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Introduction

Materials become everyday part of life. Development of new materials leads to
improvement of living standards. Beginning of human progress is associated with
materials like stone, wood a metal, but through the centuries we developed advanced
materials for various purposes. With the beginning of digital age, attention of majority of
material research turns towards so-called smart materials. These materials have one or
more physical properties that significantly alter in controlled fashion after external
stimulus. In simple words, they can be used as sensors and actuators. Smartphones,
computers, cars, and even home appliances start to rely on smart materials. In modern
smartphones, sensors are used to rotate display, to show cardinal direction, to measure
ambient temperatures, etc. Displays are often equipped by light sensor that change
brightness of displays based on ambient light. Car parking is much easier with sensors.
Moreover, typical house appliance items can cooperate together through co-called
Internet of Things. Windows equipped with smart materials can react to the amount of
sunlight and make themselves more or less transparent. Sensor system in the household
can turn on or off the light in the room if someone is inside. Smart materials reached also
to wearables items like photochromic sunglasses that automatically, and without any
electricity, change their transparency depending on the sunlight. Smartwatches are
becoming more and more popular, because they provide information about blood pressure
and pulse during the sport or inform about the number of steps that we have taken during
the day. In the medicine, smart materials are used as stents, braces, implants. Nowadays,
there are new potential applications coming out every week.

This is the main motivation for the present work, to make the life simpler. We
chose materials that are able to recover their former shape after deformation caused by
strain also called shape memory alloys and magnetoresistive materials that significantly
change their resistance after applying of high external magnetic field. Shape memory
materials are widely used in many fields as biomedicine, automotive industry, and
robotics. There is still high demand for these materials in mentioned field and more
possible application in new field (e.g. construction).

Interesting group of materials was discovered in 1903, when Fridrich Heusler
found an alloy, that is composed from the non-magnetic materials, but as alloy, it acts as
ferromagnet. Later, it was found that specific composition of Heusler alloys belongs also
to the smart materials. Selected compositions have one more interesting property:
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ferromagnetism. This is especially useful for shape memory material, where smart
material effect is caused by phase transformation with different magnetic properties of
both phases. Magnetic properties change is then proportional to the progress of shape
memory effect. Material actuate and also sense it’s change in the same time.

Nobel prize winning discovery in 1988 brings us to the second studied type of
materials with giant magnetoresistance. The developing of new read-heads in storage
devices based on giant magnetoresistance boosted the development of information
technologies. Nowadays, there is high demand in spintronics for new material that can
greatly enhance the computational power of modern computers.

The aim of the present work is to prepare these materials by rapid quenching
methods and enhance their properties or lower the cost and time necessary for production.
The first and the second chapters deals with theoretical background of shape memory
alloy and materials with giant magnetoresistance, respectively. There is explanation of
the phenomena and the most typical problems that occur during the work with them. The
aim of the chapter three is to put the most typical so-far prepared compositions and
materials together in a small review. The forth chapter explains all the methods and
devices used during the experimentation to achieve the goals. Finally, the most important

chapter five sums up all the results and discuss the possible explanations.

Fig. 1 The examples of smart materials
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1 Shape memory alloys

Shape memory alloys are materials with a specific property which restore their
original shape after a thermal load is applied, or in the case of superelastic alloys, after
deformation caused by strain [1]. Shape memory effect and superelasticity are associated
with the crystallographically reversible nature of the martensitic transformation which
appears in shape memory alloys [2]. This phenomenon is triggered by temperature change
or, in the case of superelastic alloys, by unloading material (superelasticity) [3]. Elastic
strain is limited up to 0.2% in the typical metallic materials [4]. However, polycrystalline
shape memory alloys are capable of straining up to 13% [5], in the case of monocrystals
even up to 20% [4]. Shape memory alloys were discovered in 1932 by Dr. Arne Olander
[6] and shape memory effect was described for the first time in 1941 by Dr. Vernon [7].
Shape memory alloys are widely used in robotics, biomedicine, aeronautic or automotive

industries [1].
1.1 Shape memory alloys and superelasticity

Extensive research has been conducted upon shape memory alloys since their
discovery. Therefore, mechanism of shape memory effect is well described [1,3,5,9,11].
There are four ways how shape memory effect can be performed (Fig. 2):

e One-way shape memory effect:

The alloy retains in deformed shape after unloading external force. Heating will
activate shape recovery.

e Two-way shape memory effect:

The alloy remembers deformed and original shape at low and at high temperature.
Shape transformation occurs without mechanical straining. Unfortunately, two-way
shape memory alloys are less efficient. So far, only half of strain can be achieved
(comparing to one-way shape memory effect) and also the two-way shape memory
alloys require training.

e Pseudoelasticity (also called superelasticity, however it is the same phenomenon):
The alloy returns to its original shape immediately after removing mechanical stress
without any need of thermal activation.

11
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Fig. 2 Representation of all phases, lattices and transformations in shape memory alloys and their

dependence on stress and temperature [3]

1.2 Martensitic transformation

Shape memory effect is carried by diffusion-less solid-to-solid phase
transformation, generally known as martensitic transformation. It was described for the
first time in the iron-based alloys (steels). Martensitic transformation occurs between low
temperature martensite phase (stabilized by stress) and high temperature austenite phase
(stable without stress) [8]. Its general property is cooperative relocation of atoms limited
by atomic bonds range, which also maintain strict nearest crystallographic neighbourhood
of atoms during the transformation [9]. Simplified version of martensitic transformation
is shown in the Fig. 3. Force induced martensitic transformation is not observed only in
shape memory alloys but it is well-described phenomenon in rustles or carbon steels [8].

Martensitic transformation on the contrary to plastic deformation progresses
without relocating nearest crystallographic neighbourhood. The difference between

plastic and superelastic deformation is shown in the Fig. 3a, where neighbour atoms A,
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A) Atom relocation caused by martensitic transformation

Fig. 3 The difference between shear deformation and martensitic transformation is defined by the

local arrangement between the nearest neighbours [8]
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Fig. 4 Martensitic transformation for one-way shape memory effect [5]

B, and C are unchanged by deformation. In the case of shear deformation (shown in the
Fig. 3b) this mechanism is not present [8].

Martensitic transformation (depicted in Fig. 4) for one way shape memory effect
progress as follows: at the beginning, the alloy is in the state of twinned martensite, which
is stable at low temperatures. Deformation removes twinning and causes shape change
which remains after tension is unloaded. The heating induces transformation into high
temperature phase, austenite which is followed by change recovering. Cooling causes
transformation back into martensite but without shape changing due to the twinning.

Practically, shape memory alloy exists in two different phases with three diverse crystal

13



structures (two variants of martensite and austenite) and they operate through six possible

transformations [1]. All of these are depicted in (Fig. 2)

1.2.1 Martensitic transformation temperatures

Shape memory alloys can operate only in the exact temperature range, in which
martensitic transformation takes place. The transformation temperatures are important
characteristics of shape memory alloy and they are referred as:

e Austenite start temperature (As) is a specific temperature when austenite starts to
transform to martensite. From macroscopic point of view, it is when first sign of
shape recovery is observed.

e Austenite finish temperature (Ar) defines the moment when martensitic
transformation ends and no transformation is about to continue. The shape of alloy
is totally recovered.

e Martensite start temperature (Ms) is observed during cooling process. Martensite
starts to develop together with twinning process that ensures no observable shape
change (only for one-way shape memory effect).

e Martensite finish temperature (Ms) represents the moment when alloy is composed

only from martensitic phase.
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Fig. 5 DSC measurements used to determine transformation temperatures [5]

These temperatures belong to main characteristics for shape memory alloy. They,
together with Mq temperature (the upper limit of temperature for occurrence of martensitic
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transformation), determine application fields for shape memory alloys [10].
Transformation temperatures can be detected by differential scanning calorimetry
(depicted in Fig. 5), from temperature dependence on electrical resistivity, or from
dilatometry measurements [5]. Other important characteristics of shape memory alloys
are listed in Chapter 1.3.

Shape memory effect progresses with re-orientation of twinning structure of
martensite. Superelastic effect is activated by martensitic transformation itself (induced
by stress). Twinning processes are not responsible for superelasticity [5]. Martensitic
transformation can be activated by stress or by temperature. This dependency is

schematically expressed by Clausius-Clapeyron equation:

do, AS (1.1)

daT ~ ey,

where o¢ represents critical stress for inducing martensitic transformation, T is a
temperature, A4S expresses a change of entropy between martensite and austenite, € is
a strain, and Vm represents mole volume [12]. Transformation temperatures follow this
dependence meaning that stress and temperature manipulation adjust each transformation
temperature [5]. In the case of ferromagnetic alloys (i. e. Heusler alloys), shape memory

effect can be induced by magnetic field.

1.3 Maximum strain and working stress in shape memory

alloys

Properties of shape memory alloy are well described by following characteristics:
maximum stress omax, recoverable strain erec, and irrecoverable strain eirr. Stress-strain
curves are usually executed to determine these parameters. As it is seen in Fig. 6,
recoverable strain is divided into two subgroups: shape memory strain esme Or superelastic
&se, and elastic strain eer. All groups and subgroups are fully described as follows:

e lrrecoverable strain &irr represents a fraction of the strain, which is caused
by plastic deformation thus making it irreversible. It is mainly generated
by creating and moving dislocations, but also by martensite stabilization,

which have not been transformed to austenite after heating. However, &irr
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can be minimalized through training process (many-times repeated stress-
strain cycle).
e Recoverable strain erec is divided into 2 subgroups:

o Recoverable strain esme (Shape memory) or &se (superelasticity) is
caused by martensitic transformation and its value is determined
by crystal lattices differences and its parameters.

o Elastic strain &se progresses inseparably with esme or ese and it is

described by Young’s modulus E and written as follows:

E =

g _ FLg (1.2)
e AyAL

where F represents tensile force, Ao IS cross—section area, Lo is length of unstressed
material before and AL represents change in length. Young modulus is characteristic for

all materials not only for shape memory alloys.

Shape Memory Effect
(T<M,)

£rec - Esme + Eel

Heating above A;
Opr|-----eoos and Cool Down

£irr ssme EeI

Fig. 6 Stress-strain curve for one-way shape memory effect [5].

Superelastic strain is caused by differences in crystal lattices of both phases. If
tension is used in particular direction, maximum strain &,,,, can be evaluated using

formula;

v2a—a (1.3)
Emax = a—0°x100

16



where a represents lattice parameter of martensitic phase, a, is a lattice parameter of

austenitic phase. However, Eq. 1.3 can be used only for samples prepared as

Superelasticity

(T>A)

Erec i Ese " Eel

................

Osim

i i i i

Eirr £se Eel

Fig. 7 Stress-strain curve for superelasticity [5]

monocrystals. Orientation of each grain influence maximum strain in polycrystalline
samples [13,14].

1.3.1 Plastic deformation and training of shape memory alloys

Plastic deformation is a part of each shape memory cycle. Local internal stress can
become higher than external stress while martensitic transformation takes place. This
causes irreversible plastic deformation even if yield strength oy was not exceeded.
Therefore, materials with high yield strength o, perform better with low irrecoverable
deformation eirr. Stress, at which detwinning or reorientation of martensite occurs, is
called detwinning or reorientation stress oot (osim for superelasticity). Yield strength is an
important property of shape memory alloys and it can be improved by hardening methods.
Cold working directly increases oy and also stabilises the phase, in which cold working
takes place. For example, cold working at martensitic temperature stabilises martensite
phase and increases reverse transformation temperatures. However, many of shape
memory or superelastic alloy are intermetallic and they have a limited ductility, so

processing them becomes more complicated. Additionally, superelastic and shape
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memory effect can be improved through training. Training represents mechanical (Fig. 8)
or thermal (Fig. 9) multiple cycling between austenite and martensite for several times.
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Fig. 8 Stress strain curves before and after training [5]
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Fig. 9 Temperature cycling with constant load [5]
Irrecoverable strain takes place during cycling, but it gradually become saturated as

cycling continues. The main reason why training helps is that dislocations or residuals of
martensite are generated by martensitic transformation itself, therefore are placed in

particular locations.
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2 Giant magnetoresistance

Magnetoresistance (MR) is the change of electrical resistivity due to an external
magnetic field. MR exists in all real metals, and the magnitude and behaviour of MR are
different for various types of metals. The effect of giant magnetoresistance (GMR) is a
significant change of electrical resistivity R depending on magnetization of magnetic
material in non-magnetic matrix either as multi-layered films or granular materials. GMR
has been observed for the first time in 1988 by two independent research groups led by
A. Fert and P. Griinberg on multi-layer film consisting of Fe-Cr-Fe [15,16]. It should be
noted that discovery of GMR was awarded by the Nobel prize in Physics in 1997 [17].
Discovery of GMR have started an extensive research era of these materials with new
chemical composition. Initially GMR effect has been observed only in the magnetic
multilayer geometry. Multi-layered films are usually prepared by single crystal growth
[16] or by spattering layers [26]. Later, GMR has been discovered in granular systems
[26,27].

2.1 Electrical resistance and magnetoresistance

The electrical resistance depends on scattering of free electrons in a crystal lattice.
Scattering is caused by collision with impurities, lattice imperfections, and phonons [18].
The key role in the electrical resistance plays electron-phonon interactions, which makes
temperature dependence of resistance linear at higher temperature. However, phonon
vibrations are partially diminished at helium temperature (~ 4K). Thus, collisions with
mechanical imperfections and impurities dominate the major influence of phonons [19].
Various resistance behaviours can be observed at low temperature as shown in Fig. 10.
Black curve represents a typical metal without magnetic impurities or superconductivity,
red curve is an example of Kondo effect and green line is usual for superconductors [20].
Temperature dependence of resistance for metals is well described by the

Bloch-Griineisen formula [19]:
p(T) = p(0) + per—pn(T) (2.1)
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where p(0) is the residual resistivity as a result of impurities and defects, electron-phonon

interaction is described by the temperature dependence part p,;_,p, n is the constant and
represents nature of interaction (values are 2,3 or 5). The part a,;_,, is constant which

arises from Debye and plasma frequency, and electron phonon constant. @ represents

Debye temperature obtained from resistivity measurements.

Resistance
yd

Typical metal
Kondo behaviour
Superconductor

Temperature

Fig. 10 Temperature-resistance curves for various types of material

Moreover, magnetic field can also affect resistivity in the material in so-called
magnetoresistance effect. As mentioned above, magnetoresistance is the change of
electrical resistivity due to an external magnetic field. In the most ferromagnets, the effect
is observed as an increase in resistance as the angle 0 between the current | and the
saturated magnetization Ms decreases. The value of resistance change 4R/R is usually
very small. For example, magnetoresistance of nickel and iron is about 2 and 0.3 percent

respectively [21]. Magnetoresistance ratio is usually defined by following term:

MR(H) = AR/Ry = (Ry — Ro)/Ry, (2.3)

where Ry and R, represents resistance measured with and without the external

magnetic field, respectively. From this equation it is clear, that magnetoresistance can
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only reach values between 0% and 100%. However, it is possible to find another equation
in the literature [25]:

Use of this equation may lead to magnetoresistance values above 100%.

2.2 Giant magnetoresistance

The giant magnetoresistance was described for the first time by two independent
research groups of A. Fert [15] and R. Griinberg [16]. The phenomenon has been observed
on thin films of Fe-Cr-Fe composition. Structure of thin films used in the first stage of
GMR research consisted of very thin chromium layer (1nm) between two ferrous thin
films (25 nm) [16]. Considerable change of resistance was observed. Few year later, GMR
was found also in granular materials [26,27] formed by immiscible elements. The
mechanism of the giant magnetoresistance of multilayers or granular materials is
fundamentally different from mechanism of magnetoresistance in ferromagnetic,
homogeneous bulk and other alloys (known as anisotropic magnetoresistance). The
maximum resistance changes of GMR can be higher by one order of magnitude [28]. The

name “giant” was taken from one of the first reports [15].

b d ol o

Fig. 11 Sketch of multi-layered film used by Grunberg’s research team in 1988 [16]

It has been found, that resistance change in multilayered films under magnetic

field is caused by spin-dependent scattering of conducting electrons when travelling
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through nanoscale non-magnetic metal spacer between two magnetic layers. If external
magnetic field is not present, the resistance is higher, because magnetic layers would have
opposite magnetization. Application of magnetic field changes the magnetization of one
layer to be equal. This allows half of the electrons with same spin orientation as
magnetization to pass through the layers without scattering [28] (Fig. 12).

a) FM NM FM b) FM NM FM
\ —l
o
l/ — l/ ~.

Fig. 12 Interactions of electrons depend on electron spin and on the direction of magnetization
in each layer. If the direction of magnetization in the layers is opposite 1| (a), electron with spin 1
and | are scattered during transport. The same direction of magnetization 11 (b) allows electron
with spin 1 to pass through the layers without scattering, thus lowering the total resistance of
material [28].

The increase of magnetic field gradually increases the magnetoresistance until
material reaches saturated magnetization. However, the magnetoresistance in the small
fields is quite high. When a single domain state (uniform magnetization) is reached
(slightly beyond technical saturation (H > H,), magnetoresistance is saturated as well.
Only relative orientation of magnetization and electrical current is required to reach
sufficient magnetoresistance change [29,30] (Fig. 13).

A granular magnetic alloy is composed from non-magnetic matrix and from small
ferromagnetic particles embedded into it. Usually, such a material is prepared by
producing a solid solution of ferromagnetic metal in non-magnetic metal matrix. For
example: most frequently used preparation procedures are:

e Preparation of GMR material in the form of thin film or layer using non-
equilibrium  deposition  techniques such as an evaporation,
electrodeposition, or sputtering.

e Using rapid quenching techniques like melt spinning to produce ribbons

or Taylor-Ulitovsky method to produce microwires.
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Fig. 13 Top picture depicts the change of the resistance with external magnetic field. Medium
sketch represents paramagnetic spacer between two ferromagnetic layers with arrow showing the
direction of magnetization in ferromagnetic layer. Bottom graph shows correlation between

saturated magnetization and saturated resistance change [28].

If the metals are immiscible, their solid solution is metastable. It is possible to
enhance the formation of the granules in the prepared sample by applying heat treatment.
Size of the particles can be controlled by varying the annealing time and separation
(density) of the granules and by changing ratio between non-magnetic and ferromagnetic
elements. Ferromagnetic particles often exhibit so-called superparamagnetic behaviour in
granular GMR materials. This phenomenon can be achieved by reducing the size of the
particles below the critical size that depends not only on the particle size, but also on
following material parameters: ferromagnetic exchange coupling, magnetocrystalline
anisotropy constants, and strength between atomic moments [31]. Particle starts to act
superparamagnetic when its thermal energy kT becomes larger than its total anisotropy
energy KV, where V represents particle volume and K is constant of the resultant
anisotropy from any sources. The magnetisation curve of assembled non-interactive SPM
particles will be shown without hysteresis (Fig. 14). The saturation of such particles

requires large magnetic field.
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Fig. 14 Magnetic field dependence of the magnetization (top) and magnetoresistance change
(bottom) for an ideal granular material consisting of ferromagnetic particles in paramagnetic or

diamagnetic matrix [28].

If superparamagnetic particles are sufficiently separated in non-magnetic matrix,
there is no magnetic interaction between their magnetic moments. In that case, conduction
electron will be polarized by the magnetic moment of mentioned particle. If the same
electron will encounter another superparamagnetic particle in time shorter than its spin-
memory time (original spin orientation), then it will undergo a spin dependent scattering
due to the uncorrelated spin orientation of both particles (Fig. 15). This spin-dependent
scattering increases the resistance of granular materials just like in the case of multi-
layered thin films. Relation between the field dependence of magnetization and the

magnetoresistance is proportional to the Langevin function:

M(H) o« L(uH/kT) (2.5)

Electron movement from one particle to another was considered as a quantitative

contribution to the magnetoresistance by Gittleman et al. [32]. Correlation between the
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magnetic moment orientations of neighbouring superparamagnetic particles and it has

been shown as a probability of the electron scattering.

Fig. 15 Superparamagnetic particles in non-magnetic matrix [28]. The arrows attached to the
circles represent random thermal fluctuation of magnetic moment. The red arrow connecting two
magnetic particles (grey) represents path of a travelling conduction electron between particles.
Top: Superparamagnetic particles (pictured as grey circles) with random orientation of magnetic
moments. Bottom: Mixture of superparamagnetic (circles) and ferromagnetic (ellipsoid). The

magnetic moment orientation of ferromagnetic particles is fixed mostly by the shape anisotropy.

Therefore, magnetoresistance is proportional to htw magnetic moment vectors of
initial u, and final i, superparamagnetic particles that determine the path of the scattered
electron [28]. It follows this equation:

uH

2
MROH) o~ 12) = i - mug)pz ) = —[MCDP == (L5)  29)

where ny is a unit vector in the direction of magnetic field. However, not every granular
system has efficiently small particles that act superparamagnetically [33]. Systems with
mixed superparamagnetic and ferromagnetic clusters are quite common. Giant
magnetoresistance may contain three different contributions with the simultaneous
presence of both type of clusters (Fig. 16):
e GMRspmspm — ideal granular structure, scattering occurs on path:
superparamagnetic region A — non-magnetic region — superparamagnetic
region B
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e  GMRrm-rm — ideal multi-layered film, scattering occurs on path: ferromagnetic
region A — non-magnetic region — ferromagnetic region B

e s GMRspm-rmM, GMRRM-spm — mixed magnetic structure, scattering occurs on path:
ferromagnetic region A — non-magnetic region — superparamagnetic region B,
or on the path superparamagnetic region A — non-magnetic region —

ferromagnetic region B

e
e L
®
.
o '
® .
[ ] . ..
SPM | SPM | sPMm
SPM | ST! v | FM FM

Fig. 16 Gradual transition from ideal granular alloys (left) to ideal magnetic/non-magnetic

multilayers [22]

In conclusion, giant magnetoresistance in both multi-layered film or granular
magnetic alloys arises from spin-dependent scattering that occurs on the electron path
from magnetic region through non-magnetic region to second magnetic region.
Magnetization of both magnetic regions must be oriented differently in the moment, when

electron enters these regions.

2.3 Kondo effect

Kondo effect describes specific resistivity-temperature behaviour. Firstly,
resistivity decreases with decreasing temperature as it is expected in metals, but then tends
to increase as temperature decreases down to liquid helium temperature [20,23]. This
phenomenon was discovered in 1934 [24] but satisfactory theoretical explanation was not
provided until 1964 by Jun Kondo [23]. Kondo effect is found in diluted alloys containing
a sufficiently small concentration of magnetic impurities [20,23,34]. Therefore,
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conducting electrons are affected by magnetic moments of impurity atoms. It resembles
that magnetic impurities interact magnetically with conduction electrons [23]. Before
Kondo’s paper, resistivity phenomenon was considered as one-electron problem. Kondo

proposed a solution by treating the back-scattering of electrons from magnetic impurities

0 T

Fig. 17 Temperature dependence of resistance for various types of alloys [20]

a) non-magnetic typical alloy b) magnetic impurities (resistance minimum)
c) large fraction of magnetic impurities d) still larger fraction

as many-body problem [34].

The Kondo effect is greatly influenced by the concentration of magnetic
impurities. This influence is observed in Fig. 17, where curve b shows behaviour with
small portion of magnetic impurities. Curve c represents higher concentration of

impurities and curve d depicts higher increase in concentration, which shifts expected
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Fig. 18 Temperature dependence of resistivity (sample CugsCos)



minimum to higher temperatures and thus diminish minimum. Temperature dependence
of resistance for purely non-magnetic alloys without impurities is displayed by curve a
[34]. The typical dilution of magnetic alloys varies from 0.0005% [36] to 0.2% [20].
However, systems with 5 at. % of magnetic impurities with Kondo-like behaviour have
been found as it is seen in Fig. 18 [37]. It is necessary to point out that also other physical
phenomena may have contributed to resistance minimum (such an electron-electron

interaction or scattering conduction electrons by structural two level system) [37].

2.3.1 Kondo effect principle

Temperature dependence of electrical resistivity including the Kondo effect is

described by:
2 K 5
p(T) = po +aT* + cmlnT + bT (2.3)

where po is the residual resistance; aT? shows the contribution from the Fermi liquid
properties; the term bT® arises from the lattice vibrations; a, b, and cn are constants. Jun
Kondo derived the third logarithmic term. Later calculations refined this result to produce
a finite resistivity but retained the feature of a resistance minimum at a non-zero
temperature. Kondo’s calculation correctly describes resistance increase only above
so-called Kondo temperature (Kt). Anderson introduced model which describes impurity
interaction in 1961 [38]. Anderson’s model predicts one electron level with energy ¢, and
in this case, electron tunnels quantum-mechanically from impurity and escape with its
energy above Fermi level. However, this exchange process may end with flipped spin of
conducting electron or even impurity. The spin exchange changes the energy spectrum of
the system. If many of these processes are taken at the same time, new state is developed

— the Kondo resonance, which scatters conductive electrons very effectively.
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3 Material properties

Properties of studied materials determine their magnetic and structural order, thus

explanation of materials properties is essential.

3.1 Heusler alloys

Currently, the group of alloys named Heusler alloys consist of more than 1500
alloys with different chemical composition [39-40]. Heusler alloys are divided into two
main groups: full Heusler alloys with stoichiometric composition XoYZ and half-Heusler
alloys with stoichiometric composition XYZ. Heusler alloys are perspective materials with

many possible applications, some of them have shape memory effect and superelasticity.

3.1.1 Historical background

Discovery of Heusler alloys is dated back to 1903 [41] when German chemist and
mine engineer Fridrich Heusler found out that addition of element Z (with valence
electrons from s and p layers) to the mixture of X and Y atoms, leads to ferromagnetic
behaviour without any ferromagnetic element present in the sample [42]. The research on
Heusler alloys was at quite slow pace during the first half of 20" century. Crystal structure
of one of the first Heusler alloys was examined by X-ray diffraction in 1929, which led
to discovery of so-called Heusler fcc superlattice (explained in Chapter 3.1.4)[43].
Bradley and Rogers [44] found out by X-ray measurements that ferromagnetism is not
granted only by chemical composition, but mostly by short range ordering. New Heusler
alloys compositions were found during 1950’s and 1960’s years, element X (Cu) was
successfully replaced by some other noble metals (Ag, Au, Pd), nickel, or cobalt. Final
samples also exhibit ferromagnetic behaviour despite paramagnetic or diamagnetic nature
of its components.

Discovery of new, unknow Heusler alloys led to the extensive research on Heusler
alloys, on theirs magnetic, structural and transport properties. Step by step, more
interesting properties of Heusler alloys have been discovered. One of the first functional
Heusler materials was alloy with composition CuZnAl having shape memory effect in
1976 [46]. The first highly spin-polarized Heusler alloy was discovered in 1983 having
composition NiMnSb [47].
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3.1.2 Structure of Heusler alloys

Felser and Perkins model was used to explain structural properties of Heusler
alloys [39,40]. The model describes very well the structure of Heusler alloys and it stands
mostly on electronegativity of each element in alloy. Atomic arrangement in the Heusler
structure can be easily described through electronegativity. It should be mentioned, that
term anions and cations do not refer to ionic nature of bonds in Heusler alloys, it only
refers to differences in electronegativity of mentioned atoms and serves only to simplify
the explanation.

Heusler alloys are not only characterized by stoichiometric composition, but
mostly by well-defined crystal structure. Properties of Heusler alloy are strictly defined
by correct atom arrangement. Small change in structure may lead to huge change of
desired properties [47]. Two main types of Heusler alloys are recognized:

e Half-Heusler alloys have stoichiometric formula XYZ and crystalize
mostly in cubic structure without central symmetry (space group No. 216,
F43m, Cly)

e Full-Heusler alloys have stoichiometric formula X2YZ and crystalize

mostly in cubic structure (space group No. 225 Fm3m, L21) [39,40]
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Fig. 19 Composition variations of all possible Heusler alloys [39].

Atomic arrangement is strongly correlated to the properties of Heusler alloys.

Even small amount of impurities may alter atomic ordering and thus physical properties
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of material. Therefore, it is important to understand the rules of hte structural ordering in
Heusler alloys. Elements that form Heusler alloys are viewed in Fig. 19, where dark
green, purple, and blue colours represent possible X, Y, and Z variations of elements,
respectively. Some of elements can occupy more positions (not simultaneously) in the

atomic arrangement.

3.1.3 Half-Heusler alloys

Characteristic feature of half-Heusler alloys is occurrence of three interpenetrating
fcc lattices, each of them are occupied by X, Y or Z atoms. Wyckoff position for these
atoms are 4a (0,0,0), 4b (1/2,1/2,1/2), and 4c (1/4,1/4,1/4), respectively. However,
inequivalent atomic arrangements are possible, but if electronic calculation is made, then
is important to know exact site arrangement, since it is crucial for the obtained electron
structure.

Half-Heusler alloy may be viewed as a ZnS-sublattice with Wyckoff position 4a
and 4c (see Fig. 20a). This sublattice is characterized by covalent bonding. On the other

hand, NaCl-sublattice has strongly ionic character and occupies position 4a and 4b (see
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Fig. 20 Sublattices that build up Half-Heusler alloy [40].
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Fig. 20b), that form between the most and the least electronegative elements. Therefore,
mutual arrangement of atoms is dependent on chemical composition of alloy [39].

Half-Heusler lattice can be explained by its prototype alloy MgAgAs [39]. In this
case, silver atom and anionic arsenic form the covalent ZnS-sublattice. Magnesium with
silver form NaCl-sublattice. Consequently, arsenic is eightfold coordinated by divalent
and monovalent atoms. However, majority of the other Half-Heusler alloys crystallize
differently. Proper example for most of the Half-Heusler alloys can be MgCuSh, where
copper and anionic antimony form ZnS-sublattice, while manganese cation forms NaCl-
sublattice together with anionic antimony.

What type of atomic arrangement is preferred? It depends on atomic radius of each
element and also on chemical properties of each element (e.g. electronegativity). If the
difference in atomic radii of atoms is small (like in the case of magnesium and silver),
then the anion is surrounded by eight cations and each cation by four anions. Some
elements as manganese, silver and lithium have tendency to form covalent bonds.
Therefore, occurrence of these elements in the alloy promote ZnS-sublattices (e.g. LiAlSi,
LiMgSh, and aforementioned MgAgAs) Elements that promote metal bonds and there is
significant difference in atomic radii of atoms are presented in the alloy MgCusShb. In this
case, antimony anions have four copper cations in coordination sphere and copper cation
are surrounded by four magnesium cations and four antimony anions. Magnesium is then
surrounded by four magnesium cations. This type is characterized mostly by Heusler
alloy, which contain two transition metals.

3.1.4 Full-Heusler alloys

Full-Heusler alloys with stoichiometric formula X2YZ crystallize in cubic structure
in space group No. 225, Fm3m, with model Cu,MnAl (L21). Atom X occupies Wyckoff
position 8c (1/4,1/4,1/4) and Y, Z have Wyckoff position 4a (0,0,0) and 4b (1/2,1/2,1/2),
respectively. Full Heusler alloys are formed by four interpenetrating sub-lattices, while
two of them are equally occupied by X. Full Heusler alloys are formed by NaCl sub-
lattices between the most and the least electronegative element. This sub-lattice has strong
ionic character and it is formed in octahedral arrangement. On the other hand, all
tetrahedral positions are occupied by atom X. Structure of full-Heusler alloy may be
constructed by ZnS-sublattices similarly to half-Heusler alloys. However, there are twice

as more X atoms, so all tetrahedral holes are filled.
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Heusler superstructure

Fig. 21 Heusler superstructure [40]

Heusler CsClI superstructure is commonly used term in the scientific literature. It
may be viewed by shifting crystal lattice by (1/4,1/4,1/4) considering previous space
group Fm3m. Superstructure is formed by combination of two CsClI sub-lattices, where

Y and Z atoms fill octahedral holes.

3.1.5 Disorders of Heusler alloys

Crystallization of Heusler alloys may result in many types of crystal disorders
(Table 1). All disorders have similar atomic arrangement and carry typical properties of
Heusler alloys. Disorders shown in the Table 2 marked with numbers 3 to 8 are derived
from full-Heusler alloys. Disorders 3 to 8 have fulfilled octahedral holes similarly to full-

Heusler alloys (Fig. 23).

Table 1 Types of Heusler alloys disorder with the help of Inorganic Crystal Structure Database
(ICSD), Strukturberichte (SB) and Pearson databases.

No. Lattice site Stoichiometric Structure type Space

occupation formula ICSD 3B Pearson  group
1 X=X)Y,Z XYZ CuMnAl  L2; cF16 Fm3m
2 XYz XYZ MgAgAs Cl, cF12  F43m
3 XX\VZ XX'YZ LiMgPdSn Y cF16  F43m
4 XX'=Y7Z XX"Z CuHg.Ti X cF16 F43m
5 X=X=YZ XsZ BiFs3 DOs cF16  Fm3m
6 X=XY=Z X2Y2 CsCl B2 cP2 Pm3m
7 X=YX'=Z X2X"2 NaTl B32a cF16  Fd3m
8 X=X'=Y=Z X4 W A2 cl2 Im3m
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Fig. 22 Summary of the most common disorders in the Heusler alloys [40]

The most important disorder for this dissertation is A2, B2, and DOs cubic

structure (Fig. 22). Disorder A2 is formed when all positions are equally occupied by X,

Y, or Z elements. B2 disorder occurs when Z and Y elements are equally distributed, so
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Fig. 23 Inverse and quaternary Heusler alloy [40]
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Wyckoff positions 4a and 4b positions are even. With this disorder, CsCl-sublattices form
the Heulser alloy. Disorded DOs is characterized by BiFs structure. It represents equal
distribution of X and Y atoms. This leads to reduction of symmetry and results in Pm3m
space group. In the case of Heusler alloys with shape memory effect, tetragonal structures
may form the martensite phase. Cubic cell of austenite phase is then contracted along one
axis (001) and extended along two others [40]. Martensite phase has to store large amount
of stress during martensitic transformation. Strain energy loads are accommodated in
martensitic microstructure in the form of crystallographic domains called variants.
Typical martensite consists of mixture of variants. Two adjacent variants have common

well-defined interface, called twin plane.

3.2 Materials for shape memory and superelasticity

Nowadays, there are many materials having shape memory effect. However, not

many of them were implemented in commercial applications.
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Without doubt, the most commercially used shape memory alloy is NiTi alloy

called Nitinol (more than 90% all SMA applications are based on NiTi) [1]. Research on

shape memory alloy has growing tendency, so it may be considered as a promising field

of study (Fig. 24) [3].

Various alloys with shape memory effect have been discovered. Table 2 presents

the widely-used shape memory alloys:

Table 2 The most used shape memory alloys

Category Examples

Room temperature  NiTi-based alloys
Cu-based alloys
Fe-based alloys
Ag-based alloys
Au-based alloys
Co-based alloys
High temperature NiTi-based alloys
Zr-based alloys
Ti-based alloys
Other alloys
Magnetic NiMn-based alloys
Fe-based

Others

NiTi, NiTiCu, NiTiPd, NiTiFe, NiTiCo
CuZn, CuznAl, CuAlINi, CuAINiMn, CuSn
FePt, FeMnSi, FeNiC,

AgCd

AuCd

CoNiAl

TiNiPd, TiNiPt, NiTiHf, NiTiZr

ZrRh, ZrCu, ZrCuNiCo

TiMo, TiNb, TiTa, TiAu

UNb, TaRu, NbRu, FeMnSi

NiMnGa, NiMnAl, NiMnIn

FePd, FePt,

CoNiGa, Dy, Th, LaSrCuO

The main reason why designers choose shape memory alloys lies in their superior

properties in high energy density and high actuation stress and strain [3]. However, low

response time and low energy efficiency limit practical use of shape memory alloys.

Current research trends in shape memory alloys are divided into three main groups:

Automotive and aerospace:

e self-healing and sensing structures/components (smart tyre and airbags),

e morphing capability for aerodymanic and aesthetic features,

e high temperature actuators,

e noise, vibration and harchness (NVH) dampers/isolators,
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e rotary actuators,

Robotics:
e Micro and fast actuators
e [Efficient, stable and accurate actuators

e Rotary actuator

Biomedical:
e Artificial muscles
e Shape memory implants

e Biocompatible (toxic free) shape memory alloys

3.2.1 Examples of shape memory alloys

NiTi alloys were developed in the military sector. Namely, in the Naval Ordnance
Laboratory [50], when William Buehler was a supervisor in charge to select metal alloys
for the nose of the water-air-water missiles (Subroc, UUM-44A) [1]. The aim of the
research was to find suitable material for penetrating enemy defences, thus necessary
properties were high impact resistance and high melting temperature. Some of the
properties of NiTi were discovered by very peculiar way in 1959. The NiTi bar was
carried to the workshop and during transport it fell on ground. It made a very loud dull
sound. Buehler was intrigued by this sound and returned to the furnace and repeated the
fall with the hot NiTi bar. Instead, they heard a very shrill sound. This led to the discovery
of two different, coexistent, reversible phases in the NiTi bars at different temperatures.
Different atomic arrangement of high and low temperature phase led to different levels
of sound damping. However, shape memory effect and superelasticity have been
discovered 3 years later when they tried to demonstrate a high resistance to fatigue in
front of the commission. One of the committee member was not satisfied by their answers
about origin of high resistance to fatigue, so he examined the sample himself. He took a
piece of wire and folded it. Then he took his lighter and heated the wire. The wire returned
to its original shape with a great astonishment of all present.

First commercially used application of NiTi shape memory alloy was “shrink to
fit” pipe for F-14 Tomcat in 1969 and it was followed by practical use of NiTi superelastic

alloy as orthodontic wire. The difference between using NiTi both as the superelastic and
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Fig. 25 Transformation temperature for various shape memory alloys [1]

as the shape memory alloy lies in the annealing. As-cast wire has superelastic properties
and annealed material is used for its shape memory properties. The search for new shape
memory materials does not stop despite superior mechanical properties of NiTi alloys.
There is still great demand for materials with high or wide temperature range, and also
discovery of the ferromagnetic shape memory alloys opens new applications, where
actuator can serve also as a sensor.

NiTi alloys may be improved by adding elements like Pd, Pt, Zr, Hf, and Nb to
shift martensitic transformation to higher temperatures. These elements also affect strain,
its reversibility and thermal hysteresis so it is advantageous to choose proper composition
for each application (Fig. 25).
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3.2.2 Examples of ferromagnetic shape memory alloys

The ferromagnetic shape memory alloys exhibit large strains in a presence of
external magnetic field (Fig. 26) [51]. Because of that, they are considered to be smart
materials. Basic requirements for the magnetic shape memory alloy are: the presence of
ferromagnetic phases in the temperature range of martensitic transformation and also the
magnetic anisotropy energy must be higher than the energy required to move a twin
boundary [1]. Other similar phenomenon that deals with change of dimensions under
magnetic field is magnetostriction, but it does not meet the aforementioned requirements.
However, even the materials with exceptionally large magnetostriction, like alloy Th-Dy-
Fe (terfenol D), show strains only up to 0.1% [52,53]. On the other side, ferromagnetic
shape memory alloy may produce magnetically induced strain up to 10% contrary to the
magnetostriction materials. The most studied ferromagnetic shape memory alloy is Ni-
Mn-Ga, others also well-known are: Co-Ni-Ga, Fe-Pd, La-Sr-Cu-O4, Fe-Pt, and Cu-Al-
Ni.

// /]
[ L LT

H=0 H>0f He f

Fig. 26 Martensite variant reorientation after application of magnetic field [51]

The phenomenon of magnetically induced strain has been observed for the first
time by Ullako et al. [54] in Ni-Mn-Ga. The achieved strain was 0.2% in a magnetic field
8 kOe and martensitic start temperature 276K. Following experiment by Tickle et al. [55]
achieved 1.3 % irreversible strain and 0.5 % reversible cyclic strain in magnetic field of
10 kOe for composition Nis13Mn2sGazsz. Much later, considerable strain 6 % was
realized by Heczko [56] and Murray [57] in Ni-Mn-Ga single crystals with non-
stoichiometric compositions. The ferromagnetic shape memory effect is well studied in
Ni-Mn-Ga alloys on various stoichiometric compositions and it revealed strong
correlation between chemical composition and reversible strain (Table 3). It was found

that slight excess of manganese (from 28% to 31%) provides largest strains. For example,
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difference between 25.4% and 28.5% at. percent of manganese leads to massive
difference 0.4% and 6% strain, respectively.

Recently, progress has been made on optimization of stoichiometry [63,64,65] of
Ni-Mn-Ga and improvements of production capabilities [65,66,67] made it possible to
prepare large Ni-Mn-Ga single crystals with perfect magneto-mechanical properties
suitable for applications. Consequently, some prototypes of ferromagnetic shape memory

actuators have been proposed [68,69].

Table 3 Comparison of Ni-Mn-Ga compositions

Chemical Martensitic start Magnetically Reference
composition (at. %) transformation induced strain (%)

temperature Ms (K)

Nis2Mn22Gazs g 289 0.3 [58]
NisgMnz1Gao1 301 5.1 [56,59]
Niso.sMnis sGazs 7 318 6.0 [57]
Niss2MnsosGazy 307 7.3 [60]
Nisg.1Mn29.4Gazz.5 270 0.3 [60]
Nisg5sMn2s 4Gags 1 289 0.4 [61]
Nis2Mn2sGasz 310 0.27 [62]
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Fig. 27 One of Ni-Mn-Ga prototype of spring actuator [68]

It is possible to exchange the Ga in Ni-Mn-Ga for Al to get ordered high
temperature phase with magnetic shape memory. Ni-Mn-Al crystalizes in B2 structure
after annealing above 1000°C (it crystalizes in L2; after ageing at 350-400°C). Shape
memory effect in Fe-Pd alloys was discovered in 1980 [70]. They are know to have small

hysteresis but the highest temperature where martensitic transformation begins approx. at
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273 K and it tends to decrease with incresing content of Pd [71], Addition of Ni or Co
also lowers start of martensitic transformation.

The highest magnetically induced cycling strain was 0.6% measured in the single
crystals [72]. 3% strain was achieved in single crystal only once, during the first turn of
magnetic field change and then the reversible strain the was only 0.1% during other cycles

[73].
3.3 GMR materials

Since the discovery of the giant magnetoresistance effect in magnetic multilayered
films [15,16] and later in granular materials [26,27] numerous studies on a variety of
systems have been reported [15-27,28,79,86]. Discovery of GMR effect was preceded by
development of thin film technologies in the 1970 - 1980s as an evaporation, sputtering
and molecular beam epitaxy [70]. The biggest challenge for materials technology was to
prepare very thin defect-free layers suitable for application of giant magnetoresistance.
For example, if layer thickness is nanometer thick, it has only 5 atomic layers [28].
One-nanometer layers are widely used in the materials utilizing giant magnetoresistance
[15,16].

3.3.1 Thin films

There are many mulitlayered thins films with different compositions that have
been reported to exhibit giant magnetoresistance (e. g. Co—Cu/Cu, Ni—Cu/Cu, Co—-Ag/Ag,
Co-Au/Au, Co-Ru/Ru, Co-Ni-Cu/Cu, Fe-Ni—Cu/Cu, Fe-Co—Cu/Cu, Co(-Cu)-Zn/Cu,
Fe-Co-Ni—Cu/Cu) [28]. Early research on thin films was focused on optimal
microstructural (e.g. interface roughness) and magnetic properties. These properties are
important for achieving the maximum magnetoresistance change [sensors] to the level
that could be used for sensor application. Most of the papers on the GMR on thin film
were dealing with Co-Cu/Cu multilayers. The reason for extended study of cobalt and
copper materials lies in the highest measured giant magnetoresistance up to 50% in
sputtered thin films [75,76,77] (electrodeposited thin films only up to 20%).

New type of hard-disk read-heads based on giant magnetoresistance is the first
industrial application of magnetoresistive thin films (Fig. 28). It was developed in the

1997 [78]. Giant magnetoresistance based sensor on read-head is used to detect the
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magnetization of the bits on the recording medium. New read-heads have better
sensitivity so bit size could be reduced (so storage density increased).

GMR thin films are also used in automotive industry where they work as sensors
of rotational speed, angle, and position [80-83]. Also, biomedicine sensors have been
developed [84] for measurements of specific molecules detection. This type of sensors

was presented in prototypes of “lab on a chip” device with 32 GMR sensors.

(b)

Reference
system
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-

Fig. 28 A) schematic setup of giant magnetoresistance sensor used in hard-disk read-head. B)

when sensor moves above bits, magnetization of free layer in sensor is changed, thus increasing or

decreasing the resistance [85]

3.3.2 Granular GMR materials

Granular or inhomogeneous materials, which are typically formed by immiscible
elements (Co, Fe, Ni)-(Cu, Pt, Au, Ag), have attracted considerable attention since the
beginning of 1990s [26,27, 79,86]. The main interest in granular materials is related to a
substantial economic difference between the preparation cost of a multilayered thin films
and granular materials: multilayered materials must be fabricated with multi-source
molecular beam epitaxy and sputtering. On the other hand, granular materials can be
fabricated with much simpler technology, like rapid quenching or ball milling [86,87].
The main interest in granular materials is related to the GMR effect [87]. The origin of
the GMR effect in granular materials has been attributed to spin-dependent scattering of
conduction electrons within magnetic granules, as well as at interfaces between magnetic
granules and nonmagnetic matrix [26,27,79,86]. Granular structure can be usually
obtained after the recrystallization of the metastable alloys prepared from immiscible

elements (typically Co-Cu or Co-Ag) through the annealing. Formation of such structure
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is related to the phase diagram of the immiscible elements. Typically, the phase diagram
of immiscible alloys at room temperature presents quite low solubility of the
ferromagnetic elements in the metallic matrix. Consequently, after rapid quenching from
the melt the obtained alloys usually form a supersaturated solid solution at room
temperature [26,27,86,88]. Annealing at adequate conditions allows formation of
aforementioned granular structure consisting of fine magnetic precipitations within the
non-magnetic conductive metallic matrix [26,27,86]. It is possible to prepare a variety of
materials with amorphous, nanocrystalline or granular structures by using rapid
quenching from the melt [86,89-91]. Highest interest in rapidly quenched materials is
related to the soft magnetic properties of amorphous and nanocrystalline ferromagnetic
alloys [91,92]. Additionally, rapid quenching technique can be successfully employed for
fast preparation of metastable and granular materials [86,88].

It is worth mentioning that the granular structure is not the unique origin of the GMR
effect in materials prepared from immiscible elements: the alternative interpretation of
GMR effect involves Co particles embedded in Cu matrix [90], Co clusters within a Cu
matrix [93] or homogeneous spinodal decomposition characterized by long parallel Co-
excess stripes [94].

One of the routes allowing miniaturization of rapidly quenching materials is the
utilization of novel techniques for preparation of composite materials. Thus, Taylor-
Ulitovsky technique involving simultaneous rapid quenching from the melt of thin

metallic microwire coated by glass gained considerable attention [88,95].
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4 Experimental part

Measurements of magnetic, structural and physical properties have been carried
out at Univerzity of Pavol Jozef Sarérik in Kogice (UPJS), at Institute of experimental
physics of Slovak academy of Sciences (SAV), at University of Basque Country
(UPV/EHU) in San Sebastian. Experimental work consists of sample preparation by rapid
quenching in form of ribbons and glass-coated microwires. Each of the sample forms
have their own specific properties, advantages and disadvantages and they will be
discussed here.

4.1 Preparation of material

Rapid quenching methods offer many advantages:

e solubility of each element is increased, often by orders

e allows to form supersaturated solution

e possibility of formation of non-equilibrium or metastable phases

e decrease the number or volume of segregated phases

e possibility of creation amorphous structure in classically crystalline

materials

however, many of these advantages require specific conditions and many times it is
impossible to achieve required properties. Right now, there exist many methods offering
rapid quenching. For this work, we have used following techniques:

e Melt-spinning method

e Taylor-ulitovsky technique

4.1.1 Arc Melting method

The arc melting method has been used to produce master alloys (ingots) for further
processing with rapid quenching method. This step of preparation is necessary mostly
because of homogenization step in the fabrication protocol. Direct use of pure elements
in rapid quenching method does not provide sufficient homogeneity. Therefore, arc
melting method is used to produce homogenous sample, which can be directly used in
advanced rapid quenching techniques in the Laboratory of magnetic, transport, and optic
properties at Pavol Jozef Safarik University Arc Furnace, Compact Arc Melter MAM-1 (
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Fig. 29). Arc melter is capable of achieving temperature up to 3500°C and is ready
to prepare ingots from 5 to 20 grams. Device has two electrodes: tungsten and copper.
Copper electrode serves as a stand with moulds and also serves for cooling (with built-in
water capillary). Arc melting method requires argon atmosphere to ionize atmosphere as
it is necessary in order to prevent the formation of oxides [96]. Following procedure was
used:

Precisely weighed (on analytical balance) amount of each element is placed on
copper crucible base plate. In the next step, chamber is hermetically closed and vacuum
is achieved. Usually, previous step is few times repeated to ensure pure argon atmosphere.
Argon pressure is set to 0.7 bar. Applying voltage on the tungsten electrode form the arc
between material and electrode. Current flow heats and melts the elements together.
Consequently, sample has been re-melted three times to achieve sufficient homogeneity.

Fig. 29 Arc Melter MAM 1 with closed eye cover protection
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4.1.2 Melt-spinning method

Melt-spinning is one of the most used rapid quenching method. Edmund Biihler
Melt Spinner SC is located in the Laboratory of magnetic, transport, and optic properties
at Pavol Jozef Safarik University. Cooling rates on copper wheel can achieve values up
to 10° K.s [98,99].
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Fig. 30 Scheme of Melt-spinning method

1) crucible with master alloy 2) crucible thread 3) crucible gap regulation 4) wheel rotation velocity
regulation 5) vacuum pumps 6) helium canister 7) rotating copper wheel 8) induction coil 9) pressure
chamber 10) pyrometer in holder 11) valve plate 12) catching tube for casted ribbons

Melt-spinning procedure starts with mounting a crucible (1) into thread (2). It is
necessary to adjust gap between the wheel and crucible (3). Afterwards, the chamber is
closed and the sufficient vacuum rate is reached. Second diffusion vacuum pump is used
to achieve a vacuum up to 5x10° mbar. However, high vacuum is not an efficient way to
prepare rapid quenched ribbons. Helium atmosphere is required for heat transfer and for
preventing of oxides formation. The alloy is melted using high frequency induction coil
(8). Flow of molten metal through a hole in crucible is restricted by high viscosity of
molten metal. When pressure chamber (9) is opened, alloy is forced through the tube’s
hole onto copper wheel. Tangential velocity of the cold copper wheel shoots the casted
ribbon into catching tube (12) cooling it during the flight.

Following parameters of melt-spinning method are adjustable:
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e gap between crucible,

e tangential velocity of copper wheel,
e overpressure value,

e temperature of the molten metal.

These parameters determine possibility of ribbon’s production and its properties.

4.1.3 Taylor-Ulitovsky technique

Glass coated microwires have been prepared at UPV/EHU and at RV magnetics
in Kos$ice. Main advantages of this method are:
¢ reproducibility and scalability of microwires with same properties in mass
production,
e large variation of parameters (geometric or physical),
e opportunity to produce long pieces of microwire (up to 10km),
e possibility to control and adjust geometrical parameters (diameter of
metallic core or diameter of glass coating).
Following procedure has been used to produce microwires: a small amount of

sample is placed into closed glass tube (1). Subsequently, it is necessary to connect glass

Fig. 31 Microwire production
1) glass tube with master alloy 2) vacuum unit 3) feeding
mechanism 4) AC inductor 5) crystallizer 6) water catcher

7) bobbin 8) antenna
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tube into exhaust system (2) to keep the sample up. Glass feeding mechanism (3) is used
to ensure constant supply of glass. High frequency AC inductor (4) is used to melt alloy.
Alloy is relocated to the area of inductor by means of accelerated glass tube feeding
(speed 130mm/min). Then it is necessary to wait until molten alloy softens glass. When
softened glass and melt are stable a microwire can be withdrawn. Touching the glass +
melt tube with a glass stick will force melt to get into a glass due to the capillary effect.
First, microwire drawing is realized by hands, then it is possible to catch it on winding
mechanism and wrap it around a bobbin cap (7). Antenna (8) provides information on
microwire homogeneity during the preparation. Electrical resistance is important for
determining a thickness of the metallic core. Second parameter is capacitance, which is
used to estimate thickness of the glass-coating. After stabilization of the process,
microwire can be wrapped around bobbin body. Cooling is provided by water jet flowing
from crystallizer (5) to bath (6) with 60-litter canister.

The biggest challenge is to prepare the microwire with chemical composition that
can react with atmosphere or with the glass. In general, it is problematic to prepare
microwire composed of metals like titanium, chromium, molybdenum, tungsten,
niobium, aluminium, sodium, and the most of the rare earth metals. For example,

aluminium reacts with a glass forming aluminium oxide.
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Fig. 32 Variation of total diameter (glass) and metal core (metal) diameter

Typical geometrical parameters of metallic core thickness vary between 0.8 — 30
um and glass thickness varies between 2 — 15 pum. Thickness of the metallic core and

glass coating slightly varies along the microwire (Fig. 32). Moreover, glass coating
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applies internal stresses on the metallic core. This happens mostly due to the differences

between thermal expansion coefficient.

4.2 Structural study
Structural order determines all physical properties. Therefore, structural

measurements have been performed first.

4.2.1 Electron microscopy

Structure of both types of materials have been studied using electron microscopy.
Superelastic alloy have been studied by scanning electron microscope (SEM) at UPJS in
Kosice and GMR materials have been studied using two high angle annular dark field
transmission electron microscopes (HAADF-STEM) at UPV/EHU, one in Leiola and the
other one in San Sebastian.

Electron microscopy is in many ways similar to light microscopy but instead of
visible light wave properties of electrons are used. Electrons follow analogous rules like
light in geometrical optics [100]. In general, all electron microscopes have similar
structure, which consists of electron beam, magnetic lenses, sample holder and detector

(Fig. 33). Electron beam is produced by electron gun. Magnetic lenses direct electron
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Fig. 33 Structure of scanning electron microscope

beam on the sample and they reflect towards the detector together with other types of

radiation.
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Interaction of electron beam with a sample produces various signals as visible
light, electrons and X-ray photons (see Fig. 34). Electrons emitted by cathode interact

with sample by inelastic and elastic scattering. Elastic scattering progresses with almost

:Ei??odnasw Energy Distribution of Emitted Electrons

N(E)
BackScattered Electrons

Auger Peaks

I
50 eV 2 keV E,
Electron Energy

Fig. 35 Energy distribution of emitted electrons

no energy loss and electrons are scattered back after they hit electron core, so-called
backscattered electrons. Inelastic scattering proceeds with energy transfer between
electrons from primary beam, and free or shell electrons. These electrons, so-called

secondary electrons, are then emitted from atoms and detected. These two types of
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Fig. 34 Interaction of incident beam with sample
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electron (secondary and backscattered) can be easily distinguished by comparing their
energies to energy of electron beam. Energy of backscattered electrons is slightly smaller,
but energy of secondary electrons is lower by orders (Fig. 35).

Secondary electrons belonged to the electron shell, thus they should be replaced
by electron from higher energy levels. This emits X-Rays with specific energies for each
element. Energy dispersive X-ray spectroscopy (EDX/EDS) uses this property to
characterize chemical composition of sample. It is possible to obtain quantitative
chemical composition by comparing intensities of each EDX signals. EDX analysis has
been widely used in this work to confirm nominal composition of sample. However, this
method has its limitation and it is difficult to have high precision when the surface of

observed sample is rough. One needs to count with +2% derivation from real composition.

4.3 X-Ray diffraction spectroscopy

X-Ray diffraction is used to determine crystal structure of material, thus symmetry
and properties of its lattice. In crystal, atomic ordering structure (crystal lattice)
repeatedly occurs in space. Therefore, homogenous material may be created by repeating
its crystal lattices infinitely so it generates perfect symmetry. Each arbitrarily selected
point in crystal structure has given position to other random point given by lattice vector
Rn:

R, =nia+n,b + nsc (4.2)
where ng, n2 a nz are integers and a, b, c are lattice parameters [102].

X-Ray is electromagnetic radiation with wavelength A 0,01-10 nm. It is produced
by impact of high energy particles with matter. X-rays then collides with atoms in the
sample. Atoms cores are without any change after impact, but electrons oscillate with the
same frequency and becomes the source of secondary radiation with the same energy
(wavelength). This type of interaction is called elastic (coherent) scattering. Atoms in
crystals diffract the radiation after impact. However, most of the waves cancel out each
other through destructive interference. Only few waves that meet the conditions of
Braag’s law add constructively:

nA = Zdhlein(G) (42)
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where, n is any integer, A represents the wavelength of the radiation, d is the spacing
between the atoms planes, and 6 is the incident angle. These reflections on diffraction

patter are used to determine the crystal structure.

4.4 Magnetic measurements

Magnetic measurements have been used to provide following information:

1. Hysteresis loops and virgin curves have been taken at various
temperatures to determine easy axis of magnetization and saturated
magnetization of different phases in the sample.

2. Temperature dependences of magnetization have been taken to determine
structural transformation.

3. Magnetic permeability dependence on strain has been evaluated to
identify sensing properties of the superelastic sample.

4. Resistivity dependences on magnetic field have been measured at various
temperatures to characterize the magnetoresistance phenomena of
microwire.

5. Resistivity dependences on temperature have been measured at various

magnetic fields to observe Kondo-like behaviour.

Vibration sample magnetometer has been used to obtain information from
hysteresis loops and temperature dependence of magnetic field. These apertures are
located on both laboratories at UPJS and UPV/EHU in PPMS and MPMS by Quantum
Design.

4.4.1 Vibrating sample magnetometry

Vibrating sample magnetometer (VSM) belongs to the best instruments to
measure magnetic properties and it is widely used since 1959 [103]. The method is based
on vibrations of magnetic sample in uniform magnetic field, which induces voltage in
pickup coils. Picked up voltage is then proportional to magnetic moment of sample. In
our case, small piece of ribbon of the rectangular shape has been used. Sample should be
mounted on non-magnetic holder which vibrates in the presence of pickup coils.

Oscillating sample is magnetized by the uniform magnetic field; thus, it induces magnetic
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field in the pickup coils, which’s magnitude is proportional to magnetic moment of the
sample. The direction of magnetic field has been perpendicular to the sample’s axis in all

measurements.
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Fig. 36 Scheme of vibrating sample magnetometer

4.5 Measurements of electrical properties

The most used technique for measuring electrical resistance is four-point probe
set on studied materials [28]. Four-point probe measurements have an advantage over
two-points probes. Two contacts are used to measure voltage and other two to apply the
current. Thus, four probe method is more precise because it is not measuring the
resistance of connecting wires. This method is widely used in the measuring of electrical
resistance wires. However, measuring magnetoresistance in microwires is trickier due to

glass coating. Microwire must have glass removed from the both sides.
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H longitudinal

Fig. 37 Strip geometry used to measure GMR measurement with arrangements of contacts [28]

4.6 Superelasticity measurements

Measurements of strain have been carried out on the “lab-made” setup and also
on the TA instruments Q800 DMA at Technical University in KoSice.

DMA is capable of measuring in temperature range from -180°C to 600°C. Device
IS very precious with stress resolution 0.01 mN and strain resolution 1 nm [104]. Thus,

Furnace

Low Mass, High Stiffness Sample Clamps | -

Rigid Aluminum Casting

Drive motor Optical Encoder

Fig. 38 Scheme of DMA analysis [104]
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DMA is especially good device for precious measurements of stress-strain curves at
different temperatures. However, width and thickness have to be known before
measurement in order to count stress in MPa. During the measurement, the sample is
placed in tension between a fixed a moveable clamp. These clamps are suitable for both
ribbons and microwires.

However, it is not possible to measure magnetic properties change during phase
transition. For this reason, “lab made” setup has been developed. Force gauge
FG20KG-RS23 has been used to measure the stress. Strain was measured using Digimatic
Indicator ID-XC 543-390B. For sample straining Lustron Test Stand FS-1001 was used.
The magnetic permeability was measured by Hameg HM8118 LCR-Bridge with test
frequency of 100 kHz. All the devices have been working together as pictures in Fig. 39.
Handle of test stand (1) is used to apply stress on the sample. Sample holder (3) is located
on the force gauge (2). Sample is held by a sand paper and glued. There are markings in

the sample holder so it is possible to check possible displacement after measurement.

Fig. 39 Lab made setup for measuring stress-strain curves
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Applied stress causes strain that is measured by digital indicator (4). Coil around the

middle of ribbon is used to measure induction by the LCR meter (5).
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5 Results and Discussion

This part of work deals with the experimental results of selected superelastic and
magnetoresistive materials. Samples in the form of ribbons, and microwires have been
prepared by suction-casting, melt-spinning, and by Taylor-Ulitovsky method,

respectively. Following compositions have been prepared:

Table 4 Geometrical parameters of prepared samples

Ribbon Application Width Thickness Length*
Coa7NizsAlg Superelastic 1 mm 25-45 um 1-10 cm
Co49Ni21Gaso Superelastic 1-1,5 mm 10-30 pm lcm

Fes3sMnasAlisNizs  Superelastic 1-3mm 40 um approx. 3 m
Microwire Application Diameter core Diameter total
Cos1Cr27GanSin Superelastic 7 um 20 um
CusoCo20 GMR 13 pm 20 um
CugCo10 GMR 15 pm 20 um
CugsCos GMR 13 um 17 um

* Typical length of unbroken piece

High purity elements have been used to prepare the samples (Al =99,9%,
Co =99,9+%, Cr =99,99%, Fe =99,98%, Ga =99,99%, Mn =99,9%, Ni = 99,95+%),
Geometrical parameters of all samples are listed in the Table 2. Ribbon’s geometrical
parameters vary from 1-3 mm in width. Thickness of ribbons is usually from 25 to 45 pm.
Ribbons of composition Cos7NssiAlg and CosgNi21Gaszo are quite brittle and longest
unbroken pieces have up to 4 cm. On the other hand, FesssMnzsAlisNizs sample have

good mechanical properties and ribbon was prepared in one long piece up to 3 m.

5.1 Superelastic sample CosgNi»Gazo

First sample is known for its superelasticity since 2001 [106]. In the original paper,
sample was prepared by arc melting with consequent heat treatment at high temperatures
(1073 K-1573 K). Single phase alloys prepared by Oikawa et. al. [106] were too brittle to

perform stress-strain measurements. However, they measured 2% strain on the sample
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Fig. 41 Co49Ni21Gaso ribbon next to the ruler
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Fig. 40 SEM picture and EDX analysis of Co49Ni21Gaso ribbon’s cross section (left) and the

surface of ribbon’s plane (right) with marked grains
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containing two phases. Our sample was prepared by melt spinning technique and it was
too brittle so it shattered on the walls of the machine during the preparation. Pieces of
sample are pictured in Fig. 41 with a ruler to compare. It can be seen that only small
pieces of the sample have been prepared. The longest pieces of sample have up to 1 cm.

SEM picture (Fig. 40) of ribbon’s cross section revealed polycrystalline
microstructure with grain’s size varying between 10 to 30 um. Ribbon is 40 um thick.
Moreover, columnar crystalline growth perpendicular to the ribbons plane is observed.
This is most probably caused by strong thermal gradient created during rapid quenching.
Analyses performed by EDX were taken from three different pieces of ribbon (in total on
five different sites). The averaged chemical composition was Coag.4Ni206Gazo.0. Deviation
from nominal composition was £1.49 %. Sufficient homogeneity of the sample has been

achieved without long-term annealing of master alloys comparing to ref. [107].
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Fig. 42 X-ray diffractogram of CossNi21Gaso ribbon taken at room temperature.

X-Ray diffractogram (Fig. 42) of Cos9Ni2Gaszo shows single phase at room
temperature. It is considered to have B2 crystal structure (Pm3m), which is Y-Z disorder
variant of L2; Heusler alloy (see Chapter 3.1.5) [40]. Lattice parameter for the phase was
determined to be 2.857 A. This phase is considered to be the high temperature austenite

phase, which participates in martensitic transformation. Results correspond well to the
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ref. [108]. According to it, martensitic phase should crystalize in face centred tetragonal

structure (fct).
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Fig. 44 Temperature dependence of magnetization of Cos9Ni21Gaso ribbon shows structural

transition.
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Fig. 43 Magnetic field dependence of magnetization of CosNi21Gaso ribbon. It is clear, that high

temperature phase has lower saturated magnetization and it is easier to magnetize.
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Structural transition has been revealed by magnetic measurements at the
temperatures below room temperature. The phase transformation exhibits a hysteresis,
from which martensitic transformation temperatures have been obtained. Austenite start
temperature was determined to be 179 K austenite finish temperature is 252 K. Martensite
phase transformation starts at 216 K and finishes at 149 K. Martensitic transformation
temperatures have been evaluated from the first points out from expected temperature
dependence of magnetization. Measurements of hysteresis loops show that each phase
has different magnetocrystalline anisotropy and saturated magnetization. Hysteresis loops
(shown in Fig. 43) taken at different temperatures (at full-martensite state - 90 K, at full
austenite state - 265 K) indicate that low-temperature phase is more anisotropic.
Magnetocrystalline anisotropy was determined by comparing the saturation field of both
phases, which was 1 250 Oe and 7 000 Oe for high and low temperature, respectively.

Temperature dependence of resistance shows that martensitic transformation is
shifted (contrary to magnetic measurements) to the range 214 K and 155 K martensite

start and martensite finish temperatures, respectively. Additionally, higher magnetic field

Y
\ ~ _ﬂgﬁ)
O

| h O s
0.20 b
1
| as
- an M

0 50 100 150 200 250 300 350
Temperature (K)

1—o—oT

0284 1T

1—v—2T

= 0264 » 5T ;
= 0.24- R
@ ':'\f_)\
[&] 4 \
= 5
B 0.22 -
[%2]
QO
o

Fig. 45 Temperature dependence of resistance for CoasNiz1Gaso ribbon shows influence of
magnetic field on martensitic transformation temperatures. Higher field shifts martensite start and

finish temperatures to the higher temperature.
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influences martensitic transformation by shifting it to higher temperatures comparing to

zero field measurements. Martensitic start temperature rose from 215 K up to 230 K, and

martensitic finish temperature shifted from 155 K to 164 K. Usually, first points out of

linear dependence are considered to represent transformation temperatures. However,

nature of resistivity measurement causes differences in transformation temperatures with

respect to magnetic measurements. Resistivity is more sensitive to local atomic changes.

Due to the fact, inflex points have been evaluated to locate temperature where the most

of transition takes place (Table 5). Measurement at all magnetic fields has been executed

on the same piece of sample, therefore temperature training may influence the results.

Table 5 Shift of martensitic transformation temperatures

oT 1T 2T 5T
Martensite start 215 230 230 220
Inflex point 191 200 199 210
Martensite finish 155 151 163 164

5.2 Superelastic sample Coz7NzsiAlzg

Superelasticity in Coz7NasiAlzg has been also discovered in 2001 [106]. Also, high

temperature annealing was applied to enhance its properties. Moreover, particles with this

Fig. 46 Cos7NasiAl2e ribbon next to the ruler
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Fig. 47 SEM micrograph of Cos7NasiAl2e ribbon wit EXD analysis graph.

composition have been successfully embedded in the metal matrix to sense deformation
of matrix [109].

Cos7NasiAlzg analysis of the microstructure was made on the ribbon section and
surface and it revealed polycrystalline structure (Fig. 47). Size of the crystallites varies
between 1-2 um. The thickness of ribbon varies from 25 to 45um. Regions with spherical
and with columnar crystalline are present on the ribbon fracture. Small crystallites have
advantage because martensitic transformation propagate faster through the material,
which is important for developing an efficient actuator. Chemical analysis was made on
3 different pieces of sample and the average composition was Cosg3Nizz4Als2 With
differences between nominal and real composition of £2.7%.

XRD measurement revealed a single phase at room temperature (Fig. 49). It is

considered to be B2 variant of L2; variant of Heusler alloy (Y-Z disorder) also known as
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Pm3m. Lattice parameter for the phase was determined to be 2.8499 A, which can be
compared to the ref. [110,111].
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Fig. 48 Temperature dependence of magnetization for Cos7NasiAlzg ribbon shows martensitic

transformation.
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Martensitic transformation is visible on the temperature dependence of
magnetization as the hysteresis between cooling and heating cycle. Transformation
temperature have been obtained from first derivation of the dependence. Martensitic start
and finish temperatures have been evaluated to be 150 K and 75K, respectively.
Austenite start and finish are considered to be 80 K and 170 K.
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Fig. 50 Hysteresis loops of Cos7Ns4iAlze ribbon. Only small differences between two magnetic

phases could be evaluated.

However, the hysteresis does not have clear boundaries as it is in the case of
Co49Ni21Gazo. Hysteresis loops were taken at 2 different temperatures; before the
beginning of martensitic transformation (10 K) and after it’s end (190 K). However, the
shape of hysteresis loops does not provide us insight into magnetic properties, such as
magnetocrystalline anisotropy and saturated magnetization, due to the similarities of both
phases. There are only small differences between 2 phases visible on the hysteresis loops,
mostly in coercivity and saturated magnetization. Moreover, saturated magnetization is
mostly influenced by temperature difference between two measurements as seen in Fig.
50. On the other hand, we can clearly see differences from the virgin curves in saturation
field of high temperature phase (Fig. 51). Virgin curves taken at the same temperature
follow hysteresis between high and low temperature phases considering cooling or
heating cycle. This could be seen at virgin curve taken during cooling cycle at 100 K (red,

circle dots), which follows curve taken at 190 K due to the hysteresis of martensitic
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transformation. The same applies to 100 K virgin curve taken during heating and 10 K
curve. High temperature phase is considered to have higher magnetocrystalline
anisotropy due to the saturation field differences between low temperature phase (9 kOe)
and high temperature phase (4 kOe)
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Fig. 51 Virgin curves of Cos7NasiAlzg ribbon. It is possible to see hysteresis in martensitic
transformation through different magnetic properties of both phases. Measurements on the same

temperature tend to follow the curve of their corresponding phases.

Resistivity measurements (Fig. 52) have been made in order to confirm
martensitic transformation and its influence on magnetic field. Obtained martensitic
transformation temperatures are shown in Table 6. Magnetic field has negligible influence
on martensite start and austenite finish temperatures, but martensite finish and austenite

start temperatures rose which made martensitic transformation narrow.

Table 6 Martensitic transformation shift under magnetic field

Condition Ms Mt As As
M(T) 150 K 75K 80 K 170 K
R(T) 1T 175 K B K 65 K 175 K
R(T) 2T 160 K 100 K 105 K 165 K
R(T) 5T 165 K 105 K 110K 170 K

M (T) stands for temperature dependence of magnetization

R (T) stands for temperature dependence of resistance
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Negligible influence of magnetic field on martensitic transformation may be
explained by low difference in saturation magnetization between austenite and martensite
phases, which leads to small change of Zeeman energy. If the difference in Zeeman
energy of both phases is high, then it is possible to shift martensitic transformation,

because total change of energy will decrease.
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Fig. 52 Temperature dependence of resistance for Cos7Nas4iAlze ribbon

It was possible to measure stress strain curves with improved mechanical
properties of Cosz7NaaiAlzg. Force was applied with a rate 2N/min and the maximum force
was 18 N. Applied stress was calculated from cross section of the ribbon. The maximum
achieved reversible strain was 0.7%. Irreversible strain was quite low 0.2%. However,
the sample is still quite fragile so it was mounted with caution and the strain 0.3% in the
region with lowest stress is most probably caused by straightening the sample and it is
not associated with shape memory mechanism. Yield test revealed maximum strain of

1.7% at 400 MPa stress. Also, 0.8% strain was caused by straightening sample.
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Fig. 53 Stress strain curves for Cos7NasiAl2g ribbon. Top panel: Reversible stress strain curves.
Bottom panel: Yield test
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5.3 Superelastic sample FesssMnzsAlisNi7s

FeszsMnasAlisNizs was discovered in 2011 with superelastic recoverable strain
5%. However, the alloy was prepared by arc melting with consequent thermal treatment
for several hours. Sample is known to have perfect mechanical properties as ductility,

which make it as a proper candidate to use it in construction applications [12].

\ X

Fig. 54 FesssMnassAlisNizs ribbon after preparation

SEM micrographs (Fig. 56) revealed columnar microstructure that is similar to the
previous sample Cos9Ni21Gazo. Morever, layer of equiaxed crystallized grains is present
at the wheel surface, which was in contact with copper wheel during preparation. The
ribbon is around 40-55 um thick. EXD analysis measured on three samples confirmed
nominal composition.

X-Ray diffraction measurement (Fig. 55) measured at room temperature revealed
two phases, o and y’. o phase crystalizes in the face centred cubic phase and its lattice
parameter is aswc = 0.36604. This phase represents austenite, high temperature phase. y’
phase crystalizes in body centred cubic structure. It is considered to be low temperature
phase (martensite) with the lattice parameter ancc = 0.29086 nm. By comparing intensities
of both phases, it possible to evaluate the volume of each phase in the alloy. Detailed
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XRD analysis showed the volume of the austenite phase is 88 % and remaining 12 %

belongs to martensite at room temperature.
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Fig. 58 Temperature dependence of magnetization for FeszsMnasAlisNiz.s ribbon
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Fig. 57 Hysteresis loops of FesssMnasAlisNizs ribbon.
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Magnetic measurements have been performed to confirm structural transition and
to examine differences between both phases. However, there is almost no difference in
magnetization dependence of temperature (Fig. 58) between cooling and heating cycle.
That may be attributed to the long range of martensitic transformation making
magnetization hysteresis low. Consequently, this measurement was not used for obtaining
transformation temperatures. On the other hand, Curie temperature is around 125°C. It

highlights the opportunity that FesssMnzsAlisNizs ribbon may serve as sensor around
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Fig. 59 Stress strain curves for FeszsMnasAlisNizs measured on ribbon with remarkable change

of irreversible strain, which drop down by 90%.
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room temperatures. High temperature phase has saturation magnetization at field 6 kOe
and low temperature phase saturates at 2.3 kOe. It suggests, that martensite has higher
magnetocrystalline anisotropy. It is opposite situation to magnetic properties of
Co49Ni21Gaso. and Cosz7NazsiAlzg phases.

Stress strain curves have been measured on ribbons at various temperatures to
confirm superelastic properties of the Fesz sMnzsAlisNizs. Graph in the Fig. 59 represents
stress-strain curve on sample before and after the training process. Maximum achieved
reversible superelastic strain was 1.7 %. During training process, irreversible strain was
diminished down to 0.1 % from former 1 %.

Stress strain measurements have been improved by the measurements of
permeability (Fig. 60). Maximum achieved strain was 1% and simultaneously
permeability dropped by noticeable 12% change. It should be noticed, that there is only
small hysteresis in permeability between loading and unloading cycles during the time
when the most of stress takes place. Slim hysteresis is required for precise sensor or
actuator [112]. In addition, the permeability at zero stress is different for two cases (before
and after measurement), which points to the fact that permeability variations arise from

structural transition between a and y’ phases rather than from stress dependence of

permeability.
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Fig. 60 Strain dependence of stress and relative permeability of FesssMnssAlisNizs ribbon
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It should be mentioned that samples are usually annealed to release internal
stresses. But studied samples were not annealead, neither in the case of
FeszsMnasAlisNizs and CosgNi2iGazo. This may explain the difference between typical
stress-strain curve of superelastic samples (Fig. 7) and our measurements. Internal
stresses are distributed randomly through the ribbon, thus the value superelastic stress of
each grain may fluctuate depending on the value of internal stress affecting the grain.
Equal distribution of superelastic stress during the loading is important feature of the
sample. With it, sample may strain superelastically in the whole range, due to equally

distributed superelastic stress and through the change of phase volume act as a sensor.

5.4 Superelastic sample Cos:Cri17Ga1Siu

The sample is known for its inverse shape memory effect when shape memory
change occurs after cooling, not heating. Superelasticity has been also reported on the
sample in the temperature range close to room temperature [113]. Samples have been so
far prepared by arc melting and subsequently annealed. Microwire with superelastic
properties has been prepared by Taylor-Ulitovsky method. So, our goal was to prepare

the sample in the form of microwire and to study the superelastic properties.

Fig. 61 Sample Cos1Cri7GauiSin prepared by Taylor Ulitovsky method
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SEM micrographs (Fig. 62) revealed metallic core inside glass coating. Total
diameter of sample was measured to be 25 um and metallic core has 6.7 um. However,
polycrystalline character presented in previous samples was not observed in
Co51Cr27Ga11Sizy microwire. EDX was measured on two pieces of microwire with
uncovered metallic core. Result of EDX analysis was in accordance with a small
difference (+1at. %) between prepared (Co051.39Cr2599Ga1133Si11.20) and desired

composition.
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Fig. 62 SEM micrograph of superelastic, glass-coated microwire with marked diameter of glass

coating and metallic core. Bottom graph represents spectrum of EDX analysis.

The presence of single phase was confirmed by X-Ray diffraction at room
temperature. Sample crystallizes in B2 structure with space group symmetry Pm3m.
Lattice parameter was determined to be 2.8615. Relative intensities demonstrate the
presence of preferred crystal orientation. The most interesting discovery has been
provided by electron backscatter diffraction analysis, which was used to confirm or

disprove presence of preferred orientation (Fig. 65). These measurements have been
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Fig. 63 X-ray diffraction for Cos1Cr27Ga11Siis microwire

conducted on many sites of microwires and always with the same results. All
crystallographic orientations are in the direction <111> parallel to the microwire axis. No
grain boundaries have been observed. There is pictured data map of examined site on the
microwire on the top left corner of Fig. 65. This site has been selected due to the optimal
location for EBSD measurement which requires a beam of electrons in approx. 70° angle.
Coloured maps on the left top panel represent the portion of the microwire oriented in one
way (the same colour means one orientation of crystal) for corresponding coordinates (X,
Y, 2).

Bottom panel represents how much of the microware is oriented in the directions
<001>, <101> and <111> for each coordinate. So far, microwire seems to be

monocrystalline along the microwire with orientation <111>.
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Fig. 65 Results of EBSD measurements revealed one crystal orientation
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Fig. 64 Temperature dependence of magnetization for Cos1Cri17GauSiu
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Fig. 66 Hysteresis loops for Cos:Cri7Ga11Siu

Temperature dependence of magnetization revealed hysteresis in magnetization at the
temperatures lower than room temperature (Fig. 64). Abnormal decrease in magnetization
was observed during heating. However, it was not observed during cooling. Sign of phase
transition during cooling phase may be attributed to the long temperature range of
transition (it appears as an abnormally linear dependence) similar as in the Fig. 58 for
FeszsMnssAlisNizs ribbon. Temperature dependence of magnetization has confirmed
martensitic transformation. Measurements of magnetic field dependence of
magnetization have been measured at 10 K and 300 K (Fig. 66). These temperatures have
been selected to see differences between low temperature phase and high temperature
phase. Low temperature phase has lower magnetocrystalline anisotropy compared to the
high temperature phase. It can be seen as a difference in saturation of magnetic field.
Stress strain curves have been also measured on Cos:Cri17Gai11Siiz microwires. Bunch of
19 microwires have been mounted into DMA device. Achieved reversible strain was
1.65% with very low irrecoverable strain of 0.13% (Fig. 67). Sample yielded at 2,5%
strain (Fig. 68). It should be noted, that low irreversible strain was achieved without

training, in other words, during the first measurement. That may be attributed to the
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monocrystalline microwire that is properly oriented. Considerable strain has been

achieved without heat treatment as it was necessary for arc melted bulk materials [113].
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Fig. 67 Stress strain curve for Cos1Cri17GauSiu
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Fig. 68 Evaluation of critical strain for Cos1Cr17GauSiu
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5.5 Granular Cu-Co microwires with GMR effect

This subchapter deals with giant magnetoresistance found in granular structures
prepared by Taylor-Ulitovsky technique. Our goal was to study the influence of annealing
on giant magnetoresistance in the glass-coated microwires. Granular materials have
advantage in fast and cheap preparation contrary to the thin films prepared by
electrodeposition [114-116]. Taylor-Ulitovsky method offers easy way to prepare such a
material.

Samples with composition CugoCo20, CugoCo10 @ CugsCos have been annealed for
various times and at two different temperatures. The annealing time was 10, 30, 60
minutes and 2, 5, 10, 24 hours for heat treatment at 673 K. Additionally, samples were

also annealed at isothermal temperature (Tann= 373 K and 423 K) for 2, 10, and 24 hours.

55.1 X-Ray diffraction

Two phases have been identified in the CuCo samples, hcp a-Co and ffc Cu.
Preferred grain orientation was observed from the XRD spectra (Fig. 69). Fcc phase is
characterized by two main peaks at 201 ~ 43.23° and 20, ~ 50.35° corresponding with
atomic spacing of 2.09 A and 1.81 A. Lattice parameters for hcp a-Co phase are 2.05 A
and 1.77 A. Main peaks for this phase are at 201 = 44.12° and at 2@ = 51.57°. Therefore,
these peaks are overlapped in many cases. The very first peak represents merged peaks
of Cu phase and Co phase. Moreover, low content of Co in the samples makes it quite
difficult to detect. The presence of preferred texture decreases the main a-Co peak at 20
~44.12°. Relative intensities of peaks have changed after annealing. Within annealing of
the sample CugsCos, one can observe decreasing of the preferred orientation. The first
peak is appreciably increased and the relative intensities change with the annealing. When
we look at the detail, the peaks of Cu and Co are more separated with the annealing.
Broadening of the peaks was also observed, especially for CugsCos. There is still the
marked preferred orientation in the microwire after annealing of the sample CugoCo1o0.
For the sample CugoCo20, annealing does not affect the structure changes in Co-Phase.
The relative intensities of all the peaks are the same in the as-prepared and annealed

samples. Samples had quite low magnetoresistance before annealing and broadening of
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peaks may suggest that average size of grains decreased, or the number of small size
clusters increased.

To prove the stress relaxation effect, low temperature annealing was performed.
XRD diffractograms on low temperature annealed samples were very similar to as-cast

samples.

5.5.2 Electron microscopy

Transmission electron microscopy observations have been executed on all of Cu-
Co samples. TEM has been used to find granular structures. The solubility of cobalt in
copper is 6% at room temperatures, so it is expected to find granular structure in the
sample with cobalt content above 6%. EDX analyses have been executed on all samples
to confirm Co grains or clusters. Sites of EDX analyses for CuggCo20 microwire are
marked on the Fig. 70 and the generated data are displayed in the Table 7. EXD analyses
have been also conducted on the other compositions, but the results have discovered just
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Fig. 69 XRD of as-prepared (a,b) and annealed at Tann=673 K for 24 h (c,d) CuesCos and

CusoCoz20 microwires respectively.
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Fig. 70 TEM examination of CusoCo20 microwire. Marked sites represent sites of EDX analyses

negligible composition differences on the examined place. The mark circles correctly
represent the electron beam (which is 45 nm wide) showing from which place the
information has been taken.

Data gathered by EDX point analyses suggest that there may be grains that cannot
be easily distinguished by TEM examinations. Further examinations by HAADF-STEM
(Fig. 71) have been conducted to finally confirm existence of Co grains. However,

granular structure has been found only in the case of CugoCo20 microwires.

Table 7 Results of EDX analyses on CugoCo20 microwire

CusoCo20 Cu (at. %) Co (at. %)
X1 95.5 4.5
X2 92.7 7.3
X3 95.1 4.9
X4 96.0 4.0
X5 97.8 2.2
X6 59.7 40.3
X7 84.6 15.3
X8 95.1 4.9
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Fig. 71 STEM images of CusoCozo (a,b,c), CusCouo (c,e,f), CugsCos (g,h,i). Purple and teal
colours represent Co and Cu atoms, respectively. (c,f,i) shows particular areas chosen for analysis.

5.5.1 Magnetic measurements

Magnetic measurements can provide more information on distribution of Co atoms
in the Cu matrix. Hysteresis loops for the CugoCo10 taken at different temperatures are
linear in as-prepared state except of the hysteresis loop taken at 5 K (Fig. 72 left).
However, hysteresis loops have changed after annealing and they exhibit, contrary to as-
prepared samples, ferromagnetic behaviour also at higher temperatures than 5 K and this

confirms the increase of ferromagnetic phase after annealing.
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Fig. 72 Hysteresis loops for as-prepared (left) and for annealed (right) CuCo microwires at
400°C for 10 hours.

5.5.2 Magnetoresistance measurements

GMR effect was considerable enhanced after annealing at 673 K. As an example,
increase of the GMR effect was observed from 1 to 7.5% in CugsCos microwire (Fig. 73a)
and AR/R increases from 8 to 19% in CugCo20 microwire for the same annealing
conditions (2 hours at 673 K, Fig. 73b). Additionally, we can observe that there is a slight
increasing of AR/R of CugoCo20 sample after annealing. It can be attributed to the
anisotropic resistance related to ferromagnetic grains presence. Observed AR/R(H)
dependences are typical for GMR effect showing decrease of resistance R with increase
of magnetic field (Fig. 73).

Brief summary of all GMR measurements is represented on the figures bellow as a
dependence of tann 0N GMR effect in a magnetic field 5 T for studied CoCu microwires

(Fig. 76). The results can be explained in three ways:
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Fig. 73 AR/R(H) dependences for CosCugs (a) and Co20Cuso (b) microwires measured at 5 K in
as-prepared and annealed at 673 K for 2 h.

1) Annealing can release the stresses, which in principle influences the metallic core
structure. However, this option is the least likely; because the stress relaxation occurs
near 373 K — 473 K [117] and measurements made on the samples which were annealed
at low temperature show no considerable change to GMR effect.

2) Another potential explanation was offered by [118]. It can be described as fast
aggregation and then re-dissolution of cobalt atoms in copper matrix after annealing.

Increase of size and number of Co cluster may cause high MR in annealed samples.
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Fig. 74 Summary of all max AR/R(H) for CussCo20 microwires at 5 T.
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Fig. 76 Summary of all max AR/R(H) for CugsCos microwires at 5 T.
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3) Additionally, it is possible, that microwire have inhomogeneous parts with higher
or lower Co content after production, so some samples have unpredictably high or low
magnetoresistance.

Internal stresses result in considerable texture of all the samples. From the previous
knowledge on stress relaxation in glass-coated microwires we can assume that the
relaxation processes run with temperature starting from 373 K [119]. Stresses have been
most probably released after low-temperature annealing (Tann=150-200 °C), but XRD
measurements on low temperature annealed samples show no considerable change
comparing them to the as-prepared measurements. Moreover, GMR effect was also
measured on the samples annealed at 423 K with annealing time 10 hours (Fig. 77) and it
revealed only slight enhancement of GMR effect. Thus, it can be assumed that the stress
relaxation is not the key factor that affects the MR increase of the studied samples. GMR
increase does not seem to be related with the stress relaxation and must be attributed to
the short-range ordering processes that cannot be distinguished by the XRD method.

In all GMR systems a high resistivity exists in a conducting medium which is

magnetically inhomogeneous or disordered on the scale of the mean-free electron path.
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Fig. 77 AR/R(H) dependences measured in as-prepared and annealed at 423 K for 10 h CugsCos

microwires measured at 5 K.
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On the other hand, the GMR appears only in samples with volume fraction Xy less
than the percolation volume fraction X,. At Xv> X, all the particles form a connecting
network with large ferromagnetic domains and low coercivity as in homogeneous
ferromagnetic alloys and GMR decreases. Therefore, although we cannot detect any
change of phase composition by XRD, observed dependence of the AR/R on Tann must be
attributed to the grain size and content change after annealing. The other possible reason
of observed changes can be appearance of the nanostructures typical for the spinodal
decomposition after annealing [115,118].

On the other hand, there are still open questions as regarding the origin of the GMR
effect in materials prepared from immiscible elements. Thus, Co particles embedded in
Cu matrix, small Co clusters within a Cu matrix, homogeneous spinodal decomposition
characterized by long parallel Co-excess stripes are considered by various authors
[118,120]. Moreover Kondo-like behaviour reported even for CugsCos microwires is quite

unusual even for alloys containing more than 5%

5.5.3 Kondo-like behaviour

Regarding Kondo effect, even the sample with the lowest content of Co CugsCos
cannot be considered as the classical diluted Kondo system because of large amount of
Co single-ion concentration but also because part of Co phase forms clusters with local
magnetic fields and spin polarization of current carriers. The common explanation of the
resistivity minimum is the Kondo effect related to the magnetic impurities in metals. In
classical Kondo-systems where the content of magnetic impurities in a metal is small
(0,002-0,02 %) it was recognized that the resistance minima is associated with magnetic
impurities in the metallic host being one which has a local magnetic moment due to the
spin of unpaired electrons in its atomic-like d or f shell [23]. The scattering processes
from magnetic impurities (those in which the internal spin state of the impurity and
scattered electron are exchanged) could give rise to a resistivity contribution behaving as
In(T), and hence provide a satisfactory explanation of the observed resistance minima.
Additionally, magnetic field usually suppresses the resistivity minimum [121]. But
usually the minimum temperature is much lower than observed in all CuCo samples in
as-prepared state. In our case the Co content is much higher (5%) and consequently
minimum temperature can be higher. To prove aforementioned mechanism, we measured

the effect of magnetic field on resistance dependence of temperature for both as-prepared
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and annealed CugsCos samples and plotted R-Rmin Versus In T. In our case, some certain

similarities with classical Kondo effect were observed (Fig. 78).
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and annealed at 673 K (b) CussCos microwires
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Magnetic field considerably affects the resistivity minimum. It is worth
mentioning that if the resistivity minimum of as-prepared samples CugsCos is not
completely suppressed even by high magnetic field (H = 5T), resistivity minimum of
annealed sample is completely suppressed by H = 1T. Magnetization curves measured in
Co-Cu microwires exhibit saturation at 5 K that can be associated with not uniform
distribution of Co atoms in the Cu matrix, i.e. with the presence of Co inhomogeneities
or clusters. Therefore, studied CugsCos microwire is not a classical diluted Kondo system
not only because of large Co single—ion concentration but also because a part of Co ions
forms magnetic clusters and these clusters will create local magnetic fields and spin-

polarization of current carriers [122].

0.15
(C) —=— annealed at 400 °C
—O0— as-prepared
~—~ 0.104
G
~~
£
S
m 0.05 -
1
e
0.00
50 136 369
In T(K)

Fig. 79 Logarithmic dependence (In T) for annealed and as prepared CussCos samples (c)

Consequently, both as-prepared and annealed CugsCos microwires present certain
features typical for the classical Kondo effect related to the magnetic impurities in metals.
But the resistivity minimum in as-prepared sample is not completely suppressed even at
5T, the temperature of resistivity minimum is quite high for diluted Kondo alloys and the
concentration of the Co ions distributed randomly in the Cu- matrix is not low. Therefore,
we cannot exclude interaction between magnetic Co-ions and, as a result, we can expect
partial suppression of Kondo effect. Considering that studied samples present magnetic

saturation at 5 K we must assume that the Co-ions are not uniformly distributed in the
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Cu-matrix: the regions with higher Co-ions content are responsible for the presence of Co
inhomogeneities or clusters, while the regions with lower Co-ions content behave as the
magnetic impurities in the metallic host.

Surprisingly, in contrast to the other granular systems where R(T) minimum has
been reported [124], we observed huge effect of annealing on minimum temperature, Tk:

in our case Tk decreases after annealing from 47 to 22 K.
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6 Conclusion

The work provides the basic review of shape memory alloys and materials with
giant magnetoresistance. The first part (Chapters 1-3) of the thesis deals with theoretical
background. The second part is devoted to experimental methods used (Chapter 4); and
the results obtained (Chapter 5). In total, four shape memory materials have been prepared
and studied. Moreover, the annealing effect on giant magnetoresistance was studied on
three compositions of CuCo microwire. The first prepared sample is superelastic ribbon
with CosgNi21Gazo composition. Ribbon was brittle and only small pieces in length was
prepared. The following properties of rapid quenched CosgNi21Gazo alloy have been

confirmed:

e SEM examination on Co49Ni21Gazo shows polycrystalline structure with
+1.49 % deviation from nominal compositions

e XRD revealed single phase at room temperature. Phase crystallize in B2
crystal structure (Pm3m) with lattice parameter 2.857 A.

e Magnetic measurement confirmed the presence of martensitic
transformation which progresses at transformation temperatures between
179-252 K and 216-149 K for austenite and martensite phase,
respectively. High temperature phase has lower magnetic anisotropy than
low temperature phase.

e Temperature dependence of resistance confirmed martensitic
transformation too. Application of magnetic field shifted start of
martensitic transformation to the higher temperatures.

e Poor mechanical properties did not allow to measure the stress-strain

curves.

The second prepared sample is superelastic ribbon with Cos7NssiAl9 composition.

Following properties of rapid quenched Cos7NasiAl2g alloy have been confirmed:

e SEM examination of Cos7NssiAlz9 shows polycrystalline structure with
+2.7% deviation from nominal compositions
o XRD revealed single phase at room temperature. Phase crystallizes in B2

crystal structure (Pm3m) with lattice parameter 2.8499 A.
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e Magnetic measurements revealed martensitic transformation at low
temperatures. High temperature phase shows lower magnetocrystalline
anisotropy similarly to the previous sample.

e Resistance measurement showed that it is possible to slightly alter
martensitic transformation temperatures and application of magnetic field
made transformation range narrow.

e Better mechanical properties allowed to measure strain which reached up
to 1.7%. Achieved reversible stress was 0.7%.

The third prepared sample is superelastic ribbon with FeszsMnasAlisNizs composition.
Contrary to the previous samples, this composition showed very good mechanical
properties. Following properties of rapid quenched FesssMnssAlisNizs alloy have been

confirmed:

e SEM examination revealed polycrystalline, columnar microstructure with
a layer of equiaxed crystallized grains.

e XRD confirmed the presence of two phases. Austenite (crystalizes in fcc)
and martensite (crystalizes in bcc), with lattice parameter asc = 0.36604
nm and apcc = 0.29086 nm.

e Magnetic measurement does not show clear transition like in previous
samples, but it may be explained in the terms of similar magnetic
properties of both phases.

e  Maximum achieved strain was 1.7% with very low irreversible strain 0.1%
achieved after training.

e FesssMnasAlisNizs alloy was proved to be capable of sensing the
deformation during 1% of strain due to lowering its magnetic permeability
by 12%. It points to the fact, that it is possible to use it for contactless

sensing of large strain.
The fourth superelastic sample is glass-coated microwire with composition

Cos1Cr17Ga11Sii. Following properties of rapid quenched CosiCri7Gai1Siii alloy have

been confirmed:
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SEM micrographs revealed metallic core inside glass coating. Total
diameter of sample was measured to be 25 um and metallic core has
6.7 um.

Microwire crystallizes in B2 structure with space group symmetry Pm3m
at room temperature. Lattice parameter was determined to be 2.8615 A.
We observed uniform orientation of grains in superelastic microwire
Cos1Cr27Ga11Sizy by EBSD analysis. No grain boundaries were found on
the various sites of microwire. Preferred orientation in shape memory
alloys can provide superior properties observed in studies of monocrystals
with rapid quenching that benefit from cheap and fast production.
Stress-strain curves have been also measured on Cos:Cri7GaiiSin
microwires. Achieved reversible strain was 1.65% with very low

irrecoverable strain 0.13% (Fig. 67). Sample yielded at 2,5% strain.

Experimental results on CuCo microwires revealed these information:

1.

X-ray diffraction revealed the existence of copper and cobalt phases in
all compositions. Preferred orientation in as-cast samples decreases after
annealing.

Areas with lower and higher content of Co have been found during TEM
examinations on CugoCo20 sample. Only negligible differences have been
found on others composition.

GMR significantly increases after annealing. The highest observed GMR
(32%) was found in the case of CugoCo10. The best explanation is due to
the spinodal decomposition that occurred during annealing.

Kondo-like behaviour appears in the temperature dependence of
resistance and in the as-cast sample it is not possible to diminish it by
application of strong magnetic field. On the other side, Kondo-like
behaviour is diminished in the annealed samples by quite low magnetic

fields. This also suggests the occurrence of spinodal decomposition.
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7 Conclusion related to further development of scientific

object and potential application.

The most interesting result of the shape memory research was found in
Fes35MnzsAlisNizs ribbon and Cos1Crz7GaiiSiza microwire. FeszsMnzsAlisNizs ribbon
may act as a sensor with good mechanical properties. Consequently, heat treatment may
be applied to release internal stress in order to improve superelasticity. However, this
need proper examination on the real material. Internal stress may play important role in
critical stress value, which is necessary for beginning of the phase transformation.

No crystal boundaries have been found in superelastic Cos1Cr27GaiiSiit
microwire so far. It points to the fact that Cos1Cr27Ga11Siz1 may be monocrystalline along
entire length. SMA alloys strain more in their particular direction and monocrystals are
known to have the biggest strain. Thus, more EBSD measurement should be carried out
with the most important measurement of cross section to confirm or disprove this
hypothesis. Easily prepared microwire with desired orientation of grains would have
advantage because of lower price and lower time needed for preparation over other types
of materials.

Although many applications have been developed so far, there is still a lot of ideas
and potential uses of studied samples to work on. Brittle superelastic samples could be
embedded into metal matrix to contactless sensing deformation in construction
applications. Moreover, preparation of microwires would diminish ductility problem,
because glass stabilises metal core, thus alloys may be used as sensors also on surface or
inside of materials. Glass protection make the microwire biocompatible as well. This
opens application in biomedicine field as contactless sensors of temperature or stress.

There are few ideas on CuCo microwires too. It would be very interesting to
examine the progress of spinodal decomposition during annealing by evaluation of the
STEM micrographs with chemical composition maps on the wires with different time of
annealing. This would give us deeper understanding on how spinodal decomposition

progresses.
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8 Resumé in Slovak

Praca sa venuje priprave rychlo chladenych funkénych magnetickych materialov
a charakterizacii ich vlastnosti. V prvych dvoch kapitolach sa nachédza teoretické
vysvetlenie javu tvarovej pamadte, superelasticity a javu obrovskej magnetorezistencie.
Jav tvarovej pamdte predstavuje proces, ktory dovol'uje deformovanému materialu vratit
sa do povodného tvaru po tepelnej aktivacii. Superelasticita je Specifické spravanie
materialu s javom tvarovej pamite, ktory nevyzaduje tepelni aktivaciu a material
nadobudne pdvodny tvar bez tepelnej aktivacie, ale okamzite po uvolneni pnutia.
Polykrystalické materialy su schopné dosiahnut’ superelastické prediZenia az o 13%
a v pripade monokrystalov az do 20%. Tieto zliatiny sa uZ komercne vyuzivaju hlavne
v robotike, v biomedicine, v automobiloch a v letectve.
Jav tvarovej pamite moze prebiehat’ troma hlavnymi sposobmi:
e Jednosmerny jav tvarovej paméte: zliatina sa vracia do povodného tvaru
po tepelnej aktivacii.
e Dvojsmerny jav tvarove] pamdte: zliatina si pamétd vysokoteplotny
a nizkoteplotny tvar. Mechanicka deformacia nie je nutna.
e Superelasticita: Zliatina nadobuda pévodny tvar okamzite po odl'ahceni.
Pre zliatiny sjavom tvarovej paméti je nevyhnutna pritomnost fazovej
transformécie, ktora prebieha vyluéne v pevnom skupenstve medzi dvoma fazami. Tento
proces sa beZne oznacuje ako martenzitickd transformadcia, pricom nizkoteplotna faza
(stabilizovana pnutim) sa nazyva martenzit a vysokoteplotna faza (stabilna bez pnutia) je
oznacovana ako austenit. Jav tvarovej paméte je umozneny kooperativnym presunom
atomov na kratSie vzdialenosti ako medziatomova vzdialenost. Martenziticka
transformécia prebieha organizovane tak, aby susedné atomy ostali rovnaké, ¢im sa 1iSi
od plasticke; deformdacie. Pre opisanie javu tvarovej pamite je potrebné definovat
nasledujtice pojmy:
o Transformacné teploty: predstavuju teploty pri ktorych sa zacina alebo
kon¢i prechod z jednej fazy do druhej, pre austenit a martenzit opisujeme ich
Startovaciu a finalnu teplotu. Transformacné teploty tak urcuju pracovny rozsah
zliatin, v ktorom mozno ich vlastnosti vyuzit'.
J Predizenie: pri opise jednotlivych subezne prebiehajucich zloZiek

predlZenia sa pouzivaju nasledovné terminy: nevratné predlzenie &irr predstavuje
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plastickti deformaciu. Vratné elastické predizenie erec je typické pre vietky

materidly ariadi sa Youngovym modulom pruznosti. Vratné¢ superelastické

prediZenie je sposobené javom tvarovej pamite ajeho velkost uréuje zmena
krystalickej Struktary a zmena jej mriezkovej konsStanty.

Za najpouzivanejSiu a najznamejsiu zliatinu s javom tvarovej pamaéte je zliatina
niklu atitanu, znama aj ako nitinol. Viac ako 90% aplikacii je zalozenych prave na
zliatinach na baze titanu a niklu. AvSak napriek tomu, vyskum za tcelom objavenia
novych zliatin nekon¢i, ale vyskum je zamerany na zliatiny, ktoré maji vhodnu pracovnu
teplotu s vysokymi hodnotami maximaélneho prediZenia. Takisto objav feromagnetickych
zliatin s javom tvarovej pamadte otvoril celu skalu novych aplikacii, kde aktuator moze
zaroven sluzit’ aj ako senzor.

Vybrané druhy Heuslerovych zliatin st sucasne feromagnetické a zaroven
vykazuju jav tvarovej paméte alebo superelasticitu. Heuslerove zliatiny sa delia medzi 2
zakladné kategorie:

e Poloviéné Heuslerove zliatiny maji stechiometricky pomer prvkov XYZ

a vacsinou krystalizuju v kubickej Struktire bez centralnej symetrie (priestorova

grupa ¢&. 216, F43m, Clp)

e PIné Heuslerove zliatiny maja Strukturny vzorec X2YZ a krystalizuju v kubicke;j

Struktdire (priestorova grupa ¢. 225, Fm3m, L21)

Atém na pozicii X spravidla patri do druhej polovici d prvkov, prvok Y patri medzi
lantanoidy a prvu polovicu d prvkov a Z prvkom byvaja p kovy a polokovy. Ich vzéjomné
atomové usporiadanie je silno spété S vlastnostami Heuslerovych zliatin. Aj malé
necistoty mézu pozmenit’ atdbmovt Struktaru, ¢ize aj vlastnosti Heuslerovych zliatin.
Preto je vel'mi ddlezité poznat’ zakonitosti, ktorymi sa ich Struktura riadi.

Druhy typ vzoriek, ktorymi sa tato praca zaobera su materialy s obrovskou
magnetoresistenciou. Magnetorezistencia je zmena elektrického odporu vplyvom
vonkajSieho magnetického pol'a. Existuje vo vSetkych realnych kovoch a jej amplitida sa
jemne lisi pre rdzne typy kovov, zvycajne vSak ako mala zmena odporu do 0.1%. Jav
obrovskej magnetorezistencie sa prejavuje ako vyrazna zmena odporu v magnetickom
poli (az do 50%), ktora je spdsobena orientaciou magnetizacie v magnetickych ¢asticiach,
ktoré¢ su obklopené vodivym, ale nemagnetickym materidlom, Znizenie odporu
v magnetickom poli je sposobené orientaciou magnetickych momentov v magnetickej

vrstve. V pripade, Ze je vonkajSie magnetické pole nulové (resp. dostatoéne malé) st
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magnetické momenty orientované nahodne. Ak vodivostné elektrony maji opacny spin
ako magneticka vrstva dochadza k rozptylu elektronov a vysokému odporu. Avsak pri
zapnuti vonkajSiecho magnetického pol'a sa jednotlivé magnetické momenty natocia do
jedného smeru. Takyto scenar dovol'uje prejst’ Casti vol'nych elektronov bez rozptylu, ¢o
znizuje odpor.

Prvykrat bol tento jav zaznamenany v roku 1988 dvoma nezavislymi vyskumnymi
skupina vedenymi A. Fertom a P. Griinbergom, ktori za tento objav ziskali Nobelovu
cenu v roku 1997. Jav obrovskej magnetorezistencie objavili na tenkom filme zlozeného
z dvoch vrstiev zeleza, ktora je predelena nemagnetickou vodivou vrstvou chromu. Tenké
vrstvy sa zvycCajne pripravuju naprasovanim alebo elektrodepoziciou. Tieto metody patria
medzi drahé a Casovo naro¢né. Javom obrovskej magnetorezistencie bol vSak neskor
objaveny aj Vv granularnych materialov, kde si magnetické Castice nahodne rozlozené
vo vodivom nemagnetickom materiali. Priklad takéhoto materialu je mozné jednoducho
pripravit’ pouZitim Taylor-Ulitovského metddy s rychlym chladenim.

Metody rychleho chladenia pontkaju radu vyhod oproti beznym spdsobom
pripravy vzoriek:

e zvySuju rozpustnost’ jednotlivych vzoriek, ¢astokrat radovo
e ponukaji moznost’ pripravy vzoriek s rozlicnym zloZzenim
e davaji moznost’ pripravit’ metastabilné a nerovnovazne fazy

e zniZuju pocet a vel’kost pripadnych nevyziadanych segregovanych faz

Pre ucely tejto prace boli vyuzité dve metoddy rychleho chladenia; metoda liatia
taveniny na rychlo rotujtci valec za vzniku tenkych pasok a Taylor-Ulitovského metdda
pripravy sklom potiahnutych mikrodrotov. Predzliatiny boli pripravené oblukovym
tavenim a nasledne pouZité na pripravu rychlo chladenych materialov.

Superelastické  pasky  so  zlozenim  Co0s9Ni21Gazo.,  C037NzsiAlxg
a FeszsMn3sAlisNiz s boli pripravené pouzitim metddy liatia taveniny na rotujtci valec.
Pomocou tejto metddy je mozné v naSich podmienkach pripravit’ polykrystalické pasky
Siroké do 3 mm a tenké od 25-55 um. Predzliatina je najprv ulozena v skimavke s dierou
a roztavena indukénym ohrevom. Po nadobudnuti spravnej teploty je vystrelena na
rotujici valec. Pasky su vystrelené za pritomnosti ochrannej atmosféry hélia, ktora
zabranuje oxidacii materidlu a zaroven umoziuje tepelntt vymenu. Rychlost’ rotacie

pésky bola pri vietkych pripravach superelastickych vzoriek nastavend na 20 ms™.
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Taylor-Ulitovského metdda bola pouzita na pripravu superelastického mikrodrotu
Cos51Cro7Ga11Sii1 a na pripravu magnetorezistivnych mikrodrétov CuCo. Hlavna vyhoda
tejto metddy spociva v moznosti:

e opakovat a skalovat’ produkciu pri masovej vyrobe

e menit a kontrolovat’ geometrické (priemer kovového jadra a hribku skla)
vlastnosti pocas pripravy drotov a tym ovplyviiovat’ vysledné fyzikalne vlastnosti

e pripravit’ dlhé kusy neprerusovanych mikrodrétov az do dizky 10 km

Pocas pripravy je predzliatina umiestnena v skimavke a zahrieva sa indukénym
tavenim. Nasledne ked’ je zliatina roztavena a jej teplota je dost’ vysoka na to, aby
zmikcila sklo je mozné zacat s pripravou mikrodrotu. Dotykom sklenej tyCinky sa
zachyti zmdknuté sklo a tahanim nadol vyuzitim kapilarneho efektu sa vytvara sklom
potiahnuty mikrodrét. Vzorky boli skimané nasledovnymi metodami:

e skenovacia elektronova mikroskopia SEM (JEOL 6100),
transmisna elektronova mikroskopia TEM (Philips SuperTwin CM200 a TECNAI
G2 20 TWIN),

e detekcia charakteristického rontgenového ziarenia EDX,

e difrakcia spatne odrazenych elektronov EBSD,

e difrakcia rontgenového Ziarenia XRD (BRUKER D8 Advance),

e mMmerania zavislosti magnetizacie od magnetického pol’a a teploty (Quantum design

MPMS),

e mMmerania zavislosti odporu od magnetického pol'a (Quantum design PPMS),
e Merania napdtovo-deformacénych kriviek (DMA TA Q800),
e Mmerania napit'ovo-deformacnych kriviek na aparatire s doplnenym meranim na

zmenu permeability.

Prva pripravena vzorka vo forme pasky ma zloZenie Co49Ni2iGazo. Boli
pripravené iba kratke kusky pasky vo velkosti do 1 cm. Pozorovanie mikroStruktury
skenovacim elektronovym mikroskopom odhalilo polykrystalicky charakter vzorky.
Takisto bol pozorovany kolmy rast krystalov na plochu pasky, ktory je pravdepodobne
sposobeny velkym teplotnym rozdielom vytvoreny rychlym chladenim. Velkost
krystalov sa pohybovala od 10-30 um. Analyza EDX bola prevedena na piatich r6znych
miestach ana troch réznych kuskoch pasky. Priemerné chemické zlozenie pasky je

C049.4Ni206Gaz0.0. Odchylka od zelaného zloZenia bola maximalne £1,49 %. Dostato¢na
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homogenita vzorky bola dosiahnuta aj bez potreby zihania predzliatin a pripravenych
pasok.

Rontgenova analyza pri izbovej teplote odhalila pritomnost’ jednej fazy. Jedna sa
0 B2 struktru s oznatenim Pm3m, kde dochadza k ndhodnému obsadzovaniu Y aZ
pozicii atdmami niklu a galia. MrieZkovy parameter pre tuto fazu je 2,857 A.

Z magnetickych merani vidno pritomnost’ fazovej premeny, ktora prebieha pod
izbovou teplotou. Vykazuje hystéreziu, z ktorej boli stanovené transformacné teploty.
Austenitickd Startovacia teplota bola stanovend na 179 K a jej finalna teplota na 252 K.
Martenzit sa za¢ina vytvarat’ pri teplote 216 K a kon¢i pri 149 K. Hysterézne slucky boli
namerané pri dvoch réznych teplotach, pri 90 K, ked’ sa zliatina nachadza v plne
martenzitickej faze a pri 265 K, ked’ je zliatina v plne austenitickej faze. Slucky ukazuju,
ze vysokoteplotna a nizkoteplotna fdza maju réznu magnetokrystalickii anizotropiu.
Hodnota pola nasytenej magnetizacie totiz dokazuje pritomnost’ vysSej anizotropie
Vv pripade nizkoteplotnej fazy. Ta ma nasyten magnetizaciu pri hodnote vonkajSicho
magnetické pol'a 1,25 kOe, zatial’ ¢o nizkoteplotna faza je nasytena az pri poli 7 kOe.

Z teplotnej zavislosti elektrického odporu mozno vidiet posun martenzitickej
transformacie k vys$$im teplotam. Martenziticka Startovacia teplota sa posunula
z 216 K az na 230 K.

Druhou pripravenou vzorkou bola paska so zlozenim C037N3z4iAlxg. Po priprave
pasky wvznikli kasky dlhé niekolko centimetrov. Pod skenovacim elektréonovym
mikroskopom bolo jasne vidiet’ polykrystalickt Struktru a velkost” jednotlivych zin sa
pohybuje v rozmedzi 1-2 um. Hrabka pasky bola odmerana v rozmedzi 25-40 pm.
Takisto boli pozorované oblasti s kolmym rastom krystalov na plochu pasky a nadhodne
orientovanu granuldrnu Struktiru. Malé kryStaly maji vyhodu, pretoze ich hranice
funguju ako nukleacné centra pre fazovll premenu, ktora takto prebieha rychlejsie. Tym
sa znizuje reakény ¢as martenzitickej transformacie. Chemicka analyza prebehla na troch
roznych kuaskoch pasky a priemerné chemické zlozenie je Cosg3NizzsAlzg2 pricom
maximalne rozdiely v zlozeni boli £ 2,7.

Rontgenova analyza pri izbovej teplota potvrdila pritomnost’ jednej fazy, ktora je
povazovana za B2 variant Heuslerovej fazy L2; podobne ako pri zliatine so zlozenim
Co49Niz1Gaso.. Mriezkovy parameter pre tito fizu je 2.8499 A.

Teplotnd zavislost magnetizacie poukazuje na pritomnost martenzitickej
transformécie prebiehajucou pod izbovou teplotou. Transformacéné teploty nie su jasne

ohrani¢ené. Zaciatok fazovej premeny na martenzit bol stanoveny z teplotnej zavislosti
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magnetizacie na 150 K a jej koniec na 75 K. Austenit za¢ina kryStalizovat’ pri teplote
80 K a konci pri teplote 170 K. Hysterézne slu¢ky boli namerané pri teplote 10 K (zliatina
je v martenzite) a pri 190 K (zliatina je v austenite). Z tvaru hysteréznych slu¢iek mozno
vycitat, Ze vysokoteplotnd faza ma vyssiu magnetokrystalicku anizotropiu. Tento fakt je
este viac viditeI'ny na krivkach prvotnej magnetizacie. Nasytena magnetizacia je totiz pre
vysokoteplotnt fazu dosiahnuta uz pri magnetickom poli 4 kOe a pre nizkoteplotnu fazu
az pri poli 9 kOe. Merania odporu dokazuju pritomnost’ fazovej premeny zatial' ¢o
postivaju martenziticki a austenitickil Startovaciu teplotu K vy$$im teplotdm. Zmeny

transformacénych teplot pre rozne polia mozno vidiet’ v tabul’ke 1.

Tab. 1 Teploty martenzitickej transformacie a ich posun

Meranie Ms Mt As As
M(T) 150 K 75K 80 K 170 K
R(T) 1T 175K B K 65 K 175K
R(T) 2T 160 K 100 K 105 K 165 K
R(T) 5T 165 K 105 K 110K 170K

M (T) predstavuje meranie teplotnej zavislosti magnetizacie

R (T) predstavuje meranie teplotnej zavislosti odporu

Maximélne dosiahnuté vratné prediZenie na vzorke Cos7NssiAlz bolo 0,8 %
$0,3% nevratnym predizenia. Takisto bolo namerané predizenie 0,2% pri takmer
nulovych pnutiach, ktoré je dosiahnuté iba narovnanim vzorky anie je vysledkom
superelasticity. Kritické predizenie dosiahlo hodnotu 1,7%. spolu s 0,8% predizenim
sposobenym narovnanim vzorky.

Tretia pripravena superelasticka vzorka ma zlozenie Fes3 sMnssAlisNizs. Analyza
elektronovym mikroskopom odhalila polykryStalicka Struktaru s kolmym rastom
krystalov podobnym ako u vzorky so zloZzenim CosgNi21Gazo.. NavySe na strane ktora
bola v kontakte s chladenym valcom je mozné pozorovat’ rast granularnych krystalov,
ktoré naznacujli vysoku rychlost’ chladenia. Paska je hruba okolo 40-55 pm.

Rontgenova analyza pri izbovej teplota poukédzala na pritomnost’ dvoch faz
oznacenych ako aa y’, pricom a faza kryStalizuje v kubickej ploSne orientovanej mriezke
ay’ krystalizuje v priestorovo orientovanej kubickej mriezke. Za martenziticku fazu je
povazovana mriezka Y’ s mriezkovym parametrom apcc = 2,9086 A. Mriezkovy parameter

pre o fazu je arc = 3,6604 A. Porovnanim intenzit bolo moZné uréit relativny pomer
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objemu oboch faz. Ukazalo sa, Ze pri izbovej teplote sa 88% zliatiny nachadza vo
vysokoteplotnej austenitickej faze a 12% fazy je v martenzitickej faze.

Z teplotnej zavislosti magnetizdcie nebolo mozné odhalit’ pritomnost
martenzitickej transformacie. Medzi chladiacim a zahrievacim cyklom nevidno vyrazny
rozdiel v magnetizacii vzorky. To moze byt’ spdsobené Sirokym rozsahom martenzitickej
transformacie, kde celkova zmena prebieha postupne v Sirokom rozhasu teplot, ¢im
je hysterézia potlacena. Curieho teplota okolo 400 K ukazuje moznost’ vyuzitia vzorky
ako senzor. Vysokoteplotna faza dosahuje nasytenie magnetizacie pri poli 6 kOe
a nizkoteplotna faza pri 2,3 kOe. To naznacuje, ze nizkoteplotnd faza ma vysSiu
magnetokrystalicki  anizotropiu, opa¢ne ako v pripade vzoriek Co49Ni21Gaso.
a Coz7Naz4iAlzg.

Napitovo deformacné krivky boli namerané pri réznych teplotich za ucelom
potvrdenia superelasticity. Na vzorke bol zaroven pozorovany vplyv tréningu, ked” po
niekol’kych cykloch bolo znizené nevratné predizenie z 1% na 0,1%. Maximalne vratné
predizenie bolo 1,7%. Napitovo deformaéné krivky boli doplnené aj o merania zmeny
permeability. Maximalne vratné prediZenie dosiahlo hodnotu 1%. Pogas merania klesla
permeabilita 0 12%. Permeabilita vykazuje iba drobnu hysteréziu medzi zat'azenim
a odl'ah¢enim vzorky. Uzka hysterézia je totiz doleZitym faktorom pre vyrobu presného
senzoru prediZzenia. Navyse, rozdiel v permeabilite pri nulovom pnuti pred a po merani
poukazuje na fakt, Ze zmena permeability je sposobené fazovou premenou a rozdielom
vo vlastnostiach faz a nie kvoli zavislosti permeability od pnutia.

Posledna superelasticka vzorka ma zlozenie Cos1Cr27Gai1Sii a bola pripravena
vo forme sklom potiahnutého mikrodrotu. Pod elektronovym mikroskopom bolo mozné
odlisit’ kovové jadro od skleneného obalu a odmerat’ ich geometrické vlastnosti. Celkovy
priemer drétu je 25 um a priemer kovového jadra je 6,7 pm. AvSak, polykryStalicky
charakter vzorky nebol pozorovany ako v pripade pasok. EDX analyza bola vykonana na
2 rdznych kuskoch mikrodrétu s odhalenym kovovym jadrom. Vysledky EDX analyzy
ukazuju ze pripravené zlozenie (Cos1.30Cr2599Ga11.33Si11.20) je V zhode so zelanym
zlozenim (+ 1 at.%).

Pritomnost’ jednej fazy bola potvrdend rontgenovou analyzou. Mikrodrot
krystalizuje v B2 $truktiire s priestorovou symetriou Pm3m a s mriezkovym parametrom
2,8615 A. Medzi najzaujimavej$i objav na tomto mikrodrote patri detekcia spitne

odrazenych elektronov. Tieto merania boli vykonané na viacerych kusoch mikrodrotu
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a krystalograficky smer je <111> pre vietky zrna rovnobezne s osou mikrodrotu. Ziadne
hranice zfn neboli pozorované.

Magnetick¢é merania potvrdili pritomnost martenzitickej transformacie
v teplotnom rozsahu od 100 K do 300 K. Hysterézne slucky boli namerané pri teplotach
10 K a 300 K. Nizkoteplotna faza ma niz$iu anizotropiu v porovnani s vVysokoteplotnou
fazou o bolo urcené z rozdielu nasytenej magnetizacie medzi vysokoteplotnou (280 Oe)
nizkoteplotnou (50 Oe) fazou.

Napitovo deformacné krivky boli namerané na zvizku 19 mikrodrétov.
Maximélne dosiahnuté vratné predizenie bolo 1,65% svelmi malym nevratnym
predizenim 0,13%. Treba podotknit, Ze nizka hodnota nevratného predizenia bola
dosiahnuté bez trénovania, hned’ pocas prvého merania. To mdze byt’ spdsobené vhodnou
orientaciou krystalov a nepritomnostou hranic kryitalov. PrediZenie bolo dosiahnuté aj
bez nutnosti zZihania vzoriek.

Mikrodroty so zlozenim CugoC020, CUgoC010 & CugsCos boli Studované za ucelom
zistenia vplyvu Zihania na jav obrovskej magnetorezistencie. Vzorky boli zihané pri
teplote 673 K po dobu 10, 30, 60 minut a2, 5, 10, 24 hodin. Takisto bolo prevedené
nizkoteplotné Zihanie s roznymi teplotami (423 K a 473 K) a ¢ase zihanie 2, 10, 24 hodin.

Pomocou rontgenovej analyzy boli identifikované 2 rozne fazy vo vsetkych
Cu-Co vzorkach; fcc mriezka medi a hcp mriezka kobaltu. Jednotlivé intenzity reflexii
naznaduju pritomnost’ preferovanej orientacie krystalov. Ustup preferovanej orientacii
krystalov mozno pozorovat' hlavne v pripade mikrodrotu so zlozenim CugsCos. PO
vyzihani vzorky so zlozenim CugoCo010 a CugoC020 nevidno vyrazné zmeny v intenzite
reflexii.

Na Stddium mikroStruktiry vzoriek bola pouZzitd transmisnd skenovacia
mikroskopia. Ked'ze rozpustnost’ kobaltu v medi je okolo 6%, da sa predpokladat’, Ze vo
vzorkach s vyss§im obsahom kobaltu sa objavia granularne §truktury. Za i¢elom objavenia
tychto granularnych $truktur bola vykonana bodova EDX analyza v mikrodrote na
roznych miestach. AvSak granuldrna Struktira bola objavend iba v pripade vzorky
CugoCo20. Bodova EDX analyza zbiera udaje zo 45 nm okolia. Pre Gcely lepSieho pokrytia
plochy boli vytvorené TEM mapy chemického zlozenie. AvSak podobne ako
v predchadzajlicom pripade, objavené granularne Struktiry boli len v pripade vzoriek
CusgoCo20.

Magnetické merania poskytli lepsi pohl'ad na distribiiciu kobaltovych atomov.

Napriklad, hysterézne slucky pre CugoCo010 pri roznych teplotach st linedrne pred Zihanim
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okrem krivky meranej pri 5 K. Avsak, po zihani prejavuju mikrodroty feromagnetické
spravanie aj pri vyssich teplotach ako 5 K, ¢o naznacuje ich zvySeny vyskyt.

Po Zihani vzoriek pri teplote 673 K nastalo vyrazné zlepSenie javu obrovskej
magnetorezistencie. Napriklad, magnetorezistencia pre vzorku CosCugs dosiahla pred
Zihanim 1% zmenu odporu a po desathodinovom zihani az 7,5% a pre vzorku CugoCo2o
jav obrovskej magnetorezistencie vzrastol z 8% na 19% pri rovnakych podmienkach
Zihania.

Vnutorné pnutia vytvorené roznym konStantami teplotnej rozt'aznosti moézu byt
jednou z pri¢in zvySenia javu obrovskej magnetorezistencie. Tato moznost’ v§ak bola
vyli¢end meraniami zmeny odporu na vzorkdch s nizkoteplotnym Zzihanim, pretoze
pnutia vytvorené roznou teplotnou rozt'aznost'ou by sa uvolnia uz pri zihani nad teplotu
373 K. Avsak z rontgenovej difrakcie pre vzorky Zihané pri 373 K a 423 K nevidno
vyraznu zmenu v Struktire. Nebol pozorovany ani narast magnetorezistencie na tychto
vzorkach. Z toho vyplyva, Ze vnitorné pnutia v mikrodrdte klI'i€ovu rolu na narast javu
obrovskej magnetorezistencie.

Narast magnetorezistencie mdéze byt vysvetleny spinoddlnou dekompoziciou,
ktora predstavuje rychlu segregaciu kobaltovych ionov v mikrodrdte po zihani. Néarast
velkosti amnoZstva kobaltovych castic pocas Zihanie tak vedie k nérastu
magnetoresistencie. ~ Zgrafov s maximalnymi  zmenami  magnetorezistencie
v magnetickom poli 5 T je mozné porozovat’ odchylky od o¢akavaného priebehu. To je
viak mozné vysvetlit' tym, Ze mikrodrot nie je homogénny po celej dizke.

Na vzorkach bol takisto pozorovany Kondov jav, ktory predstavuje vyskyt
minima Vv teplotnej zavislosti odporu pri poklese teploty pri nizkych teplotach. Kondov
jav je sposobeny pritomnostou magnetickych necistot v kovovom materidli, na ktorych
dochadza k rozptylu vodivostnych elektronov. Avsak, zvycajne sa Kondov jav objavuje
ak je v materiali malé mnozsto tychto necistot zvyc€ajne v rozmedzi 0,002-0,02%. Takto,
ani vzorka s najmensim obsahom kobaltu nemdze byt povazovana za klasicky material
vykazujici Kondov jav. V klasickom pripade Kondovho javu ho magnetické pole
potla€a. Merania vplyvu magnetického pola na teplotnt zavislost’ odporu na nezihanych
vzorkach vSak ukazuju, ze ani vel'ké magnetické pole (5 T) nedokéze uplne potlacit’
Kondov jav. Naopak, v pripade zihanych vzoriek je mozné potlacit’ Kondov jav uz pri
magnetickom poli 1 T.

Medzi najzaujimavejSie vysledky na superleastickych vzorkach je povazovany

vyskum pasky so zlozenim Fes3sMnasAlisNizsnial @ vyskum na mikrodrote so zlozenim
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Cos51Cro7Ga11Sii. Vzorka FesssMnzsAlisNiz s ukazala zaujimavé vlastnosti, ktoré mozno
vyuzit’ pri tvorbe senzoru. Zaroveil ma vhodné mechanické vlastnosti a je jednoduché ju
pripravit. Dal§i vyskum je mozné zamerat’ na vplyv Zihania na superelastické vlastnosti.
Zihanim sa v8ak uvolnia aj vnutorné pnutia, ktoré moézu mat’ vplyv na zadiatok fazovej
premeny.

V pripade vzorky Cos1Cr27Gai1Si11 neboli pozorované ziadne hranice zin. Z toho
vyplyva, ze mikrodrot by mohol byt monokrystalicky po celej dizke mikrodrotu. Avsak,
merania boli uskuto¢nené len z povrchu mikrodrotu. Merania z prierezu by ukézali
Struktaru vo vnutri mikrodrétu ¢im by potvrdili alebo vyvratili tto hypotézu. Moznost’
pripravit mikrodrdt s vhodne orientovanymi kry$talmi predstavuje vyhodu v nizsej cene
a v kratSom case pripravy oproti materidlom pripravenom inymi metdédami.

Aj ked bolo doteraz vyvinutych vela aplikacii, eSte stale je mozné prist’ s novymi
napadmi a s potencionalnymi aplikaciami. Castice krehkych superelastickych vzoriek
mozu byt’ vlozené do inych materidlov za ucelom sledovania ich deformacie. Navyse,
priprava tychto zloZeni vo forme sklom potiahnutych mikrodrotov méze odstranit
problém s krehkostou, ak sklo stabilizuje kovové jadro. Skleny obal méze poskytnut’
biokompatibilitu a vyuzitie tychto materialov v medicine.

Na vzorkéch s obrovskou magnetorezistenciou by bolo zaujimavé vidiet, akym
spdsobom spinodalna dekompozicia vo vzorke postupuje s asom Zihanie. S vyuZitim
transmisného elektronového mikroskopu by bolo mozné pripravit mapy chemického

zloZenia na drotoch s réznymi podmienkami Zihania.
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9 Resumé in Spanish

La presente tesis doctoral se fundamenta en la preparacion de materiales
magnéticos funcionales por el enfriamiento ultrarrapido y en la caracterizacion de sus
propiedades. Los dos primeros capitulos son dedicados a la explicacion teorica de la
memoria de forma, la stuper elasticidad, y la magnetorresistencia gigante. La memoria de
forma es un proceso que permite al material deformado regresar a su forma original
después del calentamiento térmico. La stuper elasticidad es el comportamiento especifico
de los materiales en el cual el material recupera su forma original sin activacion térmica,
inmediatamente después de la liberacion de las tensiones aplicadas. Los materiales
policristalinos son capaces de lograr la extension super elastica de hasta 13%, en cuanto
los mono-cristales hasta 20%. Estas aleaciones ya tienen uso comercial en la roboética, la
biomedicina, la automocién y la aviacion.

Existen tres tipos principales de efectos de memoria de forma:

e Memoria de forma unidireccional: la aleacidon recupera su forma original después
de la activacion térmica.

e Memoria de forma bi-direccional: la aleacion recuerda su forma bajo las
temperaturas baja y alta. La deformacién mecénica no es indispensable.

e Super elasticidad: la aleacion retorna a la forma original inmediatamente después
del descenso de tension.

La transformacioén de fase es un proceso inevitable para las aleaciones con la
memoria de forma. Este proceso se efectiia unicamente en estado sélido entre dos fases.
Es generalmente conocido como la transformacion martensitica. La fase de temperatura
baja (estabilizada con tension) se denomina la martensita y la fase de temperatura alta
(estable sin tension) se conoce como la austenita. El efecto de memoria se activa con el
movimiento cooperativo de los atomos a las distancias mas cortas que la distancia
interatdmica. La transformacion martensitica transcurre en una forma organizada de tal
modo que los atomos adyacentes siguen siendo los mismos, y asi difiere de la
deformacion plastica. Para poder describir el fendmeno de memoria de forma, es
necesario definir los siguientes términos:

e Las temperaturas de transformacion: son temperaturas en las cuales comienza o

termina la transicion de una fase a otra, para la austenita y la martensita
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describimos la temperatura inicial y final. Por lo tanto, las temperaturas de

transformacion nos indican la amplitud de las operaciones donde se pueden

aprovechar sus caracteristicas.

e Extension: para describir los componentes individuales de deformacion (que
transcurren simultdneamente) utilizamos siguientes términos: &irr €S la
deformacion plastica irreversible. La deformacion eléastica reversible erec es tipica
para todos los materiales y sigue el modelo de elasticidad de Young. La
deformacion reversible super elastica se debe al fendmeno de memoria de forma
y su tamano es determinado por el cambio de la estructura cristalina y de su
constante de red.

La aleacion con el fendmeno de memoria de forma mas utilizada y conocida es la
del niquel y titanio, también conocida como Nitinol. Mas de 90% de las aplicaciones se
constituyen en la base de aleaciones de titanio y niquel. Sin embargo, la investigacién no
termina con el fin de descubrir una nueva aleacion, pero se centraliza en las aleaciones
con las temperaturas de funcionamiento adecuada con altos valores de extension maxima.
El descubrimiento de las aleaciones ferromagnéticas con fendmeno de memoria de forma
abri6 una nueva gama de aplicaciones en las cuales el actuador también puede actuar
COMO un sensor.

Algunos modelos seleccionados de las aleaciones de Heusler son a la vez
ferromagnéticos y exhiben la memoria de forma o la stper elasticidad. Las aleaciones de
Heusler se dividen en dos categorias principales:

e Medias aleaciones de Heusler que tienen la estequiométrica y los componentes
XYZ se cristalizan en general en una estructura cubica con ninguna simetria central
(grupo espacial no. 216, F43m, Clp)

e Aleaciones de Heusler completos que tienen formula estructural X2YZ y se
cristalizan en una estructura cubica (grupo espacial no. 225, Fm3m, L21)

El atomo en la posicion X se encuentra generalmente en la segunda mitad de los
elementos d, el elemento Y es uno de los lantanidos y en la primera mitad de los d-
elementos. Los elementos de Z son normalmente de metales s y semimetales. Su reciproca
estructura atomica estd fuertemente ligada a las propiedades de las aleaciones de Heusler.
Incluso pequeiias impurezas pueden modificar la estructura atomica y asi las propiedades
de las aleaciones de Heusler. Por lo tanto, es muy importante conocer los criterios que

denominan la estructura.
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El segundo tipo de las muestras que describimos en esta tesis son materiales con
la magnetorresistencia gigante. La magnetorresistencia es el cambio de la resistencia
eléctrica por la causa del campo magnético externo. Se puede encontrar en todos los
metales reales y su amplitud es ligeramente diferente para diferentes tipos de metales,
pero generalmente se nota como un pequeilo cambio en la resistencia hasta 0,1%. La
magnetorresistencia gigante se manifiesta como un cambio notable en la resistencia del
campo magnético (hasta 50%), causada por la orientacion de la magnetizacion de las
particulas magnéticas, rodeadas por un material conductor, pero no magnético. La
reduccion de la resistencia en el campo magnético se debe a la orientacion de los
momentos magnéticos en la capa magnética. Si el campo magnético externo es cero (0
bastante pequefio) los momentos magnéticos se orientan al azar. Si los electrones de
conduccion tienen el espin opuesto a la capa magnética, se produce la dispersion de los
electrones y alta resistencia. Sin embargo, cuando se enciende el campo magnético
externo, los momentos magnéticos individuales se hacen girar en una sola direccion. Este
procedimiento permite pasar a una parte de los electrones libres sin dispersion y esto
provoca la reduccion de la resistencia.

Este fenomeno fue observado por primera vez en 1988 por dos grupos de
investigacion independientes dirigidos por A. Fert y P. Griinberg. Por este descubrimiento
obtuvieron el Premio Nobel en 1997. La magnetorresistencia gigante fue descubierta en
un film fino compuesto de dos capas de hierro separadas por una capa de cromo no
magnética. Estas capas finas se normalmente preparan por la pulverizacion catodica, o
por la electrodeposicion. Estos métodos son muy caros y exigen mucho tiempo. La
magnetorresistencia gigante se descubridé mas tarde en el material granular también, en el
cual las particulas magnéticas se distribuyen aleatoriamente en un material conductor,
pero no magnético. Un ejemplo de tal material se puede preparar usando el método de
Taylor-Ulitovsky con enfriamiento rapido. Los métodos de enfriamiento rapido ofrecen
una gama de ventajas en comparacion con los métodos normales de la preparacion de
muestras:

e aumentan la solubilidad de las muestras, a menudo en orden,
e ofrecen la posibilidad de preparar las muestras con diferente composicion,
e dan la oportunidad de preparar unas fases metaestables e inconstantes,
¢ reducen el nimero y el tamafio de las fases segregadas no solicitadas,
Para los fines de esta tesis se usaron dos métodos de enfriamiento rapido; E1 Melt

spinning (torneado en estado de fusion) y el método de Taylor-Ulitovsky con la
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preparacion de microhilos revestidos por vidrio. Las aleaciones madres se prepararon
mediante fusion por arco eléctrico y luego se utilizaron para la preparacion de los
materiales de enfriamiento rapido.

Las cintas superelasticas con la composicion Co0agNi21Gazo., Coz7NasiAlxg y
FeszsMn3sAl1sNiz s se prepararon utilizando el método de torneado en estado de fusion.
Usando este método en nuestras condiciones es posible preparar las cintas policristalinas
de hasta 3 mm de ancho y de 25-55 pum finas. En primer lugar la aleacion madre se
almacena en un tubo con agujero y se funde por calentamiento de induccion. Después de
la adquirir la temperatura adecuada se dispara sobre el cilindro giratorio. Las cintas se
disparan con la presencia de la atmdsfera protectora de helio que impide a la oxidacion
del material al mismo tiempo permite el intercambio de calor. La velocidad de la rotacion
del cilindro para todas las muestras preparadas ha sido establecida a 20 ms™.

El método de Taylor-Ulitovsky se utiliz6 para preparar un microhilo supereléstico
con la composicion Cos1Cr27Gay1Siig y para preparar los microhilos magnetorresistivos
CuCo. La principal ventaja de este método es la posibilidad de:

e repetir y escalar la produccion de masas,

e variar y controlar la geometria (el didmetro del nucleo metal y el espesor del
vidrio) durante la preparacion de los microhilos y asi influir los resultados de las
las propiedades fisicas

e preparar los microhilos largos ininterrumpidos hasta de 10 km,

Durante la preparacion de la aleacion madre, ésta se coloca en un tubo de ensayo
y se calienta por una fusion de induccion. Posteriormente, cuando la aleacion se funde y
la temperatura es bastante alta para poder ablandar el vidrio, se puede empezar a preparar
el microhilo. Con el toque de la varilla de vidrio se recoge el vidrio ablandado y tirandolo
hacia abajo, mediante el efecto capilar, se produce el microhilo revestido por vidrio. Las
muestras han sido examinadas aplicando siguientes métodos:

e microscopia electronica de barrido SEM (JEOL 6100),

e microscopia electronica de transmision TEM (Philips CM200 y SuperTwin
Tecnai G2 20 TWIN),

e ladeteccion de rayos X por energia dispersiva EDX,

e difraccion de electrones por retrodispersion EBSD,

e difraccion de rayos X XRD (Bruker D8 Advance),

e medicion de la dependencia de la magnetizacion del campo magnético y la

temperatura (Quantum Design MPMS),
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e medicion de la dependencia de la resistencia del campo magnético (Quantum

Design PPMS),

e medicion de las curvas de tension-deformacion (DMA Q800 TA),
e medicion de las curvas de tension-deformacion en el aparato complementada con
la medicion del cambio de la permeabilidad

La primera muestra ha sido preparada en forma de cinta con la composicion
Cos9Ni21Gazo. Se prepararon solo piezas cortas de cinta del tamafio hasta 1 cm. Con el
microscopio electronico de barrido revelamos el caracter policristalino de las muestras.
También observamos el crecimiento de los cristales en la direccion perpendicular a la
superficie de la cinta, que se probablemente debe a la gran diferencia de la temperatura
creada por el enfriamiento rapido. El tamafio del cristal variaba de 10-30 um. El andlisis
EDX ha sido realizado en cinco posiciones diferentes y en tres piezas diferentes de la
cinta. La composicion quimica media de la cinta era Co494Ni206Gasoo. La desviacion de
la composicion deseada no sobrepasaba +1,49%. Se obtuvo la homogeneidad suficiente
de la muestra sin la necesidad del recocido de las aleaciones madre y las cintas preparadas.

El analisis de rayos X a temperatura ambiente ha revelado la presencia de una fase.
Se trata de una estructura B2 denominada, en la cual ocurre una ocupacion aleatoria de
las posiciones Y y Z de los atomos de Ni y Ga. El parametro de red para esta fase es
2.857 A.

De las medidas magnéticas podemos notar la presencia de una transformacion de
fase que transcurre a la temperatura ambiente. Se produce la histéresis de la cual se
establecen las temperaturas de transformacion. La temperatura austenitica de inicio fue
179 K y su temperatura final 252 K. La martensita empieza a formarse a la temperatura
de 216 K y termina en 149 K. Los ciclos de histéresis se midieron a dos temperaturas
diferentes, a 90 K cuando la aleacion estaba en una etapa martensitica absoluta y a 265 K
cuando la fase de la aleacion estaba totalmente austenitica. Los ciclos muestran que la
temperatura alta y la fase de temperatura baja tienen la anisotropia magnetocristalina
diferente. El valor de la magnetizacion de saturacion del campo, de hecho, demuestra la
presencia de una anisotropia mayor en el caso de la fase de temperatura baja. Esta tiene
una magnetizacion saturada si el valor del campo magnético externo es de 1,25 kOe,
mientras que la fase de temperatura baja se satura cuando el campo es de 7 kOe.

Teniendo en cuenta la dependencia de la temperatura de la resistencia eléctrica
podemos observar un cambio de transformacion martensitica a las temperaturas mas altas.

La temperatura inicial de martensita se ha desplazado de 216 K a 230 K.
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La segunda muestra ha sido preparada con la composicion de cinta Coz7NzaiAlog.
Después de preparar las cintas, se han formado piezas de unos pocos centimetros de largo.
Bajo el microscopio electronico de barrido observamos claramente la estructura
policristalina y el tamaio de los granos individuales que era entre 1-2 pm. El espesor de
la cinta se midio6 entre 25 y 40 um. También observamos las areas con el crecimiento de
cristales vertical en la superficie a la cinta y una estructura granular orientada al azar. Los
cristales pequenos tienen la ventaja porque sus limites actian como centros de nucleacion
para cambio de fase, la cual de este modo se ejecuta mas rapido. Esto reduce el tiempo de
reaccion de la transformacion martensitica. El analisis quimico se llevo a cabo en tres
cintas de piezas diferentes y con la composicion quimica media Cozs3Nis3.4Al2s.2 tomando
en cuenta que las diferencias en la composicion fueron + 2,7.

La difraccion de rayos X a temperatura ambiente confirmé la presencia de una
fase, que se considera una variante (B2) de la fase de Heusler L2; similar a la aleacion de
la composicion Cos9Niz1Gaszo.. El parametro de red para esta fase es 2,8499 A.

La dependencia de la temperatura de la magnetizacion indica la presencia de la
transformacion martensitica en las condiciones de temperatura ambiente. Las
temperaturas de transformaciéon no quedan definidas claramente. El inicio de la
transformacion de fase a la martensita se determind a partir de la dependencia de la
temperatura de la magnetizacion a 150 K, y su final a 75 K. La austenita comienza a
cristalizar a la temperatura de 80 K y termina a 170 K. Los ciclos de la histéresis se
midieron a una temperatura de 10 K (la aleacion esta en la martensita) y a 190 K (la
aleacion esté en la austenita). A partir de la forma de los ciclos de la histéresis podemos
observar que la fase de alta temperatura tiene una mayor anisotropia magnetocristalina.
Este efecto es alin méas visible en las curvas de magnetizacion inicial. La magnetizacion
saturada se debe a que la fase de temperatura alta ha alcanzado el campo magnético de 4
kOe, y la fase de baja temperatura en el campo de 9 kOe. Las mediciones de resistencia
muestran la presencia de transformacion de fase, mientras que empujan a la temperatura
de inicio martensitica y austenitica a las temperaturas mas altas. Las variaciones de las
temperaturas de transformacion de los distintos campos se pueden ver en la tabla 1.

El retorno maximo alcanzado por la extension de la muestra Cos7NzsiAlzg fue de
0,8% con la extension irreversible de 0,3%. También se ha medido el alargamiento de
0,2% a la tension de casi cero, que se consigue solamente por enderezar de la muestra y
no es el resultado de la superelasticidad. La extension critica ha alcanzado el valor de

1,7%. Junto con una extension de 0,8% causado por el enderezamiento de las muestras.
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La tercera muestra stiperelastica muestra una estructura Fes3sMnssAlisNizs. El
analisis por microscopia electronica reveld una estructura policristalina con el
crecimiento del cristal vertical similar a la de la muestra con la composicion
CosgNi21Gaszo. Por otra parte, en el lado que estaba en contacto con el rodillo refrigerado
se han observado los crecimientos de cristales granulares, que indican una alta tasa de
enfriamiento. La cinta es de alrededor de 40-55 um de espesor.

Tab. 1 las temperaturas de transformacion martensitica

Medida Ms M As At
M(T) 150 K 75K 80 K 170 K
R(T) 1T 175K 95 K 65 K 175K
R(T) 2T 160 K 100 K 105 K 165 K
R(T) 5T 165 K 105 K 110K 170 K

M (T) es una medida de la dependencia de temperatura de la magnetizacion
R (T) es una medida de la dependencia de temperatura de la resistencia

La difraccion de rayos X a temperatura ambiente ha mostrado la presencia de dos
fases, designados como a y la y". La fase a se cristaliza en una red ctbica y la y’ cristaliza
en la red ctbica espacialmente orientada. La fase martensitica se considera la red y’ con
el parametro de red apcc = 2,9086 A. El parametro de red de la fase o es arc = 3,6604 A.
Mediante la comparacion de las intensidades para determinar la proporcion relativa del
volumen de las dos fases encontramos que a temperatura ambiente, 88% de la aleacion
estd en la fase austenitica y 12% en la fase martensitica.

A partir de la dependencia de la temperatura de la magnetizacion no fue posible
detectar la presencia de la transformacion martenziticka. Entre los ciclos de enfriamiento
y calentamiento no se puede observar ninguna diferencia significativa en la
magnetizacion de la muestra. Esto puede ser causado por una amplia gama de la
transformacion martenziticka, donde el cambio ocurre gradualmente en un amplio rango
de temperaturas, con lo cual se suprime la histéresis. La temperatura de Curie, que es
aproximadamente 400 K, muestra la posibilidad de utilizar las muestras como un sensor.
La fase de temperatura alta alcanza la magnetizacion de saturacion con el campo de 6
kOe y la fase de temperatura baja con el de 2,3 kOe. Esto sugiere que la fase de
temperatura baja tiene mayor anisotropia magneto cristalina, al contrario que el caso de

muestras Cos9Ni21Gazo y Coz7NasiAlg.
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Las curvas de tension-deformacion han sido medidas a diversas temperaturas con
el fin de confirmar la superelasticidad. En la muestra también observamos el efecto de
entrenamiento, cuando después de varios ciclos se redujo el alargamiento irreversible de
1% a 0,1%. La extension maxima reversible fue 1,7%. Las curvas de tensidon-deformacion
se complementaron con mediciones de cambios de la permeabilidad. La extension
maxima reversible alcanz6 el valor de 1%. Durante la medicion de la permeabilidad se
redujo en 12%. La permeabilidad muestra solo una histéresis menor entre la carga y la
descarga de las muestras. La histéresis estrecha es de hecho un factor importante para la
fabricacion de un sensor preciso de extension. Ademas, la diferencia en la permeabilidad
en la tension cero antes y después de las mediciones significa que el cambio de la
permeabilidad es debido al cambio de la fase y a las diferencias de las propiedades de las
fases y no se debe a la dependencia de la permeabilidad de la tension.

La ultima muestra superelastica con la composicion Cos1Cr27Gai1Siit Se prepard
en forma de un microhilo revestido por vidrio. Bajo el microscopio de electrones fue
posible distinguir el nicleo metalico del recipiente de vidrio y medir sus propiedades
geométricas. El diametro total del microhilo es de 25 pm y el didmetro del nucleo de
metal es de 6,7 um. Sin embargo, el caracter policristalino de las muestras ha sido
observado como en el caso de las cintas. El analisis EDX se realiz6 en 2 diferentes piezas
de microhilos con un nicleo de metal expuesto. Los resultados de los analisis EDX nos
indican que la composicion preparada (Cos139Cr2s.99Gai1.33Si11.20) coincide con la
composicion deseada (= 1% at.).

La difraccion de rayos X confirmé la presencia de una sola fase. El microhilo
cristaliza en la estructura B2 con la simetria espacial y con un parametro de red 2,8615
A. Uno de los descubrimientos mas interesantes es la deteccion de electrones
retrodispersados en este microhilo. Estas mediciones se realizaron en varias piezas de
microhilo con una direccion cristalografica <111> para todos los granos, paralela al eje
del microhilo. No se han observado ningunos limites de los granos.

Las mediciones magnéticas confirmaron la presencia de la transformacion
martensitica en el intervalo de temperatura de 100 K a 300 K. Los ciclos de histéresis se
midieron a temperaturas 10 K y 300 K. La fase de temperatura baja tiene una anisotropia
menor en comparacion con la fase de temperatura alta que se determina a partir de la
diferencia entre la magnetizacion saturada de la temperatura alta (280 Oe) y por la fase
de temperatura baja (50 Oe).
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Las curvas de tension-deformacion se midieron en el conjunto de 19 microhilos.
La extension maxima reversible fue 1,65% con la poca extension irreversible 0,13%.
Cabe sefialar que el valor bajo de la extension irreversible se logro sin entrenamiento,
solo en la primera medicién. Esto se puede deber a la orientacion apropiada de los
cristales y la ausencia de los limites de cristales. La extension se logro sin la necesidad
recocer las muestras.

Los microhilos con la composicion CusoC020, CugoC010 Y CugsCos se estudiaron
con el fin de determinar el efecto del recocido sobre el fendmeno de magnetorresistencia
gigante. Las muestras se recocieron a 673 K durante 10, 30, 60 minutos y 2, 5, 10, 24
horas. También se hizo un recocido a temperatura baja a diferentes temperaturas (423 K
y 473 K) y con tiempo de recocido de 2, 10, 24 horas.

Por medio de rayos X se identificaron dos fases diferentes en todas las muestras
de CuCo. La estructura cristalina de Cu es fcc y la estructura cristalina de cobalto es hcp.
Las intensidades de las reflexiones indican la presencia de una orientacion preferida de
los cristales. El eclipse de la orientacion preferida de los cristales se puede observar
especialmente en el caso del microhilo con la composicion CugsC0s. Después de recocer
las muestras con la composicion CugoCo010 Y CugoC020 N0 observamos cambios
significativos en la intensidad de las reflexiones.

Para el estudio de la microestructura de las muestras se utilizo el analisis de la
microscopia electronica de transmision. Puesto que la solubilidad del cobalto en el medio
es de aproximadamente 6%, se cree que en las muestras con un mayor contenido de
cobalto, aparece la estructura granular. Con el fin de descubrir estas estructuras granulares
en diferentes ubicaciones en el microbio se hizo el andlisis de punto EDX. Sin embargo,
la estructura granular fue descubierta solo en el caso de la muestra CugoCo020. El analisis
de punto EDX recoge los datos de contornos de 45 nm. Con el proposito de cubrir mejor
el area, se crearon los mapas de TEM de la composicién quimica. Sin embargo, como en
el caso anterior, las estructuras granulares se descubrieron solo en el caso de las muestras
CusgoCo20.

Las mediciones magnéticas nos ofrecieron un mejor plano de la distribucion de
los atomos de cobalto. Por ejemplo, los ciclos de la histéresis para CugoCo010 a diferentes
temperaturas son lineares antes de recocer excepto de la curva medida a 5 K. Con todo,
después de recocer, los microhilos presentan un comportamiento ferromagnético a

temperaturas mayores de 5 K, lo que nos indica su presencia aumentada.
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El fendbmeno magnetorresistencia gigante mejora significativa ocurrio después de
recocer las muestras a 673 K. Por ejemplo, la muestra CosCugs magnetorresistencia
alcanz¢ antes del recocido un cambio de 1% en la resistencia y después de diez horas del
recocido hasta 7,5% y el fendmeno de magnetorresistencia gigante para la muestra
CusgoCo20 ha aumentado de 8% a 19% con las mismas condiciones al recocer.

Las tensiones internas creadas por diversas constantes de la expansion térmica
pueden ser una de las razones detras del creciente fendémeno de la magnetorresistencia
gigante. Sin embargo, esta opcion se descartd al medir el cambio de la resistencia en las
muestras con el recocido a temperatura baja, porque las tensiones creadas bajo diferentes
temperaturas se desalojan durante el recocido de mas de 373 K. Sin embargo, de la
difraccion de los rayos X hecha en las muestras recocidas a 373 K y 423 K no aparece
ningun cambio de la estructura. De esto resulta que las tensiones internas en el microhilo
tienen una funcion clave en el aumento de la magnetorresistencia gigante.

El aumento de la magnetorresistencia se puede explicar por la descomposicion
espinodal, que representa una rapida segregacion de los iones de cobalto en el microhilo
después del recocido. El aumento del tamafio y de cantidad de las particulas de cobalto
durante el recocido resulta en el aumento de la magnetorresistencia. De los grados de los
cambios maximos de la magnetorresistencia en el campo magnético de 5 T podemos
observar las desviaciones del curso esperado. Sin embargo, esto se puede explicar por el
hecho de que el microhilo no es homogéneo en toda su longitud.

En las muestras también se observo efecto de Kondo que representa la presencia
de un minimo en la dependencia de la temperatura de la resistencia al bajar las
temperaturas. El efecto de Kondo es causado por la presencia de las impurezas magnéticas
en el material metalico en el que hay una conductividad de electrones de dispersion. Sin
embargo, por lo general el fendmeno condon se produce cuando el material de un pequefio
nimero de estas impurezas es de 0,002 a 0,02%. Por lo tanto, incluso la muestra que
contiene un minimo de cobalto no puede ser considerada un material clasico con el efecto
de Kondo. En un caso clasico del efecto de Kondo suprime el campo magnético. Las
mediciones del impacto del campo magnético a la dependencia de la temperatura de la
resistencia en muestras no apareadas muestran que incluso el campo magnético grande (5
T) no puede completamente suprimir el efecto de Kondo. Al contrario, en las muestras
recocidas es posible suprimir el efecto de Kondo ya en el campo magnético de 1 T.

Uno de los resultados mas interesantes consideramos la investigacion de las cintas

superelasticas con la composicion FesssMnzsAlisNizs y las investigaciones sobre la
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composicion de los microhilos Cos1Cro7Ga11Siti. La FeszssMnzsAlisNizs reveld unas
propiedades interesantes que se pueden utilizar en el desarrollo del sensor. Incluso tiene
propiedades mecanicas utiles y es facil de prepararla. Otra investigacion se puede centrar
en el impacto del recocido a las propiedades supereldsticas. Con el recocido se liberan
incluso las tensiones internas que puede influir al inicio de la fase de transformacion.

En el caso de las muestras Cos1Cr7Gai11Si11 no observamos los limites de granos.
De esto deducimos el que microhilo podria ser monocristalino a lo largo de toda su
longitud. Sin embargo, las mediciones se realizaron solo en la superficie del microhilo.
Las mediciones de la seccion transversal de la estructura dentro del microhilo podrian
confirmar o desmentir esta hipotesis. La oportunidad de preparar el microhilo con los
cristales orientados correctamente tiene la ventaja del coste mas econémico y el ahorro
del tiempo en comparacion con la preparacion del material producido por otros métodos.

A pesar de que hasta ahora se han desarrollado muchas aplicaciones, todavia es
posible llegar con nuevas ideas y con aplicaciones potenciales. Las particulas de las
muestras supereldsticas fragiles se pueden incorporar a otros materiales con el fin de
observar su deformacion. Ademas, la preparacion de estas composiciones en la forma de
microhilos revestido por vidrio puede eliminar el problema con la fragilidad cuando el
vidrio estabiliza el nucleo de metal. El envase de vidrio puede proporcionar la
biocompatibilidad y el aprovecho de estos materiales en la medicina.

En las muestras con una magnetorresistencia gigante seria interesante ver de que
manera la descomposicion espinodal en la muestra avanza con el tiempo del recocido. El
uso del microscopio electronico de transmision seria posible desarrollar los mapas de la

composicion quimica de los alambres con diferentes condiciones del recocido.
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In this paper, the production and structural, superelastic, ther

tic, and tic properties of melt-spun Feg3 5sMn34Aly5Ni7 5

alloy have been investigated with the aim to employ it for contactless strain measurements. Structural properties were observed by
scanning electron microscope and X-ray diffraction, which shows the existence of two phases (fcc and bec). Magnetic properties
were studied by vibrating sample magnetometer and LCR-Bridge. Superelasticity was investigated by straining a ribbon. Measured
superelastic strain at room temperature was ~0.5%. Within that range we achieved 12% change of permeability that arises from the
structural transition between two recognized phases. It proves that Feq3 sMn34Al;5Ni7 5 superelastic alloy is a promising potential

contactless sensor of strain.

Index Terms— Contactless sensor, Heusler alloy, magnetic material, superelasticity.

I. INTRODUCTION

UPERELASTIC (pseudoelastic) materials are able to

recover high amount of strain [1]. Superelastic and shape
memory behavior is granted by solid to solid phase trans-
formation between two different phases, generally known as
martensitic transformation, which is transformation between
austenite (high-temperature phase, stable without stress) and
martensite (low-temperature phase, stabilized by stress). The
maximum strain is given by the difference between lattice
parameter of two existing phases [2], [3]. Phase transformation
can occur under the following conditions: 1) applied stress;
2) temperature; or 3) magnetic field change [4], which makes
it a potential solid state sensor or actuator [1]. However, most
used superelastic material based on Ni-Ti composition is not
ferromagnetic [1], [5]. Superelastic material with appropriate
magnetic properties could be a possible candidate for pro-
duction of a contactless sensor of strain. Heusler alloys are
possible choice for magnetic shape memory effect and for
closely-related pseudoelastic effect.

Ferrous shape memory and superlelastic alloys have
some advantages comparing with Ni-Ti-based alloys; they
are cheaper and exhibit ferromagnetic behavior. Recently,
the new ferrous superelastic Fes3 5Mn3gAl 5Nigs alloy was
discovered [3]. Two different phases with bce and fec structure
are responsible for superelastic properties in this composition.
The mentioned alloy was prepared by arc-melting method and
aged at 200 °C for 6 h and subsequently cold-rolled at a
reduction rate in thickness by 80%. Such a long production
process has disadvantage for practical applications.

However, a few years ago, a melt-spinning method of
preparing Heusler alloys was successfully employed. This
method provides two advantages for the production of alloys:
1) the avoiding or reduction of annealing and 2) the synthesis
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of highly textured polycrystalline ribbons [6]. Ribbons pre-
pared by melt spinning are more homogeneous than bulks
prepared by arc melting [7].

In the given contribution, preparation of Fes35Mn3y
Al5Ni7 5 alloy is described and structural, magnetic, super-
elastic, and thermoelastic properties of melt-spun alloy are
characterized.

II. EXPERIMENT

Master alloy with composition Fey3 sMn34Al;5Nizs was
prepared by arc melting in argon atmosphere, starting from
highly pure elements (>99.9%). Ribbon was produced by
melt spinning in an argon atmosphere at a wheel linear speed
of 20 ms™!. Ribbon’s width ~2.0-3.0 mm and uninterrupted
length of one piece was ~1.5 m. Bulks were prepared by
suction casting method from master alloy. After production,
no annealing was applied. Microstructure and element
compositions were examined using a scanning electron
microscope (SEM, JEOL 6100) equipped with an X-ray energy
dispersive spectroscopy (EDS, Inca Energy 200) system.
In addition, X-ray diffraction (XRD) patterns were obtained
for phase identification. The XRD analysis were performed
using Cu Ka (Ka; = 0.154089 nm) radiation at a room
temperature. Magnetic properties were analyzed by vibrating
sample magnetometer at the temperature of 20 °C and
300 °C. The stress—strain curves were obtained by force gauge
FG20KG-RS23, superelastic, and thermoelastic strain were
measured using DigimaticEA271122 Indicator ID-XC
543-390B. For sample straining Lustron Test Stand FS-1001
was used. The magnetic permeability was measured by Hameg
HMS8118 LCR-Bridge with test frequency of 100 kHz.

III. RESULTS AND DISCUSSION

The SEM micrographs of the fracture morphology are
shown in Fig. I, where an ordered columnar microstructure
is observed. Individual columns grow perpendicularly to the
ribbon plane following temperature gradient during quenching.
There is also a thin layer of equiaxed crystallized grains

0018-9464 © 2015 TEEE. Personal use is permitted, but republication/redistribution requires TEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. SEM micrograph of the fracture Fey3 sMn34Al5Niy 5 ribbon with
the marks of ribbon surfaces during the process of melt spinning.

3

o

£ _Wuww’u |

7} A\

8§ a(200) M P

E w1 | «{220) aa1)

L] ven | vz fotz22)
; 7(170) : r
20 40 60 80 100
20
Fig. 2. XRD patterns  with two different lattices of as-cast

Feq3.sMn3gAljsNig s ribbon. Phases are identified as bee (a) and fee (')
with comparison to experimental data (exp).

at the surface in contact with the wheel. The thickness of
measured ribbon is ~40-55 um. The crystalline grain sizes
are from 0.9 to 3.35 um. During the examination, SEM ran in
backscattering emission mode. The SEM/EDS microanalysis
of selected area proved the homogeneous distribution of ele-
ments in the sample, which is typical for melt-spun ribbons [6].
In addition, a nominal composition is quite similar to average
composition, which is Fe4n 49Mn3s 03Al15 5Nig 94. Segregation
of minor or major secondary phases was not observed.
Analysis of the XRD patterns reveals two different phases,
as it is shown in the Fig. 2. The lattice parameter for an
y’-fee lattice is ape = 0.36604 nm and for a-bee lattice it
is apee = 0.29086 nm. These parameters fit very well to the
lattice constants acquired from [3] and [8]. The both phases
coexist in the system and at the room temperature there was
87.7% of the alloy in the fcc phase and 12.3% of the bee phase.
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Fig. 4. Hysteresis loop of Fey3 sMn33Al15Ni7 s taken in room temper-

ature with relative magnetization. MRt represents magnetization at room
temperature.

The magnetization versus temperature (M-T) curve of
Fe43 5Mn34Al15Ni7 5 alloy was measured in magnetic field of
200 kA/m (shown in the Fig. 3). It shows typical ferromagnetic
behavior with the magnetization decreasing with temperature.
From the M-T curve, the Curie temperature was detected
to be 125 °C similarly to [3]. Hysteresis loop (in Fig. 4)
measured at room temperature confirms ferromagnetic nature
of Fe43_5Mn34A115Ni7_5 alloy.

To study superelastic properties, thermal dependence of
strain was measured (Fig. 5). In the temperature range
25 °C-119 °C the maximum observed strain was 0.54%.
In addition, thermal dependence of strain shows considerable
hysteresis (14 °C), which is typical for superelastic materi-
als [9]. The calculated linear coefficient of thermal expansion
is o = 57.4 K~'107%, which is significantly more than linear
coefficient for others metals. According to high value of a,
high strain cannot occur without phase transformation between
two phases. The XRD proved the existence of two different
lattices, so transformation runs between phases with bee and
fec lattice.

Maximum theoretical strain ¢™*
lattice parameters [2]

can be calculated from

Jmax __

2apce — dfec
fl00 = —— -

(1

Afcc
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It works in whole range of superelastic behavior with total
phase transformation between both lattice parameters, and
suggested temperature range for Fey3 sMn34Al 5Niz 5 is from
196 °C to 240 °C [3]. According to (1), the maximum strain
is 12.3%, but it was not achieved in our case due to narrow
experimental temperature range.

Stress—strain curves were taken up to 450 MPa of applied
stress with simultaneous permeability measurement (Fig. 6).

Stress—strain measurement shows hysteresis typical for
structural transition. The maximum induced strain was
over 1%.

Phase transformation in Fe43 sMn34Al s5Niy 5 triggers over-
all permeability of superelastic alloy due to the variation of
magnetic properties of individual phases. This can be useful
for contactless measuring of the strain through the change
of permeability in material. Dependence of permeability on
strain is linear until remarkable change of applied stress begins
(Fig. 6). When applied strain grows up, Feq3 sMn34Al;5Ni7 5
alloy shows noticeable 12% change of permeability. There is

4000903

only small hysteresis in permeability between positive strain-
ing and negative straining. In addition, the permeability at
zero stress is different for two cases (relaxing and stressing),
which points to the fact that permeability variations arises from
structural transition between a and y’ phases rather than from
stress dependence of permeability. Slim hysteresis is required
for precise sensor or actuator [10].

IV. CONCLUSION

In this contribution, production of superelastic
Fes3 sMn3sAlisNizs alloy by rapid quenching together
with its structural and magnetic characterization is described.
Fe43 sMn34 Al 5Nis 5 alloy prepared by melt-spinning method
consists of a and yp’ phase. Alloy shows ferromagnetic
behavior with T¢ = 125 °C. Permeability changes in charact-
eristic range exhibit no hysteresis between stressing and
relaxing in comparison with other properties, which confirms
the fact that permeability variations are induced by the
structural transition between a and y " phases rather than from
stress dependence of permeability. This attribute allows using
Fe435Mn34Al5Ni7 5 as a potential sensor for measuring the
strain.
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We prepared Cuigo_,Co, (x = 5,10,20) glass-coated microwires by Taylor-Uli-
tovsky technique and studied the influence of annealing on structure and
giant magnetoresistance (GMR) effect. We observed a significant improvement
of the GMR effect in the samples annealed at high temperature (400°C) with
longer annealing time. On the other hand low temperature annealing (150—
200°C) only slightly affects the GMR effect. Considerable enhancement of the
GMR effect related to structural changes of the studied samples after

annealing is promising for technical applications.

Key words: Giant magnetoresistance, glass-coated microwires,
Taylor-Ulitovsky, annealing

INTRODUCTION

Discovery of giant magnetoresistance (GMR) dates
back to 1988 when change in the electrical resistance
of the material was reported when an external
magnetic field in magnetic multilayered films was
applied.! The physical mechanism of the GMR effect
is the spin-dependent scattering of electrons when
travelling between two magnetic regions in a
nanoscale non-magnetic metallic spacer.

From its discovery many new materials that
exhibit the GMR effect have been developed. In
particular, so-called granular materials consisting
of small grains distributed inside a non-magnetic
matrix can also exhibit the GMR effect.?”® Granular
materials, usually formed by immiscible elements
(Co, Fe, Ni)-(Cu, Pt, Au, Ag), have attracted consid-
erable attention since the beginning of the 1990s.%°

Similar to the case of multilayered thin films,57
the GMR effect has been attributed to the spin-
dependent scattering of conduction electrons within
the magnetic granules as well as at the interfaces
between magnetic and nonmagnetic regions.?®

(Received October 9, 2015; accepted January 12, 2016;
published online February 2, 2016)

Consequently, the size and spatial distribution of
nano-sized ferromagnetic grains (usually of Co or
Fe) inside the metallic matrix (typically Cu, Ag, Au
or Pt) are crucial for obtaining high GMR effect.

These granular solids can be prepared by mechan-
ical alloyin§4 or different melt quenching
techniques.>™?

One of the advantages of granular materials
produced using the melt quenching method is that
they can be easily obtained via the recrystallization
of metastable alloys produced by various melt
quenching techniques. This allows the preparation
of large amounts of material and precise control of
the structure of the material.

It is worth mentioning that during the last few
years, studies of the composite microwires consisted
of metallic nucleus surrounded by glass coating and
prepared by the so-called Taylor-Ulitovsky tech-
nique involvin% melt quenching attracted consider-
able attention.'®'? This method offers four main
advantages: (i) with this method it is possible to
prepare long and uniform glass-coated microwires
(up to 10 km long) using rapid casting (about 100 m/
min) with few grams of the master alloy. Conse-
quently, this technique provides an opportunity for
inexpensive mass production.'®™? (ii) Moreover, the

2401
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wide range of variation in geometrical and physical
properties of microwires is adjustable.'’ (iii) Fur-
thermore, glass-coating inflicts stress inside the
metallic nucleus due to different thermal expansion
coefficients of metallic nucleus and glass-coating.
The strength of these stresses depends on the
thickness of glass coating and metallic nucleus
diameter, which provides another control mecha-
nism of magnetoelastic anisotropy in the metallic
nucleus.'! (iv) Additionally, this type of material is
quicker and much easier to prepare than multilayer
films.

Glass-coated microwires from Fe-Ni-Co-based
alloys containing metalloids (Si, B) can be prepared
in an amorphous state and therefore usually pre-
sent soft magnetic properties.'?

A few years ago we employed this technique for
preparation of Co-Cu and Fe-Cu microwires and
reported on granular character of structure and
GMR observation in as-prepared microwires.”'?
However, reported GMR values were generally
below 10%.

From previous knowledge on granular materi-
als,>* it is well-known that the GMR effect can be
significantly improved by annealing allowing the
recrystallization of metastable alloys.? 13

As was mentioned above, simultaneous rapid
solidification of the composite wire consisting of
metallic nucleus surrounded by the glass coating
with rather different thermal expansion coeffi-
cients in the Taylor-Ulitovsky method induces
strong internal stresses'*® (of the order of 100—
1000 MPa) depending strongly on the ratio, p,
between the metallic nucleus diameter, d, and
total microwire diameter, D.'*'” Existence of
strong internal stresses reported in aforemen-
tioned publications ™ ° is essentially important
for the formation of magnetic properties and the
microstructure of glass-coated microwires. Thus,
the magnetic properties of amorphous and crys-
talline glass-coated microwires are rather differ-
ent from those of other amorphous materials.'®
Additionally, rather different structure and mor-
phology of phases precipitating from amorphous
precursor after the annealing of glass-coated
microwires are reported elsewhere.”?' Afore-
mentioned internal stresses can affect the recrys-
tallization process of metastable microwires, the
grain size of precipitating grains, the crystalliza-
tion temperature, and even type of precipitating
crystalline phases.?°2?

Therefore, we can expect a different structure and
consequently a different GMR effect in Co-Cu glass-
coated microwires as compared to ribbons, thin
films, and foils. Consequently in this work we
studied the influence of annealing on GMR and
the structure of glass-coated microwires with the
compositions CugpCogzg, CugpCo19, and CugsCos pre-
pared using the Taylor-Ulitovsky technique.

Mino, Zhukova, Val, Ipatov, Martinez-Amesti, Varga, and Zhukov

EXPERIMENTAL TECHNIQUE

We prepared Co,-Cujgo_, (5 < x < 20 at.%) glass-
coated microwires (typical total diameters, D, from
10 ym to 30 pum) consisting of a metallic nucleus
(typical diameters, d, 5-20 pm) covered by an outer
glass shell (typical thickness from 3 pm till 10 ym)
using the Taylor-Ulitovsky technique described
elsewhere. 112

Samples have been annealed in a conventional
furnace at fixed annealing temperatures,
Tann = 400°C with varying annealing times, Z.nn
(10 min, 30 min, 60 min, 2h, 5h, 10h, 24 h).
Additional samples were annealed at an isothermal
temperature (T,,, = 150°C and 200°C) with varying
annealing time, ¢,nn, up to 24 h.

Previously the x-ray diffraction (XRD) was suc-
cessfully employed for studies of granular systems
as well as prepared Co-Cu microwires.?>?*

Therefore, in order to study the structure of the
as-prepared and annealed samples we performed x-
ray diffraction (XRD) studies using a BRUKER (D8
Advance) x-ray diffractometer with Cu K,
(#=0.154 nm) with a graphite monochromator
located between the sample and the detector. XRD
studies were made on the samples annealed at
various temperatures and annealing times. As
previously described,?? cylindrical microwires are
not the best samples for the XRD examination: they
do not fit into the sample holder properly, so it is
necessary to count with little shift in 20.

Transmission electron microscopy (TEM) work
was done on a Philips SuperTwin CM200 and also
on a TECNAI G2 20 TWIN, both operated at 200 kV
and equipped with a LaB6 field emission gun and
EDAX EDS microanalysis system. TECNAI G2 20
TWIN is also equipped with high angle annular
dark-field scanning transmission electron micro-
scopy (HAADF-STEM).

The samples for the TEM studies were prepared
by ultramicrotomy. The Cu-Co microwires were
embedded in an epoxy resin. Polymerization was
performed at 70°C for 16 h followed by curing at
room temperature for 1 week. Ultrathin sections,
~50 nm, were cut using an ultramicrotome (LKB-
Ultratome III) equipped with a diamond-knife and
the sections were supported on Mo-grids. To enable
identification of wires in three sections, the resin
blocks were trimmed to a trapezoidal shape. This
shape is also essential in order to determine the
cutting direction and to minimize sectioning arti-
facts such as compression and fractioning.

We used a quantum design physical property
measurement system device for measurements of
magnetic and magneto-transport properties in the
5-300 K temperature range under the external
magnetic field up to 60 kOe.

The magnetoresistance (MR) has been defined as:

AR/R(%) = (R(H) — R(0)) x 100/R(0). (1)
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MR in all samples were tested under electric
current I = 10 pA.

EXPERIMENTAL RESULTS
AND DISCUSSION

After annealing at 400°C, we generally observed
considerable enhancement of the GMR effect in all
studied samples. As an example, in the CosCugs
microwire (d = 13.3 yum, p = 0.79) we observed an
increase of the GMI effect from 1% to 7.5% (see
Fig. 1a) and an increase from 8% to 19% for the
same annealing conditions in the CugoCoyy micro-
wire (d = 13.3 um; p = 0.65) (Fig. 1b). From XRD
spectra we observed that the fabrication of micro-
wires induces preferred grain orientation.

We identified two phases, fcec 2-Co and fcc Cu.
Most influenced by annealing is the sample with
composition Cug;Cos (Fig. 2a and c). After anneal-
ing of the sample Cug5Cos we can observe a decrease
of the preferred orientation. The first peak is
appreciably increased and the relative intensities
change with the annealing. In the very first peak we
can observe merged peaks of both the Cu phase and
the Co phase. For the sample Cug(Cosyq (Fig. 2b and
d), annealing does not significantly affect the XRD
of Co-phase. The relative intensities of all the peaks

1 —o—as-prepared
—=—annealed

b
( ) 04 —a—annealed
—o— as-prepared
-5
= = \°‘°~o\<
S 101
14
X .15
S 15
=
-204
40 20 0 20 40
H(kOe)

Fig. 1. AR/R(H) dependencies for CosCugs (a) and Co,,Cugy (b)
microwires measured at 5 K in as-prepared and annealed at 400°C
for 2 h.

are almost the same in the as-prepared and
annealed CugoCogo samples. After annealing of the
sample CugoCoq9 a remarkable preferred orienta-
tion persists. But more detailed analysis of the Cu
and Co peaks allowed the observation that the
peaks become more separated after annealing.
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Fig. 2. XRD of as-prepared (a, b) and annealed at Tann = 400°C for
24 h (c, d) CugsCos and CuggCoyomicrowires, respectively.
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Fig. 3. TEM micrographs of CugyCo,o, Where the circle marks the
EDX beam. Chemical composition of analyses can be found in
Table 1.

Table 1. Co and Cu content of EDX analyses in
Cug(Cosy sample

00300020 Co (at.%) Cu (at.%)
X1 4.5 95.5
X2 7.3 92.7
X3 4.9 95.1
X4 4.0 96.0
X5 2.2 97.8
X6 40.3 59.7
X7 15.3 84.6
X8 4.9 95.1

In order to prove the influence of the stress
relaxation, isothermal annealing at lower tempera-
tures was performed. Diffractograms of isother-
mally annealed samples were very similar to as-
prepared samples.

TEM investigations show granular microstruc-
ture in the case of the CugyCoyy sample. In the
picture there are marked midpoints of energy-
dispersive x-ray spectroscopy (EDX) analysis (the
beam is 45 nm wide and illustrated by a circle) to
show the chemical composition of grains (Fig. 3).

However, in the samples of CugyCo;o and content
Cug;Cos granular microstructures were not
observed. EDX analysis shows that all grains belong
mostly to Cu-phase, but there are areas with
increased Co. We observe low levels of Co content
in the Cu matrix that can be related to the
preparation process involving rapid quenching from
the melt. Indeed, equilibrium of the Co-Cu phase
diagram presents low Co solubility in Cu at room
temperature (up to 8%). Areas with remarkably
larger Co content (more than 10%) can be attributed
to the relocated Co atoms in the Cu matrix after
spinodal decomposition as previously observed.”?

STEM mapping also suggests this hypothesis. In
Fig. 4 maps are shown taken from grain-like areas
in CuCo microwires. Grain structure was also only
discovered in the CugyCoy, sample. In the other two
samples, the differences of Co or Cu content were
negligible.

Mino, Zhukova, Val, Ipatov, Martinez-Amesti, Varga, and Zhukov

Fig. 4. STEM maps of Co and Cu content in all samples, Co map of
samples (a) CugpCoys (C) CuggCoyq (€) CugsCos is indicated by
purple colour. Cu map of samples (b) CuggCoz (d) CugoCo1g (f)
CugsCos is indicated by teal colour.

As shown above, after annealing we observed
remarkable improvement of GMR. Additionally
after annealing of the CugyCosy sample, we can
observe that there is a slight positive magnetore-
sistance that can be attributed to the anisotropic
resistance related to ferromagnetic grain presence
(Fig. 5).

Moreover we also measured GMR effect on sam-
ples annealed at 200°C with an annealing time of
24 h (sample was before annealed at 150°C for
10 h). The observed difference in AR/R(H) depen-
dencies for CozCugs; microwire is quite small
(Fig. 6).

On the figures shown bellow (Fig. 7a—c), we
summarize the results on studies of the effect of
annealing at Ty, = 400° Con the GMR effect of all
Co-Cu microwires.

In the graphs it is possible to see some irregular-
ities from the expected state, which can be
explained in three ways:
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—s—annealed
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-10 -5

0
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Fig. 5. AR/R(H) dependencies for CopoCugg (microwires measured
at 5 K at low field region in as-prepared and annealed at 400 C for
2 h).
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Fig. 6. AR/R(H) dependencies measured in as-prepared and an-
nealed at 150°C for 10 h CosCugs microwires measured at 5 K.

(A) Annealing can release the stresses, which in
principle influences the metallic core struc-
ture. However, this option is the least likely,
because the stress relaxation occurs near
150-200°C*® and measurements made on
the samples annealed at low temperature do
not show considerable change to the GMR
effect (see Fig. 6).

(B)  Another potential explanation was offered.”®
It can be described as a spinodal decomposi-
tion in CuCo samples. This means that the Co
is distributed mainly in an oscillation of the
concentration over most of the sample as
shown for Co-Cu ribbons.

(C) Additionally it is possible that after produc-
tion, microwires have inhomogeneous parts
with higher or lower Co content.

Internal stresses result in considerable texture
among all the samples. We assume that after low-
temperature annealing (T',,,, = 150-200°C) stresses
have been released, but XRD measurement shows
that texture still persists after low temperature
annealing. The GMR effect after low temperature
annealing (i.e. after stress relaxation) was almost
the same as in as-prepared microwires (see Fig. 6
for CosCugs). Comparison of Figs. 1la and 6 shows

(a)

284

244
AZO-
16 4
124

ARIR(%

80 1200
t._(min)

ann

oo
s
8

—=— 5K

0 %0 &0 90 1200 150
t, ,(min)

Fig. 7. Effect of annealing time on GMR effect measured in
CugoCoy0 (a) CugyCo4q (b) CugsCos (c) microwires at different tem-
peratures.

that maximum AR/R in the sample annealed at
Tann = 150°C for ¢4n, = 10 h at 5 K is just 1.2% (i.e.
only slightly higher than for as-prepared sample),
while for the same sample annealed at T,,,,, = 400°C
for t,pn=2h AR/R ~ 7% (see (Fig. 1b)). On the
other hand after high-temperature annealing
(Tann = 400°C) we observed a considerable increase
of the GMR effect in all the samples (Fig. 7).

It is worth mentioning that the maximum GMR
ratio of about 28% obtained in annealed CoCu
microwires in the magnetic field of about 10kOe is
similar to the reported GMR values for other
granular and multilayered materials.>®

This GMR increase does not seem to be related
with the stress relaxation and can be attributed to
the short range ordering processes that cannot be
distinguished by the XRD method.
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Similar in all GMR systems is that high resistiv-
ity exists in the conducting medium, which is either
magnetically inhomogeneous or disordered on the
scale of the mean-free electron path.

On the other hand, the GMR appears only in
samples with volume fraction Xv below the perco-
lation volume fraction Xp. At Xv > Xp, all the
particles form a connecting network with large
ferromagnetic domains and low coercivity as in
homogeneous ferromagnetic alloys and GMR
decreases. Therefore, although we cannot detect
any change of phase composition by XRD, observed
dependence of the AR/R on T, must be attributed
to the grain size and content change after anneal-
ing. The other possible reason for observed changes
can be appearance of the nanostructures typical of
spinodal decomposition after annealing.®?®

CONCLUSIONS

After annealing, a remarkable improvement of
the GMR effect has been observed in all studied Co-
Cu microwires. The largest GMR effect (AR/
R =~ 28%) has been observed in CugyCogg. Similarly,
for CugyCoy9 and CugsCosmicrowires we observed
an increase of AR/R from 5.5% to 26% and from 3%
to 17%, respectively. This GMR increase is not
related to the stress relaxation and can be attrib-
uted to the short range ordering processes that
cannot be distinguished by the XRD method.
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Abstract We studied the effect of annealing on
magneto-transport, magnetic, and structural properties
of Cujgo—xCo, (x = 5, 10, 20) glass-coated microwires
prepared using the Taylor-Ulitovsky technique. Both as-
prepared and annealed samples exhibit magnetoresistance
effect. We observed a Kondo-like effect in as-prepared and
annealed CugsCos microwire and a significant increase of
the giant magnetoresistance (GMR) in all studied Co-Cu
after annealing. The origin of GMR effect and Kondo-like
behavior is discussed considering structural changes of the
annealed samples.
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1 Introduction

After discovery of giant magnetoresistance (GMR) in 1988
in magnetic multilayered films [1], many new materials with
GMR have been developed. In particular, GMR was found
in granular materials consisting of small grains distributed
inside a non-magnetic matrix [2, 3]. A substantial advantage
of granular materials is the preparation cost: multilayered
materials must be fabricated using multisource MBE and
sputtering with elevated fabrication. On the other hand,
the granular materials can be fabricated with much simpler
technologies, like mechanical alloying or rapid quenching
[4-7].Consequently, granular materials formed by immis-
cible elements (Co, Fe, Ni)-(Cu, Pt, Au, Ag) attracted
considerable attention since the beginning of the 1990s
[2-5]. As in the case of multilayered thin films, the observed
GMR has been attributed to spin-dependent scattering of
conduction electrons within the magnetic granules as well
as at the interfaces between magnetic and nonmagnetic
regions [2, 3]. On the other hand, a novel rapid quenching
method allowing the preparation of composite microwires
consisting of a metallic nucleus surrounded by glass coat-
ing was developed during the last years [8]. The advantage
of this method is that it is possible to prepare long uni-
form microwires (up to 10 km) with only a few grams
of the master alloy [7-9]. Moreover, glass coating induces
considerable stress inside the metallic nucleus (due to dif-
ferent thermal expansion coefficients) [9—11]. The strength
of these stresses depends on the thickness of the glass coat-
ing and on the metallic nucleus diameter, which provides
another control mechanism on its magnetoelastic anisotropy
[10, 11]. Fe-Ni-Co-based compositions containing metal-
loids (Si, B) can be prepared in an amorphous state and is
used to make soft magnetic microwires [9].
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Few years ago, we employed this technique to prepare
Cu-Co and Cu-Fe microwires and reported on granular char-
acter of its structure and GMR in as-prepared microwires
[7, 12]. But reported GMR values were generally below
10 %.

From the previous knowledge on granular materials,
it is well-known that GMR effect can be significantly
improved by annealing of metastable alloys allowing pre-
cipitation of fine grains from the metastable alloys produced
by rapid quenching from the melt [2—4, 13]. In the case
of glass-coated microwire, annealing is also the way to
release internal stresses [9, 14]. Such internal stresses can
affect both the recrystallization process of the metastable
microwires and the grain size of the precipitating grains
[14, 15].

Additionally recently we reported that CosCugs
microwires can present Kondo-like behavior exhibiting a
minimum on temperature dependence of the resistance [16].

All these features can be affected by thermal treat-
ment. Consequently, in this work, we study the influence of
annealing on GMR and structure of glass-coated microwires
with compositions CugyCo2p, CuggCojp, and CugsCos pre-
pared using the Taylor-Ulitovsky technique.

2 Experimental Details

Studied Cujpo—xCoy (5= x <20 at %) glass-coated
microwires (total diameters,D, from 10 to 30 pm) consist-
ing of a metallic nucleus (diameters, d, 5-20 pum) have
been prepared using the Taylor-Ulitovsky method [7, 8].
The samples have been annealed in conventional furnace
at fixed annealing temperature, Tynn = 673 K varying the
annealing time, #,,, (10, 30, and 60 min, and 2, 5, 10, and
24 h).

In order to study the structure of the samples,
we performed X-ray diffraction (XRD) studies using a
BRUKER (D8 Advance) X-ray diffractometer with Cu K¢
(A = 0.154 nm) with a graphite monochromator located
between sample and detector.

4 springer

A Quantum Design PPMS device was used to measure
magnetic and magneto-transport properties at temperatures
from 5 to 300 K with magnetic fields up to 60 kOe.

The magnetoresistance (MR) is defined as:

AR/R(%) = (R(H) — R(0)) x 100/R(0) 1)

AR/R(%)
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Fig. 2 AR/R(H) dependences for CuggCosg (a) and CuggCoyg (b)

microwires anncaled at Ty,, = 673 K for 7,5, = 5 h mcasurcd at
different temperatures
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3 Experimental Results and Discussion

All studied samples exhibit GMR in the as-prepared
state; but generally the maximum AR/R is below 5 %
(see Fig. 1).

After annealing at Tynn = 673 K, we observed consider-
able enhancement of the GMR; for example, in CugpCojg
microwire (d ~ 14.7 um; p = d/D = 0.73), AR/R
increases from 3 to 12 % after annealing for 1 h (Fig. la).
For CugsCos microwire, AR/R increases from | to 5 %
after the annealing at the same conditions (7,,, = 673 K for
fann = 1 h)-

We observed considerable increasing of MR effect after
annealing (Fig. 2). Moreover, increasing the annealing time
generally further increasing of MR effect is observed (see
Fig. 2): in the same sample and the same annealing tempera-
ture (with annealing for 5 h), AR/R reaches around 25 %
(at T = 5 K) in studied CugyCoj microwire.

The behavior of AR/R(H) curves are typical for (stan-
dard, negative) GMR effect showing decreasing with mag-
netic field, H (Fig. 2). Moreover, AR/ R(T') shows standard
increase of the GMR ratio with decreasing the temperature
for all samples (see Fig. 3).

The CugsCos sample presents the lowest GMR measured
(also showing considerable enhancement upon annealing)

0 50 100 150 200 250

T(K)
1(b)
10
X
?25 —4—Cu, Co,
< 201 —0—Cu,,Co,,
-30 T

50 100 150 200 250
T(K)

Fig. 3 Effect of temperature on GMR effect measured in as-prepared
(a) and anncaled at 673 K for 5 h (b) CugygCosp, CugpCoyg, and
CugsCos microwires

[16, 17], but the properties of this sample are probably the
most unexpected: it presents a resistivity minimum on the
temperature dependence (see Fig. 4). We observed this min-
imum in both as-prepared and annealed CugsCos samples
(Fig. 4a, b). The temperature of the minimum, Ty,, of the
as-prepared sample is considerably higher than that of the
annealed sample (Fig. 4a).

The usual explanation for the resistivity minimum is
the Kondo effect, related to magnetic impurities in non-
magnetic metals. Usually, the Kondo effect is observed for
very low contents of the impurities (0.002-0.02 %) [18], as
the impurities cannot “see” each other in order to react inde-
pendently to the conduction electron’s spin. Thus, one of the
features of the Kondo effect is that it can be suppressed by
a magnetic field [19, 20].

As we can see from Fig. 4b, a magnetic field only slightly
affects R(T) of the as-prepared sample, but completely
suppresses the minima of annealed ones.

In fact few different mechanisms might be considered to
explain an increase of the resistivity of a metallic microwire
at low temperatures: magnetic Kondo effect, weak local-
ization, enhanced electron-electron interaction, scattering of
conduction electrons by structural two-level system (TLS),
and scattering of strongly spin-polarized charge carriers on
diluted magnetic moments [16, 17].

7.0 2
(a)
——as-prepared rd 32
------- T, =673K,t,_=5h - =
. &
S 68 «
4
_ 30
6,61+ T ) Y 2
5 30 60 90 120 150
T(K)
72
(b)
—— as-prepared 1%

o T =673 K, t_=5h .
ann o

6,64— 28

60 % 120 150
T(K)

Fig. 4 R(T) mcasured in as-prepared and anncaled CugsCos sample
measured at H = 0T (a) and H = 1T (b)
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The scattering processes on magnetic impurities could
give rise to a resistivity contribution behaving as In(7") , and
hence, provide a satisfactory explanation of the observed
resistance minima. Figure 5 shows that the electrical resis-
tivity exhibits roughly low-temperature In(7") dependence
for both as-prepared and annealed samples.

Magnetic measurements in principle can provide addi-
tional information on Co atoms distribution in the Cu
matrix. Magnetization curves, M(H), measured in as-
prepared CugsCos sample at 5 K exhibits saturation (see
Fig. 6a). For higher temperatures (40, 50, 75, and 150 K),
M(H) dependences are virtually linear. Magnetization
curves exhibiting saturation at 5 K might be associated with
the presence of Co inhomogeneities or clusters.

After annealing (Tynn = 673 K for #40n = 5 h) magnetic
saturation can be observed up to much higher tempera-
tures (see Fig. 6b). This can be explained considering the
increasing of the Co inhomogeneities (or clusters) after
annealing.

On the other hand, spinodal decomposition of the CoCu
alloys characterized by long parallel Co-excess stripes [21],
previously proposed by various authors, can be consid-
ered for the appearance of the Kondo effect in such high
content alloys. For Kondo effect, one needs isolated mag-
netic entities inside the non-magnetic environment, which
is only possible when one takes a non-uniform distribution
of the impurity atoms, such as in spinodally decomposed
materials.

X-ray diffraction (XRD) results can be interpreted as the
existence of two phases: fcc Cu phase (Fig. 7) with main

0,6 ( a) o as-prepared
0,31
o o o
0,01 ° °00%000°
<) ; .
£ 2 4
£0,1
D.C = annealed
4 (b)
0,0 { ==—
2 4

In T(K)

Fig.5 R-Rpin(In T') dependence for as-prepared (a) and anncaled (b)
CuysCos samples

4 springer

diffraction peaks at 20; ~ 43.23 and 20, ~ 50.35° cor-
responding to atomic spacings of 2.09 and 1.81 A and hep
«a-Co with main diffraction peaks at 20| ~ 44.12° and
®; ~ 51.57° corresponding to atomic spacings of 2.05 and
1.77 A, respectively [22]. Those Cu and Co peaks are obvi-
ously quite close to each other. Owing to the low Co content
in the sample the Co peaks are quite difficult to detect.
Moreover the presence of an important texture further
decreases the intensity of the main peak at 20| ~ 44.12°,
Therefore these peaks are, in many cases overlapped (see
Fig. 7a, b) and only a shoulder in the single peak corre-
sponding to a small amount of the Co phase (presenting also
small average grain size) can be observed in the main Cu
peak. After annealing we observed broadening of the peaks
(especially for CugsCos, see Fig. 7a) that can be attributed
to the Co precipitation from the solid solution of Co in
Cu. Recently we reported that we did not observe Co pre-
cipitations in as-prepared CugsCos microwires [16]. These
samples also present quite low MR effect in as-prepared
state. In fact CosCugs alloy is not a classical diluted Kondo
system not only because of large Co singleion concentration
but also because a part of Co ions forms magnetic clusters
and these clusters will create local magnetic fields and spin
polarization of current carriers [23]. The presence of such
clusters can be considered from the magnetization measure-
ments at different temperatures, exhibiting saturation at low
temperatures (Fig. 6). But even in the samples which do
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Fig. 6 Magnetization curves, M (H), in as-prepared (a) and annealed
at Typn = 673 K for t,0y = 5 h (b) CugsCos sample mcasured at
different temperatures

141



J Supercond Nov Magn

Fig.7 XRD of as-prepared 1000 1000
CuysCos (a) and CuggCoyg (b)
samples and anncaled at (a) as-prepared (b) as-prepared
Ty = 673 K fOr fypp = 24 h - —
CugsCos (¢) and CugyCoyg (d) *é‘ E
microwires 3 =)
£ 500 0 5004
e ®
0 0
40 50 60 40 50 60
20 (deg.) 20(deg.)
666 1000
d
(c) —— annealed ) ——
- g l
= { = H
g 500 jk _Z 2 :=
i = i
= ? = I j
;“ | I l
| AW p——— ‘ ‘
0 04
® 1 ® 40 50 60
20(deg.) 20(deg.)

not present granular structure the other mechanisms like
spindependent scattering in inter-granular spacers has been
recently proposed [23].

As mentioned above the other peculiarity of the studied
samples is the preferred grain orientation. After anneal-
ing we observed a decrease in preferred orientation. In the
case of CugsCos the first peak is appreciably increased
and the relative intensities change with annealing. In the
very first peak we can observe merged peaks of Cu and
Co phases. For the sample CugyCozg (Fig. 6b) annealing
does not affect the structure of the Co phase. The relative
intensities of all the peaks of CugyCoy are less affected by
annealing.

Although the peaks are merged (especially in the case of
CugoCop sample) we estimated the change of the relative
intensities of the peaks at 20| = 44.12 and 20, ~ 51.57°,
11/1: after annealing of CugsCos, /1/l> increases from
0.27 to 0.57. For CugpCopo sample I} /I increases from 1.6
to 2.08. It is worth mentioning that usually the Co peaks at
201 in Co-Cu granular alloys without texture present the
highest intensity [22].

Consequently we cannot detect any change of phase
composition by XRD and the observed dependence of the
AR/R on T, must therefore be attributed to grain size
and Co-content change after annealing. The other possi-
ble reason of the observed changes can be appearance of
the nanostructures typical of the spinodal decomposition
[21].

4 Conclusions

After annealing a remarkable improvement of the GMR
effect has been observed in all studied CuCo microwires up
to AR/R =~ 26 %. In Cug5Cos, we observed a resistivity
minimum typical of Kondo effect. The minimum temper-
ature and magnetization curves of this sample as well as
the magnetization curves are affected by the annealing.
This GMR increasing could be attributed to the short-range-
ordering processes that cannot be distinguished by the XRD
method.
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We studied the effect of the annealing on the structure, transport properties and the magnetoresistance
of CugsCogs glass-coated microwires prepared by Taylor-Ulitovsky technique. We observed a significant
enhancement of the magnetoresistance, MR, effect in the samples annealed at 400 °C. On the other hand
low temperature annealing (150—200 °C) allowed stress relaxation and elimination of the texture
observed in as-prepared samples, although only slightly affects the MR effect. Annealing considerably

affects the temperature dependence of resistivity. We observed resistivity minimum in both as-prepared
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studied samples.

and annealed samples associated with the Kondo effect. This minimum persists even under magnetic
field in as-prepared samples. In annealed sample minimum disappears under applied magnetic field.
Observed enhancement of the MR effect therefore must be attributed to the structural changes of the

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Granular materials consisting of nano-sized ferromagnetic
grains embedded into a nonmagnetic metallic matrix attracted
continuous attention mostly owing to giant magnetoresistance
(GMR) effect firstly reported in thin films [1] and slightly later re-
ported for various granular materials [2—4]. Usually granular ma-
terials can be prepared from the immiscible elements, typically
ferromagnetic elements such as Co or Fe, embedded into conduc-
tive metallic matrix (typically Cu, Ag, Au or Pt). The advantage of
these granular materials is that they can be prepared using different
rapid quenching [5-7] or mechanical alloying [8] techniques
allowing fast and massive preparation of the samples.

The origin of the GMR effect in granular alloys has been

* Corresponding author. Dpto. de Fisica de Materiales,Fac. Quimicas,UPV/EHU,
20018, San Sebastian, Spain.
E-mail address: arkadijoukov@ehu.es (A. Zhukov).

http://dx.doi.org/10.1016/j.jallcom.2016.03.039
0925-8388/© 2016 Elsevier B.V. All rights reserved.

explained considering the same nature as in the case of multilay-
ered thin films, i.e. the spin-dependent scattering of conduction
electrons within the magnetic entities as well as at the interfaces
between the magnetic and nonmagnetic regions [1-8]. On the
other hand there are still open questions as regarding the structure
responsible for GMR effect in granular materials. Thus Co particles
embedded in Cu matrix [5], small Co clusters within a Cu matrix [9],
homogeneous spinodal decomposition characterized by long par-
allel Co-excess stripes [4] are proposed by various authors.

Rapid quenching techniques, allowing fabrication of metastable
metallic alloys using the melt quenching, are quite common for
preparation of the granular materials [4-6,9]. Usually, after
appropriate recrystallization of the obtained alloys using annealing
a more stable structures consisting of nano-sized inclusions into
conductive metallic matrix can be obtained. Aforementioned pre-
cipitation of the small grains into conductive matrix is related to the
phase diagram of the granular materials. Usually quite low solu-
bility of the ferromagnetic metals in the metallic matrix metals at
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room temperature takes place in phase diagrams of these metals.
The source of the metastability is that in most of cases (i.e. Co—Cu)
the solubility of ferromagnetic metal increases with temperature.
Consequently, at room temperature a supersaturated solid solution
can be obtained after the rapid quenching from high temperature.
The appropriate annealing of such material may lead to the small
particles precipitation form the matrix and formation of the ma-
terials consisting of fine grains of ferromagnetic elements
embedded into the metallic non-magnetic matrix [5,7].

The most traditional well established rapid quenching tech-
nique allowing preparation of ribbons with either amorphous of
metastable structure is planar melt spinning [4-6,10]. Quite
different rapid quenching technique allowing fabrication of com-
posite (glass-coated microwires) has been widely used for prepa-
ration of amorphous and nanocrystalline microwires [11,12]. This
technique allows fabrication of long (up to few km) and continuous
(up to 10 km continuous) microwires coated by glass and therefore
recognized as quite promising from the view point of applications.
The presence of the glass-coating with rather different thermal and
mechanical properties can change considerable quenching condi-
tions during the rapid quenching process. For instance, huge dif-
ference in thermal expansion coefficients of metallic nucleus and
glass-coating induce strong internal stresses inside the metallic
nucleus that can be tailored varying the glass-coating thickness and
metallic nucleus diameter [11,13].

Consequently one can expect that the structure of the micro-
wires with granular structure as well as GMR behaviour can be
different and must be affected by the preparation parameters
(quenching rate, internal stresses, annealing conditions ...).

Recently we already reported on the influence of the internal
stresses on crystalline structure, crystallization temperature and
magnetic properties of microwires with nanocrystalline structure
obtained after the recrystallization from the amorphous precursor
[14-16]. Additionally we already reported on preparation of Co-Cu
glass-coated microwires using Taylor-Ulitovsky exhibiting consid-
erable GMR effect (below 10%) [17-19].

It is well-known that the structure of granular alloys can be
considerably changed and the GMR effect can be significantly
enhanced using adequate thermal treatment [2-6,19]. Moreover
recently we observed electrical resistivity minimum in CosCugs
glass-coated microwires [17].

Therefore in this paper we present our last experimental results
on the influence of annealing on magnetic and transport properties
of CosCugs glass-coated microwires.

2. Materials and methods

CosCugs glass-coated microwires (total diameters, D = 16.9 um)
consisted of metallic nucleus (with diameters, d = 13.3 pm)
covered by outer glass shell (Durand glass) have been prepared by
the Taylor-Ulitovsky technique | 18].

X-ray diffraction (XRD) measurements were carried out by
means of a D8-Advance (BRUKER) diffractometer provided with
automatic divergence and receiving slits as well as graphite
monochromator. CuKe, (A = 1.54 A) radiation was used in all the
patterns. Magnetic and magneto-transport properties have been
measured at various temperatures within 5-300 K using suitable
options of the Quantum Design magnetometer (PPMS). Magneto-
resistance has been defined as:

AR/R(%) = (R(H) — R(0)) x 100/R(0) (1)

Whenever the other was not stated the MR was measured for
the field directed along the axis of the microwire, parallel to the
current.

Samples have been annealed in conventional furnace at various
annealing temperatures, Tgnn, (150—400 °C) varying the annealing
time, tan.

MR in all samples were tested under electric current I = 10 pA.

3. Experimental results and discussion

After annealing at 400 °C generally we observed considerable
enhancement of the MR effect. For example we observed increasing
of maximum AR/R from 1 to 13% after annealing at 400 °C for 10 h
(Fig. 1). On the other hand annealing at lower temperature
(Tann = 150° C) did not affect the MR effect: AR/R(H) curves of
CosCugs sample after annealing at 150 °C: for 10 h is almost the
same as in as-prepared samples (Fig. 1).

Consequently we systematically studied the influence of
annealing time on magnetoresistance, MR, of CosCugs microwires
annealed at 400 °C. The evolution of the maximum MR ratio on
annealing time measured is shown in Fig. 2. Considerable
enhancement of MR ratio after annealing at 400 °C (from 1% up to
17%) can be appreciated.

Low—temperature annealing has been performed in order to
relax the internal stresses. From the previous knowledge on stress
relaxation in glass-coated microwires we can assume that the
relaxation processes run starting from 100 °C [20]. From Fig. 1 we
can assume that the stress relaxation is not the key factor that af-
fects the MR increasing (see Figs. 1 and 2) of studied samples.

Recently we reported that as-prepared CosCugs microwires
exhibita well pronounced minimum in temperature dependence of
resistance at about 40 K, attributed by us to Kondo-like behaviour
[17].

Consequently we measured temperature dependence of re-
sistivity, R(T), in CugsCos sample annealed at 400 °C. As can be seen
from Fig. 3, the temperature of resistivity minimum, Ty,, decreases
after annealing (from 47 to 22 K). Additionally, the temperature
coefficient of resistivity of annealed samples is much higher than of
as-prepared CugsCos sample.

These considerable differences must be associated with struc-
tural changes after annealing. Using XRD technique we observed
the preferred grain orientation (texture) probably related to the
fabrication method of microwires.

We observed presence of two phases, fcc o-Co and fcc Cu phase.

Annealing affects the XRD of CugsCos sample (Fig. 4a and b).
After annealing of the sample CugsCos we observed decreasing of
the preferred orientation. The first peak is appreciably increased

0 e P ~Omgepegogooo g
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Fig. 1. AR/R(H) dependences measured in as-prepared, annealed at 150 °C for 10 h and
at 400 C for 15 h CosCugs microwires measured at 5 K.
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Fig. 3. R (T) measured in as-prepared and annealed CugsCos sample.

and the relative intensities change with the annealing. In the very
first peak we can observe merged peaks of Cu and Co phases (see
Fig. 4c).

On the other hand using STEM mapping we were not able to
observed granular microstructures. EDX analysis shows that all
grains belong mostly to Cu-phase, but there are areas with
increased Co content. We observed small Co content in the Cu
matrix that probably corresponds to solid solution of Co in Cu. In
some areas the Co content was above 10% that can be attributed to
the relocated spinodal decomposition of metastable CoCu alloys
[4,13]. In the Fig. 5 are shown maps taken in grain-like areas in
CugsCos microwires. Grain structure was not observed in CugsCos.

Magnetic measurements can provide additional information on
Co atoms distribution in Cu matrix. Magnetization curves, M/
M;sk(H), measured at 5 K exhibits saturation (see Fig. 6). For higher
temperature (40, 50, 75 and 150 K) M/Mgy(H) dependences are
perfectly linear. Negative magnetization observed at 150 K must be
attributed to diamagnetic contribution of glass. Magnetization
curves exhibiting saturation at 5 K can be associated with the
presence of Co inhomogeneities or clusters.

In crystalline materials few different mechanisms can be
considered to explain an increase of the resistivity of a metallic
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Fig. 4. XRD of as-prepared (a), annealed at T,,, = 400 °C for 24 h (b) CugsCos
microwires and comparison of first XRD peaks of as-prepared and annealed CugsCos
samples (c).

alloys at low temperatures.

The common explanation of the resistivity minimum is the
Kondo effect related to the magnetic impurities in metals. In clas-
sical Kondo-systems where the content of magnetic impurities in a
metal is small (0.002—0.02%) it was recognized that the resistance
minima is associated with magnetic impurities in the metallic host
being one which has a local magnetic moment due to the spin of
unpaired electrons in its atomic-like d or fshell [21]. The scattering
processes from magnetic impurities (those in which the internal
spin state of the impurity and scattered electron are exchanged)
could give rise to a resistivity contribution behaving as In(T), and
hence provide a satisfactory explanation of the observed resistance
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Fig. 5. STEM maps of Co and Cu content in CugsCos where Cu indicated by purple
colour map (a) and Co indicated by teal colour (b). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Magnetization curves, M/Mss(H), in as-prepared CugsCos sample measured at
different temperatures.

minima. Additionally, magnetic field usually suppresses the re-
sistivity minimum [21,22]. But usually in classical Kondo-systems
the minimum temperature is much lower. In our case the Co con-
tent is relatively high (5%) and consequently minimum tempera-
ture can be higher [23,24]. Indeed, strictly speaking the Kondo
scattering mechanism only applies to metallic systems with very
small amounts of magnetic impurities (dilute magnetic alloys). This
is because the impurities can interact indirectly through the con-
duction electrons (RKKY interaction), and these interactions can
clearly be expected to become important as the number of mag-
netic impurities is increased. But, certain non-dilute alloys with
magnetic impurities can show a resistance minimum [25]. In many
cases the Kondo mechanism provides quite satisfactory quantita-
tive explanation of the R(T) dependences in these cases. In these
systems the inter-impurity interactions are relatively small, and at
intermediate and higher temperatures the magnetic ions act as
independent scatterers. As a result, in this temperature regime, the
Kondo mechanism is applicable.

To prove aforementioned mechanism we measured the effect of
magnetic field on R(T) for both as-prepared and annealed CugsCos
samples (Fig. 7a and b) and plotted R-Rp, versus In T. As can be
observed from Fig. 7 (a—c) in our case we do observe certain sim-
ilarities with classical Kondo effect. Magnetic field considerably
affects the resistivity minimum. It is worth mentioning that if the
resistivity minimum of as-prepared samples CosCugs is not
completely suppressed even by high magnetic field (H = 5T), re-
sistivity minimum of annealed sample is completely suppressed by

R (Ohms)

0,15
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z —o—as-prapared |
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)
£
[
Y 005
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Fig. 7. Effect of magnetic field on temperature dependence of resistance, R, in as-
prepared (a)and annealed at 400 °C (a) CugsCos microwires and R-Ryin (In T) depen-
dence for both samples (c).

H = 1T. Surprisingly, in contrast to the other granular systems
where R(T) minimum has been reported [24], we observed huge
effect of annealing on minimum temperature, Ty,: in our case Ty
decreases after annealing from 47 to 22 K.

Additionally Fig. 7c shows that the electrical resistivity exhibits
an approximate low-temperature In T dependence on T for both the
as-prepared and annealed (Tann =400 °C) samples. From structural
studies we did not observe Co-grains that means that Co is dis-
solved in Cu matrix.

Magnetization curves measured in Co-Cu microwires exhibit
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saturation at 5 K that can be associated with not uniform distri-
bution of Co atoms in the Cu matrix, i.e. with the presence of Co
inhomogeneities or clusters. Therefore studied CosCugs microwire
is not a classical diluted Kondo system not only because of large Co
single—ion concentration but also because a part of Co ions forms
magnetic clusters and these clusters will create local magnetic
fields and spin-polarization of current carriers [18].

Consequently both as-prepared and annealed CosCugs micro-
wires present certain features typical for the classical Kondo effect
related to the magnetic impurities in metals. But the resistivity
minimum in as-prepared sample is not completely suppressed
even at 7 T, the temperature of resistivity minimum is quite high for
diluted Kondo alloys and the concentration of the Co ions distrib-
uted randomly in the Cu-matrix is not low. Therefore we cannot
exclude interaction between magnetic Co-ions and, as a result, we
can expect partial suppression of Kondo effect. Considering that
studied samples present magnetic saturation at 5 K we must as-
sume that the Co-ions are not uniformly distributed in the Cu-
matrix: the regions with higher Co-ions content are responsible
for the presence of Co inhomogeneities or clusters, while the re-
gions with lower Co-ions content behave as the magnetic impu-
rities in the metallic host.

We cannot exclude the role of other mechanisms, like TLS. TLS
involves atomic motion. Although is known that atomic diffusion in
disordered (amorphous) materials is higher than in crystalline
materials [26], the TLS mechanism is less appropriate in the present
case.

The other mechanisms, like weak localization, enhanced elec-
tron—electron interaction, scattering of conduction electrons by
structural TLS and scattering of strongly spin-polarized charge
carriers on diluted magnetic moments are also usually considered
[22,27-29]. Above we reported that magnetic field considerably
affects the resistivity minimum of as-prepared and annealed
CosCugs microwire and therefore Kondo effect and TLS are more
appropriated for the explanation of the observed Kondo-like
anomaly.

Previously the temperature-dependent electrical resistivity
with Ty, = 20 K of granular Au/Fe superlattices was discussed in
terms of a model related to the Kondo effect associated with loose
spins proposed by Slonczewski [29,30]. Similarly to our case after
annealing the resistivity minimum temperature decreased form 20
to 10 K was observed. However, a modelling considering small
number of magnetic impurity forming a “quasi-bound state” be-
tween the magnetic moment of a localized impurity and the
average moment of the itinerant electrons in its vicinity [31] gave
an exaggerated Kondo temperature, Ty, (about 100 K for Co-Ag).
Additionally the Ty,-values for as-prepared and annealed Auy_xCox
(x = 27,2 and 42%) were lower in spite of higher Co content.

It is worth mentioning that unusual R(T) dependence has been
reported for various amorphous materials [32—36]. From 1970-th it
is known that many amorphous materials present a well-defined
minimum in the resistivity—versus—temperature curve [31-36].
Moreover in many metallic glasses and disordered alloys the tem-
perature dependence of the resistivity, R(T) is anomalous in that
over a wide range of temperature the resistivity decreases with the
temperature increasing. This is in contrast to the normal behaviour
for ordered crystalline metals, where the temperature coefficient of
resistivity, o, is large and positive.

There are few mechanisms explaining the origin of the re-
sistivity minimum of amorphous materials. Some of them related
to the role of metalloids that typically contain amorphous mate-
rials. In our case we must exclude the explanation related to the
metalloids contribution.

But in our case the disordered structure arising from the rapid
quenching from the melt can be the reason of the negative

temperature coefficient of the resistivity, o [37,38]. Therefore,
although they present crystalline structure (see Fig. 4) they can
present high degree of disorder typical for amorphous alloys pro-
duced by the melt quenching.

Moreover after annealing releasing the internal stresses and the
disorder we observed considerable growing of o.

Additionally after high-temperature annealing (Tann = 400 °C)
we observed considerable increasing of the MR effect in all the
samples. Together with decreasing of Ty, it can be interpreted as
decreasing of the magnetic impurity content related to disorder
degree decreasing, stress relaxation and segregation of the Co
related to the spinodal decomposition.

This MR increasing is not seems to be related with the stress
relaxation and must be attributed to the short range ordering
processes that cannot be distinguished by the XRD method. The
other possible explanation of observed experimental results can be
related to the nanostructures typical of the spinodal decomposition
reported after annealing of Co-Cu ribbons [4,13].

4. Conclusions

In summary, after annealing remarkable improvement of MR
effect has been observed in CosCugs microwires (up to 17%). The
increase in MR is not related with the stress relaxation and must be
attributed to the short range ordering processes that cannot be
distinguished by the XRD method. Additionally annealing consid-
erably affects the temperature dependence of the resistivity. We
observed resistivity minimum in both as-prepared and annealed
samples associated with the Kondo-like behaviour. This minimum
persists even under magnetic field in as-prepared samples. In
annealed sample minimum disappears under applied magnetic
field. We discussed observed results considering disorder, stress
relaxation and spinodal decomposition of studied sample.
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The influence of annealing on structure and temperature and magnetic field dependences of resistance of
Cuq00-xCox (x = 5, 10, 20) glass-coated microwires prepared using Taylor-Ulitovsky has been studied.

All Cuygo-xCox microwires present resistivity minimum at certain temperature, Ty,. This minimum is
very well defined for as-cast samples. Tp,-values decrease after annealing (from about 50 K to about
25 K). Observed R(T) dependences and the minimum are well affected by applied magnetic field.

Additionally we observed a significant increasing of the GMR effect in the annealed samples (at 400 “C)
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with long enough annealing time (up to 34% GMR effect).
Considerable enhancement of the GMR effect related with structural changes of the studied samples is
promising for technical applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of the giant magnetoresistance (GMRII ef-
fect in magnetic multilayered films [1] and later in granular ma-
terials [2,3] numerous studies on a variety of systems have been
reported [1-6].

Granular or inhomogeneous materials typically formed by
immiscible elements (Co, Fe, Ni)-(Cu, Pt, Au, Ag) attracted consid-
erable attention since the beginning of 1990s [2,3,5,6]. The main
interest in granular materials is related to a substantial economic
difference between the preparation cost of a multilayered thin films
and granular materials: multilayered materials must be fabricated
with multisource MBE and sputtering. On the other hand granular
materials can be fabricated with much simpler technology, like
rapid quenching or ball milling [6,7].

Using rapid quenching from the melt it is possible to prepare a
variety of materials with amorphous, nanocrystalline or granular
structures [6,8—10]. Most interest in rapidly quenched materials is
related to soft magnetic properties of amorphous and

* Corresponding author. Dept. Phys. Mater., University of Basque Country UPV/
EHU, 20018, San Sebastian, Spain.
E-mail address: arkadi.joukov@ehu.es (A. Zhukov).

http://dx.doi.org/10.1016/j.jallcom.2016.10.214
0925-8388/© 2016 Elsevier B.V. All rights reserved.

nanocrystalline ferromagnetic alloys [10,11]. But additionally
rapidly quenching technique can be successfully employed for fast
preparation of metastable and granular materials [6,12].

The main interest in granular materials is related to the GMR
effect [7]. The origin of the GMR effect in granular materials has
been attributed to spin-dependent scattering of the conduction
electrons within the magnetic granules, as well as at the interfaces
between magnetic granules and nonmagnetic matrix [2,3,5,6].
Granular structure can be usually obtained after the recrystalliza-
tion of the metastable alloys prepared from immiscible elements
(typically Co-Cu or Co-Ag) through the annealing. Formation of
such structure is related to the phase diagram of the immiscible
elements. Typically the phase diagram of immiscible alloys at room
temperature presents quite low solubility of the ferromagnetic el-
ements in the metallic matrix. Consequently, after rapid quenching
from the melt the obtained alloys at room temperature usually
form a supersaturated solid solution [2,3,6,12]. Annealing at
adequate conditions allows formation of aforementioned granular
structure consisting of fine magnetic precipitations within the non-
magnetic conductive metallic matrix [2,3,6].

It is worth mentioning that the granular structure is not the
unique origin of the GMR effect in materials prepared from
immiscible elements: the alternative interpretation of GMR effect
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involves Co particles embedded in Cu matrix [9], Co clusters within
a Cu matrix [ 13] or homogeneous spinodal decomposition charac-
terized by long parallel Co-excess stripes [14].

One of the routes allowing miniaturization of rapidly quenching
materials is the utilization of novel techniques for preparation of
composite materials. Thus, Taylor-Ulitovsky technique involving
simultaneous rapid quenching from the melt of thin metallic
microwire coated by glass gained considerable attention [12,15].
This inexpensive and fast preparation process allows preparation of
long uniform glass-coated microwires (up to 10 km) with only a few
grams of the master alloy with the diameter of metallic nucleus
typically ranging from 0.1 up to 70 pm [12,15].

It is worth mentioning that simultaneous rapid quenching from
the melt of the metallic alloy surrounded by the glass coating giving
rise to the internal stresses related to difference in thermal
expansion coefficients of metallic alloys and glass [16—18].

During last few years aforementioned Taylor-Ulitovsky method
has been employed for preparation of Co-Cu and Fe-Cu microwires
exhibiting granular structure and magnetoreistance, MR, effect
[12,19,20]. But as-prepared Co-Cu and Fe-Cu microwires generally
present relatively poor MR effect (below 10%). Recently we reported
that MR effect can be considerable improved by annealing [20].
Additionally we reported on observation of resistivity minimum on
temperature dependence of resistivity in CugsCos microwires [21].

Consequently in this paper, we present our last experimental
results on the influence of annealing conditions on magnetic,
transport and structural properties of Cujgo-xCox glass-coated
microwires paying attention on temperature dependence of
resistivity.

2. Experimental method

Taylor-Ulitovsky technique [12,15-21] has been employed for
preparation of Cujgo-xCox (X = 5,10,20) glass-coated microwires.

Studied CojpCugp glass-coated microwires (total diameters,
D = 20.2 um, metallic nucleus diameter d = 14.7 um have been
prepared using the Taylor-Ulitovsky technique.

Structure and phase composition have been studied using a
BRUKER (D8 Advance) X-ray diffractometer with Cu K, (A = 1.54 A)
radiation.

Magnetic and transport properties have been measured using a
Quantum Design PPMS device (with applied magnetic field up to
90 kOe) in the temperature range 5—300 K. For magnetic and
transport measurements we used 4—5 mm long samples.

The magnetoresistance ratio (MR) is defined as:

AR/R(%) = (R(H) — R(0))x100/R(0) (1)

Where R(H) is resistance at given magnetic field, H, R(0) is the
resistance at H = 0. Because of thin diameters the sample resistance
is not small (a few Ohms). Consequently observed resistivity
changes we of the order from 0.2 to 1 Ohms.

Samples have been annealed in conventional furnace at
annealing temperatures, Ty, = 673 K varying the annealing time,

tann.

3. Experimental results and discussion

After annealing at 673 K even for short time (tgn, = 60 min) we
observed considerable increasing of the MR effect. As an example
AR/R(H) dependences measured in as-prepared and annealed
(tann = 60 min) CugpCoyp samples are shown in Fig. 1.

As-prepared CuggCoyo samples at 5 K present AR/R = 7% simi-
larly to that reported previously [12] (see Fig. 1a). After annealing
we observed considerable increasing of AR/R (see comparison of
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CugoCo20 microwires measured at different temperatures.

AR/R(H) for as-prepared and annealed at Typn, = 673 f K or
tann = 60 min in Fig. 1b). Observed AR/R(H) dependences are typical
for GMR effect showing decreasing with magnetic field, H,
increasing (Fig. 1). It is worth mentioning that recently we already
reported on increasing of AR/R up to 25% for CugpCo2g and CugpCo1g
microwires after annealing [21].

The other difference of as-prepared and annealed samples can
be observed in magnetization curves: after annealing magnetic
field dependence of magnetization (normalized to the value at
maximum applied field), M/Mpmax(H) measured in CugoCojo and
CugsCos samples at 75 K presents saturation, while saturation is not
observed in as-prepared samples measured at the same tempera-
tures (see Fig. 2).

Recently we also reported on resistivity minimum versus tem-
perature, R(T), observed in as-prepared and annealed CugsCos
microwire [20].

We measured R(T) dependences in CuggCojp and CuggCozo
microwires (see Figs. 3 and 4).

As-prepared CuggCojp microwire presents well defined re-
sistivity minimum on R(T) dependence at about 50 K (Fig. 3a). After
annealing the minimum on R(T) dependence still takes place
(Fig. 3b), but the minimum temperature decreases from 50 K to
27 K.

Similar R(T) dependences are observed for CugyCoyo microwire:
well defined resistivity minimum on R(T) dependence of as-
prepared CugyCoyo microwire is observed at about 50 K (Fig. 4). In
annealed CugpCozo sample the minimum on R(T) dependence is still
appreciable, but similarly to CuggCoqp sample the minimum tem-
perature decreases from 50 K to 27 K (Fig. 4).

Usually the resistivity minimum on R(T) dependences is
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Fig. 3. Temperature dependence of resistance, R, measured in as-prepared (a) and
annealed at 673 K (b) CuggCoyp microwire.

attributed to the Kondo effect related to the effect of magnetic
impurities on electron scattering in metals. But in classical Kondo-
systems the content of magnetic impurities in a metal is rather
small (0,002—0,02%) [22]. One of the features of the classical Kondo
effect is the suppression of the R(T) minimum by external magnetic
field. Consequently we studied the influence of magnetic field on
R(T) dependences for both samples. In both as-prepared samples
quite high magnetic field (of the order of 50 kOe for CuggCo1g and
30 kOe for CugpCoyo) is needed to suppress the resistivity minimum
(see Figs. 5a and 6a).

] @

200

Fig. 4. Temperature dependences of resistance, R, measured in as-prepared (a) and
annealed at 673 K (b) Cugg Cozp microwire.
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Fig. 5. Effect of magnetic field on temperature dependence of resistance, R, in as-
prepared (a) and annealed at 673 K (b) CuggCoyp microwires.

It is worth mentioning that from R(T) dependences measured
under different external magnetic field the AR/R value can be
estimated. For CuggCojp microwire after annealing at 673 K for
600 min the 4AR/R = 34% at 5 K (for CuggCozo microwire AR/
R = 32%). These quite singificant 4R/R can be attractive for tech-
nical applications.

Similar tendencies have been recently observed by us in CugsCos
microwires [20].

The other feature of the classical Kondo effect is a resistivity
contribution behaving as In(T). In order to prove it we re-plotted
R(T) dependences in a semi-logarithmic scale. As can be observed

152



A. Zhukov et al. / Journal of Alloys and Compounds 695 (2017) 976—980 979

(a)
451
. 7~ —+—H=0
H= 10 kOe
/" H= 30 kOe
H= 50 kOe
4.0/
0 100 200 300
T(K)
45/ (D)
= 4,0
% —+—H=0
10 kOe
351~ o —+— 30 kOe
. 50 kOe
30] / AR/R=32% ~* 70kOe
0 50 100 150 200 250

T(K)

Fig. 6. Effect of magnetic field on temperature dependence of resistance, R, in as-
prepared (a) and annealed at 673 K (b) CugyCoyq microwires.

for as-prepared CuggCoyg sample the R-Ryin(In T) dependence is not
perfectly linear, although for annealed CuggCoip sample linear
dependence fits better (Fig. 7).

Generally R-Rpin(In T) dependence for CuggCos¢ microwire can
be described much better by the linear approximation (see Fig. 8).

As mentioned above in our case the Co content is relatively high
(10—20%) and consequently minimum temperature can be higher
than in classical Kondo-systems with low impurity content [23,24].

Indeed, certain non-dilute alloys with magnetic impurities can
show a resistance minimum [25,26]. In some cases the Kondo
mechanism provides quite satisfactory quantitative explanation of
the R(T) dependences in these cases. In these systems the inter-

a
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gy :
£ 2 4
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0,03{ ®©
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Fig. 7. R-Rpyn(In T) dependence for as-prepared (a) and annealed at 673 K for 600 min
(b) CugoCoyp samples.
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Fig. 8. R-R,,in(In T) dependence for as-prepared (a) and annealed at 673 K for 600 min
(b) CuggCoyp samples.

impurity interactions are relatively small, and at intermediate and
higher temperatures the magnetic ions act as independent scat-
terers. As a result, in this temperature regime, the Kondo mecha-
nism is applicable.

More detailed structural studies can provide the answer on
origin of R(T) minimum.

Consequently we employed the X-ray diffraction (XRD). The
structure of the metallic core can be interpreted as granular with
two phases: the main one, fcc Cu (lattice parameter 3.61 A), found
in all samples and small amount of hcp Co (lattice parameters
2.51 A and 4.07 A) with grain size between 20 and 40 nm (the
estimation is provided using Debye—Scherrer correlation). The
diffraction peaks of both phases in observed XRD spectra are quite
close to each other and even overlapped (see Fig. 9) and only a
shoulder in the single peak corresponding to a small amount of the
Co phase (presenting also small average grain size) can be observed
in the main Cu peak.

After annealing we observed also broadening of the peaks (as
can be seen for 20 = 50° see Fig. 9) that can be attributed to the Co
precipitation from the solid solution of Co in Cu.

Consequently, we can assume that, after annealing the precipi-
tation of fine Co grains from the metastable structure of CoqoCugg
microwire takes place. This assumption is confirmed by observa-
tion of magnetization saturation in annealed samples (see Fig. 2).

Considering described above R(T) dependences we can assume
that after annealing in solid solution of Co in Cu we'll have less Co
content and this sample can be more similar to the classical Kondo-

2000 —+—annealed at 673 K
—+— as-prepared
1500
=
c
3
1000+
&
500 e At
0
42 45 48 51 54

Fig. 9. XRD patterns of as-prepared and annealed at 673 K for Co1oCugp microwires.
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system (lower R(T) minimum temperature, stronger influence of
magnetic field on R(T) dependence, better semi-logarithmic
fitting). The redistribution of Co in the studied sample after
annealing and formation of either Co grains or lamellar nano-
structures can therefore explain observed dependences.

It is worth mentioning that the other possible reason of the
observed changes can be related to appearance of the nano-
structures typical for the spinodal decomposition [14].

On the other hand for similar Co content in Co-Ag system the
nonmonotonic resistivity temperature dependence was explained
using the two-current model without involving a Kondo mecha-
nism [26].

Consequently, although in most cases our samples present fea-
tures typical for the classical Kondo effect, we must consider also
the other mechanisms responsible for the R(T) minimum, like weak
localization, enhanced electron-electron interaction, scattering of
conduction electrons by structural TLS and scattering of strongly
spin-polarized charge carriers on diluted magnetic moments.

4. Conclusions

We prepared and studied the magnetic properties and magne-
toresistance of Cuqgp-xCox (X = 5,10,20) glass-coated microwires.
As-prepared microwires present MR generally below 7%. After
annealing we observed considerable enhancement of the GMR ef-
fect up to 34% in CugpCoqp microwire and up to 32% in CuggCozq
microwire. We also observed the resistivity minimum on temper-
ature dependence. The temperature of minimum is affected by the
annealing. In both as-prepared and annealed samples R(T) depen-
dence is affected by external magnetic field.

The obtained results can be interpreted considering the for-
mation of the fine Co grains inside the Cu matrix as well as
appearance of lamellar nanostructures allowing enhancement of
the MR effect after annealing.

Considerable enhancement of the GMR effect of the studied
samples after annealing can be useful for technical applications.
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We observed a significant increase of the giant magnetoresistance (GMR) effect
(up to 32% after the adequate annealing) and Kondo-like behavior in CuggCojg
glass-coated microwires. Observed enhancement of the GMR effect can be inter-
preted considering the formation of the fine Co grains inside the Cu matrix as well
as appearance of lamellar nanostructures allowing enhancement of the MR effect
after annealing. Observed experimental data are discussed considering the regions
with higher Co-ions content responsible for the presence of Co inhomogeneities
or clusters and the regions with lower Co-ions content behaving as the magnetic
impurities in the metallic host. Observed resistivity minimum on temperature depen-
dence can be described considering Kondo effect mechanism involving magnetic
impurities in metals. But the other mechanisms responsible for the resistivity min-
imum have been considered. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4973291]

I. INTRODUCTION

Rapid quenching from the melt is quite fast and an effective method for preparation of novel
metastable materials with crystalline, amorphous, nanocrystalline or granular structures with a new
combination of physical properties (mechanical, magnetic, electrochemical. ..)."* Most attention
has been paid to studies of amorphous soft magnets presenting excellent magnetic softness.>* This
magnetic softness is originated from the absence of magnetocrystalline anisotropy in amorphous
alloys.>*

On the other hand, granular or inhomogeneous materials typically formed by immiscible ele-
ments (Co, Fe, Ni)-(Cu, Pt, Au, Ag) attracted considerable attention since the beginning of 1990s.3-¢
The main interest in granular materials is related to giant magnetoresistance (GMR), previously dis-
covered in magnetic multilayered films.” A substantial economic difference between multilayered
thin films and granular materials is the preparation cost: multilayered materials must be fabricated
with multisource MBE and sputtering. The high fabrication cost is an obstacle. On the other hand,
granular materials can be fabricated with much simpler technology.>*%-11

The origin of the GMR effect in granular materials has been attributed to spin-dependent scat-
tering of conduction electrons within the magnetic granules, as well as at the interfaces between
magnetic and nonmagnetic regions.”® These granular inhomogeneous solids can be prepared by

different techniques including mechanical alloying and rapid quenching techniques.®1°

“Corresponding author: A. Zhukov (e-mail: arkadi.joukov@chu.es; phone: +34-943018611; fax:+34-943017130)
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Conventional route for optimization of the GMR effect in granular inhomogeneous materials
involves appropriate recrystallization of the prepared metastable alloys through the annealing allow-
ing formation of a structure consisting of magnetic nano-sized precipitations into conductive metallic
matrix.”!'? Formation of such structure is related to the phase diagram of the immiscible elements.
Typically, at room temperature the ferromagnetic metals present quite low solubility in the metal-
lic matrix. Consequently, rapidly quenched immiscible alloys at room temperature usually form a
supersaturated solid solution.”!”

During last few years studies of glass-coated magnetic microwires prepared using Taylor-
Ulitovsky technique involving rapid quenching from the melt gained considerable attention.*!! This
inexpensive and fast preparation process method allows preparation of long uniform microwires
(up to 10km) with few grams of the master alloy.* The diameter of metallic nucleus typically ranges
from 1 up to 70 um, although preparation of nanowires using almost the same technique is reported. '

Amorphous magnetic microwires can present excellent magnetic properties (giant magne-
toimpedance effect and fast magnetization switching.*!3 Moreover the developed technology is
suitable for mass production.*

On the other hand, strong internal stresses may be induced during the simultaneous rapid solid-
ification of the metallic wire surrounded by the glass coating. The origin of these stresses is related
to different thermal expansion coefficients of metal and glass-coating. The strength of these stresses
depends on thickness of the glass coating and metallic nucleus diameter, which provides another
control mechanism of the magnetoelastic anisotropy in the metallic nucleus.!*1

Essentially the same fabrication method can be employed for preparation of Co-Cu and Fe-Cu
microwires exhibiting granular structure and GMR effect.!""'” But as-prepared microwires Co-Cu
and Fe-Cu generally present GMR effect below 10%.

Quite recently we reported on considerable improvement of the GMR effect after annealing of
Cu-Co microwires and on observation of Kondo-like behavior in CugsCos microwires.'”-!8

On the other hand, there are still open questions as regarding the origin of the GMR effect in
materials prepared from immiscible elements. Thus Co particles embedded in Cu matrix, small Co
clusters within a Cu matrix, homogeneous spinodal decomposition characterized by long parallel Co-
excess stripes are considered by various authors.”!*2 Moreover Kondo-like behavior reported for
CuysCos microwires is quite unusual even for alloys containing 5% Co. Indeed, classical Kondo-effect
is usually observed in alloys with quite low content of magnetic impurities (0,002-0,02 %).%!

Consequently, in this paper, we present our last experimental results on the influence of annealing
conditions on magnetic, transport and structural properties of CugyCojq glass-coated microwires.

Il. EXPERIMENTAL METHOD

Studied CugyCojg glass-coated microwires (total diameters, D ~ 20.2 pm, metallic nucleus
diameter, d ~ 14.7 um have been prepared using the Taylor-Ulitovsky technique.*'>~'® A Co;oCugg
master alloy has been prepared by arc melting of the pure elements in Ar atmosphere. The master
alloy ingot was first placed into a Pyrex tube inside an inductive coil. Once the composite material was
melted (metallic alloy and Pyrex glass coating), it was drawn and wound onto a motorized cylinder
shaped spool. A water jet has been applied to the moving wire for enhancing the quenching rate.
Thin metallic wires (D ~ 20.2 um, d ~ 14.7 um) covered by a Pyrex glass have been obtained using
aforementioned technique.

Structure and phase composition have been studied using a BRUKER (D8 Advance) X-ray
diffractometer with Cu K (1 = 1.54 A) radiation.

Magnetic and transport properties have been measured using a Quantum Design PPMS device
(with applied magnetic field up to 90 kOe) in the temperature range 5 - 300 K. For magnetic and
transport measurements we used 4-5 mm long samples. Electrical contacts were prepared by mechan-
ically removing the insulating glass coating at the very end of microwires. The electrical resistance
has been measured using four probe method.

The magnetoresistance ratio (MR) is defined as:

AR/R (%)= (R (H) - R (0))x100/R (0) (1
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Where R(H) is resistance at given magnetic field, H, R(0) is the resistance at H = (). Because of
thin diameters the sample resistance is not small (a few Ohms). Consequently, observed resistivity
changes we of the order from 0.2 to 1 Ohms.

Samples have been annealed in conventional furnace at annealing temperatures, T, =400°C
varying the annealing time, #,,,. Since all the samples are coated by the insulating glass coating the
annealing has been performed on air (without any inert gas or vacuum).

lll. EXPERIMENTAL RESULTS AND DISCUSSION

The magnetization curves, M(H), of studied CugyCojp microwires measured at temperatures
5 -150 K are shown in Fig. 1. M(H) of as-prepared sample measured at 5 K exhibits saturation
(see Fig. 1). For higher temperature (above 75 K) M(H) dependences are almost linear. After annealing
the saturation has been observed at least up to 80 K in the same sample (Fig. 1(b)).

As-prepared CugpCojo samples present magnetoresistance, AR/R, of about 5% similarly to that
reported previously!! (see Fig. 2(a)). After annealing we observed gradual increasing of AR/R (see
comparison of AR/R(H) for as-prepared and annealed at 400°C for f4,, = 1h and Sh). After long
enough annealing we observed increasing of AR/R up to 32% (see Fig. 2(b)). This behavior is similar
to that recently reported by us for CugsCos and CugyCoo microwires.! 78 But AR/R values observed
in studied CugyCojo microwires (AR/R ~ 32%) are higher.

The behavior of AR/R(H) curves is typical for GMR effect showing decreasing with magnetic
field, H, increasing (Fig. 2(a)).

In order to analyze the origin of the GMR effect we compared the temperature dependence of
AR/R and M? for studied as-prepared and annealed CugpCojo microwire (see Fig. 3). We observed
qualitative correlation for all temperature range.

0,0041 (a)
0,002
E
£ 0,000
‘9; ) 5K
=-0,002 ik
150K
-0,004-

40 20 0 20 40
H(kOe)

00005{ (D) —
= /
g 00000 :
= 7/ -35K
i 50K
g 80K
0,0005
40 20 0 20 40

H(kOe)

FIG. 1. Magnetization curves, M(H), in as-prepared (a) and annealed at 400°C for 10 h (b) CugyCoj( sample measured at
different temperatures.
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FIG. 2. Effect of annealing (74, =400°C) on GMR effect of CugpCoyg microwires (a) and dependence of GMR effect on
annealing time (b). Real resistance variation with magnetic field in the sample annealed at 400°C for 1 h measured at 5K is
shown in the inset of Fig. 2(b).

As described elsewhere,® a number of magnetic systems exhibit large negative MR. In multilayers
and granular systems, the MRs can be saturated under a sufficiently large magnetic field when
ferromagnetic alignment is achieved. In our case we did not observe the saturation even at high
magnetic field (see Figs. 2(a) and 2(b)). This behavior is typical for spin glasses and alloys containing
small magnetic clusters, where the large negative MRs cannot be readily saturated by the field due
to the inability to accomplish ferromagnetic alignment of all the moments. Consequently, we can
only assume that studied samples are magnetically inhomogeneous or disordered on the scale of the
mean-free path.

The other peculiarity of studied as-prepared CugpCojy samples is that surprisingly they present
well-defined resistivity minimum at rather high temperature (about 50K, see Fig. 4). This minimum
is affected by applied magnetic field, but in as-prepared sample can be totally suppressed by rather
strong magnetic field (about 70 kOe). After annealing the resistivity minimum on R(7) dependence
still persists, but this minimum can be suppressed by much lower magnetic field, i.e. by H# =10 kOe
(Fig. 4(b)).

Usually the resistivity minimum is attributed to the Kondo effect related to the magnetic impurities
in metals. But, as mentioned above, classical Kondo-effect is usually observed in alloys with quite
low content of magnetic impurities (0,002-0,02 %) and the scattering processes on these magnetic
impurities could give rise to a resistivity minimum on R(T) dependence.!

Typically in the case of classical Kondo effect the magnetic field suppresses the resistivity
minimum. The temperature of R(7T) minimum is usually much lower, but relatively high Co content can
be the reason of the higher minimum temperature.”> Considering high Co content we can expect the
interaction between magnetic Co-ions and therefore suppression of the Kondo effect. The existence
of Co inhomogeneities or clusters can be assumed from the magnetic saturation observed at low
temperatures (see Fig. 1).
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FIG. 3. Temperature dependences of AR/R and M? for as-prepared (a) and annealed at 400°C (b) CugyCo) microwires.

The other feature of the classical Kondo effect is a resistivity contribution behaving as In(T).
In order to prove it we re-plotted R(7) dependences in a semi-logarithmic scale (see Fig. 5). As can
be observed, the R-R,,;,(In T) dependence is not perfectly linear, although for annealed CugyCoyg
sample linear dependence fits better.

Consequently, after annealing magnetic and transport properties are rather different from as-
prepared CugyCojo microwires.

More detailed structural studies can provide additional information on origin of R(T) minima.

Consequently, we employed the X-ray diffraction (XRD). The structure of the metallic core can
be interpreted as granular with two phases: the main one, fec Cu phase (lattice parameter 3.61 A),
found in all samples and small amount of hcp Co phase (lattice parameters 2.51 A and 4.07 A),
obtaining an evaluation of the grain size between 20 and 40 nm. The grain size, Dg, of the crystals
formed in each case can derived from Scherrer’s equation:

K2

e 2
£cos 26 @

8

where, K is a dimensionless shape factor, with a value close to unity. The shape factor has a typical
value of about 0.9, but varies with the actual shape of the crystallite. &, is the half height width of the
crystalline peak, and 26 is the angular position of the maximum crystalline peak.

The Co phase shows a diffraction peak which is very close to the Cu one and, in fact, on those
compositions with low Co concentrations, the Co peak is only seen as a shoulder in the high angle
side of the Cu peak.”® The diffraction peaks of both phases in observed XRD scans are quite close to
each other and even overlapped (see Fig. 6(b)) and only a shoulder in the single peak corresponding
to a small amount of the Co phase (presenting also small average grain size) can be observed in the
main Cu peak. This fact is only observed when the peak in Fig. 6(b) is seen at very precise scale. The
simple view of Fig. 6(b), where the annealed sample shows a wider peak than the as cast one in the
high angle 20 side, leads to deduce the existence of the peak corresponding to the Co phase.
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FIG. 4. Effect of magnetic field on temperature dependence of resistance, R, in as-prepared (a) and annealed (b) CuggCojg

microwires.

Then, we deduced considerable preferred orientation of the grains visible from the peak inten-
sities. Usually the peaks at 2 ©~43.95° in Co-Cu granular alloys without texture present the highest

intensity.”?

After annealing, it can still be found a marked preferred orientation in the sample, although
intensities of each peak change with the treatment. When we look into the details, we clearly observed
a broadening of the peaks (especially for ones at 20~50, see Fig. 6(b)) that must be attributed to the
Co precipitation from the solid solution of Co in Cu matrix. This broadening has been estimated as
0.3° to 0.5° (in the high angle side of the peak) and this means that the concentration of the Co phase

is increased with the annealing.

0.10

0.05 4

(Ohm)

R- len

0.00

—=—annealed

as-prepared

In T(K)

FIG. 5. R-Rpin(In T) dependence for as-prepared and annealed at 400°C CuggCoyg microwires.
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Consequently, we can assume that, after annealing the precipitation of fine Co grains from the
metastable structure of Coj9oCugg microwire takes place.

It is worth mentioning that the other possible reason of the observed changes can be related to
appearance of the nanostructures typical for the spinodal decomposition.>!

On the other hand it is known that amorphous and disordered materials can exhibit a minimum on
temperature dependence of resistivity or decreasing of the resistivity with temperature increasing.”*%>
Studied CugyCojp microwires present crystalline structure. But high degree of disorder related to
the preparation method involving rapid quenching from the melt can be the origin of the unusual
temperature dependence of resistivity.

Consequently, observed features of the resistivity minimum can be described considering Kondo
effect mechanism involving magnetic impurities in metals. But, besides the classical Kondo effect,
we must consider also the other mechanisms responsible for the R(7) minimum, like weak localiza-
tion, enhanced electron-electron interaction, scattering of conduction electrons by structural TLS,
scattering of strongly spin-polarized charge carriers on diluted magnetic moments and disordered
structure. The fact that R(7) minimum is affected by the magnetic field supports the classical Kondo
effect contribution. On the other hand, non-homogeneous and broad Co ions distribution and atomic
disorder mentioned above can give rise to the other mechanisms.

It is worth mentioning that for similar Co content in Co-Ag system the nonmonotonic resistivity
temperature dependence was explained using the two-current model without involving a Kondo
mechanism.20 Additionally recently we reported on similar behavior in CosCugs microwires with
lower Co content.'”

The fact that the minimum on R(7) dependence of annealed sample is suppressed by much lower
magnetic field must be attributed to the redistribution of Co in the studied sample after annealing and
formation of either Co grains or lamellar nanostructures.

20001 (@)
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FIG. 6. XRD patterns of as-prepared (a) and annealed at 400°C for 24 h (b) CuggCoy¢ microwires.
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The fine granular structure obtained after annealing allows also the enhancement of the MR
effect in the studied CojoCugp microwire up to 32%.

IV. CONCLUSIONS

We prepared and studied magnetic properties and magnetoresistance of CugyCojo microwires.
As-prepared microwires present MR of about 5%. After annealing we observed considerable enhance-
ment of the MR effect from 5 up to 32%. We also observed resistivity minimum on temperature
dependence. The temperature of minimum is affected by annealing. In both as-prepared and annealed
samples R(T) dependence is affected by external magnetic field.

The obtained results can be interpreted considering the formation of the fine Co grains inside the
Cu matrix as well as appearance of lamellar nanostructures allowing enhancement of the MR effect
after annealing. Observed resistivity minimum can be described considering Kondo effect mechanism
involving magnetic impurities in metals. But, besides the classical Kondo effect, we must consider also
the other mechanisms responsible for the R(7) minimum, like weak localization, enhanced electron-
electron interaction, scattering of conduction electrons by structural TLS, scattering of strongly
spin-polarized charge carriers on diluted magnetic moments and disordered structure.
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Ribbons of composition CosgNig1Gazg have been prepared by melt-spinning method. X-ray diffraction in-
vestigation revealed single phase with B2 structure at room temperature. However, analysis of magnetization
dependence of temperature suggests phase transition in the range 150-250 K. Resistivity measurements revealed
similar transition with shift to higher temperatures in the presence of magnetic field.
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1. Introduction

Ferromagnetic superelastic alloys (FSA) have at-
tracted scientific attention in recent years, since they are
perspective materials that can be used as sensors and ac-
tuators |1]. Properties of superelastic change are mostly
influenced by martensitic transformation (MT), which
appears between two solid phases called martensite and
austenite by coordinated shear relocation of atoms over
very short distances (usually in order of A). It can be trig-
gered by a stress, by a temperature and, in the case of
the ferromagnetic alloys |2|, by a magnetic field change.
Thus, ferromagnetic superelastic materials have advan-
tage in having one more control parameter. Austenite is
high temperature phase and it is stable without stress.
Martensite is low temperature phase and it is stabilized
by stress. Variations between crystal structures of both
phases and their lattice parameters result in strain. It is
known from studies on single crystals that we can achieve
maximum strain in one direction that is strictly deter-
mined by shape of both changing crystal structures [3].
Some applications require preferred crystal orientation,
which can be used to achieve maximum strain in defined
direction.

So far, many alloys with aforementioned properties
have been discovered, for example alloys NiMnGa [2-
4], FePd [5], CoNi(Al or Ga) [6-9], FeMnAINi [10, 11],
Co2CrGaSi [12], or FSA are usually produced by arc-
melting [6, 9, 11, 12|, by rapid solidification method, or by
growing of single crystals [4, 10] with additional anneal-
ing. However, melt spinning method can help to avoid

*corresponding author; e-mail: jakub.mino@student.upjs.sk

long-term annealing (or at least significantly reduce it)
keeping good qu ality of highly textured polycrystalline
ribbons [13]. So far, there has been successful progress
on rapidly quenched ribbons, where only short-term an-
nealing is required to relax the induced internal stress [7].

In this work, we show that rapid quenching method
is efficient method for producing a ferromagnetic supere-
lastic alloy that is in a single phase at room temperature
and shows phase transformation with different magnetic
properties of both phases.

2. Experimental

Master alloy with off-stoichiometric composition of the
Heusler alloys (Co9Niz; Gagp) have been produced using
arc melting method in an argon atmosphere from highly
pure elements (Co — 99.9 1%, Ni — 99.95| %, Ga —
99.99%). Ribbon have been produced from master alloy
using melt spinning technique in a helium atmosphere.
Tangential speed of surface of a copper wheel was set to
20 m s ! Scanning electron microscope (SEM) JEOL
6100 operated at 30 kV was used to examine the mi-
crostructure of the sample and it was equipped with X-
ray energy dispersive spectroscopy system (EDX) Inca
Energy 200. SEM ran in secondary electrons detection
mode. X-ray diffractometer (XRD) RTG Philips Xpert
Pro equipped with Cu anode (K1, A = 0.154089 nm)
was used to study structure of produced ribbons. Mag-
netic measurements were carried by Quantum Design
physical property measurement system (PPMS) and by
magnetic properties measurement system (MPMS) in the
5-400 K temperature range under the external magnetic
field up to 50 kOe. Electric current used in resistivity
measurements have been set to 1 mA. Sample was longi-
tudinally oriented to the magnetic field in both measure-
ment systems.

(1075)
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3. Result and discussion

Microstructure analysis provided by SEM revealed
polycrystalline structure with a size of crystallites vary-
ing between 10 to 30 pm. Thickness of the ribbon
is 30 pm (measured from the SEM picture of cross-
section shown in Fig. 1). Directional growth of crys
tallites (perpendicular to ribbon plane) is most probably
caused by strong thermal gradient created during rapid
quenching. EDX analyses confirmed nominal composi-
tion Cogg.4Nisg.sGaszo.o, which corresponds well with de-
sired one (Fig. 2). Analyses were taken from 5 sites on
three different pieces of ribbon and deviation from nom-
inal composition was +0.8%. Sufficient homogeneity of
sample was achieved without long-term annealing of mas-
ter alloys comparing to [7].

10 um

Fig. 1. SEM picture of ribbon cross-section and the
surface of ribbon plane with marked grains.
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Fig. 2. X-ray diffraction pattern of CogoNiziGago rib-
bon measured at room temperature.

X-ray diffractogram measured at room temperature
shows single phase considered to be B2 crystal struc-
ture (Y-Z disorder of L2; Heusler alloy) [14]. Lattice
parameter for the phase was determined to be 2.857 A.

Magnetic characterization revealed a structural transi-
tion at the temperature below room temperature. Trans-
formation occurs between high-temperature austenite
and low-temperature martensite phase (Fig. 3). XRD

J. Mino et al.

of austenite phase corresponds to Ref. [6] and it crys-
tallizes in body centered cubic (bee) crystal structure,
so according to |6 martensite phase should crystallize in
face centered tetragonal (fct) structure at low tempera-
ture.
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Fig. 3. Magnetization dependence on temperature of
Co49Ni2 Gago ribbon determines phase transformation
range. Dotted lines represent temperatures used for hys-
teresis loops measurement.

The phase transformation exhibits a hysteresis, from
which MT temperatures were obtained. Austenite start
temperature (A;) was determined to be 179 K austenite
finish temperature (Af) to be 252 K. Martensite phase
transformation starts (M) at 216 K and finish (M) at
149 K. The transition of polycrystalline sample is spread
into the wilder temperature range contrary to single crys-
tal [8].

Both phases have different saturated magnetization
and magnetocrystalline anisotropy, that was confirmed
by measurements of hysteresis loops.

——90K
014 — 177 K heating
177 K cooling

= 265K
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Fig. 4. Hysteresis loops of Cos9Niz;Gase ribbon in
austenite, martensite, and in the middle of the MT. Dot-

ted line represents magnetic field used for temperature
dependence of magnetization.

Hysteresis loops (shown in Fig. 4) were taken at differ-
ent temperatures: at full-martensite temperature (90 K),
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twice during the transition (177 K) on cooling and heat-
ing cycle, at full austenite temperature (265 K). Hys-
teresis loops indicate that low-temperature phase is more
anisotropic.
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Fig. 5. Temperature dependence of resistance of

Co4gNi2 Gago ribbon.

Resistivity dependence on temperature (Fig. 5) con-
firms MT with M, = 215 K and for M; = 155 K in
accordance with magnetic measurements. M, and My
dependence on magnetic field does not reveal monotonic
increase (Table 1), since these temperatures are sensi-
tive to local changes of structure in alloy. On the other
side, inflex points of resistivity dependence on tempera-
ture (where major part of transition takes place) shows
almost monotonic increase with applied magnetic field.

TABLE I

Martensitic transformation temperature
taken from resistivity measurements.

OF | T | 2°F | 6T
martensite start | 215 | 230 | 230 | 220

inflex point 191 | 200 | 199 | 210
martensite finish | 155 | 151 | 163 | 164

4. Conclusions

Ferromagnetic superelastic alloy Cos9NiziGagg has
been produced by melt spinning method. The alloy
was characterized as single phase with B2 structure.
Magnetic measurements revealed phase transformation
in temperature range 149-252 K. From resistivity mea-
surement, we can see that it is possible to shift MT tem-
peratures to higher temperatures.
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