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Abstract: The physic-technological basis for fabrication of bulk rods and plates of amorphous, amorphous-nanocrystalline and 100% 

nanocrystalline alloys at melt cooling rates from 80 to 3200 K/s with crystal sizes from 10 to 50 nm has been developed. The multiphase 

structure formed in the initial bulk samples, as well as in the process of nanocrystallization of amorphous ribbons, is characterized by record 

microhardness values of 17-22 GPa. Amorphous powders (20-100 μm) of Fe55Ni8Co6Mo4Cr2V1Al2P9C6B5Si2 and 

Fe61.37Co6.84Cr3.78V0.85W0.82Mo1.06Nb0.85B19.87C1.99Si2.57 alloys are used to create a wear-resistant coating on structural stainless steels 

and low-carbon St3 by the gas-thermal "cold" method » sputtering and subsequent melting of the applied layer.The values of microhardness 

(Hµ) of nano-coatings significantly exceed the microhardness of all known tool steels. Examples of technology transfer and practical using 

of developed amorphous and nanocrystalline alloys are presented. 
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1. Introduction 
 

One of the priority areas of modern physics of metals is the 

determination of the formation mechanisms of completely 

disordered and partially ordered structural states. An important 

advantage of non-equilibrium structural states, the limit of which is 

amorphous, is the expansion of the spectrum of structure-dependent 

physical properties and the formation of their combinations, which 

cannot be realized in materials with partially crystalline structures. 

In particular, in recent decades, the interest of both scientific centers 

and global industrial corporations in bulk metallic glasses has 

grown significantly, thanks to which new areas of practical use of 

the unique physical properties of alloys with an amorphous and 

partially crystalline nanoscale structure are opening up.  The main 

obstructions to the wider use of amorphous alloys based on iron, are 

some scientific and technological problems that have not been 

solved until now. One of which is the lack of physically based 

criteria for the predisposition of alloys to amorphization (PA), and 

the use of the most common semi-empirical criteria, which are 

based on the combinations of experimentally measured 

temperatures of the glass transition and amorphous phase 

crystallization and liquidus, gives ambiguous results. In addition, a 

significant complication on the way to the practical use of Fe-based 

BMGs is the unsystematic nature of the vast majority of 

experimental studies, as well as the limited amount of data 

regarding the thermal stability of amorphous phases, the physical 

mechanisms of their crystallization, and the effect of subsequent 

crystallization on physical and mechanical properties.  

2. Objective and research methodologies 
 

The main purpose of this work is to establish the influence of 

the chemical composition and production conditions on the 

structure, crystallization kinetics, and properties of rapidly hardened 

amorphous and nanocrystalline iron-based complex alloys for the 

further development of high-strength composites and wear-resistant 

coatings. The goal is the optimization of promising compositions 

according to the content of both the main alloying carbide- and 

boride-forming elements (Si, B, C, P) and the complex of additional 

elements (Ni, Cr, Co, Mo, Nb, W, V, Mn, Al ) and the development 

of the composition of alloys that will be used as wear- and 

corrosion-resistant materials for application in various ways to the 

working surfaces of steel structures to protect them from oxidation 

and wear during operation in order to extend their working life. 

3. Research objects and methods  

The objects of research and development in this work were: 

technological processes of obtaining fast-hardened high-strength 

alloys of the Fe–(Cr,Ni,Co,Мn,Mo,V,W,Nb,Cu,Al)–(Si,B,Al) 

system directly from the melt P,C) with an amorphous and 

nanocrystalline structure with boride and carbide strengthening, 

thermal stability, mechanical properties and electrical resistance of 

ribbons, powder and volume samples (plates and rods). Research 

and development of methods were carried out on basic (known) and 

mainly on new alloys, the chemical compositions and markings of 

which are given in Table 1. All alloys were produced using 

industrial raw materials and ferroalloys (metallurgical ligatures). 

According to the degree of alloying, in particular metalloids, 

transition metals and the content of certain impurities, new alloys 

can be divided into 3 groups. 

 

Table 1. Marking and chemical composition of the investigated 

alloys 

No 
Alloy 

brand 
Chemical composition, at.% 

Total 

content of 

metalloids, 

at.% 

  Group 1:  

1 HB-2 Fe66Cr14W2C2Si1B15 18 

2 HBRM-4 Fe60.6Cr13.8Mn0.3Mo1.9Nb2Al0.2Cu0.5 

B16.2C2Si2.5 

20,7 

3 HBRM-4-1 Fe58.5Cr14.1Mn0.3W1.9Mo3Nb0.9Al0.1 

Cu0.5B17.1C2Si1.6 

20,7 

  Group 2:  

4 NHRP-3 Fe55.47Ni11.14Cr4.2Со2.31Мо3.37V0.23 

B14.90С2.13Р0.81Si5.44 

23,28 

5 NHRP-4 Fe50.0Ni19.0Cr6.5Мо1.5V1B14.1С2.5Р4.4Si

1 

22 

6 NHRP-6 Fe55Ni8Cr2Co6Mo4V1Al2B5C6P9Si2  22 

  Group 3:  

7 HB-4 Fe61.37Co6.84Cr3.78V0.85W0.82Mo1.06 

Nb0.85B19.87C1.99Si2.57 

24,43 

8 HBKNV-1 Fe52,07Co14,9Cr2,9W0,81Nb2,4V1.94 

B19,69С2,48Si2,77 

25 

9 HBKNV-2 Fe31,14Co32Сr6W1,79Nb4,67B19,1C2 

Si3,3 

24,5 

10 HBKMN-1 Fe50Co18Mo4Nb4B17Si5C2   24 

 

It should be noted that the alloys of all three groups were 

synthesized (melted) taking into account the well-known 

physicochemical approach for predicting facilitated glass formation, 

which is based on the properties of the alloy components and the 

features of their interaction displayed on the state diagrams. In 

particular, the presence of deep eutectics on the double (Fe–В, Fe–

Р) and ternary (Fe–B–Si, Fe–P–C) state diagrams contribute to the 

formation of glasses, a significant (at least 15%) difference in the 

atomic diameters of the components (transition metals and 

metalloids), a large difference in their valency [1-2], as well as the 

presence in each alloy of significantly more than three components 

with large negative enthalpies of mixing (∆Hmix). 
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3.1 Preparation of starting alloys from pure 

components and industrial raw materials 
 

All alloys (weighing weight – 2-2.5 kg), the composition of 

which according to the results of X-ray fluorescence analysis are 

given in the Table. 1, were melted in an induction furnace in quartz 

crucibles in an Ar atmosphere from a mixture of chemically pure 

metals (≥ 99.8%), polycrystalline silicon (99.9%) and ligatures 

Fe3C (pre-synthesized from armco-iron and graphite), Fe2B 

(synthesized from armco-iron and ferro-boron FB-20) and 

ferrophosphorus FP-16 (Fe – 16 wt.% P). 

 

3.2 Production of rapidly quenched ribbons by the PFC 

method 
 

From these ingots, ribbon samples ~22–35 µm thick and 5–20 

mm wide were produced by PFC method in air onto a single Cu–Cr 

wheel of diameter 600 mm at tangential velocity of ~40 m s–1. The 

temperature of the melts was monitored by an optical pyrometer and 

during ejection was 1623–1653 K. The molten metal was ejected by 

argon gas at an overpressure of 20 kPa through the orifice in the 

quartz nozzle positioned at ~ 0.2 mm from wheel surface.  

Productivity of obtaining quick-hardened ribbon – 0.5–2.5 

kg/cycle; the rate of descent of the formed ribbon  (the range of 

adjustment of the working linear speed of rotation of the tempering 

disc) is 10–40 m/s; tape width – 3–25 mm; typical cooling rate of 

the melt is (5–10)·105 K/s.  

Plastic ribbons with a thickness of 18–22 μm, which could 

withstand a 180° bend along the zero radius, were also obtained 

from HB-4, NNPR-4, and NNPR-6 alloys when quenched to 2.5 kg 

of melt. 

The elemental composition of the alloys was confirmed within 

± 0.2 at.% by the X-ray fluorescence analysis. The carbon 

composition was further specified by chemical spectral analysis 

when burning up to 3 g of dispersed powder.  

 

3.3 Production of bulk amorphous and nanocrystalline 

samples (plates, rods) of new complex alloyed alloys 
 

Bulk samples were obtained by pouring or ejecting of the melt 

under an excess pressure of 50 kPa into massive copper molds 120 

mm high with a rectangular constant (510 mm2) or wedge-shaped 

((0.5–2.5)10 mm2) section. In Fig. 1 demonstrates just such a 

method of obtaining plates (cross section of 310 and 510 mm2). 

 

 
                  a                                      b                               c 
Fig. 1. Equipment for HF melting and production of bulk 

amorphized ingots (plates or rods) with a cross section from 3 to 

200 mm2 in a protective atmosphere (a); the process of obtaining 

HB-4 nanocrystalline alloy plates with a cross section of 310 and 

510 mm2 by pouring the melt into a copper quenching unit in air 

(b, c) 
 

The basis of the technological scheme for obtaining bulk 

samples was the ejection of the processed (overheated and aged) 

melt in a certain way. An important factor in this process was the 

achievement of minimum melt viscosity to ensure rapid and 

complete filling of the quench mold. In this regard, the most 

promising alloys are HBRM-4, NHRP-4, NHRP-6, HB-4 and 

HBKNV-2 (the strongest plate with a thickness of 2 mm was 

obtained). It should be noted that the last alloy was the most doped 

with cobalt, tungsten and niobium, was nanocrystalline, although its 

casting properties were not optimal, in particular, the kinematic 

viscosity was the highest.  

Thus, a technique for obtaining fast-hardening Fe–(Ni, Со, Cr, 

Мn, Mo, W, V, Nb)–(Si, B, C, P) alloys was proposed, which 

ensured the formation of a predominantly amorphous state in plates 

with a cross section of up to 40 mm2 and nanostructured - in plates 

up to 100 mm2. 

 

3.4 Production of amorphous nanocrystalline and 

submicron powders of НВ-4 and NНRP-6 alloys 
 

Dispersed powders from НВ-4 and NНRP-6 alloys with a 

nanocrystalline and partially amorphous structure were obtained by 

rapid quenching of the melt in two ways: ultrasonic plasma 

atomization and spraying of the melt in water. The Polish plasma 

ultrasonic atomizer "ATO LAB" (www.metalatomizer.com) of the 

company LLC "TECHNOLOGY PARK" "UKRAINIAN 

INFORMATION AND TELECOMMUNICATION 

TECHNOLOGIES" (Kyiv) was used. In the "ATO LAB" 

installation, the melting of the source alloy rod was carried out by a 

plasmatron burner in an argon atmosphere. The process of 

atomization (formation of microdroplets with a size of 20-130 μm) 

occurred during the spreading of melt droplets on a small polished 

tungsten plate that vibrated with a frequency of 20 kHz and was 

cooled by water. By this method, a dispersed powder of HB-4 alloy 

was obtained, mainly spherical in shape (Fig. 2 a), the structure of 

which is mainly nanocrystalline with the size of the structural 

components of eutectic colonies of 60 nm (Fig. 2 b). 

Dispersion of the melt with the help of "Poletiv"(“flights”) in 

water was carried out using the original installation of LLC 

"INTER-CONTACT PRIOR" (Kyiv). The principle of operation of 

the installation is that the molten alloy, previously prepared by 

high-frequency melting, is poured into a crucible-metal receiver. 

From there, the melt flows through a hole with a diameter of 4-6 

mm in the lower part of the metal receiver. The melt stream is 

crushed by impact vanes (flights), which rotate at a speed of 2000 to 

3500 rpm. depending on the type of alloy and the properties of the 

powders to be obtained. By changing the speed of rotation of the 

blades (rotor), it is possible to change the granulometric 

composition of powders and, thereby, their technological properties 

- bulk density, fluidity, and others. In one cycle, you can get from 

10 to 18 kg of powder. After grinding, the melt particles are cooled 

by falling into the water that fills the spray chamber. After the 

spraying cycle, the powder carried by the water stream into the 

receiving tank is dehydrated, stabilized, and dried. HB-4 alloy 

powder (Fig. 3) is characterized by high thermal stability of the 

main phase component (>80% amorphous phase).  

    

a                             b 

Fig.2  SEM image of HB-4 alloy 

powder with a submicron structure 

obtained by ultrasonic atomization of 

the melt 

Fig. 3  SEM image of 

HB-4 alloy powder 

obtained by spraying 

the melt in water. 

The actual invariance of the thermophysical characteristics in 

comparison with the original ingot of the alloy is also demonstrated. 

3.5 Methods of studying the structure and thermal 

stability of the amorphous state in hardened strip, 

powder and bulk alloys 
The as-prepared and heat treated samples of ribbons, plates and 

powders were structurally characterized by X-ray diffraction (XRD) 

using Fe filtered Co K and monochrome Mo K radiation in a 

DRON-3M automated diffractometer. The experimental diffraction 

patterns of the partially crystallized samples were considered as a 

superposition of intensities scattered from amorphous and 

crystalline (bcc α-Fe (110) peak) phases [3]. The volume fraction of 
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crystalline phase was calculated as Xcr = Acr/(Acr + Aam) [4], where 

Aam and Acr are the integral intensities of maxima corresponding to 

amorphous and crystalline phase respectively. The average grain 

size, L, in the partially crystallized samples was estimated from the 

half-width of the XRD peaks Bθ (after instrumental broadening 

subtracting and neglecting possible strain contributions) using the 

Scherrer's equation L ≈ λ/(BθcosθB), where θB is the peak position. 

In turn, from the values of Xcr and L the volume density of α-Fe 

nanocrystals was estimated as N = 6 Xcr/(πL3).  

The thermal stability of non-equilibrium (amorphous or 

nanocrystalline) structures that are formed in strip, powder and bulk 

samples during the rapid cooling of the melt, as well as the nature 

and kinetics of their transition to the equilibrium state, was studied 

by the method of differential scanning calorimetry (DSC) on a 

NETZSCH 404 calorimeter in conditions of continuous heating at 

rates of 5, 10, 20 and 40 K/min. Electron microscopic analysis The 

micro- and nanostructure of quick-hardened tapes, powders, 

surfaces and chips of bulk samples and applied coatings was studied 

by the method of raster electron microscopy on a Tescan Mira 3 

LMU microscope with determination of the local chemical 

composition using an energy dispersive spectrometer X-MAX 80 

mm Oxford Instruments. For a more complete characterization of 

the sample structure, a JEOL JSM - 6490 LV, 10–20 kV 

microscope was additionally used. Investigations of the surface of 

plates, powders, annealed ribbons without preliminary treatment 

and grinds of the ends of ingots (hardened plates) and steel with a 

coating were carried out in the modes of reflected and secondary 

electrons. 

The microhardness, Hµ, measurements of the as-quenched and 

annealed melt-spun ribbons were performed using standard PMT-3 

tester with 136o diamond pyramid indenter and a 0.686 N (70 gf) 

load. At least 20 indentations during 10 s were made for each 

microhardness value reported in this paper and the standard 

deviation was near to 3% of the mean value.  

 

4. Results and discussion 

 

4.1 Peculiarities of the formation of the nanocrystalline 

heterophase structural state in complex alloys of the 

system Fe58,5–66(TM)13,1–26(Si,C,B)18–24,4 
 

According to the results of X-ray studies (Fig. 4), the structure 

formed in 2- and 3-mm-thick castings of the HBRM-4 alloy consists 

of nanocrystals with sizes of 16–43 nm of a solid solution based on 

α-Fe, boride TM2B (TM - transition metal) and a small amount of 

carbide Fe5С2. It can be seen that the relative amounts of α-Fe 

nanocrystals, boride, and carbide depend on the cooling rate. The 

crystallization of these phases in the supercooled melt occurs 

separately, and with an increase in the cooling rate, the 

crystallization of the boride phase is significantly suppressed.  

It  was established that the crystallization of the amorphous 

ribbon takes place in two clearly separated stages, in the first of 

which nanocrystals of a solid solution based on α-Fe are formed, 

and in the second - nanoscale crystals of boride Me2B (carbide 

Fe5C2 could not be detected in the ribbons) (Fig. 5). 

The analysis of the profile of the diffraction line of the sample 

after the first stage of crystallization of the amorphous ribbon 

showed that the average size of solid solution nanocrystals based on 

α-Fe, L, and their relative fraction, X, are 10 nm and 35%, 

respectively. At the second stage of crystallization, crystals of the 

Fe2B isostructural boride phase are formed in the remaining 

amorphous matrix, and primary crystallites with bcc structure are 

aggregated (Fig. 4). The bulk density of α-Fe nanocrystals, 

N=6X/(πL3), formed at the first stage of crystallization of the 

amorphous phase of the HBRM-4 alloy, is approximately 6.71023 

m-3. 

 

Fig. 4 Diffractograms of samples of rapidly cooled castings 

HBRM-4 alloy thickness 2 mm (1) and 3 mm (2). α – α– Fe,  – 

isostructural phase boride Fe2B, and isostructural phase Fe5С2, 
respectively. The arrow shows the (200) line of Fe2B boride, the 

width of which was used to calculate the size of the crystallites 

 
Fig. 5 Diffractograms of alloy ribbons HBRM-4 in the initial 

state (1) and after heating at a rate of 10 K/min. to the 

temperatures of completion of the first (2) and second (3) stages of 

crystallization 

The structure of the HBRM-4-1 alloy rod with a diameter of 2.7 

mm consists of α–Fe crystals and phases isomorphic to borides 

Cr23C6 (Fe23B6), Fe3B and carbide (Fe,Cr)7С3. The evaluations 

showed that the average size of α–Fe crystals and Fe23B6 boride in 

the structure of the HBRM-4-1 alloy rod is 19.0 and 32.0 nm, 

respectively.  

Study of a bulk sample (plate 3 mm thick) of the alloy 

Fe61,37Cr3,78Co6,84V0,85W0,82Mo1,06Nb0,85B19,87C1,99Si2,57 (HB-4), in 

which, in comparison with the alloys HBRM-4 and HBRM -4-1, the 

chromium content was significantly reduced and 0.85 at.% 

vanadium and almost 7% Co were added, showing that its structure 

is completely crystalline. Three phases with nanoscale grain sizes 

are present in the plate structure: α–Fe (100–130 nm), an 

isostructural phase of Fe3B boride, (≥ 150 nm) and a small amount 

of an unknown phase (15–21 nm). 

 

4.2 Nanocrystallization and volumetric amorphization 

of complex alloys synthesized from industrial raw 

materials Fe–(Ni,Со,Cr,Мn,Mo,V,Al)–(Si,B,C,P) 
 

Alloys of nominal composition (weight up to 1 kg) of the 

second (NHRP-3, 4, 6) group were obtained using industrial raw 

materials in the form of plates with a thickness of 5, 3, 2 and 0.5 

mm, as well as in the form of amorphous tapes. X-ray studies 

showed that ingots with a thickness of 3 and 5 mm of all these 

alloys had a crystalline structure. The structure of the NHRP-6 

alloy, highly doped with phosphorus and carbon, consists of α-Fe 

crystals, non-equilibrium borocarbides ТМ3(B,C) and ТМ23(B,C)6, 

and some isostructural Fe2P (Co2P type) and Fe3P phases. A similar 

phase composition was observed in Fe73Mo3Si3,3P8,7C7,0B5,0 alloy 

ingots [5]. At the same time, the structure of the NHRP-4 ingot is 
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significantly simpler and consists mainly of solid solution crystals 

based on γ–Fe and the equilibrium boride TM2B. The observed 

differences in the phase composition of the ingots are most likely 

due to the increased concentration of nickel in the NHRP-4 alloy, 

which stabilizes the fcc modification of Fe, the increased solubility 

of metalloids in the γ–Fe lattice, and the reduced Mo content, which 

contributes to the inhibition of the formation of Fe-based γ–solid 

solution crystals. The presence of equilibrium boride in this alloy is 

obviously caused by the highest boron content. A characteristic 

feature of the diffraction lines of borocarbide crystals on the 

diffractogram of the alloy plate is their wide width, which is typical 

for nanoscale objects. Approximate estimates of the average sizes of 

ТМ3(B,C) and ТМ23(B,C)6 crystallites and phases of isostructural 

phosphides based on the width of reflexes on X-ray images gave 

values of 22, 27, and 28 nm in the NHRP-6 alloy plate. At the same 

time, the width of the (111) γ–Fe reflex in the diffractogram of the 

NHRP-4 alloy ingot is significantly lower, and the crystallite size 

estimate was over 100 nm. 

 

4.3 Structure and microhardness of rapidly cooled 

ribbons and bulk samples 
 

The structure and microhardness of rapidly cooled ribbons and 

bulk samples are summarized in table.2. 

 

Tabl. 2 Structure and microhardness of rapidly cooled ribbons and 

bulk samples 

Alloy 

brand 

Ribbon 

(А*) 
  Bulk samples (NC*) 

H
μ

ribb

, GPa H
μ

bulk

, GPa Phases 

Group 1 

HBRM-4 
10,28 

0,06 
9,550,06 -Fe + Fe2B 

HBRM-4-1 9,14±0,05 11,090,05 α-Fe + Fe23B6 + Fe3B 

Group 2 

NHRP-3 11,20±0,12 14,61±0,12 α-Fe + Fe2B + Fe3B 

NHRP-4 9,83±0,45 7,19±0,04 γ-Fe + Fe2B 

NHRP-6 8,85±0,06 12,23±0,08 

α–Fe +Cr23C6 (Fe23B6) + 

Fe3B + traces (Fe2P 

(Co2P) + Fe3P) 

Group  3 

HB-4 12,390±0,060 
12,65±0,06 α-Fe + Fe2B + X 

8,15±0,06 γ-Fe + Fe2B+ X 

HBKNV-1 11,220±0,051 12,04±0,07 α-Fe + Fe2B + X 

HBKNV-2 11,142±0,065 15,25±0,13 α-Fe + Fe2B + X1 +X2 

HBKMN-1 11,136±0,160 11,85±0,09 α-Fe + Fe2B + X 

* Structure: A – amorphous, NC– nanocrystalline 

 

Measurements of the microhardness of amorphous ribbons of 

alloys of the NHRP group showed that its values lie in a wide range 

from 8.84 GPa (in the alloy of the NHRP-6 brand) to 11.2 GPa (in 

the alloy of the NHRP-3 brand), which is due to significant 

variations in the content of alloying elements (both metals and 

metalloids) (Table 2). The range of microhardness values of volume 

samples of alloys of the NHRP group is even wider - from 7.2 to 

14.6 GPa, they are higher than the Hμ of amorphous tapes of alloys 

of the NHRP-3 and NHRP-6 brands, and lower than that of the 

alloy NHRP-4. Comparing the value of Hμ with the results of 

structural studies, it can be stated that the low microhardness of 

bulk samples of the NHRP-4 alloy is caused by the presence of a 

relatively high proportion of solid solution crystals based on γ-Fe in 

its structure. On the contrary, the plate of the NHRP-3 alloy, in the 

structure of which there are solid solution crystals based on α-Fe, 

has the highest hardness. 

The microhardness of ribbons of alloys of the third group in the 

amorphous state is higher than that of the alloys of the groups 

considered above, and lies within relatively narrow limits of 11.1–

12.4 GPa (Table 2). It is noteworthy that the hardness of HB-4, 

HBKNV-1, and HBKMN-1 alloy ingots with a nanocrystalline 

structure was close to, although slightly higher than, the hardness of 

amorphous strips (11.8–12.6 GPa), with the exception of the 

HBKNV-1 alloy ingot. Hμ of which in the initial state was 15.25 

GPa. A comparison of the phase composition of ingots HBKNV-1 

and HBKNV-2 shows that the increased hardness of the latter alloy 

is due to the presence of an additional phase in its structure. The 

hardness index of the HBKNV-2 alloy corresponds to the yield 

strength of 4.4 GPa, the value of which is close to the 

experimentally determined strength limit (4.7 GPa) of the bulk 

amorphous alloy Fe52Co20Nb4B20Si4 [6]. 

 

4.4 Thermal stability and nanocrystallization of 

amorphous ribbons, powder and plates 
 

The thermal stability of the amorphous state is one of the most 

important characteristics of alloys with an amorphous structure, the 

quantitative indicator of which was chosen in the work as the 

temperature of the beginning of crystallization, Tons, which was 

determined by DSC thermograms under heating conditions at 

different speeds. 

In addition to the temperatures of the beginning of 

crystallization, the number of stages of their transition to the 

equilibrium crystalline state and the dynamic temperatures of these 

stages (temperatures of maximum transformation rates, Txi) are also 

important parameters of the thermal stability of amorphous alloys, 

since each of them significantly affects the mechanical properties. 

The listed parameters characterizing the thermal stability of 

amorphous phases in the investigated alloys and the transition to the 

crystalline state at a heating rate of 20 K/min are summarized in 

Table 3. Glass transition temperatures Tg were determined as the 

inflection point of the thermogram and their values were used as a 

component of parameters characterizing the tendency of melts to 

amorphize. 

Tabl. 3  Parameters of thermal stability of amorphous ribbons 

Alloy  

brand 

Tg,  

K 

Tons,  

K 

Tons – 

Tg, K 

Tx1,  

K 

Tx2,  

K 

Tx3,  

K 

Tend,  

K 

Tend- 

Tons,  

К 

HBRM-4 767 803 36 832 925  992 189 

         

NHRP-3  879  892   915 36 

NHRP-4 755  764 9 777   790 26 

NHRP-6 765 781 16 811   893 175 

         

HB-4 818 830 12 845 1000  1030 200 

HBKNV-1 831 848 17 875 982 1088 1110 262 

HBKNV-2 860 886 26 910 1007 1076 1100 214 

HBKMN-1 820 841 21 866 907 972 1000 159 

 

Significant variations in the thermal stability of amorphous 

phases were observed in the group of NHRP alloys - from 765 K 

(NHRP-4 alloy) to 879 K (NHRP-3 alloy). The multi-component 

composition of the studied alloys and non-systematic changes in the 

concentration of metalloids and strengthening elements in NHRP 

alloys do not allow us to unambiguously establish the causes of 

sharp changes in the thermal stability of amorphous phases, in 

particular, the exceptionally high value of Tons in the NHRP-3 

alloy. The character of the DSC curves of this group of alloys 

indicates that a one-stage process of eutectic crystallization takes 

place in them. 

The temperature values of the start of crystallization of the third 

group of alloys (HB grades) lie in a relatively narrow temperature 

range - from 830 K (HB-4 grade alloy) to 886 K (HBKNV-2 grade 

alloy), and the process of transition to the crystalline state occurs in 

two (alloy grade HB-4) and three (all other alloys of this group) 

stages. 

The obtained values of the activation energy (Ea1) of the first 
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stage of crystallization of the investigated alloys lie in a relatively 

wide range of values (from 386 to 731 kJ/mol), which is consistent 

with the few results given in the literature for complex-alloyed 

amorphous alloys based on Fe. The highest values of effective 

crystallization activation energy are characterized by: eleven-

component alloy NHRP-6 - 629 kJ/mol, which had the highest 

glass-forming ability among alloys synthesized using industrial raw 

materials, and ten-component alloy HB-4 - 731 kJ/mol. 

These two alloys were chosen to obtain powders. X-ray 

structural studies were carried out on the original powder with a 

wide range of sizes, as well as on the powder sifted through a sieve 

- with a fraction of 4-40 microns. Research has shown noticeable 

(Fig. 6) differences in the structure of these samples. 

 
Fig.6 Structural and phase composition of rapidly cooled powder in 

the initial state 

 
The results of calorimetric (DSC) studies of powders of 

different production methods and different fractions are shown in 

fig. 7 and in table 4. 

 

Fig. 7  DSC – curves of initial powders and amorphous ribbons. 

The calculation of the ratio of the total heat release during the 

crystallization of the amorphous phase in the powders to the heat 

release during the crystallization of 100% of the amorphous phase 

of the tape made it possible to more accurately determine the 

volume fraction of the amorphous phase in powders of the HB-4 

alloy hardened by various methods, as well as to determine it in 

powders of different fractions (tabl. 4).  

The obtained results are correlated with X-ray data on the 

determination of the volume fraction of the amorphous phase in 

powders. 

 

 

 

Tabl. 4 Results of calorimetric studies of hardened powders of HB-

4 alloy 

Sample 

Peak 
Total 

heat  

release, 

 J/g 

Percentage 

of  

amorphous  

phase, vol. 

% 

І ІІ 

Т, 

K 
S, J/g 

Т, 

K 

S, 

J/g 

Atomized 

powder 30-

120μm 

874 5,76   5,76 6,32 

Powder 

sprayed in 

H2O,  

4-370 μm 

870 30,08 
109

4 
9,94 

40,01

8 
43,92 

Powder 

sprayed in 

H2O, <40μm 

850 74,04   74,04 81,26 

Ribbon, h=25 

μm 
881 69,48 

104

8 
21,6 91,11 100 

 

The effective activation energy of the first stage of 

crystallization of the amorphous phase in the dispersed (< 40 μm) 

powder sprayed in water was lower than this value for the 

amorphous tape by only 7%. 

 

4.5 Formation of micro- and nanocomposite states in 

protective coatings applied by various methods 
 

The proposed iron-based eutectic alloys NHRP-6 and HB-4 can 

be classified as self-fluxing. The use of gas-thermal (HT) sputtering 

by the "cold method" with the use of a CastoDyn 8000 torch makes 

it possible to obtain dense nanocomposite uniform coatings using 

HB-4 powder obtained as a result of grinding the original 

amorphous ribbons. For this alloy, reducing the temperature of the 

powder during sputtering allows you to preserve its nanodispersed 

amorphous structure, and the energy provided by the flame is 

optimally sufficient not only for diffusion welding, but also for the 

nanocrystallization of already deposited microflakes (powders) and 

the formation of a heterophase nanocrystalline structure of the 

coating. The estimated sizes of nanocrystals of the main component 

fractions of BCC - iron and boride Fe2B are, respectively, 35±5 and 

45±5 nm. The phase composition of the α-Fe + Fe2B + X coating 

practically coincides with the composition of the bulk hardened 

plate (3 mm thick) of this alloy. 

When using HB-4 alloy flakes of larger sizes (63-100 microns), 

which are the most mass fraction when grinding the tape in a 

planetary mill, reducing the temperature of the substrate and 

performing GP sputtering without an underlayer on the roughly 

polished surface of St.3, it was possible to obtain record 

microhardness values of 24,90-27.25 GPa, which could not even be 

predicted when studying phase formation and kinetics of 

nanocrystallization of HB-4 alloy. The obtained values of Нµ are 

noticeably higher even than the values for the best carbide-

containing powder mixture Eutalloy 1229 SJ with 60% WC formed 

by melting (Нµ = 20-25 GPa) 

Gas-flame coatings from the NHRP-6 alloy, applied using an 

underlayer and coarse powder (flakes) 63-100 microns, after their 

heat treatment in a protective medium (Ar), exceed the 

microhardness value for the industrial powder PRN-65X25С3Р3-3 

by almost two times. 

GP sputtering and alternation of the process of sputtering 

layers with their melting on 10-mm-thick rolled samples of 40X 

structural low-alloy steel were carried out with the initial (not 

dispersed into fractions) HB-4 alloy powder obtained by mechanical 

grinding of the melt and quenching in water. Such welded coatings 

are characterized by greater density and a noticeable transition layer 

between the substrate and the coating itself, which provides them 

with better adhesion. Figure 8 a shows an SEM image of such a 

coating. The thickness of the deposited layer was 400±30 μm, and 

the transition layer was about 100 μm. In fig. 8 b shows SEM 
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images of the HB-4 plate obtained by quenching the melt in a 

copper mold. It can be seen that the dimensions of the excess 

borocarbide phase in these photos (light crystals) are almost the 

same (2-5 μm), which indicates a considerable cooling rate of the 

melt in the layer that was melted.  

As a result of rapid melting of the powder, diffusion welding 

with the steel of the base occurs, which leads to high adhesive and 

cohesive resistance of the coating. 

The obtained high Vickers hardness values HV100=820-880 

correspond to the Rockwell hardness HRC = 65-67, which are 

among the best reported for coatings based on composite powders 

of the Ni-Cr-Si-B system with 50-60% WC. 

 
a 

 
b 

Fig. 8 – SEM image deposited on a layer of HB-4 alloy (a) and HB-

4 plate (b). 

 

In general, all samples (including rapidly cooled powders) of 

the developed nanoalloys also show a high anti-corrosion ability, 

which is due to the formation of dense protective surface oxide 

layers, therefore the mass loss (surface corrosion) of new 

economically alloyed nanostructured alloys is less than 1.2-3.4 g 

/m2 per year, which is several times better than the indicators of 

industrial high-strength alloyed and austenitic stainless steels and 

special alloys. 

4.6 Approbation of amorphous-nanocrystalline eutectic 

alloy NHRP-6 for wear-resistant coatings in the 

conditions of pipe rolling production  
 

The publication [7] with the participation of the authors of this 

study presents the results of using the amorphous-nanocrystalline 

eutectic alloy NHRP-6 for wear-resistant coatings in the conditions 

of industrial pipe rolling production. 

The surface microstructures of the coating applied to 4H5MF1C 

steel are shown in Fig. 9. On the surface of the samples, there is a 

coating of an amorphous alloy, and the core (steel) and the 

transition layer are tempered martensite and carbides of chromium, 
tungsten, molybdenum, and vanadium. 

 
a 

 
b 

Fig. 9 Surface microstructure of 4H5MF1C steel samples after 

plasma application of coatings from amorphous powder of NHRP-6 

alloy powder; x200 (а); x800 (b) 
 

The proposed technology, which includes obtaining an 

amorphous tape of the Fe-Ni-Si-B-P-C system, powder from it and 

applying it to the surface of the pipe-rolling tool by the plasma 

method. Testing in factory conditions of rollers and support bars of 

the state of KhPTR "15-30" with an applied coating showed an 

increase in their stability by 20÷25% in comparison with the 

technology used at enterprises and an improvement in the quality of 

the inner surface of the pipes. The proposed technology of thermal 

strengthening and additional application of nanocoatings from 

amorphous alloys with a thickness of 100 ÷ 150 μm by plasma 

spraying on the working surface of the pipe tool eliminates the third 

tempering, changes the structure and properties of the surface layer, 

increases strength, wear resistance and hardness up to HV0.1 

950÷1050 (compared to HV 587÷690 according to existing 

technology). As a result, the steel acquires high hardness on the 

surface, which is necessary in conditions of significant pressure and 

friction when working on pipe rolling mills. 

5. Conclusion 

1. Using the method of ultrasonic plasma atomization of the melt, a 

dispersed powder of HB-4 alloy of mostly spherical shape was 

obtained, the structure of which was mainly nanocrystalline with the 

size of structural components of eutectic colonies of 60 nm. The 

possibility of obtaining a dispersed powder of this alloy was also 

demonstrated by the method of mechanical dispersion of the melt 

with quenching of the formed droplets in water, which is 

characterized by high thermal stability of the main phase 

component (>80% amorphous phase) and the actual invariance of 

thermophysical characteristics in comparison with the original ingot 

of the alloy. 

2. Quantitative data were obtained regarding the kinetics and 

mechanisms of the formation of nanocomposite states in Fe-PM-X 

alloy coatings applied by various gas-thermal (gas-flame and 

plasma) methods (including remelting). Correlations were 

established between the parameters of the nanoscale structure of the 

applied coatings and the level of strength characteristics of the 

"base-coating" system, the temperature-time regimes of the 

formation of nanostructures with the optimal level of physical and 

mechanical properties. 

3. New wear-resistant powder alloys of the eutectic type for 

coatings and methods of their application at industrial was 

positively approve. In particular, powder alloys and their 

application technology are at the stage of implementation, including 

as a material for the restoration of agricultural tillage equipment, 

and has already passed control tests. 
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