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Abstract

The principal objective of this thesis is to investigate the post-processing routes
for the optimization of the magnetic properties of cobalt and iron based glass-coated
microwires according to their applications. For this purpose several series of
microwires were prepared and characterized paying attention on the effect of post-
processing  conditions  allowing  maximizing  magnetic  softness,  Giant

Magnetoimpedance (GMI) effect and/or fast domain wall (DW) dynamics control.

The work attempts to give an overview of the tuning possibilities of glass-
coated microwires, which is one of the characteristics, in addition to their simple
fabrication method and inexpensiveness that make them quite attractive and suitable

for an enormous range of applications.

We have worked with nearly-zero magnetostriction amorphous Co-rich glass-
coated microwires, of CoFeBSiC composition with small additions of Ni, Mo and C or Cr
and different diameters, which present magnetic softness in as-prepared state. The
results show that appropriate post-processing allows further improvement of magnetic
softness and GMI effect. It is noteworthy the remarkable GMI ratio enhancement (up
to 650%) achieved by Joule heating at optimal conditions of CoFeNiBSiMoC amorphous

glass-coated microwires.

For Fe and Fe-Ni based glass-coated microwires, with rectangular hysteresis
loops and hence, single DW propagation in as-prepared state, DW dynamics is further
improved by furnace annealing owing to the internal stresses relaxation. On the other
hand, low GMI ratio is enhanced more than an order of magnitude after stress-
annealing, Joule heating or combined stress-annealed followed by conventional

furnace annealing. Induced anisotropy depends on the post-processing conditions.

Annealing was demonstrated as an effective tool for optimizing magnetic
softness and GMI effect of FeSiBNbCu devitrified microwires, but deterioration and
poor mechanical properties lead to focus on post-processing that allows maintaining

the amorphous structure.



Unigue combination of GMI effect and fast single DW propagation is obtained
for FeBSiC amorphous glass-coated microwires with moderate stress-annealing
induced anisotropy. Such stress-annealing induced anisotropy is found to possess a
partially reversible character. Subsequent annealing of stress-annealed samples

allowed reversing part of the anisotropy induced by the stress-annealing.

As a rule, Co- & Fe-based microwires present amorphous structure if their
diameters are below 30 um. Furthermore, Fe-rich glass coated microwires of
FeBSiNbNi composition of about 100 #m of metallic nucleus, considered as “thick”
microwires, are successfully obtained by modified Taylor Ulitovsky technique. “Thick”
microwires are highly demanded for certain applications and few documented. After
proper annealing desirable combination of high GMI effect and single DW propagation

is exhibited.

Likewise, for samples of both groups of microwires a simple route to achieve
graded magnetic anisotropy along the sample length is proposed. Graded magnetic

anisotropy is satisfactorily achieved after stress-annealing under temperature gradient.

Finally, among the many possibilities, a novel sensing technology is proposed
and explored in order to illustrate the possibility of implementing the use of glass-
coating microwires in sensing technologies. With this aim, as-prepared Co-based
microwires and stress-annealed Fe-based microwires were used for non-destructive
and non-contact monitoring of a composite material with microwire inclusions.
Sensitivity of such microwires to tensile stress and temperature allows monitoring
matrix polymerization process of the composite through the changes in the hysteresis
loops of the microwires. The sensitivity of Fe-rich microwires to tensile stress can be
improved by the stress-annealing induced anisotropy. Composite polymerization effect
is observed to be opposite to the effect of applied tensile stress on the hysteresis loops
of the microwire inclusions. Therefore, allows assuming compressive character of
stresses acting upon the microwires during the polymerization process. Additionally,
upon polymerization considerable variation of the transmission and reflection
parameters (in the range of 4-7 GHz) of the composite with microwire inclusions is also

observed by means of free space technique.



Resumen (Spanish)

El principal objetivo de esta tesis es investigar las rutas de posprocesamiento
para la optimizacién de las propiedades magnéticas de microhilos recubiertos de vidrio
basados en cobalto y hierro de acuerdo con sus aplicaciones. Para ello, se prepararony
caracterizaron varias series de microhilos prestando atencién al efecto de las
condiciones de posprocesado que permitieran maximizar el comportamiento
magnético blando, el efecto de magnetoimpedancia gigante (GMI) y/o el control de la

dindmica de paredes de dominio.

El trabajo intenta dar una visidon general de las posibilidades de ajuste de las
propiedades de los microhilos recubiertos de vidrio, que es una de las caracteristicas,
ademas de su sencillo método de fabricacién y bajo costo, que los hacen bastante

atractivos y aptos para una enorme gama de aplicaciones.

Se ha trabajado con microhilos amorfos recubiertos de vidrio ricos en Co de
magnetostriccidon casi nula, de composicion CoFeBSiC con pequefias adiciones de Ni,
Mo y C 6 Cr y de diferentes diametros, que presentan comportamiento magnético
blando sin necesidad de posprocesado. Los resultados muestran que el procesamiento
posterior adecuado permite una mejora de la suavidad magnética y el efecto GMI.
Cabe destacar la notable mejora del efecto GMI (hasta un 650 %) lograda optimizando
las condiciones de calentamiento por efecto Joule en microhilos amorfos recubiertos

de vidrio de composicién CoFeNiBSiMoC.

Para los microhilos recubiertos de vidrio basados en Fe y Fe-Ni, con ciclos de
histéresis rectangulares y, que por lo tanto, presentan propagacién de una Unica pared
de dominio sin necesidad de tratamiento de posprocesado, la dindmica de paredes de
dominio se mejora aln mdas mediante el recocido en horno debido a la relajacién de
las tensiones internas. Por otro lado, el bajo ratio GMI mejora mas de un orden de
magnitud después del recocido bajo tensidn, el calentamiento Joule o el recocido bajo
tensidon combinado seguidamente de recocido en horno convencional. La anisotropia

inducida depende de las condiciones de posprocesamiento.



Se demostré que el recocido es una herramienta eficaz para optimizar la
suavidad magnética y el efecto GMI en microhilos desvitrificados de FeSiBNbCu, pero
el deterioro de las propiedades mecdnicas llevan a centrarse en posprocesado que

permita mantener la estructura amorfa.

Se obtiene una combinacion Unica de efecto GMI y propagacién rapida de una
Unica pared de dominio para microhilos amorfos recubiertos de vidrio FeBSiC con
anisotropia inducida por recocido bajo tensién moderada aplicada. Se encuentra que
tal anisotropia inducida por recocido bajo tensién posee un cardcter parcialmente
reversible. El recocido posterior de muestras recocidas bajo tensién permitié revertir

parte de la anisotropia inducida por el recocido bajo tension.

Generalmente, los microhilos basados en Fe y Co presentan estructura amorfa
cuando sus didmetros estan por debajo de 30 um. Se han obtenido con éxito mediante
la técnica modificada de Taylor Ulitovsky microhilos recubiertos de vidrio ricos en Fe
de composicion FeBSiNbNi de aproximadamente 100 um de nucleo metalico,
considerados como microhilos "gruesos". Los microhilos “gruesos” son muy
demandados para ciertas aplicaciones y estan poco documentados. Después de un
recocido adecuado, exhiben una combinacién deseable de alto efecto GMI vy

propagacion de una Unica pared de dominio.

Asimismo, para muestras de ambos grupos de microhilos se propone una ruta
sencilla para lograr una anisotropia magnética graduada a lo largo de la longitud de la
muestra. La anisotropia magnética graduada se logra satisfactoriamente después del

recocido bajo tensién bajo un gradiente de temperatura.

Finalmente, entre las muchas posibilidades, se propone y explora una nueva
tecnologia de detecciéon para ilustrar la posibilidad de implementar el uso de
microhilos recubiertos de vidrio en tecnologias de deteccién. Con este objetivo, se
utilizaron microhilos a base de Co sin posprocesar y microhilos a base de Fe recocidos
bajo tensidn para el control no destructivo y sin contacto de un material compuesto
con inclusiones de microhilos. La sensibilidad de tales microhilos a la tension de
traccion y la temperatura permite monitorear el proceso de polimerizacién de la

matriz del material compuesto a través de los cambios en los ciclos de histéresis de los



microhilos. La sensibilidad de los microhilos ricos en Fe a la tensién de traccién puede
mejorarse mediante la anisotropia inducida por recocido de tension. A través de los
ciclos de histéresis, se observa que la polimerizacion de la matriz del material
compuesto tiene un efecto sobre las inclusiones de microhilo de caracter opuesto a la
aplicacion de tensién de traccidn sobre los microhilos. Por lo tanto, permite asumir el
caracter compresivo de las tensiones que actlan sobre los microhilos durante el
proceso de polimerizacién. Ademas, tras la polimerizacién también se observa una
variacion considerable de los pardmetros de transmision y reflexion (en el rango de 4-7

GHz) del compuesto con inclusiones de microhilos.
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Introduction 1

Part I: Fundamentals

1. Introduction

Magnetic materials are highly demanded for a wide range of
technological applications including: magnetic sensors, microelectronics,
security electronic surveillance, automobile, aerospace and aircraft industries,
energy harvesting and conversion, magnetic refrigeration, home
entertainment, electrical engineering, magnetic recording, magnetic memories,
wireless communications, non-destructive testing in civil construction,
medicine and biomedical engineering, among others [1-5]. This fuels the
development of new materials, and at the same time, trying to balance cost
and performance, forces to optimise existing ones towards specific
applications. The latter route, also splits onto two main lines of research, again
balancing cost and performance, optimization based on combining different
materials (usually involving a rare earth which increases the cost), and
optimization based on post-processing treatments that can be applied to the
existing material (e.g., annealing). The latter are usually referred to as

functional materials [5].

One particular area of research involving functional materials is that of
microwires. Magnetically soft microwires hold great promise for many of the
above mentioned technological applications due to their exceptional, and
tunable, magnetic and magneto-transport properties, the possibility of remote
sensing through giant magnetoimpedance (GMI) effect, the fact that
magnetization can be linked to the applied mechanical stress, and primarily,
that due to their extremely cheap and rather simple production, they can be

easily adopted by industry.

In this context, further tuning and optimization of the mentioned

properties of magnetic microwires is essentially necessary for the actual and
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emerging applications and it is therefore the essential purpose of the present

work.

The next few paragraphs attempt to set the background knowledge

needed to understand the experimental results presented in this thesis.

1.1. Metallic glasses

The main term to describe amorphous magnetically soft microwires is
metallic glasses. Metallic glasses, also called amorphous metals, are a family of
metallic materials obtained by the rapid cooling of liquid alloys and
characterized by their metastable glassy states. A great amount of alloy
compositions have been quenched into this particular state by different
processes since extensive research led to its discovery in the late ‘50s. [6]. Their
main distinctive characteristic is their similarity with liquids, with atomic short-
range ordering and a non-totally random like distribution of the atoms,

reflected in the smooth peaks present in their X-ray diffraction patterns [7].

The particular amorphous structure of metallic glasses, with absence of
long-range atomic order, gives to them an exceptional combination of
mechanical, physical and chemical properties [8]. Hence, compared to
conventional metals and alloys, metallic glasses are preferable for specific
scientific and technological applications and consequently they attract great

and continuous interest [9].

In the early years of metallic glasses, the main interest was
concentrated on Fe-based systems characterized by soft magnetic properties
[7]. However, nowadays this area of research involves many other materials
and alloys, and distinguishes between completely random assemblies, those
with nano-sized order, i.e., nanocrystalline, and those with large range order (a
perfect crystal can be considered a metallic glass where the minimum domain

size is infinite).
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In magnetic metallic glasses, the rapid solidification preparation method
involves the induction of large internal stresses that are the origin of the
magnetoleastic anisotropy responsible of the magnetic behaviour of these
materials. The main interest in amorphous soft magnetic materials lies in the
low coercivities, and high permeabilities due to the absence of

magnetocrystalline anisotropy [10].

In the case of magnetic microwires made with metallic glasses,
magnetoelastic interactions link magnetic properties, the stress, and the
increased tensile strength, this fact allows tailoring the magnetic properties
through mechanical and/or thermal treatments (reversible or irreversible) such
as stress annealing at temperatures lower than the crystallization temperature.

[11].

In addition to the aforementioned properties, in general, metallic
glasses have low conductivity, originated from the absence of long-range
atomic order, they posses great flexibility and some of them corrosion

resistance [12,13].

1.2. Soft magnetic materials

As above described, soft ferromagnetic materials are those magnetic

materials with high permeability, low coercivity and low hysteresis loss [14].

Relative permeability, u, which measures the response of a material to
an applied magnetic field, ranges from =~ 10° in soft magnetic materials to u =
1 in some permanent magnets [15]. It is known that in broad terms, initial
permeability and coercivity have a reciprocal relationship, therefore the low
coercivity values (lower than 1000 A/m) of soft magnetic materials that can be

of about 0.4 A/m in nickel alloys such as permalloy [14].
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On the other hand, the highest magnetization saturation, Ms, values
(uMs =~ 2.45 T) are obtained in Fe-Co alloy containing 35% cobalt, and then

range continuously to effectively zero.

Historically, research into the magnetism field has been dominated by
hard magnetic materials, being the main applications magnetic recording
media, however, in recent years the trend has changed. This is mainly due to
two factors: soft magnetic materials are usually made out of cheaper abundant
materials (e.g., Fe); and the appearance of phenomena producing large signals
when magnetization changes (e.g., the giant magneto impedance (GMI) effect,
that can produce changes up to 600%) [14,16]. These two reasons, i.e., cheap
abundant materials, and large signals, are why the microwires studied in the

present thesis are composed of soft magnetic materials.

Note that for the fabrication of magnetic microwires with soft magnetic
characteristics Fe, Ni and Co are the alloy main elements, additions of elements
such as Si, B, C and Al allow to ensure the amorphicity of the produced

microwires [17].

1.3. Amorphous glass coated microwires

1.3.1. Fabrication method

Magnetically soft, amorphous and nanocrystalline microwires, as
previously mentioned, have great potential in terms of applications and
industry adoption due to their low cost and relatively simple manufacturing
method (as shown in Figure 1a). However, the materials they are typically
made of (e.g., Fe), tend to oxidize in air rapidly, and thus, to make these
systems viable for practical applications, the microwires need to be
encapsulated. To do so, the addition of a vitreous layer attract great scientific-

technological interest (Figure 1b-c), because, to the excellent magnetic and
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mechanical properties aforementioned wire properties, the glass coating adds

anticorrosive properties and biocompatibility [18].

1Sk X1,800 10mm

Figure 1.1. Glass-coated microwires casting at TAMAG lberica, S.L., Spain (a).

SEM (b) and optical (c) images of glass-coated microwire samples

(the glass coating has been cut and the metallic core is exposed)
and sample of a microwire bobbin produced (d).

Among the rapid melt quenching methods to produce glass-coated
microwires, the process used in this thesis consists on the modified Taylor-
Ulitovsky technique, based on rapid cooling of the molten alloy. The main
reasons are: because of the dimensionality reduction that it allows, with the
production of the thinnest amorphous glass-coated metal microwires (typically
with 1 - 30 um in diameter) [19,20]; It is well known, being known since the ‘60s

[18], and including magnetic materials since the ‘70s [21]; because it allows a

controlled manufacture of continuous and homogeneous metallic microwires
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(Figure 1d) (up to a few kilometres) [22]; and it is suitable for fabrication of
magnetic microwires with either amorphous or nanocrystalline structure [22-

23].

As compared with crystalline microwires, amorphous microwires
present high tensile strength values that are observed to decrease with the
increase in the metallic core diameters. This tendency is explained by higher
cooling rates with decreasing metallic core diameters [24,25]. Now, while the
tensile strength in amorphous state seems to be due to the metallic core of the
microwire, the addition of the glass coating does not seem to contribute
significantly in the fracture toughness. The glass around the fracture point
breaks, not because of the stress, but because of the sound wave produced by

the rupture or the metallic core [26].

1.3.2. Effect of composition on magnetic properties

The energy balance between long and short-range interactions
determines the magnetic properties of a material. In the case of amorphous
materials, the absence of magnetocrystalline anisotropy, gives a main role to

the magnetoelastic anisotropy, Kme, given as [27,28]:
Kpe = 3/2)As0 (1.2)

where As is the magnetostriction coefficient, o = 0;+ gqpp the total stresses and
oi and ogpp the internal and applied stresses, respectively. Therefore, in
amorphous microwires, stress and magnetization are linked and stress can

either be sensed, or used as a mean to tune the magnetic properties.

The As sign and value of amorphous materials primary depends on the
chemical composition. Accordingly, the easiest way to tune the As sign and
value in amorphous alloys is to modify their chemical composition [27,28].
Thus, Fe-rich compositions possess high and positive As -values (up to As = 40 x

10°), while for the Co-rich alloys the magnetostriction is low (up to As = -5 x 10
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6) [28]. Even lower As values can be obtained by doping of Co-rich alloy with Fe
or Mn: As can take vanishing values in CoixFex or Co1xMnyx amorphous alloys at
0.05 £ x £0.1 [27,28]. Alternatively, low As -values can be achieved in Nii«Fex
alloys, while such alloys present a low saturation magnetization, Ms, and hence

are less interesting for applications [28].

Internal stresses in glass-coated microwires (of the order of 100-1000
MPa) arise from the difference in the thermal expansion coefficients of metallic
nucleus and glass coating [29]. They strongly depend on the ratio between the
glass coating thickness and metallic core diameter, increasing with the glass
coating thickness. Such large internal stresses give rise to a drastic change of
the magnetoelastic energy, Kme, even for small changes of the glass-coating

thickness at fixed metallic core diameter [11].

Magnetic behaviour of each group of microwires depends on the
internal stresses value and distribution. Therefore, magnetic properties of the
glass—coated microwires can be tailored through the change of magnetic
anisotropy by tailoring the internal stresses with adequate post-processing
(furnace annealing, chemical etching, etc.) or changing the compositions of the

metallic nucleus.

1.3.3. Hysteresis loops and domain structure

Depending on the magnetostriction sign and value amorphous glass-
coated microwries can be divided in three groups. Figure 1.2 reflects the
hysteresis behaviour and domain structure of the amorphous-glass coated

microwires related to each group.

Co-based microwires with negative magnetostriction coefficient usually
possess circular magnetic easy axis [30] and therefore are characterized by a
domain structure consisting of circular domains [31]. Magnetization process in

axial direction runs through reversible rotation of magnetic moments inside
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domains. Almost linear loop with quite low hysteresis is observed for these

microwires when an axial magnetic field is applied (Figure 1.2a).
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Figure 1.2. Typical hysteresis loops and domain structures of glass-coated
microwires with negative (a), nearly zero (b) and positive (c) magnetostriction
coefficient. Adapted from [32].

Nearly zero or low magnetostriction coefficients are found for Co-Fe-
based glass-coated microwires. The domain structure of such microwires
consists of axial domain structure surrounded by circular domains [26].
Hysteresis loops of such microwires present very low coercivity and high

permeability (Figure 1.2b).

Finally, Fe-based based glass-coated microwires with positive
magnetostriction usually present rectangular hysteresis loop related to their

domain structure consisting of a large axially magnetized single domain
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surrounded by outer domains with radial magnetization orientation. In addition
to small closure domains at the microwire ends in order to decrease the stray
fields [32] (Figure 1.2c). Magnetic bistability presented for such microwires will

be further discussed later.

1.3.4. Induced anisotropies

The metastable amorphous structure of glass-coated microwires makes
them quite sensitive to their environment and past history. One of the
important sources of anisotropies is the stress induced during their fabrication.
Anisotropy control is extremely important for specific technological

applications.

Annealing, at temperatures below crystallization, allows to relax the
induced anisotropies as well as to create new ones. However, the rate of
change of structural relaxation is a complex function depending on the
annealing temperature and time. Thus in order to understand how anisotropies
are affected by annealing processes, the relaxation phenomena itself has to be

understood [33].

The relaxation mechanism that comprises changes in volume, diffusivity
or viscosity of the metallic glass is of irreversible and monotonic character
(except very close to and above glass transition temperature, Tg) [34]. On the
other hand, a reversible relaxation phenomena occurs when achieving a
saturated pseudo-equilibrium state after prolonged annealing. Usually, the
system can move from one equilibrium state to another changing the annealing

temperature [35].

Several mechanisms are proposed for induced anisotropies including:
ordering of atomic pairs that results in directional ordering; easy-axis

alignment; structural relaxation; shape anisotropy influence due to mechanical
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grain alignment or structural anisotropy associated to small anisotropic

structural rearrangements in short atomic range [36,37].

Annealing at modest temperatures and annealing times causes a
decrease in the magnetoelastic anisotropy. Accordingly, elevated annealing
temperature induces macroscopic magnetic anisotropy with the preferential

axis determined by the direction of magnetization during the annealing [37].

Here, as an example the complex mechanism of induced anisotropies is
described for the case of Fe-rich microwires subjected to stress-annealing (see
Figure 1.3) [38-40]. In this case, stress-annealing induced anisotropy is
associated to so called “back-stresses”. Annealing induces transversal
anisotropy and the stress applied during the annealing induces longitudinal
anisotropy, resulting in drastic decrease in the longitudinal stress component
and appearance of compressive longitudinal stress. Magnetoelastic energy is
minimized, with the redistribution of the internal stresses and/or local

microstructure.

As-prepared microwire

Stress Annealing

Slow Cooling under stress

Elimination of applied stress

Figure 1.3. Schematic illustration of effect of stress annealing in
Fe-based glass-coated microwires (Adapted from [39]).
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1.3.5. Nanocrystalline glass-coated microwires

Nanocrystalline soft magnetic materials are two-phase materials
consisting of nanocrystallites randomly distributed in a soft magnetic
amorphous phase. This group of magnetic materials is considered of great

interest due to their exceptional soft magnetic properties [10].

The nanocrystalline state is achieved by crystallization of conventional
Fe-Si-B amorphous alloys, produced since the ‘70s [41] with small addition of
Cu and Nb [42]. Fe-Si-B-Cu-Nb alloys obtained are usually known by trademark
name Finemet. Ultrafine grain structure with small crystallites (around 10 nm
grain size) embedded in a residual amorphous matrix is obtained after carefully
annealing the amorphous precursor, at temperatures between partial and full
crystallization processes in order to avoid the deterioration of soft magnetic

properties.

The adjustment of the chemical compositions and the annealing
parameters for the devitrification process allow obtaining materials with rather
different microstructures. Although, most results have been reported on
ribbons and wires, recently great attention has been paid also on

nanocrystalline microwires [43,44].

The origin of excellent soft magnetic properties in nanocrystalline
microwires as well as the routes for their optimization will be further address in

the section particularly devoted to them.

1.4. Giant magnetoimpedance (GMI) effect

First discovered in the ‘30s [45], it was not until the late ‘90s [46-48],
when high frequency equipment was available, that GMI research took off. The
GMI effect is a skin effect where the electrical impedance of a material is linked

to its magnetization, thus becoming an ideal way of probing magnetization
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remotely [49]. Initially studied in wires, GMI has been also reported in glass-
coated microwires [50], ribbons [51], micro-patterned ribbons [52] and

multilayers [53].

The key advantage of magnetic sensors based on GMI is their ultra-high
sensitivity (up to 10% / A/m) [5,54]. When combining the large effect of GMI,
with the capability to perform remote measurements, and the relatively
inexpensiveness of soft magnetic materials, with their low coercivities, the
mixture produces an ideal combination to produce sensors at a low-cost and

with high signal-to-noise ratio.

Consequently, for the magnetic microwires studied here, the research
pays attention on this effect to track magnetization, and through magnetization

changes sense other magnitudes (e.g., stress).
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Figure 1.4. Typical GMI behaviour of Fe-rich microwires (a)
and nearly zero magnetostriction Co-rich microwires (b).

Figure 1.4 schematically shows the GMI behaviour exhibited by Fe-rich
microwires with axial magnetic anisotropy and nearly zero magnetostriction Co-
rich glass-coated microwires. GMI response of Fe-rich glass-coated microwires
presents a single maximum for H = 0 (Figure 1.4a). On the other hand, double-
peak behaviour is observed for nearly zero magnetostriction samples (Figure

1.4b). The later samples are the most interesting due to the larger GMI effect
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and better softness. However, Co belongs to critical raw materials; therefore,
great efforts are paid to optimize the GMI response in less—expensive Fe-rich

glass-coated microwires as promising solution [55].

1.5. Magnetic bistability and Fast domain wall (DW) propagation

A magnetic material is considered bi-stable when its magnetization has
two preferred orientations, and the transition between these two states occurs
through a single domain wall (DW) that travels the material without suffering
any pinning. This is a desired behavior in certain situations, because it simplifies

analyzing the behavior of the material.

Such DW propagation can be driven either by a magnetic field [56] or by
an electric current [50]. Roughly linear dependencies of DW velocity, v, on
magnetic field, H, reported for a magnetic field driven DW dynamics are well

understood in terms of the viscous DW motion [56].

DW propagation in a viscous regime with a velocity, v, can be given as

[56]:
v=S(H - H,) (1.2)

where S is the DW mobility, H is the axial magnetic field and Ho is the critical

propagation field.
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Figure 1.5. Typical v(H) dependence for magnetic
field driven DW dynamics [57].

Non-linear v(H) dependencies can be observed either in low field or at
high field regions (see Figure 1.5).

After S. Parkin racetrack memory proposal in 2008 [58], using the
concept of DWs to store information, DW motion control has attracted
increasing attention for a vast number of promising applications (racetrack
memories, magnetic sensors, magnetic tags, etc.). Such applications require
fast magnetization switching and controllable DW propagation. Despite their
great stability, thermal activation and pinning lead to stochastic behavior of the

DW motion that needs to be addressed [59].

Amorphous glass coated microwires with positive magnetostriction
constant generally exhibit spontaneous magnetic bistability originated by a
single and large Barkhausen jump between two remanent states with opposite
magnetization. As above described, perfectly rectangular hysteresis loops
observed for these microwires are related to axial magnetization orientation
within the most part of the metallic core of the microwire [60,61]. The
magnetization switching (between the two remanent states) runs by fast DW
propagation, starting from the closure domains at the microwire ends [62].

Thus, magnetically bistable microwires are a unique material for DW
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propagation studies providing the possibility to study the influence of various
factors such as applied or internal stresses, magnetoelastic and induced

magnetic anisotropies, transverse or local magnetic field.

1.6. Technological applications of magnetic glass-coated
microwires

The main interest in magnetic microwires lies in the outstanding
magnetic softness exhibited by the amorphous microwires that possess nearly
zero magnetostriction coefficient, As [63]. For this reason, as a rule, the highest
GMI response, linked with magnetic softness, is reported for as-prepared cobalt
rich microwires that present circumferential magnetic permeability [64]. This
fact, promoted since the end of the ‘90s the development of several magnetic
sensors and devices for applications determined by the combination of their
characteristics and cost [65-67]. In this sense, were developed electronic
compasses for mobile phones, mass-produced by the Japanese company Aichi
Steel Co. since 2005, Smart phones since 2011, and the use of amorphous wires

for 3-axis Ml sensor chips of wristwatches [65].

The use of magnetic microwires for GMI technology is presented as
quite competitive and promising among the other actual various sensor
technologies (e.g., Hall effect, magnetoresistance and fluxgates) due to its
characteristics such as low noise and high magnetic field resolution [5,66]. Now,
while size used to be a deficit for microwire technology, recent works, have
reported the reduction of the volume needed to achieve a significant GMI by
using glass-coated microwires excited by a pulsed GHz current [68,69], thus

putting microwires at the vanguard in terms of sensing technologies.

Additionally, the fact that GMI technology operates at GHz frequencies
and allows a fast response, greatly satisfies the needs of fields as different as
automotive and transport industries, informatics, automation or biomedicine

[70-74].
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However, microwires not only offer advantages compared to other
sensing technologies, they also add new functionalities. For instance, it has
been reported that in thin ferromagnetic wires embedded onto a dielectric
matrix (and whose properties have been tuned through stress and/or
temperature treatments) the effective microwave permittivity depends on an
external dc magnetic field, applied stress or temperature [70,71], thus opening
the possibility of sensing inside of larger structures (e.g., concrete) [70,72]. The
short wire inclusions inside of the dielectric matrix play a role of “the
elementary scatterers”, when the electromagnetic wave irradiates the
composite and induces a longitudinal current distribution and electrical dipole
moment in each inclusion. The important advantage of sensing inside of large
structures is that the soldering problems are avoided because of the wireless

detection of the signals.

On the other hand, magnetically bistable microwires are adequate for
applications such as magnetic memory, magnetic logic, magnetoelastic sensors
and electronic article surveillance, in which is crucial fast magnetization
switching, controllable DW propagation and a harmonic response [4,60,75-78].
The extremely fast DW dynamics reported for these microwires (DW velocities
up to 3-4 km/s and mobility up to almost 50 m?2/A-s) is essential for mentioned
applications and it can be tuned by magnetoelastic anisotropy, induced

magnetic anisotropy or application of transverse magnetic field [75].

Manipulation and control of the DW propagation is satisfactorily
achieved in bistable magnetic microwires through various techniques, including
DW injection by local magnetic field or creation of artificial defects allowing

either DW pinning or nucleation [4,60,75-80].

It is worth mentioning, that despite having excellent properties, and
being quite competitive in the sensing market, magnetic microwires still need a
significant effort in terms of development. For instance, despite the great
efforts to find post-processing routes for the magnetic properties optimization

that allowed a significant improvement of the magnetic softness and therefore
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the GMI effect improvement, GMI ratios achieved are still below those
predicted by the theory. But there are promising reports indicating that further
enhancement is possible (e.g, better magnetic softness and wider switching
field range) [81]. Recently, has been obtained, either by Joule heating or stress
annealing of magnetic microwires with moderate transverse anisotropy, a
singular combination of magentic properties in the same microwire: high GMI
effect and fast magnetization switching related to a single and large Barhausen
jump [82]. This unique excellent magnetic properties combination is added to
the outstanding mechanical properties, high corrosion resistance,
biocompatibility, reduced dimensionality and the fact that amorphous
microwires allow to achieve 1-2 higher orders of magnitude of magnetic field

sensitivity, as compared with thin films, up to 10% / A/m [83].

In addition, the thin flexible glass coating, apart from biocompatibility,
provide the microwires with enhanced corrosion resistance and adhesion to
polymer matrices and makes them appropiate candidates not only for
biomedical applications [84,85] but also for smart composites with embedded
microwire inclusions and non-destructive stress and temperature monitoring.

[86,87].

Consequently, due to the mentioned high performance, durability,
robust and cost-effective of magnetic microwires, the continuos development
of emerging appplications for them is expected. Thus, it can be concluded that
research in the field of magnetic microwires is challenging, competitive, and
has a great potential for impact. However, there are challenges that need
addressed, e.g., optimization by post-processing to achieve the predicted
theoretical GMI, and also new applications that need to be further
characterizeD to pave their adoption by the industry. Through this thesis

several optimization routes will be explored for potential applications.
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1.7. Research structure

The main objective of this thesis is to obtain amorphous and
nanocrystalline magnetic microwires with optimal properties for their
application in advanced magnetic sensors based on the effect of giant
magnetoimpedance (GMI) and bistable magnetic behavior. In order to achieve

this goal the work has been divided as follows:

Chapter 1 pretends to serve as a brief overview of the state of the art of
amorphous glass coated microwires and their main magnetic and structural

properties.

Chapter 2 describes the experimental techniques employed in the

production and characterization of the samples studied.

The second part of the work is devoted to the results and discussion.
Chapter 3 and Chapter 4 are related to the engineering of the magnetic
properties of Cobalt and Iron rich microwires, respectively, with a convenient
selection of microwires with different chemical compositions and diameters to
cover the entire spectrum and that allow setting the route for the parameters
optimization procedure. The effect of the post-processing method selected on
the magnetic properties, GMI effect and domain wall dynamics of each of the

microwires selected is analyzed.

Chapter 5 is focused on the technical applications, with the detailed
description of one of the possible uses of the produced amorphous glass coated
microwires that was carried out in the field of smart composites using magnetic

microwire inclusions for non-contact stress and temperature monitoring.

Finally, the most important results are summarized in the conclusions

presented in Chapter 6.
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2. Experimental techniques

This chapter is dedicated to the description of the different experimental
techniques employed in this research work. A brief description of the fundamental
background of each technique and the particular experimental set-up conditions used
is given, from sample preparation to magnetic, microstructural and compositional

characterization of the glass coated microwires produced.

2.1. Glass-coated microwires fabrication: Taylor Ulitovsky method

Glass tube

S

Teee: . my
. HF. inductor

Water“jet

Receiving

rotating bobbin @J

Figure 2.1. Glass coated microwires casting machine.

Taylor Ulitovsky rapid solidification technique for glass-coated microwires

manufacturing allows the preparation of thinnest amorphous microwires (with
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metallic nucleus diameters ranging from 0.5-40 um). This fabrication method consists

of melting a pre-prepared ingot of metallic alloy inside a glass (typically Pyrex or

Duran) tube using a high frequency inductor [1,2].

Figure 2.1. shows the casting machine for the glass-coated microwires

production. Few grams of the metal alloy with the suitable chemical composition are

placed inside a glass tube. A high frequency inductor melts the metal forming a droplet

which softens the glass tube adjacent allowing a capillary to form. Then, the capillary

filled with the molten alloy is drawn and wound on a rotating bobbin. As a result, a

microwire with metallic core and flexible and insulating glass coating is obtained.

Table 2.1. Compositions and geometry of studied glass-coated microwires.

LS Total . Magnetostriction

.\ Nucleus . Ratio ..

Composition . Diameter Coefficient
Diameter D (um) p=d/D A x 10
d (um)

Fe77.5B15Sizs 15.1 35.8 0.42 38
Fe75B9Si12Ca 15.2 17.2 0.88 38
Fe70B15Si10Cs 3 18,75 0.16 35
Fe70B15Si10Cs 6 23,08 0.26 35
Fe70B15Si10Cs 10.8 22.5 0.48 35
Fe70B15Si10Cs 15 23,8 0.63 35
Fe71.7B13.4Si11Nb3sNio.g 103 158 0.65 35
Fe71,8CuiNbs 1SiisBg.1 7.0 24.8 0.282 30
Fe71,8CuiNbs 1SiisBg.1 18.2 39 0.467 30
Fe70.8Cu1Nbs.1Si14.5B10.6 11.8 14.4 0.8 30
Fe70.8CuiNbs3.1Si14.5B10.6 15.6 21.8 0.7 30
Fe70.8CuiNbs3.1Si14.5B10.6 10.7 16.4 0.6 30
Fes2Ni15.5Si7.5B1s 14.35 33.25 0.43 27
Fes7.4Ni26.65i11B13C2 29 32.2 0.9 25
Fes9.6Ni27.9Si7.5B15 14.2 33.85 0.42 20
(Feo.7€00.3)s3.7SiaBsP3.6Cuo.7 26.5 22.3 0.84
Fess.7SiaBgP3.6Cuo.7 15.5 17.5 0.89
Coes.4Fe3.8Ni1B13.8Si13C1.65M01.35 18.8 22.2 0.85 -1
Co69.2Fe3.6Ni1B12.5Si11C1.2Mo01 5 22.8 23.2 0.98 -1
Coe9.2F€4.1B11.8Si13.8C1.1 25.6 30.2 0.85 -0.3
Cos7Fes.oNi1.5B11.55i14.5Mo01.6 25.6 26.6 0.96 -0.29
Coea.0aFes.71B15.88Si10.94Cr3.4Ni0.03 95 130 0.73
Coe6Cr3.sFes sB16Siia 20.1 24.8 0.81
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Fe-, Ni-, Fe-Co- and Co- based microwires with minor metalloid additions (Si, B, P,
C) or non-magnetic metals have been prepared and studied. The compositions,
geometry and magnetostriction coefficient, As, of studied microwires are shown in

Table 2.1.

2.2. Post-processing techniques: Annealing procedures

2.2.1. Conventional furnace annealing

The most extended annealing technique is the heating of the sample at a given
temperature, Tann, in air or vacuum for a given time, tann, in @ conventional furnace. A

single piece or a bunch of microwires can be treated at the same time.

The samples were heat treated at a temperature, Tann, typically ranging from
200 °C to 500 °C in a conventional furnace, Thermolyne 62700. Typically, the
crystallization of amorphous microwires was reported for Tgnn 2 490 °C. The advantage
of amorphous microwires is their superior mechanical properties typically reported for
amorphous materials [3]. In most cases, we fixed the annealing time, tann, of 60 min
which is usually used for heat treatment of amorphous and nanocrystalline materials

[4]. The samples were slow cooled to room temperature within the furnace.

2.2.2. Stress annealing

In several cases, tensile stress was applied with a mechanical load attached to
one microwire end during the annealing, as well as during the sample cooling in the

furnace.

The stress value in the metallic nucleus, om, was evaluated considering different

Young’s modulus of metal, E;, and glass, E1, as follows [5]:

K-P K

Om=>—=— ; Oy =5
™ T K-Sy + S, I KSp + Sy

(2.1)
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where K = E>/ E1, P is the applied mechanical load and Sy, and Sy are the cross sections

of the metallic nucleus and the glass coating, respectively.

2.2.3. Current annealing

Also know as Joule heating, in this technique a sample is annealed by the
current that passes through it causing its heating by Joule effect. It is widely used due
to its simplicity and low cost, the equipment needed is similar as the one used for

resistivity measurements [6].

Current annealing allows a better control of the annealing time without
compromising the mechanical and chemical properties of the microwires as compared

with conventional furnace annealing [7].

The current density is directly related to the sample heating [8]. The dc current
value, /, needs to be set clearly below the value that can produce magnetic hardening
and/or crystallization of the samples in order to avoid the deterioration of magnetic
properties [9]. Structural relaxation and crystallization also depend on a great extend

on the annealing time [10].

For our studies, electrical contacts were prepared by mechanically removing
the insulating glass coating on the very end of microwires. Current annealing, with
different durations and applying different currents was performed in air on 8 cm long
samples. The insulating glass-coating of the microwires allows performing the thermal

treatments in air.

In order to avoid the inhomogeneities of the microwire diameter (and
corresponding current density variation) and stresses related to the sample cutting, we
used the same microwire for studies of the influence of annealing time, for a fixed DC

current value, on magnetic properties and GMI effect.
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2.3. Magnetic characterization techniques
2.3.1. Hysteresis in ferromagnetic materials
The graphical representation of the magnetization versus the applied field for a

ferromagnet in the processes of magnetization and demagnetization gives as a result a

closed curve, called the hysteresis loop.

M

A

/ —

Figure 2.2. Typical hysteresis loop of a ferromagnetic material.

Hysteresis loops characterize the state of the sample studied. Figure 2.2 shows
a typical hysteresis loop of a bulk ferromagnetic sample [11]. Initially, the material is
demagnetized and the applied field is zero (M = H = 0), increasing the value of the field
H the first magnetization curve Ognc is obtained. From zero to the point a the sample is
magnetized by the reversible process of the domain frontiers movement. Between a
and b the magnetization increases by an irreversible process of the domains frontiers
movement and between b and c increases mainly by the domains magnetization
rotation, being ¢ the point of magnetization saturation, M;. Decreasing from c the

value of the field H up to zero we reach the point of remanent magnetization or
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remanence, M,, since the magnetization of the sample is not cancelled due to the non
reversibility of the domains frontiers movement, the sample magnetization does not
return to the initial demagnetized state, each magnetization domain rotates back to
the nearest easy direction. To cancel this magnetization it is needed to apply a field
with the appropriate value and in the opposite direction, called coercive field or

coercivity, Hc. Increasing the field in this direction the saturation is also reached.

The saturation magnetization, Ms, is determined by the composition, internal
structure and temperature of the material and the coercive field, H,, and remanence
M, are determined by the anisotropy of the sample. The coercivity also depends on

the imperfections (internal stresses distribution or defects).

The ratio between the magnetization and the applied field, given by the slope

of the hysteresis curve, is called the susceptibility, y, of the material [12]:

X:

SRS

(2.2)

The area enclosed by the hysteresis loop is equal to the energy dissipated by
the sample in a magnetization cycle. Hard magnetic materials typically have a square
shape hysteresis loop, with high coercive field, H., (a requirement for many
applications, such as memory devices), as the material is softer the hysteresis loop
tends to be more linear, the area inside the cycle is smaller and hence, the hysteresis
loss is lower, a desirable characteristic of soft magnetic materials (for applications like

magnetic sensors).

2.3.2. Flux-metric method for hysteresis loops measurements

One of the main and first steps of the characterization of magnetic microwires
is its hysteresis loop analysis, that will allow us to obtain magnetic parameters such us
coercive field, H., anisotropy field, Hi, remanent magnetization, M, and magnetic
saturation, Ms. Hysteresis loops can be obtained by the induction fluxmetric method

based on the Faraday-Lenz law, that establishes that with the magnetic flux, ¢,
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temporal variation in a circuit an electromotive force & proportional to this variation is

induced [11]:

§=—N—- (2.3)

computer

oo

generator oscilloscope

- i}_ — = {L - interface bus

Figure 2.3. Scheme of the hysteresis loops measurement set-up [13].

The measurement set-up (shown in Figure 2.3) consists of the primary exciting
system (in our case a solenoid) to generate the magnetic field and the secondary pick-
up system, composed of two coils, the pick-up coil and the compensation coil. Once an
alternating magnetic field is applied at a fixed frequency (in our case 50 Hz) provided
by the power supply, the change in the magnetization of the sample is detected by the
pick-up coil. The induced pick-up coil signal, proportional to the magnetization of the
sample, is integrated by the fluxmeter and generally has two components, the first due
to the change in the magnetic field H and the second due to the change in the
magnetization of the sample, M [11]:

__y dAHAM) o dH dM
&= .uO dt - #0 [of dt S dt

(2.4)

where Ac and A; are the coil and the sample cross section areas.
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The magnetic field H, has two components, the first related to the field
produced by the primary exciting system and the second related to the demagnetizing
factor that can be neglected when the section of the sample adjusts well with the
secondary’s section. This demagnetizing factor produces a field inside the sample
opposite to the magnetization that tends to zero in the case that ratio between the

length and the diameter also tends to zero, as in the case of the microwires.

The compensation coil, connected in series-opposition with the pick-up coil and
identical to it, is used to eliminate the component due to the external magnetic field in
order to get an induced electromotive force only dependent of the change in the

magnetization of the sample

dM
E= N:uOASE (25)

Integrating this signal, by means of the fluxmeter, the magnetization of the

sample is obtained:

1
M = f edt (2.6)
N.uOAs

This integrated signal is taken by the Y channel of the oscilloscope (Tektronix
TDS3012B). The solenoid is in series with a pattern resistance (1 Q) whose voltage
drop, proportional to the magnetic field produced by the solenoid, is taken by the X
channel of the oscilloscope. The XY mode of the oscilloscope gives the hysteresis loop.
The whole system is oriented to minimize the interference with the terrestrial

magnetic field.

The magnetization M is normalized, M/Ms, in our hysteresis loops
representation, being Ms the magnetic moment of the sample at the maximum

magnetic field amplitude, Ho.

Among other advantages, this method allows the measurement of sufficiently
long samples (of about 10 cm and longer), an important factor for the case of
microwires whose bistability vanishes at a critical length. The system can also be

adjusted to apply tensile and/or torsion stress during the measurements and evaluate
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the evolution of the characteristic magnetic parameters under the influence of the

torsion and/or tensile stress applied.

2.3.3. PPMS magnetometer

The Physical Property Measurement System, PPMS, is a versatile measurement
platform, capable to measure a wide range of materials and properties as a function of
temperature and magnetic field. Provides information of the magnetic, thermal and
electric properties of a sample, such as magnetoresistivity and magnetization in direct
current (DC) and alternating current (AC) and resistivity (using a typical 4-point
configuration) or heat capacity (with a micro-calorimeter platform), among others. The
advantages of this technique are speed and high sensitivity. The addition of different
functional options allows enlarging the measurement range and customize the

capabilities of the system.

Figure 2.4. Figure 2.3. PPMS QD 6000 at the SGlker of the
University of the Basque Country (UPV/EHU).
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The PPMS Quantum Design Model 6000 employed in our studies (Figure 2.4)
works in a wide range of temperatures that spans from 1.9 K up to 1000 K (in the DC
mode) and external magnetic fields, generated by a superconducting coil, from -9 to +9
T. For frequencies ranging from 10 Hz to 10 kHz fields of 0.002 to 15 Oe are available in
the AC excitation mode. The main part of the device is the probe placed inside a dewar
containing liquid helium, the refrigeration system is controlled by a temperature
hardware. Parallel and perpendicular orientations with respect of the applied magnetic
field are allowed. A detailed description of the capabilities is given in the device

manual [13].

The AC measurement system uses an alternating field, generated by a drive
coil, in the measurement region with the sample located in the center of a detection
coil that measures the change in the applied field due to the presence of the sample.

Sensitivity of the order of 2 x 10 emu can be achieved in these measurements.

In the DC mode, a constant field is applied and the system fasten scrolls (with a
maximum speed of 100 cm/s) the position of the sample with respect to the two
detection coils while synchronously records the induced voltage on the detection coils.

The sensitivity in this mode is of the order of 2 x 10> emu.

2.3.4. Giant Magnetoimpedance (GMI) effect measurements

The giant magnetoimpedance (GMI) effect usually observed in soft magnetic
materials phenomenologically consists of a change of the AC impedance, Z =R + iX
(where R is the real part, or resistance, and X is the imaginary part, or reactance),

when submitted to an external magnetic field, Ho.
The electrical impedance, Z, of a magnetic conductor is given by [14]:

Z = Ryckr]o(kr) /2], (kr) (2.7)
where R4 is the electrical resistance for a DC current, k= (1 +j) / 6, Joand /1 are
the Bessel functions, r is the radius of the wire and ¢ the penetration depth given by

[15]:
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5= (nau¢f)_1/2 (2.8)

being othe electrical conductivity, f the frequency of the current along the sample and
Mg the circular magnetic permeability assumed to be scalar. The DC applied magnetic
field induces significant changes in the circular permeability, 1¢. Thus, the penetration

depth also changes and as a result there is a change of Z[15,16].

The GMI ratio, AZ/Z, used for the GMI effect characterization, has been defined
as [17]:

AZ/Z = [Z(H) - Z(Hmax)]/Z(Hmax) 100 (2.9)
where H is the applied axial DC-field with a maximum value, Hmax, up to a few kA/m.

The magnetic permeability in ferromagnetic materials with high circumferential
anisotropy (as in the case of magnetic wires) possesses tensor character and therefore
the classic form of impedance definition is not valid. The relation between the electric
field, €, (which determines the voltage) and the magnetic field, h, (which determines

the current) is defined by means of the surface impedance tensor, ¢,[18]:

ez = gzzh -G, hz
e=¢h or { v } (2.10)
ego = g(pzhgo _G(pgohz

The circular magnetic field hy is produced by the currents iy running through
the wire. At the wire surface hy = i/2ntr, where r is the wire radius. The longitudinal
magnetic field h; is produced by the currents i running through the exciting coil, h; =

N1 ic, with N7 the number of turns in the exciting coil.

The longitudinal electrical field on the wire surface can be measured as the
voltage drop along the wire, vy, and the circumferential electrical field as the voltage

induced in the pickup coil, v., wounded on it [16]:

Vi = ezlw = (gZZh(p _gZ(phZ)IW (211)
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VC = e(plt = (G(pzh(p _gq)thz)lt (212)

being I the length of the wire and I: = 2rirN; the total length of the pickup coil turns N>

wounded directly on the wire.

Programmable
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‘/ = _—& data bus

!

.
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; Coaxial Sample i .
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Ve = C¢ZiW

Coaxial cables

Figure 2.5. Schematic picture of the experimental set-up for measurements
of the GMI effect (a), methods for revealing the diagonal, ¢,,,
and off-diagonal, ¢;,, impedance matrix elements (b) [19].

Figure 2.5a shows a schematic picture of the experimental set-up employed for
the GMI effect characterization. The methods for revealing the components of the
impedance tensor are shown in Figure 2.5b. The longitudinal diagonal component ¢ is
defined as the voltage drop along the wire and corresponds to the impedance

definition in the classical model (Figure 2.5b):

=VW—27M Yu 2.13
gzz_h(plw_ IW iW ( )

The off-diagonal components, ¢;» and ¢g, and the circumferential diagonal

component ¢yp arise from cross sectional magnetization process (hy, — m; and h, -

m,) [20].
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A specially designed microstrip sample holder (shown in Figure 2.6) placed
inside a solenoid sufficiently long to provide a homogeneous field allows measuring of
the magnetic field dependence of sample impedance, Z(H), using vector network
analyzer (Agilent N5230A VNA) from the reflection coefficient, S1;, taking into account

the following expression [21]:

being Zo =50 Q the characteristic impedance of the coaxial line and Si; is the reflection
coefficient. Described technique allows measuring the GMI effect in an extended

frequency, f, range, up to GHz frequencies.

Coaxial _
connections

Microwire

Figure 2.6. Microstrip line for GMI measurements of the microwires.

2.3.5. Free-space electromagnetic parameters measurement system

Free-space technique offers several advantages for measurement of
electromagnetic parameters of composite materials. This non-contact method allows
non-destructive measurements under different temperature or environmental

conditions [22,23].

The experimental set-up used in this work for reflection (R) and transmission (7)

coefficients measurement consists of a pair of broadband horn antennas (1-17 GHz), a
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vector network analyzer (Agilent N5230A VNA) and an anechoic chamber (see Figure
2.7).

The composite is placed in the middle of the anechoic chamber with the
microwires orientation along the electric-field of the incident electromagnetic wave.
The desired frequency range for measurement of the scattering parameters,
determines the requirements to the operating frequency of the VNA, antennas and to

the chamber size (distance between antennas and sample) [23].

The size of the sample needs to be larger than the wavelength of the incident
electromagnetic wave in order to achieve convincing results. In fact, to further
minimize the effects of the scatterings from the sample boundary, the sample size
should be at least twice larger than the wavelength [24]. According to this, in our
experiments, the composite was placed in 20 x 20 cm? window to avoid the edge

effects. This window limits the applicable frequency range in 4-17 GHz.

Figure 2.7. Free space microwave measurement set-up for measurement of the
electromagnetic parameters in composite material
at the Applied Physics Dept. of UPV/EHU.
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2.3.6. Domain Wall (DW) propagation measurements

The magnetic field driven domain wall (DW) propagation has been studied using
modified Sixtus-Tonks method ¢ The main differences of used method from the classical
Sixtus-Tonks [25] set-up are the following: a system of three pick-up coils is employed
(see Figure 2.8) [26], instead of a nucleation coil, since small closure domains
spontaneously appear at the end of the wire in order to decrease the stray field. In
addition, one sample end is placed outside the magnetization coil to ensure a single DW
propagation avoiding multiple DW propagation and hence overestimating the

magnitude of DW velocity.

Microwire

Figure 2.8. Schematic picture of the experimental set-up for
DW dynamics measurements in microwires [27].

Studied microwire samples (usually of about 10 cm long) were placed inside the
three coaxially pick-up coils. Rather homogeneous axial magnetic field was generated by
a 140 mm long solenoid (10 mm in diameter). The DW travelling along the sample
induces an electromotive force (EMF) in the pick-up coils that is recorded by an
oscilloscope. Then, velocity, v, of a DW travelling along the sample can be estimated as

[27]:
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v= — (2.15)

with / the distance between pick-up coils and At the time interval between the EMF
peaks generated when moving DW crosses the pick-up coils [26].

For evaluation of the DW injection inside the sample and nucleation field profile,
we used a short magnetizing coil to apply local magnetic field [28,29]. Located next to
the short pick-up coil, the short magnetizing coil allows detecting local magnetization
reversal at sufficiently large distance from the ends of the wire. Then, by slowly moving
the wire through the short magnetizing coil is possible to measure the length

distribution of the local magnetization reversal (DW injection) fields of each sample.

2.3.7. Small angle magnetization rotation (SAMR) technique for

magnetostriction measurements

Magnetic properties of amorphous alloys strongly depend on the magnitude of
the magnetostriction, which causes the change in the dimensions of a magnetic
material during the magnetization. Direct magnetoelastic effect has small influence (of
the order of = 10°-1077) but the inverse effect, i.e., the change in the magnetization of
a ferromagnetic material due to the applied mechanical stress is significant. Therefore,
for the optimization of the magnetic properties of magnetic microwires it is relevant to
guantify the value of the magnetostriction. There are several indirect methods for the
determination of the saturation magnetostriction constant, As. In the present work,

Small Angle Magnetization Rotation (SAMR) technique, introduced in 1980s [26,28], is

employed.
Secondary
coil
,./ Y Y
—f-.| o Stress
e | )
ac \\_ j// v

Figure 2.9. Schematic picture of the set-up for magnetostriction
measurements in microwires.
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As can be seen from Figure 2.9, during the measurements the initial tensile
stress, 0o, is created by a weight, P, attached to the microwire end. In this method the
sample (of about 10 cm long) is saturated by an axial DC magnetic field, H;, created
along the microwire z -axis using a solenoid, while applying simultaneously a small ac
transverse field, H,, created by an AC electric current flowing along the sample. The
combination of these fields leads to a reversible rotation of the magnetization within a
small angle, 6, out of the axial direction. The induction voltage, V(2w), due to the
magnetization rotation, is detected by a pick-up coil wounded around the microwire.
This signal is amplified for its detection in the measuring block. The AC current value,
flowing through the wire is selected to avoid possible Joule heating of the sample: the

current amplitude does not exceed 10-30 mA.

The magnetostriction coefficient, As, is determined from the measurement of
the dependence on axial magnetic field, H;, versus applied stress o, for different
mechanical loads, at fixed value of induction voltage V(2w), according to the

expression [30,31]:

pg = —HoMs (dH) (2.16)

3 \do
where 1Ms is the saturation magnetization of the sample obtained from

magnetization curves measured at high applied field and room temperature.
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Additional details on SAMR method and set-up features designed for evaluation
of magnetostriction coefficient, A, can be found in refs. [30,31].

The SAMR method is successfully employed for the evaluation of Co-rich glass-

(a)

Figure 2.10. Schematic picture illustrating domain structure
of Co-rich (a) and Fe-rich (b) microwires.

coated microwires with negative magnetostriction coefficient as it was originally
developed for magnetic materials in which magnetization rotation governs the
magnetization process. Recently, it has also been extended for evaluation of
microwires with positive magnetostriction coefficient [32,33]. Indeed, in Co-rich
microwires circular magnetization orientation was experimentally observed by various
experimental techniques (Figure 2.10a), while Fe-rich microwires present radial
magnetization orientation (Figure 2.10b) [34]. Accordingly, magnetization rotation in

the outer domain shell can be observed in both kinds of microwires [32,33].
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2.4. Microstructural characterization techniques

2.4.1. Powder X-ray diffraction (XRD)

X-ray diffraction allows the structural characterization of amorphous and
crystalline materials. Electromagnetic waves, in this case X-rays, are diffracted when
they encounter an obstacle, and this effect is increased when the size of the obstacle is
comparable to the wavelength incident on the material. Then, it is possible to explore
the structure of solids by studying the diffraction patterns of an incident wave with

wavelength comparable to the distance between atoms.

When an X-ray beam strikes a solid material, part of this beam is scattered in all
directions by the electrons associated with the atoms of the material or ions that
encounters along the way, but the rest of the beam can give rise to the X-ray
diffraction phenomenon, which takes place if there is an ordered arrangement of
atoms (long range) and are fulfilled the conditions given by Bragg's Law [35] (Figure
2.11) that relate the wavelength, A, of the X-rays and the interatomic distance, dh,
between the family of planes (hkl), with the angle of incidence of the diffracted beam,

0 (Bragg angle). This law is described by the following equation [35]:

ni = ZdhleiRB (217)

where n is an integer that represents the order of reflection. This equation allows us to
obtain the angular position of the diffraction peaks of the crystalline solid that is

analyzed.
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s

Figure 2.11. Schematic picture illustrating Bragg's Law of diffraction.

The structure of the samples in the present work has been analyzed using
Bruker (D8 Advance) X-ray diffractometer (Figure 2.12) with CuKe (A = 1.54 A)
radiation, operated at applied voltage of 40 KV and filament current of 30 mA. The
sample is attached to the diffractometer sample holder and each scan is made over
the two theta angular range of 30 to 90 degrees, step size of 0.05°and a step time of 30
second for each step. The diffraction peaks are indexed using JCPDS (Joint Committee

on Powder Diffraction Standards) database.

Figure 2.12. Bruker (D8 Advance) X-ray diffractometer picture [36].
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A wide halo characteristic of completely amorphous materials was observed in

the case of amorphous (as-prepared or annealed) glass-coated microwires.

2.4.2. Optical Microscopy (OM)

The diameters of the metallic nucleus and glass coating of the different
microwires employed in this work and the homogeneity along their length was
checked by means of an optical microscopy, in our case Microscope Axio Scope Al (as
shown in Figure 2.13), that uses visible light and a system of lenses to magnify images.
This microscopy allows to obtain a two-dimensional image of the microwires. The
microwire is placed in the microscope stage on a slide (a thin flat piece of glass) to

check its geometry.

1 Reflector space
2 Tube
3 Eyepiece
4 Camera adapter
5 Camera
6 HBO adjustment aid
7 Reflected-light filter slider
8 Achromatic illumination adapter
9 Reflected-light source
10 Upper part/lower part
11 Spacer
12 Lower part/upper part
13 Transmitted-light filter slider
14 Transmitted-light filter wheel
15 Condenser carrier

16 Condenser

17 Modulation disc

¢

18 Stage
19 Stage carrier

20 Objective

16 15 14

Figure 2.13. Microscope Axio Scope Al. Source Carl Zeiss
Microscopy GmbH and own elaboration (Adapted from
Microscope Axio Scope A1 user manual).
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The system contents various lenses, which are placed in the microscope column
below the emission chamber and situated one above the other. The condenser lens
allows to obtain a parallel and thin beam of light form the illuminator to proper
illuminate and focus the light on the sample. The objective lens collects the light
diffracted from the sample and forms the first image of the object and the
intermediate lens or group of lenses (called the eyepiece) amplify this image that
finally is projected by the projection lens. The quality of the image depends on the
contrast, resolution and the focal depth of the microscope. lllumination sources and

objectives can be manipulated to adjust the image.

2.4.3. Scanning Electron Microscopy (SEM)

Chemical composition, microstructure and external morphology of the microwires
once they are obtained and after the thermal treatments, were characterized by
Scanning Electron Microscopy, (SEM). The equipment employed at the UPV/EHU was a
MEB JEOL JSM-7000F (Figure 2.14) with energy-dispersive X-ray spectroscopy (EDX)
option with an Inca Energy 350 spectrometer. The microscope has a field emission

source (Schottky type).

In this technique, a thin beam of high-energy accelerated electrons is concentrated
by electromagnetic lenses and focuses on the surface of a thick an opaque sample. The
beam scans the surface of the sample in a raster scan pattern, with a velocity
synchronized with the position in a computer screen to create the image. As a result of
the interaction, different types of radiation are produced. The emitted electrons and
those that bounce off the surface (Auger electrons, secondary and backscattered
electrons) are collected by a sensor. Secondary electrons emitted by the nearest to the
surface atoms of the sample allow to obtain the images of the surface. Their intensity
depends on the incident angle and thus, on the topography of the surface, and it is
proportional to the correspondent spot on the image of the sample at the screen. To
facilitate the emission of the electrons the sample is coated with a conductive metal,

usually Au.
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Backscattered electrons are those reflected after the interaction with the sample.
Their intensity depends on the mean atomic number of the atoms of the sample. The
image generated by backscattered electrons reveals differences in the chemical

composition by differences in the contrast.

Most electronic microscopes have a microprobe coupled to perform a elemental
analysis, at selected points of the sample, by X-ray emission. The X-ray spectra allows

to obtain a semi-quantitative chemical composition analysis.

With this technique, by the examination of selected areas of the surface of the
sample, can be estimated the grain size of the nanostructures and the homogeneity in

the composition along the microwire length and at different points of the diameter

Figure 2.14. Scanning Electron Microscope MEB JEOL JSM-7000F at the
SGlker of the University of the Basque Country (UPV/EHU).

2.4.4. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry, DSC, is a thermal analysis technique in which the
heat flow of the sample is measured as a function of time or temperature when the
temperature of the sample is scanned, in a controlled atmosphere. DSC calorimetry is
one of the most useful tools for the characterization of the structural and magnetic

transitions of the samples
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The system maintains the sample and the reference at the same temperature,
while continuously records, in the whole temperature interval, the supply of heat
needed to maintain both at identical temperature. The measurement of the difference
in the heat flow between a crucible containing the sample and a reference crucible
(contains a thermally inert material at the temperature range studied, with a specific
heat capacity, or may be empty) gives a direct calorimetric measure of the absorbed or
released energy. When the sample undergoes a physical transformation, like a phase
transition, it will be needed to supply more (or less) heat to maintain it at the same

temperature than the reference.

Exothermic Endothermic Phase transition

Heat Flow

f

Temperature

Figure 2.15. Schematic example of a DSC curve showing the common features.

In Figure 2.15 it is shown a thermogram, in which the heat flow, DH/dt, is
represented versus the temperature, with the three main processes that can take
place, the heat difference is obtained subtracting the heat flow from the sample to the
heat flow of the reference. When there is no thermodynamic process the heat flow
difference between sample and reference is not significant and a base plane line is
reflected on the DSC curve. i) When the sample undergoes an exothermic process (e.g.
crystallization) (4AH < 0) the sample yields heat, being necessary to supply power to the

reference in order to maintain sample and reference both at the same temperature,
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the extra power supplied is shown in the diagram as a negative peak, following the
convention mentioned above. In contrast, ii) an endothermic process (4H > 0) implies
absorption of heat by the sample from the surroundings so, in this case, it is needed to
supply power to the sample in order to maintain it at the same temperature than the
reference and it will be reflected on the diagram as a positive peak. iii) A change in the
slope of the DSC curve will indicate a phase transition, involving a change in the heat

capacity, C, = AH/AT. The area of the peaks is proportional to the thermal effects.

(a)

Furnace

Sample Reference

Temperature sensors

(b)

AL SETaRAM

DSC 13

Figure 2.16. Power-compensation differential scanning calorimeter diagram (a)
and Differential scanning calorimeter DSC 131
Setaram (image taken from DSC 131
Setaram user manual) (b).



Experimental techniques 50

This technique allows a direct determination of the enthalpy of the transitions,
from the area of the peak, the mass of the sample and a calorimetric constant

dependent on the instrument.

The experimental set up as shown in Figure 2.16a consists of two sample
holders (the crucibles are generally made of Al), one for the sample, S, and the other
for the reference, R, that are heated with independent heating systems while
monitorizing the difference in the heat flow between both. The measurement can be
carried out at constant temperature or changing the temperature at a constant rate.
The differences in the temperatures between S and R are detected by temperature
sensors and sent to an output device, normally a computer, that allows to obtain the
calorimetric curves. In the present work, to determine the transitions and critical
temperatures (crystallization temperature, T., and Curie temperature, T¢) of the
samples and also in some cases to anneal them following a controlled temperature
program, it was employed a DSC-131 Setaram Calorimeter (Figure 2.16b) in Ar

atmosphere, employing different heating rates.
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Part II: Results and discussion

3. Engineering of magnetic properties of Co-rich microwires

As mentioned before, non-existence of magnetocrystalline anisotropy in
amorphous materials makes the magnetoelastic anisotropy the main source of
magnetic anisotropy [1]. Magnetoelastic anisotropy depends on the magnetostriction

coefficient, A5, and the applied and internal stresses (eq. (1.1)).

The As sign and value of amorphous materials is mainly given by the chemical
composition. Therefore, chemical composition modification allows to adjust As sign
and value [1,2]. Co-based alloys posses low magnetostriction values (up to As = -5 x 10
6) and early zero magnetostriction values can be obtained doping Co-based alloys with

Fe or Mn [1,2].

The other important parameter is the internal stresses, oj, value. Once the
composition is chosen, the magnetic properties can be optimized by modifying the
internal stresses with the selection of the sample geometry, described by the p -ratio
between the metallic nucleus diameter, d, and the total microwire diameter, D, and
the appropriate post-processing. In this chapter, Co-based microwires of different
characteristics, i.e., compositions and diameters, and hence different magnetostriction
coefficients, As, will be presented with the description and discussion of the post-
processing selected for them with the aim to optimize its magnetic softness and

improve the Giant Magnetoimpedance (GMI) effect and domain wall dynamics.

The magnetic softness is intrinsically related to the GMI effect originated by the
dependence of the skin depth, 6, of a magnetic conductor on applied magnetic field, H,
as previously defined by eq. (2.8) [1]. For characterization of the GMI effect it will be
used the GMI ratio, AZ/Z, as defined in eq. (2.9) [1]. The GMI ratio optimization is

linked to improvement of magnetic softness.
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The influence of each controllable parameter in all the post-processing types
selected has been studied, in order to get a complete overview of the adjusting

parameters for the optimization of the magnetic properties.

Table 3.1 summarizes the main characteristics of the Co-rich microwires

studied.

Table 3.1. Compositions, geometry and magnetostriction coefficients of studied Co-rich glass-
coated microwires.

Sample N° Composition d(um) D(um) p=d/D Asx10°
1 Coeo.2Fe3.6Ni1B12.5Si11M01.5C1.2 22.8 23.2 0.98 -1
2 Coe69.2Fe4.1B11.8Si13.8C1.1 25.6 30.2 0.85 -0,3
3 Coes.aFe3 gNi1B13.8Si1aMo01.35C165  18.8 22.2 0.85 -1
4 Coe7Fes.oNi1.5B11.55i14.5Mo01.6 25.6 26.6 0.96 -0.29
5 Coga.04F€5.71B15.885i10.94Cr3.4Ni0.03 95 130 0.73
6 CoeeCrasFes sB16Sii1 20.1 24.8 0.81

3.1. As-prepared Co-rich microwires

Figure 3.1a-d shows the hysteresis loops of 4 of the Co-rich microwires
selected. The microwire samples have negative magnetrostriction coefficient and in as-
prepared state exhibit quite soft magnetic properties, reflected in a typical linear and

inclined hysteresis loop with low coercivity [1], below H. = 10 A/m.
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Figure 3.1. Hysteresis loops of as-prepared Coes.oFes6NiiBi12.55i11M01.5C1.2
(a), Coss.oFes 1B11.8Si13.5C1.1 (b), Cogs.aFe3sNi1B135SiisMo01.35Cres5 () and

Cos7Fes.9Ni15B11.55i145M016 (d) microwires.

X-ray diffraction (XRD) patterns of studied microwires present a wide halo, in

as-prepared and annealed state, characteristic of completely amorphous materials [3],

as can be seen in Figure 3.2 for sample 3.
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Figure 3.2. XRD diffraction pattern of as-prepared
C065.4 Fe3 gNiiB13.8Si13M01.35C1.65 microwire.

From the studied microwires, in Figure 3.3a are presented the samples with
similar composition for comparison of the evolution of the hysteresis loop with the
p —ratio increase. In Figure 3.3b can be seen the decrease of the anisotropy field, H, as

the p —ratio increases.

(a) (b)
1+ : ;
600 .
500- N .
3 E .
g 0 ix 400 N .
= = .
300 ‘o
— p=0,98 Sample 1 .
—— p=0,85 Sample 3 .
-1 —— p=0,96 Sample 4 200 »
-900 -600 -300 O 300 600 900 0,80 0.85 0.00 055 oo
H (A/m) o

Figure 3.3. Hysteresis loops of as-prepared Co-rich microwires of similar
composition studied (a) and Hi(p) dependence of microwires
samples 1, 3 and 4 (b).
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3.2. Post-processing effect on magnetic properties, GMI effect and DW
dynamics for Co-rich microwires

3.2.1. Conventional furnace annealing in Co-rich microwires

After annealing at sufficiently high temperature, similarly to reported results
for Co-rich microwires with vanishing As [4], the hysteresis loop shape turns into
rectangular. Coes.2Fe3eNi1B125Si11M01.5C12 microwires (sample 1) annealed at 250 °C
and 350 °C during 60 min present considerable magnetic hardening, perfectly
rectangular hysteresis loops with almost the same coercivity, H: = 90 A/m, can be seen
in

Figure 3.4, for the different annealing temperatures, and an increase in the

remanent magnetization, M, is observed.

The influence of the annealing temperature on GMI ratio presented in
Figure 3.4 was studied at a frequency of 200 MHz, given that Co-rich microwires

present maximum GMI ratio values at a frequency, f, ranging from 100 to 200 MHz [5].
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Figure 3.4. Hysteresis loop of Coss.2FessNi1B12.55i11M01.5C1.2 microwire
as-prepared and annealed at different temperatures during 60 min.
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Similar tendency was observed in several Co-rich microwires with vanishing
magnetostriction coefficient [1,4]. Consequently, observed tendency in hardening of
Co-rich microwires and transformation of inclined hysteresis loops into rectangular is

of general character.

AZ/Z(H) dependences observed in Figure 3.5 show a decrease after annealing at
200 °C, however, annealing at higher temperatures, Tann of 250 °C and 300 °C, give as a
result an increase in the maximum GMI ratio, AZ/Zmax. Hmax, the field of maximum
AZ/Z(H), becomes lower with increasing the annealing time, changing AZ/Z(H)
dependence shape, from the double-peak dependence shown in as-prepared and
annealed at 200 °C samples to a shape of decay with the magnetic field increase

presented for the samples annealed at higher annealing temperature, Tann.
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Figure 3.5. AZ/Z(H) dependences measured at 200 MHz for
Cogo.2Fe3.6Ni1B12.5Si11M01.5C1.2 microwire as-prepared and
annealed at different temperatures during 60 min.

AZ/Z(H) dependence shape, can be explained in terms of the magnetic

anisotropy distribution of the microwire metallic nucleus and the skin penetration

depth, 6, and its dependence on the frequency given by eq. (2.8) [1,6].

According to eq. (2.8), 6 as a function of the ratio between Rpc the DC-
resistance of the wire, and Rac, the real component of the impedance, Roc/Rac, can be

expressed as [7]:
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§ =7[1— (1= Rpc/Rac)*? (3.1)

where ris the wire radius.

The inner axially microwire radius, R, is related to the remanent magnetization
and therefore, can be estimated from the reduced remanence, M./Ms, using the
relation [1,3]:

R¢ = r(M,/Mg)*/? (3.2)

One of the important parameters for GMI effect characterization is the

maximum GMI ratio, AZ/Zmax, determined from the AZ/Z(H) dependencies [1,3].

AZ/Zmax evolution upon annealing, as it is reflected in Figure 3.6, for annealing
temperatures of 250 °C and 300 °C gives higher AZ/Znax values for the whole frequency

range studied.

It is important to note, that for Co-rich microwires with magnetic bistability

induced by annealing it was previously reported a decrease in the GMI ratio [4].

The magnetic hardening observed in

Figure 3.4 can be explained by the change of the magnetostriction coefficient
from negative to positive associated to the internal stresses relaxation or to the
domain structure modification consisting of the onset and growth of the inner axially
magnetized single domain at the expense of the outer domain shell with transverse
magnetic anisotropy [1,4,5]. Obviously, conventional furnace annealing cannot be
considered as appropriate processing for magnetic softness improvement of Co-rich

microwires.
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Accordingly, additional efforts have been paid to improve magnetic softness of

Co-rich microwires.
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Figure 3.6. Maximum GMI ratio dependences on frequency for
Cog9.2Fe3.6Ni1B12.55i11M01.5C1.2 microwire as-prepared and
annealed at different temperatures for Tann = 60 min.

3.2.2. Stress-annealing in Co-rich microwires

A systematic study of the influence of applied tensile stress during the
annealing for different applied stresses, temperatures and annealing times was carried
out for Coeg2FeseNi1B12.5Si11M01.5C12 microwire, corresponding to labeled sample 1

and Coeg.2Fes.1B11.8Si13.8C1.1, sample 2.

The tensile stress within the metallic nucleus, applied to the sample hanging a
mechanical load to one end of the microwire during the sample heating and slow
cooling within the furnace, has been evaluated following the equation previously
described (eq.(2.1)):

K-P (3.3)

O-m - K - Sm+Sgl

being K = E3/E, the ratio of the Young’s moduli at room temperature of the metallic

alloy, E;, and the glass, E>. P is the mechanical load applied and Sm and Sy are the cross
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sections of the metallic nucleus and glass coating, respectively. The applied stress

within the metallic nucleus ranges from 0 to 472 MPa.

Similarly to the case shown in
Figure 3.4, magnetic hardening is achieved upon conventional annealing [8].
The linear hysteresis loop of as prepared sample turns into rectangular (Figure 3.7a)

for the sample annealed without applied stress, with an increase in the coercivity,
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Figure 3.7. Hysteresis loop of as-prepared and stress annealed with different applied
stresses at 350 °C (a), as-prepared and stress annealed with 354 MPa at
different temperatures (b) Coegs.2Fe3.6Ni1B12.55i11M01.5C1.2 microwires.

from H=5A/m up to H.= 93 A/m.

Stress-annealing allows to manipulate the hysteresis loop character and the
magnetic softness: at intermediate Tann and om with the application of stress during the
annealing, the coercivity experiments a noticeable decrease and the remanent
magnetization increases. Figure 3.7b shows the influence of the temperature in the

stress-annealing treatment, coercivity decreases with the temperature increase.

This tendency changes with the increase of Tanmn and om, at Tann = 300 °C, Hc
continues to decrease, while M,/My begins to decrease with increasing o (see Figure
3.8a). Stress-annealed at Tgnn = 300 °C samples present rectangular hysteresis loops

shape with rather low H. (Figure 3.8a).
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The comparison of the hysteresis loops of the sample conventionally annealed
at 300 °C and stress-annealed (Tann = 300 °C, 0 = 472 MPa) presented in Figure 3.8b
reflects better magnetic softness of the stress-annealed sample, with Hx = 50 A/m,

lower than the value observed for as-prepared sample, Hx = 200 A/m.
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Figure 3.8. Hysteresis loops of Coss.2Fes.6NiiB12.5Si11Mo01.5C1.2 microwires stress-annealed at
Tann=300°C, 1 h (a) and hysteresis loops of as-prepared, annealed (T,.n= 300 °C, 1 h)
and stress-annealed (Tann= 300 °C, 0 = 472 MPa) microwires (b).

The increase in the annealing temperature, follows the same tendency of
better magnetic softness for the stress-annealed sample as compared with annealed
sample, as presented in Figure 3.9, where the temperature is set to Tgnn = 325 °C. The
influence of the variation of the stress applied during the annealing, evidences a
remarkable decrease in Hc and M,/My (Figure 3.9a) with the increase in o. The
hysteresis loop of the stress-annealed microwire at higher applied stress is no more

rectangular, with Hc.= 3 A/m and Hi = 35 A/m (Figure 3.9).
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Figure 3.9. Hysteresis loops of Coeo.2Fe3.6Ni1B12.55i11M01.5C1.2 microwires stress-annealed at Tann
=325°C, 1 h (a) and hysteresis loops of as-prepared, annealed (T,nn= 325 °C, 1 h)
and stress-annealed (Tann= 325 °C, 0 = 472 MPa, 1 h) microwires (b).

Stress-annealed

Coso.2Fe3eNi1B125Si1iMo1sC12  microwire  at  higher

temperatures, Tann = 350 °C (Figure 3.10), exhibits a more remarkable coercivity
decrease, with Hc= 2 A/m, for the sample stress annealed with o = 472 MPa, however,

in this case, Hx = 50 A/m [9].
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Figure 3.10. Hysteresis loops of Cosg.2Fe36NiiB125Si11Mo01.5C1.2 microwires annealed and stress-
annealed at T,nn= 350 °C (a) and hysteresis loops of as-prepared, annealed (Tann= 350 °C)
and stress-annealed (Tann= 350 °C, 0 = 472 MPa) microwires (b).

Correspondingly, above mentioned modification of the hysteresis loops
induced by the stress annealing is affected by both Tyn, and o. As for the case of Fe-rich

microwires [10], although at higher temperatures and stresses values than for Fe-rich

microwires, the stress-annealing induces transverse magnetic anisotropy.
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It can be expected that the stress-induced anisotropy, depending on the
annealing temperature and the stress applied during the annealing, affects the GMI

ratio dependences, which are discussed below.

A comparison of AZ/Zmex (f) dependencies for as-prepared and stress-annealed
at 472 MPa Cosg.2Fes6Ni1B12.55i11M01.5C1.2 samples is shown in Figure 3.11a. In spite of
better  magnetic  softness of  the stress-annealed at 472 MPa

Cos9.2Fe3.6Ni1B12.55i11M01.5C1.2 samples, they present similar AZ/Zmax -values.

Figure 3.11b shows the influence, at a fixed annealing temperature, of the stress

applied during the annealing on the maximum GMI ratio, AZ/Zmax —values.

It is interesting that the optimum frequency for as-prepared sample is about 100
MHz, however, for stress-annealed samples the optimal frequency shifts to about 150
MHz. We can conclude that the stress-induced anisotropy allows tuning of both the

GM I ratio value and the AZ/Zmax (f) dependencies.
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Figure 3.11. AZ/Znx (f) dependencies for as-prepared and stress-annealed
Cogs.2Fe36Ni1B1255i11M01.5C1.2 samples at different annealing temperatures
(a) and at 300 °C during 60 min for different applied stresses (b).

For the study of the influence of the annealing time in the AZ/Z(H) and AZ/Zmax

dependences Coes.2Fes.1B11.8Si13.8C1.1 microwire was employed.
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After even short annealing of Coeg.2Fes.1B11.8Si13.8C1.1 microwires, considerable
magnetic hardening is achieved (see Figure 3.12b), coercivity rises by more than an
order of magnitude and the hystereis loops transforms into rectangular, as compared
with the behaviour displayed for as-prepared microwire, with almost anhysteretic
hysteresis loop (see Figure 3.12a), typical for microwires with low negative
magnetostriction values [11]. Stress-annealed Coeg9.2Fes1B118Si13.8C1.1 microwires

showed lower coercivity, H, as observed from Figure 3.12c.
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Figure 3.12. Hysteresis loops of as-prepared (a), annealed
at Tann =300 °C for o = 0 MPa (b), and for o = 80 MPa (c)
Co69.2F€4.1B11.8Si13.8C1.1 microwires.

The rectangular character observed for the hysteresis loop of stress-annealed

Coe9.2Fes.1B11.8Si13.8C1.1 microwire can be related to low enough om-value (80 MPa).

Coe9.2Fe4.1B11.8Si13.8C1.1 microwire presents enhanced GMI effect as shown in
Figure 3.13 (GMI ratio up to 285%) with double peak behavior. This peak behavior is
ascribed to circular magnetic anisotropy with high initial permeability and low

coercivity.
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Figure 3.13. AZ/Z(H) dependences of as-prepared (a), stress-annealed (Tun, = 300 C,
0 =80 MPa) tann=10 min (b), tamn=30 min (c), and AZ/Zmax (f) dependencies of
as-prepared and stress annealed (d) Cogs.2Fe4.1B11.85Si13.8C1.1 microwires.

Upon stress annealing at a fixed temperature (Tunn = 300 'C) and applied stress
(0q = 80 MPa) for different annealing time, a noticeable modification of the AZ/Z(H)
dependences has been observed (Figure 3.13b-c). AZ/Zmax at f = 100 MHz decreases
from 280% to 265% and 250% for samples stress annealed at 10 min and 30 min,
respectively. However, the samples stress-annealed present higher AZ/Zmqx —values at
higher frequencies (Figure 3.13b-d). Figure 3.13d shows maximum on AZ/Zmax (f)
dependence at about 200 MHz for both stress-annealed samples. AZ/Zmax = 310% is

achieved for the stress-annealed sample for tann= 10 min (Figure 3.13b-d).

Moreover, AZ/Z(H) dependence exhibits single peak character at lower

frequencies (10 MHz) associated with axial anisotropy induced upon stress annealing.
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Observed frequency dependence on AZ/Z(H) can be related to the radial distribution of
magnetic anisotropies in the core-shell domain structure [11]. In consequence, as can
be seen in Figure 3.13d, GMI ratio optimization after stress-annealing of Co-rich

microwires is achieved at frequencies above 400 MHz

Based on these observed dependencies, it can be concluded that stress
annealing is an efficient method for improving the GMI effect for Co-rich microwires

with low negative magnetostriction values.

3.2.3. Controlling the domain wall dynamics in Co-based magnetic
microwires

The evolution of the hysteresis loops, presented in Figure 3.8, shows the

annealing induced magnetic bistabilty, similar to other Co-rich microwires [4,12].

As seen in Figure 3.8b, as prepared sample presents a linear hysteresis loop
with very low remanent magnetization, M,, and in consequence, it does not exhibit
single DW propagation. In contrast, annealed samples, present perfectly rectangular
hysteresis loop, and hence, single DW propagation can be observed in the inner axially

magnetized domain.
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Figure. 3.14. v(H) dependences measured for Coss.2F€4.1B11.85i13.5C1.1
microwires annealed during tu.., = 60 min at different temperatures.
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Therefore, the DW propagation was measured for the samples presenting
induced magnetic bistability. Obtained v(H) dependencies are presented in Figure 3.14,

where it can be appreciated the influence of annealing temperature.

High DW velocity is observed for the microwires annealed at 325 °C (see Figure
3.14) with a non-monotonic dependence of the DW velocity on the annealing
temperature. The latter can be associated to the annealing influence on the sign and
value of the magnetostriction coefficient, A5, [12]. As a rule, an increase of As upon

annealing is found for Co-based microwires [13].

Consequently, the annealing influence on the magnetoleastic anisotropy, i.e,
stresses relaxation and magnetostriction coefficient modification, is reflected on the

evolution of the DW dynamics and as well as in the GMI effect previously analyzed.

Stress annealing was presented as a useful tool for the improvement of the GMI

effect. The stress-induced anisotropy is expected to affect both GMI ratio and DW

dynamics.
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Figure 3.15. v(H) dependences measured for Coes.oFes 1B11.s5i13.8C1.1 microwires stress-annealed
with 354 MPa at different Tan, (a) and for the sample annealed at
Tann = 350 °C with different applied stresses during the annealing.

At selected stress-annealing conditions, where the hysteresis loops shape
remains rectangular, it can be assumed that the samples can present single domain

wall propagation related to a single Barkhausen jump.
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Figure 3.15a presents the influence of the annealing temperature for a fixed
value of the applied stress during the annealing. It can be observed upon increase of
the annealing temperature a gradual increase of the mobility, S, (slope of the curve)
and the DW velocity. In the same way, in Figure 3.15b there is reflected an increase of S

-values upon o rising for a fixed Tgann.

Figure 3.16 shows the influence of the tensile stress applied during the
annealing at Tann = 300 °C for tenn = 60 min. All the samples present single DW
propagation with almost perfectly linear v(H) dependencies (described by eq. (1.2))

and quite high DW velocities.
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Figure 3.16. v(H) dependencies for Fes C069.2Ni1B12.55i11M01.5C1.2
microwires annealed at Tann= 300 °C for tan, =60 min without
stress (om= 0 MPa) and under different stresses.

Fes.6C069.2Ni1B12.5Si11M01.5C1.2 microwires annealed without stress present the
highest DW velocity of about 3 km/s (Figure 3.16). However, the field range of single
DW propagation is rather short (between 83 and 93 A/m). Extended field range is
observed for stress-annealed FeseC069.2Ni1B125Si11M015C1.2 microwires. DW velocity
and S -values are affected by o values, similarly to the case of Tann = 350 °C (Figure
3.15b). There is a gradual increase of the mobility upon increase of the stress applied
during the annealing. The observed shift of the linear v(H) dependences of stress-
annealed microwires with induced magnetic bistability to low field region (Figure 3.15b
and Figure 3.16) is explained by the lower coercivity values of stress-annealed samples

(see Figure 3.8).
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3.2.4. Joule heating in Co-rich microwires

Throughout this section the influence of Joule heating on the magnetic
properties of Co-based microwires and its comparison with conventional furnace
annealing is systematically investigated. Accordingly, the experimental results of
Cog9.2Fea.1B11.8Si13.8C1.1 and Coe7FesgNii1sB11.5SilasMo1s microwires, samples 2 and 4,

respectively, are presented.

The microwires were subjected to a series of current annealing treatments in
which different currents were applied during different time. Direct current (DC) values
for the heat treatments were selected clearly below the values that could produce
hardening and/or crystallization of the samples, as described in annealing procedures
section [14]. Current densities of 58.3 and 77.7 A/mm? were selected for time ranging

from 3 to 20 minutes for both samples.

Accordingly, Coeo.2Fes.1B11.8Si13.8C1.1 microwire (sample 1), with d = 22.8 um, was
subjected to currents of 24 and 32 mA. Hysteresis loops of current annealed samples
are presented in Figure 3.17. Joule heated at | = 24 mA samples, Figure 3.17a, present
similar character as hysteresis loops of as-prepared microwire, with low coercivity
values. A slight decrease in the magnetic anisotropy field can be observed (Figure

3.17c).

Current annealed samples at /= 32 mA (Figure 3.17b), show similar behaviour,
linear hysteresis loop with a decrease in Hi, that becomes more remarkable for tgn, =

10 min (Figure 3.17c).

Although Joule heating at j = 80 A/mm? causes a sample heating up to
approximately 200 °C [12], as compared with conventional furnace annealing of
studied microwire at 200 °C presented in Figure 3.17b, Joule heated samples present

lower H..
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Figure 3.17. Hysteresis loops of sample 1 as-prepared and Joule heated at 24 mA (a), Joule
heated at 32 mA and annealed at 200 °C for 60 min (b) and Hx (tans) dependence
evaluated from hysteresis loops of current annealed samples (c).

Magnetic hardening observed for Co-rich microwires after conventional furnace

annealing is avoided with current annealing, as is also observed in amorphous ribbons

[14].

AZ/Z(H) dependence of Joule heated sample with j = 24 mA during 3 min,
presented in Figure 3.18a for f = 150 MHz, shows a remarkable improvement of

AZ/Zmax from AZ/Zmax = 100% to AZ/Zmax = 300 %, as compared to as-prepared sample.

Double-peak shape of AZ/Z(H) dependencies, similar to as-prepared sample, is
observed for all Joule heated samples at all frequencies measured (see Figure 3.18b

and Figure 3.18c, where results for Joule heating for tsn, = 3 min are shown).
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The double-peak AZ/Z(H) dependence observed is associated to circumferential
magnetic anisotropy and the maximum field, H», to magnetic anisotropy field [15].
Joule heated samples present lower Hpn values than those of as-prepared sample
(Figure 3.18a), that correlate with lower Hi values for Joule heated sample than for as-

prepared, obtained from bulk hysteresis loops measured of both samples (see Figure

3.17a,b).
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Figure 3.18. Coeo.2Fe4.1B11.85i13.5C1.1 microwire AZ/Z(H) dependencies measured in as-prepared
and Joule heated (24 mA, 3 min) samples measured at 150MHz (a), AZ/Z(H) dependencies
measured at different frequencies for Joule heated 3 min at 24 mA (b)
and at 32 mA (c), respectively.

Maximum GMI ratio, AZ/Zmax, dependence on frequency presented in Figure
3.19a shows a GMI ratio improvement, with AZ/Zm.x close to 300% for all current
annealed samples in an extended frequency range. It is important to note, that the

optimum frequency, at which maximum on AZ/Zne(f) dependence is observed is
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shifted to higher frequencies of about 150-200 MHz as compared to as prepared

sample, in which such maximum takes place at a frequency of about 100 MHz (Figure

3.19a).
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Figure 3.19. Coeo.2Fe4.1B11.55i13.8C1.1 microwire AZ/Zqx (f) dependences observed in as-prepared
and Joule heated at different annealing conditions samples (a) and AZ/Zmqx (f) dependencies
of as-prepared, stress-annealed (T,.n = 200 and 375 °C, with 354 MPa, for 60 min) and
Joule annealed (24 mA, 10 min) samples (b).

Comparison of AZ/Zmex (f) dependencies of as-prepared, stress-annealed and
Joule heated samples presented in Figure 3.19b reflects the beneficial influence of

Joule heating, Joule heated sample presents the highest AZ/Zmax -value up to f = 400
MHz.

Influence of Joule heating on the hysteresis loops and GMi effect for
Cos7Fes9Ni15B11.5Si145M01.6 microwire, sample 4, is studied below. The hysteresis loops
of the samples current annealed are presented in Figure 3.20, coercive field, H, and
effective anisotropy field, Hk, evaluated from the knee area just before the approach of

magnetization saturation, M, were obtained from the hysteresis loops and compiled in

Table 3.2.
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Current annealed Coe7FessNi1sB11.5SiiasMo1e glass coated microwires present

extremely soft magnetic properties. The samples current annealed at 30 mA for 3 min

and 5 min present the lowest coercivities of about 2 A/m and Hx = 32 A/m, as can be

seen from Hi evolution with Joule heating time, in Figure 3.18d. Increasing the

annealing time a slight increase in the coercivity and the anisotropy field is observed.

The character of the hysteresis loop remains the same for longer current annealed

time [16]. Similar behaviour is observed for the sample current annealed at 40 mA.
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Figure 3.20. Hysteresis loops of Cos7FesoNiz sB11.55i145Mo01.6 microwires Joule heated
at 30 mA for 3, 5, 10 and 20 min (inset) (a), Joule heated at 40 mA for 3, 5 and
10 min (b) and comparison between the hysteresis loops of the sample
Joule heated at 30 mA and 40 mA for 5 min (c) and Hi
dependence on Joule annealing time for | = 30 mA (d).
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Table 3.2. Magnetic properties of studied Cos7Fe3.9Ni15B11.55i145M01.6
microwires subjected to different post-processing.

I applied  Duration Hc Hi
(mA) (min) (A/m) (A/m)

Post-processing type

As-prepared 7 65
3 2 32
30 5 2 32
10 6 75
Joule heated 20 6 75
3 5 50
40 5 5 55
10 4 63
Annealed (Tan = 300 °C) 60 6 21
(a) (b)
1,0 Sample 4 101 sample 4
0,5 0,51
o o
E 0,0 E 0,0
= / = Joule heated
-0,5- — As-prepared -0,51 (30 mA 40 min)
—— Annealed —— Annealed
101 (300 °C 60 min) 104 Y (300°C EjO min)
50 0 50 -50 0 50
H (A/m) H(A/m)

Figure 3.21. Hysteresis loops of CossFes.oNi15B1155i145Mo01.6 microwire as-prepared and
annealed at 300°C 60 min (a) and annealed at the same conditions and current
annealed with 30 mA for 40 min (b).

The results obtained for Cos7Fe3gNiisB115Si1asMo1s microwire annealed in
conventional furnace, at 300 °C during 60 min (Figure 3.21a) and its comparison with
Joule heated sample with 30 mA during 40 min (Figure 3.21b) show that in contrast to
Joule heated sample, conventional annealing leads to a drastic magnetic hardening of

the sample [17].
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AZ/Z(H) representation of as-prepared and current-annealed
Cos7FesoNi15B11.5Si145Mo01.6 microwires gives as a result a double-peak dependence
(Figure 3.22) typically reported for Co-rich microwires with low negative
magnetostriction coefficient and weak circumferential magnetic anisotropy [15,18].
Even in as-prepared state, Cos7Fe39Ni1.sB11.5S5i145M01.6 microwire presents high AZ/Z(H)
values with a maximum GMI ratio, AZ/Zmax, of about 550% at a frequency of 300 MHz
(Figure 3.22 and Figure 3.23).
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Figure 3.22. AZ/Z(H) dependences for CossFes.oNi1sB11.5Si14.5M01.6 microwire as-prepared (a)
current annealed at 40 mA for 3 min (b), 5 min (c) and 10 min (d) measured at different

frequencies.

An increase in the GMI ratio is observed after Joule-heating at the selected
conditions. Highest GMI ratio enhancement is attained for short current-heating times
as can be appreciated in Figure 3.22, for samples annealed at 30 and 40 mA during 3
min and 5 min, related to the magnetic softening observed in the hysteresis loops of

current annealed microwires at these conditions. The highest AZ/Zmnax value of about
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650% is obtained for sample current-annealed at 40mA during 5 minutes. An increase

in the annealing time correlates with a decrease in AZ/Zmax (Figure 3.22d).

A noticeable improvement of the GMI ratio is obtained for the whole MHz
frequency range. The optimum frequency moves from 300 MHz for as-prepared

sample to 200 MHz for current-annealed ones.
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Figure 3.23. Maximum GMI ratio dependences on frequency for
Cog7FesgNiisB11.5Si145Mo1.6 microwire as-prepared and
current annealed at different conditions.
In the current annealing process, the sample, besides the heating, is affected by
the circumferential magnetic field associated to the current flowing through it. The
circumferential magnetic field, H.r, produced from the current passing through the

microwire (Oersted’s law) can be estimated in the metallic nucleus as following [3]:
H . = 1/2nr (3.4)
with / the current value and r the radial distance.

Hcirc values change to zero to its maximum value at the surface of the
microwire, which is the one involved in the GMI effect. Obtained values for the studied

microwire for the applied currents are Hcr = 0.375 kA/m and 0.5 kA/m for / = 30 mA
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and 40 mA respectively, these values are well above Hi values extracted from the
hysteresis loops (see Figure 3.20 and Table 3.). Therefore, the magnetization near the
surface can be affected by the circumferential magnetic field during the current
annealing process that prevents the magnetic hardening of conventional annealing

leading to the magnetic softening observed.

Magnetic anisotropy induced by the circumferential magnetic field and stresses

relaxation explain the evolution of magnetic properties and GMI ratio dependences.

3.2.5. Effect of tensile stress in Co-rich microwires

We  have evaluated the influence of applied stress for
Coes.4Fe3 gNi1B13 8Si13M01.35C165 (d = 18.8 um, D = 22.2 um) glass coated microwires
(sample 3). This sample was subjected to a series of applied stresses in as-prepared
state, by means of a mechanical load attached to one end of the microwire (sample

length of 10 cm). The applied stresses value, o, ranges from 0 to 472 MPa.

Crystallization temperature of the sample, T, = 554 °C, was determined by DSC

measurements [19].

From Figure 3.24 it can be seen that the hysteresis loop character does not
change under applied stresses, nevertheless the anisotropy field, Hx, increases with the

increase in the applied stress.

The representation of Hx versus o (Figure 3.25a) gives as a result a linear
dependence, in accordance with the magnetoelastic anisotropy, Kme, expression for low
magnetostrictive amorphous materials [20], given by eq. (1.1), and its relation with the
anisotropy field [21]:

As = poMs(Hy/30) (3.5)

being uo.Ms the saturation magnetization.

In order to analyze the linear dependence of the magnetostriction coefficient

on the applied stresses we have to take into account the expression [22]:
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AS,(T = AS,O — Bo (36)

where Asos is the magnetostriction coefficient under applied stress, Aso is the
magnetostriction coefficient value when there is no applied stress and B is a positive

constant of the order of 1071° MPa.
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Figure 3.24. Hysteresis loops of as-prepared and subjected to different
applied stresses Cogs.4Fes.gNi1B13.85i13M01.35C1.65 microwire.

From eq. (3.5), it can be explained that for Co-rich microwires with negative
magnetostriction coefficient the stress application produces a further decrease in As,

with the subsequent linear increase of the anisotropy field observed.

(@) b
1500 (b)
2400
.'“.‘ i
1000+

—~ 1600
e o
~~ -
< L2 =
~ J e ]
- 500 800

0 T T T T T 0 T T T T T

0 100 200 300 400 500 600 0 100 200 300 400 500

o (MPa) o (MPa)

Figure 3.25. Anisotropy field Hc dependence on applied stresses (a), and magnetic
susceptibility, x, dependence on applied stresses (b) of as-prepared
Coss.4Fe3.8Ni1B13.8Si1sMo1.35C1.65 microwire.
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Since the saturation magnetization, UoMs, of studied
Coes.4Fe3 sNiiB13.8Si1sMo01.35C1.65 microwire is about 0.8 T [23], we calculate the
magnetic susceptibility, x, as a function of the applied stress in Figure 3.25b, where a
monotonous decrease with the increase in the value of the applied stress can be

observed.

3.2.5.1. Tuning of DW dynamics in Co-rich microwires by applied tensile stress

Stress dependence of the DW dynamics for Coeg2Fes.1B11.8Si13.8C1.1 microwires

with annealing induced magnetic anisotropy is studied in Figure 3.26.

A considerable increase in the DW velocity upon applied tensile stress can be
observed. Such stress dependence of DW dynamics, reported for various Co-rich
microwires with annealing-induced magnetic bistability [24], is opposite to that
reported for magnetic microwires with positive As [25]. Additionally, high v-values (up

to 3.5 km/s) can be observed in such Co-rich microwires.
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Figure. 3.26. v(H) dependencies of Coes.2Fes.1B11.5Si13.8C1.1 microwires annealed at T,nn = 300
°C for 45 min measured under different applied tensile stresses. Hysteresis
loop of the microwire annealed (Tann = 300 °C for 45 min) (inset).
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3.2.6. Graded magnetic anisotropy in Co-rich microwires

The main interest in magnetic materials with graded magnetic anisotropy is the
possibility to control the spatial distribution of the magnetic anisotropy. Such graded
anisotropy has been proposed for the DW propagation engineering either by

controllable DW injection or trapping [10,26].

Usually, graded magnetic anisotropy is obtained by chemical composition
modification during the sample fabrication [27,28]. The magnetic properties tunability
by stress-annealing at variable temperature was recently proposed for the

development of Fe-rich microwires with graded magnetic anisotropy [10].

As we have seen above, and similarly to Fe-rich microwires, stress-annealing
can considerably modify the magnetic properties of Co-rich microwires [8,9]. For this
reason, it is expected that stress-annealing of Co-rich microwires at variable

temperature will allow obtaining graded magnetic anisotropy in Co-rich microwires.

For the studies of graded magnetic anisotropy Coea.0aFes.71B15.88S5i10.94Cr3.4Nio.03
(sample 5: d =95 um, D = 130 um) and CoesCra.sFes.sB16Sii1 (sample 6: d = 20.1 um, D =

24.8 um) glass-coated microwires, prepared using Taylor-Ulitovsky method were

selected.
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Figure 3.27. Diagram of the assembly for the microwire stress-annealing treatment
at variable T (a) and temperature distribution inside the furnace (b).
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The annealing at variable temperature was performed as follows: 30 cm long
microwire was furnace annealed under tensile stress, o = 500 MPa (sample 5) and 400
MPa (sample 6), created by a mechanical load attached to one of the microwire ends
(Figure 3.27a). The magnitude of the applied stress o, was selected considering the
different Young moduli of the metallic nucleus and glass coating of the microwire as

before described [8,9].

For the annealing treatment one end of the microwire sample was inserted into
the furnace through the orifice to the central zone of the furnace where temperature,

T, is constant, while the opposite sample end was kept outside the furnace.

By means of a commercial (NiCr-Ni) thermocouple it was measured the
temperature distribution (with T set at 300 °C) inside the furnace and in the orifice,
through which the sample is introduced (Figure 3.27b). Therefore, the part of the
microwire placed outside the furnace was subjected to tensile stress, while the
microwire portion placed inside the furnace was stress-annealed (part with constant T
and the part of the sample placed in the temperature gradient zone was stress-

annealed under variable 7).
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Figure 3.28. Effect of stress-annealing at T,.n = 300 °C on hysteresis loops of
sample 5 (o = 500 MPa) (a) and for sample 6 (o = 400 MPa) (b).

Both as-prepared microwire samples present excellent magnetic softness with
low coercivity, He, 14 A/m and 3 A/m and magnetic anisotropy field, Hx, 100 A/m and

40 A/m, for sample 5 and sample 6, respectively, typical of amorphous materials (see
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Figure 3.28a and Figure 3.28b). Like for previously studied Co-rich microwires, a
modification of the hysteresis loops of studied microwires is observed upon stress-

annealing as can be seen in Figure 3.28.

Figure 3.28a shows the effect of stress-annealing at Tonn = 300 °C in sample 5,
there is a decrease in the coercivity, to almost unhysteretic loop, and the anisotropy
field increases up to Hk = 900 A/m. The observed modification of the hysteresis loop
upon stress-annealing must be related to the transverse character of the induced
magnetic anisotropy by stress-annealing and magnetization process by magnetization

rotation.

On the other hand, the opposite tendency is observed for the sample 6, the
hysteresis loop turns into almost perfectly rectangular with Hc = 11 A/m (see Figure

3.28b).

10000 500 0 500 1000
H (A/m)

Figure 3.29. Hysteresis loops of sample 5 stress-annealed (o = 500 MPa)
at variable Tann. Tann are evaluated from Figure 3.23b.

The difference observed in the effect of stress-annealing on the hysteresis
loops of both samples (see Figure 3.28a and Figure 3.28b) can be associated to the
different value of the applied stresses. It has been recently reported [8,9], that even
for the same Co-based microwire, the anisotropy induced by stress-annealing is

considerably affected by the o-values (the character of the induced anisotropy of
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Fe3.6C069.2Ni1B12.5Si11M01.5C1.2 microwire stress-annealed for o > 470 MPa changes form
axial to transverse) [8,9]. Furthermore, the difference in the hysteresis loops of both
stress-annealed samples can be also related to the difference in chemical compositions
and thus different As —values.

As previously shown, the stress-annealing induced magnetic anisotropy of
microwires depends on the annealing conditions, Tann, tann and o [10]. Consequently,
stress-annealing of Fe- rich microwires under temperature gradient was satisfactorily
employed for obtaining controllable spatial distribution of the magnetic anisotropy

[10].
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Figure 3.30. Hysteresis loops of sample 6 stress-annealed (o = 400 MPa) at
variable Tqnn. Tann evaluated from Figure 3.23b are: 25 °C (a); 160 °C (b);
251°C(c); 290 °C (d); 295 °C (e) and 300 °C (f), respectively.

The same concept is used for studied Co-rich microwires. In fact, as can be seen
in Figure 3.29 and Figure 3.30, there is a gradual modification of the hysteresis loop
(measured by the short pick-up coil along the samples length) of both samples stress-
annealed at variable Tann.

As has been evaluated from the hysteresis loops (shown in Figure 3.29 and
Figure 3.30), both samples present variation of the magnetic properties along the

wires length that correlate with Tann gradient during the stress-annealing. Accordingly,
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Figure 3.31a and Figure 3.31b show the evolution of the hysteresis loops in terms of
remanent magnetization, M,/My, and magnetic anisotropy field, Hx, variation along the
microwire length, L, for sample 5.

Likewise, Figure 3.32 shows the evolution of the hystereis loops of sample 6
subjected to stress-annealing in T, gradient, reflected in M,/Mo, and coercivity, H,,

variation along the microwire length.
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Figure 3.31.Variation of M,/My (a) and H (b) along the sample length in the sample 5
annealed at variable Tun,. The lines are just guides for the eyes.
The evolution upon stress-annealing under Tgnn gradient presents features
similar to those reported for stress-annealing induced anisotropy in Co-based
microwires [29]. Both samples present an increase in M,/My followed by a decrease

with Tgnn increasing.
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The hysteresis loops modification is explained by the microwires domain
structure, which is affected by the A value and sign, the internal stresses distribution
and the shape magnetic anisotropy. As a consequence, axial magnetization alignment
is promoted by the exchange energy contribution, especially relevant for thin and long

enough magnetic microwires, with high shape anisotropy [30,31].

The internal stresses origin in glass-coated microwires is explained taking into
account that in addition to quenching internal stresses, oig, arising from the rapid melt
guenching itself, there are two more internal stresses contributions: the difference in
thermal expansion coefficients of the metallic alloy and the glass coating, oi, and the
drawing stresses, ois, [32,33]. Different theoretical approaches and indirect
experimental results (e.g., effect of glass-coating etching, influence of applied stresses)
manifest that the oi: contribution arising from the difference in thermal expansion
coefficients of metal and glass is the most relevant [15,31]. Correspondingly, git > 0iq

and o > 0jg.

The value of internal stresses is affected by the microwire geometry: glass-
coating thickness, metallic nucleus diameter, d, and total microwire diameter, D. In the

most simplified approximation o;: has been expressed as [34]:

po_tEKA | 4 Plk + 1A + —2
0p=0,=P=———+=; 0,= —=  (3.7)
(§+1>A 3 (kA + 1)

where o4, o, and o, are circular, radial and axial stresses, A = (1 — p?)/p?, k =
Ey/Em, Em, Eg- Young modulus of metallic nucleus and glass, respectively, & =
(am—ag)(Tm—Troom), am, g are thermal expansion coefficients of metallic

nucleus and glass, respectively, and Tm, Troom are melting and room temperatures.
Therefore, the hysteresis loops variation, seen in Figure 3.31 and Figure 3.32, is
the result of the balance between the shape magnetic anisotropy, the magnetoelastic

anisotropy and the stress-annealing induced anisotropy.
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According to the core-shell domain structure model the modification in M,/M,
along the microwire can be associated with the change in the inner axially magnetized

core radius, R, related with M,/M,, by eq. (3.2).
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Figure 3.32. Variation of M,/Mo (a) and H. (b) along the sample length for the sample 6
annealed at variable T, The lines are just guides for the eyes.

Consequently, the spatial distribution of the hysteresis loops, must be
consequence of the gradual modification of the domain structure along the microwires

stress-annealed under a temperature gradient.
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3.3. Concluding remarks

Amorphous Co-rich microwires can present excellent magnetic softness and
giant magnetoimpedance (GMI) effect. High GMI effect, obtained even in as-prepared
Co-rich microwires, can be further improved by appropriate heat treatment (including

conventional annealing, stress-annealing and Joule heating).

It is worth mentioning the considerable improvement of AZ/Zmax values up to
650%, obtained for CoesFesoNiisB115Si1asMoi1s microwire after appropriate current
annealing conditions. Such microwires current annealed at optimal conditions,

additionally present enhanced magnetic softness.

Conventionally furnace annealed and stress-annealed, under appropriately
selected conditions, Co-based microwires can present rectangular hysteresis loops and
therefore single and fast domain wall propagation. However, generally Co-based
stress-annealed microwires present high magnetoimpedance ratio. Therefore,
combination of both high GMI effect and fast single DW propagation can be obtained
in the same Co-based microwire. The appropriate regimes allowing observation of fast

and single DW propagation and high GMI effect in the same microwire were found.

DW velocity is observed in annealed Co-based microwires under application

of tensile stresses due to the induced magnetic bistability.

We propose a rather simple method for preparation of Co rich microwires
with graded magnetic anisotropy consisting of stress- annealing under temperature
gradient. A gradual change in the hysteresis loop of Co-rich glass-coated microwire

stress-annealed at variable temperature is observed.
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4. Engineering of magnetic properties of microwires with
positive magnetostriction coefficient (Fe-, Fe-Ni- and
Fe-Co-rich)

This chapter summarizes the results obtained by selecting different
chemical compositions and post-processing steps with the aim to optimize the
magnetic properties for different Fe-rich compositions and geometric
characteristics of amorphous glass coated microwires as presented in the table

below (Table 4.1).

The microwires selected pretend to give a complete overview of the
behaviour of Fe-rich microwires from the metallic alloy groups CoxFeix and

NixFei1x, for 0 < x <1, and Finemet-type FeCuNbSiB microwires.

Table 4.1. Compositions, geometry and magnetostriction
coefficients of studied Fe-rich glass-coated microwires.

d(um) D(um) p=d/D Asx10°

Composition

Fe77.5B1sSiz.5 15.1 35.8 0.42 38
Fe70B15Si10Cs 3 18,75 0.16 35
Fe70B15Si10Cs 6 23,08 0.26 35
Fe70B15Si10Cs 10.8 22.5 0.48 35
Fe70B15Si10Cs 15 23,8 0.63 35
FE7sBQSi1zC4 15.2 17.2 0.88 38
Fe71.7B13.4Si11NbzNio.9 103 158 0.65 35
Fes7.4Ni26.6Si11B13C2 29 32.2 0.9 25
Fes9.6Ni27.9Si7.5B1s 14.2 33.85 0.42 20
Fes2Ni15.5Si7.5B1s 14.35 33.25 0.43 27
Fez0.8Cu1Nb3.1Si14.5B10.6 11.8 14.4 0.8 30
Fez0.8Cu1Nb3.1Si14.5B10.6 15.6 21.8 0.7 30
Fe70.8Cu1Nbs3.1Si14.5B10.6 10.7 16.4 0.6 30
Fe71.8CuiNb3.1Si15Bo.1 7.0 24.8 0.282 30
Fe71.8CuiNb3.1Si15Bo.1 18.2 39 0.467 30
(Feo.7€00.3)s3.7SiaBsP3.6Cuo.7 26.5 22.3 0.84
Fess.7SiaBsP3.6Cuo.7 15.5 17.5 0.89
Fess.5C03s85B1sMo04Cuy 10 16.6 0,6
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4.1.

As-prepared Fe-rich microwires

4.1.1. FeBSiC microwires

As-prepared Fe75BgSi12C4 amorphous glass coated microwire with

metallic nucleus diameter d = 15.2 um and total diameter D = 17.2 um, and

with magnetostriction coefficient, As, positive value of about 35 x 10®, presents

a rectangular hysteresis loop (Figure 4.1) with Hc =~ 48 A/m.
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Figure 4.1. Hysteresis loop of as-prepared Fe;sBsSi12Cs
amorphous glass-coated microwire.

Amorphous state of the as-prepared microwire was confirmed by XRD

pattern (Figure 4.2a) and DSC curve of as-prepared FezsBsSi12C4 microwire

(Figure 4.2b) shows a crystallization temperature, T, of about 522 °C, and the

estimation of the Curie temperature is about T, = 413 °C. Therefore, the

annealing temperatures, Tann, for this sample, in order to prevent

crystallization, should be maintained below these temperatures.
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Figure 4.2. XRD diffraction pattern (a) and DSC curve (b)
of as-prepared Fe75BsSi12C4 microwire.
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4.1.2. Magnetoelastic anisotropy effect on as-prepared Fe-rich
amorphous microwires

As mentioned in the previous chapter, the magnetoelastic anisotropy,
Kme, together with the shape anisotropy, are the key factors that determine the

character of the hysteresis loops of amorphous microwires [1]:

The magnetic softness of the microwires, reflected on the hysteresis
loops is quite sensitive to their composition and geometry, as reported also for
cobalt rich compositions [1]. By changing the composition of the microwires,
we can study the effects of the changes in the magnetoelastic anisotropy on

hysteresis loops.

On the other hand, the internal stresses arising during the glass-coated
microwires preparation have three sources: i) quenching stresses originated by
the rapid melt quenching; i/) complex tensor stresses associated with the
different thermal expansion coefficients of metallic nucleus and glass-coating,

and iii) axial stresses associated with wire drawing [1-3].

However, it is recognized that the internal stresses, oj, arising from
different thermal expansion coefficients of the glass coating and the metallic
alloy are the largest [4]. The internal stresses depend mainly on the difference
of thermal expansion coefficients and on p-ratio (o = d/D) (eq. 3.9). The more
detailed theoretical estimations give o; up to 4 GPa [3,5]. Although internal
stresses are distributed in a complex way, the important point is that the axial
internal stresses are the largest ones.

The quenching stresses and stresses originated by the microwire

drawing are roughly an order of magnitude lower [3].

Accordingly, the o; value can be controlled by modifying the p-ratio [3-
5].

Fe-rich microwires have positive magnetostriction coefficient with A
values ranging from A; ~ (20-40) x 10°%. The rectangular character of the

hysteresis loops of amorphous microwires with positive As values is rather
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different of that of the microwires with negative As values that present low

coercivity and almost non-hysteretic behaviour [6].

The axial magnetic anisotropy of microwires with positive As values, due
to its particular domain structure consisting of an inner axially magnetized
single domain and an outer domain shell with radial magnetization orientation,
explains the rectangular character of the hysteresis loops, related to an

extremely fast magnetization switching by single domain wall propagation.

On the other hand, microwires with the same composition and
consequently same As values, can present different magnetic properties
depending on the diameters of their nucleus and glass coating, as we will see

with the following example in Figure 4.3.

(@) (b)
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Figure 4.3. Hysteresis loops of as-prepared FeB15Si1oCs amorphous microwires with
different pratios (a) and H:(p) dependence (b) of the same microwires.

In Figure 4.3a, hysteresis loops of microwires with a given composition,
in this case FezoB1sSi10Cs amorphous glass-coated microwires, and different
internal stresses, obtained by means of p ratio variation, are presented, H.
variation by almost an order of magnitude can be observed from the Hc (o)
dependence (Figure 4.3b), similarly as observed for the case of Co-rich

microwires [8]. From the hysteresis loops representation it can also be
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appreciated the influence of the internal stresses in the switching field, Hs,

exhibiting, coupled with Hc(p), a decrease as p ratio increases.

On the other hand, As sign and value of amorphous materials is primary
influenced by the chemical composition. Therefore, the hystereris loops are
also considerably affected by the chemical composition of the metallic nucleus

[1].

Thus, Fe-rich amorphous alloys possess high and positive As -values (up
to As = 40 x 10°®) [9,10], while in amorphous Co-rich alloys As is low and negative
(up to As = -5 x 10°®) [9,10]. Vanishing As values can be obtained by doping of Co-
rich alloy with Fe or Mn: As can take nearly-zero values in CoixFex or Co1xMny
amorphous alloys at 0.05 < x < 0.1 [9,10]. Alternatively, low As -values can be
achieved in NiixFex alloys, while such alloys present a low saturation

magnetization, Ms, and hence, are less interesting for applications [10].

The observed correlation of magnetic properties and magnetoelastic
anisotropy lead us to expect a significant change in the magnetic properties of
the microwires by change of chemical composition or by heat treatment and

the consequent stress relaxation.

4.1.3. Fe-Ni microwires

The effect of the change in the magnetic anisotropy due to the change
in the composition is evidenced by Figure 4.4 and Figure 4.5, where rectangular
hysteresis loops shown, for microwires with positive As values, reflect the axial
magnetic anisotropy of the samples, and it can be observed that the increase in
the magnetostriction coefficient correlates with an increase in the coercivity

[11].
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Figure 4.4. Hysteresis loops of as-prepared Fe775Si75B1 and Fes7.4Niz6.6Si11B13C2
microwires.

Properly post-processed crystalline Fe-Ni alloys (such as Invar and
Permalloy alloys) can present excellent magnetic properties. Fast DW dynamics
is reported for Fe-Ni rich materials, mainly planar nanowires and ribbons,
although it has also already been reported for Fe-Ni based microwires [11,12].
To observe soft magnetic properties it is essential to identify the correct post-
processing route in Fe-Ni rich crystalline materials. Therefore, it is relevant to
study the influence on annealing on the magnetic properties and DW dynamics

of Fe-Ni glass-coated microwires.

Spontaneous magnetic bistability, related to positive As, is not only
reduced to Fe-B-Si-C microwires, it is also observed for as-prepared Fe-Ni-
based microwires (Figure 4.4 and Figure 4.5). Substitution of Fe by Ni and Co in
Fe-B-Si-C microwires allows to modify considerably the magnetostriction
coefficient [6,9,10], and hence, to tune the coercivity and further improve the

DW dynamics.

Modification of As by doping of Fe-rich alloy with Ni gives as a result a
decrease in As with increasing the Ni content in NixFeix (0 < x < 1) system that
correlates with the decrease in the saturation magnetization, as can be
appreciated from Figure 4.4 and Figure 4.5, where lower H. values correlate

with lower As and increase of the Ni content. High Ni contents give rise to zero
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As values corresponding to paramagnetic ordering of NixFeix alloys at room

temperature [10].

-6
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Figure 4.5. Hysteresis loops of as-prepared Fess.6Ni27.9Si75B1s (represented in red)
and Fes;Ni1s.5Si7.5B1s (represented in blue) microwires.

4.1.4. “Thick” glass-coated Fe-rich microwires

Taylor Ulitovsky technique is usually considered to be restricted to the
preparation of magnetic wires with thin diameters [1], but thicker microwires,
of diameters above 50 um, can be also produced by this technique [13,14]. This
type of microwires are suitable for some industrial applications, like non-
contact stress monitoring in composite materials [15], or magnetic tags for

medical devices, which require microwires of higher diameters [16].

We summarized, later on this chapter, the experimental results carried
out on post-processing of “thick” Fe-based, Fe71.7B13.4Si11NbsNiog glass coated
microwires, of metallic nucleus diameter d = 103 um and total diameter D = 158
um. The purpose of this study is to obtain “thick” microwires maintaining the
excellent magnetic properties and advanced functionalities achieved for

thinner microwires.
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The chemical composition, Fe-based amorphous material with small
additions of Ni and Nb and its similarity with Finemet-type (Fe-Si-B-Cu-Nb)
alloys, which present magnetic softening due to internal stresses relaxation at
temperatures about 300 °C and first crystallization process at temperatures
about 550 °C [17,18], lead us to select these annealing temperatures to study
the evolution of the magnetic properties of the microwire. Then, the
microwires were annealed in a conventional furnace at Tann = 300 °C and 550 °C

during different tgnn, up to 6 h.

] (a) As prepared
_.WWMM S
40 60 80
1 (b) Tann: 550 °C
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_:—': _MWMMM
% 1 ' ' ooyt
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Figure 4.6. XRD diffraction pattern of as-prepared Fez1.7B13.4Si11NbsNio.9
microwire (a) and annealed at 550 °C for tann = 2 h (b) and tann = 3 h (c).

The microwires structure in as-prepared and annealed state was
checked (Figure 4.6) by XRD diffraction. The measurement conditions were 0.3
degrees and 90 s of measurement step and time in each point, respectively. As-
prepared sample presents a XRD diffraction pattern (Figure 4.6a) with a wide
halo (at 26 = 45°) reflecting the amorphous character of the material [18]. After
annealing at 550 °C during 2 h, the same XRD pattern is observed (see Figure
4.6b). XRD patterns shown in Figure 4.6a and Figure 4.6b, for as-prepared and
annealed sample, respectively, exhibit the same features as those observed for

Finemet-type microwires before crystallization [18,19]. And finally, in Figure
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4.6¢c, in sample annealed at 550 °C during 3 h, it can be seen that first
crystallization peaks, related to the precipitation of fine FesB crystals, begin to
appear in the XRD pattern. The overlap between the broad halo and the sharp
peaks can be understood as the coexistence of both phases, amorphous and

crystalline (consisting of a-Fe, FesB).

By means of a Scanning Electron Microscope (MEB JEOL JSM-7000F), the
chemical composition and microstructure of the microwire in as-prepared and
annealed state was characterized (Figure 4.7). The images were obtained
working at 5 kV and / = 0.1 nA. For the compositional analysis, we employed the
energy-dispersive X-ray spectroscopy (EDX) mode, with an Inca Energy 350
spectrometer, adjusting the measurement conditions at 20 kV and / = 1 nA.
SEM analysis of as-prepared and annealed samples, presented in Figure 4.7,
correlates with the XRD patterns. SEM image of the metallic nucleus of as-
prepared sample (Figure 4.7a) is typical for amorphous samples. In Figure 4.7b,
of SEM picture of annealed microwire at 550 °C during 3 h, crystallites of about
25 nm size can be appreciated. Nanocrystalline structure can be explained due
to the particular composition of the microwires under study, given that the Nb

impedes hinders the crystallites upon annealing [9].

Figure 4.7. SEM images of the metallic nucleus of Fez1.7B13.4Si11Nb3Nio.9
microwires as-prepared (a) and annealed at 550 °C for tann = 3 h (b).
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As prepared hysteresis loop of Fe71.7B13.4Si1iNbsNios microwire (Figure
4.8) is characterized by its rectangular shape with low coercivity, Hc = 25 A/m,

correspondingly with the amorphous structure.
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Figure 4.8. Hysteresis loop of as-prepared Fe71.7B13.45i11NbsNio. 9 microwire.

4.2. Post-processing effect on magnetic properties and GMI effect
for Fe-rich microwires

4.2.1. Effect of annealing on magnetic properties and GMI
effect in nanocrystalline and devitrified microwires

The devitrification of amorphous nucleus reached by post annealing
process is a useful tool allowing considerable modification of the magnetic

properties and even magnetic softening in some Fe-rich microwires [9,18,19].

In the case of FeSiBNbCu (so-called Finemet) alloys low magnetostriction
values and better magnetic softness can be achieved by the devitrification of
amorphous precursor [9,18-20]. The magnetic softening of the devitrified
Finemet alloys is commonly explained considering the vanishing
magnetocrystalline anisotropy, as well as the vanishing As —value of the

material, consisting of nano-sized grains with an average size on the order of 10
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nm, embedded in an amorphous matrix obtained by nanocrystallization of the

amorphous precursors [9,17,18].

The average magnetostriction coefficient takes nearly zero values
[9,17,18], due to the control of the crystalline volume fraction: the existence of
two phases (amorphous and crystalline) provides a good balance of a negative
magnetostriction of a-Fe-Si nanocrystallites of about (15¢5! ~ -6 x 10) and a
positive one for the amorphous matrix of about (A2™ ~ 20 x 10°) resulting

finally in vanishing net magnetostriction values [9]:
2T~ Ve ST (1= V) Agm (4.1)

where A is the saturation magnetostriction coefficient, and V. is the

crystalline volume fraction.
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Figure 4.9. Hysteresis loops of as-prepared and annealed Fe7.sCuiNb3.1Si14.5B10.6
microwire samples at T,nn between 400-600 °C (a) and Hc (Tann)
dependence of Fe7.gCuiNb3.1Si14.5B10.6 microwires
for different p-ratios (b).
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This nanocrystallization of FeSiBNbCu alloys is usually observed after
annealing in the range of 500-600 °C for 1 h (i.e., at temperatures between the
first and second crystallization stages). One of the examples of the evolution of
the hysteresis loops of Finemet-type microwires upon nanocrystallization is
shown in Figure 4.9. As can be observed from Figure 4.9, in the case of the
Fe70.8CuiNbsz 1Si145B106s microwire, annealing at Tgmnm up to 550 °C allows
considerable decrease of coercivity. For these annealing conditions the
character of hysteresis loops does not change: all the hysteresis loops present

rectangular shape.
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Figure 4.10. Hysteresis loops of Fez;,sCuiNb3 1Si15Bs 1 microwires
with different p-ratios annealed at 700 °C.

In some cases rectangular hysteresis loops are reported not only upon
devitrification of Finemet-type, but even after second crystallization process
when values up to 2400 A/m are observed [17-19]. One of the examples is
shown in Figure 4.10, where hysteresis loop of Fe71.8CuiNbs.1Si1sBg.1 microwire
(p=0.282) annealed at Ty = 700 °C is shown. However, Fe71.8CuiNbs 1SiisBg.1
microwire (o = 0.467) present rather different step-wise hysteresis loops (see
Figure 4.10) that can be attributed to partially crystalline (bi-phase) structure.
Such partially crystalline magnetic microwires, with step-wise hysteresis loops

related to magnetic interaction between crystals or mixed amorphous-
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crystalline structure, can be interesting for applications in electronic

surveillance systems [17-20].

The microwires obtained by devitrification exhibit higher saturation
magnetization and at certain annealing conditions can present better magnetic
softness and GMI response than as-prepared Fe-rich microwires and therefore

they are useful for GMI sensors and metacomposites applications [9,20,21].

In fact, microwires with nanocrystalline structure can be obtained even
directly in as-prepared state without annealing [9,20,21]. The advantage of

such microwires is that they can present better mechanical properties

[9,20,21].
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Figure 4.11. Hysteresis loops of (Feo.7C00.3)s3.7Si4BsP3.6Cuo.7
Fess 7SiaBsP3.6Cuo.; microwires as-prepared.

It is worth mentioning, that the use of specially designed compositions
allows further increase of saturation magnetization, u.Ms, and also obtain
extremely magnetically soft nanocrystalline materials [21]. In the case of
microwires, the use of a similar chemical composition allows preparation of

nanocrystalline microwires with improved DW mobility without any post
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Figure 4.12. Hysteresis loops of Fez.sCuiNb3.1Si145B106 (p = 0.38) (a)
and FesgsCo3s5B1sMo4Cu; (p = 0.6) (b) as-prepared microwires.

processing [21]. The partially crystalline (Feo.7C00.3)s3.7SiaBsP3.6Cuo.7 microwire
presents elevated values of H. (about 480 A/m) and rather high saturation

magnetization of about 1.6 T (see Figure 4.11).

Such elevated H. -values are quite similar to that exhibited by other
partially nanocrystalline microwires, i.e., Hitperm-like FesssCosgsB1sMoaCus
microwires with similar average grain size (about 38 nm and 23-33 nm for
(Feo.7C00.3)83.7Si4BsP36Cuoz and Hitperm-like microwires, respectively) [21].
Accordingly, even partially crystalline or nanocrystalline microwires can present
perfectly rectangular hysteresis loops. For (Feo.7C00.3)s3.7SiaBgP3.6Cuo.7 microwire
elevated uoMs -values allowed to obtain extremely fast domain wall velocity

even in as-prepared state [21].

As-prepared Finemet-like and Hitperm-like glass-coated microwires also
present perfectly rectangular hysteresis loops, as presented in Figure 4.12.
FesssCo3ssB1sM0osCur  microwire present nanocrystalline structure in as-
prepared state [22]. Higher H: -values of Fesg5C0355B1sM04Cus and
(Feo.7C00.3)83.7SiaBsP3sCuo; microwires have been attributed to elevated
magnetostriction coefficient of these microwires as-compared to Finemet-type

microwires.
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For nanocrystalline materials, consisting of nano-sized grains distributed
randomly in an amorphous matrix, magnetic softening and considerable GMI

enhancement correlates with the devitrification process [9,17-22].
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Figure 4.13. XRD diffraction patterns of annealed Fe7y.sCuiNb3.1Si14.5B10.6 microwires
(a), Dy (Tann) and Hc(Tann) dependencies (b) and GMI ratio dependencies
(f = 200 MHz) of as-prepared and annealed at 550 °C (c)
Fe70.8Cu1Nb3 1Si14.5B10.6 microwires.

Figure 4.13a shows the XRD diffraction patterns FezosCuiNbs 1Si1a.5B10.6
amorphous glass-coated microwire with metallic nucleus and total diameters:
d=11.2 um and D= 14.4 um, respectively, annealed at different temperatures.
The sample in as-prepared state and annealed at temperatures below Tgnn <
450 °C, maintains amorphous structure. After annealing at temperatures
between 500-600 °C the beginning of crystallization can be appreciated, with

the crystalline peak between 42-45° correspondent with a-Fe (Si) phase.

Various characteristics of the crystalline phase of the material can be

determined by the shape of the crystalline peak, in particular, the full width at
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the half maximum. By means of Debye Scherrer equation can be estimated the

crystal main grain size Dy [23,24]:

Dy = kA/e cos 26 (4.2)

being k a dimensionless shape factor with value close to unity, 4 de
wavelength, ethe full width at the half maximum of the crystalline peak and 26

the angular position of the crystalline peak (Bragg angle).

Estimation of the average grain sizes of the nanocrystals embedded in

the residual amorphous matrix (see Figure 4.13b) is below 20 nm.

Magnetic softening, reflected in the H. decrease, together with the
precipitation of small a-Fe (Si) grains (Figure 4.13b), correlate with the GMI
ratio improvement observed in Figure 4.13c upon annealing and the

consequent devitrification of the amorphous precursor.

Annealing at appropriate conditions that ensure the devitrification of
Finemet-type amorphous microwires can be considered as an effective post-
processing route for the optimization of the magnetic softness and GMI effect
for this group of Fe-rich microwires, but deterioration and poor mechanical
properties continue to be the main disadvantage in this type of microwires [25].
Therefore, we paid special attention to search of post-processing of microwires

that allows maintaining amorphous structure.

4.2.2. Tuning of magnetic properties of amorphous microwires
by furnace annealing

Below are presented some examples of the influence of conventional
furnace annealing, focusing in the hysteresis loops of Fe-rich microwires of
different compositions and on the domain wall dynamics and GMI effect and

the combination of both magnetic properties in the same microwire.
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4.2.2.1. Effect of furnace annealing on magnetic properties of FeBSiC
microwires

Hysteresis loops character is not affected by the heat treatment,
maintaining rectangular shape, as can be seen in Figure 4.14a and Figure 4.15a
for FezsBeSi12Ca microwires, only a slight decrease in Hc (tsnn) dependence is
observed (Figure 4.14b). After conventional annealing at different
temperatures (ranging from Tgmn = 250 °C to Tanmn = 375 °C), FezsBoSi12Ca
microwire hysteresis loops remain rectangular shaped (Figure 4.14a), as
typically observed for microwires with positive As [2-4,11,12], with a slight H.
decrease.

The magnetic bistability origin is related to peculiar remagnetization
process consisting of fast magnetization switching through a single DW

propagation. DW propagation has been observed for this microwire in as-
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Figure 4.14. Hysteresis loops of as-prepared and annealed at T,nn = 400 °C for different
tann Fe75B9Si12C4 amorphous microwires (a) and H¢(t.n) dependence (b).

prepared and annealed states. In Figure 4.15b a noticeable increase in the DW
velocity and mobility can be appreciated after the annealing. The DW dynamics
exhibits an almost perfectly linear behavior for the v(H) dependence for this

sample as-prepared and annealed.
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Figure 4.15. Hysteresis loops (a) and v(H) dependence (b) of Fe75BsSi12C4 microwires
as prepared and annealed during 60 min for different annealing temperatures.

Such linear v(H) dependence below the Walker breakdown field, Hw, is
attributed to a viscous DW propagation regime described in terms of DW

mobility, S, (eq. (1.2)) [11,12].

It can be seen (Figure 4.15b) the influence of Tenn On v a S values
consists in increase in v and S values increasing Tann up to 375 °C. Similar DW
velocity increase with the annealing temperature increase was recently

reported elsewhere [11,12,26-28].

To study the Influence of annealing time, we select a temperature, Tonn =
325 °C, and vary the annealing time, tqnn, as previously studied [2-4]. The results
are presented below in Figure 4.16. Similar improvement as observed with
increasing the annealing temperature is observed, for longer tqnn v and S values

are higher.
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Figure 4.16. Hysteresis loops (a) and v(H) dependence (b) of Fe75BsSi1,C4 microwires
as prepared and annealed at Tann= 325 °C for different tann.

On the other hand, magnetic microwires with rectangular hysteresis

loops present poor GMI performance (Figure 4.17).
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Figure 4.17. AZ/Z(H) dependencies of as-prepared Fe;sBsSi12Cy

microwires measured at 50 and 200 MHz.
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4.2.2.2. Effect of furnace annealing on magnetic properties of Fe-Ni based
microwires

Microwires based on Fe-Ni alloys present more complex behaviour, as
previously reported [4,29,30 ]. In as-prepared state, as expected for microwires
with positive As and discussed before from Figure 4.4 and Figure 4.5,
rectangular hysteresis loop is observed for Fe-Ni microwires. Here, we study
the response of these microwires after conventional furnace annealing at 410
°C for tann ranging from 4 min up to 256 min. Annealing causes a coercivity
increase for both samples studied (see Figure 4.18 and Figure 4.19). The
character of the hysteresis loop is not affected and maintains its rectangular
shape. Hc (tann) tendency is not monotonic and presents a slight decrease for
long annealing time, at tsnn = 128 min, for both microwires studied. For the case
of Fesg.6Niz7.9Si75B1s (d = 14.2 um, D = 33.85 um and p = 0.42) sample a slight
decrease is observed for short annealing time, not observed for Fee2Ni155Si7.5B15

microwires (d = 14.35 um, D = 33.25 um and p = 0.43), followed by H. rising.

The lower H. values obtained for FesseNi27.9Siz5B1s microwire may be

related to lower A; of this microwire [4,29,30].
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Figure 4.18. Hysteresis loops of Fes:Ni55Si75sB1s microwires as-prepared and
annealed at Tann =410 °C for different tan, (a) and H¢(t.nn) dependence (b).
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The magnetic hardening observed upon annealing for Fe-Ni microwires,
in contrast with the behaviour of Fe compositions, in which is the common
post-processing chosen for internal stresses relaxation, could be explain taking
into account the beginning of the crystallization process. However, beginning of
crystallization process can be disregard for the annealing treatments selected,
as previous studies for similar Fe-Ni based microwires confirm that annealed at
the same Tann for longer annealing time (tann = 8 h) still maintain amorphous
structure [29,30]. Then, Hc (tann) tendency should be related to the domain wall
stabilization by directional atomic pair ordering [31,32], such as considered for
amorphous materials composed of two or more ferromagnetic elements [32].
In fact, local nano-sized precipitations have been observed in Fe-Ni microwires

subjected to annealing [30].

Curie temperature, T, of FesosNi27.9Si7.5B1s amorphous alloy (about 400
°C) is considerably lower than for Fes;Niis.5Si75B1s alloy [10] and hence, for
Feao 6Ni27.9Si7.5B1s microwire the internal stresses relaxation plays a major role

and DW stabilization is less appreciable as we will see below.
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Figure 4.19. Hysteresis loops of FesqsNi279Si7sB1s microwires as-prepared and
annealed at Tann =410 °C for different annealing tan, and Hc (tann)
dependence (b).

Feao.6Ni27.9Si7.5B15 microwire chemical composition is close to the Invar-
like composition, with Ni/Fe content of about 40/60. Invar-like crystalline

materials possess low thermal expansion coefficients, related to their atomic
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structure [33]. Taking into account short range order similarity of amorphous
and crystalline materials [34], is reasonable to assume low internal stresses
influence on the magnetic properties and hence on the DW dynamics for

Fes9.6Ni27.9Si7.5B15 microwires.

Despite the magnetic hardening obtained for Fe-Ni based amorphous
microwires upon annealing, this post-processing can be suitable to tailor the

coercivity in this type of microwires.

v(H) dependence for Fes;NiissSizsBis microwire as-prepared and
annealed in a conventional furnace at a fixed temperature of 410 °C for
different tann is shown in Figure 4.20a, it can be observed the common linear
dependence that can be described by eq. (1.2). S dependence on tun is
represented in Figure 4.20b. Upon annealing a noticeable increase of v(H) (for
the same H values) and S is achieved. On the other hand, the minimum field for
DW propagation observation, Hmin, (that in magnetically bistable materials is

associated to the coercivity) increases upon annealing (see Figure 4.20a).
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Figure 4.20. v(H) dependence for as-prepared and annealed at 410 °C for different
tann (a) and S(tans) dependence (b) FeszNiis.5SizsBis microwires.

This behaviour correlates with the H. increase seen from the hysteresis

loops presented before (Figure 4.19).
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Domain wall mobility, S, is proportional to the domain wall width, o

[12,35,36]:

S~8,~(A/K)? (4.3)

where A is the exchange stiffness constant and K is the magnetic anisotropy

constant.

As discussed in section 3.1, in amorphous materials the main source of
magnetic anisotropy is the magnetoelastic anisotropy, Kme, given by eq. (1.1).

Consequently, if we assume that the magnetostriction coefficient of
highly magnetostrictive microwires depends on annealing only slightly [35,36],
we must assume that observed change in DW dynamics in Fe- and Fe-Ni rich

microwires must be attributed to the stress relaxation.

The effect of applied stresses, gapp, On the DW dynamics is shown in

Figure 4.21. As predicted from aforementioned discussion, a decrease in S-
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Figure 4.21. Effect of different applied stresses on v(H) (a) and DW mobility as a
function of the applied stress evaluated for Fess.cNiz7.9SizsBis microwire (b).

values is observed with increase in ogpp

v(H) dependence and S(tann) for Feag sNi27.9Si7.sB1s microwire annealed at
the same conditions than Fes;Ni155Si7.sB1s sample can be seen in Figure 4.22a
and Figure 4.22b, respectively. Figure 4.22a reflects in general lower v(H) values
than those obtained for Fes:NiissSizsBis sample. For short tenn a slight

improvement in v(H), that correlates with Hc (tsnn) (Figure 4.19), can be
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observed. However, for longer tasnn V(H) decreases. S (tann) presents the same
tendency, an increase followed by a decrease for longer tann, being S values

considerably high.
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Figure 4.22. v(H) dependence for as-prepared and annealed at 410 °C for different
tann (@) and S (tann) dependence (b) Fes.6Niz7.9Si7.5B1s microwires.

Consequently, Fe-Ni- based microwires present effect of magnetic
bistability and fast DW propagation. Annealing allows tuning the DW dynamics
in Fe-Ni microwires. Considerable improvement in the DW velocity can be
achieved for Fe-Ni-based microwires, less appreciable when the Ni content of
the Fe-Ni based microwires is higher (as observed for FeagsNi27.9Si75B15
microwire). Observed dependencies are related to different magnetoelastic
anisotropies, DW stabilization and the difference in Curie temperatures.

On the other hand, similarly to Fe-rich microwires, Fe-Ni-base

microwires present moderate GMI ratio (Figure 4.23).
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Figure 4.23. GMI ratio measured in as-prepared (a) and annealed at 410 °C
for 16 (b), 128 (C) and 256 (d) minutes Fe474Ni».6Si11B13C>
microwires measured at 600 MHz.

4.2.3. Stress-annealing in FeBSiC microwires

4.2.3.1. Tuning of domain wall dynamics by stress-annealing

For amorphous glass coated microwires, the change in the
magnetoelastic anisotropy (given by eq. (1.1)) by the stress relaxation induced
by the annealing, being this the main source of magnetic anisotropy in absence
of magnetocrystalline anisotropy, can explain the increase in the domain wall

velocity and mobility.

Then, stress-annealing was performed in this Fe;5B9Si12Cs microwire. In
Figure 4.24 it can be appreciated the disappearance of the rectangular shape of
the hysteresis loop of as-prepared sample, that maintains up to 30 min of
annealing time, with a more remarkable magnetic softening achieved

increasing the annealing time, tann.

It must be take into account that the difference in the thermal
expansion coefficients between the metallic nucleus and the glass coating is

the responsible to induce most part of the internal stresses [3-5].
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Figure 4.24. Hysteresis loops of Fe75BsSi12C4 microwires as-prepared and

stress-annealed with o = 190 MPa at T,.n= 325 °C for different tanp.

v(H) dependence of stress-annealed samples (Figure 4.25a) reflects a
drastic increase in the DW velocity and mobility increasing with the increase in
the annealing time.
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Figure 4.25. v(H) dependence of as-prepared and stress-annealed Fe75B9Si12Ca
microwires with o = 190 MPa at T,nn,= 325 °C for different tann (a) and S(tans)
for Fe75B9Si12Ca microwires annealed at Tann= 325 °C (b).
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Comparison of S (t..,) values evaluated for conventional annealed and
stress-annealed microwires is plotted in Figure 4.25b. S = 7 m?/A-s for as-
prepared sample substantially increases after annealing at 325 °C achieving S =
10 m?/A-s, while after stress-annealing a more remarkable increase, up to S =
40 m?/A-s, is obtained. This remarkable increase must be associated with
transverse magnetic anisotropy induced by the stress annealing and reflected

in the coercivity and remanent magnetization decrease (Figure 4.24).

. (a) . (b)
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Figure 4.26. Hysteresis loops of Fe;sBsSi12C4 microwires as-prepared, annealed
and stress-annealed at Tann= 300 °C for tann = 60 min (a) and stress-annealed
(o =380 MPa, tan=30 min) at different temperatures (b).

Stress-induced anisotropy can be tuned not only by modifying the
annealing time but also changing the annealing temperature, T.., and the
stress applied during the annealing, whose influence is studied in Figure 4.27.
Stress-annealing at high enough Tunn and o transforms the rectangular

hysteresis loop into almost linear.

Considering that the magnetic domain structure of magnetic wires is
assumed to be consisting of outer domain shell with transverse magnetization
orientation and inner axially magnetized core [28,37], the domain structure
modification can be evaluated from the squareness ratio, M,/M;, as described

by eq. (3.1).
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Figure 4.27. Effect of annealing temperature (a), stress applied during annealing at
Tann =300 °C (b) and annealing time (c) on R-values of studied microwire.

In this way from M,/M;-values obtained from hysteresis loops presented
in Figure 4.27 we evaluated the dependence of the radius of inner axially
magnetized core, R;, on annealing conditions. As can be appreciated from
Figure 4.27, Rc -values progressively decrease with increasing of cappi, Tann and

tann Values.

At fixed annealing temperature the radius of inner axially magnetized

core, R, is lower at higher applied stress (Figure 4.27b,c).

From aforementioned analysis, we can deduce that the stress-annealing
allows the increase of the volume of outer domain shell with transverse
magnetization orientation increase in expense of decreasing of the radius of

inner axially magnetized core.
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Consequently, beneficial effect of transverse magnetic anisotropy on
DW velocity (see Figure 4.25) must be attributed to the increase of the volume

of outer domain shell with transverse magnetic anisotropy.

One of the obstacles limiting applications of fast DW propagation
observed in micro- and nano-wires is that the travelling DW is essentially not
abrupt [38-40]. However, the characteristic width 6 of a head-to-head DW is
closely related to the magnetoelastic anisotropy [39]. Thus, the reduced head-
to-head domain wall width 6/d (d is the metallic nucleus diameter) is
determined by the value of the anisotropy constant K: for K = 10* erg/cm3, 6/d
= 13.5 and for K = 103 erg/cm3, §/d = 40-50 [39]. For these estimations, it was
assumed that the whole volume of the metallic nucleus diameter presents axial

magnetization.

In the present case, we are able to tune the volume of the inner axially
magnetized core by annealing time and stress applied during the annealing (see
Figure 4.27). Therefore, we may expect the modification of DW characteristic

width 6 upon stress annealing.

The characteristic DW width can be evaluated from the EMF signals

generated by a head-to-head DW moving through the microwire [39].

The EMF, ¢, generated within the turn of the pick-up coil by a change in

the magnetic flux can be expressed as [39]:

A
e(t) = A_(r (4.4)

where ¢ = BS is the magnetic flux, S is the area of the surface, B=M + H is the

magnetic induction, and M is the magnetization. Thus, the features (the

amplitude and width) of the EMF peaks must be determined by E;—A:.

As can be appreciated from Figure 4.28, a decreasing of the EMF signal
width from the pick-up coil can be appreciated after stress-annealing. The EMF

signals, & have been compared for as-prepared and stress-annealed for
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different tsn samples (Figure 4.28a), as well as for as-prepared and those

annealed under stress and without stress (Figure 4.28b).

Such changes are evidenced by the evaluation of the half-width, W, of
the EMF signal with annealing time provided in Figure 4.28c. As can be

appreciated, a decrease of half-width of the EMF signal after stress-annealing is

evidenced.
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Figure 4.28. EMF peaks induced by the magnetization change in pick-up coils
measured for Fe;sBsSii12C4 microwires as-prepared and stress-annealed
(o =190 MPa) for different tun (a), as-prepared and annealed at
ann = 325 °C for 30 min without stress and under stress (b)
and dependence of the half-width of the EMF peaks
with the annealing time (c).
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As discussed above, such decreasing of the half-width (full width at half
maximum), W, must be associated either to the decreasing of the characteristic
DW width or to the DW velocity increasing. The reason for such modifications
can be stress-annealing induced transverse magnetic anisotropy as well as
reduction of the volume of the inner axially magnetized core after stress-
annealing. Indeed as mentioned above, the 6 —values are determined by the

magnetoelastic anisotropy and by the diameter of the axially magnetized core.

In order to separate these two factors we must analyze in more detail
the EMF generated within the pick-up coil. Previously, the EMF, g, generated
within the pick-up coil turn when DW width, 8, is comparable with the distance
to the coil turn, z, was analyzed [39]. The expression obtained in this case is
[39]:

(G2 (21 = v)

(CEENET O sl

e(t) = —QURZ?f dz,

where R is the radius of the coil turn, v = — dz/dt is the domain wall velocity,

oa
——* is the average linear density of the DW magnetic charge over the wire

orh

cross section and Q the magnetic charge.

The eq. (4.5) is rather complex. In the simplified case, when the
characteristic domain wall width, 6, is small compared with the distance z from

the coil turn to the DW position, the eq. (4.5) can be simplified as [39]:

Vm  QuR?

() = —TW (4.6)

We can compare the EMF signals for as-prepared and stress-annealed

samples if we consider the same coil parameters.

In this case the only difference in EMF values must be associated to the
different DW velocity, v, values and difference in remanent magnetization of
as-prepared and stress- annealed samples. The latter contributes through the

magnetic charge, Q, given by [39]:
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Q =2M,S (4.7)

where S is the sample cross section and M, — remanent magnetization. This is
attributed to the fact that only the remagnetization reversal of the inner axially

magnetized core contributes to the EMF signal.

These considerations allow us to evaluate if the difference in half-width
of the EMF signal of as-prepared and stress- annealed (Tann = 325 °C, Ogppr = 190
MPa, tann = 30 min) microwires is attributed only to different DW velocities or if
DW shape change after stress annealing also takes place. Obtained velocities
ratio taken from Figure 4.25a for H = 25 A/m for stress annealed and as-
prepared samples (vso and vgp, respectively) gives vso/Vop = 1.25. However,
considering the difference in the remanent magnetization (evaluated from
Figure 4.24), the ratio Qsq Vso/ Qap Vap = 0.98 (Where Qsq and Qqp are values for
stress-annealed and as-prepared samples). While the W —values ratio, i.e.,
Wsa/Wap (Where Wegp and W, are the half-width of the EMF peaks for as-

prepared and stress-annealed samples) is about 0.83.

Consequently, we can assume the characteristic DW width reduction in

stress-annealed microwires.

4.2.3.2. Effect of stress-annealing on GMI effect of Fe-rich microwires

Similarly to Co-rich microwires, we used stress-annealing in order to
improve the GMI effect. As shown above, stress-annealing allows to induce

transverse magnetic anisotropy in Fe-rich microwires.

A remarkable GMI ratio improvement is observed upon stress-annealing of
Fe-rich microwires (see Figure 4.29). As-compared to as-prepared microwire,
stress-annealing (Tann = 350 °C, tann = 60 min and o, = 190 MPa) allows an order
of magnitude improvement of maximum GMI ratio, AZ/Zmax, (see Figure 4.29a

and Figure 4.29b). The other relevant feature is that stress-annealed
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microwires present unusual AZ/Z(H) dependencies (see Figure 4.29b): low
frequency AZ/Z(H) dependencies (10-50 MHz) are similar to that of as-prepared
microwire, i.e., single peak dependence with a decay from H = 0. However,
rising the frequency an additional maximum on AZ/Z(H) dependencies appears
(Figure 4.29b). Therefore, at intermediate frequency range (100-300 MHz)
AZ/Z(H) dependencies present irregular shape that recently has been
interpreted as the superposition of the double-peak AZ/Z(H) dependence
typical for transverse magnetic anisotropy and single-peak reported for axial
magnetic anisotropy [4]. At elevated frequencies AZ/Z(H) dependencies present
AZ/Z(H) dependence typical for the wires with transverse magnetic anisotropy

(see Figure 4.29c).
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Figure 4.29. AZ/Z(H) dependencies observed in as-prepared (a) and stress-annealed
at Tann =350 °C (for 60 min and o, = 190 MPa) Fe;sBsSi;2C4 microwires.
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Such frequency influence on AZ/Z(H) dependencies can be interpreted
considering existence of inner axially magnetized domain inside the stress-
annealed microwires and frequency dependence of the skin penetration depth,

6, as described in [4].

It is worth mentioning, that such irregularity can be observed in AZ/Z(H)
dependencies for stress-annealed microwires at different annealing conditions.
Thus, similar irregular dependencies have been observed for microwires
annealed at 250 °C (Figure 4.30a) and 300 °C (Figure 4.30b) for 60 min and 900
MPa. However, the frequency range at which such unusual A4Z/Z(H)
dependencies are observed depend on stress- annealing conditions: for lower
annealing temperature the frequency range (70-200 MHz) is shifted to lower

frequencies.
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Figure 4.30. AZ/Z(H) dependencies observed in stress-annealed at
Tann = 250 °C for 60 min and o, = 900 MPa (a) and Tann = 300 °C
for 60 min and o, = 900 MPa (b) FezsBsSi12C4 microwires.

From above presented results it is clear that the frequency is one of the
important parameters allowing GMI ratio optimization. One of the parameters
that can be used as a reference is the maximum GMI ratio, AZ/Zmax. For as-
prepared samples AZ/Zmqx corresponds to Hmn = 0, however, for the stress-

annealed sample AZ/Zmax is observed at some field, Hn # 0. Frequency
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dependence of maximum GMI ratio has been evaluated for as-prepared and

one of the stress-annealed samples (Tann = 350 °C, tonn = 60 min, om = 190 MPa).

From Figure 4.31 it can be deduced that the proposed stress-annealing
allows AZ/Zmax improvement. This improvement is most remarkable for the
frequency band up to 200 MHz where AZ/Zmax of stress-annealed samples is 1-2
order superior than AZ/Zm.x -values of as-prepared sample. Furthermore, in
stress-annealed sample AZ/Zmax up to 120% is achieved at wide frequency

range from 500 MHz up to 1 GHz.

The observed beneficial effect of stress-annealing must be related to
stress-annealing induced magnetic anisotropy, which allows the transformation
of the domain structure towards more favorable for the GMI effect

optimization.
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Figure 4.31. Frequency dependence of maximum GMI ratio of as-prepared and
stress-annealed (Tann = 350 °C, tann = 60 min, o, = 190 MPa) microwires.



Engineering of magnetic properties of microwires with positive magnetostriction
coefficient (Fe-, Fe-Ni- and Fe-Co-rich)

128

4.2.3.3 Effect of stress-annealing on applied stress dependence of hysteresis
loops of Fe-rich microwires

One of the most attractive applications of glass-coated microwires is
related to stresses monitoring [41-43]. Accordingly, a design of magnetoelastic
sensors and stress-sensitive composites based on stress dependent magnetic

properties of microwires was reported.

Previously, tensile stress dependence of as-prepared Fe-rich microwires
was studied [44,45]. As shown [44,45], generally the hysteresis loop maintains
rectangular character, while an increase in H: upon applied stress is observed

[44,45].

As-prepared
1_~~-~90MPa 4
—— 180 MPa |/,
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—— 945 MPa/:
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Figure 4.32. Hysteresis loops of as-prepared and subjected to
different applied stresses Fe7sBsSii1.C4 microwire.

Below the stress-dependence of hysteresis loops and magnetic
properties of as-prepared and stress-annealed Fe-rich microwires will be

compared.
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As-prepared and stress-annealed Fe;sBsSi12Cs4 microwire was subjected

to different applied stresses, for values of applied stress, o, ranging from 90 to

945 MPa.

Under applied stress the hysteresis loop of Fe7s5BgSii2Ca microwire
maintains its rectangular shape [41-46] with an increase in the coercive field,
Hc, and switching field, Hs, upon increase in the applied stress, as can be seen in
Figure 4.32. Coercive and switching field values are affected by the frequency, f,
and amplitude of the magnetic field, Ho, [46,47] for this reason all the

measurements were performed at fixed values of f and Ho.

Considering the following equation [44,45]:

4G/ A5 (o + o]

He «
s cosa (4.8)

with A the exchange energy constant, As the saturation magnetostriction
constant, or, the residual tensile stresses and o the angle between the
magnetization and the axial direction. For o> or and cos a= - 1, Hs must be

proportional to o¥2
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Figure 4.33. Evaluated H.(o) and Hs(c) dependencies
for as-prepared FezsBsSi12Ca microwires.
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As can be appreciated in Figure 4.33, in the present case Hs can be
described rather well with o2 dependence. However, H.(o) can be better
described by H. = 94 + 0% dependence. The difference between both fittings is
not very significant, however we can consider that for the case of H. (o)
dependence the contribution of the finite domain wall velocity can originate

some difference in Hs and H; —values.

It is worth mentioning, that Hs ~ o2 stress dependence has been
previously reported for amorphous wires prepared by alternative (in-rotating-
water) technique [47]. However, for conventional amorphous wires Hs ~ o2
dependence is observed only for high enough o—values. At low oregion, below
some threshold, a minimum of H. is found for a certain o—value [47]. The origin
of this minimum on H. (o) dependence observed for conventional wires was
attributed to complex internal stresses. In the present case of glass-coated
microwires the Hc(o) dependence is generally in agreement with predicted Hs ~

o /2 for as-prepared microwires (see Figure 4.33).
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Figure 4.34. Hysteresis loops of stress-annealed Fe;5B9Si12Cs

microwires upon stress application.

Hysteresis loops of stress-annealed FezsBsSi12Ca microwire present not

only better magnetic softness with lower coercivity (Hc. = 35 A/m) as compared
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to as-prepared Fe7sBsSii2Ca microwire (Figure 4.34), but also better stress-
sensitivity. Indeed, upon application of even small tensile stress (22.5 MPa) the
hysteresis loop undergoes a transformation to perfectly rectangular (see Figure
4.34). Upon this transformation a considerable coercivity growth up to H.= 100

A/m and remanent magnetization, M,/M;, from 0.65 to 0.97 is observed.

Such perfectly rectangular character of hysteresis loops is maintained
under further increase of applied stress (see Figure 4.34). The tensile stress
dependence of o> 22.5 MPa is similar to as-prepared sample: the hysteresis
loops shape maintains rectangular character and an increase in coercivity, H,,

and switching filed, Hs, is observed (Figure 4.34).

Consequently, stress-annealed Fe75BoSi12Ca microwire presents stress-

induced magnetic bistability.
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Figure 4.35. Experimentally measured stress-dependence of H. and H;s for
stress-annealed Fe;sBsSi;,Cs microwires (a) and fittings for H. (o)
and Hs (o) dependencies (b).

From observed Hs (o) dependence (see Figure 4.35) we can deduce that
the stress-annealed Fe7sBoSi12Cs microwire with stress-induced magnetic
bistability can be described in terms of o2 law above some critical o—value
similarly to the wires and microwires with spontaneous magnetic bistability.
Considering such Hs ~ /2 law we can assume that for applied magnetic field
just above the switching field the magnetization process takes place mainly by

the domain wall displacement in the inner axially magnetized core [46].
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Figure 4.36. Comparison of Hc(c) (a) and M,/M(o) (b) dependencies

in as-prepared and stress-annealed Fe7sBsSi;;Cqs microwires.
The advantage of proposed stress-annealing is such that this post-
processing allows enhancement of the stress dependence of coercivity. The
difference in H: (o) dependencies of as-prepared and stress-annealed

FessBsSi12C4 microwire can be appreciated from Figure 4.36a. As clearly seen

from Figure 4.36a, at the same amplitude of applied stress (950 MPa) the range
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of change of coercivity, AH., for as-prepared FezsBgSi12C4 sample is 160 A/m and
for stress-annealed Fe7sBgSi12Ca sample AH: = 191 A/m. This difference is most
remarkable for the range of low o—values, making stress-annealing suitable for
detection of low applied stresses. Similarly, squareness ratio, M,/M;, of stress-
annealed FessBsSi1oCs sample presents more significant changes at low o

region.

Observed stress dependencies of the squareness ratio must be
associated with changes of domain structure. Indeed, it is commonly accepted
that the domain structure of Fe-rich microwires consists of inner axially
magnetized core and outer shell with transverse magnetization easy direction

[38,47].

As can be observed from Figure 4.36b, M,/M; ratio of stress-annealed
Fe75BoSi12Ca sample rapidly increases upon applied stress. Considering eq. (3.2)
we obtained R. modification under applied stress influence from 6 up to almost
7.5 um as depicted in Figure 4.36b. Consequently, we must assume change of
domain structure in stress-annealed Fe75BgSi12Cs sample under influence of
applied stresses in stress-annealed FezsBoSi12Ca sample consisting of rising of

the inner axially magnetized core radius from 6 up to almost 7.5 um.

4.2.4. Reversibility of the stress-annealing anisotropy

As shown above, stress annealing of as-prepared Fe7sBgSi12Cq
microwires, allows the induction of transverse magnetic anisotropy that
depends on the stress-annealing conditions. Figure 4.37 compares the
rectangular hysteresis loop of as prepared Fe7sBoSi12Csa microwires with the
hysteresis loops of the microwires annealed at a fixed Tann= 350 °C and time tann
= 60 min, under different applied stresses, o, showing the gradual

transformation of the hysteresis loop into linear and the increase in Hx (Figure
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4.37) with increasing the stress-applied during the annealing, that correlates

with the decrease of the squareness ratio, M,/M;.
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Figure 4.37. Hysteresis loops of Fe7sBsSii12C4 microwires as-prepared, stress-
annealed at Tann = 350 °C, t.nn= 60 min, under different applied stresses.

H. decreases at low applied stresses of 190 MPa and 380 MPa (inset of
Figure 4.38) however for the higher stress applied H. values are practically the

same of as-prepared sample.

The radius of the inner axially magnetized core, R. (as defined in eq.
(3.2)), evaluated from M,/Ms, shows a decrease with the increase in the applied
stress during the stress-annealing Figure 4.37) that can be interpreted as the
inner axially magnetized core reduction as the volume of microwire with

transverse magnetic anisotropy grows.

To study the reversibility of the stress annealing anisotropy of a sample
stress-annealed at a fixed o, we performed a subsequent annealing without
stress of the stress-annealed sample (SA) at the same temperature (Tann = 350
°C) and for tann = 60 min, (SA + A), and a longer subsequent annealing, (SA + 2A),

at the same temperature for tznn = 150 min.
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Figure 4.38. Hy and R. dependencies and H. (on the inset) dependences on stress
applied during the annealing. The lines in the figure are just guides for eyes.

For the case of the microwire subjected to stress-annealing with o = 190
MPa (hysteresis loops presented in Figure 4.37 and Figure 4.39a) a partially
recover of the stress-annealing anisotropy can be reached after the subsequent
annealing. However, the hysteresis loop of microwire subjected to stress-
annealing with o = 76 MPa is less affected by subsequent annealing: it remains
almost unchanged after subsequent annealing (see Figure 4.39b). As can be
interpreted from M,/Ms and Rc (tann) dependencies obtained from the hysteresis
loops and represented in Figure 4.40, M,/Ms and R. values obtained after
annealing (tann = 150 min) of stress- annealed with o = 190 MPa sample reach
values similar of those of as-prepared microwire. We can conclude that the
subsequent annealing allows increasing the volume of the inner axially

magnetized core.

Lower coercivity values of the sample subjected to longer subsequent
annealing (tsnn = 150 min), as compared to as prepared sample, can be

associated to the stress relaxation.
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As observed from Figure 4.39b, hysteresis loops of the microwire stress-
annealed with o = 760 MPa followed by the subsequent annealing steps reflect
much stronger induction of transverse magnetic anisotropy. The hysteresis
loops of the microwire once subjected to stress-annealing do not change under

subsequent annealing for tann = 60 min nor for longer tann= 150 min.

In Rc (tann) representation of Figure 4.40, comparing with sample stress-
annealed with o = 190 MPa, only a slight increase can be appreciated after the
annealing procedures of the SA sample with o = 760 MPa, for which the Rc (tann)
dependence shows that after the stress annealing at those o values most part

of the microwire metallic nucleus possesses transverse magnetic anisotropy.
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Figure 4.39. Hysteresis loops of FezsBsSi12C4 microwires as-prepared and stress
annealed with o = 190 MPa (a) and o = 760 MPa (b) with subsequent annealing
during 60 min and 150 min.

The comparison between Figure 4.37a and Figure 4.37b and Rc (tann)
dependence for both samples (Figure 4.40), lead us to conclude that the
increase in the applied stress during the stress annealing treatment implies a
growth in the irreversible part of the stress-annealed induced magnetic

anisotropy.
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Figure 4.40. Comparison of R. (tann) dependence between samples stress-annealed
upon o = 190 and 760 MPa with subsequent annealing. The lines in the
figure are just guides for eyes.

One more advantage of Fe-rich microwire subjected to combined
annealing (stress-annealing + subsequent annealing) is better GMI effect of

such microwires.

—— 200 MHz
—— 500 MHz
\ —— 1 GHz

1004 150+

S <
S S 100+
N N
~ ~
N
™ 501 3

a)
o
|

O T T

o

H (kA/m) H (kA/m)

Figure 4.41. AZ/Z(H) dependences of SA (o = 190 MPa) and then annealed Fe7sBsSi12Cy
microwires measured at f < 100 MHz (a) and at f > 100 MHz (b).

In spite of rectangular character of hysteresis loops of FezsBsSi12Ca
microwires stress annealed (SA) with o = 190 MPa and then annealed at 350 °C

for 150 min, such microwire present better GMI response as-compared to as-
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prepared and even stress-annealed FessBgSi12Ca microwire: AZ/Zmax —values up

to 150 % are recorded at 500 MHz (see Figure 4.41).

As shown in Figure 4.41a for f < 80 MHz the single peak AZ/Z(H)
dependence is observed, while f > 80 MHz AZ/Z(H) dependence change from
single-peak to double-peak type (see Figure 4.41b).

The proposed postprocessing consisting of stress-annealing followed by
annealing allows suppressing the irregular AZ/Z(H) dependence observed in
stress-annealed Fe-rich microwires (see Figure 4.29) by the subsequent
annealing. One more example is provided in Figure 4.42 and Figure 4.43 for

stress-annealing performed at o = 760 MPa.

The stress-annealed (at 0 = 760 MPa) Fe;sBsSi12Csa microwire presents
considerable GMI effect (see Figure 4.42a and Figure 4.42b) in spite of high
transverse magnetic anisotropy that can be deduced from the hysteresis loops
shown in Figure 4.39. As can be observed from Figure 4.42a, double-peak
AZ/Z(H) dependencies are observed even for low frequencies (10-50 MHz).
Rising the frequency, i.e., for intermediate frequencies (100 < f < 200 MHz)
AZ/Z(H) dependencies present irregular shape (Figure 4.42b). Finally, for high
frequencies (f = 300 MHz) again double peak AZ/Z(H) dependencies are

observed (Figure 4.42c). Generally, observed AZ/Zmax —values are below 80%.

Higher AZ/Zmax —values (up to 120%) and double-peak AZ/Z(H)
dependencies in a whole frequency range are observed for the Fe75BgSi12Ca
microwire after SA (o = 760 MPa) and then subsequently annealed (for 150

min) (see Figure 4.43a and Figure 4.43b).

From above presented experimental results we can deduce that

annealing after stress annealing allows:
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i) A remarkable GMI effect improvement as compared to as-prepared
and even to stress-annealed Fe-rich microwires and

ii) Suppression of irregularities in AZ/Z(H) dependencies observed in
all stress-annealed samples at intermediate frequencies (see

Figures 4.29, 4.41, 4.42 and 4.43).

A beneficial influence of appropriate annealing after stress-annealing is
evidenced from a comparison of the AZ/Zmax (f) dependencies presented in
Figure 4.44. It is clearly seen that GMI effect improvement is observed in the
whole frequency range. The highest AZ/Zmax ratio of about 160% is observed at
300 MHz (for the Fe7sBoSi12Ca microwire SA at 190 MPa and then annealed)
[48].
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Figure 4.42. AZ/Z(H) dependences of SA (o = 760 MPa) Fe7sBsSi1,C4 microwire
measured at f< 100 MHz (a), 80 < f <200 MHz (b) and at f > 300 MHz (c).
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Figure 4.43. AZ/Z(H) dependences of SA (o = 760 MPa) + annealed Fe75BsSi12C4
microwire measured at f < 100 MHz (a) and at f > 200 MHz (b).

In all the cases subsequent annealing allows AZ/Zmnax —values

improvement by up to 50%.

The observed beneficial effect of annealing on the GMI effect can be
explained considering that annealing promotes the enhancement of
circumferential anisotropy and, hence, suppresses the irregularities in the

AZ/Z(H) dependencies.

90— SA (0 =190MPa)
1$ O SA(c=190MPa) + annealed (150min)
3011 —e— SA (c=760MPa)
O SA (Ia=76QMPa) f anneqled (15|0min)

0 300 600 900
f (MHz)

Figure 4.44. AZ/Znux(f) dependencies of SA and SA + annealed Fe7sBsSii12Cs microwire
for o =190 MPa and 760 MPa. The lines are just guides for eyes.
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4.2.5. GMI effect and DW propagation in “thick” glass-coated
Fe-rich microwires

After annealing, at 550 °C the character of the hysteresis loop of
Fe71.7B13.4Si11NbsNio.o microwire does not change, as can be seen in Figure 4.45,
although H. experiments a slight increase, this magnetic hardening can be
understood as the beginning of crystallization (as confirmed by the XRD pattern
in Figure 4.4c). Then, we assumed that at lower annealing temperatures the
microwire structure remains amorphous. Annealing at 300 °C causes a
coercivity decrease, the magnetic softening in this case can be explained due to

the internal stresses relaxation.

ch As-prepared
—— 300°C 1h
{— 300°C 4h
5 550°C 1h
= . |— 550°C 3h
= 0
=
-1 . . . | | |
-200 -100 0 100 200

H (A/m)

Figure 4.45. Hysteresis loop of as-prepared Fe71.7B13.4Si11NbsNig.s microwire
and annealed at 550 °C and 300 °C for different tann.

The bistable behaviour of the microwire as-prepared and annealed for
short annealing time observed in Figure 4.45, suggests the possibility to
observe single domain wall, DW, propagation, since it is observed for other Fe-
rich microwires [35,36]. By means of the modified Sixtus-Tonks method
(described in detail in Chapter 2) the velocity dependence on magnetic field H,
v(H), was evaluated and it is presented in Figure 4.45. As-prepared microwire

presents practically linear v(H) dependence and relatively high v values, up to
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700 m/s, as compared to the reported for Fe-rich microwires of similar

diameter obtained by in-rotating water quenching technique [49].
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Figure 4.46. DW velocity dependence on magnetic field, v(H), of as-prepared
Fe71.7B13.45i11NbsNig.s microwires and annealed at 550 °C for tann= 1 h.

The linear dependence of the DW velocity, v(H), along the microwire
[36-38,50], as a function of the magnetic field, in a viscous regime is described

by eq. (1.2).
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Figure 4.47. GMI ratio dependence of as-prepared Fez; 7B13.4Si11NbsNio.o
microwire at different frequencies.
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From eq. (1.2), S values are S = 11,9 m?/A-s for as-prepared sample,
being higher than the values usually obtained for similar microwires in as-
prepared state [28]. High S-values can be related to the effect of low

magnetoelastic anisotropy of these microwires [28].

After annealing, DW velocity and mobility experiment an improvement,
also reported for thinner Fe-rich microwires [28], b ut less appreciable than the
one related to those, rising up to v = 1000 m/s and S =15,5 m?/A-s for annealed

sample.

As-prepared Fe71.7B13.4Si11NbsNig.9 microwire presents relatively low GMI
effect, AZ/Z =~ 55% at 100 MHz (Figure 4.47). After annealing at 300 °C a
significant improvement is appreciated. The largest increase is found for the
sample annealed during tasn = 4 h, AZ/Z = 200%) as can be seen in Figure 4.48.
This enhancement must be understood as a consequence of the stresses
relaxation during the annealing. For longer tunn the GMI ratio starts to decrease

(Figure 4.48a).
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Figure 4.48. GMI ratio dependence of Fe71.7B13.45i1:NbsNio.o
microwire annealed at 300 °C during for different tan, (a),
annealed at 300 °C during 4 h (b) and stress-annealed at

300 °C during 4 h with 400 MPa (c).
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Figure 4.49. GMI ratio dependence of as-prepared Fez1.7B13.45i11NbsNio.g
microwire, annealed at 300 °C (a) and at 550 °C (b) for 1 h and stress
annealed at the same conditions with 400 MPa measured at 500 MHz.

However, stress-annealing at Tann = 300 °C (1 h) allowed better GMI
improvement (Figure 4.49). However, for higher annealing temperature (Tonn =

550 °C) we did not achieved GMI ratio improvement (Figure 4.49b).

Slight magnetic hardening after annealing at 550 °C (see Figure 4.45)
can be related to beginning of the crystallization process. This assumption is
confirmed by XRD pattern of as-prepared and annealed (at 550 °C) microwires
described before (see Figure 4.6). Consequently, slight coercivity increasing
observed after annealing at 550 °C must be attributed to the very beginning of
crystallization of studied microwire upon annealing. For this reason, we must
assume that for lower annealing temperatures the samples maintain the

amorphous structure.

Aforementioned XRD results are consistent with the previously
presented studies of as-prepared and annealed microwire performed by SEM:
the SEM picture of as-prepared state is typical for amorphous samples (see
Figure 4.7a). However, nano-sized crystallites can be appreciated in SEM image

of annealed (Tann = 550 °C, tann =3 h) sample (Figure 4.7b). From the SEM image
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the crystallites size of about 25 nm can be estimated.

Figure 4.50 shows the maximum AZ/Z values obtained at every of the
frequencies measured for the sample as-prepared and subjected under the
different treatments. It should be noted that, this microwire even in as-
prepared state presents simultaneously considerable GMI ratio and DW
propagation (as presented in Figures 4.46 and 4.48), this combination of
properties was only previously reported for cobalt rich microwires with induced
magnetic stability after thermal treatment [4]. Post-processed samples exhibit
high GMI ratio in a wide frequency range, in contrast to most Co-rich
microwires that, for a given composition and magnetoelastic energy, possess an

optimum frequency (about 200-300 MHz) [4].

High AZ/Zmax values obtained in a high frequency range is an attractive

characteristic for modern industrial applications [4].

The advantage of the studied microwires is that at these annealing
conditions (Tann = 300 °C for tenn = 4 h) the sample present amorphous structure

and hence maintain good mechanical properties typical for amorphous

materials.
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Figure 4.50. AZ/Zmax(f) dependences of as-prepared and post-processed at
different conditions Fez; 7B13.4Si;1NbsNio.9 microwires.
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4.2.6. Graded magnetic anisotropy in Fe-rich microwires and its
effect on DW dynamics

As shown in the previous sections, the stress-annealing induced
anisotropy essentially depends on the stress-annealing conditions: annealing
temperature, time and stress applied during the annealing and can be partially
annealed out by subsequent furnace annealing [52]. Thus, this led us to design
a post-processing consisting in stress-annealing at fixed stress and variable
annealing temperature that allows creating a magnetic microwire with graded

magnetic anisotropy [52,53].
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Figure 4.51. Local hysteresis loops of Fe7sBsSi1,Cs microwire stress-

annealed at variable Tann measured by a short pick-up coil
along the microwire length.

This research was carried out employing a 30 cm long Fe7s5BsSiioCa

microwire (d = 15.2 um, D = 17.2 um) above studied. Stress-annealing at
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variable temperature was performed in the same way as described in Chapter 3
for Co-rich microwires. The microwire was inserted into a conventional furnace
through the orifice and annealed in air atmosphere under tensile stress, o = 760
MPa, created by a mechanical load attached to one end of the sample. The

annealing temperature, Tann, inside the furnace was set to 350 °C.

Figure 4.51 shows the gradual change in the local hysteresis loop of the
sample stress-annealed in the zone with variable Tsn, measured by a short
pick-up coil movable along the microwire length. The hysteresis loop changes
from perfectly rectangular in the part of the microwire stress-annealed at lower
Tann to almost linear in the part of the microwire stress-annealed at higher Tonn
= 350 °C. The linear local hysteresis loop obtained at Tsn, = 350 °C is rather
similar to the bulk hysteresis loop obtained for the same Tann (presented above

in Figure 4.37).
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: .
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Figure 4.52. Effect of stress-annealing at variable T, in the hysteresis loops
of Fe7sBsSi1,Camicrowire measured at high field range
along the microwire length.

The hysteresis loops measured at high field presented in Figure 4.52
reflect the macroscopic transverse anisotropy graded along the microwire
length, with Hx = 5 kA/m observed for the sample end stress-annealed at 350

°C.
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Obtained microwire, presents not only rather difference in the local
hysteresis loops, but also variable squareness ratio, M,/My, and coercivity, H,

along the microwire length, L (see Figure 4.53).

(@)

1,0 °
1 .- "o
210 mm / L ! -80
go 0 0//, //

o = // // ' S
= ’ K K 70
S 054 400 200 0 200 400 s ) %)

H(A/m) ! ./ T
s1
~o- H, e 238r“”“fw_-eo
-e- MM\ & R h
o____‘l-'o - \Q}
@------ - --9 1
-400  -200 200 400
0,0 : : Ham |50
180 210 240 270
L (mm)
400 ( ) 8
- _°_ -
»-9 _ ° Rc
* o % -9
300 - LN e
. e -6
1, o , /é\
—~ 188 mm ' ‘
3
& 2004 ] ° /250 mm([ T =
- s A I,g o o
4 o 7 2
4 G5
1001 7 NAam) T @7 O e
—e-T N -5 a7 "Haim) .
E [ A S o~
R
0 T T T T 2
180 210 240 270
L (mm)

Figure 4.53. M,/My (L) and H. (L) dependences (a) and R.(L) and T(L) profile (b) L.
Local hysteresis loops recorded at different L are provided in the insets.

Observed M,/My (L) dependence (Figure 4.53a) allows to evaluate the
inner axially magnetized core radius, R;, by means of eq. 3.2. R (L) dependence
and its correlation with T(L) profile are provided in Figure 4.53b. Obtained R (L),

M,/Mo (L) and Hc (L) dependencies and gradual change in hysteresis loop shape
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reflect graded magnetic anisotropy obtained by stress-annealing at variable
Tann. From R¢ (L), M;/Mo (L) and Hc (L) dependencies with the T(L) profile, M,/Mo,
Hc and Rc (Tann) dependencies have been evaluated (see Figure 4.54a and Figure

4.54b).
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Figure 4.54. M,/Mo, H.(a) and R. (b) dependencies on Taun. The local (L =157 mm)
hysteresis loop of the sample stress-annealed at Tgn, = 350 °C
is provided in the inset of (b).

The observed dependencies of the squareness ratio, coercivity and
radius of the inner axially magnetized core radius with the annealing
temperature demonstrate the continuous magnetic anisotropy gradient along
the microwire length, which should be attributed to the variable Tgn, during the

stress-annealing.
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In the present case, the graded magnetic anisotropy appears as a
continuous spatial distribution of magnetic anisotropy gradient over the
microwire length subjected to stress-annealing at variable Tgnn. Taking into
account R dependences of the annealing temperature and the position in the
microwire, obtained graded anisotropy can be attributed to a gradual
modification of the domain structure i.e., an increase in the outer shell with
transverse magnetic anisotropy in expense to a decrease in the inner core

volume (see schematic picture in Figure 4.55).
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Figure 4.55. Schematic picture of the graded magnetic anisotropy appearing as a
continuous magnetic anisotropy gradient over the microwire length obtained
by stress-annealing at variable T,,, compared with T(L) profile
and local hysteresis loops at different L.



Results and discussion: Chapter IV

151

According to the modification in the character of the local hysteresis loops
along the sample length, can be identified three different zones in the
microwire: zone | corresponding to either as-prepared or stress-annealed
microwire at low Tgnn (Up to Tann = 74 °C) that correlates with almost perfectly
rectangular hysteresis loops related to axial magnetic anisotropy. Zone /I, for
the section of the microwire stress-annealed at temperatures Tann 2 334 °C
where the local hysteresis loops are linear, associated to microwires with
transverse magnetic anisotropy and zone /I, for the section of the microwire
stress-annealed at temperatures ranging from 74 °C < Tyn £ 334 °C, where
transverse and axial magnetic anisotropies superposition can be assumed (see
Figure 4.55).
By modification of the stress-annealing conditions (Tann, tenn and o)
further tuning of the graded anisotropy can be achieved.
The transverse character of the magnetic anisotropy in the surface of the
microwires is indirectly confirmed by the remarkable enhancement of the GMI

effect observed after stress-annealing of Fe-rich microwires [38, 52].

As regarding the DW propagation, the DW velocity in the Walker model,
v, is given by [57]:

being y the gyromagnetic ratio, a the magnetic damping parameter and A the
DW width. The only variable parameters in eq. (4.9) are A and H. For this
reason, as previously described, in a viscous regime, where v(H) dependence is
linear, the DW propagation with a uniform velocity is usually assumed if H=

const.

However, several methods allow the modification of A, such as the
application of transverse field [55], as well as induced transverse magnetic
anisotropy [38]. In consequence, we can expect rather different features of the

DW propagation in a microwire with graded magnetic anisotropy. Therefore,
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evaluation of the DW dynamics for obtained microwire with graded magnetic

anisotropy is presented below in Figures 4.56.

b
800 (a) 500 ( )
6004 400+
0 @
S E
> > ]
400+ 1-2 300
]
2-3
200 +—— x . : 2001 : : 2 tem %
40 50 60 70 80 90
H (A/m)
300 (d)
350 4
zone |l § -
250 e
Q —
E (2]
= £
> Q ~
20041 >
150

H (A/m)

Figure 4.56. v(H) dependencies of as-prepared (a) and stress-annealed at variable
Tann microwire measured at the different microwire zones (b-d) -the sample
is inserted into the Sixtus-Tonks set-up from the side with stronger
transverse magnetic anisotropy.

Comparison of v(H) dependences of as-prepared and stress-annealed at
variable Tann microwire is shown in Figures 4.56a-d. The v(H) dependence of as-
prepared sample is provided in Figure 4.56a and the v(H) dependence shown in
Figure 4.56b,c & d corresponds to zone [/, zones Il and /ll, respectively. For the
measurement the side of the sample with stronger transverse magnetic
anisotropy is gradually inserted into the Sixtus-Tonks set-up consisting of 3
pick-up coils. Figure 4.56a and 4.56b, show DW velocity values between the
pair of pick-up coils 1-2 and 2-3, vi, and v..3, respectively, that are almost

identical, meaning that the DW travels with a constant velocity at a given H —
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value in as-prepared sample as well as in the part of the sample with weak
stress-annealing induced magnetic anisotropy. In contrast, for the microwire
zones Il and /Il vy3, values are considerably higher than vi; values (Figures
4.56¢,d). Such difference must be attributed to non-uniform DW propagation (v

#const).

Faster DW propagation is obtained for the sample section with stronger
transverse magnetic anisotropy, consistently with the reported influence of the
stress-annealing induced magnetic anisotropy on DW dynamics. DW velocity
improvement is related to the influence of the outer domain shell with
transverse magnetic anisotropy (evidenced by R. decrease observed in Figure
4.54b upon increase in T,n) associated to stress-annealing induced transverse
magnetic anisotropy [38]. Such induced magnetic anisotropy of transverse
character is assumed to influence the DW dynamics in a similar way as the

application of a transverse magnetic field [37,52,55].

Additional information can be obtained from the EMF signals, €, induced
by the travelling DW in the pick-up coils [38,39]. The time € dependence, &(t),
can provide information of the uniformity of the DW velocity, the DW shape,
and even of the cross section of the region where DW propagates [38,39].
Experimental results on £(t) dependencies recorded for different sections of

studied microwire sample are shown in Figure 4.57 and 4.58.

Figures 4.57a-h are obtained for the case when the microwire is
gradually inserted from the zone [ side into the measuring system from the side
of the 3-rd pick-up coil, being x the length of microwire outside the primary coil
end (see Figure 4.57i). This configuration allows the singe DW depinning and
travel from the microwire region (from the end placed inside the magnetizing
solenoid), which presents features of magnetic bistability and stress-annealing
induced anisotropy either absent or rather small (see Figure 4.57i). However,
the DW propagates in the region of the sample affected by stress-annealing at

variable Tann (When the sample is inserted sufficiently inside the solenoid).
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Figure 4.57. EMF peaks induced by magnetization changes in the pick-up coils in
stress-annealed at variable Tan, microwire from zones I (a), Il (b-f) and 11l (g,h)

when the sample is inserted into the measuring system from the microwire end
with rectangular hysteresis loop. Schematic sketch of the DW propagation (i).

Hence, the DW propagation is measured first for the zone I. Then, the
sample from zones I/ and /Il step by step is inserted into the measuring system
(from the 3-rd pick-up coil side). (t) dependences obtained for the sample
portion from the zone / are typical for the regular DW propagation with uniform

velocity: travelling DW passes successively through the three pick-up coils (see
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Figure 4.57a and 4.58a). The three EMF peaks present quite similar amplitude
and shape and are separated by roughly the same time interval, 4t, indicating a

single-DW propagation regime with DW travelling at constant velocity.
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Figure 4.58. Evolution of the EMF signals by magnetization changes in the pick-
up coils for the microwire stress-annealed at variable T,,, when the sample is
introduced in the measurement system from zone | end, with a length
of sample outside the primary coil end of x = 3.4 cm (a),
3cm (b) and 2.4 cm (c).

When the zone Il of the sample reaches the 3-rd pick-up coil (Figure
4.57b and 4.57b) can be observed that the signal from the 3-rd pick-up coil
becomes much sharper (Figure 4.57b and 4.57b). The amplitude of EMF signal
of the 3-rd pick-up coil first becomes higher and then decreases until vanishes
when the sample moves further inside the measuring system (see Figures
4.57c-h and 4.58c). Such decrease is associated to a modification in the DW
velocity (Figure 4.56c). Correspondingly, in the area with strong enough stress-

annealing induced magnetic anisotropy the DW can be trapped.
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The evolution with distance, x, of the EMF signal of the 3-rd pick-up coil
and its half-width (full width at half maximum), W, are presented in Figure
4.59a and 4. 59b, respectively. As clearly depicted in Figure 4.59a, the 3-rd EMF
peak becomes sharper as the sample zone with stronger stress-annealing
induced anisotropy is inserted inside the 3-rd pick-up coil. Such behaviour is

also evidenced from W(x) representation shown in Figure 4.59b.
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Figure 4.59. Evolution of the EMF peak from the 3-rd pick-up coil with x (a),
W(x) of the 3-rd EMF peak (b) and M,/My(x) dependence (c).

Moreover, the At between the 2-nd and 3-rd pick-up coils becomes
smaller, indicating faster DW velocity from the sample zone Il (as also

evidenced from Figure 4.56d).
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Therefore, such evolution of the 3-rd EMF peak must be related with a
decrease in the characteristic DW length, &, or/and to the modification in the

DW velocity.

Taking into account equations (4.6) and (4.7), EMF signals detected by
the 3-rd pick-up coils can be compared considering the same coil parameters
and the fact that in this case, the difference in EMF signals must be attributed
to the change in Qv product [38]. Consequently, the EMF modification observed
in Figure 4.58 and 4.59 must be associated either to different v values or the

change in the magnetic charge Q.

0
Pick-up coils

characteristic DW length, 6, decreases
<)

Pick-up coils

Figure 4.60. Schematic illustration of the modification of the characteristic
DW length in the zone of the sample with graded magnetic anisotropy.

Previously, these effects have been separated from comparison of
evolution of Qv and W [38,39]. In the present case, the DW propagation takes
place in the sample zone with graded magnetic anisotropy, where M,/My
gradually changes along the sample (see Figure 4. 59c). Accordingly, the DW
velocity observed in zone /Il (Figure 4.56d) must be variable along the sample
(i.e., different in each point of the sample from zone /ll). For H = 45 A/m the

ratio between vi.> and v;.3 values is vi.2/v2.3 = 0.85 (see Figure 4.56d). On the
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other hand, the average remanence ratio taken from Figure 4.57¢ My /Mo (1-2)/
M /Mo (2-3) = 2. Such simplified estimation gives as a result Qi-2 v1-2/ Qz-3 V23 =
1.7. Let us consider as Wi, and W,3 W-values for the zones | and IIl.
Correspondingly, Wi.> /W..3 ratio evaluated from Figure 4.59b gives an average
value W12 /W2.3= 4.5. Thus, the difference observed in the 3-rd peak half-width

cannot be explained only by different DW velocities in zones I and //I.

Consequently, as schematically shown in Figure 4.62, a 6 decrease can
be assumed when the DW propagates in the zone with graded magnetic
anisotropy. Such 6 decrease is related to a decrease in the cross section of the
inner axially magnetized core in which the DW is located, as well as by an
increase in the magnetic anisotropy constant, K, due to stronger induced
magnetic anisotropy. The 6 —values are affected by K: the reduced head-to-
head domain wall length, 6/d, (d is the metallic nucleus diameter) changes from
6/d = 13.5 for K = 10% J/m?3 to 6/d = 40-50 for K = 10% J/m?3 [39]. On the other
hand, even at fixed magnetic anisotropy the DW length is affected by d values
[39]. Accordingly, the decrease in 6/d in the microwire portion subjected to
stress-annealing at high enough Tunn (see Figure 4.60b) must be attributed to
the decrease in the inner core radius and higher magnetic anisotropy in stress-

annealed sample section.

Above discussion suggests that DWs in amorphous microwires are quite
wide: in amorphous Fe-rich microwires 6/d ~ 13.5 — 50 [39], while for
nanowires O is of the order of the wire diameter, i.e., 6/d ~ 1 — 2 [39]. This
difference is fundamentally related to low magnetic anisotropy of amorphous
microwires as well as low contribution of the exchange energy for microwires

with thicker dimensions.

Substantially non uniform DW propagation in a medium with graded
magnetic anisotropy together with the obtained decrease in DW length open

the possibility to tune the DW features in magnetic microwires.
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The other possibility to manipulate the DW dynamics of studied
microwires is to create a local defect in the microwire by local stress-annealing.
For this purpose we locally heated the microwire under applied tensile stress

(o =90 MPa) for tann=1 h, we used the annealing temperature equal to 250 °C.

Local nucleation field profiles (H, (L) dependence) of as-prepared and
locally stress-annealed sample are compared in Figure 4.61a. Hn (L)

dependencies of both samples present similar features (i.e., local fluctuations
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Figure 4.61. Effect of local stress-annealing on local nucleation field distribution,
Hn (L), (a) and H, (L) distribution in the area affected by local
stress-annealing (b) for Fe7sBsSii2Ca microwire.
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at the same L-values). However, a region with lower H, values is detected in

the middle part of the locally stress-annealed sample (Figure 4.61b).

EMF peaks induced by the magnetization change in the pick-up coils for
as-prepared and locally stress-annealed samples are presented in Figure 4.62a
and Figure 4.62b, respectively. It can be appreciated the rather different
character of the remagnetization process of locally stress-annealed sample
from that of as-prepared sample: the EMF peaks sequence has changed. In
locally stress-annealed sample the peaks in coil 1 and 2 appear almost
simultaneously (Figure 4.62b), meaning that the DW passes almost
simultaneously through coils 1 and 2. Considering the changes in the H, (L)
profile caused by local stress annealing we can assume that in this case the
propagation of two DWs takes place: the first one travelling from the sample
end (as also observed for as-prepared sample) and a second DW coming from
the local defect created by the local stress-annealing.
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Figure 4.62. EMF signals induced by magnetization changes in the pick-up coils in
as-prepared (a) and locally stress-annealed (b) Fe75BsSi1.C4 microwire.

Previously, for the preparation of magnetic materials (e.g., thin films)
with graded magnetic anisotropy, rather sophisticated techniques were
employed, including changes in the chemical composition during the thin films
deposition with subsequent annealing [56,57]. The graded magnetic anisotropy
obtained in thin films appears as a continuous gradient over the film thickness.

The generation of required spatial distribution of magnetic anisotropy was also
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investigated for the engineering of DW dynamics by controllable nucleation and

propagation of the reversed domains using model calculations [58].

Consequently, we proposed a rather simple method to design graded
magnetic anisotropy in magnetic microwires by stress-annealing at fixed
applied stress and variable annealing temperature. The obtained medium
presents an artificially modified inner axially magnetized core radius, which
serves as a gate for DW propagation, allowing engineering of DW dynamics in
Fe-rich microwires by graded magnetic anisotropy. Therefore, non uniform
velocity of single DW propagation is assumed in graded magnetic anisotropy
medium. Furthermore, in the section of the microwire with sufficiently strong
stress-annealing induced magnetic anisotropy, the DW can be trapped. On the
other hand, the section with moderate stress-annealing induced magnetic

anisotropy presents faster DW propagation and a decrease in the DW length.
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4.3. Concluding remarks

Generally, Fe and Fe-Ni based microwires present rectangular hysteresis
loops and therefore single domain wall propagation can be observed in such
microwires. Domain wall dynamics can by substantially improved by furnace

annealing allowing internal stresses relaxation.

Although as-prepared Fe-rich amorphous microwires exhibit low GMI
ratio and rectangular hysteresis loops, stress-annealing, Joule heating, and
combined stress-annealed followed by conventional furnace annealing can
substantially improve the GMI effect (by more than an order of magnitude). On
the other hand, Fe-rich microwires with moderate stress-annealing induced
anisotropy can present both GMI effect and single domain wall propagation.

We demonstrated that the stress-annealing induced anisotropy is
partially reversible: part of such stress-annealing induced anisotropy can be

annealed out.

The stress-annealing induced anisotropy depends on stress-annealing
conditions: temperature, stress and time. The dependence of stress-annealing
induced anisotropy on stress-annealing conditions allowed to obtain
microwires with graded magnetic anisotropy: a gradual modification of
hysteresis loops consisting of variable squareness ratio and coercivity along the
microwire length is achieved in microwires subjected to stress annealing with a
temperature gradient. We found that the domain wall propagation in a
microwire with graded magnetic anisotropy is substantially non uniform.
Domain wall can be trapped in the microwire region with strong enough stress-
annealing induced magnetic anisotropy. On the other hand, faster domain wall
propagation and a decrease in the domain wall length are observed in the
region with moderate stress-annealing induced magnetic anisotropy. Beneficial
effect of stress-annealing on the domain wall dynamics is associated with the

induced transverse magnetic anisotropy in the outer domain which affects the
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travelling domain wall in a similar way as application of transversal bias

magnetic field.

Amorphous Fe-rich glass coated microwires with metallic nucleus
diameter of about 100 um can be prepared using the Taylor-Ulitovsky method.
Such microwires after appropriate annealing can present combination of both

high GMI effect and single domain wall propagation.
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5. Application: Magnetic microwire inclusions in smart
composites allowing non-contact stress and temperature
monitoring

Thin and flexible glass-coating provides new functionalities, as previously
mentioned, such as improved mechanical and corrosive properties, adherence with
polymeric matrices and biocompatibility [1-3]. These mentioned features of glass-
coated microwires allow better use of the advantages of amorphous materials in a
number of emerging applications opening new opportunities for development of novel
applications, such as non-destructive stresses monitoring, biomedical applications,
magnetoelastic sensors and smart composites with tunable magnetic permittivity [4-
8]. The other advantages of glass-coated microwires are low dimensionality and
excellent mechanical properties [1]. Particularly, the stress dependence of hysteresis
loops and GMI effect, which is proposed for the mechanical stresses monitoring in
fiber reinforced composites (FRC) containing microwires inclusions or using
magnetoelastic sensors based on stress dependence of various magnetic properties [4-
8].

Glass-coated Fe7sBoSi1oCa (metallic nucleus diameter, d = 15.2 um, total
diameter, D = 17.2 um, p = d/D = 0.88) and Fe38C0e5.4Ni1B13.85i13M01.35C1.65 (d = 18,8
um, D = 22,2 um) microwires with positive and low negative magnetostriction
coefficients, As, respectively, prepared by Taylor-Ulitovsky technique, have been
employed in this study. As —values of studied FessBsSit2Ca  and
Fe38C0654Ni1B138Si13M0135C1.65 microwires are about 35 x 10® and -1 x 10%,

respectively, as presented before.

As studied in the previous chapter, as-prepared Fe;5B9Si12Cs microwires present
rectangular hysteresis loops [9]. Under applied stresses the character of hysteresis
loops of as-prepared Fe-rich microwires does not change [10]. However, magnetic
softness and external stresses sensitivity of as-prepared Fe-rich microwires can be

considerably improved by stress-annealing [9,10].
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Stress-annealed Fe-rich microwires can present higher sensitivity to external
stresses [10]. Therefore, Fe7sBsSi1oCs4 microwires were stress-annealed in a
conventional furnace at 300 °C under 190 MPa. As previously reported, FessBgSii12Ca
microwires stress-annealed at these conditions present good magnetic softness and

considerable GMI effect [9].

On the other hand, from previous studies and as it is reviewed in this work, it is
known that as-prepared Co-rich microwires typically present good magnetic softness
and hence high GMI effect [11]. Additionally, previously is shown that the composite
materials with embedded Co-rich microwires can present field tunability of effective
permittivity and enhanced sensitivity to external stimuli, like temperature or stress
[12]. Therefore, we expect that Fiber Reinforced Composites, FRCs, containing
Fes38C065.4Ni1B138Si13M0135C165  microwires  with  low  negative  vanishing

magnetostriction coefficient can be sensitive to stresses.

The stress has been applied during the annealing as well as during the sample
cooling with the furnace. The value of applied stresses (evaluated using eq. 2.1) was up

to 450 MPa.

Wire arrays were fabricated using prepared glass coated amorphous wires
embedded in the thermoset matrix polymerization and placed inside the glass tube
(Figure 5.1a). We used a vinylester resin (DERAKANE 8084) resin, accelerated with
Cobalt Octoate (0,3 pph) and catalyzed with Methyl Ethyl Ketona (MEK 60%, 1,5 pph).

DERAKANE 8084 epoxy vinyl ester resin is an elastomer modified resin designed
to offer increased adhesive strength, superior resistance to abrasion and severe

mechanical stress, while giving greater toughness and elongation.

The liquid resin properties are the following; its density at 25 °C is of 1.02 g/ml,

its dynamic viscosity at 25 °C is of 360 MPa and its styrene content is of 40%.

During the polymerization process of the resin, volume shrinkage occurs (8.2%)

and solid cured resin is obtained. The mechanical properties of the cured resin are the



Application: Magnetic microwire inclusions in smart composites allowing non-contact stress
and temperature monitoring 170

following: tensile strength of 76 MPa, tensile modulus of 2.9 GPa, and tensile

elongation of 8-10%.

All technical resin information can be found in its technical data sheet

(Document 1820 V5 F2, Language ES “draft”, © 2017 Ashland Inc.).

5.1. Effect of the matrix polymerization in the hysteresis loops of the
microwire inclusions of the composite material

Consequently, we studied the evolution of the hysteresis loop of
Fes.8C065.4Ni1B13.8Si13M01.35C1.65 microwire embedded in the thermoset resin during its

polymerization inside the glass tube with the pick-up coil (Figure 5.1a).
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Pick-up coil o
N\ L1
1 ) v€‘|\~Compensation
coil
H Solenoid

y 7 Z
y 4 & 4
y & & y &
9 g S

(F& & & & &8 &

Figure 5.1. Sketch of a system allowing measurements of the hysteresis loops of linear array
consisting of glass coated amorphous wires embedded in the polymerizing composite
and placed inside the glass tube (a) and of a FRC with embedded microwires (b).
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The polymerizing matrix provides external stimuli for the microwire inclusions

(Figure 5.1b), which affects the magnetic properties and the GMI effect of microwires.

We performed two kinds of in-situ experiments when glass-coated microwires:
1) were place in a thermoset matrix during its polymerization and 2) were embedded

in a polymerized composite.

Hysteresis loops of both kinds of microwires are shown in Figure 5.2. As can be
appreciated from Figure 5.2a, FesgCoes54Ni1B138Si13M01.35C165 microwire presents
almost linear hysteresis loop with a good magnetic softness (coercivity, Hc = 10 A/m). It
is worth mentioning that the hysteresis loop of microwire placed inside the linear array
remains almost the same as for free single microwire (see Figure 5.2a). Stress-
annealed (employed for in-situ experiments) FesBsSi12C4 microwire also presents low
coercivity (Hc = 40 A/m) (Figure 5.2b). However, the hysteresis loop character is

different to that of Co-rich microwire.

Hysteresis loops of the arrays containing the microwires have been measured
in situ using the fluxmetric method during the time period of 120 min. The

temperature has been measured by a standard thermocouple.
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Figure 5.2. Hysteresis loops of FessC0es.4Ni1B13.8Si13M01.35C1.65 (a)
and stress-annealed Fe7sBsSi12C4 (b) microwires.
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In the first series of experiments we measured the evolution of the hysteresis
loops of the linear microwire (of both Co-rich and Fe-rich compositions) array during
the thermoset matrix polymerization. These results are represented by the changes of

the hysteresis loops with the polymerization time, t (Figure 5.3).

We observed change of shape of the hysteresis loops of the array containing
Fe3.8C065.4Ni1B13.8Si13M01.35C1.65 microwires, namely: linear character of the hysteresis
loop observed in FessCo65.4Ni1B13.8Si1sM01.35Ci65 magnetic microwire becomes
rectangular during the matrix polymerization. This change of the hysteresis loop
character in array of FessCoes54Nii1B13.8Si1sMo01.35C165 Microwires is observed after
approximately t = 20 min (Figure 5.3). Observed change of hysteresis loops can be
represented by the evolution of the coercivity, Hc, and magnetic anisotropy field, Hx,
obtained directly from the hysteresis loops. As can be observed from Figure 5.4a,
magnetic anisotropy field presents non-monotonic dependence on time of

polymerization, while coercivity grows from 6 to 35 A/m (Figure 5.4b).

M/M

40 min
—— 44 min
—— 46 min
—— 76 min
106 min

2CI)O
H (A/m)

Figure 5.3. Effect of the matrix polymerization on hysteresis loops of the
array containing the Fes gCogs.4Ni1B13.8Si13M01.35C1.65 microwires.
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Similarly, remarkable change of the hysteresis loops of array containing
Fe7sBoSi12Ca microwires upon polymerization is observed (Figure 5.5). In this case,
initially the hysteresis loop presents almost rectangular shape with H. = 40 A/m. Upon
thermoset matrix polymerization the hysteresis loop becomes more inclined and
finally changes to linear (see Figure 5.5a). Evolution of coercivity on polymerization
time presents non-monotonic dependence with maximum about 40 min, see Figure
5.5b). Finally, for long t-values the hysteresis loops become almost anhysteretic and
the coercivity drops to 3 A/m. Then, in this case the variation of magnetic properties is

even more remarkable than for the case of the arrays containing Co-rich microwires.
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Figure 5.4. Time dependence of the anisotropy field (a) and coercivity (b) of the array
containing FessCoss.4Ni1B13.85i13M01.35C1.65 microwires inside the glass tube.

5.2. Effect of the matrix polymerization in the electromagnetic
parameters of the FRC with embedded microwires

The second detection method involves measurements of the transmission, T,
and reflection, R, parameters of the composite containing Co-rich microwires

(Fe3.8Coe5.4Ni1B13.8Si13M01.35C1.65) Using the free space system.
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Figure 5.5. Evolution of hysteresis loops (a) and coercivity (b) of linear
array containing FezsBsSi12Cs stress-annealed microwires.

As can be appreciated from Figure 5.6, considerable variation of the T-
parameter is observed in the range of 4-7 GHz (Figure 5.6a). Similarly, to Hk (t)
dependence obtained for linear array containing Fe38C065.4Ni1B13.8Si13M01.35C1.65
microwires a non-monotonic variation of T-parameter upon polymerization is
observed (Figure 5.6a). Additionally, some changes of R-parameter are also observed

in a wide frequency range (Figure 5.6b).
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Figure 5.6. Transmission, T, (a) and reflection, R, (b) parameters measured
using free-space system during the composite polymerization.
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Observed changes of magnetic properties can be related to two main

phenomena arising during the composite matrix polymerization: heating and

mechanical stresses.
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Figure 5.7. Temperature evolution upon the polymerization.

In order to evaluate the heating we measured the temperature by means of a
thermocouple. As can be observed from Figure 5.7, the matrix polymerization
produces a heating of the composite up to 80 °C. For the present geometry (linear
array of microwires with polymerizing composite inside the glass-tube) the heating

takes place up to t = 20 min (when the temperature, T, achieves about 80 °C) followed
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Figure 5.8. DSC curves of as-prepared Fes sCoss.4Ni1B13.8Si13M01.35C1.65 (a)
and stress-annealed Fe7sBsSi12Ca (b) microwires.

by cooling down to almost ambient temperature at t = 50 min (when T = 30 °C).
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Structure and crystallization temperature of studied microwires have been
evaluated by the DSC method. Both studied samples at 80 °C maintain amorphous
character. The crystallization temperatures, T., (determined as the beginning of the
first crystallization peak) evaluated by the DSC of microwire are about 554 and 522 °C

respectively (see Figure 5.8a,b).

Additionally, all studied microwires present XRD picture typical for completely
amorphous materials. The XRD of microwires embedded in the polymerized matrix
present broad halo typical for completely amorphous materials (see Figure 5.9a,b).

Therefore, we must pay attention on the magnetoelastic behaviour of both

microwires.
4000 (a)
2000
;§ 50 | 75 | 100
S (b)
55 2000
1000 -

50 75 | 100
20 (deg.)

Figure 5.9. XRD, picture of the Fes sC0e5.4Ni1B13.85i13M01.35C1.65 (a) and
Fe75BsSi12C4 (b) microwires embedded in the polymerized matrix.
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5.3. Effect of the composite matrix polymerization process in the
internal stresses of the microwires

The second phenomenon affecting the hysteresis loops during the resin
polymerization are the mechanical stresses affecting to the metallic nucleus of the
microwire. Matrix polymerization is accompanied by change of density and shrinkage.
Although generally the internal stresses arising during the matrix polymerization are
complex and distributed in non-homogeneously distributed inside the matrix [13] an
important fact is that the matrix shrinks as it cools. Additionally, studied system
consisting of glass-coated metallic microwires inside the polymerizing matrix presents
different thermal expansion coefficients of metallic nucleus, glass-coating and the
matrix consisting of vinylester (Derakane 8084) resin accelerated with Cobalt Octoate
and catalyzed with Methyl Ethyl Ketona. However, we can assume that the shrinkage
of the matrix produces compressive stresses in magnetic nucleus of glass-coated

microwires.

In order to confirm this assumption, we evaluated the influence of applied
tensile stresses on the hysteresis loops of both employed microwires. As shown in
Figure 5.10a, the hysteresis loop shape of as-prepared Fez 3sCoe65.4Ni1B13.8Si13M01.35C1.65
microwire (with low negative As -value) maintains linear shape under applied tensile
stresses.  However,  magnetic  anisotropy field, Hy, of as-prepared
Fes.8C065.4Ni1B13.8Si13M01.35C1.65 microwire rises under application of tensile stresses
(see Figure 5.10a). An increase of magnetic anisotropy field, Hi, of
Fes.8C065.4Ni1B13.8Si13M01.35C1.65 microwire upon tensile stresses (proportional to the
mechanical load, P, attached to the microwire) is depicted in Figure 5.11. In fact the
influence of applied stresses on hysteresis loops of Co-rich microwires is poorly
studied. However, from evolution of the GMI ratio upon tensile stresses [4] such Hi

rising upon tensile stresses can be predicted in Co-rich microwires.

Almost non-hysteretic loops of Co-rich microwires (with As < 0) with a well-
defined transverse circular anisotropy have been attributed to magnetisation process

running by quasi-reversible magnetisation rotation from the circumferential to the
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axial direction as increasing the axial applied magnetic field [14]. Such circular
magnetic anisotropy is induced by the internal stresses (mostly of tensile character)
generated during the fabrication [14,15]. To explain the influence of applied stresses it
is necessary to consider the negative As-values and the fact that the applied stress
induces additional circular magnetoelastic anisotropy responsible for the linear

hysteresis loop.

In contrast, the hysteresis loops of stress-annealed Fe7sBySi12Ca microwires (As >
0) upon application of tensile stress, the hysteresis loop becomes perfectly rectangular
(Figure 5.10b). Additionally, growth of coercivity, upon applied stresses (Figure 5.10)
and mechanical load, P, (Figure 5.11) can be appreciated. Previously, H. rising upon
applied tensile stresses, o, was interpreted considering that the coercivity is
proportional to the energy required to form the domain wall involved in the
magnetization reversal [16]. In this case, the coercive field was associated to the
switching field, Hs, that is the value of the applied magnetic field to remagnetize the
inner core [16]. Experimentally observed in Fe-rich microwires Hs (o) dependence
follows a o2 law [16] previously predicted for amorphous wires [16], which is

generally in agreement with the results of the Figure 5.10b.
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Figure 5.10. Evolution of the hysteresis loops of Fes sC0¢5.4Ni1B13.85i13M01.35C1.65 (a)
and stress-annealed FezsBsSi12Cq (b) microwires.
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Previously, the recovery of the rectangular hysteresis loop typical in stress-
annealed Fe-rich microwires [17] upon tensile stresses was explained by the increasing
of the longitudinal stress component under the tensile stress application and
consequently the alignment of the easy magnetization axis along the highest stress

component in the microwires with As > 0 [16].

Observed dependencies generally present the behavior opposite to those
observed during the polymerization process. Particularly, linear hysteresis loop of
linear array containing the Fes3C065.4Ni1B138Si1sMo0135C165 microwires becomes
rectangular during the matrix polymerization. Moreover, as shown in Figure 5.4, this
transformation of hysteresis loops is associated to magnetic anisotropy field decrease
upon the polymerization. However, observed Hi (t), Hc (t) and T (t) dependencies are
non- monotonic: some increase of Hx at t = 20 min and T up to t = 15 min (at f = 4-7

GPa) must be related to the heating.
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Figure 5.11. Variation of Hi of Fe38Coess.4Ni1B13.5Si13M01.35C1.65 microwire
and H. of Fe7sBsSi12C4 microwire upon application of
a mechanical load, P.
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Similarly, coercivity behaviour of Fe;sBsSi12Cs microwires upon application of
tensile stress is opposite to that observed upon polymerization: under the influence of
tensile stresses the hysteresis loop becomes perfectly rectangular, while during the

FRC polymerization the on the hysteresis loop changes from rectangular to linear.

To understand the effect of polymerization on magnetic properties of glass-
coated microwires we must consider the character of the internal mechanical stresses.
As mentioned before, the main part of the mechanical stresses is originated by the
difference in the thermal expansion coefficients of metallic alloy and glass-coating. The
main part of the metallic nucleus of the microwire (up to r ~ 0.85 R, where R is the
metallic nucleus radius, r- metallic nucleus radius) has tensile stresses [15,18].
Therefore, the difference in thermal expansion coefficients of metallic alloy and glass-
coating upon heating becomes smaller allowing the reduction of the internal stresses.
This assumption has been recently confirmed by direct observation of the heating
effect on hysteresis loop of Co-rich microwires with vanishing magnetostriction
coefficient [14]. The transformation of the hysteresis loop from linear to rectangular
upon heating was explained by the easy anisotropy direction change from

circumferential to axial upon heating.

However, after the initial heating observed for about the first 20 min, the
matrix is cooled during further polymerization (see Figure 5.7). Accordingly, one can
expect the opposite trend towards an increase in internal stresses inside the
ferromagnetic core, which are responsible for the evolution of magnetic properties

during polymerization.

The other factor affecting the magnetic properties of the microwire inclusions

during matrix polymerization is aforementioned matrix shrinkage.

From previous knowledge on internal stresses arising during the matrix
polymerization [19] it is known that such stresses are complex and distributed non-

homogeneously inside the matrix and especially in the inclusions inside the
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polymerized matrix. In first approximation we can consider that the matrix shrinks

during the polymerization.

Therefore, we can assume the compression stresses acting upon glass-coated
microwires. The properties of the main constituents, i.e., the matrix, the glass coating
and the metallic nucleus of the microwires are quite different. Therefore, the stresses
must be non-uniformly distributed within the microwire inclusions. Generally, such
compression acting upon the glass coating should reduce the internal stresses inside
the metallic nucleus. Thus, the matrix shrinkage will act similarly to the matrix heating.
However, in order to understand the polymerization effect, we must consider both
effects simultaneously: a temperature change (which includes initial heating followed

by cooling) and a matrix shrinkage.

Thus, taking into account the obtained experimental results on the effect of
applied stresses on the hysteresis loop of individual microwires and on the
polymerization effect, it can be concluded that the observed in-situ evolution of the
hysteresis loop of arrays consisting of Co and Fe-rich microwires, as well as the
transmission and reflection parameters at polymerization should be attributed to the

matrix shrinkage and the temperature variation during the polymerization.

A schematic (rather simplified) picture illustrating the effect of the
polymerization process on the stress distribution is shown in Figure 5.12. It should be
noted that shrinkage of the matrix, as well as heating and cooling occur
simultaneously. The observed non-monotonic Hc, Hk (Figure 5.4) and T dependencies
(Figure 5.6) should be attributed to the cumulative effect of all processes during matrix

polymerization.
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Figure 5.12. Schematic picture illustrating the effect of the polymerization process

on the stress distribution inside the metallic nucleus of glass-coated microwire.

It is worth mentioning, that due to the mismatch in the properties of their
constituents, composite are prone to build-up of residual stresses. In consequence, it

can be helpful to identify what happened in the microwire/polymer interface.

The adhesion in the interface between the microwire and the matrix in the
composite was checked using the Hitachi TM-1000 scanning electronic microscope,
SEM, as well as using recently described adhesion test [6]. Using mentioned technique
as well as SEM microscopy (see Figure 5.13) we observed quite good adhesion
between the polymeric matrix and glass-coating. When a microwire is drawn out of a
polymerized matrix, the applied stress above 60 MPa is necessary for breaking the
interface between the metallic nucleus and the glass coating. However the interface

between the glass nucleus and the matrix was not destroyed.
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Figure 5.13. SEM image of studied glass-coated
microwire inside the polymeric matrix.

Above, we described the use of magnetic microwires for in-situ monitoring of
the matrix polymerization. Eventually, the same technique can be used for the remote
monitoring of stress or temperature not only during the polymerization, but also for
real time non-destructive monitoring of local stresses and temperature during the

exploitation of the composites.
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Concluding remarks

We propose a novel sensing technique for non-destructive and non-contact
monitoring of the composites utilizing ferromagnetic glass-coated microwire inclusions

with magnetic properties sensitive to tensile stress and temperature.

To demonstrate it we have studied in-situ the impact of matrix polymerization on
the evolution of the hysteresis loop of arrays consisting of Co- and Fe-rich microwires
as well as the transmission and reflection parameters of the composites with

microwire inclusions.

A remarkable change in the hysteresis loops shape of linear microwire arrays is
observed. For the arrays containing Co-rich microwires we observed transformation of
the linear hysteresis loop to rectangular shape and a coercivity increasing from 6 to 35
A/m. Even more remarkable changes of the hysteresis loops of the arrays containing
stress-annealed Fe-rich microwires consisting of a change of the hysteresis loop from
rectangular to linear shape and a coercivity drop from 40 A/m to 3 A/m are observed.
The effect of applied tensile stresses on the hysteresis loops of both studied

microwires is the opposite to that observed during the composite polymerization.

Additionally, we observed considerable variation of the T-parameter (in the
range of 4-7 GHz) and R-parameter upon composite polymerization using the free

space technique.

Observed dependencies are discussed considering the matrix shrinkage during
the polymerization and heating during the matrix polymerization and their influence

on magnetic properties of glass-coated microwires.

Obtained experimental results yield new and important insights suitable for
development of novel sensing technique for non-destructive and non-contact
monitoring of the FRCs utilizing ferromagnetic glass-coated microwire inclusions.

Consequently, a novel sensing technique for non-destructive and non-contact

monitoring of the composites utilizing ferromagnetic glass-coated microwire inclusions
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with quite soft magnetic properties and tunable magnetic permittivity sensitive to

tensile stress and temperature is proposed.
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6. Conclusions and future outlook

Following the guidelines established in the introduction, this thesis has been
devoted to the optimization of the magnetic properties of Co and Fe-based glass-
coated microwires fabricated by the Taylor Ulitovsky technique, including:
improvement of magnetic softness, increase in the giant magnetoimpedance (GMI)
effect and fast domain wall (DW) dynamics control. The experimental results for the

different post-processing routes selected allow us to extract the following conclusions:

+* Co-based amorphous glass-coated microwires:

1. Co-based microwires with nearly-zero magnetostriction coefficient can
present excellent magnetic softness and GMI effect even in as-prepared
state.

2. Conventional annealing at sufficiently high temperature (350 °C) leads
to magnetic hardening. Despite the magnetic hardening, increase in the
GMI effect is obtained with a change in the shape of the AZ/Z(H) curve,
from double-peak to single-peak dependence.

3. Stress-annealing allows obtaining better magnetic softness as-compared
with furnace annealing, although higher temperatures and stresses
values are needed than for Fe-rich microwires.
Cos9.2Fe36Ni1B125Si11M01.5C1.2 microwires stress-annealed with o = 472
MPa showed a decrease in the coercivity that is more noticeable as the
temperature increases (up to 350 °C). GMI ratio improvement is
observed, although similar AZ/Zm.x values are observed for stress-
annealing at fixed applied stress and different annealing temperatures.
The samples stress-annealed present higher AZ/Zm.x —values at higher
frequencies. In addition, we have noted that short annealing treatments

(tann=10 min) also can produce beneficial effect.
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4. Remarkable GMI effect improvement (up to 650%) and extremely
magnetic  softness (Hc = 2 A/m) is  obtained for
Coe7FesoNi1sB11.5SilasMo1.e microwire after Joule heating. Optimal Joule
heating conditions for maximizing the GMI ratio are found to be / = 40
MA, tann = 5 min. The optimum frequency shifts from 300 MHz for as-
prepared sample to 200 MHz in current-annealed samples.

5. Coe9.2Fe4.1B11.8Si13.8C1.1 microwire exhibits higher GMI ratio after Joule
heating as compared with stress-annealing. Pointing out the beneficial
effect of Joule heating for Co-based microwires.

6. The effect of applied tensile stress studied for
Coes.4Fe3 gNi1B138Si13sM0135C165 microwire showed a linear Hx (o)
dependence.

7. Co-rich microwires with magnetic bistability induced by annealing exhibit
DW propagation. DW velocity increase upon application of tensile stress
is observed in studied Coes.2Fes.1B11.8Si13.8C1.1 microwire. Stress-annealing
of Co-rich microwires with induced magnetic bistability allows further
improvement of the DW velocity and mobility values.

8. Graded magnetic  anisotropy is attained in Co-based
Cog4.04Fe5.71B15.885i10.94Cr3.4aNioos (d = 95 um, D = 130 um) and
CoesCrasFessBigSiia (d = 20.1 um, D = 24.8 um) microwires stress-
annealed under a temperature gradient, reflected on the gradual

modification of the hysteresis loops along the sample length.

+» Fe-based glass-coated microwires:

1. Hysteresis loops of Fe7oB15Si10Cs amorphous glass-coated microwires of
different diameters of the metallic nucleus and glass coating showed
the influence of the internal stresses. Coercivity and switching field
decrease as p ratio increases.

2. Deuvitrification of Finemet-type (FeSiBNbCu) amorphous microwires

after annealing results in enhancement of the magnetic softness, but
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the deterioration of the mechanical properties leads to look for post-

processing that allows maintain the amorphous state.

3. Internal stresses relaxation after furnace annealing of FessBsSi12Ca and
Fe-Ni microwires gives rise to an improvement of the DW velocity with
increasing annealing temperature and time.

4. Stress-annealing of Fe70B15Si10Cs microwires (d = 15.2 um, D = 17.2 um)
allowed:

- Remarkable increase in DW mobility associated with induced
transverse magnetic anisotropy.

- At high enough Tuann and o, the rectangular hysteresis loop
transforms into almost linear.

- Noticeable maximum GMI ratio improvement of an order of
magnitude is observed due to the induced transverse magnetic
anisotropy.

- At elevated frequencies (above 500 MHz) AZ/Z(H) dependences
present double-peak shape typical of microwires with transverse
magnetic anisotropy.

- Enhancement of the stress dependence of coercivity, and therefore
the stress sensitivity.

5. Stress-annealing induced anisotropy depends on stress-annealing
conditions: temperature, stress and time. Such induced anisotropy is
partially reversible: part of the stress-annealing induced anisotropy was
annealed out by subsequent furnace annealing after stress-annealing,
obtaining a substantial improvement of the GMI effect.

6. Fe-rich microwires with moderate stress-annealing induced anisotropy
can present both GMI effect and single domain wall propagation.

7. “Thick” Fe71.7B13.4Si11NbsNios microwire (d = 103 um, D = 158 um)
presents simultaneously considerable GMI ratio and DW propagation
even in as-prepared state. Furnace annealing allows an enhancement in
the DW velocity and mobility. Conventional furnace annealing and

stress-annealing at temperatures below crystallization allow GMI ratio
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improvement in a wide frequency range. The largest increase is found

for the sample annealed at 300 °C during tomn = 4 h, AZ/Z = 200%.

8. Microwires with graded magnetic anisotropy were obtained by stress-
annealing treatment at fixed applied stress and variable annealing
temperature. Such microwires present the following features:

- Local hysteresis loops of the microwire gradually change its
character along the microwire length correlating with the
anisotropy induced in each section of the microwire.

- Non-uniform DW propagation. DW trapping is observed in the
microwire region with strong enough stress-annealing induced
magnetic anisotropy. Faster DW propagation and a decrease in the
DW length are obtained in the region with moderate stress-

annealing induced magnetic anisotropy.

+»+ Applications:

A novel sensing technique is proposed for non-destructive and non-contact
stress and temperature monitoring of composites consisting of ferromagnetic

glass-coated microwire inclusions added in a polymeric matrix.

+* Future outlook:

Although the described routes for optimizing the magnetic properties allowed a
significant improvement in magnetic softness and an increase in the GMI coefficient,
further efforts are needed to find suitable post-processing methods for greater

improvement.

Recently, it was demonstrated a substantial improvement in the GMI ratio and

DW dynamics in Fe-rich amorphous microwires subjected to Joule heating, proving
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that there are still many other possibilities for further tuning of the magnetic

properties.

The unique combination of magnetic properties (such as a high GMI effect and
fast magnetization switching related to a single and large Barkhausen jump) in the
same magnetic microwires properly post-processed, is potentially suitable for

completely new applications that are expected to be developed.
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7. Conclusiones (Spanish)

Siguiendo las pautas establecidas en la introduccidn, esta tesis se ha dedicado a
la optimizacion de las propiedades magnéticas de microhilos recubiertos de vidrio ricos
en Co y en Fe fabricados por la técnica de Taylor Ulitovsky, incluyendo: mejora del
comportamiento magnético blando, aumento de la magnetoimpedancia gigante (GMI)
y control de la dindmica de paredes de dominio (DW). Los resultados experimentales
para las diferentes rutas de posprocesado seleccionadas nos permiten extraer las

siguientes conclusiones:

+* Microhilos amorfos recubiertos de vidrio basados en Co:

1. Los microhilos basados en Co con un coeficiente de magnetostriccién
casi nulo pueden presentar un excelente comportamiento magnético
blando y efecto GMI incluso en el estado en que se prepararon.

2. El recocido convencional a una temperatura suficientemente alta (350
°C) conduce al endurecimiento magnético. A pesar del endurecimiento
magnético, se obtiene un aumento en el efecto GMI con un cambio en la
forma de la curva de dependencia AZ/Z(H), pasando de forma de doble
pico a pico unico.

3. El recocido bajo tensidn permite obtener un mejor comportamiento
magnético blando en comparaciéon con el recocido en horno, aunque se
necesitan temperaturas y valores de tension mas altos que para los
microhilos ricos en Fe. Los microhilos Coso.2Fe36Ni1B12.55i11M01.5C1.2
recocidos bajo tensidn, con o = 472 MPa, mostraron una disminucion en
la coercitividad que es mds notoria a medida que aumenta Ia
temperatura (hasta 350 °C). Se observa una mejora en la relacién GMI,
aunque se observan valores AZ/Zmax similares para el recocido bajo
tension a una tensidén aplicada fija y diferentes temperaturas de

recocido.
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Las muestras recocidas bajo tensién presentan valores mas altos de
AZ/Zmax a frecuencias mds altas. Ademads, se ha observado que los
tratamientos de recocido cortos (tsm = 10 min) también pueden producir
un efecto beneficioso.

4. Se obtiene una mejora notable del efecto GMI (hasta 650%) y un
comportamiento magnético extremadamente blando (Hc. = 2 A/m) para
el microhilo Cos7Fes9Ni1sB11.5SilasMo16 después del calentamiento por
efecto Joule. Se encuentra que las condiciones 6ptimas de calentamiento
por efecto Joule para maximizar la relacion GMI en esta muestra son / =
40 mA, tann = 5 min. La frecuencia 6ptima cambia de 300 MHz para las
muestras sin tratar a 200 MHz en muestras recocidas con corriente.

5. El microhilo Coeg.2Fes.1B118Si13.8C1.1 exhibe una relacidon GMI mas alta
después del calentamiento por efecto Joule en comparacién con el
resultado tras recocido bajo tensidn. Senalando el efecto beneficioso del
calentamiento por efecto Joule para microhilos ricos en Co.

6. El efecto de la aplicacién de una tension de traccion estudiado para el
microhilo Coes.aFes gNi1B13.8Si13sMo01.35C1.65 mostrd una dependencia lineal
de Hk (o).

7. Los microhilos ricos en Co con biestabilidad magnética inducida por
recocido muestran propagaciéon de paredes de dominio. Se observa un
aumento de la velocidad de las paredes de dominio tras la aplicacién de
tension de traccion en el microhilo Cosg.2Fes.1B11.8Si13.8C1.1 estudiado. El
recocido con tension de microhilos ricos en Co con biestabilidad
magnética inducida permite una mayor mejora de los valores de
velocidad y movilidad de las paredes de dominio.

8. Se logra anisotropia magnética graduada en microhilos ricos en Co
Coes.04Fe5.71B15.88Si10.94Cr34Nigos (d = 95 um, D = 130 um) vy
Coe6Cr3sFessB16Sitn (d = 20.1 um, D = 24.8 um) recocidos bajo tension y
bajo un gradiente de temperatura, esta anisotropia graduada se refleja
en la variacion gradual de los ciclos de histéresis a lo largo de la longitud

de las muestras.
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+* Microhilos recubiertos de vidrio basados en Fe:

1.

4.

Los ciclos de histéresis de microhilos amorfos recubiertos de vidrio
Fe70B1sSi1oCs de diferentes diametros del nudcleo metdlico y el
recubrimiento de vidrio mostraron la influencia de las tensiones internas.
La coercitividad y el campo de conmutacién disminuyen a medida que
aumenta el ratio p.

La desvitrificacion de microhilos amorfos de tipo Finemet (FeSiBNbCu)
después del recocido da como resultado una mejora del
comportamiento magnético blando, pero el deterioro de las propiedades
mecanicas lleva a buscar un posprocesado que permita mantener el
estado amorfo.

La relajacion de las tensiones internas después del recocido en horno de
microhilos Fe7sBsSi12Cs y Fe-Ni da lugar a una mejora de la velocidad de
paredes de dominio con el aumento de la temperatura y el tiempo de
recocido.

Tras recocido bajo tensién de microhilos Fe7oB1sSi10Cs (d = 15.2 um, D =
17.2 um) se han obtenido:

- Incremento notable en la movilidad de las paredes de dominio
asociado a la anisotropia magnética transversal inducida.

- Para Tam y o lo suficientemente altos, el ciclo de histéresis
rectangular se transforma en casi lineal.

- Se observa una mejora notable del ratio GMI maximo de un orden
de magnitud debido a la anisotropia magnética transversal
inducida.

- A frecuencias elevadas (superiores a 500 MHz) las dependencias
AZ/Z(H) presentan la forma de doble pico tipica de microhilos con
anisotropia magnética transversal.

- Mejora de la dependencia coercitividad con la tensién aplicada v,

por lo tanto, de la sensibilidad a la tensién.
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5. La anisotropia inducida por el recocido bajo tensién depende de las
condiciones de recocido: temperatura, tensién y tiempo. Esta anisotropia
inducida es parcialmente reversible: parte de la anisotropia inducida por
el recocido bajo tension fue revertida mediante un posterior recocido en
horno después del recocido bajo tensidn, obteniendo una mejora
sustancial del efecto GMI.

6. Los microhilos ricos en Fe con anisotropia inducida por recocido con
tension moderada pueden presentar tanto efecto GMI como
propagacion de paredes de dominio Unico.

7. El microhilo Fez1.7B13.4Si1aNbsNipo "grueso” (d = 103 um, D = 158 um)
presenta simultaneamente efecto GMI y propagacién de paredes de
dominio considerables, incluso sin tratamiento de posprocesado. El
recocido en horno permite una mejora en la velocidad y movilidad de
paredes de dominio. El recocido en horno convencional y el recocido
bajo tensidn a temperaturas por debajo de la cristalizacion permiten
mejorar el ratio GMI en un amplio rango de frecuencias. El mayor
incremento se encuentra para la muestra recocida a 300 °C durante tann
=4 h, AZ/Z = 200%.

8. Se obtuvieron microhilos con anisotropia magnética graduada mediante
tratamiento de recocido bajo tensién a una tensidn aplicada fija y
temperatura de recocido variable. Dichos microhilos presentan las
siguientes caracteristicas:

- Los ciclos de histéresis locales del microhilo cambian gradualmente
de caracter a lo largo de la longitud del microhilo en correlacién con
la anisotropia inducida en cada seccion del microhilo.

- Propagacidon de paredes de dominio no uniforme. Se observa
“atrapamiento” de las paredes de dominio en la regiéon del
microhilo con suficientemente fuerte anisotropia magnética
inducida por el recocido con tensidn debido a la variacién de

temperatura de recocido a lo largo de la longitud del microhilo.
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- Se obtiene una propagacion de paredes de dominio mas rdpida y
una disminucién en la longitud de la pared de dominio en la regién
con moderada anisotropia magnética inducida por recocido de

tension.

s Aplicaciones:

Se propone una nueva técnica de deteccidon para el control remoto y no
destructivo de la tensidn y la temperatura de materiales compuestos consistentes en
inclusiones de microhilos ferromagnéticos recubiertos de vidrio anadidos en una

matriz polimérica.

+* Perspectivas de futuro:

Aunque las rutas descritas para optimizar las propiedades magnéticas
permitieron una mejora significativa en el comportamiento magnético blando y un
aumento en el coeficiente GMI, se necesitan mas esfuerzos para encontrar métodos

de posprocesado adecuados que permitan una mayor mejora.

Recientemente, se demostré una mejora sustancial en la relacién GMI vy el
control de la dinamica de paredes de dominio en microhilos amorfos ricos en Fe
sometidos a calentamiento por efecto Joule, lo que demuestra que todavia hay

muchas otras posibilidades para un mayor ajuste de las propiedades magnéticas.

La combinacién unica de propiedades magnéticas (como efecto GMI alto y una
conmutacién de magnetizacién rapida relacionada con un Unico y gran salto de
Barkhausen) en los mismos microhilos magnéticos correctamente posprocesados, es
potencialmente adecuada para aplicaciones completamente nuevas que se esperan

desarrollar.
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