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Abstract: This study focuses on the effect of replacing molybdenum with vanadium in rapidly
quenched quasi-high-entropy alloys of the Fe-Co-Ni-Cr-(Mo,V)-B system. The paper analyzes the
effect of the chemical composition of alloys with different boron content levels on structure formation,
characteristic temperatures of alloys, and mechanical properties. An analysis of the relationship
between the structure of alloys and their properties is performed. X-ray diffraction and scanning
electron microscopy methods were used in the work to establish the structural dependencies. Char-
acteristic temperatures were determined by differential scanning calorimetry. It is suggested that
the addition of vanadium to the alloys of this system leads to the formation of vanadium nitrides
in the structure, due to the binding of dissolved nitrogen. Furthermore, it is found that replacing
molybdenum with vanadium leads to an increase in the thermal stability of the amorphous phase.
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1. Introduction

Amorphous alloys, first obtained by Duwez in 1960 [1], present the most metastable
structural state, which is similar to the structure of a liquid. The absence of a long-range
order in the arrangement of atoms is the reason for the unique mechanical and physical
properties of these materials [2]. The development of alloy compositions that allow us
to obtain an amorphous state in ingots with large cross-sections has facilitated the wide
industrial use of metallic glasses [3]. The amorphous structure of alloys is thermally
unstable and, upon heating, tends to transform into a stable crystalline state [4,5]. Quite
often, structural transformations of the amorphous phase passes through high-temperature
metastable states [6].

The miniaturization of electronic devices has led to a demand for microelectromechani-
cal systems (MEMSs)—devices that combine mechanical devices and electronic components
in one integral package [7,8]. Due to their small size (several tens of microns), materials
with high specific strength and a homogeneous structure are in demand for the mechanical
part of these devices [9]. The use of conventional crystalline alloys is impossible in MEMSs
since, at the microlevel, most alloys have structural inhomogeneity, such as the strength-
ening phases and defects of the crystalline structure, which can have a negative effect
on the mechanical properties of microparts. At present, single-crystal silicon is used to
manufacture such parts [10]; however, crystallographic anisotropy is a major disadvantage
of single-crystal silicon. Amorphous alloys are promising materials for the manufacture of
the mechanical parts of MEMSs, which not only have high strength levels, but also, due to
the absence of a crystal structure and its defects, have homogeneous (isotropic) properties
at the micro- and sub-microlevels [2,11].
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Amorphous iron-based alloys have been well known since the 1980s and have found
wide applications in the electronic and electrical industries [12–14]. This became possible
due to their unique set of magnetic properties [15–17]. In addition, iron-based amorphous
alloys have high-strength properties [18–21]. Industrial, amorphous, soft, magnetic iron-
based alloys have a relatively low glass-forming ability; their critical thickness is about
50–100 µm [22]. Iron-based bulk metallic glasses have extremely high brittleness levels,
even in the ribbon form [18]. An increase in the glass-forming ability is possible by applying
a high-entropy approach [23]—replacing iron with other d-elements, such as cobalt, nickel,
chromium, and others [24–27]. The high-entropy effect [28] hinders the crystallization of a
multicomponent solid solution from melting due to an increase in the size of the critical
nucleus [29], reduces the critical cooling rate for the formation of an amorphous structure,
and increases the glass-forming ability of the alloys. In the first studies on the application
of the high-entropy approach, iron was replaced by cobalt and nickel in order to preserve
the ferromagnetic state of the material in the amorphous state at room temperature [23,25].
Moreover, the addition of chromium to the composition significantly increased the corrosion
resistance of alloys [25,30]. It was shown that the partial replacement of Fe, Ni, and Co
atoms by molybdenum atoms led to a significant increase in the strength of alloys in the
(Fe,Co,Ni,Cr,Mo)B system while maintaining technological plasticity [31]. However, these
alloys have an unusual feature, a decrease in strength properties with an increase in the
boron content from 11 to 17% due to an increase in the interatomic distance [32].

There is lack of data on the vanadium addition effect on crystalline high-entropy alloys
based on the Fe-Co-Ni-Cr system and to amorphous alloys based on the Fe-Co-Ni-Cr-B
system. Simultaneously, there are data on the effect of vanadium on the structure and
mechanical properties of high-entropy alloys obtained by magnetron sputtering [33]. It
has been established that the addition of V to CoCrFeNiMn alloys that do not contain
metalloids promotes the formation of an amorphous structure and the appearance of nan-
otwins during deformation, which contribute to the effect of strain hardening. Vanadium
has average atomic radii between Fe and Mo, which should allow for the formation of
a denser atomic structure of the amorphous phase and improve the mechanical prop-
erties of the alloys while maintaining the glass-forming ability. In this work, the effect
of vanadium addition on the structure formation and mechanical properties of alloys
(Fe0.25Ni0.25Co0.25Cr0.125Mo0.125-xVx)100-yBy, where x = 0; 0.0625; 0.125, y = 11–17, is stud-
ied. Moreover, based on the obtained results, we assume that these additions lead to the
formation of refractory vanadium-rich nitrides in the structures of the studied alloy ribbons.

2. Materials and Methods

Alloy ingots with a nominal composition (Fe0.25Ni0.25Co0.25Cr0.125Mo0.125-xVx)100-yBy,
where x = 0; 0.0625; 0.125 and y = 11; 12; 14; 17, were prepared by arc melting pure Fe, Ni, Co,
Cr, and V metals (99.9 wt.%), pre-alloyed Ni-50Mo (wt.%), and crystalline boron, 99.8% pure.
To obtain a homogeneous composition over the cross-section of the ingot, five remeltings
were performed with the overturning of the ingot. The mass loss during the melting process
did not exceed 1%. Metallic alloy ribbons with a thickness of about 25 µm and a width of
1 mm were produced by the single rollermeltspinning process in an Ar atmosphere. The
nitrogen content determined by the reduction melting method via LECO TC-600 Oxygen
and Nitrogen Analizator in the investigated alloys was 0.04 ± 0.01 wt.%. The investi-
gated alloys were divided into three groups, Mo-B, Mo,V-B, and V-B, which denote alloys
(Fe0.25Ni0.25Co0.25Cr0.125Mo0.125)100-yBy, (Fe0.25Ni0.25Co0.25Cr0.125Mo0.0625V0,0625)100-yBy, and
(Fe0.25Ni0.25Co0.25Cr0.125V0.125)100-yBy, respectively. Individual alloys were designated as
Mo-XXB, where XX was the boron content in the alloy.

An X-ray structural analysis was conducted using a Bruker D8 Advance diffractometer
(Bruker, Germany). The diffraction patterns were obtained according to the Bragg-Brentano
scheme using Cu Kα radiation with a monochromator on the reflected beam (Bruker,
Germany). The microstructure was investigated using scanning and transmission electron
microscopy, using Zeiss Merlin and Zeiss Libra 200 microscopes (Zeiss, Germany) equipped
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with the EDX analyzers (Oxford Instruments, United Kingdom). Thermal properties were
evaluated by a differential scanning calorimeter (DSC) (Setaram, France) method with a
heating rate of 0.67◦/s. The ribbons’ microhardness was measured using a microhardness
tester (Wilson&Wolpert, Netherlands) at a load of 980 mN.

3. Results and Discussion
3.1. Structure Investigation

Figure 1 shows the diffraction patterns of the investigated alloys. Alloy ribbons of the
Mo-B group (Figure 1a) exhibited an amorphous structure. A wide diffuse maximum was
observed in the range of 2θ angles from 35◦ to 52◦ on the diffraction pattern, regardless of
the boron content in the alloy, and there were no sharp diffraction maximums associated
with the formation of crystalline phases. Partial and complete replacements of molybdenum
with vanadium led to the formation of a partially crystalline structure after quenching.
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Figure 1. XRD patterns of alloy ribbons of (a) Mo-B, (b) Mo,V-B, and (c) V-B groups in cast state.
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The diffraction patterns of the Mo, V-B, and V-B (Figure 1b,c) alloy ribbons showed a
diffuse maximum corresponding to the amorphous phase and sharp X-ray reflections from
the crystal planes corresponding to the formation of the fcc phase during quenching. There
was a discrepancy between the relative intensities of the reflections of the families of planes,
which was associated with the predominant orientation of the (200) planes parallel to the
ribbon’s surface. The (100) direction was the direction of the growth of the crystals with an
fcc lattice, coinciding with the direction of heat removal, which, in this case, was directed
perpendicular to the plane of the ribbon’s surface [34]. An increase in the vanadium content
in the alloys led to an increase in the content of the crystalline phase in the ribbon structure.
This was evidenced by an increase in the relative intensity of X-ray reflections of the fcc
phase towards the diffuse maximum.

An Increase in the boron content in the groups of Mo, V-B, and V-B alloys led to a
decrease in the fraction of the crystalline phase. This was confirmed by a decrease in the
relative intensity diffraction maximums of the fcc phase. It was impossible to obtain a
single-phase amorphous structure for the Mo, V-B, and V-B alloy groups. The structures
contain a crystalline fcc phase, regardless of the boron content. The comparable intensity of
the diffraction maximums of the fcc phase and diffuse maximum indicated the small mass
fraction of the crystalline phase. The planes of the fcc lattice had a high repeatability factor,
directly proportional to their relatively high intensity compared to the diffuse maximum.

The structure of the cross-section of the ribbons was studied to determine the chemical
composition of the crystalline phase formed during quenching. Figure 2 shows the SEM
microstructure of the studied alloys and the X-ray microanalysis (EDX) spectrums.
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Figure 2. SEM images of the cross-section of the (a) V-11B and (b,c) V-17B alloy ribbons. Inserts are 
the EDX spectrums of the marked areas.

The SEM image of the V-11B alloy structure (Figure 2a) shows a homogeneous 
amorphous matrix phase of a light-gray color and inclusions of a crystalline phase with
sizes from 1 to 5 µm. At a lower boron content, the crystalline phase presented a shape 
that is almost spherical and was located over the entire cross-section of the ribbon. The 
crystals of the V-17B alloy ribbon (Figure 2b) had a faceted structure and were located on
the air surface. The crystal size varied from 10 to 19 µm. The EDX analysis of the crystal-
line regions (Figure 2c) showed that the formed crystals were rich in vanadium and 
chromium compared to the amorphous matrix. According to the EDX data, the crystal-
line phase in the alloy with a low boron content (V-11B) was rich in vanadium. In addi-
tion, the crystals were characterized by an increased content of nitrogen, an element that 

Figure 2. SEM images of the cross-section of the (a) V-11B and (b,c) V-17B alloy ribbons. Inserts are
the EDX spectrums of the marked areas.

The SEM image of the V-11B alloy structure (Figure 2a) shows a homogeneous amor-
phous matrix phase of a light-gray color and inclusions of a crystalline phase with sizes
from 1 to 5 µm. At a lower boron content, the crystalline phase presented a shape that is
almost spherical and was located over the entire cross-section of the ribbon. The crystals
of the V-17B alloy ribbon (Figure 2b) had a faceted structure and were located on the air
surface. The crystal size varied from 10 to 19 µm. The EDX analysis of the crystalline
regions (Figure 2c) showed that the formed crystals were rich in vanadium and chromium
compared to the amorphous matrix. According to the EDX data, the crystalline phase in
the alloy with a low boron content (V-11B) was rich in vanadium. In addition, the crystals
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were characterized by an increased content of nitrogen, an element that was difficult to
detect by the EDX method, which indicated its high content. In comparison, the XRD
results indicate that they may belong to the VN (Fm3m)-type phase. An increase in the
boron content led to the precipitation of crystals rich in vanadium and chromium, which
indicated the formation of crystals in the (V,Cr)N phase with a similar lattice-type structure
as the V-17B alloy.

Figure 3a shows an HRTEM image of the V-17B alloy ribbon exhibiting the boundary
between a crystal and amorphous matrix. The presented selected area electron diffrac-
tion (SAED) patterns confirm the formation of a completely amorphous matrix structure
(Figure 3b), while the diffraction pattern in the crystalline region (Figure 3c) indicates
the formation of a crystal with an fcc lattice. The crystalline particle is rich in vanadium,
chromium, nitrogen, and boron, according to the distribution map of the chemical elements
(Figure 3d), while the amorphous matrix contains all the constituent elements. Thus, the
TEM observation confirms the formation of amorphous matrix and fcc crystals.

Figure 3. HRTEM image of V-17B alloy’s structure (a), SAED from amorphous (b) and crystalline
(c) areas, and high-angle annular dark-field (HAADF) image and EDX element’s distribution map (d).

Unfortunately, it was difficult to reliably determine the stoichiometry of the formed
crystals using EDX methods due to the inaccuracy of determining boron and nitrogen in
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the composition. However, based on the obtained results and the analysis of the phase
diagrams, it can be assumed that the observed crystals are vanadium and chromium
nitrides with a VN and (V,Cr)N (Fm3m)-type structure. The formation of nitrides was
indicated by the observed crystals, mainly containing V and Cr in their compositions; these
metals are infinitely soluble in each other and possess a bcc lattice. Thus, these metals
could not form a solid solution with an fcc lattice. In addition, these metals did not form
intermetallic compounds with boron with a simple cubic lattice. At the same time, we
observed the formation of an fcc phase in the ribbon structure and increased nitrogen and
boron contents in these crystals. These metals formed stable compounds with nitrogen with
either VN or CrN formulas. Nitrogen exists in dissolved form in raw metals, such as Cr, V,
Fe, and Mo. Typically, the nitrogen content in alloys based on the Fe-Ni-Cr system varies at
the level of 0.02–0.07 wt.%, and in special alloys, it can reach several tenths of a percent [35].
Hence, based on the data we obtained, we assumed that these crystals were nitrides.

3.2. Calorimetric Studies

Calorimetric studies of the alloys were conducted to establish the characteristic tem-
peratures of the alloys and the effect of the addition of vanadium. Figure 4 shows the DSC
curves of the studied alloys and the dependences of the characteristic temperatures on
alloy composition.
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Figure 4. DSC curves of as-cast (a) Mo-B, (b) Mo,V-B, and (c) V-B alloys obtained with a heating rate
of 0.67◦/s. (d) Dependences of the characteristic temperatures on the boron content, where Tx is the
crystallization temperature, and Tp1 and Tp2 are the temperatures of the first and second peaks on
the DSC curve, respectively.
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The crystallization of the alloys started from the amorphous state, since the DSC
curves (Figure 4a–c) lacked the endothermic effects associated with the glass transition
process in the amorphous phase. All groups of alloys underwent similar crystallization
processes determined by the boron content. In alloys with 11–14% B in the temperature
range of 450–650 ◦C, crystallization presented a two-stage character with two exothermic
peaks. An increase in the boron content up to 17% led to the merging of these processes into
one long-term exothermic reaction (curves for Mo-17B; Mo,V-17B; V-17B in Figure 4a–c).
For alloys in the Mo-B group, an increase in the boron content led to a decrease in the
crystallization temperature (Tx) of the alloys (Figure 4a,d), which indicated the start of
a structural change from metastable amorphous to crystalline states. The crystallization
temperature of the Mo,V-B alloys changed with a maximum value at 12 at.%, presenting
an additional sharp decrease up to 17 at.% B (Figure 4b,d). The alloys in the V-B group
presented an increase in the crystallization temperature with an increase in the boron
content (Figure 4c,d). It can be argued that for alloys containing molybdenum, an increase
in the boron content leads to a decrease in the thermal stability of the initial amorphous
matrix. At the same time, for alloys that completely replace molybdenum with vanadium,
an increase in the boron content leads to an increase in Tx, i.e., an increase in the thermal
stability of the amorphous phase (Figure 4c). The interval between Tp1 and Tp2 in Figure 4d
disappears for Mo,V-17B and V-17B alloys.

3.3. Microhardness Analysis

Figure 5 shows the dependence of the microhardness of the alloys on the boron
content. Partial and complete replacements of molybdenum by vanadium led to a change in
microhardness dependencies. The Mo-B alloys demonstrated a decrease in microhardness
with an increase in boron content, while vanadium-containing alloys exhibited the opposite
dependencies—the hardness increased with an increase in the boron content. Additionally,
vanadium containing low-boron alloys exhibited reduced hardness values. However,
an increase in the boron content resulted in higher microhardness values compared to
molybdenum-containing alloys.
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4. Discussion

Concerning the formation of nitride phases in the rapidly quenched quasi-high-
entropy Fe-Co-Ni-Cr-(Mo,V)-B alloy ribbons, vanadium and chromium presented a very
high affinity with nitrogen. Nitrogen was dissolved in the raw materials (in vanadium,
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chromium, iron, and molybdenum) [36] and formed vanadium nitrides during melting,
where the vanadium could be partially replaced by chromium. However, the alloys contain
a high content of boron, which is a potent deoxidizer and nitride former [37]. Vanadium
nitrides were observed in the ribbon structure; at the same time, the formation of boron
nitrides was not observed. Since the Gibbs energy of boron nitride was much lower than
that of vanadium nitride, the formation of boron nitrides during melting was thermody-
namically more favorable. This was also confirmed by Ellingham diagrams via the plot
of Gibbs free energy change (∆G) for the nitrides’ formation by melting as a function of
temperature [38]. The strongly negative mixing enthalpy of elements (∆Hmix) played a
decisive role in the formation of vanadium nitrides, which were (−143) and (−28) kJ/mol
for the V-N and B-N pair, respectively [39]. At the same time, it was essential to note
that the formation of a crystalline phase in the structure of the ribbon was not associated
with a lack of cooling during melt spinning. Vanadium nitrides are formed during the
melting process and are thermally stable up to temperatures exceeding 2000 ◦C, while
the casting temperature of the ribbons does not exceed 1500 ◦C. At a low cooling rate,
fcc or bcc iron-based solid solutions are formed in similar alloys [31], depending on the
content of γ-stabilizers in the composition of the solid solution. We assumed that the
replacement of molybdenum by vanadium in the studied alloys caused a shift in the alloy
compositions to the phase region of nitride formation, which was an unusual effect since
the formation of borides was usually observed in similar alloys. It is known that the Fe-Ni-
Cr ternary system is sensitive to the nitrogen content and formations in the structure of
nitrides. The formation of chromium and vanadium nitrides is often observed in austenitic
steels [40,41]. The investigated alloys had similar compositions containing high amounts of
nickel and chromium.

In alloys with molybdenum, nitrogen is dissolved in a multicomponent solid solution,
and the addition of vanadium leads to the formation of hardly soluble nitrides during
melting, which can be observed in the ribbons’ structure. Thus, vanadium acts as a getter
that binds dissolved nitrogen from the melt to nitrides. Additionally, boron is highly soluble
in zirconium and hafnium nitrides [42], which have a structure similar to vanadium and
chromium nitrides. Thus, a large volume fraction of the observed nitrides in the structure
occurred due to the replacement of nitrogen atoms by boron atoms. However, not all
vanadium was consumed to form nitrides, and most of it was retained in the amorphous
matrix, as evidenced by the EDX data. Based on the ratio of alloying elements in the
composition of the amorphous phase, 7 to 13% of the vanadium added into the alloys was
spent on the formation of vanadium nitrides. It was difficult to precisely determine the
content of vanadium in an amorphous matrix, since it was impossible to determine the
exact content levels of boron and nitrogen in the phases by EDX. The measuring error of the
light-elements content could reach 50%. Therefore, these elements were eliminated from
the spectrum analysis. Thus, the content of elements in the matrix could be estimated only
from the ratio, comparing this with the similar ratio of the master alloy. The estimated mass
fraction of nitrides did not exceed 5 wt.% considering the molar masses of the amorphous
matrix and vanadium nitride.

In alloys containing molybdenum, an increase in the boron content led to a decrease
in the thermal stability of the initial amorphous matrix. At the same time, in alloys with
a complete replacement of molybdenum by vanadium, an increase in the boron content
led to an increase in the crystallization temperature Tx, i.e., an increase in the thermal
stability of the amorphous phase. All the studied groups of alloys showed a decrease
in the temperature interval between the first and second stages of crystallization up to
the transition to a single-stage type of crystallization. The intervals between Tp1 and Tp2
disappeared for Mo,V-17B and V-17B alloys. The addition of vanadium led to a decrease in
this temperature range due to a decrease in the temperature at the beginning of the second
crystallization stage. Thus, replacing molybdenum with vanadium decreased the thermal
stability of the residual amorphous matrix after the first crystallization stage. Typically, the
stability of the amorphous phase in iron-based alloys is highly dependent on the type of
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crystallization. Thus, alloys exhibiting the primary crystallization of a solid solution have a
lower crystallization temperature compared to alloys exhibiting the simultaneous growth
of two or more phases [43].

The two-stage crystallization of amorphous alloys based on iron and amorphous high-
entropy alloys based on Fe, Ni, Co with a metal content higher than 80 at% is associated
with the low thermal stability of the amorphous phase. As compared with commercial
iron-based amorphous alloys, the increased content of metals in the composition is the
reason for the primary crystallization of the iron-based bcc solid solution [44,45]. The
formation of primary metal-rich solid-solution crystals from the amorphous matrix led to
the enrichment of the residual amorphous matrix with boron. Simultaneously, the residual
amorphous matrix composition is shifted into a eutectic one.

The observed changes in the character of the dependence of the microhardness of
the alloy can be associated with two factors—changes in the chemical composition of
the amorphous phase and the presence of crystalline particles in the structure. A large
proportion of the crystalline phase in alloys with vanadium and a low boron content led
to the depletion of the amorphous matrix in boron, chromium, and vanadium, which
were part of the observed crystals. Thus, an increase in the microhardness of alloys with
vanadium with an increase in the boron content was associated with an increase in the
volume fraction of the amorphous phase and an increase in the concentration of alloying
elements in it. The deformation of metallic glasses was conducted by the nucleation and
propagation of shear bands in the amorphous matrix [46]. The presence of crystalline
phases of vanadium nitrides in the structures of Mo, V-B, and V-B alloys can affect the
microhardness of alloys by blocking the shear bands’ propagation and the nucleation of
new ones. The deformation mechanism of crystalline particles differs, from the amorphous
matrix. Thus, upon creating a crystalline particle, the shear band stops or multiplies; these
processes lead to the multiplication of shear bands in the material and the transition to
quasi-homogeneous deformation. This behavior of composite materials based on metallic
glasses usually leads to a reduction in the strength of the material but significantly increases
its plasticity [47–49].

5. Conclusions

The paper studied the effects of partial or complete replacements of molybdenum by
vanadium in rapidly quenched quasi-high-entropy alloy ribbons with the compositions
of (Fe0.25Ni0.25Co0.25Cr0.125Mo0.125-xVx)100-yBy, where x = 0; 0.0625; 0.125 and y = 11–17,
containing an admixture of nitrogen at a concentration of 0.04 ± 0.01 wt.%, on the mi-
crostructure, phase composition, and microhardness.

1. It was established that replacing molybdenum with vanadium led to the formation
of crystals located in the amorphous matrix and on the air surface of the ribbon, depending
on the concentration of boron in the alloys. Based on the studies of the structure by the EDX,
TEM, SEM, and XRD methods, it was assumed that the observed crystals were refractory
nitrides based on vanadium V(N,B) and vanadium and chromium (V,Cr)(N,B) with a
crystal structure (fm3m). The suggested reason for the formation of refractory nitrides was
the strongly negative enthalpy of mixing vanadium with nitrogen. It was shown that an
increase in the boron content led to a decrease in the volume fracture of vanadium nitride
crystals in the structure.

2. It was shown that replacing molybdenum with vanadium led to an increase in the
thermal stability of the initial amorphous matrix and a decrease in the temperature of the
second crystallization stage. An increase in the boron content in alloys of the Mo-V group
led to the decreased thermal stability of the amorphous matrix. In V-B alloys, an increase in
the crystallization temperature was observed with an increase in the boron content.

3. The replacement of molybdenum with vanadium radically changed the nature of
the alloy’s microhardness dependencies on the boron content. The Mo-B alloys exhibited a
decrease in hardness by 30 HV, while V-B alloys showed an increase in hardness from 815
to 960 HV with the increasing boron content.



Metals 2023, 13, 1464 11 of 12

Author Contributions: Conceptualization, A.B. and E.Z.; methodology, A.B.; validation, A.B. and
E.U.; formal analysis, A.B.; investigation, I.S., E.U. and M.P.; resources, D.M.; data curation, A.B.;
writing—original draft preparation, A.B.; writing—review and editing, E.Z.; visualization, I.S. and
M.P.; supervision, A.B.; project administration, A.B. and D.M.; funding acquisition, A.B. All authors
have read and agreed to the published version of the manuscript.

Funding: The ribbon sample preparation, microhardness testing, and XRD and DSC measurements
were supported by the Russian Science Foundation, grant No. 22-79-10055. Master alloys’ preparation
was funded by the Strategic Academic Leadership Program “Priority 2030” (project K2-2022-001).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to the Interdisciplinary Resource Center “Nanotech-
nologies” of St. Petersburg State University for their assistance in conducting the SEM and TEM
studies. For the TEM sample preparation, the authors thank the Collective Use Equipment Center
“Material Science and Metallurgy” for the equipment modernization program represented by the
Ministry of Higher Education and Science of Russian Federation (No.075-15-2021-696).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Klement, W.; Willens, R.H.; Duwez, P. Non-Crystalline Structure in Solidified Gold–Silicon Alloys. Nature 1960, 187, 869–870.

[CrossRef]
2. Greer, A.L. Metallic Glasses. In Physical Metallurgy; Elsevier: Amsterdam, The Netherlands, 2014; pp. 305–385.
3. Suryanarayana, C.; Inoue, A. Bulk Metallic Glasses, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2017; ISBN 9781315153483.
4. Terekhov, S.V. Single- and Multistage Crystallization of Amorphous Alloys. Phys. Met. Metallogr. 2020, 121, 664–669. [CrossRef]
5. Suryanarayana, C. In Situ Mechanical Crystallization of Amorphous Alloys. J. Alloys Compd. 2023, 961, 171032. [CrossRef]
6. Bazlov, A.I.; Parkhomenko, M.S.; Ubyivovk, E.V.; Zanaeva, E.N.; Bazlova, T.A.; Gunderov, D.V. Severe Plastic Deformation

Influence on the Structure Transformation of the Amorphous Zr62.5Cu22.5Al10Fe5 Alloy. Intermetallics 2023, 152, 107777. [CrossRef]
7. Judy, J.W. Microactuators. In MEMS; Elsevier: Amsterdam, The Netherlands, 2006; pp. 751–803.
8. Manvi, M.; Mruthyunjaya Swamy, K.B. Microelectronic Materials, Microfabrication Processes, Micromechanical Structural

Configuration Based Stiffness Evaluation in MEMS: A Review. Microelectron. Eng. 2022, 263, 111854. [CrossRef]
9. Sharma, P.; Inoue, A. Metallic Glass. In Handbook of Silicon Based MEMS Materials and Technologies; Elsevier: Amsterdam, The

Netherlands, 2010; pp. 447–472.
10. Tilli, M.; Haapalinna, A. Properties of Silicon. In Handbook of Silicon Based MEMS Materials and Technologies; Elsevier: Amsterdam,

The Netherlands, 2010; pp. 3–17.
11. Ashby, M.; Greer, A. Metallic Glasses as Structural Materials. Scr. Mater. 2006, 54, 321–326. [CrossRef]
12. Azuma, D.; Ito, N.; Ohta, M. Recent Progress in Fe-Based Amorphous and Nanocrystalline Soft Magnetic Materials. J. Magn.

Magn. Mater. 2020, 501, 166373. [CrossRef]
13. Sai Ram, B.; Paul, A.K.; Kulkarni, S.V. Soft Magnetic Materials and Their Applications in Transformers. J. Magn. Magn. Mater.

2021, 537, 168210. [CrossRef]
14. Li, F.C.; Liu, T.; Zhang, J.Y.; Shuang, S.; Wang, Q.; Wang, A.D.; Wang, J.G.; Yang, Y. Amorphous–Nanocrystalline Alloys:

Fabrication, Properties, and Applications. Mater. Today Adv. 2019, 4, 100027. [CrossRef]
15. Herzer, G. Modern Soft Magnets: Amorphous and Nanocrystalline Materials. Acta Mater. 2013, 61, 718–734. [CrossRef]
16. Jiang, H.; Wei, X.; Lu, W.; Liang, D.-D.; Wen, Z.; Wang, Z.; Xiang, H.; Shen, J. Design of Cu-Zr-Al and Cu-Zr-Al-Sn Bulk

Amorphous Alloys with High Glass-Forming Ability. J. Non-Cryst. Solids 2019, 521, 119531. [CrossRef]
17. Zheng, Z.G.; Chen, Y.B.; Wei, J.; Wang, X.; Qiu, Z.G.; Zeng, D.C. Enhanced Ms of Fe-Rich Fe-B-Cu Amorphous/Nanocrystalline

Alloys Achieved by Annealing Treatments. J. Alloys Compd. 2023, 939, 168621. [CrossRef]
18. Suryanarayana, C.; Inoue, A. Iron-Based Bulk Metallic Glasses. Int. Mater. Rev. 2013, 58, 131–166. [CrossRef]
19. Inoue, A.; Takeuchi, A. Recent Development and Application Products of Bulk Glassy Alloys. Acta Mater. 2011, 59, 2243–2267.

[CrossRef]
20. Chen, Y.; Dai, Z.-W.; Jiang, J.-Z. High Entropy Metallic Glasses: Glass Formation, Crystallization and Properties. J. Alloys Compd.

2021, 866, 158852. [CrossRef]
21. Li, J.; Ma, Y.; Li, Q.; Shen, J.; Liu, H.; Zhao, Y.; Yang, W. Fe-Based Bulk Metallic Glass with Unprecedented Plasticity at Room

Temperature. Intermetallics 2021, 139, 107377. [CrossRef]
22. Luborsky, F.; Reeve, J.; Davies, H.; Liebermann, H. Effect of Fe-B-Si Composition on Maximum Thickness for Casting Amorphous

Metals. IEEE Trans. Magn. 1982, 18, 1385–1387. [CrossRef]
23. Ma, L.; Wang, L.; Zhang, T.; Inoue, A. Bulk Glass Formation of Ti-Zr-Hf-Cu-M (M=Fe, Co, Ni) Alloys. Mater. Trans. 2002, 43,

277–280. [CrossRef]

https://doi.org/10.1038/187869b0
https://doi.org/10.1134/S0031918X20070108
https://doi.org/10.1016/j.jallcom.2023.171032
https://doi.org/10.1016/j.intermet.2022.107777
https://doi.org/10.1016/j.mee.2022.111854
https://doi.org/10.1016/j.scriptamat.2005.09.051
https://doi.org/10.1016/j.jmmm.2019.166373
https://doi.org/10.1016/j.jmmm.2021.168210
https://doi.org/10.1016/j.mtadv.2019.100027
https://doi.org/10.1016/j.actamat.2012.10.040
https://doi.org/10.1016/j.jnoncrysol.2019.119531
https://doi.org/10.1016/j.jallcom.2022.168621
https://doi.org/10.1179/1743280412Y.0000000007
https://doi.org/10.1016/j.actamat.2010.11.027
https://doi.org/10.1016/j.jallcom.2021.158852
https://doi.org/10.1016/j.intermet.2021.107377
https://doi.org/10.1109/TMAG.1982.1062025
https://doi.org/10.2320/matertrans.43.277


Metals 2023, 13, 1464 12 of 12

24. Qi, T.; Li, Y.; Takeuchi, A.; Xie, G.; Miao, H.; Zhang, W. Soft Magnetic Fe25Co25Ni25(B, Si)25 High Entropy Bulk Metallic Glasses.
Intermetallics 2015, 66, 8–12. [CrossRef]

25. Ding, J.; Inoue, A.; Han, Y.; Kong, F.L.; Zhu, S.L.; Wang, Z.; Shalaan, E.; Al-Marzouki, F. High Entropy Effect on Structure and
Properties of (Fe,Co,Ni,Cr)-B Amorphous Alloys. J. Alloys Compd. 2017, 696, 345–352. [CrossRef]

26. Li, Y.; Zhang, W.; Qi, T. New Soft Magnetic Fe25Co25Ni25(P,C,B)25 High Entropy Bulk Metallic Glasses with Large Supercooled
Liquid Region. J. Alloys Compd. 2017, 693, 25–31. [CrossRef]

27. Gu, Y.; Zhang, Y.H.; Li, X.; Wang, J.; Wang, B.; Wang, K.M. Effect of Co Content on Structural Stability and Soft Magnetic
Properties for (Fe1−xCox)86Hf7B6Cu1 Amorphous Alloy. Phys. Met. Metallogr. 2020, 121, 123–127. [CrossRef]

28. Guo, S.; Liu, C.T. Phase Stability in High Entropy Alloys: Formation of Solid-Solution Phase or Amorphous Phase. Prog. Nat. Sci.
Mater. Int. 2011, 21, 433–446. [CrossRef]

29. Aleksandrov, V.D.; Aleksandrova, O.V.; Shchebetovskaya, N.V. Nucleation of Substitutional Solid Solutions during the Solidifica-
tion of Binary Liquid Solutions. Russ. Metall. 2013, 2013, 192–197. [CrossRef]

30. Zhang, C.; Li, Q.; Xie, L.; Zhang, G.; Mu, B.; Chang, C.; Li, H.; Ma, X. Development of Novel Fe-Based Bulk Metallic Glasses with
Excellent Wear and Corrosion Resistance by Adjusting the Cr and Mo Contents. Intermetallics 2023, 153, 107801. [CrossRef]

31. Wang, F.; Inoue, A.; Kong, F.L.; Zhu, S.L.; Shalaan, E.; Al-Marzouki, F.; Botta, W.J.; Kiminami, C.S.; Ivanov, Y.P.; Greer,
A.L. Formation, Stability and Ultrahigh Strength of Novel Nanostructured Alloys by Partial Crystallization of High-Entropy
(Fe0.25Co0.25Ni0.25Cr0.125Mo0.125)86–89B11–14 Amorphous Pha. Acta Mater. 2019, 170, 50–61. [CrossRef]

32. Wang, F.; Inoue, A.; Kong, F.L.; Han, Y.; Zhu, S.L.; Shalaan, E.; Al-Marouki, F. Formation, Thermal Stability and Mechanical
Properties of High Entropy (Fe,Co,Ni,Cr,Mo)-B Amorphous Alloys. J. Alloys Compd. 2018, 732, 637–645. [CrossRef]

33. Fang, S.; Wang, C.; Li, C.L.; Luan, J.H.; Jiao, Z.B.; Liu, C.T.; Hsueh, C.H. Microstructures and Mechanical Properties of
CoCrFeMnNiVx High Entropy Alloy Films. J. Alloys Compd. 2020, 820, 153388. [CrossRef]

34. Lee, D.N.; Kim, K.; Lee, Y.; Choi, C.-H. Factors Determining Crystal Orientation of Dendritic Growth during Solidification. Mater.
Chem. Phys. 1997, 47, 154–158. [CrossRef]

35. Kobayashi, Y.; Todoroki, H.; Shiga, N.; Ishii, T. Solubility of Nitrogen in Fe-Cr-Ni-Mo Stainless Steel under a 1 Atm N2 Gas
Atmosphere. ISIJ Int. 2012, 52, 1601–1606. [CrossRef]

36. Kowanda, C.; Speidel, M. Solubility of Nitrogen in Liquid Nickel and Binary Ni–Xi Alloys (Xi=Cr, Mo,W, Mn, Fe, Co) under
Elevated Pressure. Scr. Mater. 2003, 48, 1073–1078. [CrossRef]

37. Singh, R. Production of Steel. In Applied Welding Engineering; Elsevier: Amsterdam, The Netherlands, 2020; pp. 35–52.
38. Alexis, V.; Frédéric, R.; Jean, Q.; Eric, A. Determination of Gray Cast Iron Age Strengthening by Nondestructive Methods: Effect

of Alloying Elements. J. Mater. Eng. Perform. 2019, 28, 4026–4033. [CrossRef]
39. Takeuchi, A.; Inoue, A. Classification of Bulk Metallic Glasses by Atomic Size Difference, Heat of Mixing and Period of Constituent

Elements and Its Application to Characterization of the Main Alloying Element. Mater. Trans. 2005, 46, 2817–2829. [CrossRef]
40. Klemm-Toole, J.; Clarke, A.J.; Findley, K.O. Improving the Fatigue Performance of Vanadium and Silicon Alloyed Medium

Carbon Steels after Nitriding through Increased Core Fatigue Strength and Compressive Residual Stress. Mater. Sci. Eng. A 2021,
810, 141008. [CrossRef]

41. Xie, Y.; Miyamoto, G.; Furuhara, T. High-Throughput Investigation of Cr-N Cluster Formation in Fe-35Ni-Cr System during
Low-Temperature Nitriding. Acta Mater. 2023, 253, 118921. [CrossRef]

42. Rudy, E.; Benesovsky, F. Untersuchungen in Den Systemen: Hafnium—Bor—Stickstof Und Zirkonium—Bor—Stickstoff. Monat-
shefte Chem. Verwandte Teile Anderer Wiss. 1961, 92, 415–441. [CrossRef]

43. Lashgari, H.R.; Chu, D.; Xie, S.; Sun, H.; Ferry, M.; Li, S. Composition Dependence of the Microstructure and Soft Magnetic
Properties of Fe-Based Amorphous/Nanocrystalline Alloys: A Review Study. J. Non-Cryst. Solids 2014, 391, 61–82. [CrossRef]

44. Makino, A.; Men, H.; Kubota, T.; Yubuta, K.; Inoue, A. FeSiBPCu Nanocrystalline Soft Magnetic Alloys with High Bs of 1.9 Tesla
Produced by Crystallizing Hetero-Amorphous Phase. Mater. Trans. 2009, 50, 204–209. [CrossRef]

45. Yue, S.; Zhang, H.; Cheng, R.; Wang, A.; Dong, Y.; He, A.; Ni, H.; Liu, C.-T. Magnetic and Thermal Stabilities of FeSiB Eutectic
Amorphous Alloys: Compositional Effects. J. Alloys Compd. 2019, 776, 833–838. [CrossRef]

46. Greer, A.L.; Cheng, Y.Q.; Ma, E. Shear Bands in Metallic Glasses. Mater. Sci. Eng. R Rep. 2013, 74, 71–132. [CrossRef]
47. Qiao, J.; Jia, H.; Liaw, P.K. Metallic Glass Matrix Composites. Mater. Sci. Eng. R Rep. 2016, 100, 1–69. [CrossRef]
48. Glezer, A.M.; Shurygina, N.A.; Zaichenko, S.G.; Permyakova, I.E. Interaction of Deformation Shear Bands with Nanoparticles in

Amorphous-Nanocrystalline Alloys. Russ. Metall. 2013, 2013, 235–244. [CrossRef]
49. Sharma, A.; Zadorozhnyy, V. Review of the Recent Development in Metallic Glass and Its Composites. Metals 2021, 11, 1933.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.intermet.2015.06.015
https://doi.org/10.1016/j.jallcom.2016.11.223
https://doi.org/10.1016/j.jallcom.2016.09.144
https://doi.org/10.1134/S0031918X20020064
https://doi.org/10.1016/S1002-0071(12)60080-X
https://doi.org/10.1134/S0036029513030026
https://doi.org/10.1016/j.intermet.2022.107801
https://doi.org/10.1016/j.actamat.2019.03.019
https://doi.org/10.1016/j.jallcom.2017.10.227
https://doi.org/10.1016/j.jallcom.2019.153388
https://doi.org/10.1016/S0254-0584(97)80044-2
https://doi.org/10.2355/isijinternational.52.1601
https://doi.org/10.1016/S1359-6462(02)00628-0
https://doi.org/10.1007/s11665-019-04180-2
https://doi.org/10.2320/matertrans.46.2817
https://doi.org/10.1016/j.msea.2021.141008
https://doi.org/10.1016/j.actamat.2023.118921
https://doi.org/10.1007/BF01153900
https://doi.org/10.1016/j.jnoncrysol.2014.03.010
https://doi.org/10.2320/matertrans.MER2008306
https://doi.org/10.1016/j.jallcom.2018.10.331
https://doi.org/10.1016/j.mser.2013.04.001
https://doi.org/10.1016/j.mser.2015.12.001
https://doi.org/10.1134/S0036029513040022
https://doi.org/10.3390/met11121933

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Structure Investigation 
	Calorimetric Studies 
	Microhardness Analysis 

	Discussion 
	Conclusions 
	References

