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Mpwu nasepHoM nepenaaee NOPOLIKOB MOXHO
BbIPACTUTb 3aroTOBKY C OAHOPOAHOMN MeNIKO3epHUCTOMN
CTPYKTYpOM, Nosy4eHrne KOTOpOW Npu TPagULUOHHbBIX
TEeXHOJIOrnaxX NNTbs HEBO3MOXHO. lNMpepcTaBneHa
oTeyecTBeHHas YCTaHOBKA A1 aAAUTUBHbBIX
TeXHOJIOr M CreKaHUs pas/InyHbIX MaTepuasnoB.
YcraHoBKa 6a3supyeTcsa Ha MoLwHoM (g0 2,5 KBT)
BOo/IHOBOAHOM CO,-nasepe, o6ecneymsarouiem
YHUKasibHOe No OA4HOPOAHOCTU pacnpeaeneHme
MNJAOTHOCTN MOLHOCTU U3JTYYEHUS HA MULLEHN.
MpuBeaeHbl pe3ynbTaTbl CNEKaAHUS XXapOonpOo4YHbIX
CNJaBOB Ha HUKeNeBoW ocHoBe Mapok BKHA-1BP, BXK/1
12Y n BXX159. Mopowku paspaboTaHbl 418 co3gaHus
CNOXXHOMNPOPU/IbHBIX AeTasen rasoTypoMHHbIX
asuratenei (FTA) MeTOA0M NOCNOMHOIO 1a3epHOro
CnAaB/IeHUS U A1 PEMOHTA C/I0XXHOMNPOPUIbHbIX
petanen I'T[, MeTon0M 1a3epHOM ra3onopoLLKOBOM
Han/1aBKWU.

BBEAEHWE

AKTHUBHOE Pa3BHUTHE TEXHOJIOTHHM JIa3epHOI'0 CHH-
Te3a 06 e MHBIX I/IS,ELEHI/Iﬂ CTaj10 0CO6eHHO 3aMeTHBIM
B [IOC/IeJHUeE TOABl. DTa TeXHOJIOTUS 0611a/:[aeT pssaomM
CyleCTBeHHBIX ITpeHMMYyILIeCTB, OAHO H3 KOTOPBIX -
COKpalleHHe CPOKOB IIPOEKTHPOBAHHUA U CO3OAHHUA
MaKeTOB HOBOM TEXHHUKHU. DTU TEXHOJOTHHU MOI'yT
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A workpiece with a uniform fine-grained structure
can be grown through powder laser melting,
which is not possible with conventional casting
technology. The following is a domestic plant

for sintering additive technologies of various
materials. The plant is based on a powerful (up to
2.5 kW) waveguide CO,-laser that has a unique
uniform distribution of radiation power density
on the target. The results of sintering of heat-
resistant nickel-based alloys VKNA-1VR, VZHL12U
and VZH159 are discussed. The powders are
designed to create figurine-shaped parts of gas
turbine engines (GTE) by layered laser fusion and
to repair GTE figurine-shaped parts by laser gas-
powder building-up.

INTRODUCTION
Active development of bulk product laser synthesis
technology has become especially noticeable in
recent years. This technology has a number of
advantages, one of which is reduction of term of
designing and layout of new equipment. These
technologies can be of high demand by metallurgy,
aerospace, automotive and other industries [1-5].
Experimental studies confirm the efficiency of
the method of layered selective laser sintering (SLS)
of bulk products made of powders. When deter-
mining the method, the selectivity refers to the
ability to scan the free surface of powder material
with a laser beam along a preset contour consider-
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Fig. 1. SLS technology implementation scheme: Scheme of
powder supply through a coaxial nozzle with control feedback
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Fig. 2. Scheme of layered building-up with supply of powder
and shielding gas

6bITH BOCTpeOOBAHBI MeTa/Iypru4eckoi, aBHAaKOC-
MHYeCcKOH, aBTOMOOUIBHOM U IPYTUMH OTPACISIMH
IIPOMBIIIJIEHHOCTH [1-5].

DKCIIepUMEeHTAIbHbIe HCC/IeLOBAHHUSA IIOATBEPK-
JAOT IIepCIeKTHBHOCTb MCIIONb30BAaHUS MeToja
IIOCJIONHOTO CeJIeKTHBHOIO JIa3epHOT0 CIEeKaHHUS
(CJIC) 06 beMHBIX M3eIUHN U3 IIOPOIIKOB. B ommpene-
JIEeHHH MeTOoJa II0A CeJeKTHBHOCThIO IIOHHMAaETCS
BO3MOXHOCTb CKaHHPOBAaHHSA JIa3epPHBIM JIYyYOM
CBODOIHOM II0BePXHOCTH IIOPOIIKOBOTO MaTepH-
ajga Io 3aJaHHOMY KOHTYPY C Y4YeTOM O3MPOBKH
JTa3epHOro0 H3JIy4eHHsS B KaXXAOHM TouKe 1ub0
HeIloCpeNCTBeHHAs IIofaya IIOPOLIKOBOLO Mare-
pHana B 30HY [eHCTBHS Ja3epHoro ayda (puc.l-3).
Brnarogapsi IIKPOKOMY BBIOOPY IIOPOLIKOBBIX Mate-
pHaoB MOKHO M3TOTaBAMBATh U3, UMEIOIIHe
BBICOKHE KCIITyaTallOHHBIe CBOMCTBA.

TexHomoruu CJIC aKTHBHO Pa3BUBAIOTCS B IIOCTIE[-
HHe TOAbl B TEXHOJIOTHYECKH Pa3BUTHIX CTpPaHax.
HecMoTpsi Ha HaKOIUIEHHBIN 3HAUWUTENbHBIM OIIBIT
TeOpeTHYeCKUX K 3KCIePHMEHTAJIbHBIX HCCJIeL0Ba-
HHUM, B PoCCHU NpPaKTUYeCKH OTCYTCTBYeT CepHI-
HOe IPOM3BOACTBO IIPOMBIIIIIEHHOTO 000pyIOBaHMUS
B obnactu CJIC. CTOMMOCTH egUHMUILILI npno6peTa-
eMoro 3apybeskHoro o60pymoBaHMS IIpeBBHIIIAET
800 ThIC. €BpoO.

Ce/JleKTUBHOEe Jla3epHOe CIIeKaHHe IIOpPOIIKOB
[103BOJISIET U3TOTABIHBATh H3eJIHS K3 QOCTATOYHO
IIMPOKOIO CIIeKTpa MaTepHaoB (MeTa/Ibl, Kepa-
MUKA, ITOPOLUIKO06pA3HbIe IVIACTUKU U IP.).

ing laser radiation dispensing at each point, or
a direct supply of powdered material to the laser
beam processing area (Fig.1-3). With a wide range
of powder materials, one can manufacture prod-
ucts with high service properties.

The SLS technologies have been actively
developed in recent years in the technologically
advanced countries. Despite the considerable expe-
rience in theoretical and experimental studies,
there is practically no mass production of indus-
trial equipment in the SLS field in Russia. A unit
cost of purchased foreign equipment exceeds 800
thousand euro.

Selective laser sintering of powders allows for
manufacturing of products of a sufficiently wide
range of materials (metals, ceramics, plastics and
powder, etc.).

EXPERIMENTAL COMPLEX FOR ADDITIVE
TECHNOLOGIES BASED ON WAVEGUIDE
CO,-LASER WITH AN AVERAGE POWER OF
RADIATION UP TO 2.5 kW

Relying on extensive experience in engineering
works on the modification of the surface,
hardening, building-up and doping, in recent years
the specialists of ILIT RAS have been developing a
laser complex of additive technologies (selective
laser sintering - SLS of materials and products from
metal powders). The complex is based on a multi-
channel waveguide CO, - laser "Hybrid" (Fig.4) with
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Fig. 3. Scheme of layered powder sintering using radiation
scanning device

Puc.4. NazepHubili komnaexc CJ1C (cresa — rasepHbili usny4a-
menb muna "fubpud” c OMKpbIMbIMU NAHEASMU; cNpasa -
mexHoAOzuYecKds KabuHa ¢ mpexkoopAUHAMHbIM CMOAOM)
Fig. 4. SLS laser complex (left — laser emitter “Hybrid” with
open panels; right — process cabin with three-coordinate
table)

3KCMNEPUMEHTA/IbHbIA KOMIMJIEKC

ANA AALOUTUBHDBIX TEXHOJ1I0MUM

HA BA3E BOJIHOBOAHOI'O CO,-/1IA3EPA

CO CPEAHEN MOLLHOCTbIO U3/TYYEHUA
00 2,5 kBTt

B HIUIMWT PAH B TeueHHe IOCJIeAHUX JIeT, OIIHpa-
SCh Ha OOTaTeHMINMN ONBIT TeXHOJIOIMYEeCKUX PaboT
10 MOAMHUKALIMY [TIOBEPXHOCTH, 3aKa/IKe, HAaIl/IABKe
U JIeTUPOBAaHUIO, pa3paboTaH JIa3epHBIM KOMIIJIEKC
AIIUTHUBHBIX TEXHOJIOTHI (CelleKTHBHOe Ja3epHoe
ciekaHue - CJIC MaTepHasoB K H3[elHN U3 MeTasl-
JTHMYeCKUX IIOPOIIKOB). KOMIIJIeKC OCHOBaH Ha BOJ-
HOBOJHOM MHOroKaHanbHOM CO,nmasepe "Tubpun'
(puc.4) co cpemHeN MOIIHOCTBIO 10 2,5 KBT U Tpex-
KOOPAMHATHOM CTojle-MaHHUIyasiTope [6-8]. TexHu-
YecKHe XapaKTepUCTHUKU na3zepa 'Tubpup' - TexHO-
JIOTHM4ecKoro BolHOBogHOro CO,1a3epa IpHBeJeHbI
B Tab. 1.

TexHomoruvyeckum 7asep 'Tubpup-l' wumeer
OfIHOMOJIOBOE pacIlpefieleHHe U II03BOJseT CHOKy-
CHUPOBaTh H3/ydeHHe B ISITHe JHAMETPOM MeHee
100 MKRM, b;maromapsi 4eMy IIPH COOTBETCTBYIOLIEM
IIPOrPAaMMHOM U alIapaTHOM obecrieueHUH MOXKHO
BBIPAIIMBATh [eTaJIM C BBICOKMM IIPOCTPAaHCTBEH-
HBIM paspemieHueM. Jlazep "Tubpua2" oTaudaercs
OT IpefBIAylIero BapHaHTA TOIBKO 3aMEHOM pe30-
HATOPHBIX 3epkaj. OH obecredyrBaeT YHHKAJIbHOE
OLHOPOLHOEe pacIpefiejleHHe IIJIOTHOCTH MOIIHO-
cTu Ha obpabaTbpiBaeMoM IIOjle JHaMeTpom OT 0,5
mo 10 mM. Ha puc.5. mpeacraBieHO HM3MepeHHoe
pacmpefiefieHHe IJIOTHOCTH MOIIHOCTH H3/1y4eHHSs
Ha MMIIEHH. B poKyce MBI MMeeM rayccoBO pacIipe-
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an average power of up to 2.5 kW and 3-coordinate
table manipulator [6-8]. Specifications of "Hybrid"
laser - Industrial waveguide CO,-laser are shown
in Table 1.

Jypzns OTH. €41

Puc.5. PacnpedeneHue naomHocmu MOoLHOCMU Uu3AyYe-

HUSI HO MULEHU: AUHUS 1 - pacnpedeneHue 8 GoKyce AUH3bI
(f=300 mm); AuHus 2 - pacnpedeneHue Ha paccmosiHuu 30 Mm
3a ¢pokycom, HeOOHOPOOHOCMb NAOMHOCTIU MOUHOCMU MeHee
5%)

Fig. 5. Distribution of radiation power density on the target
(line1-distribution in lens focus (f=300 mm); line 2 - dis-
tribution on the focal distance of 30 mm out of focus; power
density non-uniformity is less than 5%)

Tabnnua 1. TexHMYeckme XxapakTepncTmkm n1asepos cepum 'l
Table 1. Specifications of “Hybrid" series lasers

6p|/|ﬂ,"

MapameTp "mépua-1" "fTmébpng-2"
Parameter “Hybrid-1" “Hybrid-2"
[MHA BOJTHbI U3/TYYEHUS, MKM
Radiation wave length, pkm 10.6 10.6
HoMMHanbHas MOLWHOCTb U3ay4eHuns, BT
Rated radiation power, W L 2=l
NMMyNbCHO-NEPUOAMYECKMA PEXUM reHepaumnm, KIy, _ _
Repetitively-pulsed generation mode, kHz 02725 0.2-2,5
HecTabunbHOCTb MOLHOCTY U3yYeHns, % <2 <2
Radiation power instability,%
AnepTypa, MM 20

PTYPa, C cy>atoLWwmmM TesIecKonom 45

Aperture, mm

With narrowing telescope

PacxoAnMMOCTb U3NYYEHUS, MPaS,
Radiation divergence, mrad

[ paclumpsatoLWmMM Teneckonom 8,5

0,8

With expanding telescope

Pacxof ra3oBoM CMech, HA./4

Gas mix consumption, nl/h L5 >0
Pacxop oxnaxzatoLen Bogbl, M3/ 4

. . g 0.8 2.5
Cooling water consumption, m3/ h
TexHu4ecknm KNa,% 11 10
Technical efficiency factor,%
Macca, kr
Weight, kg SR =t

IeneHHe (IMHUSA 1), a Ha HEKOTOPOM PacCTOSIHUU
32 QOKycoM HMeeT pacIipelle/leHHe THUIIA 'CyIlepra-
ycc", To ecThb Io/ly4aeM Ha KapTHHe pacIpeje/eHHs
IIJIOTHOCTHU MOIIHOCTH OJHOPOLHYIO IIO/IOUKY.

DKCNEPUMEHTAJIbHDBIE PE3YJ1bTATDbI
Llenpl0 MCCIENOBAHUI CTAJI0 HM3ydeHHe BO3MOXKHO-
CTel BHIPAINMBAHHUS 3arOTOBOK C OLHOPOLHOM Me-
KO3€PHUCTOM CTPYKTYPOH IIPH JIa3epHOM IiepeIyiaBe
MeTaJ/UIMYeCKHUX IIOPOIIKOB K3 SKapOIIPOYHBIX CILIA-
BOB Ha HHKeJIeBOM OCHOBe, pa3pabOTaHHBIX AJIS
KM3TOTOBJIEHUS CJIOKHOIPOPUIBHBIX [eTanel MeTo-
IOM ITOCIIOMHOIO JIa3epHOro CIUIABJIEHHS. B 3Kcie-
pyuMeHTe 6blIa IIpoBelleHA HaIlJIaBKAa MaTepHasoB
U3 mopoumkoB BKHA-1BP, BXJ1 12Y u BX159. OHu
HMEIOT CeAyIOMNU XUMHUYeCKHUH COCTaB, %:
« BKHA1BP ocHoBa Ni; Al: 8-9; Cr: 5-6; Hf: 0,4-0,6;

Mc: 2,5-4,5; Ti: 1-2; W: 2-4; Si: <0,4; Fe: <0,5;
* BXXJ112Y ocHoBa Ni; Co: 5-14,5; Cr: 9-10;

Al: 5,1-5,7; Ti: 4,2-4,7; Lyy: 2,7-3,4; V: 0,5-1;

Ny: 0,5-1; W: 1-1,8;
« BXX 159 OcHoBa Ni; Al: 1,25-1,55; Mo: 7-8;

Ny: 2,5-3,5; Si: <0,8; B: <0,005; Fe: <3,0;

P: <0,013; Mn: <0,5; Mg: <0,03.

Industrial laser "Hybrid-1" has a single-mode
distribution, and allows you to focus the radiation
within a spot diameter of less than 100 microns.
With the appropriate hardware and software, it
provides for the ability to grow a part with high
spatial resolution. Laser "Hybrid-2" differs from
the previous one only in the replacement of resona-
tor mirrors. It provides for a unique uniform power
density distribution on the processed field with a
diameter of 0.5 to 10 mm. Figure 5 shows the meas-
ured distribution of the radiation power density
on the target. In focus we have a Gaussian distri-
bution (line 1), but at some distance out of focus
we have a "super-Gaussian" distribution, i.e., we
obtain a uniform shelf on a power density distribu-
tion pattern.

EXPERIMENTAL RESULTS

The aim of research was to study the possibilities
of growing workpieces with a uniform fine-
grained structure in laser melting of metal
powders of heatresistant nickel-based alloys,
designed for figurine-shaped parts by layered laser
fusion. The experiment involved building-up of
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Puc.6. O6pasubl Hanaasku nopolwkos (cresa — BXK159,
ckopocmb 4 mm/c, pacxod 8 2/muH, P=1,8 kBm, & cepeduHe -
BKHA 1BP, ckopocmb 4 mm/c, pacxod 8-12 2/muH, P=1,8 kBm;
cnpasa — BXK 12Y, ckopocmb 4 mm/c, pacxod 8-12 2/muH,
P=1,8 kBm)

Fig. 6. Samples of powder building-up (left - VZH159, speed

is 4 mm/sec, flow rateis 8 g/min, P=1.8 kW; center - VKNA
1VR, speed is 4 mm/sec, flow rateis 8 g/min—12 g/min, P =
1.8 kW; right - VZH12U, speed is 4 mm/sec, flow rate is 8 g/
min-12 g/min, P=1.8 kW)

) b

Puc.7. [MonepeyHble ceveHus 8aAUKO8, HANAABNEHHbIX
nopouwikom BKHA 1BP Ha pa3Au4HbIX CKOpOCMSX: a) — 2 mm/c;
b) - 6 mm/c

Fig. 7. Cross sections of beads built-up using VKNA TVR pow-
der at different speeds: a) -2 mm/s; b) - 6 mm/s

9TH NOPOUIKU IpeJHa3sHadeHBbl AJIS HU3TOTOBJIe-
HUS CJIOKHOIIPOQHIIBHBIX eTasler ra3oTypOHHHBIX
geuratener (I'T[) MeTOAOM IIOCIOMHOIO JIa3epHOIO
CILIaBJIEHHS W /19 PeMOHTA CJI0KHOIPOQHUIBHEIX
netaner I'T/l MeTOOOM Ja3epHOH Tra30NOpPOIIKOBOM
HaIUIaBKH. [Io MHEeHHIO CIleliMajlnucToB BUAM, mmpu
Jla3epHOM IIepell/iaBe Pa3paboTaHHBIX IOPOIIKOB
MOXXHO BBIPACTHUTD 3arOTOBKY C OJHOPOJHOK MeJIKO-
3epHHUCTOM CTPYKTYPOH, II0JIy4YeHHe KOTOPOH Tpaldu-
LIMOHHBIMHU TeXHOJIOTHUSIMH JIMThSI HEBO3MOSKHO.

AHanu3 MaKpoIlIMQOB [IOKA3bIBaeT, UTO Ha yKa-
3aHHBIX peXHMax (puc.6) HabniogaeTcss yIoOBJET-
BOpHUTe/IbHOe GOPMHUPOBaHHE OTHe/NbHBIX HalllaB-
JIeHHBIX BaJIMKOB. B KadecTBe mpuMepa Ha PHC.7.
IpefCcTaBeHbl IIOIlepeYHble Ce4YeHHsS BaJIMKOB,
IIOJIyYeHHBIX MpPHU IeperiaBe mopomka BKHA-1BP.
C yBellMUeHHeM CKOPOCTH HaIlIaBKH yMeHbIIAeTCsl
IIMPHHA M BBICOTA HaIlJIaBJIEHHBIX BaJIHKOB, IJIYy-
6vHa IOJIIaBJIeHHs] OCHOBBL PacTeT, a MPOTSKeH-

materials made of powders VKNA-IVR, VZHLI2U

and VZH159. Chemical composition of the powders

as a percentage (%) is given below:

e Ni-based VKNA 1VR; Al: 8-9; Cr: 5-6; Hf: 0,4-
0,6; Mc: 2,5-4,5; Ti: 1-2; W: 2-4; Si: <0,4; Fe:
<0,5

+ Ni-based VZHL12U; Co: 5-14,5; Cr: 9-10; Al: 5,1-
5,7; Ti: 4,2-4,7; L10: 2,7-3,4; V: 0,5-1; Nb: 0,5-1;
W: 1-1,8

* Ni-based VZH159: Al: 1.25-1.55; Mo: 7-8; Nb:
2,5-3,5; Si: <0,8; B: <0,005; Fe: <3,0; P: <0,013;
Mn: <0,5; Mg: <0,03
Metal powders of heatresistant nickel-based

alloys VKNA-1IVR, VZHL12U and VZH159 are

designed for figurine-shaped parts of gas turbine
engines (GTE) by layered laser fusion and for repair
of GTE figurine-shaped parts by laser gas-powder
building-up. According to RRDI, a workpiece with
a uniform fine-grained structure can be grown

Tabnuua 2. 3aBMCMMOCTU NAPaMeTPOB Ba/IMKOB OT CKOPOCTW HAaMIaBKM
Table 2. Dependence of the bead parameters on building-up rate

CKOpOCTb
MakcmMmanbHas no raybuHe

HanaBKkuy, MM/c LWnpuHa, MM BbicOTa HanaaBKu, MM rnybuHa noannaBaeHUs, MM
Building-up rate Width, mm Building-up height, mm Submelting depth, mm S5 LN

grup ' : g-up height, g depth. Maximum HAZ in depth, pm
mm/s
2 3,43 0,17 0,31 1476
4 3,23 0,14 0,36 1094
6 2,80 0,12 0,60 731
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HOCTb 30HBI TEPMHUYECKOro BAUsHUS (3TB) ymeHbIIa-
etcs (Tabi. 2).

BTopor M KakXABIM IOC/IeAYIOUMMN HallJlaBIeH-
HBIM BaJIHK QOPMUPYIOTCS 3a cuyeT IlepeMeIlMBa-
HHUS PpacI/aBJeHHOro MeTajja I[pelblayliero
CJIOS C MeTaJIOM, IOAyYeHHBIM IIPU ILIABIEHUHU
mopoika. [Io3ToMy IO Mepe yBelH4YeHMs KolHue-
CTBa Ba/IMKOB HX XMMHUYECKHH COCTAB CTabU/IM3U-
pyeTcsi. [Uisi Jla3epHOIM HAIUIABKH BbIPAaBHHUBAaHUeE
COCTaBa IIPOUCXOAUT IIOC/Ie BBIIIOTHEHHUS 3-5 CJI0eB.
Hcxoms U3 3TUX COOOpaskeHUM, aHAIH3 MUKPO-
CTPYKTYPBI IIPOBOLMIIH, H3y4asi CTPYKTYPy U3 Tpex
BaJIMKOB.

B JIMTOM HalJ/aB/IeHHOM MeTaJje HabimiomaeTcs
STYeHCTasi WIN SYeUCTO-IeHIPUTHAsL TPAaHCKPHUCTAII-
NUTHas CTPyKTypa (pHC.8). POCT KPHUCTAJIJIOB IIPOMC-
XOIWT B HAIIPAaBIeHUH OT IOZJIOKKHU K IIOBEPXHOCTH.
B MHKPOCTPYKTYype JTHUTOTO0 MeTal/la MHOIOIIPOXOZ-
HOTO CJIOSI He Hab/omaeTcsl CylecTBeHHBIX OTIMYHH
OT e JMHHUYHOI0 Ba/JIMKa.

PocT TBepzmor Gpa3bl HAUKMHAETCS OT OIJIABIeHHBIX
3/IeMEHTOB CTPYKTYphl NpeAblAyIlero HallJaB/eH-
Horo cjosi. Ha JIMHUHK CIJIaBlIeHUS MeXAY OTAesb-
HBIMM HaIllJIaBJeHHBIMH BalHKaMH Habmomaercd
POCT TBepHo¥ Gasbl OT OIUIABUBIIMXCS 3TIeMEHTOB
IIePBUYHOM CTPYKTYPBL, UTO TOBOPUT 00 yCTaHOBIe-
HUHU IPOYHOM MeTa /UIMYeCKOM CBSI3U MeXK/y Hall/aB-
JIEHHBIM MeTaJLJIOM IIPeABIAYIero U Iocjieyoiero
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Puc.8. Banuk, HanaasneHHbIl nopowkom BKHA 1BP 3a mpu
npoxoda Ha ckopocmu 2 Mm/c (MUKpocmpyKmypa Hanadaeien-
H020 Memania)

Fig. 8. Bead built-up using VKNA 1VR powder in three passes
at a speed of 2 mm/s (weld metal microstructure)

through powder laser melting, which is not possi-
ble with conventional casting technology.
Macrosection analysis shows that a satisfactory
formation of the individual weld beads (Fig.6) is
observed under the specified modes. As an exam-
ple, Fig.7 shows cross-sections of beads obtained
by melting of VKNA-1VR powder. With the increase
of building-up rate, the width and height of weld
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Puc.9. VizmeHeHue mukpomeepdocmu no ebicome HanAasAeHHo20 cAos nopowkom BKHA 1BP, 8binoAHeHH020 3a mpu npoxo0d HA CKo-
pocmu 2 mm/c
Fig. 9. Change of microhardness by height of the built-up layer using VKNAITVR powder performed in three passes at a speed of 2 mm/s
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Fig. 10. Cast metal primary structure of the bead built-up using VZHLI2U powder performed at different speeds: a -2 mm/s; b -
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BJIKKOB. [Ipy cOOMIONEHNH OLITUMAJIbHBIX PESKHMOB
B MHOTOCJIOMHBIX HaIlJIaBKax He HabiomaeTcss CHU-
SKeHH S TPABHMOCTH 30H CIIJIaBJI€HU S II0Ce Y IOLIero
U IIpeAblAYIIero HalaaBAeHHBIX BaTHKOB.

Kpome Toro, B MecTe KOHTAKTa HaIl/laBJIeHHBIX
BAJIMKOB MHKPOTBEPLOCTb He H3MeHseTcs (puc.9).
9TO CBUAETE/NbCTBYeT O TOM, UTO B 30HE TepMHUUe-
CKOTO BJIHSIHUA IIOCTeAyMoLiero BaluKa Aubdysu-
OHHBle IIPOLIeCCHl He YCIIeBAaIOT Pa3BHUBAThCsS M3-3a
BBICOKHMX CKOPOCTeH HarpeBa U OXJIaXXIOeHHS IpHU
J1a3epHOM BO3[I€HCTBHH.

C yBelM4YeHHeM CKOPOCTH HAIIaBKH IIPOMCXO-
OUT H3Me/lbueHHUEe 31eMeHTOB IIepBUYHOH CTPYK-
Typbl U IOsIBJIeHHe STUeHCThIX AeHAPUTOB (puc.l0).
ITO CBUAETENBCTBYeT O BO3PACTaHHUU TEPMOKOHIIEH-
TPAaLIMOHHOIO IIepeoXJa’kAeHHsI, UYTO IIOJIHOCTBIO

beads decreases, the depth of the foundation
submelting increases and the length of the heat
affected zone (HAZ) decreases (Table 2).

The second, and each subsequent, weld bead is
formed due to mixing of the molten metal of the
preceding bead with the metal powder obtained
by melting. Therefore, as the number of beads
increases, their chemical composition is stabilized.
For laser welding, the structure alignment occurs
after 3-5 layers. Based on these considerations,
microstructure analysis was carried out in the 31
bead.

The cast weld metal demonstrates cellular or
cellular-dendritic transgranular structure (Fig. 8).
The crystal growth occurs in the direction from
the substrate to the surface. The cast metal micro-

a-12/muH; b-82/muH

Puc. 1. BausiHue pacxoda nopowKa Ha GpopmuposaHue nepeuyHoli CmpyKmypbl AUMO20 Memannd HanAasAeHHbIX 8AAUKO8:

Fig. 11. Influence of powder consumption on cast metal primary structure formation of built-up beads: a-11 g/min; b -8 g/min

S
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COIJIacyeTcs C COBPeMeHHBIMH IIPe[CTaBIeHUIMU
0 GOPMHPOBAHHHU IIEPBUYHOM CTPYKTYPEl B HEPAaBHO-
BeCHBIX YCJIOBUSAX. AHQJIN3 JTUTOM CTPYKTYPHI II03BO-
JsieT IIPeAIIONIOKHTDh IIOBBIIIEHHE CTPYKTYPHOUYYB-
CTBHUTE/IBHBIX CBOMCTB C POCTOM CKOPOCTH HAIlJIaBKH,
YTO CBSI3aHO C M3MeJIbYeHHeM U 'IeHApUTH3aLuen”
[IepBUYHOM CTPYKTYPHL.

HM3-3a yMeHbIIeHUS pacxoja IIOPOIIKA BhI3bIBaeT
HeKOTOpOe yKpyIIHeHHe IepPBUYHOH CTPYKTYpPHI
M OTKJIOHeHHE ee OT J4YeHCTOro CTPOeHUS B CTOPOHY
SYEHCTHIX JeHAPUTOB (prc.1l). 3HauMTeIBHOTO MOPO-
obpasoBaHHs Ha MeTa/ulorpaduyecKuUx HUIHPAX
He Habmmopmaercsi. IlepBHUYHasi CTPYKTypa HaIlJlaB-
JIeHHOI0 MeTajlla HMeeT SYeHCTO-AeHIPUTHOe
CTpOeHHUe.

HccnemoBaHue CTPYKTYphl MeTasljia, IIOJIy4YeH-
HOTo IepemjiaBoM mopomka BXKJI 12V, u aHanus
MakpoumiK$oB HaIM/JaBAeHHBIX BaJlHMKOB IIOKa-
3BIBAET, 4YTO, TaK K€ KaK K IIPHU MCIIOJb30BAHUHU
ropomka BKHA 1BP, HaniaB/ieHHBIe 00pa3iibl KMeIOT
TPHU SAPKO BhIpa’keHHBIe 30HBI. C yBeIHUYeHHEeM CKO-
POCTH HAIMJIaBKW yYMEHbIIAeTCS IMMPHHA M BBICOTA
HaIlIaBJIeHHBIX BAJIMKOB, a INyOHHA IOATIIABIEHUS
OCHOBEI pacTeT. [Ipy HamaaBKe eJMHHUYHOIO BaJlKKa
Ha IO/JIOKKY HabniogaeTcsi yKpyIHeHHe CTPYKTY Pl
B 3TB. C yBenuueHHeM CKOPOCTH HAIlJIABKH IIPOTS-
SKeHHOCTb 3TB ymeHbImaercs (Tabi. 3).

HccnemoBaHue CTPYKTYphl MeTajlia, IIOJIYy4eH-
HOrO I1eperuiaBoM mopomka BXK 159, moxkasaso cieny-
fomee, IIpy H3MeHeHHUY CKOPOCTH HAIlJIABKU IIOPOLI-
KoM BJK 159 HabmmomaloTcd Te ske TeHIeHIHUH, UYTO
Y IIPHU MCIOJIb30BaHHH HOPOIIKOB BKHA-IBP 1 BXKJI
12Y. To4HO TaK >Ke HaIlJaB/ieHHble 006pa3libl HUMEIOT
TPH APKO BBIPa’KeHHBbIE 30HBI: JIUTYIO 30HY, METaJII,
[IOABEPrUIUICS TepMHUUYecKOMY BIHsSHHUIO (3TB),
M OCHOBHOIM MeTa/llI, He HMCIBITABIIMH TeIJI0BOIrO
BO3encTBUs. C MOBBIIIEHHEM CKOPOCTH HaIlJIaBKH
yMeHBIIAeTCS IIHMPHHA W BBICOTA HaIlJIaBJIeHHBIX
BaJIMKOB, a I/TyOHHA IMOJIIaB/lIeHHUsI OCHOBBI pacTeT.
ITpu HamIaBKe eAMHHYHOIO Ba/IMKA Ha IIOJJIOXKKY
HabomaeTcs yKpyIHeHHe CTPYKTYpHI B 3TB, a c yBe-
THUYeHHeM CKOPOCTH HAaIUIABKH HPOTIKeHHOCTh 3TB
yMEHbIIAeTCH.

BbiBO/bl

TakuM o6pa3oM, IIPH J1a3epPHOM IlepellyiaBe MOPOII-
KOB 3 >KapOIIPOYHBIX CIIJIABOB Ha HHKeJIeBOH OCHOBE
Mapok BKHA-1BP, B)KJI 12Y u BXK159 obpa3syetcs mpou-
HOIZIOTHas CTPYKTypa, CTPOeHHe KOTOPOM [103BOJISIT
IIPOrHO3HUPOBATh BBICOKHE CTPYKTYPHOYYBCTBUTEID
HBbIe CBOMCTBA. B TMTOM MeTaJlJle OTCYTCTBYIOT IIOPH
U TpeIlHHONono6Hke fedeKTbl. B MUKPOCTPYyKType
JIMTOr0 MeTal/la MHOTOIIPOXOIHOIO C/IOS HeT Cylre-
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Ta6aunua 3. MakcumasibHast 30Ha TEPMUYECKOT0 BUSIHUS
B 3aBMCMMOCTM OT CKOPOCTU HaniaBKu

Table 3. Maximum heat-affected zone, depending on
building-up rate

MakcmmanbHas

CKOpOCTb HanaaBKu,

Obpasew, MM/C no rnyéuHe 3TB, MKM

Sample Building-up rate, Maximum HAZ in
mm/s depth, um

Puc. 10a 2 990

Puc. 10b 4 850

Puc. 10c 6 717

structure of multi-pass layer does not demonstrate
significant differences as compared to the single
bead.

The solid phase growth starts from the molten
structure elements of the previous built-up layer.
The growth of the solid phase from molten ele-
ments of the primary structure between the indi-
vidual weld beads along fusion line is observed,
which indicates the establishment of a solid metal
connection between the weld metal of the previ-
ous and subsequent beads. There is no reduction
in etchability of fusion zones of the previous and
subsequent weld beads under optimal conditions
in multi-bead building-up.

Moreover, at the contact point of the weld beads,
the microhardness remains unchanged (Fig. 9).
This indicates that diffusion processes do not have
time to develop in the heat-affected zone of the
subsequent bead due to high heating and cooling
rates during laser exposure.

With the increase of building-up rate, there
is grinding of elements of the primary structure
and the emergence of cellular dendrites (Fig. 10).
This indicates an increase in thermal concentrat-
ing supercooling, which is fully consistent with
the modern concepts of primary structure forma-
tion under non-equilibrium conditions. Analysis
of the cast structure suggests the improvement of
structure-sensitive properties with the increase
of building-up rate associated with grinding and
"dendritization" of primary structure.

Reduction of powder consumption causes its
certain coarsening and deviation from the cellu-
lar structure towards cellular dendrites (Fig. 11).
There is no significant pore formation in the met-
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CTBEHHBIX OTIMYUH II0 CPAaBHEHHIO C eHHHUYHBIM
BaJTUKOM.

B pacmpe/ieleHMHM MHUKPOTBEPIOCTH II0 TOJIIIHHE
HaIlJIaBJIEHHOTO BajuKka B 3TB Habnmomaercs po-
Bajl IJIACTUYHOCTH. ITO MOXET CBUJIETebCTBOBATh
O CPaBHHUTEJBHO MOIIHOM TEePMHYECKOM BO3JeH-
CTBHU Ha IIOAJIOKKY B IIpoLiecce HAIUIABKH, YTO CJle-
AyeT YYUTBIBATh IIPU Ha3HAYEHUH PeKHMOB Ja3ep-
HOM 06paboTKHU B CIydae BBIPAIIMBAHHUS 00beMHOM
metanu. [103ToMy B JajbHeHIIeM Heo6XOLUMO Ipo-
BECTH HCC/IE[OBAHUS IJIsI YTOYHEHHUS I1apaMeTpoB
JIa3€pPHOr0 U3/1y4YeHUs.

IIpu BbIGOpe pekMMa HAIJIABKU B OyaylueMm ciie-
AyeT IMPOBeCTH ONTHMH3ALUIO IIaPaMeTPOB IIPO-
Ilecca Ja3epHOM HaIUIaBKH, TaK KaK Habmomaercs
HEKOTOpoe IIPOTHBOpeUHe MexAy 06beMOM HaIllaB-
JIEHHOTO MeTaJlJa, a CJIefIoBATeIbHO, U IIPOH3BOIH-
TEeJIbHOCTBIO IIPOLIeCCa, U IpeAIloaraeMbIMU CBOK-
CTBAMH JIUTOTO MeTaJLIa.

CBAPKA IO 3A30PY

Hapsany ¢ y>ke BHeIpeHHBIMH B IIPOU3BOICTBO TEXHO-
JIOTHSIMU HAIUIABKH IIOPOLIKOB [/Is1 BOCCTAHOB/IEHU S
M3HOLIEHHBIX JleTalel, CO3TaHUusl U IIPOTOTUIIHPO-
BaHUS Pa3lINUHBIX JeTajel B II0CTIefHee BpeMs pac-
CMaTPUBAIOTCA BO3MOXKHOCTH aAJUTHBHOM TeXHO-
JIOTUH CBapKH II0 3a30py C JIa3epHOM HAaIlJIaBKOM
MeTaJUIMYeCKUuX MHOopomKkoB [9]. Takas TeXHOJIOTHS
II0 CPaBHEHUIO C JIA3€PHOM CBApPKOM C INyOOKHUM
[IPOIIaBJIeHHUEM HMMeeT LieJIbIH Psifi CYLIeCTBeHHEIX
[IpeMMyIlecTB. Hampumep, K Hell He INpPeNbsBIIS-
IOTCSL KeCTKHe TpeGOBaHHS II0 BeJHUYHHE 3a30pa
MeKAy CBapHBaeMBIMHU IIOBEPXHOCTSIMHU, a Jia3epHoe
IIOCJIOMHOe HallJIaBJeHHe MeTa/UIM4YeCKOoro IIopoIKa
B 3a30ope MoOeT obecIeYHWBaTh CBAPKy OOBIIHX
TOJIIMH,

[IpoBeeHO MoOAe/NIHMpOBaHHME KM OITHMH3ALUA
OCHOBHBIX TeXHOJOTHMYeCKHX IIapaMeTpoB A
CBapKH II0 3a30py C JIa3ePHOM HAIlIaBKOM MeTaJlJIH-
YeCKHX IIOPOIIKOB. JIs c1y4yass HaHeCeHMUs IIOPoIlIKa
Jepes [03aTOP IIPOAHAJIM3UPOBAHA 3aBUCHUMOCTD
KO3 PHUIIMeHTa IIOIJIOMeHM I YaCTHL [IOPOLIKA OT UX
panuyca. OmpeneneHbl ONTHMAJjbHble BeJIHYMHBI
CKOPOCTH YacCTHIl M MacCOBOM CKOPOCTH [03aTopa.
Ha puc.12. mpuBeleHHl IIpefBapUTe/IbHbIe 3KCIIePU-
MeHTaJIbHBIe Pe3y/IbTaThI.

B Poccuu mgaH CTapT Pa3sBUTHIO aAJHUTHBHBIX
TeXHONOTUH. Ilo MHeHHI0 [ImuTpusi PorosuHa,
3aMeCTHTeNls Ipepcemarens IIpaBuTenbcTBa PO,
aAOUTHUBHBIE TeXHOJIOTMH - 3TO, IIO CYyTH, HOBasd
IIpOMBIIIJIEHHAsA PeBOJIIOLHS IIeCTOr0 TeXHOJO-
THYEeCKOro yKjaza, 0 KOTOPOM TaK MHOILO TOBOPAT
3KCIIePThI. [/ KMCIIONb30BAHUS IIHMPOKHX BO3MOXK-
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Puc.12. Obpaseu, caapku no 3a3opy: 3a30p Mexxdy naacmuHamu
S=1,6 mm; 06vem, 3anonHsiembili nopowkom 4 x100 x 1,6 mm;
MOLWHOCMb U3Ay4eHUs P=3,5 KBm; AuHeliHas ckopocmb
nepemeueHust Ayua \V =1,0 m/MuH, Gokyc AuH3bl F=200MMm;
duamemp namua d,=S+20%

Fig. 12. Gap welding sample: gap between the plates

S=1.6 mm; volume filled with powder is 4 x100 x1.6 mm;
radiation power P=3.5 kW; linear velocity of beam
displacement VV=1,0 m/min, lens focus F=200 mm; spot
diameter dp:S+ZO%

allographic polished sections. Weld metal primary
structure is a cellular-dendritic one.

The structure study of metal obtained by
VZHL12U powder melting, as well as analysis of
bead macrosection shows that, similarly to VKNA
1VR, weld samples have three clearly defined zones.
With the increase of building-up rate, the width
and height of beads decreases and the depth of
the foundation submelting is increased. When a
single bead is built-up to the substrate, there is a
coarsening of the structure in the HAZ. With the
increase of building-up rate, the length of the HAZ
decreases (Table 3).

The structure study of the metal obtained by
VZH159 powder melting showed the following. The
trends similar to VKNA-1VR and VZHL12U powders
are observed when the building-up rate using
VZHI159 powder is changed. Similarly, the built-
up samples have three clearly defined zones: the
cast zone, the metal exposed to thermal influence
(HAZ), the base metal not exposed to heat. With
the increase of building-up rate, the width and
height of beads decreases and the depth of the
foundation submelting is increased. When a single
bead is built-up to the substrate, there is a coars-

HOCTEN aAJWUTHBHOIO IIPOM3BOACTBA HeoOXOOHMO
BeCTH (QyHIaMeHTa/bHble U QyHIAMeHTaIbHO-OPH-
eHTHPOBAaHHbIe HCCIeloBaHUS. [loguyepKkHeM, 4TO
ycIlex BHeJPeHHS pe3yl1bTaToB paboT mo momudpuka-
LIMM IIOBePXHOCTH, 3aKajKe, HaIlJIaBKe U JIETHPO-
BAaHUIO HANPSIMYIO 3aBUCUT OT MaTepPHaJIOB, C KOTO-
PBIMU ITPeACTOUT paboTaTs. AKafeMuk PAH EBreHui
KabmoB, reHepasbHBIN JUpeKTOp BUAM, OTKphIBas
MeXXAyHapooHYIO KoHepeHI MO "ALOUTHBHBIE
TeXHOJIOTHUH: HacToslee U byayiiee’, OTMeTHII, YTO
MHUPOBBIMU JIHAEPaMH B 007acTH aggUTHBHBIX
TexHonoruu seiasiorcst CIIA, crpaHbsl EBpocorosa
U frnoHusi. Kpome Toro, B 22 cTpaHax yske CO3JaHBI
HallMOHAJIbHBIE ACCOLIMALMU II0 aAOUTHUBHBIM TeX-
HOJIOTHSIM, o0beguHeHHbIe B anbsiHc GARPA" u moba-
BHJI, YTO Kopropanus "BouHr" 6narogaps 3D-reqatu
M3roTaBirBaeT bosee 22 TeIcSY getaned 300 HauMe-
HOBaHMHU sl 10 Mapok KOMMepUecKHX U BOEHHBIX
caMosIeToB. UTO6bl MCKIIOUHTb KPUTHUYECKYIO 3aBU-
CHMOCTb OT TeXHOJIOTMH M IIPOMBIIIJIEHHON IIpoO-
OYKOHUK 3THX CTPAaH HeoOXONMMO peann30BHIBATH
CoOCTBeHHBIE ITPOEKTHI.

JINTEPATYPA
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ening of the structure in the HAZ and with the
increase of building-up rate, the length of the HAZ
decreases.

The laser melting of powders made of heat
resistant nickel-based alloys such as VKNA-1VR,
VZHL12U and VZH159 results in a composite
structure allowing for high structure-sensitive
properties. The cast metal has no pores and crack-
like defects. The cast metal microstructure with
multi-pass layer shows no significant differences
in comparison with the single bead.

In microhardness distribution through the
thickness of the weld bead, there is a failure of
ductility in the HAZ. This may indicate a relatively
powerful thermal effect on the substrate during
building-up that should be taken into account
in the assignment of laser processing modes in
the event of bulk product growing. Therefore, a
research to clarify the parameters of laser radia-
tion for the future work appears to be necessary.

When selecting a building-up mode, one should
optimize the parameters of laser building-up pro-
cess, as there is some discrepancy between the
amount of built-up metal and, therefore, perfor-
mance of the process, and the alleged properties of
cast metal.
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GAP WELDING

Along with building-up technologies for
the restoration of worn parts, creation and
prototyping of various parts already implemented
in the industry, the possibility of gap welding
additive technologies with metal powder
laser welding has been considered recently [9].
This technology has a number of significant
advantages as compared to laser welding with
deep penetration. For example, it does not have
strict requirements to the size of the gap between
the surfaces to be welded, and laser layered
building-up of metal powder in the gap can
provide welding of large thicknesses.

The modeling and optimization of basic pro-
cess parameters for gap welding with laser build-
ing-up of metal powders has been performed.
The dependence of the absorption coefficient of
the powder particles on their radius has been
analyzed for application of the powder through
the dispenser. The optimal particle speed and
dispenser mass speed values have been identi-
fied. Figure 12 shows preliminary experimental
results.

CONCLUSION

The development of additive technologies has
been launched in Russia. According to Dmitry
Rogozin, Deputy Prime Minister of the RF, the
additive technologies are, in fact, a new industrial
revolution of the sixth technological order,
extensively discussed by the experts. To use the
vast opportunities of additive manufacturing,
it is necessary to conduct fundamental and
fundamentally-oriented research. It should be
emphasized that the success of the implementation
of the results of work on the modification of the
surface, hardening, building-up and doping is
in direct dependence on the materials used. RAS
academician, Evgeniy Kablov, at the opening of the
International conference "Additive Technologies:
Their Present and Future”, has noted that the world
leaders in the field of additive technologies are
the US, EU and Japan. Furthermore, 22 countries
have already established national associations of
additive technologies, joined in GARPA alliance,
and he has added that Boeing Corporation produces
more than 22 thousand parts of 300 styles for 10
brands of commercial and military aircraft thanks
to 3D-printing. To exclude a critical dependence
on technologies and industrial products in these
countries, there is a need to implement own
projects.
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