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Abstract

Magnetic properties of amorphous Co,yFe;Mn; sMo, sSi;;B; and Co;3Fe;Mn;Mo,Si,3B4 alloys, manufactured in the
form of ribbons by rapid cooling from the melt, were studied using vibrating sample magnetometer and thermo-magnetic
methods. The Curie point (648 K and 683 K), coercive force (180 A/m and 40 A/m), and saturation magnetization (83
Am?/kg and 85 Am?*/kg) were defined. The nanocrystallization process of the amorphous Co,,Fe;Mo, sMn, sSi;;B;, and
Co4;Fe;Mo;Mn;Si;;Bg alloys were studied by DTA, X-ray diffraction, and using the thermo-magnetic method in the high
magnetic field 800 kA/m. The crystallization onset temperatures of the alloys were defined as about 787 K and 729 K, respec-
tively. The effect of a magnetic field on the crystallization behavior, revealed in a notable crystallization onset temperature
decrease, was observed. The structure evolution induced by the isothermal annealing at temperature 753 K was studied and
the X-ray diffraction structure analyses revealed nanocrystallization with hcp-Co, fcc-Co, and Co;B phases. FESEM studies

revealed a nanoscale and flower-like structure on the ribbon surface after annealing at 753 K.
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Introduction

Amorphous metal alloys are non-crystalline solids that are
characterized by a structure with short-range order. This
structural characteristic of AMC provides isotropic physi-
cal and mechanical properties of these materials (Inoue
and Hashimoto 2001). Due to the absence of a crystalline
structure, amorphous metal alloys (AMS) have high strength
and elasticity, excellent corrosion and wear resistance, excel-
lent soft magnetic properties, which ensures their effective
use in Electrical and Electronic Technology Engineering,
Microelectromechanical Systems MEMS, Medicine, Mili-
tary Equipment, and others (Herzer 2013, Nabiatek 2020).

Among these materials, AMA based on the Co—Si—B sys-
tem deserve special attention, and for several last decades,
have found applications in sensor elements, cores, choke
coils, etc. (Zivotsky et al. 2016; Nosenko et al. 2020). Due to
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their magnetic properties, they are used in the production of
magnetic screens/shielding, read heads, information record-
ing, storage devices, and high-frequency power applications
(Hasegawa 2004; Ackland et al. 2018). Depending on the
type of hysteresis loop, these materials find applications
in current and power transformers, common mode chokes
(CMC’s), magnetic amplifiers (MagAmps), magnetic field
and current sensors, pulse compression applications, etc.
(Liebermann 1993). AMC based on the Co—Si-B system, in
addition to extremely low re-magnetization losses and high
saturation magnetization, also have unique frequency char-
acteristics and practically zero magnetostriction (Russew
and Stojanova 2016; Karolus et al. 2005; Torrens-Serra
et al. 2008). Due to this circumstance, its soft magnetic
properties are insensitive to mechanical impacts. Thanks to
a wide application, the studies of cobalt-based amorphous/
nanocrystalline alloys and their physical properties are of
great importance nowadays.

AMA are metastable and transform to a crystalline state
at high temperatures or long-term aging. Therefore, the
processes of crystallization of AMA were studied by many
researchers to clarify the main parameters that determine the
time—temperature stability of AMC. It is known that dopants
and variations of the content of metalloid group elements
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can lead to the optimization of operating parameters. Hence,
from a technological as well as fundamental viewpoint, it is
important to investigate the effects of the annealing process
on the amorphous structure of the Co—(Me)-Si-B alloys. In
this paper, we provide our studies on the thermal stability
and magnetic properties of Co-B—Si AMA doped with Fe,
Mn, and Mo, as well as nanocrystallization features under
thermal annealing.

Materials and methods

The amorphous cobalt-based alloys with compositions
Co,oFe;Mn; sMo, 5Si;B; and Co,3Fe;Mn;Mo,;Si 3B,
were manufactured in the form of the ribbons by rapid cool-
ing from the melt using the melt-spinning technique. The
ribbon thickness and width were about 25 um and 1 cm,
respectively. The as-obtained ribbons were investigated by
the DTA method using synchronous thermal analyzer Lin-
seis STA PT 1600 under dynamic argon atmosphere (~6
L per hour). Heating was performed at the rate of 10 K/
min from 293 K up to 973 K. Magnetic measurements were
performed using a vibrating sample magnetometer. Re-mag-
netization curves of the studied samples were recorded in a
magnetic field from —300 kA/m to+ 300 kA/m. Since the use
of saturating magnetic fields is a prerequisite for performing
quantitative magnetic phase analysis, the specific saturation
magnetization (c,) and its temperature dependence were
measured in the magnetic field of 800 kA/m.

To study the nanocrystallization process, the isothermal
annealing technique at temperature 753 +5 K with different
exposures in the range of 5-240 min was used. The annealed
ribbon structure was investigated using the back-scattered
X-ray diffraction (XRD) method. X-ray diffraction patterns
of the samples were obtained on an automated X-ray dif-
fractometer DRON-3 in Cu Ko radiation (1=1.5418 /ok),
monochromatized by reflection from the plane (002) of
the pyrographite single crystal mounted on the diffracted
beam. The patterns were analyzed by Lorentzian function
fitting of the XRD main maximum (Nykyruy et al. 2018).
The full width at half maximum (FWHM) of the fitted Lor-
entzian function was used to evaluate the average cluster
size by the formulas:L,, = 2z /As, s = (4xsinf)/ A, where
As—full width at half maximum (FWHM), 260—scattering
angle. Phases, which crystallize under annealing, were deter-
mined by the interpretation of diffraction peaks’ positions.
The average grain size of crystallites (L,,) was determined
using formula (Langford and Wilson 1978; Sokolov et al.
1992):L., = 4/pcos(0), where =B — b; B and b—tull width
at half maximum (FWHM) for the investigated and reference
samples respectively, 2 6—scattering angle.

The ribbon surface structure was also studied by field
emission scanning electron microscopy (FESEM), using
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the Hitachi S-4100 microscope with a secondary electron
detector. The average size of grains was measured using the
freeware software ImageJ.

Results and discussion

The DTA curves for the as-quenched amorphous ribbons
were obtained in the temperature range of 293 K up to 973 K
(Fig. 1), and details of obtained exothermic DTA peaks are
summarized in Table 1. For the Co,,Fe;Mo, sMn; 5Si;,B;
alloy, one exothermic DTA peak with a maximum at 791.6 K
was clearly detected (Fig. 1a). The exothermic peak on the
DTA curve for amorphous material is usually related to a
crystallization process, and the peak onset point at 786.6 K
was interpreted as crystallization onset temperature (TXSD ™,

The DTA curve of the Cos;Fe;Mo;Mn;Si ;B4 alloy
(Fig. 1b) demonstrates one clear exothermic peak with a
maximum at 837.8 K, besides much smaller peak can be
highlighted at the temperature of 736.7 K. So, the onset
point of this peak (724.4 K) was interpreted as the crystal-
lization onset temperature (T,,”™). The temperature range
between the two peaks is about 101 K. The presence of two
peaks reveals the two-stage crystallization process, corre-
sponding to the multi-stage model of crystallization. So,
minor changes in the chemical composition (up to 3%) have
significantly affected the crystallization behavior of studied
alloys.

The slight substitution of cobalt elements on iron or man-
ganese affected both the onset temperature of crystalliza-
tion and the crystallization model (Panda et al. 2005, Bayri
et al. 2016). As was shown by Bayri et al. (2016), the partial
substitution of Fe, Mn, or Mo for Co elements in Co-Si—-B
amorphous alloy has led to increasing the activation energy,
indicating that a small amount of substitution elements pro-
duces a decreased rate of the crystallization kinetics. The
changes in activation energy were attributed to the relative
size of the substitution elements. In studies (Gencer et al.
2013; Zhai et al. 2014), it has been concluded that crystal-
lization kinetic is closely related to the relative size of substi-
tution atoms. The substitution elements of Fe (1.56 A), Mn
(1.61 A), and Mo (1.90 A) have a larger atomic size than Co
(1.52 A). The larger atoms enhance the potential barrier and
hinder the diffusion of atoms in the crystallization process
of amorphous alloys.

The temperature dependencies of specific saturation
magnetization 6(7) for Co,,Fe;Mo; sMn; 5Si;B;; and
Co,;Fe; Mo ;Mn;Si; ;B4 amorphous alloys were measured
in the magnetic field of 800 kA/m (~ 10 kOe) in the tem-
perature range of 290-950 K. It should be noted that at
temperatures 650-800 K, the decomposition of homoge-
neous amorphous phase and the formation of regions with
different chemical compositions, different short-range or
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long-range order occurs, which means the transformation
from a homogeneous to a heterogeneous structure. Mag-
netic phase analysis of heterogeneous systems is carried
out in saturated magnetic fields since only the saturation
magnetization does not depend on structural factors (shape,
size, stress state of the phase) and is a unique function of
the phase composition, linearly dependent on the number
of phases. As a result of the generalization of estimates of
the required intensity of the saturating magnetic field in a
number of works, values from 6 to 10 kOe are recommended
for the magnetic phase analysis of the alloys. (Coey 2010;
Betancourt-Cantera et al. 2019; Clifford et al. 2014; Mezi-
ane et al. 2016). Obtained thermo-magnetic (TM) curves
are presented in Fig. 2a. The saturation magnetization of
both alloys as expected decreases with temperature increas-
ing up to the Curie temperature (7) that marks the ferro-
magnetic—paramagnetic transition, at which 6,— 0. The TM
curves have revealed quite different values of 7. for inves-
tigated ribbons that are about 648 and 683 K, respectively
(see Table 2). For Co,,Fe;sMo, sMn; 5Si;,B,; alloy, the o,
is close to zero in the range of 720-750 K and reached a
minimum value of 1.4 A*m?/kg at temperature 740.8 K, but
for the Co;3Fe;Mo;Mn;Si 3B, alloy, the 6 is not so close
to zero and reached a minimum value of 3.7 A*m?/kg at a
temperature around 700.4 K. Further temperature increase
resulted in a drastic rise of o, up to 20-25 Am’kg~! at the
temperatures 748.9 K and 703.8 K, respectively. This mag-
netization behavior indicated the magnetic transition from a
paramagnetic to a ferromagnetic state, due to the crystalliza-
tion of the amorphous phase and the formation of crystalline
phases with much higher Curie temperature. The tempera-
ture interval of paramagnetic phase existence for amorphous
Co,yFesMo; sMnj; 5Si;,B | was wide, about~ 100 K, while
for Cos3Fe;Mo;Mn;Si; ;B4 was very narrow, about ~20 K.
The thermo-magnetic method is often used to study the
crystallization process in amorphous ferromagnets due to
the sensitivity of magnetization to the formation of crystal-
line grains (Fernandez et al. 2000; Vasi¢ et al. 2022).Using
the experimental TM curve, the following parameters of the
crystallization process can be determined: the temperature
of crystallization onset at which the rise of o, begins (7,);
the crystallization temperature, that corresponds to the maxi-
mal rate of o, rise (7,); the temperature range of crystal
phase formation (AT, =T,—T,,) that corresponds to o, rise
(Zakharenko et al. 2000). These parameters observed for
investigated alloys are summarized in Table 2. It is worth
noting that the 6,(7) curve related to Co,3Fe; Mo, Mn;Si;B,
alloy was characterized by two intervals of 6 increasing that
could be interpreted as the crystallization of two ferromag-
netic phases, and the crystallization of the alloy proceeds
through a two-stage model. The crystallization temperature
of the second stage is about 839.8 K. And the only one inter-
val of o, increasing was observed on the TM curve related to
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Co,yFe;Mo, sMnj; 5Si; B, that corresponds to the one-stage
crystallization process.

The results of thermo-magnetic measurements correlate
with the DTA results in particular in observing one-stage
and two-stage crystallization processes; however, the values
of crystallization onset temperature obtained by the DTA
method (7,”™) were higher than the values obtained by the
TM curves (T,™). This can be partially explained by differ-
ent heating rates at DTA and TM studies (Babych et al. 2008;
Zhang et al. 2021), but differences between T, ,°’* and T, ;™
values for both alloys were quite significant to be satisfied
with this explanation, and the effect of the magnetic field on
the crystallization behavior should be considered. A number
of papers reported the influence of a high magnetic field (H)
on the crystallization of Fe-based amorphous alloys, show-
ing that a high magnetic field accelerated the formation of
the a-Fe phase (Wolfus et al. 1987, Odonera et al. 2013,
Odonera et al. 2014, Zhuang et al. 2016). The magnetic field
accelerates the crystallization process by increasing the free-
energy separation between the amorphous and crystalline
phases by the value AM*H, where AM is the difference in
the magnetic moment between the phases. The increase of
the magnetic energy decreases the activation energy required
for the nucleation of the crystal phase. It is also considered
that the enhancement of the crystallization rate is caused by
the increase of the nucleation rate due to decreasing of the
activation energy by the magnetic field. Since the Co-based
and Fe-based amorphous materials are of one type, the simi-
lar effect of magnetic field on the crystallization of Co-based
alloys should be taken into account. The difference between
T.P™ and T,™ values for Co,;Fe;Mn, sMo, sSi;;B; alloy
was about 38 K and for Co,;Fe;Mn;Mo,Si;;B4 about 25 K
that revealed enhanced sensitivity to a high magnetic field
of the first one alloy. But for a more detailed study of the
high magnetic field effect on the crystallization process of
Co-based AMAs, additional studies are required.

Re-magnetization curves of the studied samples were
recorded in a magnetic field from —300 kA/m to + 300
kA/m. The hysteresis curves of the magnetic moment are
presented in Fig. 2b, and saturation magnetization o, and
coercivity H. of the studied alloys are summarized in
Table 2. Determination of the coercivity values was carried
out using the simulation of the area of demagnetization
of the hysteresis loop. The higher value of 6, and lower
value of H was observed for the Co;3Fe;Mn;Mo,Si 3B,
alloy (85 A*m?/kg and 40 A/m, respectively). A slightly
lower value of o, but a significantly greater value of H
was obtained for the Co,,Fe;Mo,; sMn; Si,;B;; alloy (83
A*m?/kg and 180 A/m, respectively). Analysis of the
magnetization curves showed that in the region of weak
magnetic fields, the magnetization increased in proportion
to the external strength magnetic field, and in a strong
magnetic field (above 17-20 kA/m), there was saturation.
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Fig.2 The thermo-magnetic

a and hysteresis b curves for
Co,¢Fe;Mo; sMn; 5Si; B, and
Coy3Fe;Mo;Mn;Si; ;B4 amor-
phous alloys
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The magnetization of the amorphous ribbon occurs by
slightly shifting the boundaries of the domains and the
reverse rotation of the vector of spontaneous magnetiza-
tion. The values of the coercivity were about 40 A/m and
180 A/m, which corresponded to the average coercivity for
soft magnetic materials (Konieczny et al. 2010; Nykyruy
et al. 2022). Saturation requires quite strong magnetic
fields, while the residual magnetization is small.

The values of Curie point and the saturation magnetiza-
tion are determined by the origin of the ferromagnetic phase
(crystal lattice, electronic structure of atoms, chemical com-
position of the phase). While, the coercivity is a structurally
dependent value and depends on elastic stresses, shape, and
dimensions of the ferromagnetic phase. So, the difference
in Curie points of studied alloys can be caused by partial
substitution of Fe, Mn, or Mo for Co elements and the differ-
ence in the coercivity values can be conditioned by structural
differences of the as-quenched alloys, which in turn also
depend on composition.

It can be interesting to compare the parameters of these
Co-based alloys with amorphous Fe-based alloys because
these two groups of alloys are the most common in manu-
facturing. Earlier, we studied the magnetic properties of
Fe,; sNb;Cu,Si; 5 5B alloy using the same vibrating sample
magnetometer (Mudry et.al 2014). Comparing the param-
eters of the Co-based with the Fe-based amorphous alloys,
it can be mentioned the higher values of Curie temperature
(for about 50-80 K), lower values of crystallization onset
temperature (for about 50-100 K), and lower values of satu-
ration magnetization (for about 50 Am%/kg) for the Co-based
alloys.

The structures of the as-quenched ribbons were studied
by the X-ray diffraction method (Cu-Ka) and the shape
of the XRD curves characterized an amorphous structure
(Fig. 3); no intensity peaks from a crystalline phase were
detected. The curves were fitted by the two-peak Lorentz-
ian functions, and the FWHP of the first peaks was used
to obtain the average size of regions of coherent scattering
(clusters). According to this, the average size of the clusters
was about 17.2 A for Co,3Fe,Mo,;Mn,Si;3B, and 16.1 A for
Co,yFesMo, sMnj; 5Si; B alloy. The difference in the aver-
age size of the nanoclusters of the two alloys was too small
to cause about a fourfold difference in coercivity, so it can be
assumed that the difference in coercivity was due to change
in the content of elements.

It is known that the amorphous state is metastable and
structure evolution to an equilibrium state occurs under the
influence of external factors passing through the nanocrys-
tallization process. The nanocrystallization behavior of
amorphous Co—(Me)—Si-B alloys usually depends on alloy-
ing components. As was studied previously, upon primary
crystallization of Cogg sFey (Mo, sSijg 0B, the formation
of fcc-Co and metastable Co;B nanocrystalline phases was
observed, and further heating of the alloy leads to the disap-
pearance of the Co;B phase and to the formation of Co,B
and Co,Si phases (Girzhon et al. 1998). The nanocrystal-
line fce-Co, hep-Co, CosB, and Co,Si were observed in
Co,4Fe Mn;Si 3B, after 1-h annealing at~770 K (Abrosi-
mova et al. 2021). Besides, the secondary crystal products
in similar alloys are the so-called 23-6 phases, which are
of the Fm3m space group, and follow the Cr,;C¢ prototype
with (Fe, Co),;B4 (DeGeorge et al. 2015). The Co,;B¢ phase

Fig.3 X-Ray diffrac-

tion intensity curves of
the as-quenched alloys: a
Co;Fe;Mo;Mn;Si 3By, b
CoyoFe;Mo, sMn; 5Siy By,
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was also observed in Co,,Fe;Si;(B,5 and similar type alloy
(Vasicé et al. 2018, Bednarcik et al. 2004). Secondary crys-
tallization is the subject of much investigation in magnetic
amorphous and nanocomposites because the Co—B phases
are detrimental to the magnetic properties of the nanocom-
posites, and it limits the long-term and thermal stability
of their operation in device applications (DeGeorge et al.
2015). Understanding crystallization kinetics of this phase
and factors that induce the process, in particular exposure
at high temperatures, allows to predict the thermal stability
and determine operating conditions.

Structure evolution in Co,4Fe;Mo; sMn; 5Si; B, and
Co,;Fe;Mo;Mn;Si 3By amorphous alloys was studied
under isothermal annealing at temperature 753 +5 K with
a duration of up to 240 min. The annealing temperature
of about 753 K was close to the crystallization onset tem-
perature of Co,,Fe;Mn; sMo, 5Si;;B,; alloy. X-Ray dif-
fraction patterns of the ribbons after annealing are shown
in Fig. 4. It is clear that the transition from cluster struc-
ture to nanocrystalline is accompanied by cluster size
increasing. The characteristic feature of this transition is
an appearance of symmetry in the atomic distribution in
nanocrystals. Such symmetry can be revealed by a detailed

Minutes

R 2
[ e}

Intensity, a.u.

30 40 50 60 70 80 90 100
20, degree

a)

analysis of diffraction patterns. In the case of cluster struc-
ture, we observe only one diffraction peak, whereas in the
case of nanocrystals, more peaks should be pronounced.
To study the phase composition of the annealed ribbons,
we used the analysis by the multi-peaks Lorentzian func-
tion fitting of the XRD main maximum, and the results
are summarized in Table 3. The main maximums of the
XRD curves obtained from the as-quenched ribbons can be
correctly approximated by the one-peak Lorentzian func-
tion (Fig. 3), representing an amorphous structure. After
the 30 min annealing of Co,yFe;Mn; sMo, 5Si;,B,, alloy,
the XRD curve was accompanied by weak reflexes that
reveal some quantity of nanocrystalline phase of cobalt
with a hexagonal close-packed lattice (hcp-Co). After
120 min annealing, the Co,,Fe;Mn; sMo, 55i,,B,; ribbon
became completely nanocrystalline. The phase composi-
tion of Co,yFe;Mn; sMo, 5Si;;B;, sample, annealed dur-
ing 240 min, consisted of hcp-Co, (a =2.5184 +0.0005 A,
¢=4.0065+0.0011 A), with an average grain size
L. ~ 15.0+2.0 nm; fcc-Co (a=3.5311+0.0008 A),
L, ~ 55.0+6.0 nm; Co,Si (a=4.9251+0.0009 A,
b=3.7781+0.0006 A, c=7.1688 A), L, ~ 50.0+5.5 nm;
and Co;B (¢=5.2084 +0.0010 A, b=6.6242+0.0010 A,

Q
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Fig.4 X-Ray diffraction intensity curves of the ribbons after annealing at 753 K b upon different exposures a Co,jFesMo, sMn; sSi;;B;;, b

Coy3Fe;Mo;Mn;Si 3By

Table 3 The composition of

Co,,Fe;Mo, sMnj; Si; | B
alloys after annealing at the LS ST

Co,;Fe; Mo Mn;Si,;By,

specified exposure times

Exposure time, min Composition

Exposure time, min Composition

30 A +hcp-Co 15 A +hcp-Co
60 A +hcp-Co 30 A +hcp-Co
90 A +hcp-Co 60 A +hcp-Co
120 hep-Co +fee-Co+ CosB + Co,Si 90 A +hcep-Co +fec-Co
180 hep-Co +fee-Co+ CosB + Co,Si 120 A +hcep-Co +fee-Co
240 hep-Co +fee-Co+CosB + Co,Si 180 A +hcp-Co +fee-Co
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¢=4.4204+0.0010 A), L, ~ 35.0+4.0 nm. The XRD
results correlate with DTA results confirming one-stage
crystallization model for the Co,yFe;Mn; sMo, 5Si; B,
alloy.

Another crystallization process was observed for the
Co3Fe;Mo;Mn;Si,;B, alloy. For this alloy, the anneal-
ing temperature was higher than the value of TMDTA but
lower than the temperature of the second DTA peak. The
XRD curve from the sample annealed for 15 min was also
accompanied by weak reflexes revealing some quantity of
the nanocrystalline hcp-Co phase. The increasing anneal-
ing time has resulted in the strengthening of reflexes from
hcp-Co phase and appearing of weak reflexes from fcc-Co
phase. No Co-B or Co-Si phases were revealed. This is
consistent with the two-stage model of the nanocrystalliza-
tion process: the Co crystallization occurs in the first stage,
while the Co—B or Co-Si crystallization occurs in the sec-
ond stage. The phase composition of Co,;Fe;Mo;Mn;Si ;B
sample, annealed during 180 min, consisted mainly of hcp-
Co, (a=2.5053+0.0005 A, c=4.0621+0.0012 A), with an
average grain size of L ~ 15.0+2.0 nm.

It is worth noting that, in cobalt, the martensite
hcp-fee transition takes place at a temperature range of
about ~660-740 K (Bauer et al. 2011). This is lower than
the annealing temperature of 753 K. After cooling, a signifi-
cant fraction of the high-temperature fcc phase is typically
retained in the microstructure (i.e., the reverse fcc—hcp trans-
formation is incomplete). The residual fcc phase stands as
another microstructure parameter affecting the mechanical
performance of the material, in addition to typical param-
eters such as grain size, dislocation density, crystallographic
texture, etc. (Knapek et al. 2020).

Results of FESEM studies revealed the smooth amor-
phous-like structure of the as-quenched alloy and the fine-
grained structure of the ribbons after annealing. Figures 5Sa,
b present the surface structure of free upon amorphiza-
tion ribbon side and ribbon edge, respectively, for the as-
quenched alloy. The low contrast of the image generated by
secondary electrons indicates favor of a smooth and uniform
surface, which is inherent in the amorphous structure. Fig-
ures Sc, d present the surface structure after annealing for
60 min and 180 min, accordingly. Given the results of the
XRD study for these two samples, we can conclude partial
and complete crystallization with a fine nanograin structure.
The size of grains obtained from Fig. 5c varied in the range
of 20-100 nm and the average value was defined as about
50 nm. The nanograins are visible on a smooth background
and it can be interpreted as partial crystallization of the
amorphous phase, which is consistent with the XRD result
for this sample. The size of grains obtained from Fig. 5d var-
ies in the range of 20-200 nm and the average grain size was
defined as about 65 nm which is close to the value obtained
by XRD for this sample. No smooth background is visible
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in the figure, only a nanograined structure is seen that is
consistent with the XRD result for this sample.

The image in Fig. Se, d resembled a flower-like structure
similar to that obtained for Co;0, by Cai et al. 2019, Kan-
nagi et al. 2020, Kumar, et al. 2020. In general, flower-like
structures were discovered for several materials: flower-
like 3D Ag—Au hetero-nanostructures (Zhang, et al. 2018),
hierarchical flower-like Ag nanostructures (Zhang et al.
2017), and flower-like Fe;0,/MnO, microspheres (Ma
et al. 2019). Flower-like structure formation was described
as a self-assembled process (Parveen and Cho 2016, Sheng
et al. 2011). A self-assembly strategy for the fabrication of
well-defined 3D flower-like hierarchical structures of Ni/
Co-layered double hydroxides by chemical co-precipitation
under the mild reaction condition (55 °C) was described in
Li et al. (2016). As for cobalt, Du and co-workers developed
flower-like structures of Co/CoO, using a two-step hydro-
thermal process followed by a subsequent annealing process
(Lv, Hualiang et al. 2015). They described the role of the
temperature for flower-like structure formation, with a suit-
able annealing treatment of the composite at 400 °C which
is essential. When heated at a lower temperature, 300 °C,
or a higher annealing temperature, 500 °C, they did not get
flower-like microstructures. In view of this, we can assume
that the thermal annealing of the Co—(Me)—Si-B alloy in the
temperature range of 673-773 K (400-500 °C) is suitable
for the formation of flower-like structures on the surface of
the Co—(Me)-Si—B ribbon.

The flower-like structure contained numerous very thin
flakes, with layer spacing appropriate for electromagnetic
scattering in a frequency bandwidth ranging from 13.8-18
GHz. Furthermore, the porous flower-like microstructure
acted as an excellent lightweight microwave absorption
material (Bhosale et al. 2020). A super-hydrophobicity of
coatings was attributed to micro—nano flower-like structure
(Khorsand, 2015). All this arouses increased interest in con-
tinuing our research on the nanostructuring of amorphous
Co—(Me)-Si-B alloys.

Conclusion

Magnetic properties and thermally induced nanocrys-
tallization behavior in Co,yFe;Mo; sMn; sSi; B, and
Co,;3Fe;Mo;Mn;Si ;B¢ amorphous alloys were studied by
means of techniques: DTA, vibrating sample magnetom-
eter, thermo-magnetic, and X-ray. According to the DTA,
the crystallization onset temperatures of these alloys are
787 K and 724 K, respectively. However, the effect of a
magnetic field should be taken into account when consid-
ering the thermal stability or crystallization process since
significantly lower values of crystallization onset tempera-
tures (749 K and 704 K, respectively) were observed by the
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Fig.5 FESEM images of
CoygFesMo, sMnj 5Si; By,
surface: a free upon amorphiza-
tion side of the as-quenched
ribbon, b as-quenched ribbon
edge, c fine grains after anneal-
ing at exposure 60 min, d fine
grains structure after annealing
at exposure 180 min, e and d
flower-like structure

15.8kV X88.08K

15.8kV X5@.1K

15.8kV X408.0K

thermo-magnetic method when applying a high magnetic
field (about 800 kA/m).

Amorphous alloys with very similar chemical com-
positions showed quite different thermal stability and
magnetic properties. It was observed that the nanocrys-
tallization process of the Co,3Fe;Mo;Mn;Si ;B4 alloy
corresponds to a two-stage crystallization model, while
Co,oFesMo; sMn; sSi| B, corresponds to a single-
stage crystallization model. The thermal stability of the
Co,oFe;Mo, sMnj; 5Si; ;B alloy was higher than that of the
Co,;Fe;Mo,;Mn;Si 3By alloy by almost 60 K. Both alloys

15.8kV X58.0K

680nNnm

758nm 15.8kV X8.97K 3.81»rm

f)

in the as-quenched (as prepared) state were characterized
by the amorphous structure, and the saturation magnetiza-
tion values of both alloys were quite close, 85 Am? /kg and
83 Am? /kg, but the values of coercivity and Curie points
were significantly different: for Co,;Fe; Mo ;Mn;Si ;B
alloy, the coercivity was 40 A/m and Curie point was 683 K,
while for the Co,yFe;Mo, sMn; 5sSi; B, alloy, the coer-
cive force was 180 A/m and the Curie point was 648 K. A
slight variation in the percentage of elements significantly
changed the process of nanocrystallization in amorphous
Co-Fe-Mn-Mo-Si-B alloys. From a technological point
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of view, the Co,3Fe;Mo;Mn;Si, 3B, alloy is more promis-
ing because it has less coercive force. In addition, the two-
stage crystallization process, in which the unwanted boride
phase was formed in the second stage, allows to carry out
the optimization annealing to form a nanocrystalline fine
structure without Co—B that can potentially improve the
magnetic properties. A flower-like structure was detected
on the ribbon surface after annealing at 753 K, a structure
that is potentially able to improve the surface properties of
the material.
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