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Abstract. A new class of materials created at the beginning of the 21% century — high—entropy alloys — attracts the attention of researchers in the field
of physical materials science. Based on the analysis of recent literature data, the current state of the problem of creating and researching medium- and
high-entropy high-speed steels is considered. Due to solid-solution hardening and nano-precipitation hardening based on medium- and high-entropy
alloys of complex composition, it is possible to create high-speed steels with high hardness, thermal resistance and impact strength. The presented
results of studies of tribological characteristics and microhardness of high-speed steels indicate the dependence of these characteristics on entropy.
The lowest values of cutting forces and contact temperatures are typical for cutting tools made of high-speed steel with a high level of entropy. Thus,
when developing new high-speed grades, preference should be given to the compositions with a high level of entropy, since they provide better
tribological characteristics and higher wear resistance. The structural and phase state of surfacing of high-entropy high-speed molybdenum steel
of non-equiatomic composition on medium-carbon steel in a nitrogen medium was studied by the methods of modern physical materials science. X-ray
spectral analysis methods determined the elemental composition of surfacing outer layer, and X-ray phase analysis revealed that solid solutions based
on a-iron (88 wt. %) and y-iron (12 wt. %) are the main phases of the deposited layer material. The calculation of the configuration entropy of this
high-speed high-entropy steel gives a value of 1.93R (where R is the universal gas constant). The conclusion is made about the relevance and prospects
of the development and research of high-energy alloys.
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Annomayus. Co3nannsiii B Hadane XX Beka HOBBIH KjlacC MaTepHalioB — BBICOKOAHTPOIMIHBIC CIUTABbI — IPUBIICKACT BHUMAHUE MCCIIEA0BaTEIeH
B o0nacTu ¢usnueckoro mMarepuaioBeaeHus. Ha ocHOBe aHann3a JMTEpaTypHBIX JAHHBIX MOCIEIHUX JIET PACCMOTPEHO COBPEMEHHOE COCTOSIHUE
MpOOJIEMBI CO3JJaHUS U UCCIICIOBAHUS CPEIHE- U BHICOKO3HTPONUIHBIX OBICTPOPEXYIIMX cTajel. biarogapst TBepJOpacTBOPHOMY yIPOYHECHHUIO
M yIIPOYHEHHUIO HAHOBBIJEICHUSIMU Ha OCHOBE CPEJIHE- U BBICOKOIHTPONHUIMHBIX CIIJIABOB CIIOKHOTO COCTABA BO3MOXKHO CO3/IaHUE OBICTPOPEIKYLIIHX
CTajiel C BBICOKMMH TBEPIOCThIO, TEPMUYECKOIM CTOMKOCTBIO M YJapHO BA3KOCTHIO. [IprBeieHHbIE pe3ylIbTaThl HCCICI0BAHUI TPUOOIOTHYECKUX
XapaKTEePUCTHK U MUKPOTBEPJOCTH OBICTPOPEKYIIMX CTalIel CBUJIETENBCTBYIOT O 3aBUCMMOCTH 9THX XapaKTePUCTHK OT dHTporuu. Hanmenblne
3HAUCHMSI CHJI PE3aHUsI U KOHTAKTHBIX TEMIIEPATyp XapaKTEpHBI JUIS PEXYIIEro HHCTPYMEHTa N3 OBICTPOPEXKYIIEH CTaM C BBICOKHM YPOBHEM
sHTponuu. TakuM 00pa3zom, mpH pa3padoTKe HOBBIX OBICTPOPEKYLIMX MApOK MPEANOYTEHHE CIIELyeT OTAaBaTh COCTABAM C BBICOKMM YPOBHEM
SHTPOIHH, MOCKOJIBKY OHM 00€CHEYHBAIOT JIy4IINe TPHOOIOTHYECKIE XapaKTEPUCTUKU U OoJiee BBICOKYIO H3HOCOCTOMKOCTh. MeTogaMu coBpe-
MEHHOTO (PU3MYECKOro MaTepUaNoBEACHHs N3YUYeHO CTPYKTYPHO-(ha30BOE COCTOSIHUE HAIUIABKH B CPEZE a30Ta BHICOKOAHTPOMMIHON ObIcTpOpe-
XKyILeld MOIUOIEHOBON CTaIM HEIKBUATOMHOIO COCTaBa Ha CPEIHEYNIEPOIUCTYIO CTallb. MeTOlaMi PEHTI€HOCHEKTPAILHOIO aHAJIN3a ONPEIENIeH
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9JIEMEHTHBII COCTaB MOBEPXHOCTHOIO CJIOs HAIIABKHU, & PEHTICHO(A3HBIM aHAJIM30M YCTaHOBJICHO, YTO TBEP/IbIe PACTBOPHI HA OCHOBE O-’KeJie3a
(88 mac. %) u y-xene3sa (12 mac. %) ABIAIOTCA OCHOBHBIMH (ha3aMu MaTepHalla HAIIaBICHHOTO ciosl. [IpoBeIeHHbINH pacueT KOH(PUTYpaHoOHHON
SHTPOITMH JaHHOH OBICTPOPEXKYIIEH BBICOKOIHTPONUIHOI cTanu naer 3Hadenue 1,93R (rae R — yHuBepcalbHas ra3oBas noctosHHas). Cuenan
BBIBOJ] 00 aKTyaJIbHOCTH U IEPCIICKTHBAX Pa3pabOTKU U UCCICIOBAHHS BEICOKOOHTPOIMIHHBIX CILIABOB.
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[ INTRODUCTION

The emergence of a new class of materials — high-
entropy alloys (HEAs) and compounds — at the begin-
ning of the 21% century marked a significant milestone
in the development of metallic materials [1; 2]. The orig-
inal findings from research into the structural-phase
states and properties of a broad range of HEAs have been
summarized in several studies [3; 4], as well as in analyti-
cal reviews and monographs [5 — 8]. Subsequent reports
have described high-entropy carbides, borides, nitrides,
silicides, and thin films and coatings produced via mag-
netron sputtering. The number of HEAs and related com-
pounds synthesized to date is vast and continues to grow
steadily. The composition and properties of HEAs can be
predicted using thermodynamic calculations, particularly
through the CALPHAD software package [9]. However,
regardless of the design method used, it is ultimately
the data on the structural-phase states and resulting mate-
rial properties that determine potential areas of appli-
cation. For example, several HEAs demonstrate high
strength and ductility at low and even cryogenic tempera-
tures, making them promising candidates for use in Arctic
and Antarctic environments [9 — 11]. A review of recent
publications in materials science, condensed matter phy-
sics, metallurgy, and heat treatment shows that all major
types of HEAs with practical relevance are currently
under development and investigation. These include
structural, cryogenic-, and heat-resistant alloys, as well
as corrosion-, radiation-, and wear-resistant materials,
and those with specific magnetic or electrical properties.
Particularly noteworthy are medium- and high-entropy
high-speed steels [12; 13]. However, the number of pub-
lications dedicated to this topic remains limited.

High-speed steels are a subgroup of high-carbon mar-
tensitic steels that contain strong carbide-forming ele-
ments — primarily tungsten, molybdenum, vanadium,
and others. Over the past century, since the development
of the R18 high-speed steel grade, a range of tungsten—
molybdenum steel grades — including R6MS5, R7TM4KS,
and others — have been developed to meet the specific
needs of the metalworking, mechanical engineering, and
metallurgical industries. A major direction in the further
development of high-speed steels involves replacing tung-
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sten, which is both scarce and expensive, with molybde-
num. This substitution is well justified, as molybdenum
and tungsten are located in the same group and in adja-
cent periods of the Periodic Table of Elements developed
by D.I. Mendeleev, and thus have comparable effects
on the structure and properties of high-speed steels.

Inrecent years, researchers and practitioners alike have
shown increasing interest in the development of HSSs
based on high-entropy (HEAs) and medium-entropy
alloys (MEAs) with complex compositions. These mate-
rials exhibit high hardness, thermal stability, and impact
toughness as a result of solid-solution strengthening and
nano-precipitation hardening [4; 14; 15]. An innova-
tive HEA design strategy was proposed in [15], which
involves introducing ductile, multicomponent interme-
tallic nanoparticles with high density. This approach has
been shown to yield strength levels up to 1.5 GPa and
ductility of up to 50 %. The addition of alloying elements
such as aluminum, copper, cobalt, and nickel in equi-
atomic ratios increases the alloy’s configuration entropy,
thereby improving its performance characteristics [16].
A comparative analysis was conducted on the properties
of a newly developed MEA-based high-speed steel with
the composition Fe (Al, Co,Cr, Cu,Ni)g, ;Mo N.C ..
The results demonstrated that this alloy shows supe-
rior hardness after quenching and tempering compared
to the conventional R6MS high-speed steel. This improve-
ment is attributed to the alloy’s high degree of alloying,
which enhances both solid-solution hardening within
the martensitic matrix and dispersion strengthening.
Additionally, the transformation of Me,C-type carbides
contributes to compensating for the loss of hardness typi-
cally associated with a reduced total volume of carbides.

Ongoing research into the use of HEAs and MEAs for
high-speed steel developing also offers economic advan-
tages, particularly due to the use of low-cost base ele-
ments such as iron. When an alloy contains three or more
elements in equiatomic proportions, its configuration
entropy increases. For MEAs, the configuration entropy is
typically around 1.0R to 1.5R (where R is the universal gas
constant) [17 — 24]. In [25], laser surfacing was employed
to produce a coating of medium-entropy high-speed steels
with the composition Fe(Al, Co, Cr, Cu,Mo,Ni, V, W), .
The resulting coating exhibited a hard martensitic matrix
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with secondary hardening and a network of coherent
nanoscale Me,C carbides. The high concentration of alloy-
ing elements provided excellent wear and oxidation resis-
tance, with no formation of undesirable precipitates or
coarse carbides. The addition of aluminum and cobalt
was shown to improve strength and enhance secondary
hardening [26; 27], while copper contributed to the for-
mation of nanoscale carbide particles, helping to achieve
an optimal balance of strength and impact strength [28].
Notably, the incorporation of chromium, cobalt, alumi-
num, and other antioxidant elements led to significantly
lower thermal wear compared to laser-deposited coatings
based on conventional high-speed steel grade R6MS.
At the same time, the microstructure of the MEA-based
coating remained similar to that of traditional high-speed
steel and consists of a martensitic matrix with a finely
dispersed carbide phase [25].

The optimized carbide distribution achieved through
alloying and heat treatment, along with high hardness,
makes MEA- and HEA-based high-speed steels promi-
sing for industrial applications. First, in conventional
high-speed steel, increasing hardness typically requires
raising the carbon content, which leads to the formation
of a continuous network of primary carbides, thereby
reducing impact toughness. Second, the high hardness
and brittleness of conventional high-speed steels after
quenching often impair machinability. In contrast, MEA-
and HEA-based high-speed steels experience significant
strengthening during tempering, allowing for lower hard-
ness in the as-quenched state — an advantage that enhances
their suitability for machining.

The CALPHAD (Calculation Phase Diagram) ther-
modynamic modeling approach enables the predic-
tion of phase compositions in HEAs, as shown in stu-
dies [29 — 32]. However, this task remains challenging,
largely due to incomplete thermodynamic descriptions —
particularly for ternary systems [29].

A quantitative relationship between the entropy
of high-speed steels and their tribological proper-
ties under dry sliding against structural and stainless
steels was established in studies [12; 13; 33]. Focus-

ing on the practical outcomes of these investigations,
the authors interpret entropy primarily in terms of “ther-
mal entropy,” which likely reflects the vibrational cont-
ribution — in addition to configurational and electronic
components — to the total mixing entropy [34]. As shown
in [34], mixing entropy is a key thermodynamic parameter
for predicting the phase stability of HEAs. Using density
functional theory (DFT) calculations, the authors quanti-
fied the individual contributions of vibrational, configura-
tional, and electronic entropy. Accounting for all entropy
components is crucial for developing a robust theoretical
framework for the computational design of stable high-
entropy alloys.

The ability to predict certain performance characteris-
tics of experimental cutting tool materials in advance is
supported by the study of thermodynamic aspects of wear
processes under friction and cutting conditions. Wear
resistance, a key factor determining tool life, is largely
governed by the material’s tribological properties. Sig-
nificant reductions in wear rate during friction and cutting
can be achieved by creating a thermodynamic state charac-
terized by a low density of accumulated thermal entropy.
This effect can be achieved by using materials with inhe-
rently high entropy. High-entropy high-speed steels used
in cutting applications are characterized by low absolute
and relative thermoelectromotive force (thermo-EMF),
which improves their resistance to gas corrosion. Both
thermal entropy and thermo-EMF depend on the chemi-
cal composition of the material and can serve as inte-
grated indicators of its structure. Thermal entropy (S),
like other thermodynamic potentials, can be calculated
using the additivity rule, provided the chemical composi-
tion is known (see Table 1). In [12], a correlation between
the entropy of high-speed steel and its tribological pro-
perties as well as its elastic—strength characteristics in
surface layers was confirmed experimentally.

Studies on structural steel 30KhGSA have shown that
increasing the entropy of high-speed steel leads to a rise
in the microhardness and microelastic modulus of surface
layers, while the coefficient of friction decreases at a sli-
ding speed of 1 m/s.

Table 1. Composition and thermal entropy of high-speed steels [12; 13]

Tabauya 1. CocTaB M TepMUYECKasi FHTPONMSA ObICTPOPEKRYIIUX cTajeii [12; 13]

Steel S, J/(mol-K) Composition
R6M3 26.86 W (6 %) + Mo (3 %) + Fe
R6MS 27.26 W (6 %) + Mo (5 %) + Fe
R6MA4F4 27.46 W (6 %) + Mo (4 %) +V (4 %) + Fe
R8M3F4 27.53 W (8 %) + Mo (3 %) + V (4 %) + Fe
R18 28.04 W (18 %) + Fe
EP658 30.60 W (6 %)+ V (2 %)+ Co (8 %) + Mo (5 %) + Fe
EP657 30.78 W (12 %)+ V (2 %) + Co (8 %) + Mo (3 %) + Fe
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Analysis of the steady-state friction force indicates
a reduction in the adhesive component of friction in
high-entropy high-speed steels. This effect is attributed
to the lower tendency to form adhesive junctions and
the reduced shear strength of those junctions, resulting in
a lower friction coefficient.

The tendency of materials to form adhesive bonds
(weld bridges) is influenced by the surface properties
of low-entropy high-speed steels, such as R6M3 and
R6MS5 grades (Fig. 1). In these materials, lower hard-
ness and higher ductility promote faster degradation
of the protective surface film and more rapid formation
of adhesive junctions.

The most favorable friction characteristics have been
observed in steels with high entropy, which appears
to be linked to the formation behavior and composition
of the third body (transfer layer). In high-entropy high-
speed steel, the growth rate of the third body exceeds
its rate of breakdown, and the resulting third-body layer
thickness promotes separation of the contacting surfaces,
thereby reducing both the strength of adhesive bonds
and the coefficient of friction. These effects manifest
under conditions of sufficiently high thermomechanical
activation in the friction zone. It has been established
that deposited layers on samples of high-entropy high-
speed steel exhibit greater stability due to the high hard-
ness and low ductility of their surface layers. In [12],
the authors examined third-body formation during fric-
tion in high-speed steels with different entropy levels.
In the first approximation, this process is characterized
by two parameters: the maximum attainable thickness
of the transfer layer under given conditions and its rela-
tive growth rate. The study demonstrates that entropy,
as a structure-sensitive parameter, can be used to pre-
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Fig. 1. Dependence of microhardness (/) and microelastic modulus (£)
of surface layers on entropy of high-speed steel [12; 13]

Puc. 1. 3aBucuMocTb MUKpOTBEpAOCTHU (H) 1 Momyist
MUKPOYTPYrocTH (£) MOBEpXHOCTHBIX CIIOCB
OT 3HTpoNHUHU ObICTpopexyLIei cTamu [12; 13]
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dict the tribological behavior of both existing and newly
developed high-speed steel grades.

Tribological tests of standard high-speed steel grades
under dry sliding against 12Kh18N9T stainless steel
have shown that frictional interaction in high-entropy
high-speed steels is accompanied by a gradual thicke-
ning of the layer composed of dissipative structures
over time [13]. This intermediate layer serves a shiel-
ding function, protecting the surfaces of the contacting
bodies from damage. However, it also exhibits high shear
resistance, resulting in elevated coefficients of friction.
In contrast, the friction process in high-speed steels with
low thermal entropy is characterized by a gradual con-
vergence of the contacting bodies over time. This group
of steels demonstrated lower friction coefficients, along
with significant changes in surface microrelief compared
to the initial condition.

Study [33] addresses the pressing issue of how cut-
ting temperature and cutting forces relate to the entropy
of high-speed steels. While tool wear resistance is known
to be closely linked to the entropy of the material,
the specific relationship between entropy — particularly as
a structure-sensitive property — and cutting forces or tem-
peratures during machining remains poorly understood.
In machining, heat dissipation is the dominant energy
loss mechanism in the cutting zone, and its intensity can
be evaluated by monitoring temperature. Cutting tem-
perature is primarily influenced by process parameters
such as cutting speed, depth of cut, and feed rate — with
cutting speed being the most critical. Elevated tempera-
tures, driven by increased cutting forces, accelerate tool
wear and limit the maximum usable cutting speed due
to the heat resistance of the tool material.

Experimental studies of the same high-entropy high-
speed steels (Table 1) demonstrated that, across all cut-
ting speeds within the tested range, tools made from
high-speed steel with higher thermal entropy consis-
tently exhibited lower cutting forces and contact tem-
peratures. These findings suggest that in the development
of advanced high-speed steels, preference should be given
to compositions with high thermal entropy, as they offer
better tribological performance, greater wear resistance,
and support higher cutting speeds and productivity com-
pared to low-entropy alternatives.

In recent years, there has been growing interest in
developing resource-efficient and energy-saving tech-
nologies for plasma and electric arc surfacing using high-
hardness high-speed steels [35; 36]. The incorporation
of nitrogen as an alloying element in these processes
significantly improves wear resistance, strength, cor-
rosion resistance, and impact strength. These enhance-
ments are primarily attributed to increased microhard-
ness of the coating’s structural components, resulting
from the formation of carbonitrides. Electric arc surfac-
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ing in a nitrogen-rich shielding and alloying atmosphere
using a current-carrying flux-cored wire offers significant
advantages over alternative surfacing methods [35; 36].

However, there remains a notable lack of studies —
particularly those employing modern physical materials
science techniques — focused on elucidating the mecha-
nisms responsible for the enhanced functional properties
of M10-type high-speed steel surfacing. This knowledge
gap limits their broader industrial application.

The objective of the present study is to investigate
the structure, elemental composition, and phase compo-
sition of a non-equiatomic high-entropy M10-type high-
speed steel surfacing using methods of modern physical
materials science.

[l MATERIALS AND METHODS

The samples for investigation were fabricated by
plasma surfacing using a current-carrying flux-cored wire
in a nitrogen atmosphere on 30KhGSA structural steel.

20

1, imp./s/eV

5
10—
|

Fig. 2. Electron microscopic image of structure of the deposited layer
after polishing and etching (@)
and energy spectra (b) obtained from the surfacing section shown in a

Puc. 2. DneKTpOHHO-MUKPOCKOINYECKOE H300PAKEHHE CTPYKTYPEI
HaIJIaBJCHHOTIO CJI0Sl IIOCIe MOIMPOBAHMS U TPaBJIeHus (a)
U SHEPreTUYeCKHUe CIEKTpHI (D), MOIyUeHHbIE C y9aCcTKa HAIUIABKH,
1300pa)KEHHOTO Ha 1103, a

The chemical composition of 30KhGSA steel (wt. %):
C0.3; Cr0.9; Mn 0.8; Si0.9; balance — Fe. The chemi-
cal composition of the M10 surcacing alloy (wt. %):
Mo 11.87; Cr4.24; Co 3.48; V 1.77; Si0.94; Mn 0.50.
Technical-grade nitrogen (GOST 9293-74) was used as
the shielding gas at a flow rate of 20-22 L/min. The sur-
facing was performed on a UD-417 unit under the follo-
wing parameters: welding current 140 — 160 A, arc vol-
tage 50— 55V, surfacing speed 15— 18 m/h, and arc
length 20 mm. The coating was deposited in four layers,
with a total thickness of 9 mm.

The microstructure and elemental composition of the
deposited layer were examined using a KYKY-EM6900
scanning electron microscope equipped with a ther-
mionic tungsten cathode and an energy-dispersive X-ray
spectrometer (EDS) for elemental microanalysis. Phase
composition and structural parameters were analyzed
using an XRD-6000 diffractometer with CuK radiation.
Phase identification was carried out using the PDF-4+
database in combination with full-pattern refinement via
POWDER CELL 2.4 software.

B RESULTS AND DISCUSSION

The etched cross-section of the layer formed by sur-
facing 30KhGSA steel with M9Yu flux-cored wire in
a nitrogen atmosphere revealed a polycrystalline den-
dritic structure, as shown in Fig. 2.

Energy-dispersive X-ray spectroscopy (EDS) analy-
sis of the deposited surface (Fig. 2, Table 2) confirmed
the presence of chemical elements matching the nominal
composition of the alloy.

Elemental mapping revealed localized enrichment
of several alloying elements — namely molybdenum,

Table 2. Results of micro-X-ray spectral analysis
of elemental composition of a section of the deposited layer,
electron microscopic image of which is presented in Fig. 1, a

Tabauya 2. Pe3yabTaThl MUKPOPEHTI€HOCIIEKTPAJIBLHOTO
AHAJIN32 3JIEMEHTHOI'0 COCTABA YYACTKA HAILIABJIECHHOIO
€J1051, 2JIEKTPOHHO-MHKPOCKONMUYeCKOe H300paKeHue
KOTOPOIo NnpeacTaBieHo Ha puc. 1, a

Element Content
wt. % at. %
C(K) 7.09 26.44
Al (K) 1.28 2.13
Si (K) 0.19 0.30
Cr (K) 3.26 2.81
Mn (K) 0.51 0.41
Fe (K) 79.46 63.75
Co (K) 1.09 0.83
Mo (L) 7.12 3.32
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chromium, and aluminum — within the surface layer
of the deposited material, indicating a non-uniform dist-
ribution of elements.

X-ray phase analysis identified the dominant phases
in the surfaced layer as solid solutions based on a-iron
(88 wt. %) and y-iron (12 wt. %). The formation of these
solid solutions is corroborated by notable deviations
of the measured lattice parameters — 0.28803 nm for a-Fe
and 0.36050 nm for y-Fe — from their standard reference
values [37]. In addition, the XRD patterns exhibited low-
intensity diffraction peaks attributed to carbide phases
present in the surfaced layer.

The configuration entropy of the high-entropy high-
speed steel investigated in this study, calculated follow-
ing the methodology outlined in [38], was found to be
1.93R.

This analysis of recent advances in the development
and characterization of medium- and high-entropy high-
speed steels, combined with the authors’ experimental
findings on the structural and phase composition of arc-
surfaced layers produced in a nitrogen atmosphere using
a non-equiatomic molybdenum-based high-entropy alloy,
underscores the scientific and practical relevance of this
research direction.

B ConcLusion

The article provides an overview of recent domestic
and international studies on medium- and high-entropy
high-speed steels. These steels exhibit superior hard-
ness after quenching and tempering compared to con-
ventional high-speed steel grade R6MS5. The underlying
strengthening mechanisms are examined, and correla-
tions between configuration entropy and tribological
performance under dry sliding conditions are discussed.
The study presents experimental data on the structure,
chemical composition, and phase constituents of a sur-
faced layer deposited onto medium-carbon steel using
a high-entropy molybdenum-based high-speed steel.
The findings support the conclusion that the development
of next-generation high-entropy high-speed steels rep-
resents a promising direction in advanced tool material
design.
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