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Abstract: The work presents a study on the influence of high-speed nonequilibrium of the melt-

spinning process on the morphological and magnetic properties of the amorphous Co58Ni10Fe5Si11B16 
alloy. It is shown that the amorphous states with a different extent of disordering may be produced 
by varying the melt-spinning conditions. A correlation has been established between the fractal 
structure of morphological inhomogeneities and the magnetic properties of the melt-spun alloy: the 
higher the fractal dimension of the hierarchical mesoscale structure, the more the soft magnetic 
alloy. The optimal ordering of both the morphological and magnetic structure of the melt-spun 
Co58Ni10Fe5Si11B16 alloy is achieved at a cooling roller speed of 28 m/s.
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Аннотация. В работе представлены результаты исследования морфологии и магнитных 

свойств сплава Co58Ni10Fe5Si11B16 в зависимости от скоростных режимов получения. 
Показано, что технология спиннингования при вариации параметров получения 
позволяет получить аморфные состояния с разной степенью разупорядочения. В ходе 
работы установлена корреляция фрактальной структуры морфонеоднородностей и 
магнитных свойств быстрозакаленных сплавов: чем выше фрактальная размерность 
иерархической мезомасштабной структуры, тем более ярко выражены магнитомягкие 
свойства. Оптимальное упорядочение как морфологической, так и магнитной структуры 
сплава Co58Ni10Fe5Si11B16 достигается при скорости роллера 28 м/с.
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Introduction

Amorphous metal alloys (AMA) are of great scientific interest in the study of the physical 
properties of disordered system. Soft magnetic AMA fabricated by the melt-spinning technique 
has a high magnetic permeability as a result one may be successfully applied for the manufacture 
of magnetic heads, magnetic shields, and secondary power supplies [1–4]. These alloys have high 
strength and corrosion resistance, which is important for operation in aggressive environments.

In order to increase the practical efficiency of such materials in technology, it is necessary 
to find new ways to control their special properties. For this reason, there has recently been an 
increased interest in studying the structural state and functional properties of melt-spun alloys, in 
particular, those made of soft magnetic materials.

The goal of this study is to identify the structural/morphological ordering and magnetic ordering 
in cobalt-based AMA produced by melt-spinning on a cooling roller at various technological 
conditions. It is interesting to study the correlations of the surface morphology and physical 
properties with a change in high-speed nonequilibrium, since, on the one hand, disordered media 
are characterized by the collective behavior of defects forming a hierarchical system with a fractal 
structure in the configuration space [5–7], and, on the other hand, it is well known that magnetic 
properties are structure-sensitive [4, 8, 9].

Materials and Methods

Amorphous Co58Ni10Fe5Si11B16 alloys were fabricated by the melt-spinning technique with 
a single Cu roller at various linear speeds on the MeltSpinner SC equipment. Several samples 
of ribbons from this alloy were prepared, parametrized by high-speed production conditions. 
Technological and geometric parameters of the ribbons are given in Table 1. 

© Фролов А. М., Писаренко Т. А., Крайнова Г. С., Ильин Н. В., Ралин А. Ю., 2022. Издатель: Санкт-Петербургский 

политехнический университет Петра Великого.

T ab l e  1 

Parameters of samples

Sample V, m/s P1, mbar P2, mbar t, mm
A 22.0±0.1 50±5 200±5 21.0±4
B 25.1±0.1 50±5 250±5 23.0±1
C 28.3±0.1 50±5 350±5 23.0±1
D 31.4±0.1 50±5 350±5 19.3±0.5
E 37.0±0.1 60±5 400±5 16.0 ±1

Not a t i on s .  V is the linear speed of the cooling roller, P1 is the 
pressure in the chamber, P2 is the pressure in the crucible, t is the 
ribbon thickness.
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As seen from Table 1, in this series of samples, the cooling roller speed (V) is the most 
interesting parameter which affects the nonequilibrium of the melt-spinning process. In addition, 
it should be noted that at low Р1, with an increase of the linear speed of the cooling roller, an 
increase of Р2 is necessary to maintain the ribbon thickness. 

To identify the atomic ordering, we used the X-ray diffraction method by a Bruker D8 Advance 
diffractometer, Fe-Kα radiation. 

Morphology analysis was carried out using amorphous alloy HRTEM images obtained on 
FEI TITAN 300 TEM. The samples were preliminarily prepared: 3 mm circles were cut from 
the ribbon bulk, which were then placed in an ionic thinning plant (GATAN PIPS Model 691), 
where they were thinned until through holes appeared in central part. 

Fraunhofer diffraction patterns were obtained by the System for Spectral Analysis of Electron-
Optical Imaging software for digital spectral analysis of images, based on the FFT procedure [10]. 
The spectrum of spatial inhomogeneities (integral frequency characteristic) was calculated as a 
result of angular convolution of Fraunhofer diffraction pattern. Moreover, HRTEM images were 
parametrized by fractal dimensions using the fracton technique for analyzing a structural ordering 
based on the integral frequency characteristic [7]. 

Hysteresis loops and magnetization curves for the Co58Ni10Fe5Si11B16 alloy were measured on 
an automated vibromagnetometer.

Results and Discussion

X-ray diffraction analysis showed that the melt-spun Co58Ni10Fe5Si11B16 alloy remains X-ray 
amorphous at all speed conditions [11], and the profiles of X-ray diffraction patterns practically 
coincide when superimposed. The diffraction patterns reveal a single diffuse peak at the angle of 
2θ = (57–59)º, which corresponds to the short-range order period of (0.203–0.197) nm, while 
there are no crystalline peaks.

The study of fractograms obtained by antiplanar deformation of the Co58Ni10Fe5Si11B16 ribbons 
revealed a hierarchical structure in the range from 20 nm to (1–2) µm containing coral-like 
and cellular structures [11]. To understand the features of structure formation in AMA, it is 
important to note that the coral-like structure (see Fig. 1) as well as the solidification process, 
begins from the ribbon contact surface [12]. From the point of view of structure formation of 
a melt-spun ribbon as a whole, coral branches can be considered as elementary structural units 
of wave-like heat transfer through the ribbon thickness by means of a density gradient in the 
mesoscale structure. The hierarchical nature of the coral-like structure implies its quantitative 
parametrization by fractal dimensions.

Fig. 2,a shows a fragment of a HRTEM image of the mesoscale structure for the sample A. As 
seen from Fig. 2,a, a salt-pepper contrast nanostructure is observed, typical for the amorphous 
structure observed in TEM images for the as-spun Co58Ni10Fe5Si11B16 ribbon. We applied the 
fracton technique for analyzing structural ordering [7] to HRTEM images, plotting the depen-
dence Df(V), see Fig. 3, curve 1. According to the kinetics of fractal dimensions, two classes of 

Fig. 1. Electron microscopic images of fractograms for melt-spun Co58Ni10Fe5Si11B16 alloy 
(characteristic fracture with a coral-like structure): 22 m/s (a); 28 m/s (b); 38 m/s (c)

a) b) c)
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hierarchical subordination were distinguished by fractal dimensions greater than and less than 
2. In the case of D > 2, the fractal cluster is the so-called contact cluster that fills the surface, 
for example, a fractal sponge and fractal foam [5]. Thus, the condition for the formation of a 
connected spatial cluster is D > DT = 2.

As noted above, structure formation in AMAs affects their functional properties, in our case, 
magnetic ones. Therefore, it is of interest to analyze the influence of the fractal structure on the 
magnetic ordering. Hysteresis loops were measured for all Co58Ni10Fe5Si11B16 ribbons produced at 
different melt-spinning conditions, Fig. 2,b. As seen from Fig. 2,b, all samples are soft magnetic. 
In Fig. 3, curve 2 the dependence of the coercive force (Hc) on the high-speed nonequilibrium 
is present. The shape of the dependence Hc(V) may be interpreted as structural relaxation within 
the amorphous state, accompanied by a change in the magnetic ordering.

As seen from curve 1 in Fig. 3, a fractal structure is formed in all alloys, which may 
be interpreted as a fractal percolation σ-cluster near a percolation threshold. However, the 
condition D > 2 is satisfied by only sample C (28 m/s), which implies that in this case the 
deterministic component prevails in the subordination by means of forming a connected 
spatial percolation cluster, which ensures the minimum coercive force. In cases of D < 2, the 
stochastic component dominates in the subordination; as a result, a frustrated fractal cluster 
is formed, which weakens largely the magnetic interaction, increasing the coercive force of 
these alloys.

The Hc decrease in the speed range of 22–28 m/s can be associated with an ordering change 
of the hierarchical complex structure of mesoscale morphological inhomogeneities due to the 
appearance of order from chaos (the formation of fractal dissipative structures). Moreover, with 
an increase of nonequilibrium, the fractal structure becomes more organized.

Fig. 2. HRTEM subimage of the Co58Ni10Fe5Si11B16 alloy (Sample A); 
the inset shows the Fraunhofer diffraction pattern (a); hysteresis loops 

of the melt-spun Co58Ni10Fe5Si11B16 alloy are shown in (b)

a) b)

Fig. 3. Dependences of fractal dimension and coercive force 
for melt-spun Co58Ni10Fe5Si11B16 alloy on cooling roller speed
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The amorphous state of the Co58Ni10Fe5Si11B16 alloy, produced at a low speed of 22 m/s, is 
usually interpreted as microcrystalline, which is characterized by the presence of grain bound-
aries, which significantly weaken the magnetic interaction. As the cooling roller speed increases 
to 25 m/s, the alloy structure evolves into a heterogeneous amorphous state, while Hc decreases, 
identifying an increase of the magnetic interaction. These changes are due to the absence of grain 
boundaries in the amorphous matrix, on the one hand, and the formation of a more ordered 
fractal cluster (including magnetic), as a result of emergence of order from chaos, on the other 
hand. It is possible that the fractal cluster is still frustrated at 25 m/s due to heterogeneity of the 
amorphous state.

A subsequent increase of the cooling roller speed to 28 m/s results in the so-called 
nanocrystallization of the melt, when the nanoclusters are dissolved in an amorphous (glassy) 
matrix, which provides the continuity of the magnetic interaction. Thus, at optimal subordination 
of the multiscale structure, a minimum of the coercive force is achieved. A high value of Df  = 2.08 
and a low value of Hc = 0.008 Oe indicate that a connected spatial magnetic percolation cluster 
is formed under these melt-spinning conditions in the amorphous matrix in addition (dualism) 
to the fractal cluster of morpho-inhomogeneities. In this case, it can be concluded that fractally 
ordered magnetic nanocrystals dissolve in an amorphous (glassy) matrix [4]. 

The maximum Df is due to fractal ordering of the hierarchical complex structure of the 
morphological inhomogeneities of the alloy. The subsequent decrease in Df is explained by an 
increase in high-speed nonequilibrium and, therefore, by a mesoscale structure randomization. 

The jump of the Hc dependence from the minimum value to the maximum (Fig. 3, curve 2) 
is due to the change in the ordering of the hierarchical mesoscale structure from nanocrystalline 
ordering, in which nanocrystals are dissolved in an amorphous matrix, where they are fractally 
ordered, to a homogeneous glassy state, where the magnetic percolation cluster is strongly 
randomized and, as a result, contains an infinite number of non-intersecting fragments. As the 
speed increases to 31 m/s, structural randomization destroys the nanocrystalline component, 
while a magnetic percolation cluster is formed in the atomic scale, which significantly weakens 
the magnetic interaction, increasing the Hc to a value 0.11 Oe.

The subsequent decrease in Hc with an increase of the roller speed to 38 m/s is associated with 
the evolution of the coral-like structure due to a reduction in the contact time of the melt with 
the cooling roller surface. In this case, the coral-like (foamy) structure emerges on the ribbon 
contact surface (Fig. 1, c), since the thermo-hydrodynamic wave does not have time to overcome 
the ribbon thickness as the ribbon quickly tears away from the cooling roller surface. Thus, the 
high speed results in strong randomization of the hierarchical mesoscale structure as a whole. The 
structure randomization is reflected by low Df (Fig. 3, curve 1). The short-time contact causes 
a heat transfer rate (supercooling degree) to decrease at such high-speed conditions, as a result, 
the solidification process continues after the ribbon separates from the cooling roller surface. In 
these conditions, magnetic nanocrystals (nanoclusters) are again formed in the glassy matrix, 
but they are strongly randomized and spatially broken, which follows from the reduction in the 
fractal dimension. It can be assumed that in the case of sample C, a fractal percolation cluster 
parameterized by D > 2 is formed as a result of dynamic chaos, while in other cases, with D < 2, 
the organization of structural ordering decreases as a result of the contribution from orthodox 
stochastization to the heat transfer process. It is likely that the high-speed conditions in which 
the solidification process continues outside the roller surface require taking into account the local 
magnetization inside the magnetic percolation cluster. Then the decrease in the coercive force of 
the sample E can be interpreted as an increase in the magnetization of non-intersecting fragments 
of the magnetic percolation cluster.

Based on the obtained results, it can be assumed that the hierarchical mesoscale structure of 
morphological inhomogeneities, characterized by fractal dimension as a randomization measure 
induced by high-speed nonequilibrium, determines the division of the functional space, in our 
case, it is the spatial distribution of the magnetic percolation cluster (ignoring magnetization), 
starting from short-range order scales (atomic scales) to the hierarchical (nano) cluster structure. 
The spatial division of both the morphological and magnetic structure is fractal (dualism), but 
not identical, since the obtained fractal characteristics of the hierarchical mesoscale structure of 
rapidly quenched Co58Ni10Fe5Si11B16 alloy agree with their magnetic parameters only taking into 
account the difference in the structural-phase composition of the disordered material. Therefore, 
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the fractally ordered hierarchical mesoscale structure of the ribbons determines only the nature of 
the magnetic division, disregarding the distribution of the magnetization magnitude. Most likely, 
high-speed melt-spinning processes are characterized by an increase of the randomization measure, 
which reduces the fractal dimensionality, on the one hand. On the other hand, an increase in 
the magnetization of elementary nanoclusters results in an increase in the magnetic interaction of 
these structures. That is, a magnetic percolation cluster must in addition be characterized by the 
magnetization magnitude. We can only be certain that the fractally ordered hierarchical mesoscale 
structure of the rapidly quenched alloy with a fractal dimension D > 2 provides an increase in 
the magnetic interaction. In this case, the Co58Ni10Fe5Si11B16 alloy will have more pronounced 
soft magnetic properties. Thus, to obtain soft-magnetic materials, it is necessary to form an alloy 
structure with the maximum fractal dimension, at least in the mesoscale range.

It should be noted that the correlation between the fractal morphological structure and 
magnetic behaviors has a more complex dependence than that determined in the present study. 
It is known [8] that a dimension of the magnetic microstructure depends very strongly on the 
applied magnetization field. For example, the dipole-dipole interaction between nanoparticles of 
a fractal magnetic cluster will have a significant effect, both in low and in high fields.

Conclusion

In this work, a systematic analysis of the structural and magnetic properties of the melt-spun 
Co58Ni10Fe5Si11B16 alloy fabricated at different melt-spinning speeds has been carried out. High-
speed nonequilibrium (in the speed range V = 22–38 m/s) leads to amorphization of the alloy at 
all melt-spinning speed conditions, however, the structural disorder in these alloys differs largely. 
It is shown that the amount of order-disorder in an amorphous medium can be characterized by 
fractal dimension. The maximum fractal dimension is due to the fractal ordering of the hierarchical 
complex structure of morphological inhomogeneities into a connected spatial percolation cluster, 
which ensures a minimum coercive force. Thus, study of the functional properties of melt-spun 
alloys using fractal analysis increases the efficiency of developing technical conditions for the 
formation of soft magnetic materials.
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