelated to that one of the cementite phase.

4.2 Local magnetic properties — image contrast in magnetic force microscopy

Magnetic force microscopy monitors the magnetic force gradient between the tip and
the sample, which is determined by the magnetic fields and moments of both, the tip and the
sample. During MFM imaging, the tip and sample can be very close to each other. Therefore,
the tip stray field may change the sample and vice-versa. Such distortion can be extremely
severe if either the tip or the sample is magnetically soft. Depending on the nature of the
sample different coating materials, e.g. cobalt-chromium, iron and Permalloy (Ni-Fe), can be
used for the tip. In a series of preliminary experiments a suitable sensor type was chosen from
a set of commercial tips with different coatings [30,31].

Fig. 5a shows the topography of the Fe-0.8%C sample revealing the cementite
precipitates as higher, white areas in the ferrite matrix. Two magnetic images of the same
surface area are shown in Fig. 5b and c. In both scans, the magnetization direction of the tip
was perpendicular to the sample surface, but the tip was magnetized downwards and upwards
along its axis, respectively. As can be observed by comparing Fig. 5b and c, the phase shift in
the magnetic images shows contrast inversion for the opposite magnetization direction of the
tip. We may therefore conclude that the chosen magnetic tip does not influence the magnetic
microstructure of the sample and vice-versa, and that the observed contrast represents the z-

component of the stray fields of the sample [30].
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Figure 5. Topography (a) of the sample Fe-0.8%C containing globular cementite precipitates
in a ferrite matrix, MFM images taken with the magnetic tip magnetized downwards (b) and

upwards (c) along its axis [29].

4.3 MFM images of high purity iron

Fig. 6a-c demonstrate the evolution of the magnetic microstructure for the high purity
iron sample in an external in-plane magnetic field. Fig. 6a shows the sample at the remanence
state (no applied field) while Fig. 6b and ¢ show the sample in an applied magnetic field of
190 A/cm and -190 A/cm, respectively. Arrow #1 in Fig. 6a points to a grain boundary
separating two grains with different crystal orientation. The grain on the right side displays a
multitude of small areas with different magnetic contrast, while the grain on the left side
shows large areas with almost homogeneous grey level. The domain arrangement at the
surface is primarily determined by the principle of flux closure which minimizes the total
inner energy. Besides that, it is strongly dependent on the surface orientation relative to the
easy directions. From the simplest case, a surface containing two easy axes, to surfaces
strongly deviating from easy axes in their orientation, the domain patterns become
progressively more and more complicated [14]. The <001> directions are the easy directions
for iron and therefore the (100) surface contains two mutually perpendicular easy directions.

This allows us to conclude that the orientation of the left grain is close to the plane (100), and
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the orientation of the right grain strongly deviates from the plane (100), which contains two
easy axes.

The grain on the left side displays a few domains clearly separated by Bloch walls
which can be detected as bright or dark lines in the MFM image (arrows #2 and #3) in Fig. 6).
At the remanence state, a domain wall will be in a position which minimizes the energy of the
system formed by the wall itself and the adjoining domains and domain walls. In Fig. 6a,
some walls are bulged possibly indicating the existence of defects and residual microstress
which is caused by crystal imperfections as e.g. dislocations [18].

When the magnetic field is applied a change of position of the domain can be
observed. For example a small domain wall indicated by arrow #3 in Fig. 6 moves to the right
or left side when a positive or negative field is applied, respectively. In order to highlight the
domain wall movements, the arrows were placed in exactly the same positions in all images
by taking the immobile grain boundary (arrow #1) as a reference. All domain walls go back to
their initial positions when the field is switched off, which means that the observed domain

wall movements are reversible.

H=+190 A/cm
‘—

H =-190 A/cm
. —_—

Figure 6. MFM images of the high purity iron sample (a) without external field and with an
applied external field of (b) 190 A/cm and (c) — 190 A/cm, respectively. The direction of the

in-plane field is indicated by black arrows.

4.4 MFM images of the samples containing globular cementite embedded in a ferrite

matrix

Non-magnetic inclusions in a magnetic matrix are often discussed in literature [32,33],
in contrast the unalloyed steels Fe-0.8%C and Fe-1.5%C investigated here consist of a soft
ferromagnetic ferrite matrix with cementite precipitates which are magnetically harder than

the matrix. The carbon content is higher in the Fe-1.5%C sample than in the
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Fe-0.8%C-sample, but the basic behavior of the magnetic microstructure can be discussed by
taking the Fe-1.5%C as an example.

Fig. 7 shows the microstructure of the Fe-1.5%C sample. The topography image
obtained with the MFM (Fig. 7a) reveals the cementite precipitates as bright areas which are
about 400 nm at maximum higher than the ferrite matrix. Three grains with different average
height (numbered (1), (2), and (3)) are visible in the ferrite matrix. The corresponding electron
backscatter diffraction maps taken with a scanning electron microscope, i.e. the Kikuchi
pattern quality (KPQ) and the inverse pole figure (IPF), are shown in Fig.7b and c,
respectively. The color code of the inverse pole figure represents the crystallographic
orientation in the ferrite matrix (nearly pure b.c.c. iron, lattice constant a = 2.87A), and in the
cementite particles (orthorhombic symmetry, length of the three perpendicular axes a =
5.09A, b = 6.74A, ¢ = 4.52A). Using an orientation imaging software the angles of inclination
of the three ferrite grains (1), (2), and (3) relative to the (100) plane were obtained as 15°, 9°
and 33°, respectively.

The inverse pole figure maps reveal that most of the large cementite precipitates
observed in the topography image (Fig. 7a) are not single crystals, but have a polycrystalline
structure with different grain orientations. The dark grey color of the cementite precipitates in
the KPQ map corresponds to a low KPQ index (Fig. 7b). The decrease of the indexing rate is
correlated with a strong lattice distortion induced by accumulation of dislocations in the
cementite phase.

Fig. 8a-d displays the magnetic microstructure of the same sample area shown in Fig.
7 in the demagnetized state as well as with applied field strengths of 100 and 190 A/cm,
respectively. Like in the Fe-0.8%C sample (Fig. 5), the cementite precipitates show mostly
striped domains with a strong magnetic phase contrast, while the contrast in the ferrite matrix
is weaker. This can be explained by the fact that cementite is magnetically harder than ferrite
and thus causes stronger stray fields. Each cementite particle has its own domain structure,
and no closure domains are observed. This probably is due to the high single crystal
anisotropy of cementite (K; = 118.10° J.m™ and K, = 394.10° J.m®) [7]. The cementite
domain structure in or around the (010) plane consists of parallel stripes directed alternately
down- and upwards in relation to the surface. Since the MFM tip senses the component of the
stray field emerging perpendicularly from the surface, we may conclude that the magnetic
moments of these precipitates are more or less parallel to the tip axis, i.e. perpendicular to the
sample surface plane. The observation that the long axis (here [010]- or b-axis) is the easy
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axis in cementite agrees with the results of Keh and Johnson, obtained by transmission
electron microscopy studies on cementite particles with 5-10 um average dimension [7].

Onm NI /400 nm
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001 100
Figure 7. Topography (a) of the Fe-1.5%C sample taken with MFM. The corresponding KPQ

(b) and IPF (c) maps taken with SEM show the crystals and their respective orientations.

Three grains with different crystal orientation are marked as (1), (2), and (3) in the images.

Spike domains, first observed by Williams [42] in a Fe-Si alloy, are visible in the
ferrite matrix on the grain boundary between the grains 1 and 3 as well as attached to the large
precipitate (white arrow (S) in Fig. 8a). The formation of these spike domains may be
explained by the reduction of the magnetostatic energy of the cementite and stress
concentrations on the grain boundary and on the cementite/ferrite interface caused by
differences in thermal expansion coefficient. Magnetostatic energy associated with an
inclusion is proportional to its volume. Thus the probability to show attached spike domains
in order to reduce magnetostatic energy increases with the size of the precipitates.
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Figure 8. MFM images of the Fe-1.5%C sample taken after demagnetization of the sample
without an external field (a) and with applied external fields of 100 (b) and 190 A/cm (c). In
(d) the field was switched off again; the applied field direction is indicated by the black
arrows. The white arrow (S) points to a spike domain in the ferrite matrix. The blue arrow
shows a domain which changes its size, the red and green arrows indicate domain walls. The

numbers in circles relate to the energy diagram (Fig. 9).

4.4.1 Reversible and irreversible domain wall movement in ferrite

Fig. 8a shows the sample after demagnetization without external field. The
demagnetization process was done by applying alternating fields of slowly decreasing
amplitude. Bright and dark lines are visible within the ferrite matrix in Fig. 8, which can be
identified as domain walls. Two domain walls were marked in Fig. 8a with green and red
arrows. These domain walls tend to intersect the cementite precipitates in order to minimize
the magnetostatic and wall energy. When a magnetic field H is applied, it induces forces on

the domain walls which cause growing of domains with orientation in the field direction at the
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expense of the other domains. A supplementary domain can be observed in grain 2 (Fig. 8,
blue arrows). When applying a field of 100 and 190 A/cm (Fig. 8b and c) respectively, the
domain increases its size. When the magnetic field is switched off, the size of the domain
decreases again (Fig. 8d).

At low fields, domain wall motion dominates the magnetization process rather than
domain rotation. However, both domain wall bulging (a reversible process) and domain wall
displacement (an irreversible process) are important in this region. Initially, if the magnetic
field is smaller than the coercive field (H < H), the domain wall is attached to pinning points.
As H increases, the wall bows between the pins as to be seen in Fig. 8b, red arrow. When H >
H., the domain wall unpins and propagates (Fig. 8c, red arrow).

In order to explain such a displacement as observed by the domain wall marked by red
arrows in Fig. 8, one can use a well-known model (Fig. 9) [18]. The domain wall
displacement x can be described as a function of a single energy term E which stands for all
types of energies involved such as wall energy and magnetostatic energy. The energy E varies
with x as shown schematically in Fig. 9a. The magnetic field H causes a driving force on the
domain wall which acts against the restoring force of energy gradient dE/dx (Fig. 9b). One
can assume that the driving force is cH, where the proportionality constant ¢ depends on the
kind of wall and on the orientation of the field. At H = 0, the wall “rests” in an energy
minimum (upon a cementite precipitate) (Figs. 8a and 9®). If a small field is applied, with cH
lower than the maximum of the energy gradient, the wall moves reversibly to point @ and
back to point @, if H is switched off again (Figs. 8d and 9®). If a larger field H is applied
such that cH is equal or larger to the maximum of the energy gradient, the wall jumps
irreversibly to point @ (Figs. 8c and 9®). If H is now switched off again, the wall will move
to point @, which then is the nearest minimum in energy (Figs. 8d and 9®). Note that for the
same external applied in-plane magnetic field both reversible (green arrows in Fig. 8) and
irreversible (red arrows in Fig. 8) domain wall movements are observable, because the shape
and the gradient of the energy curve in Fig. 9 depend on the domain wall and on its

microstructural neighborhood.
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Figure 9. Energy model for reversible and irreversible domain wall movements in x-direction.
The external force on the domain wall acting against the internal force dE/dx is proportional
to the applied external field H. The wall will move back from @ to the energy minimum @ as
long as cH is smaller than the local maximum of dE/dx. If cH is equal or larger than the
maximum, the wall will jump from @’ to @ and back to a new minimum @ upon removal of

the external field.

It is clearly visible that the magnetic microstructure of ferrite and the evolution of its
domain configuration under an applied magnetic field are strongly influenced by the
cementite. Domain walls are hindered in their movement by large as well as by small
precipitates. For large precipitates, this is mainly due to interactions with attached subsidiary
domains which tend to stick to the walls, whereas small precipitates reduce the energy of any
wall that contains them. In relation to their volume density, inclusions with a diameter
approximately equal to the wall thickness should cause the strongest effect [18]. The pinning
sites cause a decrease in the initial permeability of a ferromagnetic material and an increase in
its coercive force. Hence, increasing the amount of carbon, i.e. cementite, the macroscopic
initial permeability decreases and the coercivity increases. Irreversible changes in
magnetization are caused during wall displacement by the pinning process [35]. A wall jump
generates an eddy current pulse which propagates in all directions and arrives at the surface of
the sample according to a dispersion law [43]. The average of all local Barkhausen jumps can

be detected by a suitable macroscopic set-up as shown in Fig. 1.
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Fig. 10 shows the evolution of the magnetic microstructure of a section of grain (1) in
Fig. 7. The magnetic microstructure is slightly different from the structure in Fig. 8 because
the sample was removed from the MFM, demagnetized in a strong macroscopic field, and
replaced into the MFM between the measurements. Fig. 10a is recorded at the remanence
state of the sample while Fig. 10b and c display the results with an applied magnetic field of
190 A/cm and -190 A/cm, respectively. The walls (arrows in Fig. 10) are anchored at the
precipitates. Fig. 10a (arrow #1) shows a wall which is already bent between two cementite
precipitates without an applied external field. When applying a field of 190 A/cm to the right
(Fig. 10c) the wall becomes nearly straight. Contrarily, the wall marked with arrow #2 is
nearly straight when no external field is applied (Fig. 10a), but it clearly bends into the
direction of the field of 190 A/cm (Fig. 10c). This confirms the predictions [34] that domain
walls should be flexible rather than rigid. An irreversible domain wall movement (Barkhausen
jump) is also visible as marked by arrow #3 in Fig. 10a-c. One Bloch wall shows a sharp kink
(Fig. 10c, arrow K). The kink in a 180° Bloch wall has also been observed in magnetite using
the Bitter method [5]. Bloch wall segments with different polarities do not form a straight
line, but are kinked at the point where the direction of the interior rotation of spins in the wall

reverses. This reduces the magnetostatic (stray field) energy of the wall.

H=+190 A/cm H=-190 A/lcm
— —_

Figure 10. MFM images taken on the Fe-1.5%C sample (a) without external field and with

external fields of (b) 190 A/cm and (c) — 190 A/cm, respectively. The applied field direction is
indicated by the black arrows [29].

4.4.2 Bowing of domain walls in ferrite

Residual stresses in the ferrite phase as well as lattice mismatch in both phases may
produce microstresses, which can cause bowing of 180° walls even without applied field.
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Fig. 11a shows a sketch of a 180° Bloch wall which is bowed into a circular arc of radius r.
The dotted line gives the position of the unflexed wall; 2y is the distance between pinning
sites and x the linear displacement [35]. The linear displacement x is obtained by a simple

geometrical calculation (Fig. 11a):

NG ®

The average internal stress <o> responsible for the observed domain wall bowing can be

estimated as [36]:

2 Ay <o >
(x/Zy) = 2uoM2 | (4)

Here, As=22.2x10° is the saturation magnetostriction constant for iron [100] [19],
1 =1256x10°N/A> is the magnetic  permeability in  vacuum, and
Ms = 1.739 x 10° A/m [19] is the saturation magnetization of iron. Taking the measured
values r =48.1 um, x=0.1 um and y = 3.1 um, the estimated value of the average internal

stress is <o> = 88.9 MPa (Fig. 11b, white arrow).

H=0A/cm H =-190 A/cm

Displaced
domain wall 5 Ia
74 &

Centre of y
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(@) (b)

Figure 11. Bending of a magnetic domain wall between two pinning sites: (a) schematic

sketch showing the geometry of the curved domain wall [37], (b) and (c) enlarged section of
Fig. 10 showing the Fe-1.5%C sample at the remanence state and with an applied field of 190
Alcm to the right, respectively.

The amount of domain wall bending before breaking away from the pinning sites
depends directly (but inversely) on the strength of the pinning sites and on the domain wall

surface energy [35]. The domain wall undergoes more bending for a wall having low surface
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energy and high pinning site strength. Furthermore the bending depends on an extrinsic factor
which depends on the magnetic field H.

4.4.3 Contrast and width of domain walls in ferrite

Bloch walls in the ferrite matrix are visible as bright and dark lines in the scanned
area. Fig. 12 shows once more an enlarged section of an MFM image of grain 1. MFM line
scans across both walls are shown in Fig. 12b and c. The line scans clearly show the positive
and negative phase shifts in the bright and dark walls, respectively. For a wall moment
direction opposite to the tip moment direction, the tip will feel a repulsive force and the
cantilever suffers a positive phase shift resulting in a bright line in the image. Vice versa, for a
magnetic moment direction in the wall parallel to the moment of the tip, it will feel an
attractive force creating a negative phase shift and a dark line in the image. The average
magnetic moments inside the walls are perpendicular to the plane pointing out of or into it.
We can conclude that on both sides of a wall, the magnetic moments are most likely
antiparallel to each other and aligned in the plane. The BWs are transition areas in which the
moment direction gradually rotates by 180°. As a consequence, the MFM tip feels an
attractive or a repulsive force on the walls depending on their polarities.

Depending on the magnetic anisotropy value, the domain wall width 3, can vary from
a few inter-atomic distances in hard magnetic films with perpendicular anisotropy to several
hundred nanometers in films with weak in-plane anisotropy [38]. The width of a BW in iron
is around 100 nm [39,40]. In this work, the wall width measured in the ferrite phase ranges
from 140 nm to about 500 nm. The larger value found in this work can be explained by
limited local resolution of the MFM instrument caused by the finite horizontal and vertical
dimensions of the tip apex and corresponding averaging over the local stray-field variation
[41].
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Figure 12. (a) Enlarged section of Fig. 10a showing Bloch walls in the Fe-1.5%C sample; (b)
and (c) line scans across the Bloch walls, lines indicated in (a). The measured wall thickness
in the line scans (1) and (2) is 500 nm and 340 nm, respectively.

4.5 Correlation between microscopic and macroscopic magnetic measurements

With increasing amount of cementite in the ferrite matrix the macroscopic magnetic
hardness increases. As has been shown in sections 4.2, 4.3, and 4.4, the domain structure of
the pure iron sample is completely different from the domain structure of the material with the
cementite phase. The cementite particles show a magnetic stray field which is in generally
stronger than the stray field of the ferrite, and the magnetic microstructure of ferrite is
strongly influenced by the cementite. An interaction between the domain walls in ferrite with
the precipitates becomes very well visible when an external magnetic field is applied.
Observation of the position change of the domain walls at different external magnetic fields
indicated clearly that the domain walls of the ferrite matrix are hindered in their movement by
large as well as by small cementite precipitates.

The analysis of the magnetic microstructure of the investigated samples suggests that
the field of 190 A/cm is not strong enough to reach saturation. However, the macroscopic
measurements have shown that a field of 190 A/cm is strong enough to saturate all three
samples. This disagreement may be explained by the fact that the macroscopic hysteresis loop
measurements were made with cylindrical samples while the samples for MFM measurements
were small square plates cut from the macroscopic cylinders. Shape anisotropy and
demagnetization probably led to different magnetic fields in the completely different
experimental geometries. Furthermore the MFM analysis of the domains and their dynamics
relies on the behavior of the surface domains. Surface residual stress built up during
mechanical polishing as well as the special electromagnetic boundary conditions of surface

domains may hinder the movement of domain walls on the surface and thus a stronger
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magnetic field may be required to reach the same magnetization level compared to the volume

interior.

5. SUMMARY

Samples of highly pure iron and the unalloyed steels Fe-0.8%C and Fe-1.5%C were
characterized macroscopically by measuring hysteresis loops and Barkhausen noise signals.
With increasing amount of carbon in form of globular cementite precipitates in the ferrite
matrix the magnetic hardness increases and the Barkhausen noise amplitude decreases.

The local resolution of most magnetic imaging techniques is not sufficient to observe
individual domains in technical steels. Interpretations therefore are based on simulation,
macroscopic experiments and on observations in materials with a coarser micro structure. The
combination of AFM, MFM, and EBSD techniques opens a new field for material research
and development enabling the direct observation of magnetic micro- and nanostructures
including the corresponding single crystal grain orientations. The surface of bulk samples can
be studied, the comparison to macroscopic data of the samples is therefore possible, and the
sample preparation is simpler compared to sample preparation for transmission electron
microscopy.

In this work, MFM images with a local resolution of 50 nm, recorded with different
external fields reveal how the magnetization process takes place via domain wall
displacement and domain wall nucleation. Ferromagnetic domain structures in highly pure
iron and in cementite precipitates as well as their interaction were studied. Domain walls in
the ferrite phase tend to intersect the cementite precipitates in order to minimize the
magnetostatic and wall energy. Spike domains have been observed mostly in the grain
boundaries of the ferrite phase as well as attached to large cementite precipitates. The
cementite domain structure in or around the (010) plane was found to consist of parallel
stripes directed alternately down- and upwards in relation to the surface without direct
correlation to the ferrite domain structure of the matrix.

By applying an external in-plane magnetic field the dynamic behavior of the magnetic
domains and the interaction between domain walls and the cementite precipitates was
observed. In the ferrite matrix, bending of domain walls occurs at weak external magnetic
fields. For stronger applied magnetic fields reversible and irreversible break-free of domain
walls was observed, which can be interpreted as a local Barkhausen event or -jump. The
microscopic observation that the cementite precipitates represent an obstacle to the domain

wall movement correlates qualitatively with the increase of magnetic hardness with increasing
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amount cementite, and with the broadening of the maximum in the envelope of the

Barkhausen noise in the macroscopic measurements.
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MICROSCOPY TECHNIQUES (PUBLICATION B)
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ABSTRACT. The influence of the carbon content in form of globular cementite precipitates
in unalloyed steels was macroscopically characterized by means of magnetic hysteresis loop
and Barkhausen noise techniques. The choice of the frequency of the applied field has a
strong influence on the Barkhausen noise profiles. At sufficiently high frequency (0.5 Hz)
there are two peaks, one at lower field, the amplitude of which corresponds to the amount of
ferrite and one at higher field, the amplitude of which corresponds to the amount of the
cementite phase, respectively. Magnetic force microscopy and electron backscattered
diffraction techniques were used to determine the magnetic and crystallographic
microstructures of the steels. Cementite has its own domain structure and stray fields which
influence the magnetization process of the steel by its own magnetic contribution. When an
external magnetic field is applied, the magnetization process in ferrite occurs mainly at lower
fields through the 180° and 90° domain walls. A higher field is required for the observation of

180° domain wall movements in cementite.

Keywords: Magnetic force microscopy (MFM), Electron backscatter diffraction (EBSD),
Steel, Magnetic domains, Barkhausen noise, Non-destructive testing
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1. INTRODUCTION

In most steels, among all the phases or constituents that can be obtained by choosing
the chemical composition and thermo-mechanical treatments, two are frequently encountered:
ferrite and cementite. Ferrite shows high ductility and low strength values and therefore low
mechanical and also - very often - magnetic hardness in terms of coercivity. Cementite on the
other hand shows high mechanical and magnetic hardness and is much more brittle. Thus, the
relative volume fraction of the ferrite and cementite phases gives rise to the final mechanical
and magnetic properties of the steel. The knowledge of the amount of cementite in steels is
thus crucial.

Hysteresis loop and magnetic Barkhausen noise (MBN) evaluations are widely used
magnetic measurement techniques for the microstructural characterization of ferromagnetic
materials and determination of residual stress states. In physics, regular hysteresis
measurements providing reproducible and reliable results can only be performed by using
special hystrometer measurement devices asking for specially shaped test specimens like
spheres and cylinders with well-designed geometry combined with encircling coils to measure
the magnetic induction. As a consequence the technique can not be applied to real
components, as for instance vessel shells or pipes or high speed running steel sheets in a cold
rolling mill [1], and is therefore destructive. All techniques based on magnetic circuit
approaches [2] suffer from influence of lift-off on absolute value, ensuing value fluctuations,
and shearing of the hysteresis curve [3]. Only in case of transformer steel sheets industrial
consensus standards exist (i.e. Epstein frame measurements [4]) based on destructive batch
tests. In contrast to these facts MBN-analysis can be performed with sensors positioned
locally on top of the surface of a component, which means that MBN is non-destructive.
However, the use of the magnetic Barkhausen noise techniques is “not yet” regulated by a
standard. This makes the comparison of results published by different authors extremely
difficult, especially as the side influences of different experimental conditions such as
magnetization set-up, signal pick-up, band width, etc. are often insufficiently described. First
attempts into standardization are initialized by the German Engineering Society (VDE
Guidelines) [5].

During the magnetization process the domain structure of a ferromagnetic material is
altered which involves different movements of the domain walls. There are exclusively 90°-
and 180°- domain walls in case of iron materials. In the case considered here, the domain wall
movement takes place in a microstructure consisting of a ferrite matrix with cementite
precipitates. In basic physics the precipitates are either assumed acting as nonmagnetic
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foreign bodies [6,7] in the ferromagnetic matrix, or they are considered to interact with the
domain walls of the matrix via their residual stress fields [8]. Domain walls tend to cling to
nonmagnetic inclusions in order to minimize the magnetostatic and the wall energy. It was
considered in the literature in a first approach that cementite behaves as a nonmagnetic
inclusion in a ferrite matrix [9] or even as a nonmagnetic phase at all [10]. However,
cementite is a ferromagnetic phase [11,12], and therefore — depending on its size, shape,
crystalline orientation and amount of defects - it has its own domain structure and stray fields.
The stray fields of inclusions, which are a source of magnetostatic energy, may also interact
with the domain walls within the matrix. In order to reduce the magnetostatic energy,
supplementary domains (closure domains) are built close to the inclusions which in turn
interact with the domain walls in the matrix [13,14]. The other source of interaction of the
cementite precipitates with the domain walls in the ferrite phase are — as mentioned above -
the residual stresses which are built-up due to different thermal expansion coefficients of the
two phases during the solidification process of the material, and lattice defects, e.g.
dislocations, which are created on the interface between ferrite and cementite.

Several studies have been done on the individual influence of different microstructural
parameters, e.g. second phase particles, on the generation of the magnetic Barkhausen noise.
For example, the observed MBN activity profile in a microstructure containing cementite in a
ferrite matrix showed either a single [15] or a double peak [8,16]. The description of a double
peak for a Barkhausen noise profile has also encountered divergences in the literature. The
weaker field peak was attributed to the pinning of 180° walls in the matrix by secondary
particles and the stronger field peak was explained by annihilation of 90° domain walls at
grain boundaries [17]. Contrarily, Moorthy et al. [16] stated that the weaker field peak is
caused by irreversible domain walls in the ferrite and the stronger field peak by irreversible
movement of domain walls overcoming second phase particles. By measuring the MBN
signal as a function of temperature of a compact cementite and unalloyed white cast iron
samples, Altpeter [18] demonstrated that the cementite actively produces its own MBN signal.
With increasing temperature the ferromagnetic coordination decreases, and consequently the
MBN signal intensity decreases. The Curie temperature of cementite (~ 210°C) is lower than
the Curie temperature of ferrite (~ 770°C). Altpeter observed a Barkhausen noise amplitude of
the compact cementite specimen, which decreased with increasing temperature and
disappeared at the Curie temperature of cementite [18]. Furthermore, the MBN amplitude of
white cast iron showed qualitatively the same behavior, i.e. it decreased strongly towards the

Curie temperature of cementite and remained at a low almost constant level above this value.
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In addition, the MBN decrease of white cast iron was stronger with increasing amount of
cementite.

In this work, we investigate the opportunity of assessing the relative proportion and
contributions of the cementite and ferrite phases in unalloyed steels by optimizing the
measured hysteresis loop and Barkhausen noise parameters. The evolution of the magnetic
microstructure is directly correlated to the macroscopic measurement quantities by means of a

superposed magnetic field applied to a magnetic force microscope (MFM).

2. MATERIALS AND METHODS

Three different materials were examined in this study, a high purity iron (99.99%) and
two unalloyed steels, Fe-0.8%C and Fe-1.5%C, containing globular cementite (FesC)
embedded in a ferrite matrix. The samples were provided as-cast and machined in a
cylindrical shape of 8 mm diameter and 50 mm length. In order to remove all processing-
induced residual stresses the samples were vacuum annealed at 600°C for 4h. The resulting
microstructure has an average grain size of 80 um for all samples. The size of the cementite
precipitates ranges from a few hundred nanometers to about 10 um in diameter.

The hysteresis loop and Barkhausen noise measurements were performed inside an
electromagnet with a computer-controlled bipolar power supply (Fig. 1). The magnetic
tangential field strength H was measured by a Hall probe. The cylindrical samples were
magnetized along their axial direction up to a maximum magnetic field strength of 11000 A/m
at different excitation frequencies of 0.05 Hz, 0.1 Hz and 0.5 Hz, respectively. The change in
magnetic flux density B and the magnetic Barkhausen noise amplitude M were measured by a
pick-up coil with 300 turns (wire diameter: 0.1 mm, resonance frequency: 710 kHz)
surrounding the sample (Fig. 1). The envelope of the noise signals (analyzed frequency range
fa = 200 Hz - 50 kHz) and the magnetic flux density were recorded as a function of the

tangential field strength.
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Figure 1. (a) Schematic sketch of the experimental set-up for hysteresis loop and Barkhausen
noise measurements, (b) schematic hysteresis loop with coercive field He, magnetic flux at
saturation Bs, remnant magnetic flux Bg, and loss per cycle W, (c) schematic Barkhausen
noise curve with maximum amplitudes Mpax1 2, remnant Barkhausen noise amplitude Mg, and

coercive field Hcmy 2 deduced from Barkhausen noise curve.

Small specimens (3 x 3 x 1 mm®) were cut by spark erosion from the annealed
cylindrical samples for the atomic force microscopy (AFM) and magnetic force microscopy
investigations. The specimens were mechanically polished using standard procedures and
slightly etched using Nital (95% ethanol + 5% nitric acid). The AFM and MFM techniques
were used to image the topography and the magnetic microstructure of the samples,
respectively. The measurements were performed in tapping-lift mode using a commercial
AFM/MFM instrument (Nanoscope I11® multimode, Bruker AXS Inc. (formerly Digital
Instruments/Veeco), Madison, WI, USA). The sensor tips were CoCr-coated with a coercivity
of ~32000 A/m (MESP, Bruker AXS Inc., Madison, WI, USA). The topography images
show the local height of the sample surface displayed in grey scales. The magnetic images are
taken by vibrating the AFM sensor at its resonance frequency at a predefined lift height above
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the sample surface. The gradient of the magnetic interaction forces cause a phase shift in the
cantilever vibration which is displayed in gray scales. A lift-height of 60-100 nm was chosen
for all measurements reported here. In order to investigate the evolution of the magnetic
microstructure and the resulting domain configuration, an external electromagnet was
combined with the MFM as shown in Fig. 2. The pole shoes of the electromagnet were

adjusted such that the sample inside the AFM was magnetized parallel to its surface.

Magnetic Force Microscope
Laser |

Cantilever

Ex’@rnal
field H <

L

Variation of pole
shoe di\stance

Scanner

Magnetization,
bipolar power

supply

Electro-
magnet

Figure 2. Experimental set-up for the MFM measurements coupled with an external coil
providing a controlled external in-plane magnetic field. The strength of the field can be
adjusted by the current applied to the coil and/or the distance of the pole shoes with respect

to the sample.

3. RESULTS AND DISCUSSION

3.1 Bulk magnetic properties

The unalloyed steels investigated here consist of a relatively hard ferromagnetic phase
(cementite) embedded in a soft ferromagnetic phase (ferrite). The different microstructural
states lead to characteristic changes of the hysteresis loops and Barkhausen noise profiles as

shown in Fig. 3.
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Magnetic hysteresis curves of the three samples for three different frequencies f
(0.05 Hz, 0.1 Hz, and 0.5 Hz, respectively) of the applied external field are shown as dotted
lines in Fig. 3. The coercivity H; and loss per cycle W increase with frequency and carbon
content, while the relative permeability p, and the saturation magnetization Bs at 10000 A/m
decrease with increasing frequency f of the applied magnetic field. This means that the
material reacts magnetically harder with increasing frequency of the external magnetic field.
In addition, the magnetic hardness increases as the carbon content increases. A summary of
the measured parameters is given in Table 1.

Table 1. Parameters deduced from the macroscopic measurements shown in figure 3.

Magnetization Carbon content [wt%]
Measured parameter
frequency [Hz] 0 (Pure Fe) 0.8 1.5
0.05 240 470 660
Coercive field Hc [A/m] 0.1 270 510 690
0.5 420 680 820
0.05 1700 1050 341
Relative permeability p, 0.1 1245 900 312
0.5 746 490 294
0.05 1.99 1.79 1.58
Saturation magnetization
0.1 1.99 1.78 1.57
Bs [T]
0.5 1.96 1.75 1.55
0.05 2.76 5.08 6.38
Loss per cycle W [mJ/kg] 0.1 2.82 5.53 6.71
0.5 4.40 6.33 7.18

With increasing amount of carbon in form of globular cementite precipitates in the
ferrite matrix the pinning of the domain walls in the ferrite matrix is enhanced due to the
presence of the cementite which acts as a foreign body, and by its stress fields. Furthermore,
the cementite phase contributes to the increase of the magnetic hardness of the steel because
cementite is magnetically harder than the ferrite [12]. The increase of the magnetic hardness
with increasing frequency observed through the widening of the hysteresis loops is a well-
known phenomenon in the case of conductive magnetic materials and it is attributed to eddy

current losses [19,20,21], which depend not only on the excitation frequency but also on the
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material electrical conductivity o, amplitude of the magnetic induction B, sample dimensions,
and the size and arrangement of the domains [22,23].

The Barkhausen noise profiles for the three samples measured at the same three
frequencies are shown as continuous lines in Fig. 3. The curves are remarkably different in
their shape (single peak and double peak) and in their maximum amplitude values. In case of
a double peak of the MBN one observes a higher maximum at a low excitation field value
(Hem,1) and a lower peak (Hcm2) at a higher excitation field value, as shown schematically in
Fig. 1c. The Barkhausen noise amplitude Mpax increases with the magnetizing frequency for
all three samples because the overlapping of random pulses increases as the number of pulses
per unit time increases. The Barkhausen noise amplitude Mpax Of the high purity iron sample
is significantly larger (for all measured frequencies) than the values of the Fe-0.8%C and Fe-
1.5%C samples, respectively. In general, the addition of carbon causes a broadening of the
Barkhausen noise peak and a decreasing peak height. This fact can be explained by the
influence of interstitial carbon atoms in the ferrite matrix and the intra- and intergranular
cementite precipitates as already discussed in a previous work [12].

At very low magnetization frequency (0.05 Hz) the sample containing the higher
amount of carbon (1.5 wt%) shows already the emergence of an additional peak Mpmax at
higher fields (Fig. 3g). By increasing the frequency to 0.1 Hz the emergence of an additional
peak Mnax 2 €an also be seen for the sample containing less carbon, i.e. Fe-0.8%C, and for the
sample Fe-1.5%C the additional peak becomes more evident (Fig. 3e and h). At 0.5 Hz, the
signals obtained for the samples containing carbon become clearly double-peak (Fig. 3f and i)
while for the high purity iron still a single peak is observed (Fig. 3c). For the Fe-0.8%C and
Fe-1.5%C samples where a double peak is observed, the amplitudes of the peaks seem to be
proportional to the amount of carbon. With increasing amount of carbon, the peak amplitude
Mnmax 1 decreases and the peak amplitude Mpax 2 increases (Fig. 4). The results confirm that the
weaker field peak Hcm 1 corresponds to the ferrite and that the emergence of a second stronger

field peak Hcm 2 is related to the presence of the second (cementite) phase.
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Figure 3. Hysteresis loop (dotted line) and Barkhausen noise (continuous line) curves for
different oscillation frequencies of the applied external field recorded at pure Fe (99.99%)
(@), (b) and (c) and at two unalloyed steels containing a different content of globular
cementite, i.e. Fe-0.8%C (d), (e) and (f) and Fe-1.5%C (g), (h) and (i), respectively. The
measurements were performed at 1.8 V and at frequencies of 0.05 Hz, 0.1 Hz and 0.5 Hz.
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Figure 4. Maximum Barkhausen noise amplitude Mpax1,2 @s a function of carbon content for
the pure Fe (99.99%), Fe-0.8%C and Fe-1.5%C samples. The measurements were performed

at an excitation amplitude of 1.8 V and an excitation frequency of 0.5 Hz.

It is evident that the Barkhausen noise amplitude Mpax increases with magnetizing
frequency f due to the faster transition between magnetic states, i.e., there is an increase of the
number of pulses per unit time. Cementite is in a minor relative proportion compared to the
ferrite in the unalloyed steel samples. To observe the contribution of the cementite on the
MBN signal a minimum excitation frequency of the applied field and/or minimum cementite
content are required. This explains the reason why for the sample containing higher amount of
carbon (1.5 wt%) the signal of the cementite phase can already be observed at very low
magnetizing frequency (0.05 Hz), while for the sample containing less carbon (0.8 wt%) a
higher magnetizing frequency is necessary for the observation of the signal of the cementite
phase.

The larger Barkhausen noise amplitude Mnax found for the high purity iron sample at
all measured frequencies is attributed to the easy irreversible motion of domain walls (mostly
180° BWSs) in the annealed pure iron with its low dislocation density and generally low
density of lattice defects. In contrast, within the Fe-0.8%C and Fe-1.5%C samples, the 180°
and 90° BWs in the ferrite interact with the cementite precipitates and with the interstitial
carbon atoms in the ferrite matrix - as already mentioned above.

It was also reported [24] that the appearance of a second peak can be attributed to a
uniaxial compressive stress. In our case, this argument can be excluded, because residual

stresses, if still present in the investigated annealed samples, should be rather tensile stresses
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which would be built up during solidification due to the higher thermal expansion coefficient
of ferrite in comparison to cementite. Another observation that supports the assumption that
the stronger field peak H¢m2 is a signature of the cementite phase, is provided by the
measurement of the temperature dependence on the MBN signal for example in the reactor
pressure vessel steel DIN 22 NiMoCr 37 (ASTM A 508 Grade 2) containing globular and
rod-shaped cementite. At room temperature, a double peak was observed in the MBN signal.
After heating the sample up to the Curie temperature of the cementite (~ 200°C), the stronger
field peak Hcm 2 of the MBN signal disappeared [8].

It is well known that, in addition to the excitation frequency f, the analyzed noise
frequency range fa can strongly influence the amplitude of the Barkhausen noise signal.
Altpeter [8] reported that the higher noise signal is obtained at high analyzing frequency, i.e.
at fa =50 kHz, for a compact cementite sample and at lower analyzing frequency, i.e.
fa=1kHz, for an alloyed soft iron (AME1) sample, respectively. In order to obtain the
highest noise signal for both phases, ferrite and cementite, all noise signals in this work were
analyzed in a frequency range from 0.2 kHz to 50 kHz.

3.2 MFM images of the unalloyed steel samples containing globular cementite embedded

in a ferrite matrix

A detailed investigation of the magnetic microstructure while an external magnetic
field is applied, allows a better understanding of the correlation of domain wall dynamics and
magnetic hysteresis loop and Barkhausen noise profiles. The microscopic observation of easy
reversible and irreversible domain wall movements in bulk pure iron [25,26] as well as the
observation of pinning of domain walls by cementite precipitates in unalloyed steels [12,27]
were previously reported. In this work the basic behavior of the magnetic microstructure with
special emphasis to the processes related to the cementite is discussed by taking Fe-1.5%C as

an example.

3.2.1 Domain wall dynamics in ferrite

Fig. 5a shows the topography obtained with the MFM of the Fe-1.5%C sample
revealing three ferrite grains (numbered (1), (2), and (3)) with different average height and
crystalline orientation. The evolution of the magnetic microstructure under influence of a
superposed external magnetic field is shown in Fig. 5b-d. Fig. 5b is recorded in the
demagnetized state of the sample while Figs. 5¢ and d display the results with an applied
magnetic field of 19000 A/m and -19000 A/m, respectively. The cementite precipitates show
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a much stronger magnetic image contrast than the ferrite matrix because cementite is

magnetically harder than ferrite and thus causes stronger stray fields.

0 nm

Figure 5. Topography (a) of the sample Fe-1.5%C containing globular cementite precipitates
in a ferrite matrix. The gray scale covers a height range of 0 nm (black) to 400 nm (white).
(b) MFM images taken without external magnetic field and with an applied field of (c)
19000 A/m and (d) — 19000 A/m, respectively. The direction of the in-plane field is indicated
by black arrows. The gray scale of the MFM images covers a relative variation of the phase
shift of 0° (black) to 25° (white).

Within the ferrite matrix, bright and dark lines which can be identified as domain
walls are visible. In ferrite, the directions of easy magnetization [100] induce two types of
walls: 90° and 180° Bloch walls. Curved 180° Bloch walls (arrows #4 and #5) are visible on
grain (2). Branch domains [14] (arrow #3) and spike domains [13,28,29] (arrow #1) are

1-12



PUBLICATION B

observed in grain (1). Such domains are typically enclosed by 90° walls. They are often
bounded by main domains as for example the spike domains (arrow #1), which are bounded
by the domains within a cementite precipitate. A supplementary domain [30] (arrow #2) is
observed on grain (1). When applying a field of 19000 A/m to the left (Fig. 5c), the
supplementary domain (#2) decreases its size, while the spike domain attached to the
precipitate (#1) increases its size. The opposite is observed when a field of 19000 A/m is
applied to the right (Fig. 5d), i.e. the supplementary domain increases its size at the expense
of the area enclosed by the spike domain attached to the precipitate. Additionally, the two-
arms branch domain (arrow #3) becomes nearly a single arm and the 180° BWs marked with
the white arrows #4 and #5 are moved and bent, respectively, oppositely and into to the
direction of the field. The results show that in ferrite both, the 90° and 180° BWSs, move at

relatively low applied fields while the domain structure in cementite remains unmodified.

3.2.2 Domain wall dynamics in cementite

Fig. 6a shows the topography obtained with the MFM and the corresponding electron
backscatter diffraction map (Fig. 6b) taken in the same area with a scanning electron
microscope, i.e. the inverse pole figure (IPF), of a section of grain (1) and (2) in Fig. 5. The
color code of the inverse pole figure represents the crystallographic orientation in the ferrite
matrix (nearly pure b.c.c. iron, lattice constant a =2.87A), and in the cementite particles
(orthorhombic symmetry, length of the three perpendicular axes a =5.09A, b=6.74A,
¢ =4.52A). The IPF map reveals that some cementite precipitates observed in the topography
image (Fig. 6a) are not single crystals, but have a polycrystalline structure with different grain
orientations. The cementite precipitate (Figs. 6b and 8) oriented in or around the (010) plane
displays a domain structure composed of parallel stripes having opposite phase contrasts. This
configuration suggests that the magnetic moments are positioned alternately down- and
upwards in relation to the surface and separated by 180° domain walls. It is also observed that
the parallel stripes in the magnetic microstructure of the cementite oriented in or around the
(010) plane are often branched, i.e. individual domains terminate within the cementite particle
(as shown for example in Fig. 5b, arrows #6). The formation of the branched magnetic
structure may be explained due to the accumulation of dislocations. In order to analyze the
dislocation density in cementite, a thin foil of the Fe-0.8%C sample was examined by
transmission electron microscopy (TEM). Using the focused ion beam technique, the thin foil
was prepared such that a cementite precipitate was in the field of view of the TEM. The TEM

micrograph in Fig. 7 visualizes dislocations in the cementite precipitate some of which seem
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to nucleate at the edge of the interface boundary between the cementite and ferrite. It was
reported [31,32] that the domain wall configurations can be affected by the presence of
dislocations. This occurs mainly because their internal stresses may cause a local deflection of

the spins which leads to significant deviations from the saturated configuration.
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Figure 6. Enlarged section of Fig. 5a showing the topography (a) taken with the MFM. The
corresponding IPF map taken in the same area with SEM shows the crystals and their

respective orientations. The selected area was further measured by MFM, see Fig. 8.

Figure 7. TEM images taken on a thin foil which was obtained from the Fe-0.8%C sample by
cutting a cementite precipitate using the Focused lon Beam (FIB) technique. A ferrite grain
(in light gray) surrounded by cementite is visible. The TEM micrographs show a rippled
background contrast, which is probably due to the inhomogeneous thin foil thickness. The
contrast obtained from the dislocations (see e.g. white arrows) is still clearly visible.

Due to the very high anisotropy of the cementite its magnetic moments are not easily
oriented by an applied magnetic field. Therefore, a higher magnetic field must be applied in
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order to observe domain wall movement in cementite. A higher field was reached by placing
the pole shoes of the external electromagnet which is combined with the MFM (Fig. 2) closer
to each other.

A cementite precipitate (selected area, Fig. 6b) oriented close to the (010) plane and
therefore having the magnetic moments more or less positioned alternately down- and
upwards in relation to the surface was chosen for further investigation using MFM with a
strong superposed magnetic field. The evolution of the magnetic microstructure in the
selected area (Fig. 6b) is shown in Figs 8. The weaker contrast compared to the MFM images
in Figs. 5 is due to an increased lift-height during the MFM scanning process. Fig. 8a is
recorded in the demagnetized state while Fig. 8b and c display the results with an applied
magnetic field of 22000 A/m and 24000 A/m, respectively. The MFM line scans highlighted
by white dotted lines in Fig. 8 and a respective qualitative model describing the interaction

between the magnetic tip and the magnetic moments of the cementite are shown in Fig. 9.

Figure 8. MFM images taken on the cementite precipitate in the selected area of Fig. 7b; (a)
without external field; (b) and (c) with external fields of (b) 22000 A/m and (c) 24000 A/m,
respectively. The applied field direction is indicated by the white arrows.

Since the MFM tip senses the component of the stray field emerging perpendicularly
from the surface, we may conclude that in the demagnetized state the magnetic moments of
the precipitate are more or less parallel to the tip axis, i.e. perpendicular to the sample surface
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plane (Figs. 8a and 9a). When applying a field of 22000 A/m to the left, the domains become
wider because the magnetic moments start to rotate into the direction of the field, i.e. into the
surface plane (Figs. 8b and 9b). By increasing the field to 24000 A/m the domains become
even wider as shown in Figs. 8c and 9c. At this point, the magnetic moments are already
almost aligned to the direction of the field in the surface plane. This results in a very weak
image contrast in MFM comparable to that one in the ferrite matrix. In order to prove that
when applying an external field the change in the contrast of the MFM images is due to the
change in the magnetic state of the cementite precipitates and not due to changes in the
magnetic tip, the experiment was repeated using a commercial hard disc sample with high in-
plane coercivity (about 135000 A/m). When applying a field of 24000 A/m no change in the
magnetic contrast was observed which confirms that there was no modification in the

magnetic state of the tip due to the external field.
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Figure 9. MFM line scans across the cementite precipitate (lines indicated in Fig. 8) together
with a schematic model showing the interaction of the magnetic tip with the stray fields of the
magnetic moments of the cementite and the respective obtained image contrasts (a) without
external field and with external fields of (b) 22000 A/m and (c) 24000 A/m, respectively.

4. SUMMARY AND CONCLUSIONS

The dependence of the amount of carbon in form of globular cementite precipitates in
unalloyed steels was macroscopically characterized by measuring hysteresis loops and
Barkhausen noise signals. The magnetic hardness increases with the carbon content and the

frequency of the applied magnetic field, which is explained by the enhanced pinning effect of
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the cementite precipitates and their stress fields, and by increasing eddy current losses at
higher frequency, respectively.

For the magnetic Barkhausen noise the choice of the frequency of the applied field
plays a crucial role in the detection of the cementite phase and for the nondestructive
evaluation of its proportion in the unalloyed steels. With increasing amount of cementite, the
Barkhausen noise profile exhibits a second maximum Mpax 2, however the emergence of the
second peak becomes clearer with increasing frequency. Cementite is in a minor relative
proportion compared to the ferrite phase, therefore a minimum excitation frequency of the
applied field and/or a minimum cementite content are necessary to separate the contribution
of the cementite in the MBN signal. The ferrite and cementite phases in the Fe-0.8%C and Fe-
1.5%C samples were clearly recognized on the Barkhausen noise profiles measured at 0.5 Hz.
The weaker field peak Hcm 1 corresponds to the ferrite and the stronger field peak Hep 2 to the
cementite phase.

The combination of AFM, MFM, and EBSD techniques enables the direct observation
of magnetic micro- and nanostructures including the corresponding single crystal grain
orientations. The AFM and MFM techniques were shown to be a powerful tool for
topography imaging and magnetic micro- and nanostructure characterization of steels. The
crystalline orientation of the cementite phase was determined by EBSD and correlated to the
domain structure. Furthermore, using the TEM technique, dislocation structures were
observed mostly in the cementite phase and in the interface between ferrite and cementite.

In this work, MFM images with a local resolution of 50 nm reveal that the cementite is
ferromagnetic and that its stray fields are generally stronger compared to the ones of ferrite.
The cementite has its own domain structure, and in order to reduce its magnetostatic energy,
supplementary domains are often observed at the interface between the cementite precipitates
and the ferrite matrix.

When an external field of 19000 A/m is applied, the position of the 180° and 90° DWs
in the ferrite matrix change, while the domains in the cementite remain unmodified. This
means that both, 180° and 90° BWs in ferrite, are moved at relatively low applied field. The
180° domain walls are mainly situated in the center of the grains whereas the 90° domain
walls are mainly observed in connection with the closure domains in proximity to the phase
and grain boundaries. A change in the domain configuration of the cementite phase is
observed only when a higher external magnetic field (22000 A/m) is applied. A larger field is
required to move the domain walls in cementite due to its very high anisotropy and high
density of defects, e.g. dislocations, which make the cementite magnetically harder than
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ferrite. The macroscopic measurements have shown that a field of 11000 A/m is strong
enough to saturate all three samples. In our case the macroscopic magnetic measurements
were performed with cylindrical samples, while the samples for MFM measurements were
small square plates cut from the macroscopic cylinders. The different sample geometries and
the fact that the MFM analysis relies on the behavior of surface domains, may explain the
fact, that the field which had to be applied to move the domain walls in cementite was larger
compared to the field which was necessary the reach saturation in the macroscopic
measurements. The microscopic observation that a higher magnetic field is required to
magnetize the cementite precipitates compared to ferrite correlates qualitatively with the
increase of magnetic hardness with increasing amount of cementite and with the emergence of
a second peak Mpax 2 in the Barkhausen noise signal at higher field which corresponds to the

cementite phase.
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IV. DETERMINATION OF THE EASY AXES OF SMALL FERROMAGNETIC
PRECIPITATES IN A BULK MATERIAL BY COMBINED MAGNETIC
FORCE MICROSCOPY AND ELECTRON BACKSCATTER DIFFRACTION
TECHNIQUES (PUBLICATION C)

L. Batista, U. Rabe, and S. Hirsekorn

Submitted to Ultramicroscopy

ABSTRACT. A method to determine the magnetic easy axes of micro- and nanoscopic
ferromagnetic precipitates embedded in a bulk material is proposed and applied to globular
cementite (FesC). The method combines magnetic force microscopy (MFM) with electron
backscattered diffraction (EBSD) measurements. Magnetic domain structures in globular and
in lamellar cementite precipitates embedded in a ferrite matrix in unalloyed pearlitic steels
were imaged using MFM. The domain structure of the precipitates was analysed in
dependency of their size, shape and crystallographic orientation. It was found that the
magnetic moments of the cementite precipitates are highly geared to their crystalline axes.
The combined MFM and EBSD studies allow the conclusion that the cementite easy direction
of magnetization is the long [010] axis. For fine lamellae cementite the determination of their
crystallographic orientations using electron diffraction techniques is very difficult. With the
previous knowledge of the behavior of the domain structure in globular cementite, the
crystalline orientations of the fine lamellae cementite can be estimated by simply observing

the magnetic microstructures and the topographic profiles.

Keywords: Magnetic force microscopy (MFM), Electron backscatter diffraction (EBSD),

Magnetic easy axis, Magnetic domains, Precipitate, Microstructure
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1. INTRODUCTION

Ferromagnetic materials exhibit intrinsic ‘easy’ and ‘hard’ magnetization directions,
i.e., the energy required to magnetize a crystal depends on the direction of the applied field
relative to the crystal axes. Magnetic anisotropy is an important property [1] and has therefore
been exploited in the design of most magnetic materials of commercial importance, including
e.g. grain-oriented electrical steels [2,3] or thin films for ultra-high density magnetic
recording [4,5]. On the other hand, the magnetic micro- and nanostructure of the grains or
phases of structural materials such as steels are of interest because the magnetic properties can
be exploited for non-destructive testing.

The magnetic easy axis is usually found by measuring the magnetic anisotropy of
single crystals using techniques like superconducting quantum interference device
(SQUID) [6], torsion oscillating magnetometry (TOM) [7], alternating field gradient
magnetometry (AFGM) [8], vibrating sample magnetometry (VSM) [9], or ferromagnetic
resonance (FMR) [10]. The signal intensity of all these techniques is proportional to the total
magnetic moment and hence to the volume of the sample. However, some ferromagnetic
compounds, as e.g. FesC, FesAl, y’-Fe4N, are encountered as a second phase embedded in a
polycrystalline matrix material. Techniques which are sensitive to the whole sample volume
are not suitable to determine the magnetic easy axes of such phases separately. On the other
hand, such second phases are usually not available as larger single crystal specimens that are
pure, void-free, homogeneous, texture-free, and stoichiometric. Therefore techniques are
required which provide local magnetic and crystallographic information in bulk materials.

The magneto-optic Kerr effect (MOKE) technique [11,12] is a magnetic domain
imaging method in which the contrast is obtained by the interaction between magnetic fields
and polarized light. In addition, the MOKE technique provides local magnetization curves,
however, its spatial resolution is limited by the wavelength of the used laser (a few hundred
nanometers) [13]. A much higher spatial resolution can be achieved using methods based on
electron microscopy. Scanning electron microscopy with polarization analysis (SEMPA) can
directly detect the sample magnetization component with a spatial resolution of about
20 nm [14]. The major limitation in application of SEMPA is the fact that the measurements
must be performed in ultra-high vacuum on a well prepared clean conducting surface. Lorentz
electron microscopy (LEM) [15] is based on the deflection of electron beams caused by the
Lorentz force in transmission electron microscopy. Using the LEM technique, Keh and
Johnson [16] studied the domain structure on cementite thin foils of approximately 200 nm
thickness. Even though modern aberration-corrected microscopes achieve spatial resolution in
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the order of 1 nm, the transmission electron microscopes are expensive, and the LEM
technique is limited to thin foils which are transparent to the electrons. Especially in the case
of multiphase materials, differences in the etching rates of the different phases impede smooth
thin foil preparation.

In contrast to the techniques discussed above, magnetic force microscopy (MFM)
[17,18,19] is suitable for measurements on thick (bulk) samples and can therefore be used to
study micro- and nanoscopic embedded magnetic materials in a matrix by measuring
simultaneously the topography and the magnetic microstructure with a relatively easy sample
preparation. MFM is a scanning probe technique based on sensing the long-range
magnetostatic interaction between the sample surface and a microfabricated tip with nm
radius of curvature. A lateral resolution of about 10 - 20 nm can be achieved with optimized
imaging conditions.

In this paper we examine the magnetic domains of micro- and nanoscopic
ferromagnetic precipitates embedded in a bulk material using MFM. Local crystallographic
information of the microstructure is provided by the electron backscatter diffraction (EBSD)
technique, the recent developments of which allow a spatial resolution of about 10 nm [20].
The correlation between the magnetic and crystallographic microstructure is used to

determine the magnetic easy axis of globular cementite precipitates in a ferrite matrix.

2. EXPERIMENTS

Two different unalloyed steels were examined in this study, Fe-0.8%C containing
lamellar cementite, and Fe-1.5%C containing globular cementite embedded in a ferrite matrix,
respectively. Scanning electron microscopy (SEM) images (Fig. 1) show the microstructure of
the samples. Lamellar pearlite composed of alternating plates of ferrite (soft a-Fe) and
cementite (hard FesC) is a typical microstructure of Fe-0.8%C (Fig. 1b). Globular cementite
precipitates (Fig. 1a) were obtained by heat treating an unalloyed pearlitic Fe-1.5%C sample
in vacuum at 720°C during 20 hours and slowly cooling at the rate of 10°C/h in the furnace.
The surfaces of all samples were mechanically polished and afterwards vacuum annealed at
600°C for 4h in order to remove residual stresses. Two micro-hardness indents were placed
within the center region of the specimens as a reference to ensure that the EBSD and MFM
measurements were taken in the same area. Directly before the measurements the specimens
were demagnetized and etched using Nital (95% ethanol + 5% nitric acid). The
demagnetization process was done by applying alternating fields of slowly decreasing

amplitude.
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Figure 1. SEM images showing the microstructure of the investigated unalloyed pearlitic steel

samples: (a) Fe-1.5%C with globular cementite and (b) Fe-0.8%C with lamellar cementite.

Electron backscatter diffraction maps were obtained on a JEOL JSM-7000F scanning
electron microscope (Jeol Ltd., Tokyo, Japan) equipped with an EDAX Trident EBSD
analysis system (EDAX Inc., Mahwah, USA). An acceleration voltage of 15 kV and an
emission current of around 100 mA were used for all scans. Data was recorded and analyzed
using the EDAX/TSL OIM software package [20]. The step size was between 20 and 100 nm
for all EBSD maps reported here.

Magnetic force microscopy measurements were performed under ambient conditions
using a commercial MFM instrument (Nanoscope 111® multimode, Bruker AXS Inc. (formerly
Digital Instruments / Veeco), Madison, WI, USA). The topographic and magnetic images
were obtained using the two-pass (Tapping/lift® mode) technique. Within the first pass the
surface profile is recorded in the intermittent contact mode (Tapping mode) [21]. Magnetic
forces are mapped in the second pass whereas the magnetic sensor tip scans the previously
measured topographic profile at an adjusted distance (lift-height) in the range of 10 nm to
100 nm above the surface. The cantilever is excited to forced vibration at a frequency close to
its first flexural resonance. The gradient of the magnetic tip-sample interaction forces shifts
the resonance frequency of the cantilever. As this frequency shift is usually small compared to
the half-width of the resonance, the magnetic image is obtained by measuring the phase shift

at the frequency of excitation as a function of position.
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3. RESULTS AND DISCUSSION

3.1 Choice of a suitable MFM probe and general observations

It is well known that the contrast of MFM images depends on the imaging parameters
and on the choice of the sensor tip, because the local tip-sample interaction forces are a result
of the magnetic fields and moments of the tip and the sample [19]. During MFM imaging, the
tip stray field may cause reversible and irreversible changes in the local magnetic state of the
sample and vice-versa [22,23,24]. Therefore, it is very important to choose the appropriate
kind of magnetic probe for each particular experiment.

Table 1. Data of the tested MFM probes [25] (Bruker AXS Inc., Madison, WI, USA).

Probe Rc (nm) M (emu) H¢ (A/cm)
MESP-LM 25-35 3x 10" <3184

MESP 35-50 1x10% ~ 3184
MESP-HM 80-100 >3x107" ~3184

The data of the three different types of commercial CoCr coated magnetic probes
which were tested are shown in table 1, and MFM images taken with these sensors at the
same region of the Fe-1.5%C steel sample with globular cementite are shown in Figs. 2a-f.
The magnetic probes consist of micro-fabricated silicon cantilevers of the dimensions 225 um
x 28 pm x 2.75 pum (length x width x thickness). Both sides of the cantilever and the sensor
tip are coated with CoCr layers. The radius R of the sensor tip, the magnetic moment M of
the tip, and the coercivity H. depend on the coating thickness. The measurements were
performed maintaining the same lift height of 70 nm and the cantilever oscillation amplitude
was kept between 30 and 32 nm. The probe tips were magnetized downwards along their axes
and perpendicular to the sample surface.

In the topography images in Fig. 2a-c the cementite precipitates are visible as white
islands, because they are several 100 nm higher than the ferrite matrix after the etching with
Nital mentioned above. As can be seen by comparing the magnetic images in Figs. 2d-f, the
local variation in phase shift, i.e. the magnetic contrast, is higher within the cementite
precipitates than within the ferrite matrix. This general trend is independent of the choice of
the magnetic probe [26]. However, using the probe with the low magnetic moment (MESP-
LM), hardly any substructures are detected within the precipitates and especially in the ferrite
matrix (Fig. 2d). The strongest magnetic contrast is obtained with the probe with the highest

magnetic moment (MESP-HM) (Fig. 2f), but a lower spatial resolution is achieved.
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Furthermore a crosstalk between the magnetic image and the topography image is visible, i.e.
a spurious magnetic contrast appears in the intermittent contact-mode topography image (Fig.
2¢). In addition, an irreversible change in the magnetic microstructure of the ferrite matrix
was observed. The probe with the intermediate moment (MESP) (Fig. 2b and e) can clearly
image the magnetic microstructure of both, ferrite and cementite phases, and the topography
image is free of crosstalk with the magnetic image. Therefore, MESP probes were used for all
further MFM images reported here.

c) Topography (MESP-H_I‘VI)

’A

20 um

Figure 2. Topography (a-c) and MFM (d-f) images taken at almost the same area of the Fe-
1.5%C sample with globular cementite using the couuercial MFM probes listed in Table 1:
(a,d) tip with low moment, MESP-LM, (b,e) tip with intermediate moment, MESP, and (c,f) tip
with high moment, MESP-HM [26].

An inverse pole figure (IPF) map taken with the EBSD of the same surface region as
imaged in Fig. 2 is shown in Fig. 3a. The color codes of the IPF represent the crystallographic
orientation in the ferrite matrix (nearly pure b.c.c. iron, lattice constant a = 2.87A) and in the
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cementite precipitates (orthorhombic symmetry, length of the three perpendicular axes
a=5.09A, b=6.74A, c=4.52A). The orientation imaging (OIM) software of the EBSD
instrument provides quantitative values of the misorientation angle of each area relative to the
surface, and it is possible to map the ferrite and the cementite phases as shown in Fig. 3b. In
spite of a slight drift in the MFM images, it is possible to correlate the MFM and EBSD data
of each individual particle or area by comparing the images in Figs. 2 and 3.

a)

111 010 _
ferrite cementite I ferrite
cubic orthorhombic I cementite

001 101 001 100

Figure 3. EBSD maps of the Fe-1.5%C sample with globular cementite: (a) inverse pole
figure (IPF) map, displaying the crystal orientations and (b) phase distribution map

displaying ferrite (gray) and cementite (green) phases.

In the particular area shown here, three different ferrite grains of different orientation
are present. The angles of inclination of the three ferrite grains relative to the (100) plane are
9°(red), 33.7° (light blue), and 49.7°(dark blue), in this case.

Fig. 4 shows the orthorhombic crystalline structure of the cementite as visualized with
the diamond software [27]. The cementite unit cell is formed by sixteen atoms (12 Fe atoms
and 4 C atoms). The Fe atoms are distributed between two distinct lattice sites: the special Fel
sites (Wyckoff position 4c) and general Fell sites (Wyckoff position 8d) [28]. Here, the
longer axis is the [010]- or b-axis while the shorter one is the [001]- or c-axis. The crystalline
planes are colored in accordance to the stereographic triangle for the cementite in the IPF
maps.
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Orthorhombic M (001) M (010) (100)

Figure 4. Cementite crystalline structure showing the crystalline planes and directions. The
colors of the different planes correspond to the crystallographic orientations displayed in the
stereographic triangle for the cementite phase in the EBSD measurements.

The size of the cementite precipitates in fig. 3 ranges from 300 nm to a few um. It
becomes furthermore clear that some of the precipitates which appear to be one particle
because of their uniform white color in the MFM topography image, are in fact polycrystals.

3.2 Magnetic domain structure of globular cementite precipitates

Each of the cementite precipitates has its own domain structure, but as will be shown,
the domain structure depends on the size of the precipitates and on their crystalline
orientation. As already mentioned in the previous chapter, the observed magnetic contrast is
generally stronger within the cementite precipites than within the ferrite matrix. The MFM
phase shift is mainly proportional to the magnetic force gradient in vertical direction, i.e.
normal to the sample surface. The domains show therefore a strong bright and dark contrast in
cases where strong stray field with orientation normal to the surface are present (Fig. 5a). For
a sample surface in which the magnetic moments lie parallel to the surface plane (Fig. 5b) and
perpendicular to the tip axes, mainly the stray field of the domain walls is detected. The
individual domains have a weaker contrast. This kind of weaker contrast predominates on the
ferrite matrix. The details of the domain contrast and the domain wall movements in ferrite

were discussed in a previous publication [29,30].
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Figure 5. Image contrast formation in the MFM: (a) magnetic moment oriented

perpendicular to the sample surface and parallel to the tip axes; (b) magnetic moment

oriented parallel to the sample surface and perpendicular to the tip axes.

Fig. 6a shows the topography image of another area of the Fe-1.5%C sample revealing
again the cementite precipitates as bright areas which are about 320 nm at maximum higher
than the ferrite matrix. In addition, three ferrite grains with different average height
(numbered (1), (2), and (3)) are visible. The corresponding magnetic microstructure in the
demagnetized state is shown in Fig. 6b. Note that the small grain (2, white arrow) has about
the same size as the cementite precipitates, but the magnetic contrast in Fig. 6b demonstrates
that it is a ferrite grain with a similar magnetic microstructure as grain (3). The IPF map taken
in the same area is shown in Fig. 6¢. The angles of inclination of the three ferrite grains (1),
(2), and (3) relative to the (100) plane were obtained as 40°, 7°, and 9°, respectively. The
grains (2) and (3) have almost the same crystalline orientation relative to the sample surface
and consequently almost the same color in the IPF map.

Even though some of the cementite precipitates which are visible in Figs. 6 are
polycrystals, they are mainly oriented in or around the (010) plane (Fig. 6¢). The domain
structure of most of the precipitates (Fig. 6b) consists of parallel stripes with strong opposite
magnetic contrast, and no closure domains are observed. Since the MFM tip senses the
component of the stray field emerging perpendicularly from the surface, we may conclude
that the magnetic moments of these precipitates are positioned alternately down- and upwards
relative to the surface and are separated by 180° domain walls as indicated schematically in
Fig. 5a. The width of the observed striped domains ranges from some tens of nanometers up
to 800 nm depending on the orientation of the cementite particle relative to the sample

surface.
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0 nm M 320 nm o 8°

111 010

cementite
10 um cubic orthorhombic
001 101 001 100

Figure 6. Topography (a) and MFM image (b) of the Fe-1.5%C sample with globular
cementite taken with MFM. The corresponding IPF map (c) recorded in the SEM shows the
crystals and their respective orientations. Three ferrite grains of different crystal orientation
are marked by (1), (2), and (3).

Cementite is known to be a relatively hard magnetic material with high single crystal
anisotropy constants (K; = 118-10° Jm™ and K; = 394-10° Jm™) [31]. Since the contribution
of the shape and stress anisotropies are reduced due to the globular form of the precipitates
and the thermal annealing treatment performed on the samples, respectively, it is reasonable
to assume that the crystal anisotropy is predominant, i.e. that the magnetic moments of the
cementite in its demagnetized state are oriented along the easy axis of magnetization. In some
cementite precipitates a complex branched magnetic structure is observed which can be
explained by a high density of dislocations and thus a high density of stress fields which
interact with the domain walls.

Fig. 7a-c show the topography, the magnetic microstructure and the IPF map of
another region of the Fe-1.5%C sample. This surface section is a different area of the ferrite
grain numbered (3) in Fig. 6 with only 9° misorientation relative to the (100) plane. In this
area, single crystal cementite precipitates having a large misorientation with respect to the
(010) plane, namely 82.5°, 85.6°, 78.8° and 78°, are present. These precipitates are labeled as
(1), (2), (3) and (4) (Fig. 7c), they are oriented close to the (100) plane. The MFM phase shift
measured in these particles is positive or negative over the entire precipitate surface (Fig. 7b
and c, white arrows). However, the contrast is weaker, i.e. the phase shift is smaller in
comparison to the bright or dark contrasts obtained in the precipitates which show a stripe
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structure. The contrast of the MFM as explained in Fig. 5 leads to the conclusion that the
magnetic moments of these precipitates are not perpendicular, but have a small angle (o) with

respect to the sample surface.

(a ,
Onm BN 320 nm
111 010
| I ferrite cementite
8 um cubic orthorhombic
001 101 001 100

Figure 7. Topography (a) and MFM image (b) of the Fe-1.5%C sample with globular
cementite taken with MFM. The corresponding IPF map (c) recorded in the SEM shows the

crystals and their respective orientations.

It should be mentioned in addition that in the case for the precipitates which are not
single crystals the domain structure may extend continuously from one grain to its neighbors
(Fig. 7b and c, red arrows), which makes the analysis of the domain structure in such
polycrystalline precipitates in correlation with their crystalline orientation more difficult.

A still different domain structure of globular cementite was detected in the area shown
in Figs. 8a-c, which again show topography (Fig. 8a), magnetic image (Fig. 8b) and IPF map
(Fig. 8c). The imaged area is located in one ferrite grain the surface of which is only inclined
3° with respect to the (101) plane. Contrary to cementite precipitates oriented in or close to
the (010) plane in which a stripe structure was found, and contrary to precipitates which are
oriented close to the (100) plane in which a weak dark or bright contrast were also observed,
the cementite precipitates with orientation in or very close to the (001) plane, (indicated by
white arrows in Fig. 8b), show a very weak and homogeneous magnetic contrast. Bright and
dark areas with strong MFM contrast are visible along the edges of these precipitates. Such a
magnetic contrast is indicating domains which are oriented in-plane with the sample surface.
According to the IPF map (Fig. 8c) the large precipitate with orientation in or very close to

the (001) plane is not a single crystal, but has a polycrystalline structure composed of four
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grains with similar orientations. However the whole precipitate is misoriented less than 5°,
and thus the magnetic contrast in all of its grains is similar. The orientation imaging software
revealed that the long [010]- or b-axis of such cementite precipitates with low magnetic
contrast lies in the surface plane and along the direction of the bright and dark edges (Fig. 8c)

while their short [001]- or c-axis is oriented perpendicularly to the sample surface.

0 nm I 520 nm

cementite

ferrite
e orthorhombic

1 um cubic
001 101 001 100

Figure 8. Topography (a) and MFM image (b) of the Fe-1.5%C sample with globular

cementite taken with MFM. The corresponding IPF map (c) recorded in the SEM shows the
crystals and their respective orientations. The long axes (here b-axes) of the orthorhombic

cementite crystals indicated by the arrows are in the surface plane.

3.3 Domain structure in globular cementite in dependence of the size of the precipitates

As discussed in section 3.2, the domain structure in cementite precipitates is strongly
correlated to their crystallographic axes. Furthermore, the influence of the size of the globular
precipitates on the domain structure was investigated. The size (surface area in pm?) of the
precipitates was calculated directly from the topography images using the image processing
software adi Analysis (aquinto AG; Berlin-Landshut-Chicago) [32]. The domain structures,
i.e. number of domains, were analyzed with the help of the NanoScope Analysis® software
(Bruker AXS Inc., Madison, WI, USA). Figure 9 shows the number of domains as a function

of the surface area of 177 randomly selected precipitates.
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Figure 9. Plot of the number of domains as a function of the surface area of the cementite

precipitates.

A clear trend can be realized: the larger the area, the higher is the number of domains.
Very small precipitates (up to 5 um?) usually contain not more than 6 domains. Very large
precipitates (> 20 um?), however, may contain more than 10 domains. Some large precipitates
are not single crystals, but have a polycrystalline structure with different grain orientations.
The software adi analysis calculates the surface area of the whole precipitate without
considering the individual grains separately. As the domain structure of such large precipitates
often extends continuously from one grain to its neighbors, it is reasonable to treat a
precipitate as one unit.

In the samples studied in this work, single-domains were observed in some spherical
cementite precipitates. The single-domain state is energetically favored as long as the stray
field energy is smaller than the wall energy needed for multi-domain formation. Kronmiiller
and Fahnle [33] estimated the critical size of a sphere of magnetic material for forming a

single-domain state by

D&, ~ (72/AK:)/uo M2, (1)

Lo [H/m] is the permeability of vacuum, M [A/m] is the saturation magnetization, A [J/m] is
the exchange constant, and K [J.m™] is the single crystal anisotropy. The material parameters
of cementite from the literature, Ms=9.8 x 10° A/m [34], K;=1.18 x 10°J.m™[31] and

A=87x10"J/m [35], yield the critical diameter for single-domain state forming
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D&%, = 60 nm. The size distribution and shape of the cementite precipitates depends mostly
on the composition and the thermal treatment of the sample. As shown in the inset (zoom-in
plot, black arrow) in Fig. 9, the smallest detected and analyzed precipitates have an area of
0.1 um?® They are composed of one or two domains. Assuming a spherical shape, their
diameters are about 356.8 nm. These results confirm that, in agreement with theoretical
predictions, even smaller precipitates must be considered in order to reach the critical

diameter for single-domain state in cementite.

3.4 Determination of the easy axis in globular cementite

In order to determine the easy axis of cementite, forty cementite precipitates with
similar size (~3 um) and globular shape essentially containing parallel domains were
analyzed with respect to their crystalline orientation. The averaged width of the striped
domains was measured with the help of the NanoScope Analysis® software (Bruker AXS Inc.,
Madison, WI, USA). Fig. 10a shows in detail the domain structure of a cementite precipitate
oriented close to the (010) plane. An MFM line scan across the domain structure (line
indicated in Fig. 10a) is shown in Fig. 10b. The line scans clearly show the positive and
negative phase shifts in the bright and dark imaged domains, respectively. The average width
of the domains can be measured by evaluating sets of such line scans in selected areas.
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Figure 10. Enlarged section of Fig.2e showing the domain structure of a cementite
precipitate in the Fe-1.5%C sample; (b) line scan across the domain structure, line indicated
in (a). The measured domain thickness in the indicated line scan is 500 nm.

Figure 11a shows a plot of the domain width versus the angle (o) between the [010]
direction and the normal to the sample surface. In agreement with the results obtained by Keh
and Johnson [16] using transmission electron microscopy studies on cementite thin foils of
approximately 200 nm thickness, the domain width measured with the MFM shows a clear
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dependence on the cementite crystalline orientation, i.e. the measured domain width increases
with increasing inclination angle (o). This relation can be demonstrated by a schematic
representation (Fig. 11b and c) of the magnetic moments with their respective stray fields.
The measured domain width is smallest when the magnetic moments are oriented along the
[010] direction and normal to the sample surface and increases as the [010] direction deviates
by an angle (o) from the sample surface normal. This confirms that the magnetic moments of

the cementite precipitates are oriented along the the long [010]- or b-axis.
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Figure 11. (a) Domain width as function of the angle between the surface normal and the
[010] easy direction of cementite; (b) Schematic representation of the magnetic moments with
their respective stray fields for a perfect orientation along the easy [010] direction (« = 0° to
the surface normal) and (c) with an angle inclined (a > 0°). The error bars represent the
arithmetic mean, minimum and maximum values of the measured domain widths for each

cementite precipitate.

We can conclude that the [010] axis is the easy direction if we recall that cementite is
hard magnetic material and that the crystal anisotropy is predominant, i.e. that the magnetic
moments of the cementite in its demagnetized state are oriented along the easy axis of
magnetization.

The observation that the easy axis of cementite is the long axis agrees with
calculations [36] and experimental results obtained in thin foil samples [16] and in nanowires
[37].
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3.5 MFM images of lamellar pearlite

Figures 12a and b show the topography of the Fe-0.8%C sample containing lamellar
pearlite and the corresponding magnetic microstructure in the demagnetized state,
respectively. For lamellar cementite the determination of the crystalline orientations using
electron diffraction techniques is very difficult because of its low structure factors [38,39].
Figures 13a and b show the phase distribution and the IPF map in one region of the Fe-0.8%C
sample. The identification of the phases, ferrite and cementite, is possible as shown in the
phase distribution map in Fig. 13a. However, the quality of the EBSD patterns (even by spot
EBSD analysis) was insufficient to obtain accurate orientation of the lamellae cementite
crystals (Fig. 13b).

The magnetic domain structures of the lamellar precipitates have similar features to
those observed in the globular precipitates. Some lamellar cementite precipitates (Fig. 12b,
arrow #1) exhibit parallel stripes with strong opposite magnetic contrasts which allows the
conclusion that the magnetic moments of these precipitates are positioned alternately down-
and upwards relative to the surface, and are therefore oriented in or close to the (010) plane.
Other lamellar precipitates (Fig. 12b) show either a relatively strong dark and/or bright (arrow
#2) or a very weak homogeneous magnetic contrast (arrow #3). For the relatively strong dark
and/or bright magnetic contrast the domains are wide and their magnetic moments are
inclined by an angle (o) with respect to the surface (see Fig. 11c). For the very weak and
homogeneous magnetic contrast the magnetic moments are in-plane oriented. The lamellar
cementite precipitates which show parallel stripes with strong opposite magnetic contrast, and
therefore, oriented in or close to the (010) plane, exhibit higher topographic profiles (Fig. 12a)
compared to the lamellae with other crystalline orientations. This observation can be
explained by the fact that the grinding rate (material removal) during the polishing process of
the surface depends on the material properties which vary not only with the kind of material,
but also with its crystalline orientation. The investigations, therefore, reveal a distinct
correlation of the magnetic domain structure as well as of the surface topography to the

crystalline orientation.
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384 nm

Figure 12. Topography (a) and MFM image (b) of the Fe-0.8%C sample with lamellar
cementite taken by MFM.
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Figure 13. EBSD maps of the Fe-0.8%C sample with lamellar cementite: (a) phase

cementite
orthorhombic

distribution map displaying ferrite (gray) and cementite (green) phases and (b) inverse pole

figure (IPF) map, displaying the crystal orientations.

For cementite lamellae with a very large aspect ratio, e.g. of 8 um length and 300 nm
width (Fig. 12b, arrow #4), the magnetic moments still are perpendicularly oriented with
respect to the lamella axis. This observation confirms the high crystal anisotropy of cementite
and that the magnetic domain formation is more dominated by the crystal anisotropy than by
the shape anisotropy. Hence, if the magnetic easy axis is known, the analysis of the MFM
images of the cementite lamellae only allows the estimation of their crystalline orientations.
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4. SUMMARY

Unalloyed pearlitic steel samples containing globular and lamellar cementite in a
ferrite matrix, respectively, were studied by means of MFM and EBSD techniques. MFM
reveals the topographic and magnetic microstructure, EBSD the local crystalline orientations.
Globular and the lamellar cementite precipitates in steels were chosen as examples to
demonstrate the ability of the combination of MFM and EBSD results to determine the
magnetic easy axes of micro- and nanoscopic precipitates in a bulk material.

In MFM measurements, the choice of an appropriate magnetic probe is crucial for
each particular experiment. For the unalloyed pearlitic steels studied in this work the
commercial MESP probe showed the best contrast and spatial resolution combination. The
MESP probe did not influence the magnetic microstructure of the sample and vice-versa, and
the observed contrast clearly revealed the magnetic microstructure in both phases, ferrite and
cementite.

The combination of MFM and EBSD techniques enables the observation of associated
local topographic, magnetic, and crystallographic microstructures. Bulk samples and
compounds consisting of a matrix with embedded second phase particles can be studied. The
MFM images (spatial resolution down to 50 nm) showed different orientations of the
magnetic moments in the globular and in the lamellar cementite phase. The cementite domain
structure in or around the (010) plane, i.e., the long easy [010]- or b-axis is oriented
perpendicularly to the sample surface was found to consist of parallel stripes of strong
opposite magnetic contrast. The magnetic moments of those precipitates are positioned
alternately down- and upwards in relation to the surface and are separated by 180° domain
walls. For the single crystal precipitates having a large misorientation with respect to the
(010) plane, i.e. oriented close to the (100) plane, a weak dark or bright contrast was
observed, which gives the conclusion that the magnetic moments of those precipitates are
oriented with a small angle (o) with respect to the sample surface. The cementite precipitates
oriented in or very close to the (001) plane showed a homogeneous contrast, i.e. very weak
magnetic contrast, leading to the conclusion that their magnetic moments are oriented in-
plane. By means of EBSD the long [010]- or b-axis of the precipitates was determined and
correlated to the magnetic signal. Dark and bright imaged edges of the precipitates confirmed
the in-plane and along the long [010]- or b-axis orientation of the magnetic moments.
Additional MFM and EBSD analysis showed that the width of the domains in the surface is
dependent on the cementite crystalline orientation relative to the surface. The width increases
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with the angle between the easy [010] axis and the surface normal which confirms the
observations that the magnetic moments are oriented along the long [010]- or b-axis.

In the case for the lamellar cementite precipitates, the EBSD measurements were not
sufficiently accurate to determine the lamellae crystalline orientations. With the previous
knowledge of the behavior of the magnetic domain structure with respect to the crystalline
orientation of the globular precipitates, the crystalline orientation of the cementite lamellae
can be estimated by simply observing the magnetic microstructure and the topographic
profiles.

Finally, we may conclude that the combination of MFM and EBSD techniques allows
determination of the magnetic easy axes of micro- and nanoscopic ferromagnetic precipitates

in a bulk material requiring only relatively simple sample preparation.
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V. CHARACTERIZATION OF THE MAGNETIC MICRO- AND
NANOSTRUCTURE IN UNALLOYED STEELS BY MAGNETIC FORCE
MICROSCOPY (PUBLICATION D)

L. Batista, U. Rabe, and S. Hirsekorn

AIP Conference Proceedings (2013) Vol. 1511; 1180-1187.

ABSTRACT. The formation of a cementite phase influences significantly the macroscopic
mechanical and magnetic properties of steels. Based on a correlation between mechanical and
magnetic properties, mechanical properties as well as the morphology and content of the
cementite phase can be inspected by electromagnetic non-destructive testing methods. The
influence of the carbon content on bulk magnetic properties of unalloyed steels is studied on a
macroscopic scale by hysteresis loop and Barkhausen noise measurements. The micro- and
nanostructure is investigated by atomic force microscopy and magnetic force microscopy.
Surface topography images and magnetic images of globular cementite precipitates embedded
in a ferrite matrix are presented. The size, shape, and orientation of the precipitates influence
the domain configuration. Applied external magnetic fields cause magnetization processes
mainly in the ferrite matrix: Bloch walls move and are pinned by the cementite precipitates.
The correlation between the microscopic observations and macroscopic magnetic properties

of the material is discussed.
Keywords: Atomic Force Microscopy (AFM), Magnetic Force Microscopy (MFM), Electron

Backscattering Diffraction (EBSD), Steel, Microstructure, Nanostructure, Magnetic domains,

Non-destructive testing
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1. INTRODUCTION

Steels constitute the most widely used category of metallic materials because they
provide a wide range of mechanical properties and can be manufactured relatively
inexpensively in large quantities to very precise specifications [1]. Among all the phases or
constituents that can be obtained by choosing the chemical composition, thermomechanical
treatment, etc., two are frequently encountered in most of technical steels: ferrite and
cementite. The volume fraction and morphology of the cementite phase controls directly the
mechanical and magnetic properties of steels.

The bulk macroscopic magnetic properties of steels containing cementite embedded in
a ferrite matrix have already been studied by many authors [2-5]. Even though several studies
have been done using the magnetic Barkhausen noise (MBN) technique, a clear understanding
on the individual influence of the cementite phase on the generation of the MBN has still not
been well established. For example, the MBN activity profile in a microstructure containing
cementite in a ferrite matrix has been observed as a single [4] as well as a double peak
behavior [5].

All these macroscopic observations rely on a phenomenological description of the
interactions of the magnetic domains with the microstructure. The microscopic magnetic
domain structures can be imaged by different techniques. For example, domains in high-
permeability materials were imaged by Kerr microscopy [6] and the domain configuration of
a cementite thin foil was revealed by Lorentz electron microscopy [7]. Magnetic Force
Microscopy (MFM) has been widely employed to map magnetic structures of surfaces [8-13].
In addition to its high local resolution in the range of 10 nm MFM has the ability to measure
the topography and the magnetic microstructure simultaneously allowing the study of
interaction between defects and magnetic properties.

In this paper, samples of a high purity polycrystalline iron and of two unalloyed steels
(Fe-0.8%C and Fe-1.5%C) containing globular cementite embedded in a ferrite matrix were
investigated. In the first part of this work, the macroscopic magnetic quantities, i.e. saturation
magnetization, coercive field and maximum Barkhausen noise amplitude were measured and
interpreted with respect to the microstructural state. In the second part, the magnetic
microstructures were observed using a Magnetic Force Microscope. The MFM was coupled
with an external coil providing a controlled in-plane magnetic field which allowed the
observation of the dynamic behavior of the magnetic domains. Ferromagnetic domains were
studied in the high purity polycrystalline iron sample and in the cementite and ferrite phases
of the unalloyed steels. By means of Electron Backscatter Diffraction (EBSD) the crystalline
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orientation of the cementite particles and the ferrite phase, respectively, were determined. The
correlation between the macroscopic magnetic properties and the magnetic and

crystallographic microstructure was examined.

2. MATERIALS AND METHODS

2.1 Unalloyed steels: Fe—C systems (Fe—Fe3;C)

Samples of high purity iron (99.99%) and of two unalloyed steels, Fe-0.8%C and Fe-
1.5%C, containing globular cementite (FesC) in a ferrite matrix were provided as-cast and
machined in a cylindrical shape of 8 mm diameter and 50 mm length. Subsequently the
samples were vacuum annealed at 600°C for 4h in order to remove all processing-induced
residual stresses. The resulting microstructure has an average grain size of approximately
80 um for all samples. The size of the cementite precipitates ranges from a few hundred
nanometers to about 10 um in diameter.

For AFM and MFM measurements small specimens (3 x 3 x 1 mm?®) were cut from the
annealed cylindrical samples by spark erosion and mechanically polished by standard
procedures. Directly before the measurements, the samples were slightly etched using Nital

(95% Ethanol + 5% Nitric acid) in order to obtain reproducible surface conditions.

2.2 Bulk magnetic properties: hysteresis loop and Barkhausen noise signals

The hysteresis loop and Barkhausen noise measurements were performed inside an
electromagnet with a bipolar power supply controlled by a function generator. The magnetic
field strength was measured by a Hall probe. The cylindrical samples were magnetized along
their axial direction reaching a maximum magnetic field strength of 110 A/cm at an excitation
frequency of 0.5 Hz. The change in magnetic flux density and the inductive Barkhausen noise
of the cylindrical samples were measured by a surrounding pick-up coil. The voltage induced
by the noise signals was recorded as a function of the tangential field strength.

The magnetic hysteresis curves and the Barkhausen noise curves of the three samples
are shown in figures la-c as dotted and continuous curves, respectively. The coercivity Hc
increases with carbon content, while the relative permeability at the coercive field Hc and the
saturation magnetization Bs at 100 A/cm decrease with increasing carbon content. This
indicates that the magnetic hardness increases as the carbon content increases. The measured
parameters are listed in Table 1. The Barkhausen noise curves are remarkably different in
their shape (single and double peaks) and in their maximal amplitude values. High peaks

(fig. 1a) close to the coercive field Hc are observed for the high purity iron sample showing
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the easy irreversible domain wall movement (mostly 180° BWSs) through the microstructure.
The addition of 0.8 and 1.5 wt. % carbon, respectively, results in a microstructure with
globular cementite precipitates embedded in a ferrite matrix with less than 0.008 wt. % of
carbon in solid solution. A broadening of the Barkhausen noise peak and a decreasing peak
height can be observed as shown in the continuous curves of figures 1b and c, respectively.
This can be attributed to the interstitial carbon atoms in the ferrite matrix and the intra- and
intergranular cementite precipitates. Furthermore, the Barkhausen noise signals of the samples
with cementite precipitates clearly show double peaks. The lower field peak corresponds to
the ferrite and the higher field peak to the cementite phase. The amplitude of the peaks seems
to be proportional to the amount of each phase. Increasing the amount of carbon the ferrite
peak decreases and the cementite peak increases (figs. 1b and c). This can be explained due to
the fact that the magnetization and respective Barkhausen jumps in the cementite phase occur
at higher fields.

M [mV] B [T] M [mV] B [T] M [mV] B [T]
o= 2 16 2 16 2
(a) Pure iron P > (b) Fe-0.8%C gz (©Fe-1.5%C | J—
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:: - ' L
4 i ] L1 4, ) S L1
04 pmmee™ I — 20— I 2
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Figure 1. Hysteresis loop (dotted line) and Barkhausen noise (continuous line) curves for (a)
pure Fe (99,99%) and two unalloyed steels containing different content of globular cementite
(b) Fe-0.8%C and (c) Fe-1.5%C. The measurements were performed at 1.8 V and 0.5 Hz.

Table 1. Parameters deduced from the macroscopic measurements shown in figure 1.

Carbon Coercive Relative Saturation Maximum
content field Hc | permeability | magnetization Bs Barkhausen noise
[Wt%] [A/cm] at Hc [T] amplitude Mpax [MV]
0 (Pure Fe) 4.2 0.17 1.96 14.2
0.8 6.8 0.13 1.75 11.5
15 8.2 0.11 1.55 9.5
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2.3 Local magnetic properties — magnetic force microscope (MFM) with a superposed

external magnetic field

Atomic force microscopy (AFM) and MFM have been used to image the topography
and the magnetic microstructure of the samples, respectively. The measurements were
performed in tapping-lift mode using a commercial AFM/MFM instrument (Nanoscope 111°
multimode, Digital Instruments, Santa Barbara, CA, USA). The sensor tips were CoCr-coated
with a coercivity of ~ 320 A/cm MESP, Bruker AXS Inc., Madison, WI, USA). A lift-height
of 60 to 80 nm was chosen for all measurements reported here. In order to investigate the
evolution of the magnetic microstructure and the resulting domain configuration, an external
electromagnet was combined with the MFM as shown in figure 2. The pole shoes of the
electromagnet were adjusted such that the sample inside the AFM was magnetized parallel to
its surface. All magnetic images presented in this work are so-called phase images, i.e. the

local phase shift was recorded as a function of position.

2.4 MFM images of the high purity bulk iron

Figure 3a shows the topography image obtained with the MFM of the high purity iron
bulk sample revealing the grain structure having height differences up to about 100 nm. The
corresponding magnetic microstructure is shown in fig. 3b. Each grain has its own domain
structure depending mostly on the crystalline orientation and residual stress levels. For
example, grain (1) shows large areas with an almost homogeneous grey level, while grain (2)
displays a multitude of small areas with different magnetic contrast. The domain arrangement
at the surface is primarily determined by the principle of flux closure which minimizes the
total inner energy. Additionally, it is strongly dependent on the surface orientation relative to
the easy directions. From the simplest case, i.e. a surface containing two easy axes, to strongly
disoriented surfaces with no easy axis, the domain patterns become progressively more
complicated [14]. The <001> directions are the easy directions for iron and therefore the
(100) surface contains two mutually perpendicular easy directions. This allows us to conclude
that the orientation of the grain (1) is close to the plane (100), and the orientation of the grain
(2) strongly deviates from the plane (100). The domain patterns often face deviations from the

ideal structure because of residual stresses and possibly induced anisotropies.
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(b)

Figure 2. (a) Photograph of the experimental set-up for the MFM measurements coupled with
an external coil providing a controlled in-plane magnetic field. (b) Corresponding drawing
showing the coil (1), yoke (2), MFM base (3), and MFM head (4), respectively.

-50 nm

Figure 3. Topography (a) and MFM image (b) of the high purity bulk iron sample taken with
MFM.

Figures 4 a-d demonstrate the evolution of the magnetic microstructure for the high
purity iron sample in an external in-plane magnetic field. The imaged area is located in a grain
oriented close to (100) surface. The image displays a few domains clearly separated by Bloch
walls which can be detected as bright or dark lines in the MFM image (white arrows in fig. 4).
At the remanence state, a domain wall will be in a position which minimizes the energy of the
system formed by the wall itself and the adjoining domains and domain walls. Most domain
walls are bulged possibly indicating the existence of defects and residual microstress, which is
caused by crystal imperfections as e.g. dislocations [15].

When a magnetic field is applied, a change of position of the domains can be
observed. For example a domain wall (dark line) indicated by a white arrow in figs. 4 moves
downwards as the field strength increases. Another domain wall (bright line) also indicated by
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a white arrow moves upwards. Accordingly, the supplementary domains between the black

and white walls disappear.

Figure 4. MFM images of the high purity iron sample (a) without external field and with an
applied external field of (b) 100 A/cm, (c) 160 A/cm, and (d) 190 A/cm, respectively. The

direction of the in-plane field is indicated by black arrows above the images.

2.5 MFM and EBSD images of samples containing globular cementite embedded in a

ferrite matrix

The unalloyed steels Fe-0.8%C and Fe-1.5%C investigated in this work consist of a
relatively hard magnetic cementite phase embedded in a soft ferromagnetic ferrite matrix. The
cementite content is higher in the Fe-1.5%C sample than in the Fe-0.8%C-sample, but the
basic behavior of the magnetic microstructure can be discussed by considering only the Fe-
1.5%C as an example.

Figure 5a shows the topography obtained with the MFM of the Fe-1.5%C sample
revealing the microstructure and surface roughness. The cementite precipitates appear higher
than the ferrite matrix with an offset of about 400 nm maximum. Two grains with different
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average height numbered (1) and (2) are visible in the ferrite matrix. The corresponding
magnetic microstructure in the demagnetized state as well as the Electron Backscatter
Diffraction (EBSD) map taken in the same area with a Scanning Electron Microscope, i.e. the
Inverse Pole Figure (IPF), are shown in figs. 5b and 5c, respectively. The color code of the
inverse pole figure represents the crystallographic orientation in the ferrite matrix (nearly pure
b.c.c. iron, lattice constant a=2.87A), and in the cementite particles (orthorhombic
symmetry, length of the three perpendicular axes a = 5.09A, b = 6.74A, ¢ = 4.52A). Using an
orientation imaging software, the angles of inclination of the two ferrite grains (1) and (2)
relative to the (100) plane were obtained as 9° and 15°, respectively. The ferrite matrix
(fig. 5b) shows a complex domain configuration displayed by a multitude of small areas with
different magnetic contrast. Spike domains [16] are formed on the cementite/ferrite interface,
which can be attributed to stresses due to differences in thermal expansion coefficient of the
two phases and reduction of the cementite magnetostatic energy. Orange arrows in fig. 5b
point to a domain in the ferrite matrix, which is limited in size by a grain boundary on the
right and by a cementite precipitate on the left side. It is well known that grain boundaries as
well as precipitates contribute to increase the magnetic hardness of ferromagnetic materials by

restricting the movement of domain walls.

ferrite

cubic
001 101 —
1um
010 .
cementite
orthorhombic
001 100

F
..

Figure 5. Topography (a) and MFM image (b) of the Fe-1.5%C sample taken with MFM. The
corresponding IPF map recorded in the SEM shows the crystals and their respective
orientations. Two ferrite grains with different crystal orientation are marked as (1) and (2) in

the topography image.
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The cementite precipitates show a much stronger magnetic image contrast than the
ferrite matrix because cementite is magnetically harder than ferrite and thus causes stronger
stray fields. The domains observed in the cementite precipitates range from 50 to 1000 nm in
width depending on their crystalline orientation. The cementite precipitates in or around the
(010) orientation presents always a stripe structure. Since the MFM tip senses the component
of the stray field emerging perpendicularly from the surface, we may conclude that the
magnetic moments of these precipitates are more or less parallel to the tip axis, i.e.
perpendicular to the sample surface plane and oriented along the long axis (here [010]- or
b-axis).

An example for a Barkhausen jump is shown in figures 6. Figure 6a shows the
topography obtained with the MFM of the Fe-1.5%C sample, and the evolution of the
magnetic microstructure under a superposed applied magnetic field is shown in figs. 6b and c.
Figure 6b is recorded at the remanence state of the sample while fig. 6¢ displays the results
with an applied magnetic field of 190 A/cm. Bright and dark lines are visible within the ferrite
matrix, which can be identified as domain walls. Initially, if the magnetic field is smaller than
the coercive field (H < Hc), the domain wall is attached to pinning points (fig. 6b). When
H > Hc, the domain wall unpins, propagates and pins to the next precipitate (fig. 6¢, white
arrow). These microscopic observations make clear that an increase of the amount of carbon
and consequently an increase of the amount of pinning sites can cause a decrease of the

macroscopic initial permeability and an increase of coercivity.

H =190 A/cm
_

Onm I | 400 nm

Figure 6. Topography (a) of the sample Fe-1.5%C containing globular cementite precipitates
in a ferrite matrix, MFM images taken (b) without external magnetic field and with an applied
field of (c) 190 A/cm. The direction of the in-plane field is indicated by a black arrow. The

white arrows indicate a domain wall movement.
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3. SUMMARY

The combination of AFM, MFM, and EBSD techniques with macroscopic magnetic
measurements opens a new field for material development and design enabling the direct
observation of magnetic micro- and nanostructures including the corresponding single crystal
grain orientations. Samples of highly pure iron and the unalloyed steels Fe-0.8%C and Fe-
1.5%C were characterized macroscopically by measuring hysteresis loops and Barkhausen
noise signals. The magnetic hardness increases with increasing amount of carbon in form of
globular cementite precipitates in the ferrite matrix. Besides, the Barkhausen noise amplitude
decreases and becomes a double peak. The weaker field peak corresponds to the ferrite and
the stronger field peak to the cementite phase.

MFM was shown to be a powerful tool for nondestructive magnetic microstructure
imaging and characterization in the micro- and nanoscale of steels. In this work, MFM images
with a local resolution of 50 nm have been achieved. The crystalline orientation of the ferrite
and cementite phases were determined by EBSD and correlated to the domain structure.
Ferromagnetic domain structures in highly pure iron and in cementite precipitates as well as
their interaction were studied. Domain walls in the ferrite phase tend to intersect the cementite
precipitates in order to minimize the magnetostatic and wall energy. By applying an external
in-plane magnetic field the dynamic behavior of the magnetic domains and the interaction
between domain walls and the cementite precipitates was observed and characterized.
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VI.  MICRO- AND NANOSTRUCTURE CHARACTERIZATION AND IMAGING
OF TWIP AND UNALLOYED STEELS (PUBLICATION E)

L. Batista, U. Rabe, and S. Hirsekorn

AIP Conference Proceedings (2012) Vol. 1430; 1381-1388.

ABSTRACT. New design concepts for constructing light-weight and crash resistant
transportation systems require the development of high strength and supra-ductile steels with
enhanced energy absorption and reduced specific weight. TWIP steels combine these
properties, a consequence of intensive mechanical twinning. To understand the mechanisms,
related microstructures and local material properties are probed by AFAM, nanoindentation,
and EBSD. The morphology of a cementite phase controls the macroscopic mechanical and
magnetic properties of steels. Cementite embedded in a ferrite matrix is characterized by
AFAM and MFM.

Keywords: Atomic Force Acoustic Microscopy, Imaging, Magnetic Force Microscopy,

Microstructure, Nanostructure, Steel
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1. INTRODUCTION

The current strong demand for vehicle lightening from the automobile sector requires
flat carbon steel sheet manufacturers to develop new advanced grades capable of fulfilling the
contradicting properties such as weight reduction and formability versus high stiffness and
strength. Austenitic twinning induced plasticity (TWIP) steels have low to intermediate
stacking fault energy and hence undergo extensive mechanical twinning during deformation,
which in turn leads to an excellent combination of strength, ductility, and damage tolerance
satisfying the requirements for automotive industries [1]. The main mechanical properties of
these alloys have been investigated by many authors using standard destructive techniques
[2-5]. The optimization of microstructures opens a new field for the design of new alloys.
This requires the understanding of the macroscopic elastic and plastic properties in relation to
the microstructure. In this contribution, the near-field technique atomic force acoustic
microscopy (AFAM) [e.g. 6-11] which combines atomic force microscopy (AFM) [12] with
ultrasound is used to image microstructures and probe material properties on the micro- and
nanoscale. AFAM is a contact resonance spectroscopy technique with a spatial resolution
down to the nm range and, similar to nanoindentation, sensitive to the local indentation
modulus accounting for normal and shear deformation in the tip-sample contact zone.

In the second part of this work, an unalloyed steel Fe-0.8%C is studied by means of
atomic force acoustic microscopy (AFAM) and magnetic force microscopy (MFM).
Cementite (FesC) is an important phase in steels because its morphology directly controls
mechanical and magnetic properties. In contrast to its technological significance, the
knowledge about the elastic properties of FesC is quite limited. A large scatter on the value
for the Young’s Modulus can be found in the literature [13-18]. The macroscopic magnetic
properties of unalloyed steels have already been studied by many authors [e.g. 19,20].
Microstructure parameters such as lattice defects and grain and phase boundaries impede
temporarily magnetic domain wall movements under magnetic load and thus reveal about
mechanical material properties [21]. Therefore, a MFM coupled with an external coil
providing an in-plane controlled magnetic field is employed to image the dynamic behavior of

magnetic domains and related microstructures.
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2. MATERIALS AND METHODS

2.1 Twinning-induced plasticity (TWIP) steels

Two different kinds of TWIP based 100% austenitic alloys are investigated. They
were provided after hot-rolling, 50% cold-rolling, and annealing. The chemical composition
(wt%) of the sheets are Fe-22Mn-0.6C-0.2V and Fe-20Mn-3Si-3Al with average grain sizes
of 1 um and 40 um, respectively. Both sheets have a monomodal grain size distribution, a
thickness of 1.2 mm, and show macroscopically isotropic material behavior. The elastic
properties were measured by ultrasound in different directions. The isotropic plastic behavior
was shown by tensile tests performed at small samples taken in rolling and in transverse
direction. For AFAM and nanoindentation measurements small specimens were cut by spark
erosion from the recrystallized and annealed steel sheets and mechanically polished by
standard procedures. Directly before the measurements, in order to obtain suitably
reproducible surface conditions, the samples were electropolished which removed a surface
layer of about 1-2 um. The AFAM and nanoindentation experiments were carried out with a
Dimension 3000® from Digital Instruments (DI) and a Hysitron Triboscope® in conjunction
with a DI Nanoscope I, respectively.

The microstructure evolution during tensile load of Fe-22Mn-0.6C-0.2V (wt%) TWIP
alloy was monitored. The investigation was performed by an experimental set-up composed
of an AFM (Dimension 3000®) and a tensile machine (UTS, electromechanical). In order to
avoid residual stresses the bone-shaped tensile test samples were also cut by spark erosion.
AFM observations and EBSD analysis require specific sample surface preparation. In order to
observe very small deformation induced relief in the AFM images and to be able to probe
local mechanical properties, the surfaces have to be perfectly plane. Thus, the sample was
polished mechanically by standard procedures followed by electrochemical polishing.
Suitable electrolyte as well as exposure time and voltage have to be identified and selected
very carefully by series of experiments. After preparation, the surface roughness was
evaluated statistically from AFM micrographs 3 um X 3 um in size. The best result obtained
was a roughness of RMS < 1 nm. The sample was marked with a microindenter, and the grain
orientations were determined by EBSD. The specimen was deformed with engineering plastic
strains of g, = 3%, 6%, 10%, and 15%. After each deformation step the tensile test was
interrupted and AFM images were taken in contact mode. The tests were carried out in air at

room temperature.
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2.2 Unalloyed steel (Fe-0.8%C)

The unalloyed steel Fe-0.8%C sample examined in this work was provided as-cast and
annealed in a cylindrical shape of 8 mm diameter with a microstructure of globular cementite
(FesC) embedded in a ferrite matrix. From the cylindrical sample, a 1 mm thick disk shape

was cut by spark erosion and prepared as described in the previous section.

2.3 Quantitative AFAM and nanoindentation compared to EBSD maps

In order to probe local elastic properties of the TWIP steels, AFAM as well as
nanoindentation was applied. In AFAM, from measured local contact resonance frequencies
of an AFM cantilever local indentation moduli of the sample surface are determined by
calibration or by calculation via the Hertzian contact theory if the shape and the material
properties of the cantilever and sensor tip are known well enough [e.g. 11].

Figure 1 shows EBSD maps and AFM topography images of nanoindents in the steels
Fe-22Mn-0.6C-0.2V (Fig. 1a) and Fe-20Mn-3Si-3Al (Fig. 1b). To be able to probe the local
mechanical properties in correlation to the grain orientation, the samples were previously
marked by focused ion beam (Fig. 1a) and microindentation (Fig. 1b). In accordance to the
ultrasonic measurements (see materials description above) the EBSD maps show no preferred
grain orientation. The indentation moduli for different grain orientations are given in Table 1.
All results show the same correct trend, i.e. stiffness in or around (111) direction is higher
than in or around (101) direction which is higher than in or around (001) direction. The
differences in AFAM and nanoindentation results might be caused by different tip shapes,
different sizes of involved surface area, and inaccuracies in the AFAM calibration.

Figure 2 shows a series of AFM contact mode topography images of a surface area of
the Fe22Mn0.6C-0.2V specimen for different plastic deformation levels revealing a typical
evolution of the surface relief during a tensile test of TWIP steel. Fig. 2a presents the selected
surface area before loading. It contains height differences up to about 100 nm and clearly
reflects the grain structure (already imaged and confirmed by ArcelorMittal, who provided us
with the samples). The grain boundaries appear higher than the grains itself, i.e. the
preparation of the sample surface generates prominent grain boundaries. Such a relief is
probably due to a preferential attack of grain interiors during electrolytic polishing. For 3%
plastic strain, the AFM image already shows mechanical twinning in the austenite grains
appearing as nearly equidistant straight lines (Fig. 2b). Increasing plastic strain (6, 10, and
15%) causes increasing twinning area fractions. Mechanical twinning creates a step the height

of which can be accurately measured by AFM. Fig. 3 presents the height profiles in the area
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pointed by a black arrow in Fig. 2 for the different plastic strain levels indicating an increase
in step height with increasing plastic deformation. The EBSD map in Fig. 2f reveals the grain
orientations in the sample surface at 15% deformation (see color code in the legend). The
presence of twins is confirmed by the straight lines having different orientations than the
austenite grain itself. AFM observations of the surface relief have already been reported, e.g.
in 316L austenitic [22—24] and in duplex stainless steel [25]. However, the observation of
surface relief due to mechanical twinning is presented for the first time. The determination of
the involved slip planes during formation of the twins in relation to the surface relief is a topic

of current work.

11

001 101

Figure 1. EBSD (Electron Backscattering Diffraction) images for single grain orientation
determination and AFM topography images showing the nanoindentation marks in the
austenitic TWIP steels: (a) Fe-22Mn-0.6C-0.2V, average grain size 1 um and (b) Fe-20Mn-
3Si-3Al, average grain size 40 um.

Table 1. Indentation moduli (M) of the TWIP steels Fe-22Mn-0.6C-0.2V and Fe-20Mn-3Si-

3Al with average grain sizes of 1 um and 40 um, respectively.

M (GPa) from quantitative ] )
M (GPa) from nanoindentation
AFAM
(111) (101) (001) (111) (101) (001)
FeMnC (V) 179 167 139 218 207 197
FeMnC (Al Si) 171 142 113 160 134 131
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Figure 2. Series of AFM micrographs documenting the evolution of surface relief topography
in Fe-22Mn-0.6C-0.2V TWIP steel during a tensile test: (a) before loading; (b, ¢, d and e)
with plastic strains of 3%, 6%, 9%, and 15%, respectively; (f) EBSD map showing the grain

orientations after 15% plastic stain. The loading direction is indicated in (b).

3% plastic deformation Y 6% plastic deformation
’Q’!‘&' Vertical distance: 10.889 nm Vertical distance: 13.667 nm

Vertical distance: 8.409 nm Vertical distance: 16.336 nm

(a) (b)
10% plastic deformation Y 15% plastic deformation
Vertical distance: 14.567 nm Vertical distance: 17.393 nm
Vertical distance: 22.338 nm Vertical distance: 29.541 nm
(c) (d)

Figure 3. Series of AFM height profiles measured in Fe-22Mn-0.6C-0.2V TWIP steel with
different plastic strain levels. The height profiles were measured in the same area as pointed

by a black arrow in Fig. 2.

2.4 Magnetic force microscopy (MFM) combined with EBSD (sample Fe-0.8%C

unalloyed steel)

AFM and MFM have been used to image the topography and the magnetic
microstructure of the unalloyed steel Fe-0.8%C containing globular cementite embedded in a

ferrite matrix. The measurements were performed in tapping-lift mode using a Nanoscope 111®
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multimode from DI and MESP CoCr-coated tips with a coercivity of ~ 400 Oe. The CoCr-
coated tips are magnetized along the tip axis by a permanent magnet. A height of 60 to 80 nm
above the sample surface was kept during measurement. The images acquired at the
remanence and with a superposed magnetic field of different strength by means of an external
coil reveal the magnetic microstructure and the evolution of the resulting domain
configuration. In cubic crystals as in the case of the ferrite the domain patterns are determined
by the surface orientation relative to the easy directions. From the simplest case, a surface
with two easy axes, to strongly mis-oriented surfaces with no easy axis, the domain patterns
become progressively more complicated [26]. The domain arrangement is primarily
determined by the principle of flux closure which minimizes the total inner energy.

In ferrite the surface (100) contains two easy directions reducing the complexity for
image interpretations. However, the domain patterns often face deviations from the ideal
structure because of residual stresses and possible induced anisotropies. The domains in the
ferrite matrix, generally in the form of closure domains, often appear to be unrelated to the
domains in the cementite. The domains observed in the cementite particles range from 50 to
1000 nm in width depending on their orientation. The cementite particles in or around the
(010) orientation present always a stripe structure showing perpendicular anisotropy.
Supplementary domains can be seen at the interface between the ferrite and the cementite
phases (white arrows in Fig. 4) which is typical for a pattern containing stresses. This can be
explained by differences in the thermal expansion coefficient of the two phases creating
residual stresses while cooling [20]. The MFM images show increasing size of supplementary

domains with increasing in-plane magnetic field.
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8 um

. 111 010 )
ferrite dmentlte
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Figure 4. Series of MFM images taken at different applied field strengths in Fe-0.8%C
unalloyed steel: (a) no external field, (b) to (d) external fiels of 13, 20, and 24 mT; (e)
corresponding EBSD map showing the crystal orientations. The applied field direction (in-

plane) is indicated by the black arrow.

A broadening of the stripe domain configuration in the cementite phase in or around
the (010) orientation was observed by a sequence of MFM images (Fig. 5): the perpendicular

anisotropy was progressively reduced by an external in-plane magnetic field.
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Figure 5. Series of images of Fe-0.8%C unalloyed steel showing the evolution of the
cementite magnetic structure with an applied external magnetic field: (a) topography image;
MFM images without (b) and with external field of (c) 13mT and (d) 24 mT; (e)
corresponding EBSD map showing the crystal orientations. The applied field direction (in-

plane) is indicated by the black arrow.

2.5 In-situ elasticity mapping of cementite precipitates in Fe-0.8%C unalloyed steel

In this work, unalloyed steel Fe-0.8%C containing globular cementite was studied, i.e.
cementite embedded in a ferrite matrix but not isolated cementite, which presents many
difficulties during its preparation. Fig. 6a shows an optical micrograph of the steel. The
topography (Fig. 6b) reveals microstructure and surface roughness. The cementite precipitates
appear higher than the ferrite matrix with an offset of about 20 nm maximum.

AFAM amplitude images yield qualitative surface elasticity maps [e.g. 27]. While the
sample surface is scanned the AFM cantilever is excited to vibrations at a fixed ultrasonic
frequency close to a contact resonance. The cantilever vibration amplitude and thus the
AFAM image contrast depends on the difference between the excitation frequency and the
local contact resonance. Fig. 6¢ is recorded with a 622 kHz excitation, i.e. below the contact
resonances of the specimen, and hence the cantilever vibration amplitude is higher on the
more compliant phase, here cementite. Fig. 6d is recorded with an excitation frequency just
above the contact resonances, 664 kHz, which causes contrast inversion in the AFAM image,

I.e. the cantilever vibration amplitude is higher on the stiffer phase, here ferrite. The
VI-9



PUBLICATION E

resonance frequency spectra of the two phases are shown schematically in Fig. 6. Quantitative

AFAM measurements for local indentation moduli determination on each single phase and for

known grain orientation still have to be carried out.

20 nm
0 nm —— Cementite (FesC)
A Ferrite
664 KHz
3
4V é 622 KHz
°
£
<
N
1um OV Frequency
© (@) ©

Figure 6. Unalloyed steel Fe-0.8%C with globular cementite: (a) optical micrograph; (b)
AFM tapping-mode topography image; AFAM amplitude images at frequencies close to the
contact resonance of the cementite phase with excitation at (c) 622 kHz and (d) 664 kHz,
respectively; (e) contact resonance spectra measured on the cementite and ferrite phases
(colors of spectra match the colors of the spots in the topography image) show different
values depending on the local elastic properties. The images were recorded with the first

bending mode of a silicon-NCL cantilever.

3. SUMMARY

AFAM was shown to be a powerful tool for nondestructive microstructure imaging
and characterization as well as probing local material properties in the micro- and nanoscale
of different steels if the sample surface is prepared appropriately. For AFM applications,
mechanical polishing by standard procedures is not sufficient, but careful additional
electrochemical polishing is required. The combination of AFM, AFAM, MFM, and EBSD
techniques opens a new field for material development and design. Important insights in the
deformation behavior of austenitic TWIP steels were provided via surface relief analysis by

AFM during deformation. By means of MFM, ferromagnetic domain structures in cementite
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particles and their interaction with a ferrite matrix was studied. The cementite domain
structure was found to consist of parallel stripes alternatively down- and upwards directed in
relation to the surface and without direct correlation to the ferrite domain structure. The
crystalline orientation of the cementite particles was determined by EBSD and correlated to
the domain structure. Finally, AFAM imaging showed that in the measured area on the

unalloyed Fe-0.8%C steel ferrite is stiffer than globular cementite.
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VII. PIEZORESPONSE FORCE MICROSCOPY STUDIES ON (100), (110) AND
(111) EPITAXIALLY GROWTH BiFeO3 THIN FILMS (PUBLICATION F)

R. P. Fernandes, L. Batista, A. C. G. Castro, L. Salamanca-Riba, M. P. Cruz, F. J. Espinoza-
Beltran, S. Hirsekorn, U. Rabe, J. Mufioz-Saldafia, G. A. Schneider

MRS Proceedings (2012) Vol. 1477; 1097-1103.

ABSTRACT. Bismuth ferrite (BiFeOg) is a magnetoelectric, multiferroic material with
coexisting ferroelectric and magnetic orderings. It is considered as a candidate for the
next generation of ferroelectric random-access memory devices because BiFeOs, in
contrast to industrial ferroelectrics used today, does not contain the toxic element lead.
Furthermore, its polarization values are higher than those of lead-based ferroelectrics.
The magnitude of the polarization of a BiFeOs film is dependent on its orientation and is
related to the domain structure. This contribution presents and discusses the preparation
of epitaxial BiFeO3 (BFO) thin films grown on SrRuO3/SrTiO;3 substrates by pulsed laser
deposition (PLD) and their characterization, especially by piezo force microscopy (PFM)
and atomic force acoustic microscopy (AFAM). The thickness of an individual BFO film
varies between 100 and 200 nm. The epitaxial nature of films in the crystallographic
(100), (110), and (111) directions was confirmed by x-ray diffraction (XRD). Thin
SrRuOg layers, also prepared by PLD, were used as bottom electrode for the ferroelectric
hysteresis measurements. Low frequency PFM measurements showed a monodomain
structure for the as-grown (110) and (111) oriented samples. In BFO (100) films,
different polarization variants were observed by ultrasonic piezo force microscopy
(UPFM). The domain structure is reproduced from minimization of the electrostatic and
elastic energies. Switching experiments using standard PFM as well as UPFM were
carried out on the three samples with the objective of testing the coercive field and
domain stability. The AFAM technique was used to map the elastic properties of the

BFO thin-films at the micro- and nanoscale.

Keywords: Piezo response, Laser Ablation, Bismuth
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1. INTRODUCTION

In the last decade, extensive research has been devoted to multiferroic materials, in
particular to multiferroic magnetoelectrics [1,2,3]. This is due to the fascinating physics
behind their response to external fields as well as to the potential applications for industry.
More important than the usual ferromagnetism or ferroelectricity response is the coupling of
the two effects which gives rise to a wide spectrum of new applications, e.g. memory
elements with electric as well as magnetic data storage and media allowing data writing by an
electric field and reading by the associated magnetic response [1].

Advances in the development of multiferroic magnetoelectrics are correlated with
advances in the technology of thin film growth techniques. The availability of high quality
thin films and advanced characterization tools have led to a better understanding of the
phenomena of this class of materials [4]. Bismuth ferrite (BiFeO3;, BFO) is a room
temperature, single-phase, magnetoelectric multiferroic with a high ferroelectric Curie
temperature (T¢) of 1100 K and an antiferromagnetic Neel temperature (Ty) of 640 K [4]. The
largest polarization value at room temperature reported so far is 100 uC/cm? for an epitaxial
(111) oriented thin-film [5]. The ferroelectric domain structure and its control are described in
[6,7], and the electrical control of the antiferromagnetic domains in bismuth ferrites at room
temperature is reported in [8].

This work presents results on the growth and characterization of bismuth ferrite
epitaxial thin films with different crystallographic orientations. The ferroelectricity and the
domain structures are characterized by conventional PFM [9] and UPFM [10]. AFAM [10,11]

was employed to investigate the local elastic properties of the films.

2. EXPERIMENTS, RESULTS AND DISCUSSIONS

BFO thin films were grown by PLD along the [100], [110] and [111] crystal
orientations using SrTiO3 substrates under the conditions outlined in Table 1. A SrRuO;3
buffer layer of less than 100 nm thickness was grown before deposition of the BiFeOs. A
Bi; ;FeO; target was used to obtain the stoichiometry of the BFO thin films. An oxygen
partial pressure of 100 mTorr was used to compensate for any deficiencies that may arise at

the time of deposition. This oxygen pressure leads to a homogeneous thickness of ~ 200 nm.
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Table 1. Pulsed laser deposition parameters.

Parameter Value
Fluence 1.0 J/em®
Target-substrate distance 50 mm
Substrate Temperature 650 °C
Oxygen pressure 100 mTorr
Targets Bi; 1FeO3, StRuO;

Deposition rate

6.5 nm/min (SRO) 10 nm/min (BFO)

Laser frequency

10 Hz

Substrates

SrTiO; (100), (110), (111)

Figure 1 shows the diffraction spectra of the BiFeO3/SrRuO3/SrTiO3 samples

deposited on different orientations on SrTiOj3 substrates. Epitaxial growth is clearly observed,

and there are no traces of impurities, such as, iron oxides or bismuth oxides or other bismuth

iron oxides with different stoichiometry than BiFeOs in the films. As expected, a shift to

higher angles occurs between the peaks for each growth orientation due to the decrease in

interplanar distance as they relate to different families having planar symmetry: namely,
d (100) = 4.0614 A, d (110) = 2.8319 A, and d (111) = 2.3124 A. The lattice parameters, both
for the buffer layer and the BFO thin film remain approximately invariant in the different
orientations, averaging 4.0058 A, 3.9511 A, and 3.9051 A for BFO, SRO and STO,

respectively.

1000

S1Ti0, (100)

100

BiFe0, SrRu0, (100)

15 20

25

(110)

BiFe0, SrRu0, (110)

30

SITi0, (110

35 35

—
—_—
N
—_—

S

S1Ti0, (11)

BiFeO,/StRu0, (111

40

Figure 1. XRD spectra of BiFeO3/SrRuO; thin films on SrTiO3; oriented along the (100),
(110), and (111) crystallographic planes.

To examine the elastic properties of the films, AFAM measurements were performed

on all samples. AFAM amplitude images yield qualitative surface elasticity maps. While the
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sample surface is scanned, the AFM cantilever is excited to vibrate at a fixed ultrasonic
frequency close to a contact resonance. The cantilever vibration amplitude, and thus the
AFAM image contrast, depends on the difference between the excitation frequency and the
local contact resonance. The measurements were made with Pt-Ir coated tips (Nanosensors
PPP-EFM, Neuchatel, Switzerland) with the free resonance of the first bending mode around
70 kHz. A representative AFAM image along with the topographic AFM image of the
BFO (100) sample are presented in Figure 2. The bright spots on Figure 2 are inclusions and

are common in PLD prepared thin films.

a) Topography

4~ ’4

Figure 2. a) Topography and b) AFAM images from the BFO (100) sample at a frequency of
320 kHz, close to the contact resonance of the first bending mode of the cantilever. The elastic
properties of the film are homogeneous with exception of the inclusions (bright contrast on

the topography image).

The PFM experiments were performed using two different approaches: the
conventional low frequency, in which the excitation frequency is well below the resonances
of the cantilever, and the UPFM mode with excitation close to the contact resonance of the
first bending mode of the cantilever which enhance the piezo-mode signal through resonance
amplification [10]. Experiments done at the Technische Universitdit Hamburg-Harburg
(TUHH) were carried out on a VEECO Dimension 3100 AFM with a Nanoscope IV
controller, while a VEECO Dimension 3000 with a Nanoscope IlIA controller was used at
Fraunhofer 1ZFP. Pt-Ir coated probes were used for all measurements. For the conventional
PFM an excitation frequency of 10 kHz with amplitude of 3-5V was applied to the tip. For
the UPFM an excitation frequency around 320 kHz with an amplitude of 4 VV was applied to
the tip. In order to confirm ferroelectricity, poling experiments were carried out by applying a
DC voltage to the tip while the bottom electrode (SRO) was grounded. In this way, the
ferroelectric film below the tip switches its polarization direction. This method was applied to

films with the three different growth directions and using both conventional PFM and UPFM,
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for simplicity only selected images are shown is this work. In all films the presence of small
amounts of inclusions was detected.

The images after the switching experiment with +22 V along with the topographic
image for the BFO (110) sample are shown in Figure 3. The lateral components of the two
polarization variants [4,5] are clearly observed in Fig. 3c, where the scanning (horizontal)
direction is parallel to the <110> direction. The inclusions, visible as the bright spots in the
topography image, do not show any piezoactivity and are visible in the VPFM and LPFM

Signals as spots with color corresponding to 0 V.

a) Topography b) VPFM Amplitude c) LPFM Amplitude

-16.5nm I 16.5nm -3.0V I 1.2V -1.7V I 1.9V 1Tpm

Figure 3. a) Topography, b) Vertical PFM (VPFM), and c¢) Lateral PFM (LPFM) of
ferroelectric domains written on BFO (110) film by applying +22 V DC while scanning over
a 3 x 3 um’ area of the sample. The polarization direction clearly changes (dark contrast) in
the VPFM image and the LPFM image.

In the case of the BFO (111) sample, no lateral component of the PFM signal is
expected. Figure 4 shows the results of the switching experiments for this sample. The first
square was switched by applying +22 V over an area of 2 x 2 pm? and creates a dark contrast
in the VPFM image. For the second switching, a voltage of -22 V was applied over an area of
1 x 1 um? within the previously polarized area. The second switching led to a reversal of the
polarization direction to the initial condition. For both samples the PFM signals were stable
for up to 8 hours after the switching experiments; indicating that the expected quality of the
film and behavior of the domain structure was achieved. The single- (mono-) domain state of
the films can be explained by the strain in the films induced by the substrate as previously

reported [1].
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a) Topography b) VPFM Amplitude c) LPFM Amplitude

-1.9nm I 1.8nm 0.09V IEEEEEN 22V -1.1V I 1.0V

Figure 4. a) Topography and b) Vertical PFM images of ferroelectric domains written on
BFO (111) film by applying +22 V DC while scanning over a 2 x 2 um’ area of the sample
followed by an applied DC voltage of -22 V while scanning over a 1 x 1 #m? area within the

already polarized area.

The BFO (100) sample is grown in a favorable direction for the visualization of the
domain structure; therefore, it does not need local switching of the polarization direction in
order to visualize the domains. Figure 5 shows the amplitude and phase signals of the vertical
and lateral UPFM measurements for this sample. The UPFM images were recorded with a
frequency close to the contact resonance (320 kHz) of the first bending mode of the
cantilever. The observed striped domain structure correlates very well with other reports in
the literature [1,4,12]. This indicates that the BFO (100) sample is of high quality and has the
expected domain structure.

Finally, in order to quantify the piezoelectric activity of the BFO (100) sample, the
PFM system was used to measure the deflection on the cantilever at different applied
voltages. Figure 6 presents the measured data and the linear fit which yields
ds3 =39 £ 2 pm/V. This value is in line with those from literature: ds3 = 30-50 pm/V [1,12].
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a) Vertical UPFM Amplitude b) Vertical UPFM Phase

d)

Figure 5. UPFM signals from BFO (100) film: Vertical UPFM a) amplitude and b) phase;

Lateral UPFM c) amplitude and d) phase. The domain structure is visible without local
switching.

0.3
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Figure 6. Piezoelectric constant ds3 measured using the PFM system.
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3. CONCLUSIONS

We successfully grew high quality bismuth ferrite (BFO) epitaxial thin films on (100),
(110) and (111)-oriented SrRuO3/SrTiO3 substrates. The quality of the films was evaluated by
XRD confirming the epitaxial orientation of the films and the absence of second phases. PFM
and UPFM showed that the (111) and (110) oriented films are ferroelectric but are in a
monodomain state and that the (100) film shows a striped domain structure, as already
reported in the literature. The evaluation of the ds3 piezoelectric constant for the (100) film
yields a value of d33 = 39 £ 2 pm/V, which is also in agreement with values already published
in the literature. AFAM measurements showed the homogeneity of the elastic properties of all

films.
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VIIl.  CHARACTERIZATION OF MATERIAL PROPERTIES AND
FUNCTIONALITIES OF LEAD-FREE BISMUTH-BASED CERAMICS
(PUBLICATION G)

L. Batista, U. Rabe, S. Hirsekorn

Part of the FP7-NMP-2010 EU-Mexico BisNano 263878 report, workpackage 9 (WP9),
January (2014).

ABSTRACT. Ferroelectric materials are widely used in many applications as sensors,
actuators, transducers, and memories. Most of these materials are however based on toxic
elements, as e.g. lead (Pb), which can create hazards during materials processing and also
disposal. With the new European regulations restricting the use of such toxic elements, the
need arises for new materials which provide the same or better functional properties. These
properties such as piezoelectric constants and high electromechanical coupling factors are
mostly determined by the microstructure and the arrangement of the ferroelectric domains. In
the framework of a European-Mexican project, lead-free Bismuth-based bulk ceramics like
BiosNagsTiOs (BNT), 0.94BigsNagsTiO3-0.06BaTiO; (BNT-BT), Mn-doped BNT-BT, and
Sr-doped BNT-BT were investigated and evaluated by different operating modes of an atomic
force microscope (AFM), especially dynamic modes in the ultrasonic range such as atomic
force acoustic microscopy (AFAM) and ultrasonic piezoelectric force microscopy (UPFM).
Macroscopic properties of the above mentioned lead-free, bismuth-based, polarized bulk
samples were also examined. Their piezoelectric activity was characterized by impedance and
3D laser vibrometer measurements. Mechanical properties such as Young’s and shear moduli
were determined by measuring longitudinal and transverse sound wave velocities and the
density. Using these data and the geometrical parameters of the samples, the first thickness
and radial resonance frequencies were calculated and compared to experimental spectra. In
the end, the most promising lead-free ceramic samples were then successfully tested as

ultrasonic transducer materials.
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1. INTRODUCTION

The work presented in this chapter is a part of the FP7-NMP-2010 EU-Mexico
BisNano 263878 report, workpackage 9 (WP9). The general objective of the BisNano
project [1] is the acquisition of fundamental knowledge on bismuth-based nanostructures, as a
new class of materials towards the development of value-added bismuth-based products and
devices. One of the specific objectives, which is included in WP9, is the evaluation of the
functionalities of the bismuth-based materials for a variety of applications, as e.g. lead (Pb)-
free piezoelectrics.

In this context, lead-free bulk ceramic samples from different partners (UPJV,
CINVESTAYV and TUHH, see Table 1) have been sent to IZFP for materials characterization,

in WP9 especially for piezo-response characterization.

Table 1. BisNano partners who worked with IZFP in WP9.

Institution Location

Université de Picardie Jules Verne (UPJV) Amiens, France

Centro de Investigacion y Estudios Avanzados (CINVESTAV) | Querétaro, Mexico

Technische Universitat Hamburg-Harburg (TUHH) Hamburg, Germany

2. BULK SAMPLES FROM UPJV AND COMMERCIAL REFERENCE MATERIAL

In order to characterize the macroscopic piezoelectric and elastic properties of the
lead-free bulk ceramic samples produced in our consortium, impedance, 3D laser vibrometer
and ultrasound measurements were performed. The samples were coated with electrodes if
necessary and polarized. Impedance measurements before and after polarization showed
whether the samples were macroscopically active. Using a laser vibrometer, the resonance
frequencies of the samples were detected, and the maximal surface vibration amplitudes were
measured quantitatively.

A bulk BNT sample and a bulk BNT-BT sample (circular plates with a thickness of
2.8 mm and 2.7 mm, and a diameter of 12 mm and 11.1 mm, respectively, were provided by

UPJV. The composition of the investigated materials is shown in Table 2.

Table 2. Composition of the investigated lead-free ceramic samples.

Abbreviation Chemical composition
BNT (Bio,SNao,5)TiO3
BNT-BT 0.94(BiosNay5)TiO3-0.06BaTiO3

VIII-2



PUBLICATION G

The sample surfaces were sputtered with a thin gold electrode layer. By means of
impedance measurements no activity was found for both samples (Figs. 1a and b) in their

initial not polarized state.

a) BNT (not polarized) b) BNT-BT (not polarized)
A MAX 8.000 kQ A MAX 4.000 kQ
B MAX 87 .00 degree B MAX 88 .10 degree
%

\\ \\ Phase [Degree] M

Impendance [k Q] -

- ~ Impendance [k Q]
1 | i T — —
\ e s —
e _—
\\\ Phase [Degree] —~+ et
Mt s o AN |

A/DIV 1.000kQ START 500 000.000 Hz A/DIV S00.0kQ START 500 000.000 Hz
B/DIV 100 . 0 mdegree STOP 10 000 000.000 Hz B/DI 100 . 0degree STOP 10 000 000.000 Hz

Figure 1. Impedance measurements on the samples (a) BNT and (b) BNT-BT in their initial

state before polarization.

Then, in order to polarize the samples, a DC voltage of 7.5 kV was applied first at the
BNT-BT sample. It was interrupted after 2 min because of extreme heating of the sample.
Nevertheless, the sample showed very small piezoelectric activity (Fig. 2) after this
polarization. In order to avoid the heating, both samples were immersed in an electronic fluid
(3M Fluorinert FC-770) which cooled the samples.

BNT-BT (polarized 7.5 kV, 2 min)

A MAX 20 .00 kQ
B MAX -85 .50 degree
\ Mk \ |
' I/
WD A~ L\
Phase [Degree]
x
—
Impendance [k Q] —
| | 1
A/DIV 2.000kQ START 100 000.000 Hz
B/DIV 500 .0 degree STOP 1 000 000.000 Hz

Figure 2. Impedance measurements on the sample BNT-BT polarized by 7.5kV during

2 minutes.
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BNT-BT (polarized 7.5 kV /9 kV, 2 min)

A MAX 20.00kQ
B MAX -45 .00 degree

I I
211 kHz
L okv L/
7.5kV &
™ Impendance [k Q] |
: e
Phase [Degree] ‘ k
YA
Q START

A/DIV 2.000k 100 000.000 Hz
B/DIV 5 . 00 0 degree STOP 300 000.000 Hz

Figure 3. Impedance measurements on the sample BNT-BT after being polarized for 2
minutes at 7.5 kV and 9 kV, respectively.

Using this set-up, a voltage of 7.5 and 9 kV, respectively, was applied for 2 minutes.
After this treatment, the BNT sample still was inactive, but on the BNT-BT sample
piezoelectric activity was clearly detectable, and the frequencies of thickness and radial
resonances and anti-resonances have been measured (Fig. 3).

The procedures described above damaged the gold electrodes. Therefore, the samples
were coated with a thin layer of a conductive adhesive. In order to evaluate the piezoelectric
activity, an AC voltage of 20 V was applied to both samples while the frequency was swept
from 100 kHz to 1 MHz within 200 ms. The resulting surface vibrations of the samples were
measured by a 3D laser vibrometer. The set-up of the laser vibrometer and the sample are
shown in Fig. 4. The BNT sample did not show surface vibrations. On the BNT-BT sample,
amplitudes of up to 17 pm only were measured. The frequency spectrum of the BNT-BT

sample vibration detected by the vibrometer is shown in Fig. 5.

VIli-4



PUBLICATION G

Sample set-up
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Figure 4. Set-up for the 3D laser vibrometer measurements.
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Figure 5. Frequency spectrum obtained by laser vibrometer measurement on the sample
BNT-BT. Resonances were detected at 213 kHz and at 727 kHz as indicated in the figure.

As a reference, bulk lead-free piezoelectric ceramic samples from a commercial
company have been ordered by IZFP (circular plates with a thickness of 1 mm and a diameter
of 10 mm, coated with electrodes, PIC 700, Pl Ceramic GmbH, Lederhose, Germany). The
ceramic samples are based on Bismuth Sodium Titanate (BNT) and are still at a laboratory
production level. The piezoelectric activity of these samples was checked by means of
impedance measurements and 3D laser vibrometer. The results were compared with a
standard PZT sample (PZ 29, Ferroperm Piezoceramics A/S, Kvistgard, Denmark) and with

the results from the bulk ceramic sample BNT-BT received from UPJV. The objective was to
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compare the macroscopic piezoelectric activity of a commercial lead-free piezoelectric

ceramic sample with the samples produced in our consortium.

Commercial PIC 700 from PI

A MAX 5.000KkQ

| 251kHz
\ Impendance [Q 628 kHz —
1 Imp [ (
— N
I I
A MIN 200.0 Q START 200 000 .000 Hz
STOP 700 000.000 Hz

Figure 6. Impedance measurements on the commercial lead-free piezoceramic PIC 700.

—— Commercial PIC 700 ----- Standard PZT

A MAX 200 .0KkQ

. 4./ 25|1 kHz

S \Lk 628 kHz

X7 T T

Impendance [Q]

A MIN 20.00Q START 2
0

[t}
STOP 1 0

0 000.000 Hz
0 000.000 Hz
Figure 7. Impedance measurements on the commercial lead-free piezo-ceramic PIC 700
(continuous line) and on a standard PZT (PZ 29) from Ferroperm Piezoceramics A/S (dotted

line).

Figure 6 shows the impedance curve of a PIC 700 sample. It is macroscopically active
displaying impedance maxima at 251 kHz and 628 kHz. In order to compare the activity of
the PIC 700 sample with a standard PZT, the impedance curves of both samples were plotted
in Fig. 7. The PZT sample shows a much larger activity. The piezoelectric coupling factors of

BNT and BNT-BT components are lower than those of conventional PZT materials.
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3. BULK SAMPES FROM CINVESTAV AND TUHH

Further bulk samples were produced in the BisNano consortium, BNT-BT and Mn-
doped BNT-BT were provided by CINVESTAV and Sr-doped BNT-BT was provided by
TUHH. These samples were the most promising bulk lead-free piezoelectric materials for
ultrasonic transducer applications. The commercial lead-free ceramic PIC 700 mentioned in
the previous chapter was taken for comparison. The composition of the investigated materials

is shown in Table 3.

Table 3. Composition of the investigated lead-free ceramic samples.

Abbreviation Chemical composition
BNT-BT 0.94(BiosNags) TiO3-0.06BaTiOs
Mn-doped BNT-BT or BNT-BT + 0.995(0.94(BiosNap 5) TiO3-0.06BaTiOs)-
0.005Mn or BNT-BT-Mn 0.005Mn
Sr-doped BNT-BT or BNT-BT-ST or (0.85(BiosNags) TiO3-0.12BaTiOs-
BNT-BT-Sr 0.03SrTiO3)

3.1 Macroscopic measurements with the bulk samples from CINVESTAYV and TUHH

For the samples in Table 3, the bulk ultrasound longitudinal and transverse wave
velocities were measured at a frequency of 5 MHz. The Young’s (E) and the shear (G) moduli
were determined from the measured densities and sound velocities, the first thickness and
radial resonances of the samples were calculated from the sound velocities and the
geometrical parameters (Table 4). The results indicate that the Sr-doped BNT-BT (BNT-BT-
Sr) sample has the highest E and G moduli. The direct comparisons of elastic properties
should be carefully analyzed since the samples have different densities, which also influence

the elastic properties. Thus the results may be misinterpreted.
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Table 4. Parameters obtained by measurement in 1ZFP (geometry, density, elastic constants,
resonant frequencies) of the samples in Table 3.

BNT-BT | BNT-BT-Mn | BNT-BT-Sr | PIC 700

Thickness t [mm] 1.43 1.51 1.24 0.99
Diameter d [mm] 12.35 12.21 11.6 12

Density p [g/cm?] 5.18 5.46 5.64 5.69
Long. sound velocity v, [mm/us] (5 MHz) 4.85 5.21 5.18 5.02
Trans. sound velocity vy [mm/us] (5 MHz) 2.71 2.98 297 2.82
Young's modulus E [GPa] 99.9 121.6 1251 114.9
Shear modulus G [GPa] 39.7 48.3 49.9 452
First long. thickness resonance [kHz] 1692 1720 2078 2539
First long. radial resonance [kHz] 196 213 223 209

In order to examine whether the samples are macroscopically active, impedance
measurements were performed. First, all lead-free ceramic samples were poled by applying an
electric field of 38 k\/cm for 2 min. For this purpose, the samples were sputtered with a thin
gold electrode layer. The impedance curves for the BNT-BT and Mn-doped BNT-BT samples
are shown in Fig. 8 (a), those of the Sr-doped BNT-BT and PIC 700 samples in Fig. 9 (a).

By means of impedance measurements the activity of the samples was confirmed, and
the radial and thickness resonances for all samples were identified. From the resonance (f;)
and anti-resonance (f,) peaks the planar and thickness coupling coefficients K, and K,

respectively, were calculated (Table 5) using the following equations:

K, =\/2.51faf—;ﬁ—(f“f—;ﬁ)2. (1)
K; =\/§§—Z*cot (g;—;) (2

Please note that at higher frequencies, the resonance and anti-resonance peaks of the
BNT-BT and BNT-BT-Mn samples were not very clear (indicated by red and black ellipses in

Fig. 8a). Therefore the coupling factor K; of those samples is only an approximation.
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Q' _ Mn-doped BNT-BT X 10°[ — Mn-doped BNT-BT
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Figure 8. (a) Frequency plot of the electrical impedance and phase angle for the BNT-BT and

Mn-doped BNT-BT samples. (b) Laser vibrometer measurement on the BNT-BT and Mn-

doped BNT-BT samples showing clearly the amplitude vibrations at their respective
resonances.

Ohm Sr-doped BNT-BT Degree Sr-doped BNT-BT
[kQ] PIC 700 x10°[] — PIC 700
4.0 1%t thickness — -8 60 i
3 5] 1#t radial resonance ;i L6 50 l, 15t thickness
resonance (2056 kHz) i " . resonance
3.0\ V (263 kHz) (2478kHz)  [4 ¢ 1% radial resonance (1935 kHz)
Lo 401 263 kH
251l | @sekH2) T ( 2) (2269 kHz)
' © (253 kHz)
2.04 0 330
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1.5 , 20
1.0 [~ <
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0.0 = B LAV St 0
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Figure 9. (a) Frequency plot of the electrical impedance and phase angle for the Sr-doped
BNT-BT and PIC 700 samples. (b) Laser vibrometer measurement on the Sr-doped BNT-BT

and PIC 700 samples showing clearly the amplitude vibrations at their respective resonances.

The impedance curves reveal that the Sr-doped BNT-BT and the commercial PIC 700
samples show much higher resonance and anti-resonance peaks at higher frequencies than the
BNT-BT and Mn-doped BNT-BT samples.

Using the 3D laser vibrometer, the radial and thickness resonances of all samples were
again identified. An AC voltage of 20 V was applied while the frequency was swept from
100 kHz to 3 MHz within 10 ms. Fig. 8 (b) shows the amplitude versus frequency plot for the

BNT-BT and Mn-doped BNT-BT samples, and Fig. 9 (b) shows the amplitudes of the Sr-
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doped BNT-BT sample and the PIC 700 sample. The first radial and thickness resonances of
all samples are indicated in the figures. The results for the radial and thickness resonances
using calculations based on bulk ultrasonic velocities (Table 4), impedance and the laser

vibrometer (Figs. 8 and 9) measurements are in a good agreement.

a) Sample BNT-BT b) Sample BNT-BT
f=1749 kHz, 20 V¢ f= 1749 kHz, 20 Vj¢

Figure 10. Local surface displacement obtained by laser vibrometry measurements on the
BNT sample. An AC voltage of 1749 kHz frequency was applied. The images show the surface
displacement at the negative maximum (a) -20 V and at the positive maximum (b) 20 V of the

AC voltage.

a) Sample Mn-doped BNT-BT b) Sample Mn-doped BNT-BT
f=1593 kHz, 20 V¢ f=1593 kHz, 20 V¢

Figure 11. Local surface displacement obtained by laser vibrometry measurements on the
Mn-doped BNT-BT sample at (a) -20 V and (b) 20 V. An AC voltage of 1593 kHz frequency

was applied.
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a) Sample Sr-doped BNT-BT b) Sample Sr-doped BNT-BT
f=1935 kHz, 20 V¢ f=1935 kHz, 20 V,¢

B 0325 nm B 8.119nm

nm nm

=10 -5 o s 10 -10 5 o s 10

Figure 12. Local surface displacement obtained by laser vibrometry measurements on the Sr-
doped BNT-BT sample at (a) -20 V and (b) 20 V. An AC voltage of 1935 kHz frequency was
applied.

a) Sample PIC 700 b) Sample PIC 700
f = 2269 kHz, 20 V¢ f = 2269 kHz, 20 V¢

Figure 13. Local surface displacement obtained by laser vibrometry measurements on
PIC 700 sample at (a) -20 V and (b) 20 V. An AC voltage of 2269 kHz frequency was applied.

In order to measure the maximal surface vibration amplitudes, the samples were
scanned at their respective thickness resonance frequencies using again the laser vibrometer
technique. All measurements were performed by applying an AC voltage of 20 V. Figure 10
shows the laser vibrometer displacement measurements on the BNT-BT sample at 1749 kHz.
The maximal vibration amplitude measured close to the center point of the sample yields
6 nm. On Mn-doped BNT-BT the laser vibrometer displacement measurements show at
1593 kHz a 14 nm amplitude (Fig. 11). The same measurements were performed on the Sr-
doped BNT-BT and the PIC 700 samples as shown in Figs. 12 and 13, respectively. On the
Sr-doped BNT-BT sample the measurement was performed at 1935 kHz, on the PIC 700 at
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2269 kHz. The maximal vibration amplitudes are similar for both samples (about 18 nm). The

summary of the results can be found in Table 5.

Table 5. Summary of the measured properties using laser vibrometry and impedance

techniques.
BNT-BT BNT-BT-Mn | BNT-BT-Sr PIC 700
Thick H
e o 1749 1593 1935 2269
(Laser vibrometer)
Maximal surface vibration
amplitude measured at the 6 14 18 18
thickness resonance [nm]
Planar coupling coefficient
0.32 0.31 0.33 0.37
(Kp)
Thick li
ORIISSS GEMpIg 0.20 0.27 0.37 0.35
coefficient (Ky)

3.2 Scanning probe measurements with the bulk materials from CINVESTAV and
TUHH

In addition to the macroscopic measurements, IZFP used micro- and nanoscopic
techniques to characterize the bulk samples provided by the project partners. In order to
investigate the micro- and nanoscopic piezoelectric properties of the lead-free bulk ceramic
samples produced in our consortium, AFM, AFAM and UPFM measurements were
additionally performed. The surface of the samples was carefully prepared using standard
polishing procedures. At IZFP, the PFM (Piezoresponse Force Microscopy) is combined with
ultrasonic techniques enabling the piezo-mode signal being enhanced through resonance
amplification. This technique is called Ultrasonic Piezoresponse Force Microscopy
(UPFM) [2]. The AFM, AFAM and UPFM investigations were performed using an Electrical
Force Microscopy (EFM)-cantilever (silicon cantilever coated with a Pt/Ir layer, PPP-EFM,
NanoWorld AG, Neuchatel, Switzerland). The static spring constant of this type of cantilever
is in the range of 1-5 N/m. Prior to the AFAM and UPFM investigations the conventional
AFM contact mode was used to examine the surface topography of the sample surfaces, their
roughness and cleanness. The topography mode is furthermore active simultaneously to the
ultrasonic operation modes. Additional ultrasonic equipment is used in combination with the
commercial AFM for the AFAM and UPFM modes (chapter I, section 2 and 3). AFAM
amplitude images yield qualitative surface elasticity maps. In the UPFM mode, either

amplitude or phase images are taken for information about the sample’s piezo activity.
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Qualitatively, an increased contrast in the UPFM amplitude image corresponds to an
increased piezo activity. Similar to the vertical and lateral low frequency PFM modes, a
vibration of the cantilever in bending mode vertical to the sample surface corresponds to out-
of-plane sample surface activity (vertical UPFM), while a torsional vibration of the cantilever
corresponds to an in-plane sample surface activity (lateral UPFM). In this work, only UPFM
was performed. The ferroelectric properties of the samples were further examined by local
polarization experiments. A DC voltage of variable amplitude and poling direction was
applied between the tip and the sample while the sample surface was scanned. Afterwards the
same area was imaged in the UPFM mode to see whether the PFM contrast was changed
locally. The negative or positive DC voltage was increased stepwise from 5V to 20 V until
the domain writing was successful. The first free flexural frequency of the type of cantilever
used here is found in the frequency range of 50-100 kHz and the corresponding first flexural
contact resonance frequency is found in the frequency range of 300-700 kHz.

Figure 14 (a) shows the contact-mode topography image of the BNT-BT bulk sample
produced by CINVESTAYV. The vertical UPFM amplitude image is shown in Fig. 14 (b).
Very fine ferroelectric domains are observed mostly close to grain boundaries. In order to
confirm ferroelectricity of the BNT-BT bulk sample local switching experiments were
performed as shown in the vertical UPFM amplitude and phase images, respectively. The
switching experiment was performed by applying -20 V DC while scanning an area of 1.5 x
1.5 pm? which created a dark contrast in the vertical UPFM amplitude and phase images
(Figs. 14 (c) and (d)). For the second switching, a voltage of +20 V DC was applied while
scanning an area of 0.5 x 0.5 pm? within the same area which caused a reversal of the

polarization direction, i.e. a bright contrast (Figs. 14 (c) and (d)).
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a) Topography b) Vertical UPFM Amplitude
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Figure 14. Topography (a) and vertical UPFM amplitude image (b) of the BNT-BT bulk
sample. (c¢) and (d) show vertical UPFM amplitude and phase images, respectively, of
ferroelectric domains written in a selected grain of the sample by applying -20 V DC while
scanning over a 1.5 x 1.5 um? area of the sample followed by an applied DC voltage of +20 V

while scanning 0.5 x 0.5 pm? within the same area (scan rate 2 Hz) [3].

Figure 15 (a) shows the topography image of the bulk Mn-doped BNT-BT sample also
produced by CINVESTAV. The vertical UPFM amplitude image is shown in Fig. 15 (b). A
higher piezo-activity is found in the center of the grains but no defined domain structure is
observed. Second-phase inclusions are detected on the grain boundaries as shown in the
topography image (Fig. 15 (c)). Those inclusions show no contrast in the UPFM amplitude
image (Fig. 15 (d)), and therefore, we may conclude that they do not show piezo-activity.
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a) Topography b) Vertical UPFM Amplitude
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Figure 15. Contact-mode topography (a) and vertical UPFM amplitude (b) images of the Mn-
doped BNT-BT bulk sample. Higher resolution contact mode topography (c) and vertical

UPFM amplitude (d) images show inclusions which do not show piezo-activity [3].

The bulk Sr-doped BNT-BT sample was produced by TUHH by sintering at 1150°C
for 2h. It has obtained 97% of the theoretically possible density. Macroscopic polarization and
strain curves were measured at TUHH (Ps ~ 40 uC/cm, E; ~ 3 kV/mm, and ds3 ~ 180 pm/V).
Contact-mode topography, UPFM, and AFAM images (Figs. 16 (a), (b) and (c)) were taken.
The topography in Fig. 16 (a) provides information about the microstructure and the surface
roughness. In Fig. 16 (b), the presence of ferroelectric domains is confirmed. Large domains
as well as very fine small domains (~ 20 nm) are observed. The AFAM image (Fig. 16 (c))
gives information of the elastic properties of the surface. Some grain and domain boundaries

which have different elastic properties compared to the grain interior are visible.
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a) Topography b) Vertical UPFM Amplitude c) AFAM (324 kHz)
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Figure 16. Contact-mode topography (a), vertical UPFM amplitude (b) and AFAM (c) images
of the Sr-doped BNT-BT bulk sample. The images were recorded at a frequency of 324 kHz

close to the contact resonance of the first bending mode of the cantilever.

Topography b) Vertical UPFM Amplitude
5nm .
0nm

c) Vertical UPFM Phase d) AFAM (332 kHz)

30V

oV

P
2 um

Figure 17. Contact-mode topography (a), vertical PFM images: (b) amplitude and (c) phase,
and AFAM (d) images of the Sr-doped BNT-BT bulk sample. The images were recorded at a
frequency of 332 kHz close to the contact resonance of the first bending mode of the EFM-

cantilever [3].
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Figure 17 shows another region of the Sr-doped BNT-BT sample. The topography
image (Fig. 17 (a)) reveals height differences which correspond to the large domains in the
UPFM image. Very fine ferroelectric domains are observed inside the large domains as shown
in the UPFM amplitude (Fig. 17 (b)) and phase (Fig. 17 (c)) images. The AFAM image
(Fig. 17 (d)) shows that the domain boundaries exhibit different elastic properties compared to
the interior of the domains.

We can summarize the macroscopic and the microscopic properties of the lead-free

bulk ceramic samples produced in our consortium as follows:

Macroscopic properties

- Sr-doped BNT-BT presents the highest E and G moduli.

- BNT-BT, Mn-doped BNT-BT, Sr-doped BNT-BT and PIC 700 become
piezoelectrically active after poling (38 kV/cm during 2 min).

- Using calculations based on bulk ultrasonic velocities, impedance, and laser
vibrometer measurements, the radial and thickness resonance frequencies of the
ceramic bulk samples were clearly identified.

- BNT-BT shows the lowest maximal vibration amplitude (6 nm). The Mn-doped BNT-
BT sample shows an intermediary maximal vibration amplitude (14 nm). The Sr-
doped BNT-BT and commercial PIC 700 samples show the largest maximal vibration
amplitudes (18 nm). The measurements were performed at the respective thickness

resonances of the samples by applying 20 V AC.

Microscopic properties

- BNT-BT shows grains with different piezo-activities. Some nano-domains close to the
grain boundaries were observed.

- Mn-doped BNT-BT shows higher piezo-activity in the center of the grains, no defined
domain structure was found. Second phase inclusions were characterized on the grain
boundaries, they do not present piezo-activity.

- Sr-doped BNT-BT displays large as well as very fine striped domains (~ 20 nm) over
the whole measured sample surface.

- Local polarization switching was possible in all bulk samples by applying -20 V DC

between the tip and the sample.
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4. CORRELATIONS

From all bulk lead-free ceramic samples produced in our consortium the Sr-doped
BNT-BT sample showed the most stable ferroelectric domain structure. The Mn-doped BNT-
BT sample presented an additional phase (inclusions) which do not show piezo-activity.
Macroscopic measurements using laser vibrometry showed that the Sr-doped BNT-BT sample
presents the largest surface vibration amplitudes. Hence, for ultrasonic transducer

applications, it is the most promising lead-free ceramic sample investigated in this work.

5. APPLICATIONS

Figure 18 (a) shows a set-up to test the most promising lead-free ceramic materials
produced in our consortium for ultrasonic transducer applications. A Polymethylmethacrylate
(PMMA) block with a thickness of 6 cm is used, on top of which the ceramic materials coated
with top and bottom electrodes and their respective electric contacts are glued. The thickness
of the PMMA block was chosen to be about twice the acoustic near-field length to avoid
interferences.

A standard ultrasonic pulse generator/receiver instrument was used for signal
excitation and reception. The generator sends a spike pulse with —125V amplitude to the
transducer materials. All ceramic materials under test provided clear ultrasonic signals.
Examples of back wall echoes generated by the Mn- and Sr-doped BNT-BT samples,
respectively, are shown in Fig. 18 (b). The receiver amplification was set to 28 dB and 38 dB,
respectively. The normalized spectra of the received pulses are shown in Fig. 18 (c). The
spectrum of the spike signal used for excitation is also shown for comparison. The center
frequencies of the pulses generated by the BNT-BT-Mn and -Sr disks correspond well to the
resonance frequencies detected by laser vibrometry as presented in Figs. 11-13. Further
measurements are ongoing at IZFP to compare in detail the materials produced in this project
(Sr- and Mn-doped BNT-BT) to a commercial lead-free ceramic, PIC 700, and a standard lead

zirconate titanate ceramic material, PZ 29.
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Figure 18. Set-up used for ultrasonic testing of the lead-free piezoelectric ceramics produced
in this project (a). Ultrasonic pulses obtained using a conventional ultrasonic pulser/receiver

instrument in combination with the test set-up (b), Frequency spectra of the pulses (c).
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IX. SUMMARY AND OUTLOOK

1. Structural steels

With the overall motivation to support the developments of nondestructive
electromagnetic and micromagnetic methods for material characterization and evaluation, the
first and larger part of this work explored and finally interpreted the micro- and nanoscopic
origin of the electromagnetic and micromagnetic output signals of one of the most extensively
studied material, pearlitic steel, by various SFM-electron microscopy combined studies. It
was shown that the detailed analysis of microstructural magnetic property relationships by
means of macroscopic magnetic measurements like hysteresis loop and MBN in combination
with micro- and nanoscopic imaging techniques like high resolution MFM and EBSD allows
a clear interpretation of magnetization processes in steels containing different phases
responsible for the macroscopic electromagnetic and micromagnetic measurement signals.

Samples of a high purity polycrystalline iron and of two unalloyed pearlitic steels
(Fe-0.8%C and Fe-1.5%C) containing globular cementite precipitates embedded in a ferrite
matrix were investigated. The samples were characterized macroscopically by measuring
hysteresis loops and MBN profiles. It was found that experimental conditions such as
magnetization frequency, magnetization amplitude, signal pick-up, band width, sample
surface condition, etc. play a crucial role on the measured results. Macroscopic magnetic
quantities like saturation magnetization, coercive field, and maximum Barkhausen noise
amplitude were measured and interpreted with respect to the microstructural state.

On the high purity iron sample large Barkhausen noise amplitudes were obtained at all
measured frequencies. This is attributed to the easy irreversible motion of domain walls
(mostly 180° BWSs) in the annealed pure iron the microstructure of which presents low
densities of dislocations and lattice defects. In contrast, within the unalloyed pearlitic steel
samples, the 180° and 90° BWs in the ferrite interact with the cementite precipitates and with
the interstitial carbon atoms in the ferrite matrix. By optimizing the measured hysteresis loop
and MBN parameters the relative proportion and contributions of the cementite and ferrite
phases in the unalloyed pearlitic steels were determined. For the magnetic Barkhausen noise,
the choice of the frequency of the applied field plays a crucial role in the detection of the
cementite phase and the nondestructive evaluation of its proportion in unalloyed pearlitic
steels. At sufficiently high frequency (about 0.5 Hz), two peaks are observed. The observation
of two peaks in the MBN profiles of unalloyed pearlitic steels agrees with previous work [1]

performed at Fraunhofer 1ZFP.
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The behavior of the hysteresis loops and MBN measurement signals originate from the
underlying magnetic domains and their interactions with the microstructure. Most helpful in
correlating the macroscopic behavior with the microstructure and better understanding of the
above mentioned macroscopic measurement signals is the possibility to image the magnetic
micro- and nanostructure of macroscopic bulk (thick) sample surfaces. The magnetic
microstructures of the investigated samples and their dynamics were observed and
characterized using a magnetic force microscope. It was shown that the MFM technique not
only has a high spatial resolution and allows a relatively low cost implementation, but also
has a tremendous advantage for magnetic micro- and nanostructure imaging in steels because
local and collective magnetization switching behavior of large area scans (~ 100 um?) can be
recorded. The MFM was coupled with an external coil providing a controllable in-plane
magnetic field which allows the observation of the dynamic behavior of magnetic domains
and their interactions with the microstructure. It was shown that the choice of an appropriate
magnetic probe plays a crucial role on the quality and reliability of the MFM images. For the
samples studied in this work, the commercial CoCr coated probe (MESP) with a coating of
about 40 nm thickness showed the best contrast/resolution combination. The MESP probe did
not influence the magnetic microstructure of the investigated samples and vice-versa, and the
observed contrast clearly revealed the magnetic microstructure of the high purity iron and the
ferrite and cementite phases in the unalloyed pearlitic steel samples. Using the EBSD
technique, the crystalline orientation of both phases, cementite and ferrite, were determined
and correlated to the magnetic domain structure.

The domain arrangement at the surface is primarily determined by the principle of flux
closure which minimizes the total inner energy. Additionally, it is strongly dependent on the
orientation of the easy directions of the grains relative to the sample surface. In the simplest
case of pure iron, <001> is the easy direction, and therefore, a (100) surface contains two
mutually perpendicular easy directions. With increasing misoriention relative to the surface
till it contains no easy axis anymore, the domain patterns become progressively more
complicated. In order to observe domain wall dynamics (micromagnetic events) in the high
purity iron as well as in the ferrite phase of the unalloyed pearlitic steel samples, grains
oriented with its (100) plane in or close to the sample surface were chosen. In the high purity
iron sample, reversible and irreversible movements mainly of 180° domain walls were easily
demonstrated.

For the unalloyed pearlitic steel samples, the magnetic domain structure is more

complicated. The microstructure is composed of two phases, the soft ferromagnetic ferrite
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matrix and the cementite precipitates. An increasing amount of carbon in form of globular
cementite precipitates enhances the pinning of domain walls in the ferrite matrix due to the
presence of the second phase and its stress fields. Furthermore, the cementite phase increases
the magnetic hardness of steels because cementite is magnetically harder than ferrite. The
cementite precipitates have their own domain structure, and in order to reduce the
magnetostatic energy, spike domains are often formed at the interface between the two
phases. In general, the cementite precipitates showed a much stronger magnetic contrast than
the ferrite matrix. This is attributed to the stray fields which are stronger when emanating
from cementite compared to ferrite. Domain walls in the ferrite phase tend to intersect the
cementite precipitates in order to minimize the magnetostatic and wall energy, and they are
hindered in their movement by large and small precipitates. The wall width measured in the
ferrite phase ranges from 140 nm to about 500 nm, which is in the same order of magnitude as
the literature values, e.g. around 100 nm in iron. Analysis of MFM line scans across walls in
ferrite demonstrate average magnetic moments inside the walls either pointing out or into to
the surface plane.

Successively recorded MFM images with different strengths of the applied external
magnetic field elucidated reversible and irreversible break-free of domain walls in the ferrite
matrix from the cementite precipitates, which is interpreted as local Barkhausen events or
jumps. Measuring the curvature of a bowed 180° domain wall in the ferrite matrix
demonstrated the ability for local stress estimation. When an external magnetic field was
applied, the magnetization process in ferrite sets in already at low fields via the 180° and 90°
domain walls. In the ferrite matrix, 180° domain walls are mainly located in the center of
grains whereas 90° domain walls are mainly observed in connection with the closure domains
in the proximity of phase and grain boundaries. The activation of domain wall movements in
cementite required considerably stronger external fields, which is due to the high single
crystal anisotropy and the high density of defects (e.g. dislocations) and reflects the higher
magnetic hardness of cementite compared to ferrite. This microscopic observation correlates
qualitatively with the increase of magnetic hardness with increasing amount of cementite and
with the emergence of a second peak in the MBN signal due to the cementite phase at higher
external fields. The peak amplitude at the lower field corresponds to the amount of ferrite and
that one at the higher field to the amount of the cementite phase, respectively. This explains
the physical origin of the second peak in MBN profiles in unalloyed pearlitic steels containing
globular cementite in a ferrite matrix, which is discussed since years. The analysis of the
MFM images confirmed the observed macroscopic nondestructive electromagnetic signals.
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Contrary to the already existing data in the literature where the observation of domain wall
dynamics in steels required specially prepared (transparent to electrons) thin foils, it was
shown that also in macroscopic bulk (thick) samples, which are more relevant when
considering correlations with macroscopic NDT methods, domain wall dynamics can be
observed.

With the combination of MFM and EBSD techniques a new method to determine the
magnetic easy axes of micro- and nanoscopic ferromagnetic precipitates embedded in a bulk
material was demonstrated. Globular and lamellar cementite precipitates embedded in a ferrite
matrix in unalloyed steels were taken as examples. The MFM and EBSD techniques were
used for the visualization of the magnetic and crystallographic microstructures, respectively.
It was shown that the domain structures of cementite precipitates are strongly correlated to
their crystalline planes. MFM images with a local resolution down to 50 nm revealed
differently oriented magnetic moments in the cementite phase. The cementite domain
structure in a (010) crystal plane (at least almost) parallel to the sample surface, i.e. the long
easy [010]- or b-axis is (at least almost) perpendicular to this surface, was found to consist of
parallel stripes of strong opposite magnetic contrast. The magnetic moments of those
precipitates are positioned alternately down- and upwards perpendicularly to the surface and
are separated by 180° domain walls. The width of the domains at the sample surface is
dependent on the inclination of the (010) crystal plane relative to the surface and increases
with the angle between the easy [010] axis and the surface normal. The cementite precipitates
oriented with their (001) plane in or close to the surface plane showed a weak and
homogeneous contrast in the image leading to the conclusion that their magnetic moments are
oriented in-plane. By means of EBSD, the long [010]- or b-axis of these precipitates was
determined and correlated to the magnetic signal. Dark and bright imaged edges of the
precipitates confirmed the in-plane orientation of the magnetic moments along the long
[010]- or b-axis. The combined MFM and EBSD studies allow to conclude that the easy
direction of magnetization in cementite is the long [010]-axis. For the lamellar cementite
precipitates, the acquisition of EBSD patterns in order to determine their crystalline
orientation is very difficult. It was shown that the crystalline orientation of the cementite
lamellae can be estimated by simply imaging the magnetic and the topographic
microstructure.

The combined application of micro- and nanoscopic imaging techniques allowed a
correlation between microstructure and macroscopic material behavior and thus a better

understanding of the macroscopic electromagnetic NDT&E methods. Theoretical models
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based on microstructural magnetic property relationships in complex multiphase steels which
correlate the amount, size, and shape of precipitates, grain size and shape, etc. to important
macroscopic properties such as, for example, the magnetic hardness, can now be confronted
and developed by observing the microstructure and the magnetization dynamics directly on
the surface of macroscopic thick (bulk) samples. Additionally, parameters like depinning
fields, domain wall mobilities, etc. can be measured and used in micromagnetic simulation
software tools, e.g. 3D EMicroM [2], in order to study the evolution of macroscopic magnetic
signatures as function of changes in defect concentrations and/or the magnetic field.

Even though of high technological significance, the elastic constants of cementite are
still subject of debate. Atomic force acoustic microscopy was used to probe the local elastic
properties of the unalloyed steel samples with a spatial resolution down to 10 nm. Qualitative
AFAM surface elasticity maps indicated that in the measured area of the investigated
unalloyed Fe-0.8%C steel, ferrite is stiffer than cementite. To obtain quantitative elastic
moduli data, it is suggested to perform quantitative AFAM as well as nanoindentation
measurements on areas of each phase with known grain orientations. In this work,
topographic, magnetic, and elastic properties of the unalloyed pearlitic steel samples were
correlated.

Elastic properties of newly developed high strength steels were also investigated at the
nanoscale. AFAM, nanoindentation, and EBSD techniques were employed in order to
evaluate the local elastic properties as function of crystalline grain orientation of two different
austenitic twinning induced plasticity steels, Fe-22Mn-0.6C-0.2V and Fe-20Mn-3Si-3Al, with
average grain sizes of 1 um and 40 um, respectively. Even though the values measured using
nanoindentation were higher than those obtained by AFAM, the results from both techniques
presented the same trend, i.e. when comparing grains with similar crystalline orientations, the
steel Fe-22Mn-0.6C-0.2V showed higher stiffness than the steel Fe-20Mn-3Si-3Al, and for
both steels, the stiffness of grains in or around the (111) plane is higher than the stiffness of
grains in or around the (101) plane which is higher than the stiffness of grains in or around the
(001) plane. Finally, AFM contact mode was used to monitor local deformation behavior in
the Fe-22Mn-0.6C-0.2V steel. A series of topography images acquired for different plastic
deformation levels revealed an increase in step height with increasing plastic deformation,

which correlated with the formation of deformation twins, as was later confirmed by EBSD.
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2. Functional lead-free ferro- and piezoelectric ceramics

In the context of the European-Mexican collaborative project (BisNano) the objective
of which was the acquisition of fundamental knowledge on bismuth-based nanostructures
towards the development of products and devices, different lead-free bismuth based alloys
were synthesized in form of bulk samples as well as thin films in order to discover new lead-
free ferro- and piezoelectric materials for industrial applications.

Ferroelectric epitaxial thin films of bismuth ferrite (BiFeO3) were grown on (100),
(110) and (111)-oriented SrRuO3/SrTiO3 substrates. The thickness of the films varied between
100 and 200 nm. The quality of the films with regard to their epitaxial orientation and absence
of second phases were confirmed using XRD. AFM contact mode topography images showed
a flat surface (low range of the height scale, max. 33 nm). The homogeneity of the elastic
properties of all films was confirmed using AFAM. To study the influence of the
crystallographic orientation of the films on the ferroelectric domain patterns, low frequency
(standard) as well as ultrasonic piezoresponse force microscopy were used. By combining the
vertical and the lateral piezoresponse data, it was shown that the (111) and (110) oriented
films are ferroelectric, but are in a mono-domain state and that the (100) film presented a
striped domain structure. Local polarization switching was possible in all films by applying
22 V DC between the AFM tip and the sample. Analysis of the lateral PFM signal acquired on
the (110) and (111) oriented films after the polarization switching shows a lateral component
on the (110) film, but no contrast on the (111) film. The results are in accordance to the
literature data in which the (100), (110), and (111)-oriented films have 4-, 2-, and
1-polarization variants, respectively, because of the symmetry of the rhombohedrally distorted
perovskite BiFeOs structure. Finally, the measurement of the ds3 piezoelectric constant of the
(200) film with the PFM system yielded a value of d33 =39 £ 2 pm/V. The high polarization
and piezoelectric response in thin BiFeOj3 films suggest a possibly environmentally acceptable
alternative to Pb-based ferroelectrics. However, further comprehensive investigations of the
processes related to ferroelectric fatigue are still necessary. In addition, large ferroelectric
coercive field and high leakage currents are considered as further limitations in utilizing
BiFeO3 for commercial device applications.

Not only thin films, but also bulk ceramic samples were investigated. Promising
candidates for lead-free  piezoelectric  materials like BigsNagsTiO3  (BNT),
0.94BigsNagsTi03-0.06BaTiO; (BNT-BT), Mn-doped BNT-BT and Sr-doped BNT-BT were
synthesized in bulk form by different BisNano partners. A commercial lead-free ceramic
based on BNT, called PIC 700, was taken for comparisons. The samples were investigated
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and evaluated at different scales. The samples BNT-BT and Mn-doped BNT-BT provided by
the Centro de Investigacion y Estudios Avanzados and Sr-doped BNT-BT provided by the
Technische Universitat Hamburg-Harburg were the most promising bulk lead-free
piezoelectric materials produced in the BisNano consortium for industrial applications. The
density of the samples was measured using the so-called Archimedes method. The Sr-doped
BNT-BT and the PIC 700 samples exhibit the largest densities (p =5.64 g/lcm® and
p =5.69 glcm®, respectively), which corroborate the AFM topographic and optical images,
where much lower porosity levels were observed in these samples compared to the other ones.

Macroscopic mechanical and piezoelectric properties were characterized using
ultrasonic, impedance, and 3D laser vibrometer measurements. The bulk ultrasound
longitudinal and transverse wave velocities were measured at a frequency of 5 MHz,
Mechanical properties such as Young’s and shear moduli were determined by measuring
longitudinal and transverse sound wave velocities and the density. The sample Sr-doped
BNT-BT showed the largest Young’s and shear moduli (E = 125.1 GPa and G = 49.9 GPa,
respectively). Before the impedance and the 3D laser vibrometer measurements, the samples
were sputtered with a thin conductive electrode layer and poled by applying an electric field
of 38 kV/cm for 2 min. By means of impedance measurements the activity of the samples was
confirmed, and the radial and thickness resonances of all samples were identified. From the
resonance (f) and anti-resonance (f,) peaks the planar and thickness coupling coefficients K,
and K, respectively, were calculated. The sample Sr-doped BNT-BT presented the largest
thickness coupling coefficient (K;=0.37), whereas the sample PIC 700 showed the largest
planar coupling coefficient (K, = 0.37). Using a laser vibrometer, the resonance frequencies
of the samples were detected, and the maximal surface vibration amplitudes measured at their
thickness resonances were obtained quantitatively. All measurements were performed by
applying an AC voltage of 20 V. The measured thickness resonance frequencies of all
samples ranged from 1749 to 2269 kHz. The maximal vibration amplitudes were measured
close to the center point of the samples. The BNT-BT sample showed the lowest maximal
vibration amplitude (6 nm), the Mn-doped BNT-BT sample displayed a medium maximal
vibration amplitude (14 nm), and the maximum in vibration amplitudes were found on the Sr-
doped BNT-BT and commercial PIC 700 samples, both samples yielded 18 nm.

The above mentioned macroscopic properties of the ceramic samples are mostly
determined by the microstructure and the arrangement of the ferroelectric domains. AFM was
used to image the surface micro- and nanostructures. Surface elastic properties and

ferroelectric domains were imaged at a nanoscale in all samples using AFAM and UPFM,

IX-7



SUMMARY AND OUTLOOK

respectively. Grains with different piezo-activities were observed on the BNT-BT sample, and
some nanodomains were detected close to the grain boundaries. The Mn-doped BNT-BT
sample showed higher piezo-activity in the center of the grains. However, no defined domain
structure was found. Additionally, second phase inclusions which did not present piezo-
activity were detected at the grain boundaries. A well-defined high-contrast domain structure
was observed on the Sr-doped BNT-BT sample. Large as well as very fine striped domains
(~20 nm) over the whole measured sample surface were detected. Local polarization
switching was possible by applying 20 VV DC between the AFM tip and the sample.

Finally, the most promising lead-free bismuth-based bulk ceramic samples produced
in the BisNano consortium were successfully tested as ultrasonic transducer material. A
testing setup was built, and together with a conventional ultrasonic pulser/receiver instrument,
ultrasonic pulses were obtained. The results indicated that the Sr-doped BNT-BT sample
exhibited the best performance, which confirms the previously measured macroscopic and
micro- and nanoscopic properties, i.e. the Sr-doped BNT-BT sample presented the highest
density, the highest E- and G moduli, the largest thickness coupling coefficient, and the most
distinct and stable ferroelectric domain structure. Therefore, the Sr-doped BNT-BT material
has high potential to be applied in ultrasonic transducers as an alternative to lead-based

piezoelectric materials.
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