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studies, granulated powder of the PG-R6MS5 brand with a fraction of 50...300 um was
used. As a standard, a flux-cored wire was used, in the core of which there was a
composition of powders of different ferroalloys of the same fraction. The content of the
charge components in the core of the standard wire was selected and calculated so as
to obtain a similar chemical composition to the wire containing granulated hard alloy
powder. The test samples were obtained by layer-by-layer electric arc surfacing under
the flux layer with flux-cored wires on low-carbon steel plates. To obtain identical
dependences, the flux-cored wires had the same diameter and filling factor and differed
only in the content of the core. The test samples were deposited under the same
conditions with strict adherence to the deposition regimes, which were monitored using
a high-speed analog-to-digital converter. It was determined that the use of granulated
hard alloy powder as a charge of flux-cored wire has a positive effect on the melting
characteristics of the wire and the stability of the welding process in general in
comparison with the standard reference wire, the charge of which contains ferroalloys.
This effect can be explained by the greater chemical purity of the granulated powder
and the uniformity of the physicochemical properties of its particles in comparison with
the powders of various ferroalloys. The determined features of the melting of the wire
with a charge with granulated hard alloy powder have a positive effect on the quality
of the formation of the multilayer deposited metal and its structure, leading to an
increase in its homogeneity, some grinding of the grain and a decrease in the number
and size of microdefects, which should positively affect the operational properties of
the deposited metal.

Keywords: electric arc surfacing, multilayer deposited metal, tool steels, granular
hard alloy powder, ferroalloy, metal structure.
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HauioHanbHUIM TEXHIYHUIA yHiBepcUTET YKpaiHN «KUIBCbKUIA MOMITEXHIYHUI
iHCTUTYT iMeHi Iropsa Cikopcbkoro», Knis, YkpaiHa

B pobomi npoananizoeano npoyec ywjinbHeHHs KOMNOZUYILUHO20 NOPOWKY CUCHEMU
sonbpam — Mi0b ULIAXOM 3ACHOCYBAHH MAMEMAMUYHUX PIBHSHb, WO ORUCYIOMb Npoyecu
Odehopmayii nopucmoeo mina, sIK 3aNeHCHICMb WINbHOCME 6i0 mucky npecyéamnts. Posensnymo
0eKinbKa meopemuyHux 3a1eHCHOCmell, Wo ONUCYIOMb Pi3Hi MEXAHI3MU NPECYBAHHA 3 YPAX)8AHHAM
cyyacHux nioxoodie, a came OUCKPEMHO-KOHMAKMHA MOOelb Md MOOelb CYYIIbHO2O Cepedosullyd.
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Ipoananizosano Hatbinbur 6i0oMi pigHAHHA, 00 AKUX BIOHOCAMbCA pisHanHA barvwuna M. IO.,
XKoanosuua I" M. ma [Imepna M. b. Bcmanosnero, wo 6invwicms 3 HUX MAomb 0OMediCeH)y
3aCMOCOBHICMb, 3ATUUAIOYUCL CHPABEOTUBUMU OIS OKPEMUX emanié npoyecy npecy8amHs md
CYMmMEBO 3a1eAHCaAMb 8I0 MEXAHIUHUX 8IACMUBOCE MAMePIay, o USHAYAIOMb NePeBazy NPYIHCHOL
abo nracmuunoi degpopmayii. [lpu yoomy 6Ginvuiicms pieHsAHb OPIEHMOBAHI HA OOHOKOMNOHEHMHI
NOPOUIKY, WO He BION0BIOAE NPAKMUYL NPOYecié OMPUMAHHS NOPOWKOGUX Oemarnell. [[nisa nepesipku
MeoPemuyHUX 3a1eNCHOCMel OMPUMAHO NOPOULOK B0NbGPAMY NIAKOBAHUN MIOOH Memooom
XIMIYHO20 0CaOddCeHHs I3 po3yuny. Bemanosneno mexnonoziuni napamempu npoyecy niaxy8auHs
(cKnao0, KOHYeHmpayis po3uuHy mMd YAac OCAOJCEHHs), WO GUHAYAIOMb SKICMb OMPUMAHUX
nokpummis. J{ocniosiceno Mop@onoziio 4acmutox niako8aHux NOPOUKi6 ma cmpykmypy npecogox
sonbppam-mios. [lokazano, uo nOpouLoKk 801bGPaAMy Ymeopioe 8iOHOCHO WINbHUL KAPKAC 3 MIOHUM
NPOULAPKOM, 8IONOBIOHO, CIMPYKMYPA NPECOBOK i3 KOMNOZUYIUHO20 NOPOUIKY € HAONUICEHOIO OO0
CYYLTbHO20 cepedosunya i YiIKoM KOPEeKMmHO ONUCYEMbCS DIGHAHHAM, SKe OCHOBAHO HA Meopii
CcyyinbHOCmi cepedosuiyd, wo ni00acemvcs CMUCKanHw. Bemarnosneno, wo npoyec yujinibHeHHs.
NOPOUIKY B0IbPPAMY NIAKOBAHO20 MIOOH GIOPIZHAEMbCA 610 Oepopmayii 0OHOKOMNOHEHMHO20
NOPOUWIKY BONbAPPAMY, WO 3YMOGIEHO CYMMEGUM GNIUBOM MEXAHIZMY NIaAcmudHoi Oepopmayii
3a605KU NPOWAPKY MIOI HA YACMUHKAX NOPOUIKY BOTbDpaAMY.

Knrwuosi cnosa: sonvppam, mios, niako8anuil NOPOULOK, XiMiUHe 0CAONCEHH S, NPECYBAHHS,
PDIGHAHHSL.

BamKi CIJIaBU cucTeMu BoJbdpaM — MiZb MalOThb yHiKaJbHE TO€HAHHS
BJIACTUBOCTEH OB’ I3aHUX 3 BUCOKUMHU €JIEKTPUYHOIO MTPOBiHICTIO, epo3iiiHoI0
CTiWKICTIO Ta MUTOMOIO Baroio, mo poOUTh IX TEPCHEKTUBHUME TTPU BUTOTOBJIEHH]
KOHTaKTiB JIJI4 BUCOKOBOJIbTHUX BUMMKAUIB, €JIEKTPOJAIB, TEPMOPETYIIOI0YUX
IpUCTPOiB Ta BUPOOGIB BilicbkoBoro mnpusHavenns [1-3]. as BuroroBJieHHs
BakKNX ciiaBiB W-Cu BUKOPHCTOBYIOTh TEXHOJOTiT MOPONIKOBOT MeTatyprii, 110
3a6€311e4yIOTh MOE/IHAHHS KOMIIOHEHTIB 3 PI3HUME TeMIepaTypaMu IJIaBJIeHHs [4-
6]. IIpote, 3acTocyBaHHS YMCTUX BUXIJHUX MOPOIIKIB MA€ HEMOTIKHU, TIOB’ A3aHi K
3 X BHCOKOIO BapTiCTIO, TaK i HEPiBHOMipHUM PO3IO/iJIOM JIETYIOUNX €JIeMEHTIB
IiJ{ yac MexaHiuyHOro 3MilryBaHHA. lle 3yMOBJIEHO BeJMKOIO Pi3HUIECIO I'yCTHUHU
Mi/ii TOPiBHAHO 3 BOJb(MPAMOM, IO YCKJAJIHIOE TIPOIIEC JIeTYBaHHS 1 3a6e3reueHHst
PiBHOMIpHOTO PO3MOIIY JIeTyIOUnX KOMIIOHEHTIB 1o 06’emy Matepianay [7]. B
NPaKTUIli TTOPOIIKOBOI MeTasayprii 3asBuyail 3acTOCOBYIOTb [IBa IMiJAXO/M, 1110
3a0e3Me4yyioTh TOMOTEHH3AIliI0 cyMimmeil — MexaHiyHe Ta XiMmiuHe JieryBanus [8].
Haii6ispir mmmMpoKo 3aCTOCOBYETHCS MeXaHiuHe JIeTyBaHHS, ITepPeBaroi0 TaKoro
HiIX0/Ay € IIPOCTOTa TEXHOJIOIIYHOTO IPOLECYy Ta MOXKJIUBICTb 3aCTOCYyBaHHA
yHiikoBanoro o6maananusg. OaHak, pazoM 3 UM IS JOCATHEHHS BUCOKOT
AKOCTi 3MilllyBaHHA, IPOLEC MEXAaHIYHOrO JIETYBAaHHA BUMAarac BUKOPUCTOBYBATU
BUCOKOEHEePreTUyHi MJMHU, [0 SIKUX BiJIHOCSATbCS ILJIaHETAPHUI Ta aTpUTOPHUIA,
mo 36iJblllye eHeprosarpatm OTpUMaHHg cymimi. Bigomo, mo iHTeHCcuBHE
MeXaHiuHe JIeryBaHHSI 3HIDKYE TeMIlepaTypy ILIaBJeHHS Miai Ta 3abesneuye ii
PO3IIO/AiJI Yy BUIJIA/AI TOHKUX IIPOLIAPKIB, IO MOKPAILy€ YIIJIbHEHICTb IIOPOIIKIB
[9]. do Toro >k, MexaniyHe JieryBaHHS crpusie iHTeHcUdIiKaIii porecy CrikanHs
32 PaxyHOK YTBOPEHHSI HAIIPYy>KEHOTO CTaHy Ta HAKOIMYEeHHS JUCJOKallill B
pe3yJbTaTi TpoleciB 1actuyHoi gedopmartii mig Yac TPUBAJIOTO PO3METY
[10]. Ximiune seryBaHHSI TIOPOIIKIB IIJISXOM Bi/[HOBJIEHHS i3 PO3YMHIB coOJeil
3a6esriedye OiJbIl BUCOKY SIKICTb PO3INOJINY Jeryounx esgeMeHTiB. Ilpu mpomy
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icHYIOTb pi3Hi crocoOM HaHeCceHHS MiJHOTO MOKPUTTS HA YACTUHKU ITOPOIIKY
BosibpaMy, cepell SIKUX TOIMIMPEHUMU € €eJIeKTPOJIi3HUI, TajabBaHiYHUM,
BakyymHe CVD BunaposyBanng [11-13] tomo. Oxnak He BCi MeToau OTpUMAasn
MpaKTUYHEe 3aCTOCYBaHHS, HANPUKJIAJL, MeTo/l BakyymHoro CVD  mokputrs
Ma€ HHU3bKY IPOAYKTUBHICTb, HAHECEHHA TaJIbBaHIYHUX [IOKPUTTIB BUMAarac
norepeiHio 06poOKy €eJEKTPOIIO3UTUBHOTO TIOPOIIKY BoJibdpamy. Biamosiano,
OJTHUM 3 HAMOiJIbII YHIBEPCAJIbHUX METO/[iB HAHECEHHS MiTHOTO MOKPUTTS Ha
YAaCTUHKU TOPOIIKIB € XiMiuHe 0ca/KeHHd IILJISXOM BiJ[HOBJIEHHS coJieil MeTaJiB i3
posuuniB [14]. HanecenHs mokpuTTs Ha YaCTHHKU TOPOIIKY BOJb(MpaMy 3MiHIOE
ftoro ¢iznuni Ta (isUKO-TEXHOJOTiYHI BJACTUBOCTi, 10 TPUHIUIIOBO MiHSE
XapakTep KOHCOJijallii KOMIIO3UIIITHOTO TIOPONIKY SK Ha CTa/lii 1pecyBaHHs, Tak
i cnikanng [15]. Coig 3azHayuTu, MO eTan NPECyBaHHS BU3HAYAE BJACTUBOCTI
MOPOIIKOBUX BHUPOGIB, OCKiJbKK (HOPMYBAHHS BUCOKOIIJBHUX IIPECOBOK 3
MiHIMaJbHOIO KiJbKicTiO nedekTiB 3abesnedye SKiCTb OTPUMAHUX JleTaJiell.
Tomy muig BUOGOPY ONTUMAJBHUX TEXHOJOTIYHMX IAapaMeTPiB MPU CTATUYHOMY
IpecyBaHHi CJIi/i TpoaHaiizyBaTu mpoiiec jAedopMailii KOMIIO3UIITHOTO TTOPOTIKY
cucTeMn BOJb(paM — MiZb 3a JIOTIOMOTOI0 Bi/IOMUX MaTeMaTUYHUX PiBHSHD, SIKi
OTMCYIOTH TIpoliec Jedopmaiiii MOPONIIKOBOTO Tifa depe3 3aJie’KHICTh IMiJbHOCTI
BiJl NPUKJA/JEHOr0 TUCKY MpecyBaHHs. Ha cborojHi icHyooTb pi3Hi TeopeTwuHi
HiJIX0/I1, 10 ONHUCYIOTb TMPOIeC VIIIJIbHEHHS IJIACTHYHUX a00 KPUXKHUX
MarepiaJiB, Ipu 1boMy 6araTo piBHAHb OYJIO TATBEP/YKEHO eMITIPUYHIM IIISXOM,
TOOTO MaTeMaTU4YHOIO OOGPOOKOI0 EeKCIEePUMEHTAJbHUX JaHUX, M0 3abe3reuye
BUCOKY TOYHICTb IPOIECY KOMITAKTYBaHHSA /IJIS KOHKPETHUX TopomkiB [16].
BinburicTp BiloMUX MareMaTHYHUX 3a/€KHOCTEN HIiJbHOCTI Bi/l TUCKY IIpecyBaHHS
BCTAHOBJICHO /I OJHOKOMIIOHEHTHUX IIOPONIKiB, IIPU IBOMY 3aCTOCOBYIOTH
JIBA OCHOBHMX IiJIXOJN: JUCKPETHO-KOHTAKTHY MOJEJb Ta MOJEJb CYIiJbHOTO
cepenouina [17]. BpaxoByioum, 110 KOMMO3UIlilHI TOPOIIKH CKJIAJAIOTHCS
3 KOMIIOHEHTIB, fAKi MalOTb pi3HI BJIACTUBOCTI, HacaMmIepe/ IJIAaCTAUYHICTh Ta
MIIHICTDb, IpPOLEC YIIJIbHEHHA JJIA HUX 6y/:[e IIPUHIIATIOBO BIiJPI3HATUCA Bij
KOMITAKTYBAaHHS OJHOKOMIIOHEHTHHUX MOPOIIKIB, 10 TOTPeOYE PETeTHHOTO aHATi3Y .

Metoio  ganoi pobGotu € BU3HAUEHHS  MexaHiamy  aedopmartii
KOMITO3UIIIITHOTO TIOPOIIKY BOJIb(paMy, KUl MOKPUTUN MiJ/II0 Ta BCTAHOBJIEHHS
3aKOHOMipHOCTEHl  1polecy  KOMIIAKTYBaHHSI ~ JIBOKOMIIOHEHTHOI'O  IIOPOIIKY
Bi/IIIOBi/IHO 10 CYYaCHUX IiJXO/iB, 10 3aCTOCOBYIOTHCS B IIOPOLIKOBiil MeTayprii.

3acrocoByBasu TOpomoK Bosbdpamy wmapku IIB1 (TY 48-19-72-92)
ta nopomok Migi Mapku [IMC-1 (JICTY 4960:2019). [l1g npoiecy XiMiqHOTO
OCQ/IKEHHSI TIOPOINKY BOJb(paMy y JYKHOMY CepelloBUINi BUKOPUCTOBYBAJH
cyabdar migi CuSO,5H,O, rainepun rta iakuii Harpiii, BiAHOBHMK — DPO3YMH
dopmampaeriny (30-40 mr/am®). IIpomec ocajiKeHHs, 10 Peai3yeTbCs 3a
KiMHaTHOI TeMmIlepaTypu, OCHOBaHU Ha BiJ[HOBJIEHHI Miji 3 il KOMILJIEKCHOI coJi
3a gonomoroio (opmasiny i3 3a6esnedennsm pH > 11, 1o KoperyBasy mssxom
fofaBanust 25 % posunny amiaky [14]. [lns npuroryBanHsS poO3YMHY B O/HiN
€MHOCTI 3 JUCTUJIBbOBAHOIO BOJIOI0 PO3UYMHAIN CcyJsbdaT Miji, B iHIMUI PO3YNHSIN
inkuil Hatpiil i rainepun. Ilicas yoro nepiimili po3umH BUJMBaJU B JPYriid Ta
peTesibHO IepeMiltyBau. B nipoieci peakilii BumijisieTbess ocajl TiAPOKCUY Mifli,
1[0 pearye i3 TJIepUuHOM Ta YTBOPEHHIM PO3UnHY TJitiepary mijgi. /s crabiiizaiii
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PO3YMHY BHUKOPHCTOBYBaJN TiomMoueBMHYy B Kigbkocti 0,1 momb/nm’. Ilepen
BBEJIEHHSIM TOPOIIKY BOJb(pamMy 10 PO3UMHY HOTO 3HEXUPIOBAIM Yy OeH3uHi
ta cymuan 3a temieparypu 60 °C. 3 Meroio 3a0esreueHHs] KOHTAKTy YaCTHHOK
MOPOIIKY BOJIb(paMy 3 PO3YNHOM, TIOPOIIOK PETETbHO MepeMilIyBaau MilllaJKoTo
i3 wacroroo 15-20 06,/xB, 1o 3a6e3redyye PiBHOMipHICTb HAHECEHHS MiHOTO
nokputts. Yac ocamskenns ckaazas Big 60 go 120 xB. Ananiz xiMiyHOTO CKJIAIy
BUXi/THUX Ta KOMIO3UIIHHNX BOJb(PAMOBUX TTOPOIIKIB IIPOBOINUIIN 32 JOMOMOTOIO
pentrenodioopumerpa  EXPERT 3L (Vkpaina). JoCaifsKeHHSI CTPYKTypH
mpecoBoK Ta MOpPGOJIOTii 4aCTMHOK MPOBOAMIN HAa CKAHYIOYOMY €JIEKTPOHHOMY
mikpockori SELM-106 (Ykpaina). KommakryBaHHS IMOPOIIKIB IIPOBOIUIN Y
crasneBiit maTpuili 3 po6ounm miamerpom 10,0 mm Ha rigpaBmiunomy mpeci I1T-
50 B miamasoni Tuckis 300-800 Mlla. IlpecoBku o6Mipsiniu Ta 3Ba)KyBaiau i
pPO3paxoByBaau IMiibHiCTL Ta nopucticts 3rigno JCTY 2738:2009, npu nbomy
6yJI0O BPaXOBaHO, IO TEOPETUYHA HIIJIbHICTh BoJbdpamy ctanoButh 19,25 1,/ cM?,
a IJIAKOBAHOTO TIOPOIIKY TIPH TIepepaxyHKy Ha BMicT Mifi cranoButh 18,41 r/cm?.
Byso orpumano wacTuHKM MOpOIIKY BOJbGpaMy 3 MiJHUM TOKPUTTSIM
(puc. 1). SIx mokasaau pe3yibTaTu MeTAJIOrpadivyHOro aHamiidy, IJIaKyBaHHsI
YaCTUHOK BoJsibdpamy 3MiHIOE ¢dopMy Ta MOpQOJIOTiI0 MOPOIIKY, TPHU IIbOMY,
BCTAHOBJIEHO BIJMIHHICTb TOBIIUHM MOKPUTTA Ha PIZHUX [AIJAAHKAX IIOPOLIKY,
M0 3YMOBJIEHO Pi3HOI0 MUTOMOIO TIOBEPXHEI0 BUXiJHUX YACTUHOK BOJb(pamy.
BigmoBigHo, Ha dYacTMHKax, MO0 MaioTh OiJblll PO3BUHEHY IOBEPXHIO,
CIIOCTEPITAEThCA CYIiJAbHUN 1map TokpuTTs. HepiBHoMipuictb abo BinCyTHiCTDH
MOKPUTTS HA JIESAKUX YACTUHKAX 3YMOBJIEHO OOMEKEHHSIM KOHTAKTy IOPOIIKY 3
PO3YMHOM, IO TIOB’SI3aHO i3 0COOJMBICTIO MPOTIECY MEPEMilllyBaHHS YACTHHOK.

Puc. 1. CEM 306paxeHHs YaCT1HOK MOPOLLKY BOMbdpamy MrakoBaHOro Migako.

Fig. 1. SEM image of copper clad tungsten powder particles.

3a pesyJbraTaMi XiMi4HOrO aHaJlidy BCTAHOBJIEHO, IO IJIAKYBaHHS
MiJIT0 TIPU3BO/UTD JI0 3MiHU XiMIiYHOTO CKJaay HOpomiky Boubdpamy (tabu. 1).
[TnakyBanus Mimio 3abe3nedye BMICT OCTaHHBOI OJU3bKO 4,5-4,7 % micus
ocajprenns mpotsirom 120 xB.

g ananidy npotiecy YIliJIbHEHHS TOPOIIKOBUX CUCTEM 3aCTOCOBYIOTHCS
pi3Hi Teopii, TpW IbOMY HEMAa€ >KOJHOI yHiBepcaJabHOI 3aJekHOCTi, sKa 6
ONNCYBaJIa VIIIJIbHEHHS 9K (DYHKINIO BiJf THCKY, 6araTo piBHSIHDb BBOJLTH IEBHI
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Tabnuus 1
XiMiYHWUI cknag BUXIAHOMO NOPOLUKY BOMbMpPaMy Ta NOPOLLKY BONbdpamy nnakoBaHoOro Migaro

Table 1
Chemical composition of raw tungsten powder and copper clad tungsten powder

Mac. gactka, %
Enement
W W-Cu
W 99.482 + 0.046 94.538 +£0.027
Cu 0.043 £0.016 4721 +0.117
Trmmi 0.475 +£0.053 0.741 £ 0.098

MPUMYTIEHHS, 10 00YMOBJIEHO KOMILJIEKCOM (PisUYHUX SBUI, SKi 3a3HAIOTH 3MiH
B mporieci medopmartii mpecoBkn [18].

OpHuM i3 Takux PiBHSAHDL 1110, MAIOTh TIEBHI NPUIYNIEHHd Ta 3aKOHU,
AKUM IAIIOPSAJAKOBYETHCS IIOPOIIKOBA JAUCKPETHA CHUCTEMa € Ieplle PiBHAHHA
npecyBanHsl baapmmaa M. 10. [19]:

lgP:_L{JB_”_lgpmax 1)
ne p, .~ TUCK, 1O Bi/INOBiJa€ MaKCUMaIbHOMY CTYIEHIO ylIiJbHeHHs, To6TO £ =1;
L — BimHOCHWIT 06’€M TIPECOBKNU; [ — YMHHWK MPECYBaHHS.

Po3B’s30K naHoro piBHSAHHS Tepenb6adae 3HaXO/KeHHS KoedillieHTiB L,
B lgp,. ... Ana BusHadenns nanux xoedilieHTis HeoOXinHO 1106y ayBaTn rpadik B
koopauHatax Lg( P)—p, 10 HaBeJeHO Ha PUCYHKY 2.

Ak  mokazaam  pe3yabTaTM  aHaNi3y, IS YHCTOTO  BOJbdpamy
CTIOCTEPITAETHCS MOBHUN 36iT pe3yJibTaTiB, /IS MJIAKOBAHOTO Mi/II0 BOJIb(pamy
Pi3HUIIST MiXK TEOPETUYHUMHU i €eKCIepUMEHTAJTbHUMU [JaHUMU He TIePEBUIIYE
10-12 %, 1O CBiAYUTH PO KOPEKTHICTh 3aCTOCYBAaHHS JaHOTO PiBHSHHS. [list
3a6e3MeyeHHsT TOYHOCTI OTPUMAHUX pe3yJbTaTiB € JOIiJTbHUM TPOBEICHHS
pPO3paxyHKiB 3a aApyrumM piBHsgHHAM bampmmua M. 10. [19]:

lgp+mlgP=lgPoma )

Jile m — MOKa3HHUK IIPecyBaHHS, 1[0 He 3MIiHIOETbCS B 3HAUHOMY /lialla30Hi THUCKY.

Jpyre pisusunsa Banpmmua M. 0. poss’asyerbesa B koopannatax Lg(P)
— Lg (B), 3 Busnavyennsam koucrautu m (puc. 3).

OpnauM 3 Hal6iabIT OOTPYHTOBAHNX PiBHSIHD ITPECYBAHHS, SKe 3aCHOBAHO
Ha JMCKPETHO-KOHTAKTHUX YABJICHHAX IIPO YUIIJIbHEHHS I[OPOULIKIB, € PIBHAHHA
I'. M. JKnanoBuua, ne mpomoHyeTbed AedopMaIliiiHuil MeXaHi3M yIliJibHeHHS
[IOPONIKY, IIPH 1IbOMY KOKHA YaCTHHKA HMOPOIIKY PO3IJISJAETHCS SIK OKPeMe TiJIo Ta
HiIIOPSIIKOBY€ETbCA 3aKOHaM KJacuuyHoi MexaHiku. Pismanua I'. M. JKpanosunua
Mae HacTymHuii Burasa [20]:
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1

n
0=0,1+ (B —1)—
0 0 J
F k
(3)
n — NOKa3HWMK, KMl 3a/1€KUTh BiJl MEeXaHiYHMX BJACTMBOCTEH Mmopomky; P, —
MaKcUMaJbHUI THCK, 10 3a6esnedye 100 % 1miiibHicTh; 6 — BifIHOCHA IIiJIBHICTD
TIPECOBKH.
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Tuex npecysanus, I'a

Puc. 2. padiyHe po3B’A3aHHA MEpLUOro PiBHSAHHSA
BanbwuHa M. KO. (a) Ta NOPIBHAHHA TEOPETUYHUX
OaHux 3 pospaxyHkoBuMu (6) Ana 4ucToi  Migi,
BOfbpamMy MnakoBaHOro Migdw Ta  YMCTOro
BOSbpamy.

Fig. 2. Graphical solution of the first equation by
Balshin M. Y. (a) and comparison of theoretical and
calculated data (6) for pure copper, copper clad
tungsten, and pure tungsten.

Tuex npecysanus, 'lla

Puc. 3. TpadiyHe po3B’si3aHHSA ApYroro PiBHAHHS
BanbwuHa M.KO. (a) Ta NOPIBHAHHA TEOPEeTUYHUX
AaHux 3 pospaxyHkoBuMu (6) Ana uuctoi  Migi,
BOMbopamy MNakoBaHOro  MigAw  Ta  YMCTOro
BOnbdpamy.

Fig. 3. Graphical solution of the second equation
by Balshin M.Y. (a) and comparison of theoretical
and calculated data (6) for pure copper, copper-clad
tungsten, and pure tungsten.

Bupimenns piBuguHSA Mae rpadiuHy 3ajeKHICTb, TIpe/ICTaBJeHy Ha puC. 4.

Busnaueni napamerpu IOKa3yioTb aJeKBaTHICTb JaHOI MoJeJsi Ha BCbOMY
Jlialta30Hi TUCKIB SK JIJIS BUXiJHUX TOPONIKiB BoJbdpamy Ta Miai, Tak i s
Bosb(pamy 1takoBaHoro migao (tabaumsg 2). TakoK cJrijl BiAMITHTH, 1O HpH
IJIaKyBaHHI MOPOWIKY BOJIb(PaMy 3MEHIIYEThCS MaKCUMa/bHuii Tuck P, mo
BKa3ye Ha 3pOCTaHHs IIJIACTUYHOCTI MaTepiaJy.

Pesyabratn anasnisy [AHCKPETHO-KOHTAKTHUX PiBHAHDb IIOKa3aJu, IO
BOHU 3a/[0BiJIbHO ONUCYIOTH YIIiJIbHEHHS KOMIIO3UIIIIHOIO IOPOIIKY, IPOTEe CJIijl
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BPaXxoOBYBaTh OCOOJMBOCTI CTPYKTYPH IIPECOBOK i3 KOMIIO3UIIIHOTO MOPOIIKY
(puc. 5).

LWinbHicTs, B.O.

0503 04 05 06 07 0.8
Tuck npecysanns, Ma

Puc. 4. TopiBHAHHS TEOPETUYHNX po3paxyHkiB 3a mogennto . M. XKaaHoBnya Ta npakTu4HMX pesynbsraTis
ANS YACTOI MiAi, Borbdpamy niakoBaHOro mMigAk Ta YncToro Bonbdpamy.

Fig. 4. Comparison of theoretical calculations based on G. M. Zhdanovich's model and practical results
for pure copper, copper clad tungsten, and pure tungsten.

Tabnuuga 2
MapameTtpwm 3a piBHAHHAM [ M. XXaoaHosurya
Table 2
Parameters according to the equation of G. M. Zhdanovich
[TapameTpu
Marepian
0, n Pk’T
Cu 0.483 3.8 1.7
W-Cu 0.483 3.8 2.95
w 0.354 3.8 5.25

oL "..7'! (45

. o T =
’&‘ + ,“ﬂ"\- A7 7
WD=16.0mm 20.00kV

.

Puc. 5. CEM 306paeHHs1 NpeCcoBOK i3 MOPOLLIKY BOMbgpamy niakoBaHOro Miaato.

Fig. 5. SEM image of copper-coated tungsten powder pressings.
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Metanorpadiunuii anaJsiz HeclieyeHUX MPECOBOK TOKa3aB, 110 YACTUHKU
BOJIb(PpaMy yTBOPIOIOTH Bi/THOCHO HIIJIbHUN KapKac, B SIKOMY YaCTUHKH TOPOIIKY
BOJIb(paMy OTOUEHi MiTHUM ITPOMIAPKOM, IIPH IIbOMY CTPYKTypPa XapaKTepu3yeThCs
CBOEIO CYIIJIbHICTIO Ta ojHOpi/HicTIO. CXeMaTUYHO YIIiJIbHEHHS I1JIAKOBAHOTO
[OPOIIKY BOJb(dpaMy MOXKHA TPeACTaBUTH HACTYIIHUM YuHOM (puc. 6).

Puc. 6. Cxema npouecy yulinbHeHHs W (a), W/Cu (6).

Fig. 6. Schematic of the W (a), W/Cu (6) compaction process.

Bianosinno, B mpoleci yIliJIbHEHHSI, MiZilb PO3TAlIOBYETHCS CYIiJbHUM
IPOLIAPKOM MiXK YaCTUHKAMU IIOPOIIKY BOJib(pamy, depe3d IO JaHy CHCTEMY
MOKHA PO3IJIZaTi 3 NO3UILiT CyIlijibHOrO cepejoBunia. /lane piBHAHHS HEe ONUCYE
nporiec jgedopmailii KOKHOI YaCTUHKHU IOPOIIKY, B OCHOBi TaKOTO ITi/IXO/y
3aCTOCOBYIOTbCA Ti K caMmi NPUHIMIN, 110 i npu gedopmallii MeTasaiB TUCKOM.
B upomy Bumazky moxkHa 3actocoByBaTu piBHaHHS [lltepua M. b., mo mae
HacTynHui Burs [21]:

p=p, +utp
R *),

ae 1 — KoedilieHT 30BHIIHbOrO TepTs; p, — GiYHMil THCK; P, — OCHOBUIL THCK.

P,.=C =_Ekm
T &),

ne f — mopucTicThb.

p; =0 =_k—F=—

7

[lng  marepianiB, 10 3aCTOCOBYBaJM B JIOCJI/PKEHHSAX, KoedillieHT
30BHINTHBOTO TepTs OyB B3gaTwii 0,3 y Bunajaky Bosabdpamy 1o Boabdpamy ta 0,5
y BUINAJKY Bosibdpamy 1o mifgi. [Ipu po3s’s3ky maHoro piBHAHHS GyJI0 OTPUMAHO
MO/ICJIbHI 3QJIEKHOCTI Ta MOPOBEACHO IX IIOPIBHSAHHS 3 €KCIICPUMEHTAJbHUMU

2, =72 (3
( 2 f| (6).
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JTAHUMM, BCTAHOBJIEHO, IO Pi3HUI MiXK JaHUMH CTAaHOBHUTb 7-8 %, IO CBiAYUTH
PO KOPEKTHICTh AaHoro pisusuus (puc. 7).

0.8

06

04

Tuck npecyBaHHa, IMa

0.2

0.
8.0 0.2 04 06 08 1.0
MopucTicTb, B.0.

Puc.7. TpadivyHe po3B’a3aHHs 3a piBHAHHAM LWTepHa M. b.
Fig. 7. Graphical solution by the Stern equation.

3a manux yMOB Xi/l KpPUBOi Bu3HAuYae 3MiHa mapamerpy Kk, sxuii €
(¢ynkIlieo Bii MeXaHiUHMX BJIACTUBOCTEH TOPOIIKY, a caMe Bi/lIOBifae Mexi
IJINHHOCTI Marepiajy 4acTUHOK IOPOIIKY, KUl BU3HAYAETHCS eKCIIePUMEHTAIbHO.
Pospaxynku nokasanu, 1o 1ei koedinient cranosuts 1,04 a1 Bonbdpamy i 0,4
s Mifi ta 0,76 i BosibdpaMy MJIaKOBAHOTO MiJUTIO, BiITIOBiHO.

Bcranosneno, mio mporec  gedopmaiiii  KOMIO3UIIIHOTO  TOPOIIKY
BOJIb(PpaMy Bi/Ipi3HAETHCS BiJ yIliJIbHEHHST BUXiJHOTO MOPOIIKY BOJb(pamy, I0
MOB’SI3aHO i3 3MiHOI0 XapakTepy Mpollecy KOMIAKTYBaHHS Ta IPeBaJIOBAHHAM
CKJIa/I0BOI TJIACTUYHOI sebopmartii.

TakuM 4ywHOM, B pe3yJsbTari po6OTH BiMPAIbOBAHO IPOIEC XiMiYHOTO
OCQ/IKEHHSI Mi/li Ha YaCTMHKM TMOPOIIKY BoJibdpaMy, BU3HAUEHO TEXHOJIOTiuHi
napamMeTpy IJIaKyBaHHS Ta OTPUMAHO KOMIO3UIIHHUIN TTOPOIIOK BOJIbdpaM — Mi/lb.

[TpoBeneno awnami3 mporecy jgedopmariii BUXIAHUX Ta TIJAKOBAHUX
MOPOIIKiB BOJbgpaMy B yYMOBaX IpecyBaHHS 3a JOIOMOTOI0 MaTeMaTUYHHUX
PiBHAHDB, MI0 ONUCYIOTH 3aJIEXKHICTh IIMiJBHOCTI TOPOIIKOBOI ITPECOBKU BiJ
TUCKY TnipecyBaHHs. llokasaHo, 1110 XapakTep VIIiJIbHEHHS JBOKOMIIOHEHTHUX
IIJIJAKOBAHUX IIOPOILIKIB BIAPIZHAECTbCA Bi/i KOMIAKTYBAaHHA OJHOKOMIIOHEHTHOI'O
MOPOIIKY BOJb(dpaMy, MO MOB’si3aHe i3 306iJbIIEHHIM BKJIAAY TJIACTUYHOT
CKJIa/IOBOI B Tpotieci gedopmailii 4acTHHOK.

[TokazaHo, 10 MiKPOCTPYKTypa IIPECOBOK i3 IIJJaKOBAaHUX YaCTHHOK
MOPOIIKY BOJb(paMy OTOYEHUX Mi//li0, BiJIIIOBi/lae CYIiJbHOMY CEpeoBUIILY i
MOJKE IIJIKOM KOPEKTHO OIMCYBATHCA PiBHAHHAMU, IO BUKOPHUCTOBYIOTH B CBOIX
iIX0/laX CYLIJIbHICTh CepejoBUlla, 0 IMIIJAEThCA CTUCKAHHIO.

Po6ota npoBosusach B pamkax mpoekty 0123U102125 «CrBopenHst ocHOB
TEXHOJIOTT KOHCTPYKUITHUX eJIeMEeHTIiB KyMYJISTUBHUX 3apsi/liB  IiJABUIIEHOT
e(EeKTUBHOCT] i3 KOMIO3UIIITHIX MOPOIIKIB TYrOIJIaBKUX MeTaJiB».
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Summary

The paper analyzes the pressing process of a composite powder of the tungsten-
copper system using the basic mathematical equations describing the deformation
processes of a porous body as a function of density and pressing pressure. Several
theoretical dependences describing different pressing mechanisms are considered,
taking into account modern approaches, namely the discrete-contact model and the
continuum model of a continuous medium. The most well-known equations, including
those of Balshin M. Y., Zhdanovich G. M., and Shtern M. B., are analyzed. It is
established that most of them have limited applicability, remaining valid for individual
stages of the pressing process and significantly depend on the mechanical properties
of the material that determine the predominance of elastic or plastic deformation.
At the same time, most equations are focused on single-component powders, which
does not correspond to the practice of powdered parts production processes. To test
the theoretical dependencies, copper-clad tungsten powder was obtained by chemical
vapor deposition from solution. The technological parameters of the cladding process
(composition, solution concentration, and deposition time) that determine the quality
of the resulting coatings were determined. The morphology of the particles of clad
powders and the structure of tungsten-copper pressings were investigated. It is
shown that tungsten powder forms a relatively dense framework with a copper layer,
respectively, the structure of composite powder pressings is as close as possible to a
continuous continuum and is correctly described by an equation based on the theory
of continuity of the medium, It has been established that the compaction character of
copper-clad tungsten powder differs from that of single-component tungsten powder,
which is due to the fact that plastic deformation mechanisms prevail for tungsten-
copper composite powders.

Keywords: tungsten, copper, clad powder, chemical deposition, pressing, equation.
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