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MpsmMoe nasepHoe
BblpaliuBaHue
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TUTaHa
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MpeacTaBneHbl pesynbTaTbl 3KCMEPUMEHTAIbHbIX
nccnepoBaHN Makpo- U MUKPOCTPYKTYPbl,
XUMMUYeCcKoro n ¢asoBoro cocrasa
MeTannoKkepaMmnyeckoro cnjasa Ha ocHoBe
TUTaHa. MaTepuan npegHasHa4veH gns
Na3epHbIX MeTOA0B aAAUTUBHOIO NPOU3BOACTBA
C MOMOLLbIO NPSAMOro J1a3epHOro BbipalluBaHUS.
[na aHanusa 6b111 Noay4YeHbl o6pasubl

C cogep>XXaHMeM KepamMmuyeckoro nopoiuka

5110 06. % SiC. BBepgeHMe KepaMMYeCcKMX 4acTuL,
okasanocb 3¢pPeKTUBHbIM AJ1S1 U3MEJIbYeHUS
3epHa cnaiaBa. PasMmep 3epHa YMCTOro TUTaHa
cocTaBasieT NpuMepHo 3,5 MM, B TO Bpems

KaK pa3mep 3epHa TUTaHa, apMUPOBAHHOI 0O
Kap6uaom KpeMHUS MpU MOLWHOCTU

n3snyyeHus 1400 BT, coctaBua 50 1 14 mkm gns
51 10% SiC cooTBeTCTBEHHO. B pe3ynbTaTe
BBeAEeHUS KepaMUYeCKUX 4YacTuL, B TUTAHOBYIO
MaTpuULy yBe/IMYMBaAELTCS MUKPOTBEpPAOCTb
KOMMNO3ULMOHHOIro MaTepuana, pacrer
yrpoyHeHu1e, HO TaKXe yBenymBaeTcs
oxpyn4yMBaHue maTepuana B CBS3U

C HapyLleHneM Le/IoCTHOCTU MaTepuana

M NpOTeKaHUEM peaKkLMm Ha rpaHuue ¢as.

Kntouesble cnosa: SLM (cenekTuBHoe
nasepHoe nnasneHue), SLS (cenektnsHoe
nasepHoe crnekaHue), DMD (npamoe nasepHoe
BblpallMBaHue), MeTanokepamMmmyeckme Cniasb
Ha OCHOBe TUTaHa
CTaTbs noctynuna: 26.04.2021
Cratbs npuHaTa: 16.06.2021
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Direct Metal
Deposition of
Titanium-Based
Cermets
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The results of experimental studies of the
macro- and microstructure, chemical and phase
composition of a cermet alloy based on titanium
are presented. The material is intended for laser
methods of additive manufacturing using direct
metal deposition. For analysis, samples were
obtained with a ceramic powder content of
5and 10 vol. % SiC. The introduction of ceramic
particles turned out to be effective for refining
the alloy grains. The grain size of pure titanium
is about 3.5 mm, while the grain size of titanium
reinforced with silicon carbide at a radiation
power of 1400 W was 50 and 14 pm for 5 and 10%
SiC, respectively. As a result of the introduction
of ceramic particles into the titanium matrix,
the microhardness of the composite material
increases, the hardening increases, but the
embrittlement of the material also increases due
to the violation of the integrity of the material
and the occurrence of a reaction at the phase
boundary.

Keywords: SLM (Selective Laser Melting), SLS
(Selective Laser Sintering), DMD (Direct Metal
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INTRODUCTION

The active development of technologies for mechanical
engineering, shipbuilding, aircraft and rocket engi-
neering imposes new requirements on materials: high
values of wear resistance, impact resistance, corrosion
resistance, a combination of hardness and plasticity,
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BBEAEHWE

AKTHBHOe Pa3BUTHE TeXHOJOTHH MaIlWHO-, CyI0-,
aBHa- M PaKeTOCTPOEeHHUSI IIpeAbsIBIsIeT HOBble TpeboBa-
HHS K MaTepHhaJlaM: BBICOKHE 3HAUYeHUS H3HOCOCTOM-
KOCTH, YAAPOIIPOYHOCTH, KOPPO3HMOHHOM CTOMKOCTH,
Cco4YeTaHHUe TBEPAOCTH M IUIACTUYHOCTH U T.[J. Tpamu-
LIMOHHble MaTepHUaJ/Ibl He OTBEYAIT TeM CTaHJIApTaM,
KOTOPBIM [OJ/DKHBI OTBEYaTb COBpPeMeHHBble MaTepH-
anbl. B cBSI3U C 3TUM 0COOBIM HMHTepeC IIPefCTaB/ISIIOT
KOMITIO3UIIMOHHbIE MaTepHasIbl, COCTOSILIME, KaK IIpa-
BUWIO, U3 IUIACTUYHOM MaTPHILIbl U TBEPABIX IIPOYHBIX
HaIIOJTHUTEJIeH.

TpaguLIMOHHBle TEXHOJIOTHU IIONyuyeHUs K obpa-
OOTKM MaTepHaloB, TaKHWe KaK JIUThe, KOBKA, BOJIO-
YeHHe W IIpeccoBaHHe, ¢Qpes3epoBaHHMe M TO4YeHHe,
CBSI3aHBl C M3MeHeHHeM GOpPMBI U yAaJIeHHEeM C/I0s
MaTepHasia, YTO IPHUBOAUT K 3HAUUTEIBHBIM 3aTpaTaM
BpeMeHH U TpyJa. bosee Toro, MUKpOCTPYKTypa CIUIaBa
U, Kak CJIefICTBHe, er0 MeXaHMHYecKkue CBOMCTBA UyB-
CTBUTEJIbHBI K TeMIIepaType U CKOPOCTH JedOpMalluH,
II03TOMY TPafIMIIMIOHHbIe MeTO/bl 06paboTKU H3menuil
CTJIKMBAIOTCA C OIIpefie/IeHHBIMHU TPYyLHOCTSIMH.

[lepClieKTUBHBIM [/I1 IIOJyYeHHS! KOMIIO3HLIHOH-
HBIX MAaTepHaJIOB SIB/ISIETCS 3HUTUBHOE IIPOU3BOACTBO ~
IIOCJIOMHOe H3rOoTOBJIeHHe meTanern u3 CAD-Momener.
AITUTUBHBIE TeXHOJIOTHH II03BOJISIOT II0JIy4aTh H37e-
JIHSI IPaKTHYeCKH HeOTpaHUYeHHON KOHQHUIYpallUHu
6e3 JIMIIHUX 3aTpaT MaTepHaia, BpeMeHH, He TpebyIoT
TOTIOTHUTEIBHOT0 060PYAOBAaHHUS.

VM3penus, mony4eHHBle C IIOMOIUBIO JIa3ePHBIX
METOZIOB aJIUTUBHOIO IIPOU3BOACTBA, TAKUX Kak SLM
(cemekTUBHOE Jla3epHoe I1aBiaeHue), SLS (celeKTHUB-
Hoe ja3epHoe cllekaHHWe), DMD (mpsMoe jasepHoe
BBIpAIMBAHKeE), MOTYT JOCTHYb BBICOKOH IIJIOTHOCTH,
a 9TO, B CBOIO O4epefib, HAIPSIMYIO CBSI3aHO C MeXa-
HUYeCKUMH, TEePMHUYECKHMH KM KOPPO3UOHHBIMU
CBOMCTBaAMH.

PellaroliMMU [JI KayecTBa KOHEYHOIO IIPOAYKTa
SIBJISIIOTCSL  XaPaKTepPUCTUKH HCXOLHBIX IIOPOILKOB:
XUMHYeCKMH W GpaKUHOHHBIM COCTaBEl, Gopma
YacTUI, IIOPOINKa, a Takke ero Mopdonorus (Iopsl,
CaTe/IUThl, KOHIVIOMepaThl HacTHl). Tarke BasKHO
ronobpaTth ONTHMATIbHOE COJEpsKaHHEe IIOPOLIKOB
HaIIOJTHUTeNSl U MaTpHLbl. KpoMe Toro, CBOKCTBA U3fie-
JIMSL 3aBUCAT OT I1apaMeTPOB JIA3€PHOIO aJNUTHBHOIO
IIpoLecca, TAKKMX KaK MOIHOCTD JIA3€PHOI0 U3JIy4YeHHs,
CKOPOCTb CKAaHUPOBAHHSI, PacXof, IIOPOIIKOB K 3aIIUT-
HBIX ra3oB [1, 2]. Takum obpasoM, pasHooOpa3ue XUMHU-
YecKUX COelMHEHHM, KOTOpble MOTYT HCII0/1b30BaThCS
KaK MaTpHLa WU HAIOJIHUTENb, Pa3/IMYHble UX KOM-
OrHAIMK, BIUSHHUE COfePsKaHUs Ha CBOMCTBA IIONyYa-
€MBIX MaTepHUaJIoB, 3aBUCUMOCTb Pa3BUTHUS CTPYKTYpPhl
0T IapaMeTpPOB AAAMTHUBHOIO IIpoliecCa OTKPBIBAIOT

etc. Traditional materials do not meet the standards
that modern materials must meet. In this regard, of
particular interest are composite materials consisting,
as a rule, of a plastic matrix and solid strong fillers.

Traditional technologies for producing and process-
ing materials, such as casting, forging, drawing and
pressing, milling and turning, involve changing the
shape and removing the material layer, which leads to
a significant investment of time and labor. Moreover,
the microstructure of the alloy and, as a consequence,
its mechanical properties are sensitive to temperature
and deformation rate, therefore, traditional methods
of processing products face certain difficulties.

Prospective for obtaining composite materials is
additive manufacturing - layer-by-layer production of
parts from CAD models. Additive technologies make
it possible to obtain products of an almost unlimited
configuration without unnecessary waste of material,
time, and do not require additional equipment.

Products obtained using laser additive manufactur-
ing methods such as SLM (selective laser melting), SLS
(selective laser sintering), DMD (direct metal deposi-
tion) can achieve high density, and this, in turn, is
directly related to mechanical, thermal and corrosive
properties.

The characteristics of the initial powders are deci-
sive for the quality of the final product: chemical
and fractional compositions, the shape of the powder
particles, as well as its morphology (pores, satellites,
particle conglomerates). It is also important to select
the optimal content of filler and matrix powders. In
addition, the properties of the product depend on the
parameters of the laser additive process, such as the
power of the laser radiation, the scanning speed, the
consumption of powders and shielding gases [1], [2].
Thus, the variety of chemical compounds that can be
used as a matrix or filler, their various combinations,
the effect of the content on the properties of the mate-
rials obtained, the dependence of the development of
the structure on the parameters of the additive pro-
cess open unlimited possibilities in the study of this
direction.

ANALYSIS OF THE STARTING POWDERS
The morphology of the particles and the elemental
composition of the metal powder BT6 and SiC were
monitored. Table 1 shows the chemical composition of
the powder according to GOST 19807-91 [3]. The content
of chemical elements on the surface and on the pow-
der cut was studied. Fig. 1 shows SEM images of BT6
powder and SiC.

The chemical composition of BT6 powder corre-
sponds to GOST 19807-91. There are single satellites
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Tabauua 1. XMmn4yeckmnin coctas nopoltuka BT6 [1]
Table 1. Chemical composition of BT6 powder [1]

MaccoBas ong XMMUYeCKnX 31eMeHTOB, %

Mass fraction of chemical elements,%

Ti Al Vv Si Fe (0] H N C

86,45-90 5,3-6,8 3,5-5.3 01 0,6 0,2 0,015 0,05 01

HeorpaHHWUYeHHble BO3MOKHOCTH B M3y4eHHUU JAHHOIO
HaIlpaB/IeHHs.

AHATN3 UCXO4HbIX MOPOLLUKOB

Bbl mpousBeleH KOHTPOJIb MOPGOJIOTMM YaCTHI]
M 3JIeMEHTHOI0 COCTaBa MeTA/UIMYeCKOIo IIOPOIIKa
BT6 u SiC. B Tabsn. 1 mpencTaBaeH XMMHUYECKHUH COCTAB
nopomka o TOCT 19807-91 [3]. H3yuanoch conep-
JKaHHe XUMHYEeCKHX 3JIeMeHTOB Ha II0BePXHOCTH
M Ha cpese mopoiuka. Ha puc. 1 nipencraBieHs COM-
r3o0bpaskeHHs mopomka BT6 u Si C.

XUMHUYECKUI COCTaB MopouiKa BTG COOTBETCTBYET
TOCT 19807-91. Ha mOBepXHOCTH YaCTHUL], BCTpeda-
I0TCS €IUHHYHBIE CATe/VIMThI, YTO SIBJISAETCS HOIIy-
CTUMBIM JedekToM. PasMep 4YacTHI, COCTaBjseT
50-150 mxMm. CormacHo T'OCT 25849-83 [4] uacTHIIBI
IIOPOIIKA IIPeMMYINEeCTBEHHO HMMEIOT CPepHYecKyio
bopmy, 3% JacTUL] IIJIaCTUHYATYIO.

B cpenneM nopook SiC comepskut 30,27 macc. % C
U 69,73 Macc. % Si, 4TO COOTBETCTBYeT COCTaBy CTe-
xuoMeTpHyeckoro SiC, B IIOpOIIKe OTCYTCTBYIOT IIpH-
MeCH OPYTHX 3JIeMeHTOB. Pasmep 4YacTHI[ COCTaB-
nsieT 30-90 MkMm. CornacHo 'OCT 25849-83 yacTHILIBI
IIOPOIIKA UMEIOT YIJIOBATYIO0 GOpMY.

on the surface of the particles, which is an acceptable
defect. The particle size is 50-150 microns. According
to GOST 25849-83 [4], the powder particles are predom-
inantly spherical, 3% of the particles are lamellar.

On average, the SiC powder contains 30.27 wt% C
and 69.73 wt% Si, which corresponds to the composi-
tion of stoichiometric SiC; the powder contains no
impurities of other elements. The particle size is 30-90
pm. According to GOST 25849-83, the powder particles
have an angular shape.

MACRO AND MICROSTRUCTURE, CHEMICAL
AND PHASE COMPOSITIONS

To study the structure, chemical and phase analysis,
samples were obtained with a ceramic powder content
of 5 and 10 vol% SiC, and for each content the value
of the laser radiation power was varied in the range
1400-2200 W with a step of 200 W.

Fig. 2 shows panoramic SEM images of the samples.
The study of the macrostructure revealed the presence
of single pores with a size of about 2 microns. Also,
many samples differ in the lack of fusion of the sub-
strate and the base material. In addition, the samples
have cracks that propagate deep into the material. As

a rule, cracks originate at the sam-

500 MKM | pm
a) 0 MKM [Um )

Fig. 1.SEM images of initial powders: a - BTG6, b = SiC

Puc. 1. COM-u306paxkeHus UCX0dHbIX NopoLwKos: a) - BTG, b) - SiC

ple boundary and propagate deeper
into the material. The formation of
cracks can be associated with the
accumulation of heat as a result
of layer-by-layer fabrication of the
sample and the occurrence of ther-
mal stresses.

It is known that the titanium
matrix actively interacts with SiC
particles with the formation of
new TiC phases and titanium sili-
cides (TisSi;, TiSi,). According to
thermodynamic calculations [5],
the free energy of such phases is
lower than the free energy of sili-
con carbide, and such reactions
can proceed spontaneously. On the
one hand, new phases can increase
microhardness and strength, and

200 MKM | pm
]
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MAKPO- U MUKPOCTPYKTYPA,
XUMWYECKUWA N ®A3OBbIA COCTABDI

J1 ¥u3y4eHus CTPYKTYPhl, XMMHUYECKOro U (pa3oBOro
aHaIM3a OBUIM IOTy4YeHBbl obpaslLbl C COmepsKaHHeM
KepaMH4ecKoro mopomka 5 u 10 06.% SiC. Takke mjs
KKIOTO CofllepskaHHs H3MEHSIOCh 3HauyeHHe MOIL-
HOCTH JIa3epHOI0 U3/Iy4yeHus B ipenenax 1400-2200 Bt
¢ marom 200 BT.

Ha puc. 2 npencraBieHbl MaHopaMHble COM-
n3obpaskeHHs: 00pasioB. H3yueHHe MaKPOCTPYK-
TYPBl BBISIBHJIO Ha/IM4YMe eJUHHUYHBIX II0P Pa3Mepom
OK0JI0 2 MKM. Takke MHOrHe ob6paslLibl OTIHYAIOTCS
HeCIUIaB/leHHeM IIOJJIOKKM KM OCHOBHOIO MaTepH-
ana. Kpome Toro, o6pasijpl MMeIOT TPeLIMHBI, Pac-
IIPOCTPAHSIOIKeCs B I1ybp MaTepuana. Kak mpaBuio,
TPeIIUHBl 3aPOXKAAIOTCS Ha IpaHHIle obpasuia U pac-
IIPOCTPaHSIOTCS B IMy6p Marepuana. ObpasoBaHue
TPEeIMH MOXKET OBITh CBSI3aHO C HAaKOIUIEHHeM TeIlla
B Ppe3y/bTaTe IIOCJIOMHOIO H3TOTOBJAEHUSI oOpasla
Y BO3HHKHOBeHHEeM TePMHUYeCKHX HaIIPSDKeHHH.

i1 g

on the other hand, they violate the integrity of the
structure, making the material more brittle. The C
atoms penetrate more freely into the titanium matrix;
therefore, the new TiC phase occurs both along the
boundaries of the SiC particles and in the matrix. In
fig. 3 shows a map of the distribution of chemical ele-
ments near the SiC particle.

It can be seen from the figure and the results of
X-ray microscopy that the TiC phase is indeed precipi-
tated along the boundaries of ceramic particles, which
is also confirmed by chemical analysis by points. It
was also found that the TiC phases in samples with
5 and 10% SiC have different structures. Fig. 4 shows
a map of the distribution of chemical elements for
a sample with 10% SiC.

Samples with a SiC content of 10% include TiC
phases, which are dendritic structures. The point
is that the amount of SiC in samples 1-5 containing
5vol% SiC is insufficient for the formation of dendritic
structures.

There are various variants of the

Puc. 2. MaHopamHbie COM-u306paxkeHus 06pasuos: a) — 5% SiC npu 1400 Bm;
b) - 5% SiC npu 2000 Bm; c) - 10% SiC npu 1400 Bm; d) -10% SiC npu 2000 Bm
Fig. 2. Panoramic SEM images of samples: a) - 5% SiC at 1400 W; b) - 5% SiC at
2000 W; ¢)-10% SiC at 1400 W; d) - 10% SiC at 2000 W

reaction of the titanium matrix
and silicon atoms, however, the
reaction resulting in the forma-
tion of Ti5Si3 is energetically more
favorable from the point of view
of thermodynamics. Fig. 5 shows
the results of mapping the region
with the assumed Ti5Si3 phase.
Chemical analysis showed that the
phases with a «lamellar» structure
are Ti5Si3 phases.

Thus, the samples under study
contain the following phases:
metal matrix BT6, particles of
SiC, TiC, and Ti5Si3. The phases
of the titanium alloy, as well as
the results of X-ray phase analysis,
are shown in Fig. 6. X-ray diffrac-
tion patterns show that with an
increase in the SiC content and
with an increase in the laser radia-
tion power, the TiC and Ti5Si3 con-
tent increases, which is associated
with a more active dissolution of
SiC particles and an increase in the
number of free carbon and silicon
atoms.

The introduction of ceramic par-
ticles turned out to be effective for
refining the alloy grains. The grain
size of pure titanium is about 3.5
mm, while the grain size of silicon
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VI3BeCTHO, YTO TUTAHOBAas MaTpHIid aKTHBHO B3aH-
MOJENCTBYeT ¢ yacThulaMHu SiC c o6pa3oBaHHeM HOBBIX
¢a3 TiC u cunuuumoB TuTaHa (TisSi;, TiSi,). CormacHo
TepMOZHUHAMHUUECKOMY pacdetry [5] cBobomHast 3Hep-
rusl Takux a3 HIDKe, YeM CBOOOAHASI SHEpPrusi Kap-
6uga KpeMHMS, U TaKHe peaKkl[MH MOTYT IIPOTeKaThb
CIIOHTAaHHO. HoBble a3bl, C OAHOM CTOPOHBI, MOLYT
yBeIM4YMBaTh MUKPOTBEPAOCTh U IIPOYHOCTb, a C APY-
TOM CTOPOHBI, HAapyIIAT Le/IOCTHOCTh CTPYKTYPHI,
menast MaTepuan bonee xpynkuM. ATomsl C cBobomHee
[IPOHUKAIOT B TUTAHOBYIO MAaTpHIly, [I03TOMY HOBas
dasza TiC BcTpeuaeTcs Kak II0 TpaHHULAM 4dacTul SiC,
Tak U B MaTpule. Ha puc. 3 mpeicraBleHa Kapra
pacrpesieeHUs XUMHUYECKHX 37eMeHTOB BOIH3U
yactulsl SiC.

M3 pucyHKa U Pe3yjabTaTOB MHUKPOPEHTIeHOCIIeK-
TPa/IbHOIO BHAHO, 4YTO ¢asa TiC merCTBUTEIbHO
BBIJISIeTCS 10 IPaHHMIIAM KepaMHUYeCKHX 4YacCTHIL,
YTO TaKKe IIOATBEPKAAETCS XMMHUYEeCKUM aHaIH30M
I10 TOYKaM. BBISICHH/IOCH Takke, 4To dasbl TiC B obpas-
Hax ¢ 5 u 10% SiC MMeIOT PaslIHYHYI0 CTPYKTYpY.

Ha puc. 4 mpesicTaB/eHa KapTa Pacrpe/ie/leH|sl XUMH- | pyc, 3. Kapma pacnpedeneHus XUmMUeckux 3AemMeHmos 86AU3L
YeCcKHUX 371eMeHTOB Ji1s obpasna ¢ 10% SiC. yacmuupl SiC

O6pasupr ¢ copepranuem SiC 10% BrmOYaOT GA3Bl | Fig. 3. Map of the distribution of chemical elements near the
TiC, mpeacTaBnsomue Co60M [eHOPUTHBIE CTPYK™ |  SiC particle
TypBlL. [lesio B TOM, uTo Konr4decTBo SiC B obpasuax 1-5,
comepKamux 5 06. % SiC, sBIsieTCs HeZOCTaTOYHBIM
111 06pa30BaHUs JeHAPUTHBIX CTPYKTYP. carbide-reinforced titanium at 1400 W is 50 and 14 pm
for 5 and 10% SiC, respectively. With an increase in
power, the grains continue to grind and reach the mini-
mum value - 10 and 4 microns for 5 and 10% SiC, respec-
tively - at a power of 2200 W. It was also found that the
grains near silicon carbide are smaller than the others.
On average, the grain size near SiC is 1.5 times smaller
than the grains located at a distance from the ceramic
particles. The fact is that new TiC phases are precipi-
tated along the boundaries of the titanium matrix; it is
they that prevent further grain deposition.

25 MKM | pHm

MECHANICAL TESTS, FRACTOGRAPHIC
ANALYSIS OF FRACTURES
To check the effect of the formation of new phases on
the properties of the alloy, mechanical tests were car-
ried out, as well as fractographic analysis of samples
with a content of 1, 3, 5% SiC, obtained at a laser power
. I of 1200 W.
= : 10 MK | 1) The sample with a 1% SiC content .is distinguished
— ' | by an elongated grain, the boundaries of which are
Puc. 4. Kapma pacnpedenerus Xumu4eckux 31emeHmos oAsi weakly expressed, which indicates the nature of frac-
06pasua c10% SiC ture close to ductile. Samples with 3 and 5% SiC also
Fig. 4. Map of distribution of chemical elements for a sample have regions of elongated grains; however, the size
with 10% SiC of such regions decreases with increasing SiC content,
which indicates a decrease in plastic properties and an

300 POTOHUKA TOM 15 N2 4 2021
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e

5 MKM | pm
—_

@

Puc. 5. Kapma pacnpedeneHus Xumu4eckux 3AeMmeHmos

no obaacmu ¢ npednoaazaemoti pasoli TisSis

Fig. 5. Map of the distribution of chemical elements over the
region with the assumed TisSi; phase

CyIIecTBYIOT pas/HYHble BaPUAHTBl PeaKUKU TUTa-
HOBOM MaTPHIIbl U aTOMOB KpeMHMUSI, OJHAKO PeaKlius,
B pesysbTaTe KOTopou obpasyercs TisSi; ¢ TOYKH 3pe-
HUSI TEPMOJMHAMHUKU SIBJISI€TCSl S3HEpPreTH4YecKH bosee
BBITOJHOM. Ha pHcC. 5 IpefcTaB/IeHbl pe3yabTaThl Kap-
THUPOBaHMS obractu ¢ mpeamnonaraeMort ¢asou TisSi,.
XUMUYECKUY aHA/IHM3 II0Ka3ajl, YTo ¢a3bpl, MMEIOIIHe
IJIaCTUHYATYIO CTPYKTYpY, SIBISIOTCS dasamu TigSi;.

Takum ob6pasoM, HcclenyeMble 0bpasLibl ComepsKaT
crenyomue @asbl: MeTa/VIMYEeCKyr maTpuiy BT6,
gactunsl SiC, TiC u TisSi;. Pa3pl TUTAHOBOTO CILIABA,
a TakoKe pe3yJbTaThl peHTreHodasoBOro aHaIH3a

Bakyymuoe obpyaosanie
ANA ONTHEA W
MUKEPOINEETRPOHWER

MpoexkTHpoOBaHKE W
NPoUIBOACTHED BAKYYMHEIX
HaNLINWMTENEHERIX

YCTAHOBOK «nog Knkavs

Mporpamuoe cbecneyeHne
W BBTOMaTHI3UMA

HarotoeneHmne
TEXHOMNOrHYBCKNX
YCTPOWCTE

o)
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approach to brittle fracture. Fracture occurred along
grain boundaries, which indicates an intercrystalline
fracture. The fact is that the reaction of a titanium
matrix with silicon carbide is an interfacial reaction
that violates the integrity of the alloy and increases
the brittleness of the material. An increase in the SiC
content leads to an increase in the brittle properties of
the material. There are single cracks originating at the
grain boundary and propagating deep into the mate-
rial. Fractographic analysis of sample fractures con-
firmed that the introduction of ceramic particles into
the titanium matrix and the formation of new phases
of brittle intermetallic compounds and TiC leads to
embrittlement of the material.

Fig. 7 shows the tensile curves of the samples, table
2 shows their mechanical properties. The results of
tensile tests of the samples confirmed that the frac-
ture is predominantly brittle, and the samples with
3 and 5% SiC have only proportional regions, while
the sample with 1% SiC has a hardening region, in
which the crystal lattice of the material is deformed.
However, a comparison of the tensile strength of
a pure alloy and an alloy containing 1% SiC proves the
effectiveness of the introduction of ceramic particles.
According to GOST 22178-76 [6], the average value of
the ultimate strength of the BT6 alloy is ~980 MPa,
ceramic particles increase the ultimate strength by
1.3 times. Also, with an increase in the SiC content,
the yield stress decreases; nevertheless, the obtained
values turned out to be higher than that of the pure
BT6 alloy. The relative elongation of the BT6 alloy
according to GOST 22178-76 is 8%, which is 8.5 times
higher than the values for alloys reinforced with SiC
particles.
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IIpefiCTaB/IeHbl Ha PUC. 6. FI3 peHTreHOrpaMM BUIHO,

YTO C yBeJIMUeHHeM cofepskaHus SiC U ¢ ITOBBIIIeHHEeM 14000 |- : *Ti
MOIIHOCTH JIa3€pHOI0 M3JIyuYeHHsI yBeJIHYHBAETCS iéggg i
comepskaHue TiC u TigSi;, 4TO cBsi3aHO c Hoyee akKTUB- 3000 -
HBIM pacTBopeHHeM 4dacTull SiC U oBblLIeHHeM KOJIH- 6000 -
yecTBa CBOOOIHBIX ATOMOB YIIepo/ia U KPeMHHMUSI. ‘2‘838 i
BBenieHMe KepaMHYeCKUX YaCTHL], 0Ka3a/10Ch 3ddex- or
THBHBIM [JIg H3MeJ/IbYeHHs 3epHa CIllaBa. Pasmep )
3epHa YHCTOrO TMUTaHA COCTaB/IseT IIPUMEPHO 3,5 MM,
B TO BpeMsi KaK pasMep 3epHa TUTaHa, aPMUPOBAHHOI0 e |
KapbumoM KpeMHHS IIpU MOIIHOCTH 1400 BT, cocTas- 14000
nsiet 50 1 14 MM 151 5 1 10% SiC cooTBeTcTBeHHO. C yBe- Syl
JTAYeHHeM MOIIHOCTH 3epHa IIPOJOJIKAIOT H3MeJlb- 8000 |-
YaThCSI U JOCTUTAIOT MUHMMA/IBHOIO 3HaYeHUus - 10 u 4 6000 -
MKM 7151 5 11 10% SiC COOTBETCTBEHHO — IIPH MOLIHOCTH §888 i
2200 Br.Tarke BBIICHUIOCH, YTO 3€pHa BOMM3U Kap- 0r
6ra KpeMHHUSI MeHbIIIe OCTAIBHBIX. B cpeiHeM pasmep b)
3epHa B6mu3u SiC B 1,5 pasa MeHbllle 3epeH, HaXo.s-
IIMXCS Ha PACCTOSHHUM OT YaCTHIL, KepaMHKH. [ero e L
B TOM, YTO II0 IPaHMIIAaM TUTAaHOBOK MaTPHIIbI BbIZe- 10000 -
nst0Tcst HoBble daspl TiC, MMEHHO OHU MPeNsTCTBYIOT gggg i
JajpHeMIIeMy POCTy 3epHa. 4000 -
2000 -
MEXAHNYECKUE UCTIbITAHUA, oL
®PAKTOIrPA®UYECKUN AHATA3 <)
n3/10MOB
Jlis TIpoBepKU BAUSHHS 0ob6pa3oBaHHSI HOBHIX a3 10000 -
Ha CBOMCTBA CIUIaBa OBUIM ITPOBEIeHBl MeXaHHUYeCKHe gggg i
HCIIBITAaHUS, a Takoke QpakTorpadUyecKUr aHaIH3 4000 -
06pasios ¢ comepkanuem 1, 3, 5% SiC, IONy4eHHBIX 20001
IIPH MOIITHOCTH JIa3epHOro usnydeHus 1200 Br. \ \ \ \ \ \
d) 30 40 50 60 70 80

O6paaeu C comepskaHHeM 1% SiC oT/IM4aeTcs BBITA-
HYTBHIM 3epHOM, IPaHHUIIBI KOTOPOro J1abo BBIPasKEHBI,
YTO TOBOPHUT O XapaKTepe pas3pylleHHUs, OIH3KOMY
K BsI3KOMy. O6pas1ibl ¢ comepskaHueM 3 U 5% SiC Takke
HMMeIOT 0671acTH BBITSHYTOIO 3e€pHa, OZHAKO pasMep
TaKUX 00/1acTell YMeHBIIAeTCs C yBeJIMUeHHEeM COLep-
skaHMs SiC, YTO TOBOPUT 06 yMeHBIIeHHH IlIacTH4e-
CKHX CBOMCTB U IIPUOIMKEHUH K XPYIIKOMY XapaKTepy
paspyiueHus. PaspylnieHue IIPOMCXOAM/IO [0 TPaHHU-
IIaM 3epeH, YTO CBH/ETEIbCTBYET O MEKKPHUCTAJIIH-
4eckOM H3j7I0Me. [leJlo B TOM, YTO peaKLMsl THTAHO-
BOM MATPHUIIBl C KapbumoM KpeMHHS - MeKdpasHas

peaknisd, Hapyllaloliasa [EeIOCTHOCTD CIIdBa H IIOBBI® Puc. 6. ®a3zbl mumaxoseo20 cnaaga BTG, apmuposaHHoz0
IMafollast XpPyIKOCTh MaTepyasa. YBelHdeHHe Cofep- yacmuuyamu Si C. Pe3yabmambl peHmM2zeH0$a308020 aHa-
’KaHus SIC MPUBOAUT K IIOBBIIEHHIO XPYIIKUX CBOM- | ay3g dag 06pasud c: a) - 5% SiC npu 1400 Bm, b) - 5%SiC
CTB MaTepHaJia. BCTpe‘-IaIOTCH €AV HHYHbIe TPEeIUHBbI, npu 2200 Bm, C) -10%SiC npu 1400 Bm, d) -10% SiC npu
3dpOoKAalolmirecs Ha TpaHHIle 3€pHA U PacHpoCTpa~ | 2200 Bm; e) - COM-u306paxeHue a3

HSIOIMeCs] B I/1y0b MaTeprana. ®pakrorpapuieckui Fig. 6. Phases of titanium alloy BTG reinforced with SiC parti-
aHa/IM3 M3/I0MOB 00pasiia [OATBEPAMII, YTO BBEIleHHE cles. Results of X-ray phase analysis for a sample with a) - 5%
KepaMUYeCKHX YaCTUL| B TATAHOBYIO MaTpPULLy U 06pa- SiCat 1400 W, b) - 5% SiC at 2200 W, ¢) - 10% SiC at 1400 W,
30BaHMe HOBBIX (a3 XPyIIKHUX UHTepMeTa/LTUI0B U TiC d)-10% SiC at 2200 W €) - SEM image of phases

IIPpHUBOAUT K OXPYIIYMBAHHIO MaTepHaJld.
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Ha puc. 7 nmpencraBieHbl KPUBBIe pacTsDKeHH st 06pas-
LIOB, B Tab. 2 - UX MeXaHH4YeCcKue CBOMCTBA. Pe3yb-
TaThl UCIIBITAHHS 00Pa3l[OB Ha PaCTsDKeHHe ITOATBEp-
JUIH, YTO paspylleHHe KMMeeT IIPeHMYIIeCTBeHHO
XPYIIKHUH XapaKTep, IpUyueM 06pasLbl C COmepsKaHHeM
3 U 5% SiC MMeIOT TOIBKO yYaCTKU IPONOPLIMOHA/IB
HOCTH, B TO BpeMsI Kak obpaszer] ¢ 1% SiC mMeeT y4acTok
YyIPOYHEHHUSI, B KOTOPOM IIPOMCXOOHUT AedopMaliys
KPHCT/I/IMYeCKOM PelleTKH MaTepHala.

C yBenndeHHeM cofep>kaHusi SiC oT 1% 10 3% mnpenen
IIPOYHOCTH Ha pPacTssKeHHe yMeHbIaeTcs ¢ 1300 MIla
Jo 1010 MIla. OgHako CpaBHeHHe IIpefera IIPOYHO-
CTH YMCTOTO CIIaBa U CIUIaBa, cofepskarmero 1% SiC,
JloKa3pIBaeT 3pHeKTUBHOCTh BBEIEHMS KePaMUYeCKUX
vactul,. CormacHo T'OCT 22178-76 [6] cpenHee 3Haue-
HUe IIpefesia IpoYHOCTH criaBa BT6 cocTasisgeT ~980
MIla, KepaMHYeCKHe YaCTHIIbI YBeTHYHBAIOT IIpees
IIPOYHOCTH B 1,3 pasa. Takke ¢ yBeIMYeHUEM COHep-
>kaHus SiC yMeHBIIAeTCs Ipefiesl TeKydyecTH, TeM
He MeHee II0JlyYeHHbIe 3HAa4YeHMs OKa3aJMCh BhILIe,
4yeM y YMCTOro criaBa BT6. OTHOCHTe/NbHOE yAIHHe-
HUe ciiaBa BT6 o 'OCT 22178-76 coctaBnsieT 8%, 4UTO
IIpeBhIIIAeT 3HAYEHUs /IS CIUIABOB, ApMUPOBAHHBIX
vyactuiiamu SiC, B 8,5 pasa.

B xome paboTel OBIIM M3y4deHBl 3aBUCHMOCTHU
MHUKPOTBEPAOCTH MATPHIBI OT MOLIHOCTH JIa3epHOIr0

faiep TopWave 405 nposisogcTea TOPTICA (MepmamMua)
NAIEPAM HA MOHAX KPUNTOHA (406,7 HM W 413,71 HM), DOBIMHD MCNONbLIYEMEIM 8 nuTorpaduM 1 ronorpaduM. TopWave 405
ofecnaYMBasT BEXOOHYR MOWHOCTE 1 BT HA QNMHE BONHE 05 HM 8 CO4ETAHWM C NPEBOCKOAHMM KaYECTEOM ny4a, JdunameTtp
nyda | M {'I'hl'l. 1,15) COOTHETCTRVIOT YCTAHOBNEHHBM NAPIMETRAM rad0BOro na3tpa, 470 NOIDOARET NEMKO MHTEMPMPOLATE Bro

i g
11T

In the course of the work, the dependences of the
microhardness of the matrix on the power of laser
radiation and on the content of ceramic particles
were studied. Microhardness characteristic of BT6
alloy is ~350 HV [5]. With an increase in the power of
laser radiation, the value of the microhardness of the
titanium matrix increases. The maximum value of
microhardness was achieved for a sample with 10% SiC
at a power of 2200 W and amounted to 836.4 HV, which
exceeds the value of microhardness characteristic of
BTG alloy without ceramic particles by 2.4 times.

CONCLUSION

MRSA and X-ray phase analysis confirmed the pres-
ence of new phases, and an increase in the SiC con-
tent and laser radiation power due to the more active
decomposition of SiC particles into atoms leads to an
increase in the intermetallic Ti;Si; and TiC phases.
Titanium carbide manifests itself in the structure in
various configurations: acicular structures in samples
with 5% SiC and dendritic structures for samples
with 10% SiC. Intermetallic phases have a «lamel-
lar» structure. Reinforcement of the titanium alloy
with ceramic particles led to grain refinement to 10
and 4 pm for 5 and 10% SiC, respectively. The point
is that the titanium carbide phase is precipitated

CoBpeMeHHbIM KOMMaHUAM —
MHHOBALMOHHbIE pelleHnn!

Sl = "
" o - OAHO4ACTOTHBINA Nasep

- - TopWave 405
| . Ans nuTorpadumn
- " rnnurpa$uu

HMOEANbHAA JaMEHD FROMOIAKAM B IHEDIOEMEMM Fa30BRIM

Ge3 CYLHECTREHHLIX HIMEHEH W B OMTTHY BCEYHD CHCTEMY

PHCYHED B MHTEDDEPEHUMOHHDR NUTOrPadui Wik roforpadiu,

Buicokan 3pekTHEHOCTE M HHIKAR CTOMMOCTE IKCNAyaTawmul

IKCRARRIUBHEM npedcmasumenses xoMnaHuy TOPTICA (Tepmanua) a PD
RAAREMER KOMAdHUN sEapoflaiian,
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H3Iy4YeHUs U OT COAepsKaHUs KepaMHYeCKHUX YacTHI].
XapakTepHad mjid ciuiaBa BT6 MHKPOTBEpAOCTh
coctaBngeTr ~350 HV [5]. C yBenn4yeHHeM MOIIHO-
CTH JIA3€PHOI0 M3JIyYeHUs YBeIHYKMBALTCS 3HAUYeHHe
MHUKPOTBEPAOCTH TUTAHOBOKM MAaTPHLBI. MaKCHMasb-
HOe 3HaUYeHHe MUKPOTBEPAOCTH 6BLIO JOCTUTHYTO /IS
obpasma ¢ 10% SiC mpu momuocta 2200 BT u cocra-
Buio 836,4 HV, 4To IpeBhIIIaeT 3HauYeHHe MHKPO-
TBepIOCTH, XapaKTepHoOe /s cIuiaBa BT6 6e3 kepamu-
YeCKHMX YacTHll, B 2,4 pasa.

3AKJ/TIOMEHUE

MPCA U peHTreHo}asoBbINl aHAIN3 IOATBEPAUIH
Ha/JIM4Ke HOBHIX $a3, mpHUeM yBeIHYeHHe Cofepyka-
HUs SiC ¥ MOIIHOCTH JIa3€PHOTO H3/y4deHHs, BBUAY
6oree akTUBHOrO pacraza dactu SiC Ha aTOMBI, IIpH-
BOAUT K YBeJINUeHHI0 MHTepMeTa//IUAHbIX TigSi; 1 TiC
da3. Kapbuz THTaHA IIPOSIBIISIETCS B CTPYKType B pas-
JUYHBIX KOHQUIYPaLIMAX: HUIOJbYaThble CTPYKTYPHI
B obpasnax c 5% SiC U AeHAPUTHBIE CTPYKTYPHL IS
o6pa3u0B c10% SiC. HHTepMeTa/UITUIHbBIE a3l UMEIOT
IUIACTUHYATYI0 CTPYKTYpPy. APMHPOBaHHE THUTaHO-
BOTO CIIJIaBa KepaMHYeCKMMH YaCTULAMH I[IPHUBEIO
K M3MebUeHUIo 3epHa 70 10 u 4 MM 11 5 1 10% SiC
COOTBETCTBEHHO. [leJ10 B TOM, YTO I10 TPaHUIIaM 3epHa
BbIIe/IsieTcst Ppas3a Kapbuaa TUTaHaA, IPemsTCTBYIONAs
pocTy 3epHa.

O6pa3oBaHue HOBHIX pa3 MMeeT CIeyIoN e IToCIes -
ctBusi: dassl TisSi; v TiC MMeoT MUKPOTBEpPAOCTb, 3HA-
YMTEJBHO IIPEeBOCXOJAINYI0 MHKPOTBEPOOCTh CIIaBa
BT6, cnemoBaTeNbHO, B pe3y/bTaTe BBeJeHHI KepaMu-
YeCKUX YacTUL] B TUTAHOBYI MAaTpPUIy YBEJIHYHUTCS:
MHMKPOTBEPIOCTh KOMIIO3UIIMOHHOIO MaTepHaia,
yIpoYHeHHe MaTepHhasia, OXPYHN4YMBaHHEe MaTepHu-
ajia B CBS3M C HapylleHHeM LeJIOCTHOCTH MaTepHajia
Y IIpOoTeKaHHeM peaKklMH Ha rpaHune ¢as. s mpo-
BepKHU BIHSHHS MeXXbasHBIX peaKLMH Ha CBOKCTBA
craBa OpUIH MIPOBeJleHbl MeXaHUYecKHe HCIIBITaHUS.
ITpu MomHOCTH 1200 BT MeTOZOM IIPSIMOTO JIa3€pHOT0
BBIpAIMBaHUS OBbUIH IONTy4eHBl 0b6pasusl ¢ 1,3,5 u 7%
SiC. Vke Ha CTaAMU IMOATOTOBKH JIOIIATOK JJIsI Mexa-
HHYeCKHUX MCIBITAHUI CTAJI0 SICHO, YTO Ype3MepHoe
comepskaHue SiC (7% [ DAHHOM PaboThl) IIPUBOSUT
K 3HaUMUTe/IbHOMY CHIDKeHHIO IVIACTHYeCKHX CBOKCTB
MaTtepuasa: obpasel] MMeeT TPelIHHbI, He I103BOJISIO-
IHe M3TOTOBMTH JIOMATKY. PpaKkTorpadpuyeckuil aHa-
N3 TI0Ka3ajI, YTO 0Opaslbl MMeIOT 061acTH BSI3KOIO
Y XPYIIKOI'O U37I0MOB, OfTHAKO pa3Mep 06/1acTH BS3KOTO
M37I0Ma CO /1a60 BBIPKEHHBIMM T'PaHHLIAMH 3epHa
yMeHBbIIIAeTCsl C yBeIU4YeHHeM cofiepskaHus SiC, uTo
CBU/IETENIbCTBYeT O IPUOIMKEHHUH CBOMCTB MaTepH-
ajla K XpynKHM. KpuBble pacTsSKeHHS IOATBEPIHIH
pe3ynbTaThl PpakTorpadru: obpasLibl ¢ comepKaHHEeM

304 POTOHUKA TOM 15 N2 4 2021

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
TEXHOJIOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE 1
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

1400

1200

1000

800

600

Ycunue, mIla

400

200

0 | | | | |
0 1 2 3 4 5

a) Hedbopmanus, %

1400

1200

1000

800

600

Ycunue, mIla

400

200

b) Hedbopmanus, %

1000 -

800 -

600 -

400 -

Ycunue, mIla

200

0 L L L L L
0 0,5 1,0 1,5 2,0 2,5

o) Jedopmarius, %

Puc. 7. Kpusble pacmseHus daa 06pasuos: a) — 1% SiC,
b)-3%SiC, ¢)- 5% SiC

Fig. 7. Tension curves for samples: a) —1% SiC, b) - 3% SiC,
c)-5%SiC

along the grain boundaries, which prevents grain
deposition.

The formation of new phases has the following
consequences: the Ti5Si3 and TiC phases have a micro-
hardness that significantly exceeds the microhardness
of the BT6 alloy, therefore, as a result of the introduc-
tion of ceramic particles into the titanium matrix, the
microhardness of the composite material will increase;
hardening of the material; embrittlement of the mate-
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Tabnumua 2. MexaHnyeckne cBOMCTBA 06pasyoB
Table 2. Mechanical properties of the samples

CopepxaHue SiC, lMpepen tekyyecTtw,

Mpenen NnpoYyHOCTH,

OTHOCUTe/IbHOE YA IMHEHWe,

Macc. % MrMa MTMa %
SiC content, Yield strength, Ultimate strength, Relative elongation,

wt% MPa MPa %

1 1110 1300 2,1

2 1030 1310 0.5

3 - 1010 0,2

3 1 5% SiC MMeIT KPHUBYI, THUIIHMYHYI IS XpYyII-
KUX MaTepHaloB, B TO BpeMs Kak obpaser c 1% SiC
HMEIOT Y4acTOK YIIPOYHEHHS, XapaKTepHU3YIOIIHUMICS
OebopMallKell KPHUCTa/UIMYeCKOM pelleTKd MaTepH-
ana. C yBennyeHueM cofiepskaHus SiC yMeHbIIAIOTCA
mpefen TeKy4ecTH U IUIACTUYHOCTH, MaKCHMMaJjlbHble
3HaueHHUs! 6bUIN JOCTUTHYTHI IIPU cofiepskKaHuHU 1% SiC
U coctaBuau 1110 MIIa u 1300 MIIa COOTBETCTBEHHO,

YTO B CpefJHeM IIpeBhIIlIaeT COOTBETCTBYIOINME 3Ha-
YeHHs YHMCTOro cmiasa BT6 B 1,3 pasa. MakcuMaib-
Hoe 3HayeHHe OTHOCHUTE/IbHOIO YIJIMHeHH S COCTaBUIIO
2,1% nns obpasua c comepskaHueM 1% SiC, 4To MeHbIIe
COOTBETCTBYIOIEr0 3HAYeHHUs [Ji HeapMHPOBAHHOIO
crtaBa BT6 B 8,5 pasa. M3mepeHre MHKPOTBEPLO-

rial due to the violation of the integrity of the material
and the occurrence of a reaction at the phase boundary.
Mechanical tests were carried out to check the influ-
ence of interfacial reactions on the properties of the
alloy. The samples with 1.3.5 and 7% SiC were obtained
by direct metal deposition at a power of 1200 W.It
became clear already at the stage of preparing blades for
mechanical tests, that an excessive SiC content (7% for
this work) leads to a significant decrease in the plastic
properties of the material: the sample has cracks that
do not allow making a blade. Fractographic analysis
showed that the samples have areas of ductile and
brittle fractures; however, the size of the viscous frac-
ture region with weakly pronounced grain boundaries
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CTU 3epeH CIIaBa TaKke [OOKasalo 3QPeKTUBHOCThb
BBefleHUs dYacTHI] SiC: Kak yBeIHYeHHe MOIIHOCTH
JIa3epHOr0 H3Jy4YeHHUsI, TaK M yBeJIMYeHHe CoJepsKa-
HUsl SiC IPUBOAUT K yBeTHUYEHHUI0 MHUKPOTBEPIOCTH
KOMIIO3MILIMOHHOIO0 MaTepHaja. MakcMMa/IbHOe 3Ha-
YyeHHe OBUIO NOCTUTHYTO mis obpasna c 10% SiC mpu
MolHocTH 2200 BT u coctaBuiio 836,4 HV, uto 6osbiie
MHUKPOTBepAOCTH BT6 B 2,4 pasa.

PaboTa BbINIOIHeHA NpHU GUHAHCOBOM IOJJEpsKKe
Muno6pHayku PoccM B paMKax CO3[AHHUS M PasBH-
THS HayYHOTO LIeHTpa MHUPOBOro ypoBHA «Ilepemosrie
nudpoBele TexHoMoruu» (CornameHue o IIPefoCTaB-
JeHUH rpaHTa Ne 075-15-2020-903 ot 16.11.2020 T.).
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decreases with an increase in the SiC content, which
indicates that the properties of the material approach
brittle. The tensile curves confirmed the results of frac-
tography: the samples with 3 and 5% SiC have a curve
typical for brittle materials, while the sample with
1% SiC has a hardening region characterized by defor-
mation of the crystal lattice of the material. With an
increase in the SiC content, the yield stress and plas-
ticity decrease, the maximum values were achieved at
a 1% SiC content and amounted to 1110 MPa and 1300
MPa, respectively, which on average exceeds the cor-
responding values of pure BT6 alloy by 1.3 times. The
maximum value of the relative elongation was 2.1% for
the sample with 1% SiC, which is 8.5 times less than
the corresponding value for the unreinforced BT6 alloy.
Measurement of the microhardness of the alloy grains
also proved the efficiency of introducing SiC particles:
both an increase in the laser radiation power and an
increase in the SiC content lead to an increase in the
microhardness of the composite material. The maxi-
mum value was achieved for a sample with 10% SiC at
a power of 2200 W and amounted to 836.4 HV, which is
2.4 times higher than the BT6 microhardness.
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