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Abstract 
 

The paper is devoted to the detailed analysis of microstructural and magnetic properties of the 
as-quenched bilayered Co72.5Si12.5B15/Fe77.5Si7.5B15 ribbons prepared by the planar flow 
casting (PFC) method with single crucible. The interface between both amorphous Co- and 
Fe-based layers is not uniform and its thickness ranges from 0.5 to 6 µm over the whole 
ribbon length. Dependences of mechanical characteristics on the ribbon thickness show 
increase in Young’s modulus from 140 GPa to 170 GPa and decrease in microhardness from 
18 GPa to 13 GPa, when measured from the wheel (Co) to air (Fe) side. By fixing the coiled 
ribbon on the planar sample holder a uniaxial magnetic anisotropy with the out-of-plane and 
the in-plane easy axis is induced on the air and wheel side, respectively. Bulk magnetic 
properties confirm that perpendicular anisotropy observed on the air side becomes stronger as 
getting deeper under the surface and overlaps the in-plane anisotropy from the wheel side. 
This is in good agreement with Mössbauer measurements. Magnetic characteristics (surface 
hysteresis loops and domains, bulk hysteresis loops and thermomagnetic curves) of the 
bilayered samples were further compared with the single-layered CoSiB and FeSiB alloys.   
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1. INTRODUCTION 

It is well known that Fe- and Co-based amorphous and/or nanocrystalline ribbons are widely 

used as ultra-soft magnetic materials in various applications, among others also in sensorics 

[1]. About twenty years ago a few scientific 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 

coefficient [2-4]. A stand-by connection of different materials induces either tensile or 

compressive stresses into the magnetic part of a sensor. As it was found the relative 

permeability of an amorphous ribbon depends linearly on stress. This is valid in a specific 

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 efforts of various laboratories were concentrated on a fabrication of 

monolithic amorphous bilayered ribbons. One of the possibilities has been the conventional 

method of planar flow casting (PFC). The first experiments have used separate crucibles 

placed bumper-to-bumper with melts of different compositions. Bilayered ribbons produced 

in such a way had strongly inhomogeneous properties of both layers. Later two crucibles were 

replaced by a single crucible with a partition panel dividing the crucible into two parts for two 

different melts. Nozzles at the bottom of crucible are close to each other and allow ejection of 

both melts on the rotating wheel almost simultaneously. This technique was tested for the first 

time in 1991 with two different precursors, FeNiB and CoFeCrSiB [5-7]. Since that time the 

method was significantly improved and currently it allows one to prepare bilayered ribbons of 

various material combinations, e.g. CoSiB/FeSiB, FeCuNbSiB/FeNbSiB [8] etc. A practical 

usage of these materials can be documented by the FeMnSi/SiFe ribbons that were newly 

developed for materials convenient for ferromagnetic shape-memories [9]. 

The present paper summarizes results devoted to the as-quenched (AQ) CoSiB/FeSiB 

bilayered ribbons prepared by the mentioned PFC technology. Although some results 

referring this combination of two well known amorphous materials have already been 

published [8, 10, 11], there is still lack of knowledge concerning the magnetic and 

microstructural properties that are to be studied in more detail. They are connected with both 

surfaces, with an interface between both compositions, with stresses arising from the 

technology alone and from a connection of different types of materials. Motivation for the 
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studies is, therefore, twofold. The first reason is to make an utmost complex analysis of the 

microstructure and physical properties by combination of various experimental methods that 

are sensitive to the different depths of investigated material. They will refer to the surface and 

the bulk, to the microstructure, magnetic and mechanical properties, and to the bilayered 

ribbons compared to the single-layered ones of the same composition. The second aim is to 

study the behaviour of the bilayered ribbon if it is fixed, e.g., on planar sample holder, and to 

test the possibility of its usage in sensor applications. The key parameter in this case is the 

magnetic anisotropy that can be markedly different at each side of the bilayered ribbon. It is to 

consider some aspects. The PFC technology alone implicates slightly different behaviour 

along the length of a ribbon sample (longitudinal direction) as along its width (transverse 

direction). Moreover, it is necessary to consider carefully the properties of the connected 

materials (predominantly their behaviour in magnetic field) and not least the behaviour of an 

incurred diffused interlayer. Finally, the magnetic anisotropy will depend on the way of 

sample fixing. 

 
 
2. EXPERIMENTAL 

 

2.1. Material 

As-quenched Co72.5Si12.5B15/Fe77.5Si7.5B15 bilayered ribbons, 36 µm thick and 8 mm wide, and 

20 µm thick and 10 mm wide single-layered ribbons of the Co72.5Si12.5B15 and Fe77.5Si7.5B15 

compositions were prepared by the planar flow casting method by using either a crucible 

divided into two chambers or a simple single crucible, respectively. The setup of the two-

chamber crucible was adjusted so that the melt of CoSiB was ejaculated directly on the 

rotating wheel followed immediately by the melted FeSiB. The final bilayered ribbon was 

therefore matt from the wheel Co-based side and shiny from the opposite air Fe-based side. In 

the following text the bilayered (BL) samples will be denoted as BLC and BLF, where C and 

F mean Co- and Fe-side, respectively. A marked difference in the surface magnetic and 

microstructural properties of both sides presented in the paper is attributed also to the coiling 

of the ribbon along the longitudinal and transverse directions. The reason is a big difference in 

the magnetostriction coefficients. The BLF side with convex surface has a strong positive 

magnetostriction (λs ≈ 32x10-6), while approximately one order lower negative 

magnetostriction (λs ≈ -2.6x10-6) features the BLC side forming the bottom concave surface. 

The values of λs were obtained by direct measurement of magnetostriction [12]. The surfaces 
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of the single-layered (SL) ribbons were, as usual, matt from the wheel side and shiny from the 

air side. The properties related to the surfaces of the bilayered ribbon were therefore studied 

on the equivalent sides of the single ribbons; this means that the Co72.5Si12.5B15 ribbon was 

investigated from the wheel (matt) side and the Fe77.5Si7.5B15 ribbon from the air (shiny) side. 

Similarly, the CoSiB and FeSiB samples are denoted SLC and SLF corresponding to Co-

based and Fe-based ribbon, respectively. 

 
2.2. Scanning electron microscopy 

The microstructure and element concentration profiles were studied using a TESCAN LYRA 

3XMU FEG/SEM scanning electron microscope with an Oxford Instruments energy 

dispersive X-ray analyzer X-Max 80 (EDX). The applied accelerating voltage was 15 kV. The 

microscope was equipped also with a PI85 pico-indenter by Hysitron to measure the Young’s 

modulus and hardness in dependence on distance between both surfaces across the interface. 

In this setup the ribbon cross-section microstructure was observed and simultaneously the 

constant load testing at room temperature could be done. The sample was fixed in a special 

holder (Fig. 1) providing sufficient stability and compactness during loading. The grinding 

and polishing were done to guarantee the surface smoothness and flatness. After that the 

cross-section surface was covered by carbon to guarantee a good electrical conductivity. The 

constant load of 15 mN was used. Strain rate was evaluated from load and displacement data. 

 

Fig. 1 here 

 

2.3. X-ray diffraction 

The microstructure of samples was checked by the X-ray diffraction (XRD) using X’Pert 

powder diffractometer and CoKα (λ = 1.789 nm) radiation in Bragg-Brentano geometry. 

Because the penetration depth of XRD is approximately 10 µm and the thicknesses of single-

layered and bilayered ribbons 20 µm and 36 µm, respectively, the measurements were done 

from both the air and the wheel sides. 

 

2.4. Raman microspectroscopy 

Raman spectroscopy is a two-photon inelastic light scattering technique. When an incident 

photon has a much greater energy than the vibrational quantum energy it loses a part of its 

energy on account of the molecular vibration with the remaining energy scattered as a photon 

with reduced frequency. Then the energy shift can provide us the information of the specific 
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chemical bonds in the sample. To determine the surface oxidation in the near-surface area 

(hundreds of nm) of investigated ribbons the Raman spectra were obtained by confocal 

Raman microscope XploRA, HORIBA Jobin Yvon with 532 nm excitation laser. 

 

2.5. Mössbauer spectrometry 

Mössbauer spectrometry was done in the transmission geometry using γ-rays (TMS) and in 

the backscattering geometries using γ-rays (γ-BMS) and conversion electrons (CEMS). The 

measurements were carried out at room temperature (RT) using a 57Co(Rh) source. The 

calibration of velocity scale was performed with α-Fe and the isomer shifts are given with 

respect to the RT Mössbauer spectrum of α-Fe. All spectra were evaluated within the 

transmission integral approach using the program CONFIT [13]. The amorphous structure is 

represented by Gaussian distributions of hyperfine induction reflecting various chemically 

and topologically disordered surroundings of resonating iron atoms. The use of Mössbauer 

spectrometry with iron isotope is conditioned by a presence of iron atoms in the sample. TMS 

could be done on both SLF and BL samples, but the results of transmission measurement of 

the BL sample yield information only from the interlayer and the FeSiB side. Similarly, the 

CEMS with the penetration depth about 200 nm could be used for surface observations of the 

SLF sample and of the BL sample from the Fe-side. The γ-BMS was used for the air-side of 

the SLF sample and for both sides of the BL sample. The reason for the measurement of BL 

sample from the Co-side was that the penetration depth of the γ-rays is approximately 25 µm. 

If one assumes that the approximate thickness of Co-based layer is 15 µm and the thickness of 

interlayer 6 µm it could be expected that the measured spectrum will reflect the microstructure 

of interlayer partly influenced by a small portion of FeSiB layer from the opposite side of BL 

sample. 

 

2.6. Magnetic properties       

Almost square samples (side of 8 mm) cut from the ribbons were used for the magneto-optical 

Kerr effect (MOKE) experiments. The measurements were done using s-polarized red light (λ 

= 670 nm) that incidents the sample surface at the angle of 45º. Hysteresis loops represent the 

dependence of reflected beam intensity on the applied external magnetic field. They are 

obtained from the surface area corresponding 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 rotation 

that is proportional to the longitudinal magnetization component ML lying in the sample plane 

and plane of incidence of the light. Magnetic field is generated by the air coil in the sample 
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plane along the ML. A possibility to focus the laser spot into different places on the ribbon 

surface (local magnetization measurements) is used to check the surface magnetic 

homogeneity. MOKE hysteresis loop measurements were supplemented by observation of the 

surface magnetic domain structure using the MO Kerr microscopy. 

The bulk magnetic properties were measured at the same samples as used for the MOKE 

using the vibrating sample magnetometer (VSM) Microsense EV9 at maximal magnetic field 

±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 Applied Res. Corporation. The 

measuring parameters: external magnetic field of 4 kA/m, temperature increase of 4 K/min, 

vacuum of approx. 10 mPa, and temperature range from the RT up to 1100 K, were 

maintained the same for all samples. 

 
 
3. RESULTS AND DISCUSSION 
 
3.1. Microstructure 
 

X-ray diffraction 

The X-ray diffraction patterns measured from both sides of the bilayered sample are 

complemented with those obtained from the wheel side of SLC and air side of SLF sample. 

The results summarized in Fig. 2 indicate clearly the amorphous structure of all samples and 

small difference between the sides. The main peak of the diffractogram obtained from the Co-

side of the BL sample, 53.62 deg, is shifted slightly to higher 2Θ angles compared to the peak 

position of the corresponding peak of the SLC (53.52 deg). The measurements, done from the 

opposite side of the sample (BLF) and from the corresponding side of the SLF sample, yield 

nearly the same positions of these main peaks in diffractograms. 

 

Fig. 2 here 

 

Scanning electron microscopy and concentration profiles 

The scanning electron microscopy results are depicted in Fig. 3. The cross-section of the 

ribbon with the very rough surface on the wheel Co-side together with the boundary region, 

the thickness of which was not uniform along the ribbon, are seen in the left panel of the 

figure. In agreement with XRD observations the structure is fully amorphous without any 

signs of crystallization across the sample. The measurements of element concentrations were 
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done from the wheel to air side with a step ~ 2 µm and the results are shown on the right panel 

in Fig. 3. According to these measurements the thicknesses of boundary region was up to 

approximately 6 µm but at some places a substantially lower thickness was observed as well. 

The Co and Fe concentrations have changed approximately linearly. A decrease in Si content 

in direction to Fe-side is in agreement with its nominal concentration in the layers.  

 

Fig. 3 here 

 

Nanointendation 

 
The bonding in amorphous alloys is of primarily metallic character and therefore the strain 

can be accommodated at the atomic level readily through changes in the atomic 

neighbourhood. In the present case Co-rich and Fe-rich layers are connected by a mutual 

interdiffusion and an interface (interlayer) is formed by both elements changing their 

concentration approximately linearly as seen in Fig. 3. The BLC side is featured by a very low 

magnetostriction of nearly zero or negative values while the opposite BLF side has a strong 

positive magnetostriction. This contributes to the origin of a marked stress causing coiling of 

the ribbon along the longitudinal and transverse directions. The Young’s modulus and 

microhardness measurements along the cross-section of the ribbon sample were done on the 

sample fixed in a special holder (Fig. 1). The indentations are visible in Fig. 4 on the left 

panel while the right panel summarizes the dependences of mechanical characteristics across 

the sample thickness. 

The Young’s modulus changes almost continuously from approximately 140 GPa for the 

wheel BLC side to 170 GPa obtained on the air BLF side. Both values coincide relatively well 

with values obtained for the single amorphous CoSiB and FeSiB ribbons. Between 

approximately 12 nm and 18 nm a plateau can be seen reflecting the mixed composition of the 

interlayer according to Fig. 3. The values of the Young’s modulus are in good agreement with 

those obtained for FeCoSiB as-quenched ribbon samples [14].  The hardness reaches 

approximately 18 GPa close to the surface of the Co-rich side and decreases to 13 GPa on the 

opposite Fe-side. This value is slightly higher than that measured on the surface of the single 

Fe75Si8B17 amorphous sample by Figueroa et al. in Ref. [15] which could be caused by a 

markedly higher internal stress mentioned above. An additional reason in the slightly different 

values of the Young’s modulus and microhardness presented by various authors consists in an 

experiment adjustment. Both quantities are frequently measured in the plane perpendicular to 
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the ribbon surface. The unloading part of indentation curve, responsible for modulus 

determination, is highly sensitive to the contact stiffness between the indenter and the tested 

sample. An effect of the contact stiffness was very probably smaller in our measurements at 

the cross section and therefore the obtained values are slightly higher than obtained for CoSiB 

and FeSiB amorphous ribbons presented in Ref. [16] where the results are discussed in more 

details. 

     

 

Fig. 4 here 

 

3.2. Magnetic properties 

 

Mössbauer analysis 

The Mössbauer spectra of all samples are summarized in Fig. 5. The left panel in Fig. 5 is 

devoted to the single FeSiB sample, the middle panel to the bilayered sample. In both cases 

the spectra (a) reflect the surfaces of samples (CEMS) and the spectra shown below (b) 

represent the bulk properties. The right panel shows the γ-BMS spectra of the bilayered 

sample taken from the Fe-side (a) and Co-side (b). The spectra were fitted by distributions of 

hyperfine inductions and the selected parameters are summarized in Table 1. The individual 

distributions reflect chemical and topological disorder.  It is seen that CEMS spectra obtained 

from both SLF and BL samples are similar to each other, in contrast to bulk (TMS) spectra. 

Here the main difference is seen at first sight by comparing the second and fifth lines which 

nearly disappear at the BL sample. The relative intensities of lines in the sextuplet depend on 

an angle Θ between the incident γ-ray beam and magnetic moments according to the well 

known relation I1,6: I2,5: I3,4 = ¾( 1+cos2 Θ): sin2 Θ: ¼(1+cos2 Θ). In a case of fully random 

ordered magnetic moments we obtain I1,6: I2,5: I3,4 = 3 : 2 : 1 which means that the ratio of the 

second(fifth) to first(sixth) intensity (D21) is 0.66. A decrease of D21 to zero reflects an 

ordering of magnetic moments parallel to the γ-ray beam. In the present case the magnetic 

moments in the FeSiB sample and at the surface of the BL sample are oriented nearly 

randomly (D21 ranges between 0.8 and 1.05) while in the bulk of the BL sample the D21 

reaches the value of 0.14 (TMS), 0.25 in the γ-BMS obtained from the Fe-side, and 0.12 in the 

γ-BMS obtained from the Co-based side. This documents that owing to the connection of two 
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materials with markedly different magnetostriction the evoked stresses cause a change in 

magnetic moment orientation especially at their interface.   

  

Fig. 5 here 

 

Surface magnetic properties 

Results of the magneto-optical measurements are presented in Figs. 6 and 7. The surface 

magnetic properties of the studied samples are strongly influenced by the preparation method 

responsible for inducing many stochastic stresses affecting especially behaviour of local 

magnetic anisotropies. Fig. 6a shows the domain pattern taken from the air side of the SLF 

sample. Two types of domains are present. The wide curve domains, having origin in the local 

tensile stresses as a consequence of the sample preparation, follow the in-plane easy 

magnetization axis, while the fine fingerprint domains are the surface closure domains 

indicating a presence of perpendicular anisotropy due to a compressive stress. Observed 

differences in local magnetic properties are supported by the surface hysteresis loops in Fig. 

7a taken from two different places. As we have expected their shapes and inclinations are 

different and, moreover, a presence of two magnetic phases can be detected from the 

hysteresis curves. Similarly as in Ref. [17], it documents a high sensitivity of the MO 

methods. Two magnetic phases correspond either to the amorphous FeSi and FeB clusters 

coming from different sample depths or they could originate also from the amorphous sample 

and a thin ferromagnetic oxide on its surface. The separated oxide islands were detected by 

the Raman microspectroscopy and are shown in Fig. 8 on the right panel. The left panel 

shows the spectrum with the peaks at 214.6, 273, and 385.2 cm−1 of the Raman shifts 

corresponding well to those obtained for the reference spectrum of Fe2O3 [18].  

 

Fig. 6 here 

 

Fig. 7 here 

 

Fig. 8 here 

 

To compare the magneto-optical observations of both surfaces of the BL sample with the 

corresponding surfaces of the SL samples, the CoSiB sample was studied from the wheel side. 
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The surface roughness is much higher according to the observed air surface of the FeSiB 

sample and therefore obtaining domain patterns is more complicated. The “air pockets” and 

other jogs on the surface overlap the observed magnetic domains and cause their fuzziness.  

No fingerprint domains are visible (Fig. 6b) and the magnetization lies in the ribbon plane. 

The hysteresis loops (Fig. 7b) taken from different sample places yield the same shape and are 

mutually overlapped. Such differences in domain structures and anisotropy distribution of 

both SL ribbons can be ascribed to the different sign and value of magnetostriction 

coefficients. The Raman spectroscopy evidenced no surface oxidation on the SLC sample.  

Quite different surface magnetic properties are observed for the BL sample. The coiled 

sample with a high level of internal stress was fixed on the planar sample holder. This has 

induced an additional inhomogeneous anisotropy reflecting the compressive stress on the air 

side and the tensile stress on the wheel side. This is the reason for detecting the strong 

perpendicular anisotropy on the air surface documented by a presence of only fingerprint 

domains (Fig. 6c) and by hysteresis loops (Fig. 7c) with a very slow magnetization reversal 

(anisotropy field Ha is about 6 kA/m) if the magnetic field is applied along the ribbon axis in 

the sample plane. Moreover, the rotation of the square sample by 90º does not cause any 

change of the shape of the loop and the value of Ha remained practically identical. This is a 

clear indication of the perpendicular direction of the easy magnetization axis with respect to 

the sample surface. The surface oxidation (Fig. 8) was detected only on the Fe-rich surface. 

All the peaks correspond again to Fe2O3 [18].  

An in-plane uniaxial anisotropy with a certain position of the easy axis of magnetization can 

be detected on the wheel side of the BL sample. Easy axis orientation with regard to the 

applied magnetic field can be estimated either from the directions of measured strip domains 

or from the measured hysteresis loops using the relation α = arccos(MR/MS), where MR and MS 

are remnant and saturated magnetizations, respectively. Therefore, it is evident (Figs. 6d and 

7d) that it lies in the sample plane perpendicular to the ribbon axis. Our explanation is based 

on the fact that the measured piece of ribbon is predominantly coiled along the ribbon axis. 

After ribbon straightening the tensile stress is induced in the ribbon axis which, together with 

the negative magnetostriction coefficient, is responsible for inducing the hard magnetization 

axis in this direction. On the other hand, if the coiling of the sample in the longitudinal and 

transverse direction produces stresses of a comparable intensity, the resulting tensile stress 

induces very probably the in-plane easy magnetization axis more or less inclined from the 

ribbon axis. 
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Bulk magnetic properties 

Figure 9a shows bulk hysteresis loops measured using the VSM at room temperature on the 

same square samples and in the same magnetic field range as used in the MOKE experiments. 

It is generally known that the processing conditions like the quenching velocity, the 

surrounding atmosphere, and the surface quality of the quenching wheel are responsible for 

formation of the surface irregularities influencing predominantly the surface microstructure 

and physical properties of produced ribbons. This is manifested often by higher values of 

coercivity on the surface compared to bulk.  In the present case the coercivity values of all 

samples obtained from the bulk hysteresis loops measurements are approximately one order 

lower than the surface values. Higher and lower inclinations of hysteresis curves observed at 

the SLF and SLC samples clearly support our conclusions resulted from the surface magnetic 

measurements. Stronger tensile and compressive stresses lead to the slower magnetization 

reversal in the FeSiB alloy, whenever the magnetic field is applied in the plane along the 

ribbon axis. Bulk hysteresis loop of the BL ribbon shows that the sample cannot be saturated 

even in the external field 12.5 kA/m (unlike to the MOKE results). It means that the 

perpendicular anisotropy observed on the air side becomes stronger as getting deeper under 

the surface and it overlaps a response from the in-plane anisotropy on the wheel side. This 

conclusion is in good agreement with Mössbauer measurements of the BL samples yielded the 

difference in magnetic moments orientation due to connection of two materials with different 

magnetostriction coefficients. Table 2 summarizes main magnetic parameters obtained from 

the bulk hysteresis loops of AQ samples. Values of saturation and remnant polarization for the 

SLF and BL ribbons were determined from the experiments, when applied magnetic field 

saturated both samples (contrary to Fig. 9a). 

 

Fig. 9 here 

 

Because the relatively large square samples could not be used for the technical reasons for 

thermomagnetic (TMC) measurements the small disc samples, 3 mm in diameter, were 

prepared. The hysteresis loops were measured after TMC in a higher external field up to 800 

kA/m and the corresponding magnetic characteristics obtained from the hysteresis loops with 

the relative accuracy of 5 % are summarized in Table 2. The detail of the reversal of the 

hysteresis loop measured after TMC is shown in Fig. 9b. It is evident that (i) the changes in 

parameters after the TMC are connected with the crystallization of amorphous structure and 
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(ii) the magnetic parameters of the BL sample before and after TMC are more influenced by 

the FeSiB side.  

The thermomagnetic curves were measured for all three samples at precisely the same 

measuring conditions. The changes of magnetic moments at temperatures T relative to the 

moment at RT, M(T)/M(300K), in dependence on the increasing and decreasing temperatures 

are depicted in Fig. 10. The first decrease in the magnetic moment of the BL sample follows 

the transition of the amorphous SLC sample of the same composition into a paramagnetic 

state. The Curie temperature of 443 K is substantially lower than that reported for as-

quenched CoSiB wires of the same composition in Ref. [19] but in good agreement with those 

obtained in Refs. [10,20]. Above approximately 450 K the magnetic moment of the BL 

sample is determined by the FeSiB phase on the air side of the sample and by an interlayer 

(Fe-Co)SiB which exhibits its influence above approximately 706 K when the amorphous 

FeSiB phase proceeds into a paramagnetic state in agreement with the transition of the SLF 

ribbon sample. The behaviour of the complex (Fe-Co)SiB interlayer is seen in right subplots 

of Fig. 10, where parts I and II are depicted in more detail. The magnetic moment of this 

interlayer decreases with temperature and above 750 K is influenced by a starting 

crystallization of the FeSiB (763 K) phase on the air side of the sample. The crystallization 

temperature (Tcr) of the interlayer (nearly 800 K - part I) is slightly lower as compared to the 

crystallization temperature of the pure CoSiB sample (847 K). This behaviour is in good 

agreement with studies of the amorphous (Fe1−xCox)SiB alloys yielding an increase of Tcr with 

increasing Co content [21, 22]. In the temperature range between 900 K and 1100 K the 

transitions of the crystalline phases on the wheel side (Co, CoSi, Co-B) as well as on the air 

side (FeSi, Fe-B) into paramagnetic states follow the corresponding transitions detected in 

pure SLC and SLF crystallized samples (part II). Moreover, additional Curie temperature at 

approx. 1057 K corresponds to the transition of the crystallized interlayer into a paramagnetic 

state. It is supported by the first-principles predictions of the Curie temperatures yielding 

visibly higher value for the bcc-FeCo in comparison to pure bcc-Co and bcc-Fe [23]. The 

changes of magnetic moment of the crystallized bilayered sample at decreasing temperature 

do not follow the thermomagnetic curves of the crystalline FeSiB and CoSiB samples. An 

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

 

Fig. 10 here 
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CONCLUSIONS 

The paper is devoted to a detailed study and analysis of the as-quenched bilayered material 

prepared by the interdiffusion of the CoSiB and FeSiB melted precursors during the 

conventional planar flow casting processing. Our results, mapping the microstructural, 

mechanical, and magnetic properties of CoSiB/FeSiB ribbons from the viewpoint of both 

surface and bulk, were obtained by a combination of experimental methods yielding 

information from the different depth of the samples. Detailed in-depth profile of the bilayered 

ribbon points at some differences concerning the comparison with the corresponding CoSiB 

and FeSiB single-layered ribbon as well as differences related to the surface, bulk, and 

interface of the bilayered ribbon alone.  

1) The XRD and SEM identify the amorphous microstructure of both bilayered ribbon 

including interlayer and single-layered ribbons without any evidence of crystallization. 

The thickness of the interlayer being approximately 6 µm is not homogenous and at some 

places a markedly thinner interlayer can be observed. The EDX analysis shows nearly 

linear changes of Co and Fe atoms in the interlayer concentration profile and confirm the 

nominal compositions of both ribbon sides.  

2) Mechanical properties 

The composition of both sides of the bilayered sample and experiment adjustment of the 

Young’s modulus and microhardness measurements at the sample cross section influence 

the results. Nevertheless the measured values are in good agreement with those obtained 

for single-layered samples and presented in literature. The Young’s modulus (~160 GPa) 

and microhardness (~17 GPa) of the interlayer correspond to mixed composition of 

CoFeSiB obtained by EDX analyse.      

3) Magnetic properties are strongly influenced by the different sign of magnetostriction 

coefficient of both connected alloys. Coiling of the ribbons and additional unbending and 

fixing on a planar sample holder is responsible for inducing magnetic anisotropies that 

differ in the bulk as well as on the surface. The shiny Fe surface exhibits perpendicular 

(out-of-plane) anisotropy that becomes stronger towards the ribbon interface and in the 

Co layer it changes into an in-plane uniaxial anisotropy with the hard axis along the 

ribbon axis. It is clearly seen that behaviour of the bilayered ribbon in the bulk is 

determined by the magnetization of the single-layered FeSiB ribbon whereas the CoSiB 

part practically does not contribute to the volume properties. These results are in 

agreement with the Mössbauer analysis showing different orientation of the magnetic 

moments in the bulk and on the surface. Transmission and back scattering configurations 
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confirm that moments in the bulk and at the interface are oriented perpendicularly to the 

ribbon plane, while the surface-sensitive conversion electrons detect their random 

ordering. The reason is that coiling of the ribbon is not identical over the whole length; 

therefore the surface magnetic anisotropy may differ in the specific places and in this way 

may be relatively easily changed. MOKE hysteresis loops and domains in Figs. 6 and 7 

are shown after the piece of ribbon with the highest curvature in the longitudinal direction 

is straightened.    

4) Although temperature treatment (heating from the room temperature to 1100 K and back) 

markedly deteriorated magnetic softness of the single-layered CoSiB ribbon due to the 

presence of tetragonal crystalline phases, bulk magnetic properties of the bilayered ribbon 

are positively influenced by the α-Fe crystalline phase from the FeSiB part and do not 

differ much from that in the as-quenched state. This fact seems to be promising for 

practical applications of bilayered CoSiB/FeSiB ribbons, e.g. in sensor applications.   
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FIGURE CAPTIONS 

 

Fig. 1 Schematic picture of the sample holder for the cross-section observation and  

nanointendation measurements. 
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Fig. 2 X-ray diffraction patterns of the bilayered (BL) CoSiB(w)/FeSiB(a) and single-layered 

(SL) CoSiB(w) and FeSiB(a) samples, taken from the corresponding sides (w - wheel, a - air). 

 

Fig. 3 Microstructure (left) and concentration profiles (right) of Co, Fe, and Si across the 

bilayered Co72.5Si12.5B15/Fe77.5Si7.5B15 sample.   

 

Fig. 4 Cross-section of the BL Co72.5Si12.5B15/Fe77.5Si7.5B15 sample with indentations (left), 

corresponding changes in the Young’s modulus and hardness (right). 

 

Fig. 5 The Mössbauer spectra of the SLF (left) and BL (middle) samples taken from the 

surface (a-CEMS) and bulk (b-TMS); right: γ-BMS spectra of the CoSiB/FeSiB taken from 

the Fe-side (a) and Co-side (b). 

 

Fig. 6 Patterns of magnetic domains in the remanence state measured using the MO Kerr 

microscopy at SLF (air), SLC (wheel) ribbons and both sides of BL ribbon. 

 

Fig. 7 Magneto-optical hysteresis loops obtained from the air and wheel side of the SLF (air) 

and SLC (wheel) samples and from both sides of the BL sample. Black and red (full and 

circle) lines in the top figures (a, b) correspond to the MO responses from different ribbon 

places, when magnetic field is applied along the ribbon axis. The bottom figures (c, d) 

represent the hysteresis loops with magnetic field applied parallel (par - red line) and 

perpendicular (perp  - black line) to the ribbon axis, respectively. 

 

Fig. 8 Iron oxide spectra obtained from the air side of FeSiB and CoSiB/FeSiB ribbons (left) 

together with the microscopic image of detected Fe2O3 area (right). 

 

Fig. 9 Volume hysteresis loops of SL and BL ribbons measured using the vibrating sample 

magnetometer (a) at room temperature, (b) after heating to 1100 K and cooling down to room 

temperature. 

 

Fig. 10 Thermomagnetic curves of the CoSiB, FeSiB, and bilayered CoSiB/FeSiB samples 

(left) and details of the curves (right).  
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Table 1  

Mean values of hyperfine parameters corresponding to analysis of the Mössbauer spectra 

shown in Fig. 5: hyperfine induction B, width of distribution ∆B, isomer shift δ, quadrupole 

splitting ∆, and ratio of the second and first line of sextuplet D21.   

 

Sample B (T) ∆B (T) ∆ (mm/s) ∆ (mm/s) D21 

FeSiB  (TMS) 

(CEMS, air side) 

24.13(40) 6.61(69) 0.135(16) -0.024(12) 0.081 

24.55(4) 7.90(6) 0.107(19) -0.024(6) 1.247 

CoSiB/FeSiB (TMS) 

(CEMS Fe-side) 

(γ-BMS Fe-side) 

(γ-BMS Co-side) 

24.30(23) 6.95(36) 0.112(36) -0.027(19) 0.138 

24.29(9) 10.83(16) 0.112(25) 0.029((11) 1.052 

24.81(59) 5.88(91) 0.134(126) -0.027(78) 0.251 

24.85(13) 7.33(38) 0.141(14) -0.015(26) 0.115 

 

 

 

Table 2  

Magnetic characteristics of samples in the as-prepared state (subscript 1) and after 

thermomagnetic curve measurements (subscript 2): saturation (Js) and remnant (Jr) 

polarizations, and coercivity (Hc). 

 

Sample  Js1 (T) Jr1 (T) Hc1 (kA/m) Js2 (T) Jr2 (T) Hc2 (kA/m) 

CoSiB 0.523 0.057 0.42 0.462 0.090 9.87 

FeSiB 1.388 0.044 0.28 1.422 0.067 1.69 

CoSiB/FeSiB 1.032 0.047 0.39 1.142 0.084 2.04 
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Fig. 3_left 
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Fig. 3_right 
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Fig. 4_left 
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Fig. 4_right 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9a 

 

Fig. 9b 
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Fig. 10 
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