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Abstract. The possibility of dispersion strengthening of powder high-speed steel ROM5KS5 with MoSi,~MoB-HfB, heterophase ceramics
particles was investigated. A mechanically alloyed powder mixture with an average particle size of d = 10 um was used as the base
material; the ceramic powder additive (d =5 um), 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 pm 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 pm)
with a network of eutectic carbide Me,C and ceramic additive inclusions in the form of HfO,, SiO,, and HfSiO, 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.
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AHHoTauyums. VccrienoBana BO3MOXKHOCTB TUCIIEPCHOTO YIIPOYHEHUS TIOPOIIKOBOU ObICTpopexyIiei cranin POMSKS wactuiiamu rerepo-

(asznoii kepamuku MoSi,-MoB-HfB, . B kagecTBe HCX0IHOT0 MaTepyaa HCroJb30BaHbl: MEXaHHYECKHU JIETHPOBaHHAs TIOPOLIKOBAs
CMeCh CO CPeTHMM pa3MepoM dacTuil d = 10 MKM; M3MeIbUeHHas TTOPOIIKOBas KepaMudeckas 1ooaBka (d = 5 MKM), TOIy4eHHas
METOZIOM CaMOpPACIPOCTPAHSIONIErocs BbicokoTeMneparypaoro cuuresa (CBC). CmemmBanue 0oCyIecTBISUIOCH B IUIAHETApPHOM
LEHTPOOEKHOM MeIbHULE. B pe3ynbrare MomydeHb! 4acTHIB! TOPOIIKOBOH cMecH pazMepoM 2—25 MKM, 1o (hopme, OITH3KOH K OKpy-
TI0H, Ooee KpyIHBIC YaCTHIBI MPEACTABIIN cobol armoMeparsl. [IpoBeIeHBI X0IOAHOE PECCOBAHUE U CIICKAaHHE C JOCTHKE-
HHeM MIoTHOCTH 110 92,7 % u TBepmoctu 62 HRA, a taxke ropsiaee npeccoBaHNe ¢ INIOTHOCTHIO 3aT0TOBKH 97,2 % M TBEPAOCTHIO
65 HRC. IopsiaenipeccoBaHHast 3aroToBKa nMmena npodHocts Ha u3rud 1141 Mlla u Ha cxxarue 2157 MIla. [TokazaHa nepcrneKTuB-
HOCTBH IIPUMEHEHNUS TeTepodazHoOil KepaMUKH B KadeCTBE YIPOUHSIOMIEH 100aBKH, KOTOpasi CIOCOOCTBYET CHIKCHUIO TEMIIEPATy Pl
00pa30BaHuUst KUAKON a3kl U 00pa3yeT SPKO BHIPAKEHHYIO T€TEPOreHHYI0 MHKPOCTPYKTYPY, CXOXKYIO ¢ MEKPOCTPYKTYPOH MeTai-
JIOCTEKIIIHHBIX MaTepraaoB. MaTpuna — TBepAbI pacTBOp Ha OCHOBE JeJie3a (CO CPeHUM pa3MepoM 3epeH 14-34 MKM) ¢ ceTKoH
13 BTEKTHYECKOTO KapOuaa M66C M BKIIFOYCHUSIMH KEPaMHUUCCKOI T00aBKH B BHJEC COCTHHCHHI HfOZ, SiO2 u HfSiO » 10 obec-
MIEYMIIO YMEHBIICHHE B 2 pa3a MPUBEACHHOTO H3HOCA IIPH TPUOOIOTHUESCKHUX HCIBITAHUAX B TTape ¢ KOHTPTEJIOM M3 TBEPAOTO CIIaBa
BK6. [Tomy4yeHHBIN KOMITO3UIIMOHHBIN MaTepHall, TPOAEMOHCTPUPOBABIIINI BEICOKYIO KPACHOCTOHKOCTh, MOKET HAUTH IIPHMEHEHUE

B M3TOTOBJICHUU H3HOCOCTOMKNX M3/ETHH, SKCIUTyaTHPyeMbIX IIpH Temreparypax g0 630 °C.
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Introduction

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 stability
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 adding boron
carbide (B,C) on the properties of M3/2 powder steel
(analogous to 10R6MS), consolidated by hot pressing.
It was found that dispersion strengthening led to an
increase in hardness up to 85 HRA, with B,C particles
interacting with the matrix. At optimal concentra-
tions, such an additive can ensure high density at rela-
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tively low sintering temperatures (¢ = 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),
without 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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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 MoSi,~MoB-HfB,, 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 MoSi,-MoB-HfB,
and to study their properties to identify promising
areas of application for this material.

Materials and methods

The mechanically alloyed powder mixture of HSS
grade R6MS5KS was used as the base material, with
the following composition by mass percentage:

W 6.0
Mo............... 5.0
Co...ovviiii 5.0
Cro...oooiiiii.. 4.0
Voo 2.0
C.o 0.9
Fe............... 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 pm,
with an average particle diameter of 10 um and
Dy, =9 um. 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 % MoSi,~10 % MoB) + 40 % HfB,, with
an average particle size of 5 um. 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 CuK  radiation
(1.5418 A).

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

Tabnmya 1. XapakTepucTHKHA HCXOTHBIX
MOPOLIKOBBIX KOMIIOHEHTOB

P ;’r‘;’g:r Element|  GOST/TU P‘f;fy
PZhRV 220026 |  Fe TU 14-5365-98 | 99.24
PVCh W | TU4819-5791 | 99.99

PM Mo | TU 14-22-160-2002 | 99.90

PK Co GOST9721-79 | 99.95
ERKh-1 Cr | GOST5905-2004 | 99.99
FVd50U0,5 V| GOST27130-94 | 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 evalua-
ted using an LF-100KN testing machine (Walter + Bai,
Switzerland). Hardness after hot pressing, heat treat-
ment, and annealing at 630 °C for 4h (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 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 um). 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,

‘q“ 'I : e
| Agglomerates |

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

Puc. 1. POM-u300pakennst MOpHOIOTHH YacTHII (@)
nopouikoBoii cmecu bPC 1 uX MUKPOCTPYKTYpbI
Ha nonepeyHoM 1utnde (b)

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 pm, 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

Tabnuya 2. TexHonornyeckue cBoiicrsa nopokosoii cmecu BPC
NpH Pa3aIudHONi JIuTeabsHocTH 00padoTku B IIIM

. . Particle size . o
Proc?essmg. oy, 6 Bulk Ben3s1ty, dsien e, Aver'flge particle DleEI'lbuthIl
duration, min g/cm size, pm quantile Dy, pm
pum
15 2.66 6-30 12 11
30 Does not 250 3-30 10 8
flow
45 2.90 4-30 16 12
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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 R6EMS5KS 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
Me,C 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

95
90
85 -
80 -
75 - .

20 L After pressing 3
65 -
60

55 1 1 1
100 300 500 700 900

|

After sintering

Relative density, %

Compaction pressure, MPa

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

Puc. 2. 3aBUCUMOCTh OTHOCHTEILHOMN TJIOTHOCTH 3aTOTOBOK
OT JaBJICHUS NIPECCOBAHUS 10 U IOCJIE CIICKAaHUA

Fig. 3, b, grains of the matrix with a size of 3—8 pm 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 REM5KS 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. 3. SEM images of the microstructure
of the sintered sample

at 500 () and 2000” (b) magnification

Puc. 3. POM-u300pakeHHsi MUKPOCTPYKTYPBI
CIIEUCHHOT0 00pas3ia Ipy yBeIHICHUN
500" (@) 1 2000* ()
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Table 3. Results of general and EDS analyses of microstructural components of the sintered HSS billet (see Fig. 3)

Ta6nuya 3. Pesyabrarsl 061ero 1 3/1C aHAIM30B MUKPOCTPYKTYPHBIX COCTABJISIOLINX
crneyeHHoii 3aroroBku BPC (cMm. puc. 3)

Area Content, at. %
(component) C \Y Cr Fe Mo | Hf W Co 0 Si
I (General) | 204 | 24 | 38 | 584 | 40 | 04 | 18 | 25 | 37 | 27
2 (WC) 81.5 | - - 2.4 - - 162 | - - -
3 (Mo) 62.0 | 33 | 24 | 145 | 162 | - 1.8 - - -
4 (Matrix) 172 | 04 | 24 | 786 | 12 - 0.3 - - —
5(FVd) 27.1 | 373 | 24 | 254 | 29 - 4.8 - - -

Figure 4 shows SEM images of the microstruc-
ture of the hot-pressed billet after heat treatment. As
seen from the data, carbide Me,C 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 liquid phase due to the melting of eutectic as a result
of'the influence of boron with the precipitation of eutec-
tic carbide Me C, 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 pum, and
the size of the ceramic particles is 2—4 pm. Secondary
carbide MeC is not detected, and vanadium, according
to EDS results (Table 4), is contained in the matrix and
Me C 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: a-Fe (matrix), carbide Me,C (W,Fe,C/Mo,Fe,C),
as well as HfO, and HfSiO,, which is consistent with

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

Puc. 4. POM-u300paxeHuss MUKPOCTPYKTYPbI TOPSYCIIPECCOBAHHOM 3ar0TOBKH OCIIE TEPMOOOPaOOTKH

Table 4. Results of EDS analysis of microstructural components of the hot-pressed HSS billet

Ta6bnuya 4. Pesynbrarbl J]C-aHa/3a MUKPOCTPYKTYPHBIX KOMIIOHEHTOB ropsiyenpeccoBaHHoii 3aroropku BPC

Content, at. %
Component -
C (@) Si A\ Cr Mn Fe Co Mo Hf
Matrix 14.3 - - 1.4 3.7 - 745 | 2.8 2.1 - 1.3
HfSiO, 9.8 | 60.2 | 20.0 | 0.9 - 0.4 2.6 0.1 0.4 5.6 -
HfO, 185 | 57.9 - - 0.5 - 3.6 0.4 1.3 | 17.7 -
Sio, 112 | 613 | 206 | 1.3 0.6 0.2 43 - 0.5 - -
MeC 31.9 - - 4.8 3.9 - 328 | 1.6 | 156 - 9.4
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Table 5. XRD results of the hot-pressed R6MSKS billet
with ceramic additive

Tabnuya 5. Pesyabrarsl POA ropsiuenpeccoBaHHoil
3arotoBku P6MSKS ¢ kepamuyeckoii 100aBkoi

Phase Structural Vol.ume Lattice
type fraction, % | parameter, A
a-Fe cl2/1 82.4 a=2.890
MeC cF112/2 9.9 a=11.026
HfSiO, t124/3 1.6 -
HfO, mP12/3 1.5 -
Austenite cF4/1 4.5 a=3.612

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 HfO,, indicating
incomplete interaction of HfO, with SiO,, which forms
HfSiO, [21]. Accordingly, the black areas are similar in
composition to SiO,.

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 4h 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 REOM5SKS5 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° and 2.56-10°% mm?/(N'm) for the REM5K5
and POMS5KS + ceramic billets, respectively. Thus,
the ceramic additive doubles the wear resistance
of R6MS5KS 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 SiO, and HfO,. However, the specific wear
of the counterbody (Table 6) is twice as high when test-
ing ROEM5KS 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 R6OM5KS sample with the ceramic addi-
tive, this parameter did not change. The wear track
of the ROMS5KS 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 heterogencous

0.25 0.6
= 03k R6MS5KS + Ceram
.g 0.20 :
= 0
3 o ROMSKS R6M5KS + Ceram £ 03
= 010 | < R6MS5KS
2 -0.6
2 005 — -
= a 09 b
0 1 1 1 1 _1. 2 1 1 1 1
0.02 16.00 32.00 48.00 64.00 8.00 0 100 200 300 400 500
Running distance, m d, pm

Fig. 5. Dependence of friction coefficient on running distance (@) and 2D profiles of wear tracks (b)
of hot-pressed ROMSKS steel billets and R6M5KS steel billets with ceramic additive

Puc. 5. 3aBucumocTb ko3 duIlneHTa TPEHUS OT JTHHBI Tpodera (@) u nzobpaxenue 2D-npoduineit nopokek nznoca (b)
rOpsIYENPECCOBAHHBIX 3aroTOBOK U3 cTainu POMSKS u POMSKS + kepamuueckas to6aBka

Table 6. Results of tribological tests

Tabnunya 6. Pesyabrarhl TPUO0JI0TrHYECKUX HCIBITAHUI

Sample Specific wear, 10 mm?/(N-m) Friction coefficient
Sample Counterbody Initial Average Final
R6MS5KS 5.40 0.20 0.41 0.22 0.23
RO6MSKS + ceramic 2.56 0.47 0.40 0.20 0.20
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Fig. 6. SEM images of the wear track of the hot-pressed sample (a) and wear products (b)

Puc. 6. POM-u300pakeHns JOPOKKH H3HOCA TOPSUEIIPECCOBAHHOTO 06pasiia (a) u npoayktoB u3Hoca (b)

Table 7. Results of EDS analysis of wear track components

Tabnuya 7. Pezyabrarsl ] C-anaau3a KOMIIOHEHTOB IOPOKKH H3HOCA

Area No. Content, at. %

inFigg6 | ¢ | O | Si | V | Cr | Fe | Co | Mo | Hf | W
1 195 — | 23|22 |35|640] 38|30 02| 16
2 98 [543 | — | 12|16 [270] 1.6 | 1.3 | 0.1 | 3.1
3 126|517 — | 09| 1.7 |281 16  — | 01 |33
4 129 463 | 23 | 1.2 | 22 (28519 | 04 | 1.9 | 2.4
5 4491389 050507 11906 | 06| 01 | 13

structure with ceramic inclusions is similar to the struc-
ture of powder metallic glass materials [23].

During wear, HfO,, SiO, and HfSiO, 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.

Conclusions

1. Sintered and hot-pressed billets of HSS grade
R6MS5KS with a 3 % addition of heterophase ceramic
MoSi,-MoB-HfB, 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.
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3. Tribological tests showed that the addition
of the ceramic MoSi,-MoB-HfB, to the hot-pressed
R6MSKS 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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