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B paboTe npeactaBsieH 0630p paboTt
3apy6eXHbIX UccnenoBaHUM No onpeaeneHuo
XapaKTepUCTUK BbICOKO3HTPOMUUHbBIX
cnnasos (B3C). NMokasaHo, 4To BOC Ha ocHoBe
o6beMHoOLEeHTpUpoBaHHoOM peweTku (OLK)
TBepAoro pacteopa 6osee XaponpouyHbl

Mo CpaBHEHWUIO C BbICOKO3IHTPOMNUMAHbIM
CN1aBOM HA OCHOBE rpaHeLeHTPUPOBAHHOM
pewetku (LK) TBepaoro pacrteopa.
MpepcTaBneHbl pe3yabTaThl MOJAYYEHHbIX
KBa3nBbICOKO3HpONUiHbIX cniasos (KB3C)

C HOBbIMU CBOMCTBAMU B3aMeH A0pOrocToswmx
BbICOKO3HTPOMUMHbIX CNJIABOB NyTeM BBefeHus
B LUMXTY HECKOJIbKMX CEPUMNHbIX MOPOLLIKOBbIX
MaTepuasioB Ha OCHOBe Xese3a, HuKens,
Ko6anbTa U f,06aBOK HAHOKap6MA OB TaHTanNa
AN NOBbIWEHUS USHOCOCTOMKOCTU NOKPbITURA,
NnoJly4eHHbIX J1a3epHOW HanaBKoW. BeegeHune
B cocTaB wuxtbl KBOC 6% HaHOKap6buaa
TaHTajna nosbillaeT U3HOCOCTOMKOCTb

B 2,8 pasa No CpaBHEHUIO C HansiaBkon 6e3
Mcnonb3oBaHUA Kapéuaa v ysenmumBaeTt
M3HOCOCTOMKOCTb B 7,2 pa3a No CpaBHEHUIO

C XapaKTepuCTUKOM MaTepuasa OCHOBbI U3
ctanun 40X. TeXxHONOrus nasepHom HaniaBku
KB2C moxeT 6biTb nCNoNb30BaHa Ansa
BOCCTAHOBJIEHUS Pa3/INYHbIX AeTasier MalluH,
B TOM 4uce paboTalowmux nNpu noBbilWEHHbIX
Harpyskax u remneparypax.

MpuBeaeHbl XapaKTepUCTUKU NOKPbITUN,
NoJIy4eHHbIX B Npouecce fla3epHON HaNaaBKU.
YKa3aH guanasoH BapbupoBaHusa paboumx
napamMeTpoB JIa3epHOro U3Jly4eHUs: MOLWHOCTHU
CKOpPOCTM NepeMeLLeHus, gmameTpa ny4ka.
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A review of the research of foreign studies on
the characterization of high-entropy alloys
(HEA) is given in this article. It has been shown
that HEA based on a body-centered lattice (BCL)
of a solid solution are more heat-resistant than
a highly entropic alloy based on a face-centered
lattice (FCL) of a solid solution. The results of
the obtained quasi-high-entropy alloys (QHEA)
with new properties instead of expensive high-
entropy alloys by introducing several serial
powder materials based on iron, nickel, cobalt
and tantalum nanocarbide additives to increase
the wear resistance of coatings obtained by
laser welding are presented. The introduction
of 6% tantalum nanocarbide into the QHEA
charge increases the wear resistance by 2.8
times compared to surfacing without carbide
and increases the wear resistance by 7.2 times
compared with the characteristic of the base
material made of 40X steel. The technology
of laser cladding QHEA can be used to restore
various parts of machines, including those
operating at elevated loads and temperatures.
The characteristics of coatings obtained in
the process of laser cladding are given. The
range of variation of the operating parameters
of the laser radiation is indicated: power of the
displacement velocity, beam diameter.

Keywords: high-entropy alloys, quasi-high-entropy
alloys, elastic modulus, laser surfacing
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BBEAEHUE

BBICOKOSHTpOIIMMHBIe cIIaBbl (BOC), Takke H3BeCT-
Hble KaK MHOIOKOMIIOHEHTHBIE CIUIaBBI MJIM CIIJIaBbI
C HECKOJIBKMMH OCHOBHBIMH 3JIeMEHTAMH, BIIEPBEIE
(33359)9%1 IoJIydyeHbl MeTofioM NUThs [1, 2] B 2004 romy.
B23C - MIOMHOCTBIO HOBas CTpaTervusi KOHCTPyHpOBa-
HUS CIIJIaBa, CMeIIMBAaHHUS O6O0JBIIOro KOJIHYecTBa
3JIEMEHTOB MJIK KOMITIOHEHTOB. CofepsKaHHue KasK[oro
37leMeHTa COCTaB/seT OT 5 mo 35 ar.% [3]. BrIcoko-
SHTPOIIMIHBIE CIUIaBBl Ha OCHOBe OOBEMHOLIEHTPH-
poBaHHOM pemeTku (OLIK) TBepmoro pactBopa 6osee
SKapOIIPOYHBI I10 CPaBHEHHIO C BBICOKOSHTPOIIMHHBIM
CIIABOM Ha OCHOBE I'PaHelleHTPUPOBAaHHOL pelleTKH
(TK) TBepaoro pacrsopa. Kak mokasaau HCIBITAHHS
Ha OKaTHe, BBICOKOSHTPOIIMHHBIM CILUIaB Ha OCHOBE
OLIK TBepmoro pactBopa o6yagan IPOYHOCTHIO Ha
ypoBHe 450 MIIa ipu Temrepatype 1300 °C [4]. Ocoben-
HOCTBIO BBICOKOSHTPOIIMMHBIX CIUIABOB SIBJISETCS CIIO-
COBHOCTD K YIOPSZOYEHHUIO ITapaMeTpa pelleTKU IIpU
OTKUTE, YTO COIIPOBOKAALTCS CHHMYKEHHMEM I1apaMeTpa
peleTKy ¥ HeKOTOPBIM IIOBHIIIeHHMEM MOIY/IsS YIIPYyro-
CTU U TBEPOOCTH.

I[TopommxkoBele cMecH Fe, Co, Ni, Cr u Cu 6pu1u mony-
YeHbl IyTeM MeXaHWYeCKOT0 CMeLIMBaHMS XHUMHYe-
CKM YHCTBHIX ITOPOIIKOB. Pa3Mephl YacTHIL IIOPOIIKOB
cocTaBisuId 50-120 MM [5]. B KauecTBe f00aBOK UCIIO/Ib-
3oBanu Si (1,2%), Mn (1,2%) u Mo (2,8%). JlazepHyio
HaIUIaBKY BBIIOJIHSIN C MCIIONb30BaHHeM CO,-masepa
Ha MOMIOXKKY CTayik Q235. [IOpOIIKOBYIO CMeCh ITpef:-
BapUTEeJIBHO HAHOCH/IM Ha IIOBEPXHOCTb obpasia
TONMIMUHON 1,7-2,0 MM. O6paboTKy IIPOBOAMIMN IIPH
MOIIIHOCTH M3/Iy4eHHus 2 KBT, guamerpe ay4a 4,5 MM
U CKOPOCTH IlepeMelleHHd 400 MM/MHH C Ie€peKpbl-
THeM IOpokeK 30%. TepmMoo6paboTKa HaIlJIaBIeHHBIX
00pa3LoB IIPOBOAMIIACH IIPU TeMIlepaTypax 550-950 °C
B TedeHHe 5 4acoB. ITokpeiTusi FeCoNiCrCu c mobas-
KaMH Si, Mn 1 Mo unu 6e3 HUX UIeHTHQHUIIMPOBAHEI
KaK ITPOCTOK TBEPIBIM PAaCcTBOP C TPaHelleHTPHUPOBAH-
HoM Kybudueckor pemreTkoil (FLIK). MHKpPOTBepIOCTH
crtaBa 6e3 mobaBok coctaBmia 3750 MIla, 4To mpu-
MepHO Ha 50% BblLle, YeM y TOIO >Ke CIUIaBa, IIO/Iy-
YeHHOr'0 MeTOIOM YTOBOH IIJIaBKH. BBeneHue Cu, Mn
1 Mo ynydilaeT Ka4yecTBO IIOKPHITHUS M 3HAYUTEIBHO
YBEeJIMYKMBAETCS MUKPOTBEPAOCTh 10 4500 MIla.

CrutaB FeCoNiCrCu unMeer 6osee BBICOKYIO KOPPO-
3MOHHYIO CTOMKOCTb B 5% pactBope H,SO, mo cpas-
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INTRODUCTION

High-entropy alloys (HEA), also known as
multicomponent alloys or alloys with several basic
elements, were first obtained by casting [1, 2] in 2004.
Wind farm - a completely new strategy for the design
of the alloy, mixing a large number of elements or
components. The content of each element is from 5 to 35
at.% [3]. High-entropy alloys based on a body-centered
lattice (BCL) of a solid solution are more heat-resistant
than a high-entropy alloy based on a face-centered
lattice (FCL) of a solid solution. As compression tests
showed, a highly entropic alloy based on bcc solid
solution had a strength of 450 MPa at a temperature
of 1300 °C [4]. A feature of highly entropic alloys is the
ability to order the lattice parameter during annealing,
which is accompanied by a decrease in the lattice
parameter and a slight increase in the elastic modulus
and hardness.

Powder mixtures of Fe, Co, Ni, Cr and Cu were
obtained by mechanical mixing of chemically pure
powders. The particle sizes of the powders were
50-120 pm [5]. Si (1.2%), Mn (1.2%), and Mo (2.8%)
were used as additives. Laser surfacing was performed
using a CO, laser on a Q235 steel substrate. The pow-
der mixture was preliminarily applied to the surface
of the sample with a thickness of 1.7-2.0 mm. The
processing was carried out with a radiation power of
2 kW, a beam diameter of 4.5 mm and a travel speed
of 400 mm/min with overlapping tracks of 30%. Heat
treatment of deposited samples was carried out at
temperatures of 550-950 °C for 5 hours. FeCoNiCrCu
coatings with or without Si, Mn, and Mo additives
were identified as a simple solid solution with a face-
centered cubic lattice (FCL). The microhardness of
the alloy without additives was 3750 MPa, which is
approximately 50% higher than that of the same alloy
obtained by the arc melting method. The introduction
of Cu, Mn and Mo improves the quality of the coating
and significantly increases the microhardness up to
4500 MPa.

The FeCoNiCrCu alloy has higher corrosion resis-
tance in a 5% H,SO, solution compared to the heat-
resistant nickel alloy Ni60. Metal powders of Fe, Cr,
Co, Si, Ti, Nb, Mo, and W with a purity of more than
99.6% and a size of about 150-250 pm were used to cre-
ate a charge [6]. The powders were mixed in a specific
proportion of 5:5:5:1:1:1:1:1 for 4 hours in a stainless
steel vessel using a planetary ball mill. For surfacing,
a YLS-6000 IPG fiber laser was used. A powder with
a thickness of 1.5 mm was placed on a substrate of
W6Mo5Cr4V2 steel with dimensions of @50x10 mm.
Laser surfacing was performed at a radiation power of
4 kW, a travel speed of 6 mm/s, and a spot diameter
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HEHHIO C >KapOIIPOYHBIM HHKeJIeBbIM CILIaBOM Ni60.
Mertannuyeckue nopomku Fe, Cr, Co, Si, Ti, Nb, Mo
u W c gucroroii bornee 99,6% u pa3mepom okoso 150-
250 MKM OBbITH KCITO/IB30BAHBI /IS CO3AHUS IIUXTHI [6].
[TopolIKK CMEeNIMBAIM B OIpele/IeHHOW IIPOIOPLHH
5:5:5:1:1:1:1:1 B TeyeHue 4 YacOB B COCyJle U3 HepsKa-
BeIOIler CTa/Iu C HCII0Ib30BaHKeM IIJIaHeTapHOMH HIapo-
BOM MeJIbHHUBI. /ISl HaIlZIaBKY NPHMEHSIH BOJIOKOH-
HBIM J1asep YLS-6000 IPG. ITopoIIoK TOMIIMHOM 1,5 MM
6bL1 pasMelreH Ha IoaJIokKe ctaiki W6Mo5Cr4V2 ¢ pas-
mepamiu g50x10 MM. JIa3epHYI0 HalJIaBKy BBIIIOJTHSIIH
IIPH MOIIHOCTH H31y4YeHHs 4 KBT, CKOPOCTH Iepe-
MellleHHUsI 6 MM/cC, JHaMeTpa ISTHA 3,5 MM B cpefie
aprora. Ilocie HaIUIaBKU ITPOM3BOAMIM OTKMI IIPH
Temiiepatype 800-1050 °C B TeueHue 4 yacoB. Hawm-
bompirast TBepAocTh 10500 MIIa HOCTHIHYTA IIPU TeM-
reparype okura 850 °C, YTO 3HAUHMTE/IBHO IIPEBhIIIaeT
TBEPLOCTh 06pasiia rmocie HarUIaBky 7800 MIIa.

[Topomku BBICOKOSHTPOI UK HBIX CILJIaBOB
Al CrFeCoCuTiNi, (x=0,0; 0,5; 1,0; 1,5; 2,0) HaHO-
CWIHN Ha MOIJIOXKKY M3 cTanu Q235 TonmuHoHu 0,8 MM
B BHJe 0OMa3Ku Ha OCHOBE OPTaHHYeCKOTO CBSI3YIO-
mero [7]. JlasepHyI0 HaIlJIaBKy BBIIIOJIHSUIM Ha YCTa-
HoBKe DL-HL-T5000B 1py MOIIHOCTH H3/IyYeHUS
2500 BT, muaMeTpe Jjiy4ya 4 MM, CKOPOCTH IlepeMelre-
HHS JIydya 3 MM/C, B cpefie aproHa. MHUKpPOTBepIOCTh
IIOKPLITHI BO3pacTaeT C YBeJIM4YeHHeM COJdepKaHHUS
HUKeJISI U OOCTUTraeT MaKCHMa/JIbHOro 3HadeHHs 1102
HV, uro B 4 pa3a Bblllle MaTepuHaia OCHOBEI. IIOKpBI-
tue crutaBoB AL CrFeCoCuTiNix obnamaer xoporeil Kop-
PO3HOHHOM CTOMKOCTBIO B 1 Momb/n pactBope NaOH
u 3,5% pactBope NaCl. C yBenm4eHHeM comepsKaHHUS
HUKeJII KOPPO3MOHHAs CTOMKOCTb CHayajla YBeTHYH-
BaeTCs, HO 3aTeM HauyHHaeT CHIDKAThCA. To >ke camoe
[IPOMCXOOUT C M3HOCOCTOMKOCTBIO ITOKPBITHA. MaKcH-
MaJIbHAsl K3HOCOCTOMKOCTD I10JIy4eHa IIpH COfeP>KaHUHU
HuKensa 1,0%.

Lenpto paboTel OBUIO IOTydYeHHe KBAa3HBBICOKO3H-
TPOIIUMHBIX C171aBoB (KB3C) ¢ HOBBIMHU CBOMCTBAMHU
B3aMeH [OPOrOCTOSIIHUX BBICOKOSHTPOIIMMHBIX CILIA-
BOB IIyTeM BBe[leHHS B IIHXTY HECKOJIBKHX CePHHHBIX
[IOPOILKOBBIX MaTePHajIOB Ha OCHOBE >KeJjie3a, HUKeJd,
KobaJibTa 1 106aBOK HAaHOKApOHI0B TaHTasIa IS [TOBBI-
IIeHHUS M3HOCOCTOMKOCTH IIOKPBITHH, IIONTy4eHHBIX
JIa3epHOM HAILIaBKOM.

OBOPYAOBAHUE N METO/ bl
NCCNIEAOBAHUN

B sKcIleprMeHTa/IbHBIX UCCIeJOBAHUIX UCII0Ib30BaIN
nasepHbIN KoMIiekc MMAIIL PAH [8]. O6pasisl HU3ro-
TaBAMBaIU M3 cTaau 40X pasMmepamu 15x20x70 MM.
JlJIsT U3rOTOBJIEHUS] WIMXTHI BBIOPAHBI ITOPOLIKM Ha
OCHOBe >Kesie3a, HUKeJs U KobasbTa CpelHeN TBepHo-
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of 3.5 mm in argon. After surfacing, annealing was
performed at a temperature of 800-1050 °C for 4 hours.
The highest hardness of 10500 MPa was achieved at an
annealing temperature of 850 °C, which significantly
exceeds the hardness of the sample after surfacing of
7800 MPa.

Powders of high-entropy Al,CrFeCoCuTiNi, alloys
(x=0.0; 0.5; 1.0; 1.5; 2.0) were applied to a 0.8 mm
thick Q235 steel substrate in the form of an organic
binder based coating [7]. Laser surfacing was per-
formed on the DL-HLT5000B unit with a radiation
power of 2500 W, a beam diameter of 4 mm, a beam
moving speed of 3 mm/s, in an argon medium. The
microhardness of the coatings increases with increas-
ing nickel content and reaches a maximum value of
1102 HV, which is 4 times higher than the base mate-
rial. Coating Al,CrFeCoCuTiNix alloys has good corro-
sion resistance in 1 mol/1 NaOH solution and 3.5% NaCl
solution. With an increase in the nickel content, cor-
rosion resistance initially increases, but then begins to
decline. The same thing happens with the wear resis-
tance of the coating. Maximum wear resistance was
obtained with a nickel content of 1.0%.

The aim of the work was to obtain quasi-high-
energy alloys (QHEA) with new properties instead of
expensive high-entropy alloys by introducing into the
charge several serial powder materials based on iron,
nickel, cobalt and tantalum nanocarbide additives to
increase the wear resistance of coatings obtained by
laser welding.

EQUIPMENT AND RESEARCH METHODS

In experimental studies, the IMASH RAS laser complex
was used [8]. Samples were made of 40X steel with
dimensions of 15x20x70 mm. Powders based on iron,
nickel and cobalt of medium hardness in a ratio of
2:2:1, respectively, with a particle size of 40-150 pm,
powder of tantalum nano-carbide with a particle size
of 40-100 nm, were selected for the manufacture
of the charge. The composition of the powders can
be represented as (Ni-Cr-B-Si, Fe-Cr-Co-Mo, Co-Cr-W)
TaC, (x=0; 3.0; 4.0; 5.0; 6.0). Slurry coatings were
applied with a thickness of 0.9-1.0 mm. An aqueous
solution of hydroxyethyl cellulose was used as a
binder material. By varying parameters, we chose the
radiation power P=800-1000 W, the processing speed
V=5-10 mm/s, and the beam diameter d=2-3 mm.
As an additional factor, scanning of a beam with a
fixed frequency f=215 Hz was considered. A resonance-
type scanner with an elastic element on which a
mirror is mounted was used. Metallographic studies
of deposited coatings were carried out on a PMT-3
microhardness tester with a load of 0.98 N, Altami
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CTH B COOTHOIIEHHH 2:2:1 COOTBETCTBEHHO C pasme-
poM yacTul 40-150 MKM, IIOPOIIOK HaHOKapbuaa TaH-
Tajia ¢ pasMmepoM dacTul 40-100 Hm. CocTaBs IIOPOIIKOB
MOXKHO IipesncTaBuTh B Buze (Ni-Cr-B-Si, Fe-Cr-Co-Mo,
Co-Cr-W)TaC, (x=0; 3,0; 4,0; 5,0; 6,0). IlnuKkepHEIe
TIOKPBITHS. HAaHOCHIU ToNIIKMHOMN 0,9-1,0 MM. B Kaue-
CTBe CBSI3yIOLIEro MaTepHala HCII0Nb30Ball BOLHBIL
PacTBOp OKCHATHJ/ILIE/IIIOI03bI. BapbpyeMbIMH I1apa-
MeTpaMH OBUIM BBIOpAaHBI MOITHOCTb M3/Ty4eHHS
P=800-1000 Bt, ckopocTh 06paboTku V=5-10 mMM/cC
U AMaMeTp Iyuka d=2-3 MM. B KauecTBe JOIIOTHUTE/b
HOro ¢aKkTopa pacCMaTPHBA/IOCh CKAHHUPOBaHHeE JIydya
¢ GUKCHPOBaHHOM 4acToToH f=215 I'11. Micrionbp3oBasics
CKaHaTOP Pe30HAHCHOIO THIIA C YIPYTHUM 3JIeMeHTOM,
Ha KOTOPOM 3aKpeIlyIeHO 3epKajo. MeTaiorpapuye-
CKHe HCCIefOoBaHHS HaIlJIaBJIeHHBIX MOKPBITHUH IIpPO-
BOIMJIMCh Ha MUKpOoTBepaoMmepe IIMT-3 ripu Harpyske
0,98 H, meTa/iorpagpruieckoM MHKPOCKOIe AJIbTaMU
MET 1C (HpOI/I3BO,El;CTBa 000 «Anpramun», r. CaHKT-
I[Tetepbypr) u nudpoBoM MHUKpockorie AM413ML (ripo-
M3BOZICTBA KOMITAaHKHU «AnMo Electronics Corporation»,
Kutan). CTPyKTypa M XHMHYECKHH COCTaB HaIllaB-
JIEHHBIX CJIOEB MCC/IeOBAJIMCh Ha CKAaHHUPYIOIIEM 3JIeK-
TpoHHOM MuKpockorie TESCAN VEGA 3 SBH (mpous-
BojcTBa KomItlaHHU «TESCAN», Yexus) C CHUCTEMOH
SHEepProJMCIIePCHOHHOIO aHaau3a C IpUMeHeHHeM
PEKHMOB OTPaskeHHBIX K BTOPUYHBIX 3JIEKTPOHOB.

Jlns ompeneneHHs TPUOOTOTMYECKUX XapaKTepH-
CTUK HaIUIaBJIeHHBIX 00pa3loB ITPOBOAMIN HCIIBI-
TaHHWe Ha abpa3suBHOe H3HALIMBAHHE IO CXeMe
bpuHennsi-XaBopTa [9]. B 30HY TpeHHS IIOJaBaJICS
KBapLEBBIM IIeCOK C pa3MepoM dacTul, 200-600 MKM,
BpeMsl HCIBITAHHUH COCTaBasyio 10 MHHYT MpH
Harpyske 15 H.

PE3YJIbTATbl 3KCNMEPUMEHTAJIbHbIX
NCCNEQOBAHUN

JlasepHas HamlaBka 06pasiioB BBIMNONHSIACE pacho-
KYCHPOBaHHBIM JIyYOM H C IIOII€PeYHBIMU KOmebaHU-
SIMH JIy4da [10 HOPMaJIk K BeKTOPY CKOPOCTH JIa3€PHOL
obpaborku. MeTtatorpaduuecKUMH HCCIeIOBAHU-
SIMH YCTaHOBJIEHO, UTO HaIl/IJaBKa Ha MHUHHMAJIbHOM
CKOPOCTH 5 MM/C IPHUBOIUT K CYIIECTBEHHOMY CHH-
SKEHHIO MHKPOTBEPAOCTH Kak gopokek KB3C, Tak
U JOpOXKeK ¢ mobaBrleHHeM HaHOKapbuga TaHTasa.
[TosToMy 06paboTKy 06pa3loB ISl HCIBITAHUN Ha
M3HAIIMBaHHUe [TPOM3BOJMIN TP MAKCHMA/IBHO BO3-
MO>KHOI CKOPOCTH IlepeMellleHMs lyda 8 MM/c. IIpu
5ToM GOpPMUPOBAJICS. PAaBHOMEPHBIN HaIllaB/IeHbII
BaJIMK U MUHHMaJ/IbHasl 30Ha OILIABJIeHHS MaTepHasa
oCcHOBHI obpasua 5-15 mxm. Ha puc. 1 (@ u 6) mpen-
CTaBJIeHbBl MHUKPOLUIMGBI HAIJIABIEHHBIX [JOPOSKEK
C cofepKaHHMeM HaHoKapbuja TaHTanza 6% pasme-

i g

MET 1C metallographic microscope (manufactured
by Altami LLC, St.Petersburg) and AM413ML digital
microscope (manufactured by AnMo Electronics
Corporation, China). The structure and chemical
composition of the deposited layers were studied using
a TESCAN VEGA 3 SBH scanning electron microscope
(manufactured by TESCAN, Czech Republic) with an
energy dispersive analysis system using the modes of
reflected and secondary electrons.

To determine the tribological characteristics of the
deposited samples, an abrasion test was performed
according to the Brinell-Haworth scheme [9]. Quartz
sand with a particle size of 200-600 microns was fed
into the friction zone, the test time was 10 minutes at
aload of 15 N.

RESULTS OF EXPERIMENTAL STUDIES

Laser surfacing of the samples was carried out by a
defocused beam and with transverse oscillations of
the beam normal to the laser processing speed vector.
Metallographic studies have established that surfacing
at a minimum speed of 5 mm/s leads to a significant
decrease in microhardness of both CVEC tracks and
tracks with the addition of tantalum nano carbide.
Therefore, the processing of samples for wear tests was
carried out at the maximum possible velocity of the

Focal-tShaper_Q

ana 3D-nevartwH (SLM)

COBMECTHO © OHmani aThermolX

npeofipasopaneni Focal-nShaper_0Q

iRt AIET

& ENARUPEROE AINTHE § GORYCE,

& NCHAWEHHOE PENDEHISE i Opwire,

& ol FHA TSRS POEHETOCT,

& CTEAN AR YEADBHT [ TEEH S
e npouscca ofipslomnin

» i, TEPMISSECEAR Cannr §ONYCa

CpasHeHWe Npoueccos

Honsuesoe nntwo, Focal-aShaper 0
® QTCYTCTHIAR MOHESHHE,
 MEHAMEIALIAN NOPHCTOCTA
® CTRhRAbHGCTE PRNYARTETOR

Taypccoaasi naseprine iyiom [TEM)
& HEHpEsing, Dpeisry
» NOPACTOCTE

info@adloptica.com
www.pishaper.com

A AdIiOptica

PHoTONICs vOL. 14 N212020 37



pamu 0,85x2,3 MM, TBepmocThio 10200-10500 MIla,
u 0,88x3,38 MM, TBepmocThio 10400-10900 MIla, moiny-
YeHHBIX PacPOKyCHPOBAHHEBIM JIyYOM M JIy4OM, CKa-
HUPYIOIKUM C 9acToTod 215 I'li. 30HA IpoIiaBleHUs
OCHOBBI ITpH 06paboTKke pacOKyCHPOBAHHBIM JIyUYOM
M CKaHHPYOIIHM JIy4oM cocTaBuia 280 u 110 MKM
COOTBETCTBeHHO. Ilmomiaab IMOIIepeYHOro CevyeHHs
eOUHHUYHOIO HaIlJIABJIeHHOIO C/I0S IIPH CKaHHPOBa-
HUM JTy4a B 1,53 pasa 6Gosblle, 4eMm IIpU HaIlJIaBKe
PacOoKyCMpPOBAHHBIM J1y4OM. 3aBHCHMOCTh MHUKPO-
TBepAOCTH HAIUIaB/IeHHBIX IOKPBITHH C IIOIepey-
HBIMH KOJIebaHHUSIMU JIyda II0 BBICOTE ITpelCTaBlIeHa
Ha puc. 2. C IOBBIIIEHHEM COZlepsKaHUsI HAHOKapbuaa
TaHTaJla B IIMXTe MUKPOTBEPAOCTh BO3pacTaeT.

Ha puc. 3. mpencraBieHa 3aBHCHMMOCTh HM3HOCA
00pasIoB OT cofmepskaHUsS HaHOKapbuga TaHTana.
[ToTeps Macchl 06pa3LioB ITPH UCIIBITAHUY Ha abpasuB-
HOe M3HAUIMBAaHHE YMEHBIIAeTCS IIPU IIOBBIIIEHUU
IIPOLIEHTHOr0 cofepskaHus mopomka TaC B Hamias-
JIeHHBIX CJI0SX. FI3HOCOCTOMKOCTD — BeJIMYMHA, 06paT-
Hasl [ToTepe Macchl 06pasiia. B JaHHOM 3KCIIepPHMeHTe
OHa yBeJIMYMJIACch B 7,2 pasa IIpH BBeJEHHHU B COCTaB
KXThl 6% TaC 10 CpaBHEHUIO C MaTepHUaJIOM OCHOBBI
cranbpio 40X ¥ Bo3pocia B 2,8 pa3a IO CPaBHEHHIO
¢ HarsaBkou KB3C.

HamnaBieHHBle MOKPBITHS  MKxToM  KB3C
1 KB3C+TaC He CKIOHHBI K TPeIIMHO0OpPa30BaHUIO.
B HUX HeT medeKTOB THIIA IIOP U paKoBHH. Heobxo-
OUMO IIpOBefleHHe AATbHEeHIIMX MCCIefJOBAaHHM Ha
KOPPO3HOHHYIO CTOMKOCTb IIOKPBITHH. OLHAKO yKe
Cceriyac MOXKHO IIPeAIIONIOKHTb 3HAUYHTe/IbHOe YBe-
JTH4YeHHe KOPPO3HOHHOM CTOMKOCTH B CPaBHEHHU
C CepUMHO BBHIIIyCKaeMBIMH IIOPOUIKAMH, CO3[aH-
HBIMH Ha OCHOBE Kejie3a, HUKeJId.

TexHosorus sasepHor HamlaBku KBOC MoskeT
OBITH KCII0/IB30BAHA /11 BOCCTAHOBJIEHHS Pa3/IMYHBIX
meTajnell MallMH, B TOM 4ucIe paboTaomux IpU
MIOBBIIIEHHBIX Harpy3Kax U TeMIlepaTypax. Hamboms-
IIeMy H3HOCY IIOJBEepP>KeHbl LIeHMKH BaJIOB 3JIeKTPU-
YeCKHMX MallMH M ra3olepeKavyHBalIIMX arperaTos,
MAaTpPULBL ¥ IIYHCOHBI IITAMIIOBOM OCHACTKH KaK JJIs
XOJIONHOM, TaK U [/ ropsdel LITAMIIOBKH. [IpuMe-
HUTEJIBHO K HUM pa3paboTaHa maHHAsl TeXHOJIOTLHS
Ta3epHOM HaIlJIaBKH.

BbIBOA bl
IIpennoxkeHo mokpeiTie KB3C. IIokpeiTHe HMeeT
MUKpOTBeprocTh 4000-4500 MIla UM MOXKeT OBITH
KCIIOTB30BaHO IIPH HAaIlJIaBKe Pa3lMYHBIX JeTalel,
paboTaromux IIpU IIOBBIIIEHHBIX TeMIlepaTypax
Y JaBJIeHUSX.

BBemeHue B coctaB mUXTH KBIC 6% HaHOKapbuma
TAaHTJIA [OBBIIIAET H3HOCOCTOMKOCTH B 2,8 pasa IIO
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beam 8 mm/s. In this case, a uniform deposited bead
and a minimum fusion zone of the sample base mate-
rial of 5-15 pm were formed. Figure 1 (a and b) show
microsections of deposited paths with a tantalum
nanocarbide content of 6%, dimensions 0.85x2.3 mm,
hardness 10200-10500 MPa, and 0.88x3.38 mm, hard-
ness 10400-10900 MPa, obtained by defocused beam
and beam scanning with a frequency of 215 Hz.The

SEM HW: 20.0 kY WD 1501 mim VEGAT TESCAN

View field: 132 um Det: BEE

Wik 15.00 mm
Det: BSE

YEGAT TESCAN

Puc. 1. Mukpocmpykmypbl HAnAd8AeHHbIX NOKpbIMul

HAa 2paHuUe ¢ 0CHo8ol, codep)KaHue HaHo Kapbuda
manmana 6%: a — HanAaseka pacokycuposaHHbIM

Ay4oMm; b - Hannaska ckaHupyrouUM AY4OM

Fig. 1. Microstructure of the deposited coatings at the
border with the base, the content of tantalum nano-carbide
is 6%: a - surfacing with a defocused beam; b - surfacing
with a scanning beam
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Fig. 2. Dependence of microhardness along the height of the deposited layer

CPaBHEHUIO C HAIUIABKOM 6e3 HCII0Ib30BaHUS Kapbuia
U yBelIHYHBaeT MU3HOCOCTOMKOCTh B 7,2 pa3a IIO CpaB-
HEeHUIO C XapaKTepHUCTHKOM MaTepHaga OCHOBBI M3
crtanu 40X.
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penetration zone of the base during processing with
a defocused beam and a scanning beam was 280 and
110 pm, respectively. The cross-sectional area of a single
deposited layer when scanning a beam is 1.53times
larger than when surfacing with a defocused beam.
The dependence of the microhardness of the deposited
coatings with transverse beam oscillations in height
is shown in Fig. 2. With an increase in the content of
tantalum nanocarbide in the mixture, the microhard-
ness increases.

Fig. 3 shows the dependence of the wear of the
samples on the content of tantalum nanocarbide. The
loss of mass of the samples during the abrasion test
decreases with increasing percentage of TaC powder in
the deposited layers. Wear resistance - the reciprocal
of the loss of mass of the sample. In this experiment,
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it increased by 7.2 times with the introduction of 6%
TaC into the mixture compared with the base material
of 40X steel and increased by 2.8 times compared to
the QHEA surfacing.

Deposited coatings with QHEA and QHEA+TaC
charge are not prone to crack formation. They have
no defects such as pores and shells. Further research
is required on the corrosion resistance of coatings.
However, now we can assume a significant increase in
corrosion resistance in comparison with commercially
available powders based on iron and nickel.

QHEA laser cladding technology can be used to
restore various parts of machines, including those oper-
ating at elevated loads and temperatures. The shafts of
electric machines and gas pumping units, dies and
punches of die tooling, both for cold and hot stamping,
are subject to the greatest wear. In relation to them,
this laser surfacing technology has been developed.

CONCLUSIONS

QHEA coverage is proposed. It has a microhardness of
4000-4500 MPa and can be used for surfacing various
parts operating at elevated temperatures and pressures.
The working parameters of the laser cladding techno-
logical process are determined: radiation power, speed
of the laser beam, beam diameter.

The introduction of 6% tantalum nanocarbide into
the QHEA charge increases the wear resistance by
2.8 times compared to surfacing without carbide and
increases the wear resistance by 7.2 times compared
with the characteristic of the base material made
of 40X steel.
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