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Abstrakt

Diplomová práce je v¥nována komplexnímu výzkumu strukturních a magnetic-

kých vlastností amorfních dvouvrstvých Co69Fe2Cr7Si8B14/Co59Fe12Cr7Si8B14 (Co/Co)

pásk 
u. Jejich povrchové a objemové vlastnosti a vlastnosti rozhraní byly porovnány

s odpovídajícími jednovrstvými pásky a dvouvrstvými CoSiB/FeSiB (Co/Fe) pásky

detailn¥ zkoumanými jiº d°íve v bakalá°ské práce. V²echny pásky byly p°ipraveny

rychlým tuhnutím taveniny s vyuºitím metody rovinného lití. Je ukázáno, ºe obje-

mové mikrostrukturní a magnetické vlastnosti dvouvrstvých pásk 
u v p 
uvodním stavu

i po tepelném zpracování jsou výrazn¥ji ovlivn¥ny chemickým sloºením strany, která je

b¥hem p°ípravy v kontaktu s okolní atmosférou. Analýza tenkého rozhraní (tlou²�tka

men²í neº 1 µm) nov¥ zahrnuje také metodu pro pozorovaní magnetických domén po-

mocí magneto-optické Kerrovy mikroskopie. Dlouhodobé ºíhání zlep²uje magnetické

vlastnosti, ale sou£asn¥ ovliv¬uje po£átky krystalizace na povrchu Co/Co pásku.

Klí£ová slova: Dvouvrstvé pásky, mikrostruktura, magnetismus, ºíhání,

povrchové a objemové vlastnosti.

6



Abstract

The diploma work is devoted to the complex structural and magnetic investiga-

tions of the soft magnetic amorphous bilayered Co69Fe2Cr7Si8B14/Co59Fe12Cr7Si8B14

(Co/Co) ribbons. Their surface, bulk, and interface properties are compared with the

properties of corresponding single-layered ribbons and the CoSiB/FeSiB (Co/Fe) bilay-

ered ribbons analyzed previously in the bachelor work. All samples were prepared by

rapid solidi�cation of a melt using planar �ow casting method. It is shown that the bulk

microstructural and magnetic properties of the bilayered ribbons in both initial and

thermally treated states are more outstanding in�uenced by the chemical composition

of the side which is during ribbon processing in contact with air atmosphere. Analysis

of thin interface (thickness lower than 1 µm) newly comprehends a method for obser-

vation of magnetic domains using the magneto-optical Kerr microscopy. Relaxation

of the sample properties is checked by annealing at temperature 423 K for di�erent

times. Long-time annealing contributes to an improvement of the soft magnetic prop-

erties but simultaneously initializes the nucleation of crystallites on the surface of the

Co/Co ribbons.

Keywords: Bilayered ribbons, microstructure, magnetism, annealing, surface

and bulk properties.
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List of signs and symbols

Symbol Means

Bobs observed pro�le width

Bstd standard integral pro�le width

Bstruct structural broadening

dmean mean crystallite size

H magnetic �eld intensity

Hc coercive �eld

K crystalline shape factor

ML longitudinal magnetization component

Mr remanent magnetization

Ms saturation magnetization

MT transversal magnetization component

Ra arithmetical mean deviation of the surface roughness

Rq root-mean-square deviation of the surface roughness

θ angle of incidence of X-ray radiation

λ wavelength of light

λs magnetostriction coe�cient

ϵ lattice strain
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List of abbreviations

Abbreviation Means

AFM Atomic Force Microscopy
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BL Bi-layered
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Co/Fe Co72.5Si12.5B15/Fe77.5Si7.5B15

EDX Energy Dispersive X-ray spectroscopy

FWHM Full Width at Half Maximum

MO Magneto-Optical

MOKE Magneto-Optical Kerr E�ect

MOKM Magneto-Optical Kerr Microscopy

PFC Planar Flow Casting

RT Room Temperature

SEM Scanning Electron Microscopy

SL Single-Layered

TMC Thermo-Magnetic Curves

VSM Vibration Sample Magnetometer

XRD X-Ray Di�raction
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1 Introduction

It is well known that Fe- and Co-based amorphous and/or nanocrys-

talline ribbons are widely used as ultra-soft magnetic materials in various

applications, among others also in sensorics [1]. About twenty years ago a

few scienti�c groups introduced a new type of bilayered sensors based on a

junction of a low magnetostrictive amorphous ribbon to a plastic sheet or

to a non-magnetic carrier ribbon having a markedly higher thickness and

the magnetostriction coe�cient [2�4]. A stand-by connection of di�erent

materials induces either tensile or compressive stresses into the magnetic

part of a sensor. As it was found the relative permeability of an amor-

phous ribbon depends linearly on stress. This is valid in a speci�c range

of mechanical straining; moreover this dependence can be easily controlled

by the thickness ratio of connected both sheet/ribbon and ribbon/ribbon.

Such bilayered sensors with tunable sensitivity found their applications

mainly in medicine, e.g. for the monitoring a lung ventilation, knee joint

bending, heart activity, or chest wall displacements [2, 3]. The principal

problems of this type of sensors were connected with a very poor mutual

adhesion of both materials. Therefore the e�orts of various laboratories

were concentrated on a fabrication of monolithic amorphous bilayered rib-

bons. One of the possibilities has been the conventional method of planar

�ow casting (PFC). The e�orts to use this relatively low-cost technology for

production of various components were connected with attempts to com-

bine di�erent elements and to prepare amorphous and/or nanocrystalline

materials with often unexpected and unique physical properties. The �rst

experiments have used separate crucibles placed bumper-to bumper with

melts of di�erent compositions. Bilayered ribbons produced in such a way
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had strongly inhomogeneous properties of both layers. Later two crucibles

were replaced by a single crucible with a partition panel dividing the cru-

cible into two parts for two di�erent melts. Nozzles at the bottom of

crucible are close to each other and allow ejection of both melts on the ro-

tating wheel almost simultaneously. This technique was tested for the �rst

time in 1991 with two di�erent precursors, FeNiB and CoFeCrSiB [5�7].

Since that time the method was signi�cantly improved and currently it

allows one to prepare bilayered ribbons of various material combinations,

e.g. CoSiB/FeSiB [8], FeCuNbSiB/FeNbSiB [9] etc. A practical usage of

these materials can be documented also by the FeMnSi/SiFe ribbons that

were newly developed for materials convenient for ferromagnetic shape-

memories [10].

The aim of the present diploma work is the investigation of the bilay-

ered (BL) Co69Fe2Cr7Si8B14/Co59Fe12Cr7Si8B14 (Co/Co) ribbons prepared

by modi�ed PFC technology. The whole work consists of four chapters;

Chapter 1 is devoted to an introduction into the topic, Chapter 2 provides

an utmost complex analysis of the microstructure and physical properties

of the as-quenched (AQ) Co/Co samples and compares them with those

obtained at Co72.5Si12.5B15/Fe77.5Si7.5B15 (Co/Fe) ribbons investigated pre-

viously in my bachelor work [11]. Within the surface and bulk studies we

have newly included the properties obtained along the cross-section of

both bilayered ribbons. Especially method for visualization of magnetic

domains at cross-section is highly innovative and enables observation of

domain patterns in individual layers of bilayered ribbon from the surface

towards the interface. Detected di�erences between both BL ribbons are

evoked mainly by dissimilar magnetostrictions done by a composition of
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individual layers contributing to origin of strains and thereby to smaller

or higher coiling of the ribbon.

Chapter 3 is devoted to the changes in the physical and microstruc-

tural properties of BL Co/Co ribbon and single-layered (SL) ribbons of

corresponding compositions owing to annealing. Temperature of 423 K

was chosen pursuant to the thermomagnetic curve (TMC) measurements

as suitable for thermal relaxation analysis. Behaviour of magnetic and mi-

crostructural properties in dependence on the annealing time was checked

by experimental methods sensitive to the bulk and surfaces. Improvement

of the soft magnetic properties and only low changes in the magnetization

saturation values indicates positive in�uence of long-time annealing.

13



2 As-quenched Co69Fe2Cr7Si8B14/Co59Fe12Cr7Si8B14 rib-

bons

The studied Co69Fe2Cr7Si8B14/Co59Fe12Cr7Si8B14 (Co/Co) as-quenched

(AQ) ribbons, 36 µm thick and 8 mm wide, were prepared by the modi-

�ed Planar Flow Casting (PFC) technology [9,11]. As was mentioned, the

recently upgraded PFC uses one crucible divided into two parts ended by

nozzles close to each other. This allows ejaculating two melts of di�erent

and/or the same compositions practically simultaneously on the rotating

copper wheel and ensures better homogeneity of the layers and an interface.

The Co69Fe2Cr7Si8B14 side was during preparation in contact with a rotat-

ing wheel (matt or wheel side), while the opposite Co59Fe12Cr7Si8B14 layer

(shiny or air side) was in contact with the surrounding atmosphere. Results

obtained on the bilayered (BL) Co/Co AQ ribbons were compared (i) with

the corresponding single-layered (SL) Co-based ribbons and (ii) with our

previous works [8,11] provided on the BL ribbonsCo72.5Si12.5B15/Fe77.5Si7.5B15

(Co/Fe) prepared by the same technology.

The coiling of the produced BL ribbons either along their length (lon-

gitudinal direction) or width (transverse direction) is strongly in�uenced

by the magnetostriction coe�cients λs of the material used. Values of λs

of individual layers measured by direct method [12] are summarized in

Table 2. The bigger di�erence in the λs between CoSiB and FeSiB layers

shown in Table 2 causes clearly visible coiling of the Co/Fe ribbon, whereas

the Co-side forms the concave surface and the opposite Fe-side the convex

surface. On the other hand only very small coiling is visible at Co/Co

ribbon due to the similar composition of both layers. The coiling cannot
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be completely neglected because of the PFC technology alone. It is to note

that both BL ribbons are more brittle as compared to their SL analogs,

partially due to dissimilar λs and partially due to a strain originating in a

stand-by connection of two materials.

Table 1: Investigated bilayered ribbons and their magnetostriction coe�cients.

ribbon layer side λs (ppm)

Co/Co Co69Fe2Cr7Si8B14 wheel -1.0

Co59Fe12Cr7Si8B14 air +4.0

Co/Fe Co72.5Si12.5B15 wheel -2.6

Fe77.5Si7.5B15 air +32.0

In the following parts the microstructure and magnetic properties of

mentioned ribbons are investigated from the viewpoint of the surface, bulk,

and interface.

2.1 Microstructural properties

The microstructural properties were investigated by Scanning Elec-

tron Microscopy (SEM) and X-Ray Di�raction (XRD). A TESCAN LYRA

3XMU FEG/SEM scanning electron microscope equipped with an Oxford

Instruments Energy Dispersive X-ray Analyzer X-Max 80 (EDX) and by

applying an accelerating voltage of 15 kV was used for the microstructure

studies and determining the element concentration pro�les across the BL

ribbons. It was further completed with nanoindentation measurements.

An Xâ��PERT â�� PRO di�ractometer with Co Kα radiation (λ =

0.17902 nm) in a Bragg-Brentano geometry was used to con�rm the amor-

phous structure of ribbons eventually to detect nanocrystallization. The
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measurements were done in an interval of 2θ between 40◦ to 80◦ with a

step of 0.008◦ at room temperature from both sides of BL samples and the

corresponding (wheel or air) sides of SL samples. The penetration depth

of γ-rays is approximately 10 µm. The PI85 pico-indenter by Hysitron was

used for the micro-hardness and Young's modulus measurements using the

constant load of 15 mN on cross-section of the BL sample.

2.1.1 Structure

The results of the XRD measurements of the BL and SL Co/Co samples

are shown in Fig. 1. It is well seen, that no sharp peaks, which are typical

for crystalline structures, are present. The broad peaks at 53.43◦ and

53.47◦ represent the amorphous structure taken from the air and wheel

sides of the BL Co/Co sample, respectively. Positions of peaks in the BL

sample are in good agreement with positions of peaks of the SL samples

of corresponding compositions. The observed small shift of both peaks

(53.46◦ and 53.58◦) to higher angles can be ascribed to experimental error.

For the sake of completeness it is to note that also the structure of Co/Fe

samples was fully amorphous without any signs of crystallization.

2.1.2 Cross-section

For cross-section investigations the BL samples were �xed in a spe-

cial holder (Fig. 2) providing su�cient stability and compactness during

loading. The grinding and polishing were done to guarantee the surface

smoothness and �atness. After that the cross-section surface was covered

by carbon to guarantee a good electrical conductivity.

The cross-sectional microstructure and indentations of both BL sam-
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Figure 1: X�ray di�raction patterns of SL (left) and BL (right) Co/Co ribbons.

Figure 2: Schematic picture of the sample holder used for the cross-sectional structure

observations and nanointendation measurements.

ples are seen in Fig. 3 on the left, while the element concentration pro�les

measured in steps of ≈ 2 µm and microhardness with Young's modulus

are seen on the right. Co/Co sample exhibits very narrow interface almost

invisible in the SEM picture (Fig. 3a) due to the similar element composi-

tions of both layers. This re�ected in a sharp change of the concentration
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pro�les at the interface (< 1 µm) in EDX graph and by nearly step change

in both hardness and Young's modulus dependence (Fig. 3 right above).

On the other hand, the interface of Co/Fe sample is much broader as

seen on micrographs (Fig. 3 c, d [8]). It ranges between point 7 from

the wheel side close to point 10. Nevertheless its thickness is not ho-

mogeneous along the ribbon. In some places the thickness was around 6

µm, in some only 2 µm. EDX analysis con�rms much slower transition

of elements across the interlayer featured by mixing of Co and Fe atoms.

Both mechanical characteristics depicted in Fig. 3 (right panel, bottom)

change almost continuously from one side to the other. As was shown

in the previous studies [8] the origin of an interlayer of variable thickness

along the ribbon volume in�uences mainly the bulk magnetic properties

like the shape of thermomagnetic curves and/or the value of the Curie

temperature. Newly, in the next subsection, we will demonstrate how the

transition of the elements a�ects also the magnetic domain structure at

the cross-section.
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Figure 3: SEM pictures of microstructure and indentation (left), concentrations of

basic elements and microhardness with Young's modulus (right) for the Co/Co (a, b)

and Co/Fe (c,d) ribbons.

19



2.2 Magnetic properties

Surface magnetic properties of ribbons were studied using the magneto-

optical Kerr e�ect (MOKE) experiments. We have used two MO con�gu-

rations schematically depicted in Fig. 4. The �rst measurements (Fig. 4a)

were done using s- or p-polarized red light (λ = 670 nm) that incidents

the sample surface at the angle of about 45◦. Measured surface hysteresis

loops represent the dependence of re�ected beam intensity on the applied

external magnetic �eld. They are obtained from the surface area corre-

sponding to the diameter of an incident laser beam (≈ 0.3 mm) and from

the depth of about 20 nm. We measure the MO angle of the Kerr ro-

tation that is proportional to the longitudinal magnetization component

ML lying in the sample plane and plane of incidence of the light. Mag-

netic �eld is generated by the air coil in the sample plane along the ML.

MOKE hysteresis loop measurements were supplemented by observation

of the surface magnetic domain structure using the MO Kerr microscopy

(MOKM).

For the second con�guration (Fig. 4b) which enables observation of the

magnetic domains at the cross-section of the BL ribbon a special sample

holder was needful. The sample holder shown in the previous subsection

and used for the measurements of the cross-sectional microstructure, ele-

ment distribution, and mechanical characteristics was suitable also for the

magnetic measurements.

The bulk magnetization curves were measured using the vibrating sam-

ple magnetometer (VSM) Microsense EV9 at maximal magnetic �eld±12.5

kA/m. The thermomagnetic curves, obtained on the small samples of 3

mm in diameter, were taken by VSM manufactured by EG& G Princeton
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Applied Res. Corporation. The measuring parameters: external magnetic

�eld of 4 kA/m, temperature increase of 4 K/min, vacuum of approx. 10

mPa, and temperature range from the room temperature (RT) up to 1100

K, were maintained the same for all samples.

2.2.1 Surface

Fig. 5 shows the results of the MOKE obtained at both surfaces of the

Co/Co sample which was �xed for this observation on the planar sample

holder. By focusing the light on the di�erent places on the air ribbon

side almost rectangular hysteresis loops with the fast reversal and typical

band magnetic domains, well visible in Fig. 5 right, were measured. This

indicates that direction of the easy magnetization axis lies close to the

ribbon axis. Although the sample was almost not coiled, we suppose that

the mentioned way of the sample �xing was responsible for inducing the low

uniaxial anisotropy. The main reason for this is the absence of �ngerprint

domains typically occurring at AQ ribbons that originate in the local places

due to the presence of planar compressive stress. On the other hand wide

band domains are the consequence of tensile stress induced by the way of

sample �xing.
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Figure 4: Magneto-optical con�gurations of the surface and cross-sectional studies.

Subplots (a) and (b) correspond to the setting of the light focused on the surface and

cross-section, respectively. ML and MT denote in-plane longitudinal and transversal

magnetization components, parallel and perpendicular to the applied magnetic �eld H.

Figure 5: MOKE hysteresis loops measured at both surfaces of bilayered Co/Co ribbon

(left subplot) and corresponding magnetic domains (right subplot) at air surface.
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Figure 6: MOKE hysteresis loops measured at BL Co/Fe ribbon (left panel) and

corresponding magnetic domain patterns observed at air surface (right panel).

More complicated hysteresis loops re�ecting a presence of two di�erent

magnetic phases were observed at the wheel surface (Fig. 5 left, dotted

line). The �rst phase is saturated approximately at the same magnetic

�eld as the phase on the air side, while the second phase exhibits magnet-

ically harder behaviour and the saturation at about 2.4 kA/m. A similar

hysteresis loop was detected at FeSiB ribbons in the AQ state and the

origin of two magnetic phases was ascribed to the presence of the FeSi and

FeB amorphous clusters yielding various magnetic properties. According

to this observation the formation of the (Co,Fe)Si and (Co,Fe)B amor-

phous clusters can be expected also at Co/Co ribbons. Magnetic domains

using the MOKM were not observed at wheel side because of the markedly

higher surface roughness in comparison to the opposite air side.

The surface hysteresis loops and magnetic domains of Co/Fe ribbons

are shown in Fig. 6. To realize these measurements the sample has to be

straightened and adherent on the planar sample holder. This has induced a

compressive force and consequently the magnetic anisotropy perpendicular

to the sample surface. Both hysteresis loops (taken from the wheel and

air sides) clearly indicate the presence of hard magnetization axis (Fig. 6
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left). The observed �ngerprint domains (Fig. 6 right) are the consequence

of the local anisotropy with easy axis perpendicular to the surface.

Magnetic anisotropy of the ribbons can be controlled by applying uni-

form tensile or planar compressive stress. In such a way induced anisotropy

overcomes the local stresses from preparation process and ribbons are then

mainly used as magnetic sensors with tunable sensitivity. Application of

stress is often combined together with the ribbon annealing.

In our case the anisotropy was controlled by coiling of the SL and BL

Co/Co samples into the form of toroids. The outer side of the toroid is

in�uenced by the tensile stress in the ribbon axis, while the inner side is

exposed to the compressive stress in the ribbon plane perpendicular to the

ribbon axis. The strain changes linearly from the compression on the inner

side of the ribbon to the extension on the outer side. However, the induced

uniaxial magnetic anisotropy depends also on a sign of magnetostriction

coe�cient λs.

A situation for the SL Co59Fe12Cr7Si8B14 sample which is characterized

by positive magnetostriction can be described in the following way; if it

is coiled with its air side outside, we observe an easy magnetization axis

along the ribbon axis on the air surface and a hard magnetization axis

along the ribbon axis on the wheel surface. This case is demonstrated in

Fig. 7, where the MOKE magnetic domains from the air side are observed

as a function of toroid radius. The straight ribbon (Fig. 7a) shows the

presence of the wide curved and also the �ngerprint domains that come

from the preparation process as mentioned above. Samples were then put

into the specially designed curled holder and �xed with the air side out.

For the toroid radius 25 mm (Fig. 7b) the �ngeprint domains completely
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disappeared, but the band domains are still a little bit inclined from the

ribbon axis. Only when the radius of the toroid is decreased down to

13 mm (Fig. 7c), wide band domain patterns having the direction of the

ribbon axis are detected. This is in agreement with our expectations.

If the sample is wound with the wheel side out, the orientations of

the easy and hard axes on both surfaces shoud be mutually interchanged.

Moreover, exactly opposite behaviour could be observed also for ribbons

with negative magnetostriction coe�cient, such as SL Co69Fe2Cr7Si8B14

sample. Owing to high roughness of the wheel sides the domain observa-

tions were not possible.

An attempt to coil the BL Co/Co sample into a toroidal shape was

not successfull. The reason was a brittleness of the ribbon. Nevertheless,

based on our previous observations done on SL sample, it can be supposed

that a winding-up the BL sample with the air side out the easy magneti-

zation axis would have a direction along the ribbon axis on both surfaces

due to dissimilar signs of magnetostriction coe�cents in both layers. The

stronger anisotropy should exhibit the layer with higher λs. It should be

also mentioned that a certain uniaxial anisotropy is already induced by �x-

ation of the sample on the planar sample holder. This anisotropy should

not be changed too much by coiling into the toroidal shape. In a case of

the wheel side out, it is clear that the hard magnetization axes are induced

along the ribbon axis in both layers.
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a)

b) c)

Figure 7: Magnetic domain pattern observed on the air surface of straight SL

Co59Fe12Cr7Si8B14 ribbon (a) and on the air surface of the SL sample coiled into the

toroid of 25 mm (b) and 13 mm (c) in radius.

2.2.2 Bulk

The bulk magnetization curves of the BL Co/Co and corresponding SL

samples measured in the initial AQ amorphous state are presented in Fig. 8.

The magnetic �eld was applied along the ribbon axis. The main magnetic

parameters obtained from the hysteresis loops - remanent magnetization

Mr, saturation magnetization Ms, and coercive �eld Hc, are summarized

in Table 2.

A di�erence between MOKE and VSM measurements is based on dif-
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ferent sensitivity of both methods. While the MOKE is sensitive to the

surface regions accurately limited by dimensions of the laser spot and light

penetration depth, the VSM detects the magnetic response averaged over

the whole sample volume. The sensitivity of bulk hysteresis loop mea-

surements to the both ribbon amorphous surfaces is therefore nearly zero.

A contribution of both surfaces to the bulk magnetic properties could be

higher in case of surface nanocrystallization which was not our case.

Table 2: Remanent magnetization Mr, saturation magnetization Ms, and coercive

�eld Hc of the as-quenched BL Co/Co and both SL samples.

BL Co/Co SL Co59Fe12Cr7Si8B14 SL Co69Fe2Cr7Si8B14

Mr [A·m2/kg] 1.172 0.477 0.613

Ms [A·m2/kg] 47.7 57.5 35.7

Hc [A/m] 26.27 7.2 22.4

Table 3: The values of coercivity Hc, magnetic saturation Ms and remanent magneti-

zation Mr of the Co/Fe samples.

BL Co/Fe SL FeSiB SL CoSiB

Mr [A·m2/kg] 13.58 16.85 3.08

Ms [A·m2/kg] 72.2 170.3 44.4

Hc [kA/m] 3.2 3.6 0.9

From the Table 2 it is seen that value ofMs of BL ribbon falls practically

in the middle between both SL ribbons. This con�rms that BL sample in

its initial state owns "dual" properties of both SL samples. On the other

hand, the highest values of Mr and Hc correspond to the fact that low

magnetic anisotropy was induced due to �xation of the ribbon on the

planar sample holder.
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Generally, the saturation magnetization is not structure sensitive pa-

rameter and it is determined only by chemical composition. On the other

hand, the remanent magnetization and coercivity are the magnetic char-

acteristics highly sensitive to structure and stresses relief in it. Therefore

these values markedly di�er for all samples. The main reasons are the

presence of interlayer in the BL sample and induced magnetic anisotropy

due to �xation of the samples on the planar sample holder.

a) b)

Figure 8: Bulk magnetic hysteresis loops of all three types of the Co/Co (left panel a)

and Co/Fe (right panel b) samples.

The bulk thermomagnetic curves (TMC) of SL and BL Co/Co ribbons

are shown in Fig. 9. Samples were heated from the room temperature up

to the 1100 K and cooled back in the external magnetic �eld of 4 kA/m.

Vacuum of about 10 mPa was used to protect the samples against oxida-

tion. Processes of heating and cooling are depicted separately in the left

and right subplot of Fig. 9.

The �rst decrease of magnetization on TMC of the BL sample follows

the transition of the SL Co69Fe2Cr7Si8B14 sample into a paramagnetic
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state. Observed Curie temperature of 370 K is in good agreement with

that obtained in Ref. [13]. Above approximately 400 K the magnetization

of the BL sample is determined by the second Co59Fe12Cr7Si8B14 phase

on the air side of the sample and it proceeds into a paramagnetic state

at 475 K. The Curie temperature of the BL sample (475 K) is clearly

determined by composition of the SL Co59Fe12Cr7Si8B14 ribbon without

any visible contribution of thin interface. All magnetic transitions on the

TMC curves are shown in detail I in the upper middle subplot of Fig. 9.

Above 475 K all samples stay in paramagnetic state till approximately

900 K, when the magnetization of the BL and iron rich SL ribbon increases

due to a starting crystallization of probably (Fe, Co)Si phase. The subplot

II in Fig. 9 presents details of magnetization during the �rst crystallization.

It is seen that shapes of both curves are similar, but the magnetization of

the BL sample is markedly lower due to the presence of the second wheel

layer currently in a paramagnetic state and thin interface. The second

transitions of the partially crystallized BL and iron rich SL samples into

the paramagnetic state occurred again at the very close temperatures:

1005 K and 1010 K, respectively.

Two magnetic transitions at the iron rich SL sample, three at BL sam-

ple, and only one at iron poor SL sample are observed on TMC at decreas-

ing temperature. The �rst increase of magnetization at approximately

1000 K is connected with transition of crystalline phase in the iron rich

SL and BL samples into ferromagnetic state. The next increasing steps

in magnetization are connected with other crystalline phases, the com-

position of which are unknown at present and will be a topic of future

investigations.
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The changes of magnetization of the crystallized bilayered sample at

decreasing temperature do not follow the thermomagnetic curves of the SL

samples. All samples return back to the ferromagnetic state. An in�uence

of crystallization on the properties of the BL sample will be a topic of next

studies.

Finally we can say that thermomagnetic properties of bilayered Co/Co

ribbon are mainly in�uenced by the air Co59Fe12Cr7Si8B14 side. Simi-

lar conclusions were detected also in the case of BL Co/Fe sample, see

Fig. 10 [8, 11], where the properties of layer prepared from iron alloy are

dominated. On the other hand, much thicker interface containing CoFe-

SiB phase dominated during ribbon crystallization and was responsible for

bigger di�erences between BL and SL samples.

Figure 9: Thermomagmetic curves of the BL Co/Co and corresponding SL samples.
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Figure 10: Thermomagmetic curves of the BL Co/Fe and corresponding SL samples.

2.2.3 Interface

Figure 11: Domain patterns at the cross-section of the BL Co/Co sample as a function

of a magnetic �eld applied along the ribbon axis taken from two di�erent places [14].
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Observations of magnetic domains at the cross-section of BL Co/Co

and Co/Fe ribbons are shown in Figs. 11 and 12. The images in Fig. 11

present the evolution of the domains and the domain wall movements in de-

pendence on the applied external magnetic �eld of di�erent small strength

taken from two chosen places. In accordance with the MOKE hystere-

sis loops discussed in the previous paragraphs, (i) the domains arise and

change at low magnetic �elds and (ii) they disappear �rst on the air rib-

bon side. Moreover, it is seen that they do not cross the interface and that

they move only inside the layers. A position of the thin interface, serving

as a barrier between both layers, is pointed out by a di�erent contrast of

magnetic domains. It must be stressed that domain patterns di�er in ev-

ery ribbon place. Moreover, their origin is positioned close to the interface

(e.g. the left picture of place 1) in most of the observed places. It is also

important to emphasize that the optimal and precise pictures of domains

were provided by measuring the longitudinal magnetization component.

The sensitivity to the transversal magnetization component has markedly

decreased the magnetic contrast of domains.
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Figure 12: Magnetic domain patterns at the cross section of BL Co/Fe sample in its

remnant state taken from two places. In the case of place 1, the optical microscope as

well as the MOKE contrast images are presented [14].

Completely di�erent shapes of domain patterns are visible at cross-

section of Co/Fe ribbon in Fig. 12. The domains were observed in two

places in remanence state. In the upper panel of Fig. 12 the images of

the optical microscope and magnetic contrast taken from the same place

are compared. Narrow band domains, almost perpendicular to the ribbon

axis, are observed close to both surfaces. On the wheel side they remain

practically unchanged when penetrating deeper below the surface, while

on the air side they gradually spread towards the interface. This described

behavior can be explained by di�erent signs of λs and by the ribbon coil-

ing. By �xing the sample into the sample holder, the ribbon is partially

straightened. Both tensile and compressive stresses induce a transverse
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magnetic anisotropy on both ribbon sides owing to the dissimilar signs of

λs. Consequently, the domains are not closed along the interface as in

the Co/Co ribbon but across it. Domain patterns originate also inside the

thick interlayer and usually have similar contrast as those on the air side

(place 1). Our assumptions are con�rmed by the fact that measured do-

mains, in agreement with previous results obtained for the Co/Fe samples,

are sensitive to the transversal magnetization component MT .
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3 Annealed Co69Fe2Cr7Si8B14/Co59Fe12Cr7Si8B14 ribbons

This chapter is devoted to the properties of annealed BL Co/Co ribbon.

As in the previous chapter the microstructure and magnetic properties are

compared with properties of the corresponding SL samples. The main aim

was to follow relaxation of amorphous structure and a role of an interlayer

in the BL samples.

For temperature treatment the samples were cut from each ribbon. In

such a way 8 sets of both SL and BL samples, approximately 8x8 mm

in dimensions, were prepared. The annealing temperature of 423 K was

chosen according to thermomagnetic curves measurements approximately

50 K below the magnetic transition and su�ciently below start of crystal-

lization (Fig. 9). 8 set corresponded with 8 selected times of annealing,

namely 3, 6, 12, 24, 48, 96, 192, and 384 hours. All samples were annealed

in argon atmosphere to minimize surface oxidation. Each set was subse-

quently exposed to experimental microstructure observations and magnetic

measurements.

3.1 Microstructure properties

Analogous to AQ samples, the changes in microstructure of the an-

nealed samples were investigated by XRD at room temperature and using

the same program for all samples to provide approximately the same statis-

tics of di�raction pattern measurements. The di�ractograms were taken

from both sides in case of BL sample and corresponding sides at SL sam-

ples. Because they did not yield any signs of crystallization after annealing

in the whole time interval, the analysis of patterns was done in such a way
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that the peak position of the main di�raction line and its width in the half

of its maximal intensity (FWHM) was determined.

Also the surface mapping of the samples was observed by Atomic Force

Microscopy (AFM) using Ntegra Prima platform (NT-MDT) at ambient

conditions. The topographic image was collected from the sample area

by using the semicontact/lift mode. The tip used for AFM measurements

was coated with CoCr magnetic �lm approximately 30-40 nm thick. The

curvature radius of the tip was about 40 nm.

3.1.1 Surface mapping

BL Co/Co sample was analyzed from both sides. The SL samples were

analyzed from the air or wheel side corresponding to the relevant side

of the BL sample. The AFM observations were done on the samples in

the AQ state and after 384 hours of annealing because in this state the

most visible changes could be awaited. Surface topography of all samples

is presented in Figs. 13 and 14. The marked di�erence between AQ and

annealed states is observed on the air side of both SL and BL samples. It is

seen that AQ air surfaces are smooth without any visible roughness which

is in good agreement with observations presented in literature [15,16]. The

very small light dots could be either dust particles or very small crystalline

and/or oxide nucleus present in very thin surface region and not observable

by other surface sensitive experimental methods used in present work (e.g.

MOKE). Nevertheless, after 384 h of annealing the surface smoothness is

at �rst sight unchanged but some larger objects have appeared. Because it

is known that the crystallization of amorphous ribbons prepared by PFC

technology begins at the air surface [17], we can suppose that the long-
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time annealing, though at low temperature, initializes the very low surface

crystallization. The size of grains could be about few nm in case of the

BL air side and much smaller in case of the SL air surface. The very

bright dots are more likely dust particles. The main parameters of the

surface roughness, arithmetical mean deviation Ra and root-mean-square

deviation Rq obtained during samples mapping are summarized in the

Table 4. Both parameters, Ra and Rq , have increased after annealing

and con�rm our speculation of initial surface crystallization contributing

to a change in atomic composition on the air surfaces of both samples.

In the case of wheel sides of BL and SL samples, both values Ra and

Rq are approximately one or two orders higher in comparison to the air

sides. Both parameters visibly decreased at the BL sample after 384 h of

annealing at 423 K while at the corresponding SL sample they remained

unchanged within the frame of experimental error. This could be due to

relaxation of the surface structure namely annealing of free volumes and

topological reordering of atoms.
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Figure 13: AFM images of the SL Co59Fe12Cr7Si8B14 ribbon from the air surface (sub-

plots a, b) and SL Co69Fe2Cr7Si8B14 ribbon from the wheel surface (subplots c, d).

Subplots a and c belong to the AQ state, while subplots b and d to the 384 h of

annealing. Corresponding 3D pictures are presented in the right panel.
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Figure 14: AFM images of the BL Co/Co ribbon from the air surface (subplots a, b)

and wheel surface (subplots c, d). Subplots a and c belong to the AQ state, while

subplots b and d to the 384 h of annealing. Corresponding 3D pictures are presented

in the right panel.
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Table 4: Parameters of the surface roughness obtained from the AFM images. Ra and

Rq denote arithmetical mean and root-mean-square deviation of pro�le of the samples,

respectively.

BL SL

air side wheel side Co59Fe12 air side Co69Fe2 wheel side

AQ annealed AQ annealed AQ annealed AQ annealed

Ra [nm] 2.3 18.5 241 78 2.7 15.8 102.9 103

Rq [nm] 2.9 24.9 285 96 3.5 24.9 125.5 130

3.1.2 Structure

Figs. 15 and 16 show the changes in the XRD peak position and peak

width in dependence on time of annealing. Left and right panels corre-

spond to the SL and BL samples, respectively. As it was mentioned in

Chapter 1 the amorphous structure of ribbons prepared by PFC yields a

certain local ordering of atoms into very small objects, clusters, which are

manifested by the wide peaks in di�ractograms. In certain approximation

we can try to calculate the size of these clusters using Scherrer formula [18]

used for calculation of the mean crystallite size in crystalline alloys:

dmean =
K λ

Bstruct cosθ
,

where:

• K describes the crystallite shape factor

• λ denotes wavelength used (for Co it is 0.17903 nm)

• θ de�nes the angle of incidence
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and

• Bstruct describes the structural broadening, which is the di�erence in

integral pro�le width between a standard (std) and the sample to be

analyzed (obs = FWHM - Full Width at Half Maximum): Bstruct =

Bobs −Bstd

The K shape factor depends on type of particles and reaches the values:

Particles: Shape factor (B values based on FWHM):

Spheres 0.89

Cubes 0.83-0.91

Tetrahedra 0.73-1.03

Octahedra 0.82-0.94

Because the form of clusters is not uniform and also not exactly known

we have tried to use various values of K and Bstd and calculate the cluster

size as for AQ as for annealed samples. We have found that an in�uence

of both parameters is in present case insigni�cant. The values of cluster

size were very small and ranged between 1.6-1.8 nm.

The parameters, peak position and FWHM, obtained from di�rac-

tograms can be used also for determination of microstrains using tangent

formula:

ϵ =
Bstruct

4 · tan θ
,

where Bstruct =
√
B2

obs −B2
std.

The changes in microstrain with time of annealing are depicted in Fig.

17 for SL samples (left) and BL sample (right).
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In Fig. 15 we can see that under annealing the peak position of the iron

poor SL sample taken from the wheel side (red curve) increases and slightly

oscillates with time of annealing. This could re�ect that the clusters in

the sample relaxed, the inter-cluster distances change, and very probably it

comes also to slight chemical changes in cluster composition. At BL sample

the opposite tendency is observed. On the other hand the oscillations of

the peak position in the iron rich SL sample taken from the air side (blue

curve) are bigger and nearly the same is observed at corresponding curve

at BL sample. Based on AFM results we can speculate that the air surfaces

in�uence the bulk properties more as a consequence of the observed surface

crystallization and a higher sensitivity of the iron rich surface to oxidation.

The oscillations of both parameters are visible also in Fig. 16 showing

the time dependence of FWHM and in Fig. 17 where the changes of

microstrains with time of annealing are depicted. Finally it can be said that

obtained dependencies do not show any smooth behaviour. The reason is

the complicated amorphous structure, presence of interlayer at BL sample

and last but not least the sensitivity of both analyzed parameters (peak

position and FWHM) to di�erent velocity of removing the samples from

the temperature zone to cool zone after individual time-steps.
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Figure 15: Dependence of peak position on the annealing time.

Figure 16: Dependence of peak width on the annealing time.

Figure 17: Dependence of lattice strain on the annealing time.
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3.2 Magnetic properties

In this section the magnetic properties of annealed SL and BL Co/Co

samples are compared with the AQ one presented in previous chapter.

We used the same experimental techniques for surface (MOKE) and bulk

(VSM) analysis, except the thermomagnetic investigations.

3.2.1 Bulk

Figure 18: Magnetic bulk hysteresis curves of the SL Co69Fe2Cr7Si8B14 (upper left

subplot), SL Co59Fe12Cr7Si8B14 (upper right subplot), and BL Co/Co (lower subplot)

samples depicted as a function of annealing time.
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Figure 18 shows the dependence of the bulk hysteresis loops on the

annealing time. For better visualization we present only the curves of

samples annealed at 24 h and 384 h and compare them with ribbons in

AQ state (0 h). Evolution of the main magnetic parameters obtained from

the curves, i.e saturation magnetization Ms, remanent magnetization Mr,

and coercive �eld Hc, is depicted as a function of annealing time in Fig. 19.

Our results con�rm that long-time annealing signi�cantly improves

bulk soft magnetic properties of BL Co/Co ribbon. This is documented

by the (i) decrease of Hc from 26.3 A/m (AQ state) to 1.6 A/m (after 384

h of annealing), (ii) decrease of remanent magnetization close to zero, and

(iii) practically identical value of Ms slowly �uctuating about 48 Am2/kg

during the whole annealing process. It is obvious that connection of both

SL alloys, forming a thin interface, and additional annealing positively

in�uence magnetic behavior and seems to be useful for practical appli-

cations of these materials (like sensors, memories). Both SL samples as

well as BL samples exhibit decrease of Mr with increasing annealing time.

A decreasing tendency is observed also at coercivity. Some �uctuations

are probably connected with stresses induced owing to manipulation with

samples. The saturation magnetization is in�uenced only at bot SL sam-

ples. It has markedly decreased during the �rst three hours of annealing

and practically did not change up to the �nal annealing times. The reason

could be relatively fast annealing out of free volumes present in the amor-

phous structure after ribbon production and homogenization the chemical

composition. Contrary, the Ms of the BL sample is nearly unchanging. A

decrease in Mr and Hc con�rms positive in�uence of relaxation annealing

and simultaneously documents that the low crystallization observed on the
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air surface of the BL and corresponding SL by AFM does not in�uence

bulk magnetic properties in a signi�cant way.

Figure 19: Evolution of the saturation magnetization (upper left subplot), remanent

magnetization (upper right subplot), and coercive �eld (lower subplot) as a function

of annealing time for both SL and BL samples.

3.2.2 Surface

Fig. 20 shows the MOKE hysteresis loops obtained at di�erent anneal-

ing times at the air side of BL Co/Co ribbon and at corresponding sides

of SL ribbons. Di�erences are seen at �rst sight. Coiling of the BL sample

did not change much during temperature treatment. Therefore, most of

46



MOKE loops exhibits typical rectangular shape with the easy magnetiza-

tion axis close to the direction of magnetic �eld that was applied along

the ribbon axis (loops for 3 h and 384 h annealing in Fig. 20). Induced

magnetic anisotropy is not caused by the annealing process, but similarly

as in the case of AQ Co/Co ribbons due to �xing the sample on the planar

sample holder. This process leads to the origin of wide band domains in

local ribbon places as is shown in subplot a of Fig. 21. The domain wall

then re�ects orientation of the easy magnetization axis.

As was mentioned previously the coiling of BL sample is not identical

along the ribbon. It is a reason together with local MOKE sensitivity

why we can measure also di�erent forms of hysteresis loops as it is doc-

umented at the sample after 24h of annealing. On the bottom sub-�gure

in Fig. 20 we can see the contributions of two magnetic phases. Central

part indicates the presence of easy axis, while the hard axis is detected for

applied magnetic �eld higher than 0.5 kA/m. Existence of both phases

due to �xing is the consequence of inhomogeneous ribbon coiling in the

various local places. In such a case, it is possible to see also an interesting

domain patterns (see subplot b of Fig. 21). Narrow band domains having

the direction of the ribbon axis are broken by the domains perpendicu-

lar to them. Such branched domain patterns [19] (i) have con�rmed the

presence of two magnetic phases and (ii) were observed practically at all

annealed samples.

Surface magnetic behavior of SL samples is completely di�erent. The

hysteresis loops show low coercivity and low remanence-to-saturation ra-

tio. This is typical for a magnetostrictive amorphous alloy with random

internal stresses introduced during the rapid solidi�cation. It is clearly
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seen that long-time annealing did not change much the shapes of loops.

Moreover, in the domain patterns (Fig. 22) the existence of �ngerprint

domains and randomly oriented band domains coming from preparation

process is still detected. This means that relaxation of local stresses was

still not �nished in SL ribbons.

Figure 20: Magnetic surface hysteresis curves from the air side of the SL

Co59Fe12Cr7Si8B14 (upper left subplot), from the wheel of the SL Co69Fe2Cr7Si8B14

(upper right subplot), and from the air side of the BL Co/Co (lower subplot) samples

depicted as a function of annealing time.
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a) b)

Figure 21: Observed domains at the all annealed Co/Co BL samples.

a) b)

Figure 22: Magnetic domains at the air surface of the Co59Fe12Cr7Si8B14 SL sample

after 3 h of annealing (panel a) and 384 h of annealing (panel b).
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4 Conclusions

My bachelor [11] and now diploma thesis are focused on detail investiga-

tion of new amorphous soft magnetic materials that can be mainly applied

as stress or magnetic �eld sensors with tunable sensitivity. In bachelor

work we have introduced PFC technology suitable for preparation of bi-

or more layered ribbons with amorphous structure. Using this technology

two di�erent melt compositions, CoSiB and FeSiB, were used for produc-

tion of the Co/Fe BL ribbon. Its surface, bulk, and interface physical and

microstructural properties were analyzed and compared with the SL rib-

bons of corresponding compositions. We have identi�ed also some negative

aspects like coiling of the ribbon due to big di�erences in magnetostriction

coe�cients of layers, high fragility, still relatively high value of coercivity,

etc. This resulted in the idea to change composition of both layers.

Present diploma work is devoted to the bilayered Co69Fe2Cr7Si8B14/

Co59Fe12Cr7Si8B14 (Co/Co) ribbon. Comparison of its physical and mi-

crostructural properties with properties of the Co/Fe samples and simulta-

neously again with SL ribbons of the consistent compositions have brought

a more complex look at these new amorphous magnetic materials. Com-

pared to the bachelor work we have extended our investigations about

observations of the magnetic domain structure at ribbon cross-section and

study of the structural and magnetic stability during long time tempera-

ture exploitation.

• Amorphous structure was con�rmed by XRD on both sides of Co/Co

ribbon and corresponding sides of SL samples. Changes in microstruc-

ture due to annealing process correlated well with cluster relaxation.
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Long-time annealing at temperature 423 K evoked origin of surface

crystallization.

• Thickness of interface at Co/Co sample is much thinner (< 1 µm) than

that at Co/Fe sample (up to 6 µm). This lower thickness in�uences

behaviour of microhardness, Young's modulus, and magnetic domain

patterns at cross-section, and also the shape of bulk thermomagnetic

curves.

• Surface magnetic properties of both BL samples are determined by

the applied tensile/compressive stress induced due to unbending the

ribbon on the planar sample holder. Induced magnetic anisotropy

overcomes local anisotropies from the preparation process.

• Bulk magnetization and thermomagnetic curves indicate dominating

role of air iron rich layers in the bulk magnetic properties of both BL

samples.

• Annealing at temperature 423 K leads to the considerable softening

of the magnetic properties with maintaining original magnetization

saturation. On the other hand, fragility of the Co/Co sample stayed

practically unchanged.

In the future we would like to devote our attention to other bi-layered

ribbon type materials the composition of which should be reasonable from

the viewpoint of magnetic properties but also from the mechanical (brit-

tleness) ones. New possibilities o�er combinations of the FeSiB/FeNbSiB

and FeSiNbCuB/CoSiB bilayered systems. The experimental experiences

obtained in present studies will be useful also in investigations of other

type of materials prepared by PFC and/or other technologies.
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