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Abstract. The possibility of dispersion strengthening of powder high-speed steel R6M5K5 with MoSi2–MoB–HfB2 heterophase ceramics 

particles was investigated. A mechanically alloyed powder mixture with an average particle size of d = 10 µm was used as the base 
material; the ceramic powder additive (d = 5 µm), obtained by the SHS method, was also used. Mixing was carried out in a high plane-
tary ball mill. As a result, powder mixture particles with sizes of 2–25 µm were obtained, close to spherical in shape, with larger parti-
cles being agglomerates. Cold pressing and sintering were performed, achieving a density of up to 92.7 % and a hardness of 62 HRA, 
as well as hot pressing with a density of 97.2 % and a hardness of 65 HRC. The hot-pressed billet had a bending strength of 1141 MPa 
and a compressive strength of 2157 MPa. The prospects of using heterophase ceramics as a strengthening additive was shown, which 
contributes to lowering the temperature of the liquid phase formation and creates a pronounced heterogeneous microstructure, similar 
to the microstructure of metallic glass materials. The matrix is a solid solution based on iron (with an average grain size of 14–34 µm) 
with a network of eutectic carbide Me6C and ceramic additive inclusions in the form of HfO2 , SiO2 , and HfSiO4 compounds. This 
provided a twofold reduction in wear during tribological tests against a counterbody made of VK6 hard alloy. The obtained composite 
material, demonstrating high red hardness, may find application in the production of wear-resistant products operating at temperatures 
up to 630 °C. 

Keywords: high-speed steel, powder metallurgy, dispersion hardening, ceramics, tribology, wear

Acknowledgements: The research was supported by the Russian Science Foundation grant No. 23-49-00141, https://rscf.ru/
project/23-49-00141/

For citation: Akhmetov A.S., Mukanov S.K., Samoshina M.E., Lopatin V.Yu., Eremeeva Zh.V. Dispersion strengthening of powder 
high-speed steel R6M5K5 with particles of SHS ceramics MoSi2–MoB–HfB2 . Powder Metallurgy аnd Functional Coatings. 
2024;18(4):45–54. https://doi.org/10.17073/1997-308X-2024-4-45-54

Dispersion strengthening of powder 
high-speed steel R6M5K5 with particles 

of SHS ceramics MoSi2–MoB–HfB2

A. S. Akhmetov , S. K. Mukanov, M. E. Samoshina, 
V. Yu. Lopatin, Zh. V. Eremeeva

National University of Science and Technology “MISIS”
4 bld. 1 Leninskiy Prosp., Moscow 119049, Russia

Refractory, Ceramic, and Composite Materials 
Тугоплавкие, керамические и композиционные материалы

Powder Metallurgy аnd Functional Coatings. 2024;18(4):45–54 
Akhmetov A.S., Mukanov S.K., etc. Dispersion strengthening of powder high-speed steel R6M5K5 ...

https://doi.org/10.17073/1997-308X-2024-4-45-54
mailto:aman1aotero@gmail.com
https://powder.misis.ru/index.php/jour/search/?subject=high-speed steel
https://powder.misis.ru/index.php/jour/search/?subject=powder metallurgy
https://powder.misis.ru/index.php/jour/search/?subject=dispersion hardening
https://powder.misis.ru/index.php/jour/search/?subject=ceramics
https://powder.misis.ru/index.php/jour/search/?subject=tribology
https://powder.misis.ru/index.php/jour/search/?subject=wear
https://rscf.ru/project/23-49-00141/
https://rscf.ru/project/23-49-00141/
https://doi.org/10.17073/1997-308X-2024-4-45-54
mailto:aman1aotero%40gmail.com?subject=


46

IntroductionIntroduction
Effective combinations of type and content of addi-

tives for strengthening powder high-speed steel (HSS) 
by introducing dispersed hard particles have been 
widely studied. Generally [1], when selecting strengthe-
ning additives, important criteria include their stabi lity 
at the operating temperatures of the material being 
strengthened and minimal solubility in the matrix. 
Carbides such as NbC, TiC, VC, etc. [2–7], and nitrides 
like VN [8], meet these requirements for HSS. However, 
compounds that actively interact with the matrix can 
also be used as dispersed additives. For example, 
studies [9; 10] investigated the effect of ad ding boron 
carbide (B4C) on the properties of M3/2 powder steel 
(analogous to 10R6M5), consolidated by hot pressing. 
It was found that dispersion strengthening led to an 
increase in hardness up to 85 HRA, with B4C particles 
interacting with the matrix. At optimal concentra-
tions, such an additive can ensure high density at rela-

tively low sintering temperatures (t = 1150÷1190 °C) 
due to the interaction of both boron and carbon with 
the matrix. As a result, these characteristics signifi-
cantly enhance the physical and mechanical properties 
of the material [10].

The consolidation of powder high-speed steel with 
strengthening additives is often performed by press-
ing and supersolidus sintering or hot pressing (HP), 
witho ut resorting to hot isostatic pressing [2–11].

Another important aspect in the dispersion streng-
thening of powder HSS, in addition to the choice 
of additive and its content, is the method of mixing. 
Incorrect selection of the method and conditions can 
lead to particle segregation [12]. Usually, for mixing 
metal powders with dispersed additives, a planetary 
ball mill is used, which ensures not only high-quality 
mixing and uniform distribution of strengthening dis-
persed particles throughout the charge but also addi-
tional grinding of both the strengthening and base 
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Аннотация. Исследована возможность дисперсного упрочнения порошковой быстрорежущей стали Р6М5К5 частицами гетеро-

фазной керамики MoSi2–MoB–HfB2 . В качестве исходного материала использованы: механически легированная порошковая 
смесь со средним размером частиц d = 10 мкм; измельченная порошковая керамическая добавка (d = 5 мкм), полученная 
методом самораспространяющегося высокотемпературного синтеза (СВС). Смешивание осуществлялось в планетарной 
центробежной мельнице. В результате получены частицы порошковой смеси размером 2–25 мкм, по форме, близкой к окру-
глой, более крупные частицы представляли собой агломераты. Проведены холодное прессование и спекание с достиже-
нием плотности до 92,7 % и твердости 62 HRA, а также горячее прессование с плотностью заготовки 97,2 % и твердостью 
65 HRC. Горячепрессованная заготовка имела прочность на изгиб 1141 МПа и на сжатие 2157 МПа. Показана перспектив-
ность применения гетерофазной керамики в качестве упрочняющей добавки, которая способствует снижению температуры 
образования жидкой фазы и образует ярко выраженную гетерогенную микроструктуру, схожую с микроструктурой метал-
лостеклянных материалов. Матрица – твердый раствор на основе железа (со средним размером зерен 14–34 мкм) с сеткой 
из эвтектического карбида Мe6С и включениями керамической добавки в виде соединений HfO2 , SiO2 и HfSiO4 . Это обес-
печило уменьшение в 2 раза приведенного износа при трибологических испытаниях в паре с контртелом из твердого сплава 
ВК6. Полученный композиционный материал, продемонстрировавший высокую красностойкость, может найти применение 
в изготовлении износостойких изделий, эксплуатируемых при температурах до 630 °C.  

Ключевые слова: быстрорежущая сталь, порошковая металлургия, дисперсное упрочнение, керамика, трибология, износ
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powder particles [13]. As a result, with a proper selec-
tion of the mixing mode in the planetary ball mill, 
a fine-grained structure of the material can be obtained, 
enhancing its physical and mechanical properties. 
High dispersion of the powder mixture particles can 
lead to activated sintering [14]. This also allows for 
maintaining a fine-grained structure by achieving high 
density with shorter sintering times, preventing grain 
growth due to prolonged holding.

The heterophase ceramic MoSi2–MoB–HfB2 , pro-
duced using self-propagating high-temperature syn-
thesis (SHS), is of interest as a strengthening additive 
due to its high hardness (19.5 GPa) and heat resistance, 
particularly its resistance to oxidation at elevated tem-
peratures across a wide range [15; 16]. The boron in 
the ceramic composition can help form a liquid phase 
at relatively low temperatures and activate the sinter-
ing process [10; 17].

Such complex compounds are rarely used as 
strengthening additives, making the study of their 
effect on the physical and mechanical properties and 
microstructure of HSS a pertinent task.

The aim of this work was to produce consolidated 
samples from a powder mixture of high-speed steel with 
the addition of heterophase ceramic MoSi2–MoB–HfB2 
and to study their properties to identify promising 
areas of application for this material.

Materials and methodsMaterials and methods
The mechanically alloyed powder mixture of HSS 

grade R6M5K5 was used as the base material, with 
the following composition by mass percentage: 

W . . . . . . . . . . . . . . . .
Mo . . . . . . . . . . . . . . .
Co . . . . . . . . . . . . . . .
Cr . . . . . . . . . . . . . . . .
V . . . . . . . . . . . . . . . .
C . . . . . . . . . . . . . . . .
Fe . . . . . . . . . . . . . . .

6.0
5.0
5.0
4.0
2.0
0.9
Rest.

This mixture was obtained by milling in a Planetary 
ball mill “Activator – 4M” (Russia) at a drum rotation 
speed of 800 rpm, with a ball-to-powder ratio of 10:1 
and a milling time of 30 min. The characteristics 
of the initial powder components used to produce this 
mixture are presented in Table 1.

The size range of the main fraction of the mecha-
nically alloyed powder mixture was 3–20 µm, 
with an average particle diameter of 10 µm and 
D50 = 9 µm. The mixture consists of solid solu-
tions based on Fe, W, and Mo, as well as WC car-
bide. The ceramic powder additive had a composition 

of 60 % (90 % MoSi2–10 % MoB) + 40 % HfB2 , with 
an average particle size of 5 µm. The method of its pro-
duction is described in [15].

The powder steel was mixed with 3 vol. % 
of the strengthening additive and processed in 
the Planetary ball mill “Activator – 4M” at a drum rota-
tion speed of 800 rpm, a ball-to-powder ratio of 10:1, 
and processing times of 15, 30, and 45 min.

The microstructure of the samples was examined 
using a scanning electron microscope (SEM) S-3400N 
(Hitachi, Japan) equipped with an energy-dispersive 
X-ray spectrometer (EDS) NORAN System 7 X-ray 
Microanalysis System (Thermo Scientific, USA).

X-ray diffraction phase analysis (XRD) of the samp-
les was performed on a D2 PHASER diffractometer 
(Bruker AXS GmbH, Germany) using CuKα radiation 
(1.5418 Å).

Particle size distribution was assessed using 
an ANALYSETTE 22 MicroTec plus (Fritsch 
GmbH, Germany). The flowability and bulk density 
of the powder mixture were determined according 
to GOST 20899-98 and GOST 19440-94, respectively. 
Additionally, the compressibility during cold press-
ing and the change in density after sintering were 
investigated. 

Cold pressing of the obtained mixture with and with-
out the ceramic additive was carried out in a steel mold 
with an inner diameter of 12 mm at pressures ranging 
from 200 to 900 MPa, and the sintering of the billets 
was conducted at 1200 °C for 60 min. Hot pressing was 
performed in a graphite mold with an inner diameter 
of 20 mm in a Direct Hot Pressing DSP-515 SA press 
(Dr. Fritsch Sondermaschinen GmbH, Germany) under 
vacuum at 1000 °C and 50 MPa. The heating and cool-
ing rates were 50 °C/min, with an isothermal holding 
time of 3 min. The mass of the charge during pressing 
was calculated to ensure that the height of the pore-free 

Table 1. Characteristics of the initial  
powder components 

Таблица 1. Характеристики исходных  
порошковых компонентов

Powder 
grade Element GOST/TU Purity, 

%
PZhRV 2.200.26 Fe TU 14-5365-98 99.24

PVCh W TU 48-19-57-91 99.99
PM Mo TU 14-22-160-2002 99.90
PK Co GOST 9721-79 99.95

ERKh-1 Cr GOST 5905-2004 99.99
FVd50U0,5 V GOST 27130-94 99.00

P-803 C GOST 7885-86 99.90
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billets was 0.5 times the diameter. Heat treatment (HT) 
of the obtained hot-pressed billets was carried out 
under the following conditions: annealing at 800 °C, 
quenching in oil from 1210 °C, and double tempering 
at 560 °C [18].

The compressive and flexural strength were eva lua-
ted using an LF-100KN testing machine (Walter + Bai, 
Switzerland). Hardness after hot pressing, heat treat-
ment, and annealing at 630 °C for 4 h (red hard-
ness) was measured using a TR5006 hardness tester 
(Tochpribor, Russia).

Comparative tribological tests were conducted at 
room temperature using a Tribometer friction machine 
(CSM Instruments, Switzerland) in accordance with 
ASTM G 99-17 and DIN 50324. The tests were per-
formed in a reciprocating motion mode with a “pin-on-
disc” configuration. A ball made of WC–Co hard alloy 
(VK6) was used as the counterbody. The test condi-
tions were as follows: linear speed – 10 cm/s, applied 
load – 2 N, track length – 4 mm, and total running dis-
tance – 10,000 cycles. The profiles of the wear tracks 
were studied using a WYKO NT 1100 optical profilo-
meter (Veeco, USA). 

Results and discussionResults and discussion
After processing (mixing) in the planetary ball mill 

for 15, 30 and 45 min, the technological properties 
of each powder mixture were determined: flowability, 
bulk density, and particle size distribution. The results 
are presented in Table 2.

The obtained powder mixtures did not exhibit flow-
ability when tested according to GOST 20899-98. 
Minor variations in bulk density values are associated 
with differences in particle sizes. The lack of flowa-
bility and low bulk density are due to the high dis-
persion of the powder mixture (average particle size 
10–16 µm). Changes in particle size distribution are 
explained by the different milling durations: 15, 30 and 
45 min. In the latter case, the particles tend to agglom-
erate. Further studies were conducted on the powder 
mixture processed in the planetary ball mill for 30 min, 

which is optimal for achieving a dispersed particle size 
distribution. 

Figure 1 shows SEM images of the morphology 
of the powder mixture particles and their microstruc-
ture on a cross-section. It can be seen that the powder 
mixture particles range in size from 2 to 25 µm, with 
a near-spherical shape, and larger particles are agglo-
merates. The images were obtained in backscattered 
electron detection mode, which highlights heavy alloy-
ing elements (tungsten and molybdenum) by contrast, 

Table 2. Technological properties of the HSS powder mixture  
at different processing durations of the PBM 

Таблица 2. Технологические свойства порошковой смеси БРС  
при различной длительности обработки в ПЦМ

Processing 
duration, min Flowability, s Bulk вensity,  

g/cm3

Particle size 
distribution range, 

µm

Average particle 
size, µm

Distribution 
quantile D50 , µm

15
Does not 

flow

2.66 6–30 12 11
30 2.50 3–30 10 8
45 2.90 4–30 16 12

Fig. 1. SEM images of the morphology of HSS powder mixture 
particles (a) and their microstructure in cross-section (b) 

Рис. 1. РЭМ-изображения морфологии частиц (а)  
порошковой смеси БРС и их микроструктуры  

на поперечном шлифе (b)
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distributed both on the surfaces and within the iron 
particles.

The presence of the introduced ceramic is detected 
only through general EDS analysis of the observed 
areas, indicating a high uniformity of the dispersion 
of the additive within the powder mixture, without 
the formation of separate agglomerates.

Figure 2 shows the dependence of the relative den-
sity of the billets on the compaction pressure after 
pressing and sintering. The dependencies show that dur-
ing cold pressing, the powder mixtures are compacted 
to achieve a relative density of up to 69.8 % at a pres-
sure of 900 MPa. After sintering, the density increases 
to 92.7 %. The highest hardness (62.0 ± 1.0 HRA) 
is observed in the densest sintered billets, pressed at 
P = 900 MPa. The high level of compressibility dur-
ing cold pressing is provided by the iron-based matrix 
powder. 

The significant increase in density during sintering 
indicates an intense process at 1200 °C. This is due 
to the high initial dispersion of the powder mixture, 
which provides an increased specific surface area and 
promotes the activation of sintering. The presence 
of boron lowers the temperature of liquid phase forma-
tion in the steel, further activating the sintering pro-
cess [10; 17]. This may result in the formation of some 
amount of liquid phase.

Figure 3 shows SEM images of the microstructure 
of the sintered sample of R6M5K5 steel with ceramic 
additive, pressed at P = 900 MPa. The microstructure 
of the sintered billet is quite homogeneous and porous, 
with alloying elements not forming carbide compounds 
Me6C and MeC, which ensure the red hardness of HSS. 
The effect of the ceramic additive on the microstructure 
images and EDS analysis results is difficult to assess. In 

Fig. 3, b, grains of the matrix with a size of 3–8 µm can 
be distinguished. The general elemental EDS analysis 
(integral area in Fig. 3, a) shows the presence of Hf and 
Si, which are part of the ceramic but not included in 
the composition of R6M5K5 steel itself (Table 3). This 
indicates significant dissolution of the ceramic additive 
in the steel matrix.

After hot pressing the powder mixture, the obtained 
billet had a hardness of 64.0 ± 0.3 HRC with a relative 
density of 97.2 %, and after heat treatment, the hard-
ness changed slightly to 64.7 ± 0.2 HRC. The high 
hardness of the hot-pressed billet is due to the low tem-
perature of hot pressing, which preserves a finer grain 
structure. During prolonged holding during annealing 
and austenitization at high temperatures, inevitable 
grain growth occurs. The increase in hardness after 
heat treatment is largely due to the formation of a car-
bide network during quenching and secondary carbides 
during tempering [19].

Fig. 2. Dependence of relative density of billets  
on compaction pressure before and after sintering 

Рис. 2. Зависимость относительной плотности заготовок  
от давления прессования до и после спекания

Fig. 3. SEM images of the microstructure  
of the sintered sample

at 500× (а) and 2000× (b) magnification 

Рис. 3. РЭМ-изображения микроструктуры  
спеченного образца при увеличении

500× (а) и 2000× (b)
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Figure 4 shows SEM images of the microstruc-
ture of the hot-pressed billet after heat treatment. As 
seen from the data, carbide Me6C with characteristic 
morphology is distributed along the grain bounda-
ries, which is more typical for cast HSS [18; 20]. This 
may indicate the formation of a significant amount 
of liqu id phase due to the melting of eutectic as a result 
of the influen ce of boron with the precipitation of eutec-
tic carbide Me6C, necessitating quenching at lower 
temperatures [17; 19]. In the matrix, represented by a 
solid solution based on iron, alloying elements are dis-
solved. After hot pressing followed by heat treatment, 
the introduced ceramic particles are fixed in the micro-

structure (marked in Fig. 4, b according to the pre-
sumed phases). The average grain size is 14–34 µm, and 
the size of the ceramic particles is 2–4 µm. Secondary 
carbide MeC is not detected, and vanadium, according 
to EDS results (Table 4), is contained in the matrix and 
Me6C carbide. Secondary carbide MeC is not observed 
in the studied microstructure areas and XRD results 
(Table 5), as evidenced by the slight increase in hard-
ness after heat treatment.

According to XRD data, the following phases are iden-
tified: α-Fe (matrix), carbide Me6C (W3Fe3C/Mo3Fe3C), 
as well as HfO2 and HfSiO4 , which is consistent with 

Table 3. Results of general and EDS analyses of microstructural components of the sintered HSS billet (see Fig. 3) 
Таблица 3. Результаты общего и ЭДС анализов микроструктурных составляющих  

спеченной заготовки БРС (см. рис. 3)

Area
(component)

Content, at. %
C V Cr Fe Mo Hf W Co O Si

1 (General) 20.4 2.4 3.8 58.4 4.0 0.4 1.8 2.5 3.7 2.7
2 (WC) 81.5 – – 2.4 – – 16.2 – – –
3 (Mo) 62.0 3.3 2.4 14.5 16.2 – 1.8 – – –

4 (Matrix) 17.2 0.4 2.4 78.6 1.2 – 0.3 – – –
5 (FVd) 27.1 37.3 2.4 25.4 2.9 – 4.8 – – –

Table 4. Results of EDS analysis of microstructural components of the hot-pressed HSS billet 
Таблица 4. Результаты ЭДС-анализа микроструктурных компонентов горячепрессованной заготовки БРС

Component
Content, at. %

C O Si V Cr Mn Fe Co Mo Hf W
Matrix 14.3 – – 1.4 3.7 – 74.5 2.8 2.1 – 1.3
HfSiO4 9.8 60.2 20.0 0.9 – 0.4 2.6 0.1 0.4 5.6 –
HfO2 18.5 57.9 – – 0.5 – 3.6 0.4 1.3 17.7 –
SiO2 11.2 61.3 20.6 1.3 0.6 0.2 4.3 – 0.5 – –
Me6C 31.9 – – 4.8 3.9 – 32.8 1.6 15.6 – 9.4

Fig. 4. SEM images of the microstructure of the hot-pressed biller after heat treatment 

Рис. 4. РЭМ-изображения микроструктуры горячепрессованной заготовки после термообработки
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Table 5. XRD results of the hot-pressed R6M5K5 billet 
with ceramic additive 

Таблица 5. Результаты РФА горячепрессованной  
заготовки Р6М5К5 с керамической добавкой

Phase Structural 
type

Volume 
fraction, %

Lattice 
parameter, Å

α-Fe cI2/1 82.4 a = 2.890
Me6C cF112/2 9.9 a = 11.026

HfSiO4 tI24/3 1.6 –
HfO2 mP12/3 1.5 –

Austenite cF4/1 4.5 a = 3.612

Table 6. Results of tribological tests 
Таблица 6. Результаты трибологических испытаний

Sample
Specific wear, 10–6 mm3/(N·m) Friction coefficient

Sample Counterbody Initial Average Final
R6M5K5 5.40 0.20 0.41 0.22 0.23

R6M5K5 + ceramic 2.56 0.47 0.40 0.20 0.20

the microstructure analysis results. Ceramic inclusions 
(Fig. 5) may represent hafnium silicate, which could 
form during the hot-pressing process or subsequent 
heat treatment [15; 21]. White particles in the structure 
of the ceramic additive (see Fig. 4, Table 4) in some 
areas are similar in composition to HfO2, indicating 
incomplete interaction of HfO2 with SiO2 , which forms 
HfSiO4 [21]. Accordingly, the black areas are similar in 
composition to SiO2 .

The strength characteristics of the hot-pressed 
billets were studied: the bending and compressive 
strength values were 1141 ± 50 and 2157 ± 42 MPa, 
respectively. Additionally, the red hardness of the hot-
pressed samples was determined by annealing in 
air for 4 h at 630 °C. The hardness after anneal-
ing was 59.5 ± 0.8 HRC, meeting the requirements 
of GOST 19265-73.

Figure 5 shows the effect of the ceramic additive 
on the friction coefficient dependence on the run-
ning distance and the 2D profile of the wear track 
of hot-pressed powder high-speed steel R6M5K5 bil-
lets. It was found that they have a consistently low 
friction coefficient (0.20–0.22) when sliding against 
a VK6 alloy ball. The specific wear values calcu-
lated from the 2D profiles of the wear tracks were 
5.40·10–6 and 2.56·10–6 mm3/(N·m) for the R6М5К5 
and Р6М5К5 + ceramic billets, respectively. Thus, 
the ceramic additive doubles the wear resistance 
of R6M5K5 steel (see Table 5). This is primarily due 
to the high hardness (64.0 ± 0.3 HRC) of the sample, 
owing to the formation of a carbide network and hard 
particles of SiO2 and HfO2 . However, the specific wear 
of the counterbody (Table 6) is twice as high when test-
ing R6M5K5 with the ceramic additive. 

According to [22], the increase in the actual con-
tact area of the tribopair is accompanied by an increase 
in the friction coefficient. However, when sliding 
the ball on the R6M5K5 sample with the ceramic addi-
tive, this parameter did not change. The wear track 
of the R6M5K5 billet with the ceramic additive was 
studied using SEM (Fig. 6). At its edge, correspond-
ing products in the form of flake-like agglomerates 
are present. According to EDS data (Table 7), they 
represent a mixture of oxidized counterbody and steel 
particles. Also, an adhered layer of oxidized wear pro-
ducts from the sample and counterbody was found in 
the wear track area. The pronounced heterogeneous 

Fig. 5. Dependence of friction coefficient on running distance (a) and 2D profiles of wear tracks (b)  
of hot-pressed R6M5K5 steel billets and R6M5K5 steel billets with ceramic additive 

Рис. 5. Зависимость коэффициента трения от длины пробега (а) и изображение 2D-профилей дорожек износа (b)  
горячепрессованных заготовок из стали Р6М5К5 и Р6М5К5 + керамическая добавка
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structure with ceramic inclusions is similar to the struc-
ture of powder metallic glass materials [23]. 

During wear, HfO2 , SiO2 and HfSiO4 particles may 
contribute to its reduction [24]. The formed carbide 
structure is more preferable from the wear resistance 
perspective compared to dispersed carbides [25]. It can 
be assumed that the obtained composite material, dem-
onstrating high red hardness, can also find application 
in the production of wear-resistant products operating 
at temperatures up to 630 °C.

ConclusionsConclusions
1. Sintered and hot-pressed billets of HSS grade 

R6M5K5 with a 3 % addition of heterophase ceramic 
MoSi2–MoB–HfB2 were obtained, achieving relative 
densities of up to 92.7 % and 97.2 %, respectively. 
The hardness of the sintered billet was 62.0 HRA, 
while the hot-pressed billet reached 64.7 HRC. Both 
billets exhibited a bending strength of 1141 MPa and 
a compressive strength of 2157 MPa.

2. It was established that the hot-pressed billet is 
characterized by a pronounced heterogeneous micro-
structure, similar to that of metallic glass materials.

3. Tribological tests showed that the addition 
of the ceramic MoSi2–MoB–HfB2 to the hot-pressed 
R6M5K5 high-speed steel billet resulted in more than 
a twofold increase in wear resistance.

4. A method for further improvement of the physical 
and mechanical properties is proposed by introducing 
a smaller amount of boron-containing ceramic additive 
and performing quenching at lower temperatures.
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