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Abstract
This paper is dedicated to studying the effect of replacing molybdenum with vanadium on the
tendency to amorphisation, structure, and thermal properties of high-entropy alloys of the
(Fe0.25Ni0.25Co0.25Cr0.125Mo0.125-xVx)100-yBy system, where x= 0; 0.0625; 0.125 and y= 17–25. The alloy struc-
ture was analyzed using X-ray diffraction, scanning and transmission electron microscopy methods. Thermal
properties were determined by differential scanning calorimetry. It was found that the replacement of molybde-
num with vanadium leads to the formation of crystalline particles of complex nitrides (V, Cr, Mo)(N, B) in the
ribbon structure. The dependences of the characteristic alloy temperatures have been established. Molybdenum
replacement with vanadium was shown to stabilize the supercooled liquid in alloys with completely amorphous
structure.
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Introduction

High-entropy alloys (HEAs), also referred to as multicomponent equiatomic alloys, were first synthesized in the
early 2000s [1, 2] and immediately garnered significant scientific interest. Initially, HEAs were defined as alloys
containing five or more components in equal atomic ratios. However, recent studies have shown that these alloys
can contain elements in ratios close to equiatomic (e.g., ranging from 5 to 35%). High-entropy alloys exhibit
high values of strength, hardness, wear resistance, as well as increased thermal stability, which creates a solid
potential for their commercial applications [3–7]. The structure of high-entropy alloys typically consists of either
FCC or BCC solid solutions or a mixture thereof, which is attributed to the high entropy value of alloy mixing [8,
9]. To predict the possibility of achieving a single-phase state, criteria related to interactions between the atomic
pairs within the alloy composition (e.g., Smix, Hmix, δ) have been developed [8]. In addition to forming a single-
phase structure, the high-entropy approach was used when synthesizing bulk metallic glasses (BMGs) [10–13].
In order to form BMGs, the alloys should meet the following three conditions (Inoue’s criteria): 1) possess large
negative enthalpy of component mixing; 2) contain at least three components; and 3) possess a large difference in
atomic radii of the components (>10%) [14]. The first two conditions are suitable for forming single-phase high-
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difference in atomic radii is high (δ> 9), while in crystalline single-phase HEAs, it is low (δ< 7) [9]. By
using a combined approach, amorphous ferromagnetic high-entropy alloys of the (FeCoNi)BSi system were
obtained [15, 16]. It was shown that the addition of chromium increases corrosion resistance of the alloys
and stabilizes the size of the solid solution nanocrystals during crystallization [17, 18]. Partial replacement of
chromium with molybdenum leads to the formation of high-strength alloys of the Fe–Co–Ni–Cr–Mo–B system
over a wide range of boron concentrations [19]. The effect of molybdenum on the mechanical properties of
the (FeCoNiCrMo)B alloys with different boron concentrations is inconclusive. For instance, alloys containing
11 to 15% boron exhibit lower strength at higher boron contents, which is attributed to the formation of an
amorphous phase with a larger interatomic distance [20]. Such behavior of high-entropy amorphous alloys is the
opposite of what is observed in case of (Fe,Co)BSi and Fe–B alloys [17, 21], when an increase in boron content
leads to a less dense amorphous atomic configuration. The expansion or contraction of the first coordination
sphere is related to the presence of early transition metals in the composition.

Vanadium is also an early transition metal, and its atomic radius has an intermediate value between iron
and molybdenum. Addition of vanadium to the alloy can significantly affect the size of the first coordina-
tion sphere, which in turn will affect the mechanical properties of the alloys. However, it was noted that
vanadium is rarely added to amorphous and crystalline high-entropy alloys based on iron. There are only
a few studies indicating a positive effect of vanadium addition on the alloy strength and thermal stability
[22–24]. High-entropy amorphous alloys based on the Fe–Co–Ni–Cr–B system with additions of early tran-
sition metals have not been sufficiently studied. In addition, there is a lack of studies dedicated to analyzing
the effect of vanadium doping on the alloy tendency to amorphisation. The objective of this study is to de-
termine the effect of partial or complete replacement of molybdenum with vanadium in high-entropy alloys,
such as Fe0.25Ni0.25Co0.25Cr0.125Mo0.125-xVx)100-yBy, where x= 0; 0.0625; 0.125 and y= 17–25, on the tendency
to amorphisation, and to establish the dependence of the alloy structure and crystallization process on the boron
content.

Materials and procedures

The alloys were produced via melting in an argon-arc furnace using a water-cooled copper crucible. Upon
evacuation to 5 � 10–3 Pa, the furnace chamber was filled with argon (purity—99.9995%) to a pressure of 7 �
104Pa. The charge materials included pieces of metals (purity—at least 99.9%), preliminary alloy (Ni–50wt.
% Mo), and crystalline boron (purity—99.8%). To achieve a homogeneous composition across the ingot cross-
section, five remelts were conducted while turning the ingot. The charge mass was measured with an accuracy
of 0.05g, and the difference in mass between the initial charge and the resulting ingot did not exceed 0.1g,
which corresponds to 0.5% [25, 26].

The nitrogen content of the studied alloys was determined by reduction melting in an inert gas flow. The
nitrogen content of all alloys did not exceed 0.045wt. %, which is the average value for alloys based on the
Fe–Ni–Cr alloying system.

The obtained alloys were used to produce 25 to 30µm thick ribbons by employing a melt-spinning technique,
according to which the melt was quenched onto a rotating copper disc. Both melting and quenching processes
were carried out in argon at 3 � 104Pa after preliminary evacuation of the chamber to 7 � 10–4 Pa. The linear
rotation velocity of the disc was 42m/s.

The X-ray diffraction (XRD) analysis of the obtained alloys was performed using a Bruker D8 Advance
diffractometer. Imaging was conducted according to the Bragg-Brentano geometry, while using Cu Kα radia-
tion and a reflected-beam monochromator. The microstructure of the ribbons was analyzed via scanning and
transmission electron microscopy using Zeiss Merlin and Zeiss Libra 200 microscopes.
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The characteristic temperatures of the alloys were determined by differential thermal analysis using a Labsys
Setaram calorimeter. Heating and cooling were carried out at a rate of 0.67K/s in Al2O3 crucibles in high-purity
argon. The accuracy of measuring phase transformation temperature was 1K.

Results and discussion

Alloys of the (Fe0.25Ni0.25Co0.25Cr0.125Mo0.125-xVx)100-yBy system, where x= 0; 0.0625; 0.125 and y= 17–25,
were obtained by quenching the melts onto a rotating copper disc (melt-spinning technique), followed by
categorization into Mo–B, Mo,V–B, and V–B alloy groups. The chemical compositions of the studied alloys
are shown in Table 1.

The XRD patterns of the resulting alloys are shown in Fig. 1. All studied alloys of the Mo–B group
possess an amorphous structure. The XRD patterns exhibit a broad diffuse maximum and no sharp crystalline
reflections, which is indicative of the formation of an amorphous phase during quenching. Partial replacement of
molybdenum with vanadium leads to the formation of a composite structure upon quenching in alloys containing
17 and 20 at. % boron. The structure of these alloys consists of a mixture of an amorphous matrix and crystalline
particles with an FCC lattice. Complete replacement of molybdenum with vanadium results in the formation of
a similar two-phase structure in the V–B group alloys until the boron content reaches 22 at. %. The demonstrated
effect of boron content on the formation of amorphous phase during quenching correlates well with a commonly

Table 1 Chemical composition of studied alloys
Group Designation Alloying element content, at. %

Fe Ni Co Cr Mo V B

Mo–B Mo–17B 20.75 20.75 20.75 10.375 10.375 0 17

Mo–20B 20.75 20.75 20.75 10.375 10.375 0 20

Mo–22B 20.75 20.75 20.75 10.375 10.375 0 22

Mo–25B 20.75 20.75 20.75 10.375 10.375 0 25

Mo,V–B Mo,V–17B 20.75 20.75 20.75 10.375 5.1875 5.1875 17

Mo,V–20B 20.75 20.75 20.75 10.375 5.1875 5.1875 20

Mo,V–22B 20.75 20.75 20.75 10.375 5.1875 5.1875 22

Mo,V–25B 20.75 20.75 20.75 10.375 5.1875 5.1875 25

V–B V–17B 20.75 20.75 20.75 10.375 0 10.375 17

V–20B 20.75 20.75 20.75 10.375 0 10.375 20

V–22B 20.75 20.75 20.75 10.375 0 10.375 22

V–25B 20.75 20.75 20.75 10.375 0 10.375 25

Fig. 1 Diffraction patterns of alloys: aMo-B group; bMo,V–B group; c V–B group
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observed increase in the glass-forming ability of iron-based amorphous alloys at higher concentrations of boron
[19, 27]. To determine the chemical composition of the crystallizing phases, microstructure studies and X-ray
microanalysis of the alloys were conducted. SEM micrographs of the cross-sections of ribbons obtained from
the studied alloys are shown in Fig. 2.

The microstructure of the Mo–20B alloy ribbon is homogeneous. There is no phase contrast, which confirms
the formation of a uniform amorphous structure. Partial and complete replacement of molybdenum with vana-
dium leads to the formation of crystals in the ribbon structure, which protrude on the air-facing surface of the
ribbon. The observed crystals have a faceted shape. It should be noted that the crystals are evenly distributed
along the entire length of the ribbon, but only on the air-facing side of it.

The results of the X-ray microanalysis analysis of the studied alloys are shown in Table 2. Due to inaccuracies
of determination, boron and nitrogen were excluded from the analytical results. It was found that boron is present
both in the amorphous matrix and in the crystals, while an increased nitrogen content is only observed in crystals.

The ratio of alloying elements in the matrix is close to the nominal composition of the alloys. However,
the compositions of crystals observed in the Mo,V–20B and V–20B alloys differ significantly from the matrix.
These crystals represent particles of solid solutions of chromium and molybdenum in vanadium. It is important
to note that all these elements form continuous series of solid solutions with a body-centered cubic (BCC)
lattice [28–30]. At the same time, the X-ray diffraction patterns show a set of reflections that are characteristic
of a face-centered cubic (FCC) lattice with a period of 0.356nm. Such crystalline lattice is typical for vanadium
and chromium compounds with nitrogen (e.g., VN, CrN), as well as complex nitrides of chromium and vanadium
of variable compositions (e.g., (VCr)N). The increased content of boron and nitrogen suggests that the observed
crystals are complex nitrides, such as (V,Cr,Mo)(N,B) and (V,Cr)(N,B). Although these crystals are based on
vanadium, chromium, and molybdenum, they also contain a small amount of other dissolved metals. Nitrides
with a stoichiometric metals to nitrogen ratio of 1:1 are characterized by a high melting temperature (in excess
of 2000°C), and are poorly soluble in the melt. The formation of boron-enriched nitrides leads to a reduction
in its concentration in the amorphous matrix.

The structure of the V–22B alloy was studied using TEM (Fig. 3). The data resulting from the analysis of
the microstructure and diffraction patterns obtained from different areas confirm the formation of an amorphous
phase and crystals with a cubic lattice embedded therein (see Fig. 3b). A high-resolution TEM image of the crys-
tal—amorphous matrix interface is shown in Fig. 3a. The diffraction pattern obtained from the amorphous phase
area shows a diffuse halo (see Fig. 3c) without crystalline spikes, thus confirming the absence of nanocrystals
in the structure.

In order to establish a qualitative distribution of alloying elements in the structural components, the section
containing both amorphous and crystalline phases was subjected to element mapping using X-ray microanalysis.
A high-angle annular dark-field (HAADF) image of the section containing both amorphous and crystalline
phases is shown in Fig. 3d along with the chemical element distribution. It was confirmed that, in addition
to chromium and vanadium, the crystalline phase is enriched with nitrogen and boron as compared to the
amorphous matrix. It is known that boron is highly soluble in zirconium and hafnium nitrides [31], which
have a similar structure to that of vanadium and chromium nitrides, whereas nitrogen is practically insoluble in
vanadium and chromium borides [32].

To analyze the effect of replacing molybdenum with vanadium in (FeCoNiCrMoV)B alloys on the charac-
teristic temperatures of the alloys, a DSC analysis was performed. The DSC curves of the studied alloys are
shown in Fig. 4.

All studied alloys demonstrate a multistage crystallization process. The crystallization of all Mo–B group
alloys begins from the amorphous state, with no supercooled liquid region observed on the DSC curves. As
the boron content in the alloy composition increases, the nature of the first exothermic peak changes from
broad to sharp, which is caused by a change in the crystallization mechanism in this type of alloys [17]. The
replacement of molybdenum with vanadium leads to a change in the nature of crystallization. For example,
in alloys containing from 17 to 22 at. % boron, a separate exothermic peak is observed, corresponding to the
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Fig. 2 SEM images of alloys: a Mo-20B; b Mo,V–20B;
c V–20B. The air-facing side of the ribbon is closer to the
top edge of the image

primary crystallization of the amorphous phase, followed by subsequent high-temperature reactions. It should
be noted that an increase in the boron content in the compositions of the Mo,V–B and V–B alloy groups with
17 to 22 at. % boron either mildly affects the crystallization temperature of the alloys (in case of the Mo,V–B
group), or lowers it (in case of the V–B group). An increase in the boron content to 25 at. % in these alloys not
only causes a change in the nature of the exothermic reaction, but also results in the formation of a supercooled
liquid region, from which crystallization begins.

The dependencies of the alloy crystallization temperature on the boron content in the alloy composition are
shown in Fig. 4d. In the Mo–V group alloys, the crystallization temperature seemingly increases at higher boron
contents. The replacement of molybdenum with vanadium leads to an increase in the crystallization temperatures
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Table 2 Results of X-ray microanalysis of the studied alloy ribbons
Alloy Analysis range Alloying element content, at. %

Fe Co Ni Cr Mo V

Mo–20B Amorphous matrix 25.0± 0.4 23.4± 0.3 23.6± 0.5 13.2± 0.3 14.8± 0.2

Crystal

Mo,V–20B Amorphous matrix 25.9± 0.5 24.7± 0.4 27.5± 0.4 11.8± 0.2 4.8±0.1 5.3± 0.2

Crystal 11.4± 0.2 7.4± 0.1 3.6± 0.2 22.6± 0.5 35± 0.5 20± 0.5

V–20B Amorphous matrix 26.5± 0.4 22.7± 0.3 28.6± 0.5 11.9± 0.3 – 10.3±0.2

Crystal 4.4± 0.1 2.2± 0.1 – 37.4± 0.4 56.0± 0.6

of alloys containing 17% B, while a further increase in the boron content in the Mo,V–B alloys results in lower
crystallization temperatures compared to the Mo–B alloys. At the same time, an increase in the boron content
in the Mo,V–B alloys leads to higher crystallization temperatures. Complete replacement of molybdenum with
vanadium leads to lower alloy crystallization temperatures when the boron content is increased to 22%. The
change in the crystallization process and the appearance of a supercooled liquid region lead to a sharp increase
in the crystallization temperature of the Mo,V–25B and V–25B alloys.

The mechanism and temperature of crystallization of the amorphous matrix depend on its composition. The
presence of boron in the amorphous phase has a significant impact on the nature of its crystallization [19, 33].
The formation in the ribbon structure of nitride particles, containing a significant amount of dissolved boron,
leads to boron depletion of the matrix, which in turn affects the characteristic temperatures and crystallization
process of the amorphous matrix.

The replacement of molybdenum with vanadium in the alloys (Fe0.25Ni0.25Co0.25Cr0.125Mo0.125-xVx)100-yBy,
where x= 0; 0.0625; 0.125 and y= 17–25, leads to the formation of refractory compounds (V,Cr,Mo)(N,B) with
an FCC lattice in the alloy structure. Vanadium, molybdenum, and chromium are infinitely soluble in each other,
facilitating the easy substitution of one element’s atoms with another. These metals possess a strongly negative
enthalpy of mixing with nitrogen (–143; –115; and –107kJ/mol) [34]. Such low enthalpy values lead to the
formation of stable insoluble compounds formed by these metals with nitrogen during melting. Furthermore, it
is known that zirconium and hafnium nitrides, the crystalline structure of which is similar to that of chromium
and vanadium nitrides, can dissolve a significant amount of boron [31]. Therefore, the ribbon structure exhibits
the presence of a complex boron-containing compound with an FCC lattice. Boron is a key element that affects
the glass-forming ability of amorphous iron-based alloys [17]. The formation of boron-containing crystals in
the structure depletes the amorphous matrix of boron, which in turn leads to a decrease in its glass-forming
ability and thermal stability. Apparently, an increase in the boron content in the alloy composition suppresses
nitride formation during melting. Hence, the structure of high-boron alloys does not contain any crystalline
components. Although nitrogen was not intentionally introduced into the alloy, its content in the initial charge
material is not regulated by standards. It is known, however, that it can be present in large quantities in the initial
charge materials [35, 36]. Additions of chromium, iron, and molybdenum increase the solubility of nitrogen
in nickel alloys [37, 38], while nitrogen is also highly soluble in austenitic stainless steels [39]. The addition
of vanadium to the alloys leads to the formation of vanadium-based nitrides in the structure. The melting
temperature of nitrides is quite high (in excess of 2000°C), and they are practically insoluble in iron-based
alloys. Nitrides formed during the ingot production process do not dissolve when heated for quenching from the
liquid state, and are pushed towards the air-facing (upper) surface of the ribbon due to the difference in densities.
An increase in the boron content in the alloy composition leads to a shift in the phase equilibrium towards
the formation of readily soluble borides in the material structure. Hence, no nitride formation is observed in
the structure of vanadium alloys with high boron content, and the replacement of molybdenum with vanadium
leads to stabilization of the supercooled liquid upon heating.
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Fig. 3 High-resolution
TEM image of the alloy
structure (a), diffraction
patterns from different ar-
eas (b, c), and a chem-
ical element distribution
map (d)

Fig. 4 DSC curves of
alloys: a Mo-B group;
b Mo,V–B group; c V–B
group; d alloy crystalliza-
tion temperatures vs. boron
content

According to the results of comparing completely amorphous alloys containing various amounts of vana-
dium and 25% boron, the presence of vanadium enhances the thermal stability of the supercooled liquid. The
endothermic devitrification effect observed on the DSC curves indicates the presence of a temperature range,
within which the supercooled liquid exists prior to the onset of alloy crystallization. This range constitutes
37K and 43K for the Mo,V–25B and V–25B alloys, respectively. Thus, an increase in vanadium content in the
amorphous phase leads to an extension of the existence range of the supercooled liquid, which is indicative of
the increased glass-forming ability of the alloys.
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Conclusions

The authors analyzed the effect of replacing molybdenumwith vanadium in alloys of the (Fe0.25Ni0.25Co0.25Cr0.125
Mo0.125-xVx)100-yBy system, where x= 0; 0.0625; 0.125 and y= 17–25. It was found that partial and complete
replacement of molybdenum with vanadium leads to the formation of crystalline nitride particles based on V,
Cr, and Mo in the structure of low-boron alloy ribbons. It was established that nitrides contain a large amount
of dissolved boron, which results in boron depletion of the amorphous matrix and reduction in its thermal
stability. In alloys with a completely amorphous structure and high boron concentration, an increase in vanadium
content stabilizes the supercooled liquid and expands the temperature range of its existence. The replacement
of molybdenum with vanadium in low-boron alloys causes the formation of a partially crystalline structure,
consisting of an amorphous matrix and nitride particles. An increase in the boron content to 22–25 at. % leads
to thermal stabilization of the amorphous matrix and the appearance of a temperature range of existence of the
supercooled liquid.
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