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Hayxkosuit :xypHaa «Meramodisuka ta HOBiTHI TexHosgorii» (MHT) momicansa ny6mikye crarri, aki
paHitre 11e He TyOJiKyBaJuCcsA Ta He IepebyBaloTh Ha POSTJIALI JJIs ONYyOIiKyBaHHS B iHIINX BUAAHHAX.
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TeXHOJIOTi#l MeTaJsiB, CTOIIB i CIONYK 3 MeTaJiYHUMHU BJIIACTUBOCTSAMU; pelleHsil Ha MoHorpadii; indop-
Marnio npo KoH(epeHIii, ceminapu; BizomocTi 3 icropii merasodisuKy; pekJamMy HOBUX TE€XHOJOTIi,
MarepianiB, npunaaxiB. JKypHanM JOTPUMY€EThHCS 3araJbHOIPUNHATUX IMPUHIIUIIIB, 3a3HAaUEHUX HA HOTro
caiiTi B JOKyMeHTax 3 myOJIiKaIiiiHol eTUKY Ta {00 HeIPUNHATHUX MPAKTUK.

TemaTuka sxypHaxy: Enexmponni cmpyxmypa ma éiacmueocmi, [Jepexmu kpucmaaiihol rpamuu-
yi, Pasosi nepemeopennsa, Pisurxa miynocmu ma naacmuinocmu, Memaniuni noeéepxrni ma naiexu, By-
dosa ma enacmueocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, Amoppruil i pidkuii cmanu,
B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.

Crarri my0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )

1. CraTTa Mae 6yTH mignucaHoro BciMa aBropamu (i3 3a3HaueHHAM IXHiX agpec eJIeKTPOHHOI ITOIITH);
¢y BKasaTu mpisBuie, iM’st Ta o 6aTHKOBi aBTOpa, 3 AKMM pefaKilis GyAe BeCTH JUCTYBaHHS, HOTO
TOLITOBY aJpecy, HoMepu TeseoHy Ta haKcy i aJpecy eJIeKTPOHHOI ITOIITH.

2. Buxiag marepisiay mae 6yTu 4iTKUM, CTPYKTypoBaHMM (po3AinaMu, Haupukaan, «1. Berym», «2.
Excnepumenransua/Teopernuna meronmka», «3. Pedynbratu Ta ix oO6roBopeHHA», «4. BucHoBKmM»,
«ITuroBaHa JiTeparypa»), CTUCINM, 0e3 JOBrux mpeamOyJ, BiAXUJIEHb i IOBTOPiB, a TaKOK 6e3 myOJiro-
BaHHS B TEKCTi JaHUX Ta0JIUIlb, PUCYHKIB i mignucis go Hux. AHOTaIis Ta po3ain « BucHOBKU» MaioTh He
Iy6JIFOBaTH OOUH OJHOTO. YMCJIOBI AaHi CJIii HABOAUTY B 3aTaJIbHOIIPUAHATAX OJUHUILAX .

3. 06’em opurinaapHOI (HeoraAxoBol) crarri Mae 6yTu He 6isibire 5000 ciiB (3 ypaxyBaHHAM OCHOBHO-
TO TEKCTY, TaOIHIlh, MiANUCiB O PUCYHKIB, CIUCKY BUKOpUcTaHUX mxKepei) i 10 pucynkis. 06’em oras-
moBoi cratti — 70 10000 cuiB Ta 30 pucyHKiB.

4. 3a moTpebu 0 pemaKIlii MOXKe HaJaBaTuCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMIPHUK
pyKoImcy 3 inmocrpamniamu.

5. ITo penakiiii 060B’s13K0BO HajgaeTbes (o e-mail) daiis craTri, HaGpaHUl y TEKCTOBOMY peAaKkTopi
Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.

6. EjleKTpOHHA Bepcis PYKOIHUCY Ta MOro ApyKOBaHU BapisHT (B pasi MOro HagaHHA) MAIOTh OyTH ieHTnY-
HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
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BniuB TeMnepaTypHO-4aCOBUX YMOB HIBUAKiICHOI HOpMaJri3arii
HHU3bKOBYTJICIIeBUX KPUIb HA (DOPMYBaHHSA IXHBO1 3€PEHHO1
ctpykrypu. U. I. Ocob6imBocTi npouneciB aycTeHiTOyTBOPeHHS

[P. B. Tearosuul, FO. A. T'apacum, H. O. Borzapeschka

ITncmumym memanogisuru im. I'. B. Kypdomosa HAH Ykpainu,
oyave. Axad. Bepradcvrozo, 36,
03142 Kuis, Ykpaina

Po6Gora cTocyeTbcsa BUBUEHHS 0COOJIMBOCTEN (DOPMYBAHHS ayCTEHITy Ta HOro
3ePEHHOI CTPYKTYPHU 3a 6e3IIepepBHOTO HATPiBAHHA 3 MiABUIIIEHUMHU IITBUIKOC-
TAMU TapAdYeKaTaHnnx HU3bKoByTrJenesux Fe—Mn—C-kpunp 09T'2 Ta 10I'2PDB.
BcraHoBeHO BOJINB IPUINBUAINEHHA HArPiBy HA 3MiHY TeMIepaTypu IrapaMe-
TPiB 0.—Y-IIePEeTBOPEHHSA I 0COBJIMBOCTI MpOIeCy YTBOPEHHS ayCTeHiTy, a Ta-
KOK Ha 3MiHY cepeIHBLOTO Aismerpa itoro 3epeH. IloxkasaHo, I10 3a paxyHOK
MIPUTHIYeHHA TPOIeCiB iHTEHCUBHOTO 3POCTAHHSA 3€PEeH 30iJIbITeHHA IITBUIKO-
CTH HATrpiBy YMOXKJIUBJIIOE (OPMYBATH B KPUIAX MPiOHO3€PHUCTY CTPYKTYPY
ayCTeHiTy, AKa BiIpisHAETHCA BICOKOIO OJHOPIAHICTIO 3a pO3MipoM 3epHa.

Karouosi cioBa: aycrenir, HopMasisalilisi, CTpyYKTypa, KPUILs, JeI'yBaHHA.

The work is concerned with the study of the features of formation of austen-
ite and its grain structure during continuous heating with increased rates of
hot-rolled low-carbon 09G2 and 10G2FB Fe-Mn-C steels. The influence of
heating acceleration on the change in the temperature of the parameters of
a—y-transformation and the features of the process of austenite formation,
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as well as on the change in the average diameter of its grains, are established.
As shown, due to the suppression of intensive grain-growth processes, an
increase in the heating rate allows the formation of a fine-grained austenite
structure in steels, which is characterized by high uniformity in grain size.

Key words: austenite, normalization, structure, steel, alloying.

(Ompumarno 10 keimnsa 2025 p.; ocmamoyn. sapianm — 15 keimus 2025 p. )

1. BCTYII

IIpo6aemu moninmieHHA AKOCTU KPUIEBOTO IIPOKATY 3 HUBBKOBYTJIEIIE-
BUX HusbKoJIeroBaHUX Fe—Mn-C-Kpuilb HUHI BUPINIyIOTHCA AK IILJIA-
XOM CTBOPEHHS HOBMX MapoK KPHUIIL MTaHOTO KJacy, TaK i po3poOKoIio
e(eKTUBHUX BHCOKOTEXHOJIOTIiUYHUX IIPOIIECiB MeTayprifiHoro BUPOO-
HuITBa ix. OCHOBHY yBary npu IiboMYy 30CepeIKeHO0 Ha IIOIIyKY 3ac00iB,
AKi 3a0e3meuyioTh GOpMYyBaHHA KiHIIEBOI CTPYKTYpH, dKa 0 BigpisHsa-
Jacs BUCOKOIO AuCIIepCcHicTIO hepuTHO-IepaiTHOL cymiri. ITominmmenss
KOMILIEKCY MeXaHiuHNX BJIACTUBOCTEH rapsadyeKaTaHOl KPUIli HUHI g0-
CATAETHCA B OCHOBHOMY 34 PaXYHOK JOZATKOBOTO JIeT'YBaHHS J00OaBKaMU
Ti, Nb, V, Mo, 3maTHUMHK yTBOPIOBATH BHCOKOIMCIIEPCHI KapOimu Ta
KapOOoOHITPUAM, II10 BAXKKO POSUMHAIOTHCA B aYCTEHITi, a TAKO0MK OITHIMi-
3aIli€l0 TeMIepaTypPHUX PEeKUMiIiB KOHTPOJLOBAHOTO BaJbI[IoBaHHA. [0
HeNOJIiKiB JaHOTOo HmigXxomy, KpiM IigBUINeHHA coOO0iBapTOCTH IIPOKATy H
YCKJIaIHEHHA TeXHOJIOTIUHOT0 IPOoIlecy oTro BUPOOHUIITBA, CJIi TAKOMK
BilHECTH IIOCUJIEHHS aHi30TPOIil MeXaHIiUYHMX BJIACTHUBOCTEN, 3yMOBJIE-
HOI yCIIaAKYBaHHAM IIIapyBaTOCTHA Ta TEKCTYPOBAHOCTU CTPYKTYPU B
nporeci rapsauoi medopmariil Ta o—>y-Iepexony, a TaKoK 3POCTaHHSA
XapaKkTEePUCTUK AeopMaIliifHoro 3MiITHeHHSA TepMOOOPOOIeHNX KPUIb,
110 HebaKaHO MIJIs JIMCTOBOTO IIPOKATY, IPU3HAYEHOTO AJIS HACTYIIHOTO
xosomHOTO medopMyBaHHA. KpiM Toro, € meBHa yacTWHA COPTAMEHTY
KPHUIIEBOT0 IIPOKATY, BUTOTOBJIEHHSA SKOT'0 METOAAMU KOHTPOJIHOBAHOTO
BAJILITIOBAHHS IIOB’sI3aHe 3 IMEBHUMU TEXHOJOTIUHUMHN TPYIHOIIAMHI
(HampuKJIag cKJIamgHicTh mpodinio). BupimmmTyu npobiaeMy mOJiMIIeHHST
SKOCTHY TAKOT'0 TUNY IIPOKATY MOKHA IILJIAXOM 3aCTOCYBaHHSA JOJATKO-
BOT'O TePMiYHOTO 00PO0JIEeHHS 3 BUKOPUCTAHHAM Pi8HUX METOMIB ITBU/I-
KicHOTO eJeKTpOHAarpiBy, TeXHiKO-eKOHOMIiUHi mepeBarm SKOTO ITifT-
BEepPIKEHO Ha IIPAKTHUIl 38 TEPMO3MIIITHEHHS KOHCTPYKIIHHMX KPUIb
[1]. EhekTrBHEe BUKOPUCTAHHSA JAHUX METOIiB TePMO3MiITHEHHA IIPOKa-
Ty 3 HU3bKOBYIJIEIIEBUX KPUI[b HEMOKJIVUBe 0e3 3HAHHA 0cOOJJIMBOCTE
BILIUBY MiABUINIEHUX INIBUIKOCTEH HATrPiBy HA KiHETUKY YTBOPEHHS ay-
CcTeHiTy Ta (h)OpMyBaHHA HiJ Yac IIOAAJBIIOr0 MOro OXOJOMKEeHHA OUC-
mepcHOi (epuTHO-MEPiTHOI cTPYKTYypu. Taki BimomocTi HeobxigHi Ta-
KOJK JIJIA PO3POOKM TEXHOJOTIUHUX BUCOKOE(EKTUBHUX CXEM eJIEeKTPO-
3BapIOBAHHS KPUIIb JAHOTO KJAcCy (4K OCHOBHOTO CIIOCOOY BHUT'OTOBJIEH-
Hf 3 HUX METAJOKOHCTPYKILiil), IIT0 YMOMKJIUBIIIOIOTE VHUKHYTU (hOopMY-
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BaHHS B 30Hi 3BapHOro 3’€IHAHHA CTPYKTYP 3 IOTipIIIEHNMH MeXaHiu-
HUMU Ta CIAY:KOOBUMHU BJIaCTUBOCTIMMU.

Bigomo [2, 3], 10 poamip 3epHa (epuUTy, AKUI BUSHAUYAE PiBEHDb MiIl-
HOCTH Ta IIJIACTUYHOCTH U OIIip KPUXKOMY PYHHYBaHHIO HOPMAaJIizoBa-
HUX HUBBbKOBYTIJIEIIEBUX KPUIh, KOHTPOJIIOETHCA B OCHOBHOMY BEJIMYM-
HOIO BUXiTHOTO 3epHa ayCTEHITy Ta TeMIlepaTypHO-YaCOBUMHU YMOBAMU
oro posmazny. ¥ pasi 3acTocyBaHHSA MiJ yac aycTeHisaIii KpuIhb IIigBU-
IIeHUX IMBUAKOCTEN HATrPiBY JOJATKOBUM UMHHHUKOM TAKOTO BILIUBY
MOKe OyTH KOHIEHTPAIliiHWII CTaH ayCTeHiTy, AKHHN BimpisHsaeTbcs
HeogHOpPigHUM 00’eMHUM posnoaiaoMm Kap6oHy Ta JeryBajabHUX ejieMe-
HTiB, BHACJIiJOK He3aBePIIIeHOCTH IPOIleciB roMoreHisarii.

3 oryiA4y Ha Iie, y JaHiii poOoTi mepeabdbavaeThbesa JOCAIAUTY Y IIePIIiii
YacTHUHI BILIUB Higsuienux msuaxocreit (2—300 K-c™!) marpisy Ha ¢o-
PMyBaHHSA 3epeHHOI CTPYKTYPH ayCTEeHITy B HH3BKOBYyTJIelleBux Fe—
Mn—C kpuigx 3 pisHEM CTyIleHeM Jier'yBaHHA ix mobaBkamu Nbta V. ¥V
IPYTiii YacTHHI — B3a€MO3B’A30K XapaKTEePUCTUK 3ePEHHOI CTPYKTYpHU
deputy HOpMaTiZ0BaHUX KPUIlh i3 BEJIMUYNHOIO 3epHA ayCTEeHiTy, YTBO-
PeHoTro B yMOBaX HArpiBaHHS 3 i ABUIEHUMHU IIBUIKOCTAMU.

2. MATEPISJN TA METOIU JOCIIIKEHD

HocuimxyBann KOHCTPYKILifiHI HU3bKOBYTJIeleBi Kpuiti mapok 09I'2 ta
10T'2PB npoMucI0BOTO BUTOILIEHHA. XeMiUHUI CKJIAJ KPUIbL HaBeme-
HO B Ta0i. 1.

Bubpani MmapKu KpuIli B OCHOBHOMY BiZIpi3HAOTHCA XeMiUHUM CKJIa-
oM, 30KpeMa Pi3HHUM BMicToOM Jier'yBadbHUX H00aBOK Nb i V, 110 ymMOXK-
JWBJIIOE OIIiHUTH POJIb JaHUX €JeMEeHTIiB y 3MiHi (paszoBuX i CTPYKTYp-
HUX IepeTBOPEHDb B YMOBAX IiABUINEHUX MIBUAKOCTel HarpiBy. Komie-
Hrpania Cyapdypy v kputi 10I'2DB maiixke Ha TOPAOOK HUKYA, HIK y
Kpuii 09T'2. 3aroTiBKu 3paskiB KpHUIlb s MeTaJorpadgiuHmx mDOCJi-
I:KeHb BUTOTOBJISAJIY i3 IITAaHT KBaJAPaTHOTO Iiepepisy, BUpisaHUX 3 JIuC-
TOBOT'O ITPOKATyY KPUILh TOBIMHOI y 20 MM B3J0B:K HAIIPAMKY BaJIbITIO-
BaHHdA. Tepmiume oOpobJieHHS 3pasKiB mja MeTamorpadidyHuX DOCITi-
I'KeHb BKJIIOYAJIO:

- OesmepepBHE HArpiBaHHA 3pas3KiB mepepizom 15x15 MM i Bucororo y 10
MM 3a JOIIOMOT'0IO IIPOT'PAMHOTO IIPUCTPOIO B €JIEKTPOIIeYi 31 MMIBUAKICTIO

TABJUIIA 1. Xemiunuii CKJIAL KPUITD.
TABLE 1. Chemical composition of steels.

Mapxa Xemiunuit ckaag, % mac.

kpuni | C [Mn|Si| S [ P [Cr|Ni|Cu|Mo| Al [Ti [Nb[ V| N
09T2 0,131,270,290,0220,0220,030,020,040,0030,0270,0190,0060,007<0,008

10r205 0,111,640,240,004 0,02 0,030,020,03 — 0,03 0,0140,043 0,09 0,01
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y 0,02 K-c™! mo 3azanoi rTeMnepaTypu 3 HACTYIIHAM rapTyBAHHAM Y BOLY;
- eJeKTpoHarpiBaHHA 3aroTiBOK 3pasKiB KBaJpaTHOTO Iiepepisy Bai
mBugKoctamu y 2—300 K-¢c™! miaxoM IponyCcKaHHA depes HUX CTPYMY
IPOMMCJIOBOI YACTOTH MO0 BMOpaHMX TeMmmeparyp B imTepBajai 700—
1150°C Ta rapTyBaHHA y BOOY;
- HarpiBaHHA YaCcTHHU 3Pas3KiB IJIAXOM HOCAIKM B HArpiTy miu i3 Bu-
TPUMKOIO ¥ 2 TOAWHU AJIA OJleP:KaHHA ITOPiBHAJNLHUX Pe3yIbTaTiB.
CTPpYKTYpy TepMOOOPOOIeHNX KPUIbh BUABJIAIN IILJIAXOM XeMiuHOTO
IIaBJIEHHS NLIi(PiB 3 BUKOPMCTAHHAM PO3UYMHIB a30THOI Ta MiKPUHOBOI
KucJjgoT. Merasorpa(iusi gocaikeHHs IIPOBOAMIIN HA MJIOIIMHAX ITTJIi-
¢iB, O-pi3HOMY OPi€eHTOBAHMX MO BiTHOIIIEHHIO [0 ILJIOIIUHY Ta HAIPA-
MKY BaJbIfoBaHH#A. /[JId BUBUEHHS CTPYKTYPHOrO CTaHy KPHUIlL BUKO-
pucropyBaau metonu cBiTioBoi (Neophot-32) it esleKTpoHHOI TpaHCMI-
cittioi (JOEL 2003) wmikpockomiii. [Ijia xXapakTepUCTUKU 3epPEeHHOI
CTPYKTYPU ayCTeHiTy o0paHO cepenHili AiaMeTep Iepepisy 3epHa aycre-
HiTy D; [MKM], AKU BU3HaYaJIl, BUKOPUCTOBYIOUHU CITiBBiJHOIIIEHHA

- [5
T

Ie S — miomia mepepisy 3epHa, AKa BUMIiPIOETHCS 3a JOIIOMOTOO IIPO-
rpamHOro 3abesneuends Image-Pro Plus.

3. PEBYJBTATHU JOCJIIISKEHD TA IX OBTOBOPEHHSA

MikpocTpyKTypa KpUIlb Y BUXiTHOMY cTaHi € hepUTHO-IIEPJITHOIO CY-
MiIIIIITO 3 XapaKTepHUM AJISA rapAadeKaTaHnX BUPOOiB PO3IOLAIIOM CTPY-
KTYypHHUX cKJamoBuXx (puc. 1). Yepes ocobJIUBOCTI IIPoOIleciB ImIacTUYHOI
nedopmaril mig yac BaJbIIOBAHHA KPUILh y ILJIOIIUHAX, IEPIEHIUKY-

IInomuna mporaTKK
Hanpam

IPOKATKA

Puc. 1.MikpoctpykTrypa kpuib 09I'2 (a) ta 10I'2®B (6) y Buxignomy crami
ImicJIst rapsiuoi IPOKAaTKU.

Fig. 1. Microstructure of steels 09G2 (a) and 10G2FB (b) in the initial state
after hot rolling.
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TABJHUIIA 2. XapaKkTepUCTUKU MiKPOCTPYKTYPU KPHUITh Y BUXiTHOMY CTaHi.

TABLE 2. Characteristics of the microstructure of steels in the initial state.

Depur Ilepmir Hewmeraniuni BKIIOYEHHSA
<
o Cepenniit | Cepenus
Mapxa E nismerep | muomta | TosmmHa Tosmyna Cepenmiil . . 6i H06° .
1 2 HeDeD . 5i depurHOrO . [Hai#6inxpmm eMHUH
S pepisy | mepepisy | KapOoigHUX poamip, . . Y
‘A | mpoIapKy, posmip, MKM|BMicT, %
= 3epHa, 3epHa, |IJaCTUH, MKM
MEKM MKM?
1 9,5 107
09r'2 2 11,5 166 212 1060 2,23 5 1,3
3 10,0 123
1 6,24 46,2
102 2 6,04 43,2 - - - - -
3 6,06 49,1

JISIPHUX IO IJIOINHY BaJbITIOBAHHA, (DOPMYETHCA IIapyBaTa CTPYKTypa
3 IePiIOAMYHUM UepPryBaHHAM II0 TOBIIIMHI ITapiB (DePUTHUX 3epeH IIepe-
BasKHO moJiegpanabuoi opmu Ta nepaity. CepenHiil mismerep mepepisy
3epeH (pepuUTy B ILJIOMINHI, MapajelbHill MJIOMINHI BAJIBI[IOBAHHA Ta IIe-
PUOEeHIUKYJIAPHINA 10 Hel, IpuOInN3Ho ogHAKOBUM (Tabi. 2). AHajgoriuHo
B IpoIieci BaJbIIOBaHHA (pOPMYIOTHCS I IMepJriTHi minaaku. Beranosie-
HO, ITI0 JOCJIiJ:KyBaHi KPUIli XapaKTepU3YyIOThCSI PidHOIO AUCIIEPCHICTIO
3epeH (epury. Haitbinemmuii cepenuiit gismerep 3eped gpeputy (9,5—11
MKM) cIIocTepiraerbes B mpokari 3 kputi 09I'2. V KoMneKcHO Jerosa-
Hiit gobaBkamu V i Nb kpuiii 10I'2®B Biu craHoBuTs 6 MKM. Pesyabra-
TH eJIEKTPOHHO-MiKPOCKOMIUHUX MOCIiIKeHb CBiuaTh IPO PO3MipHY
OJMMBbKICTh €JIeMEeHTiB BHYTPIIIHLOI OyZOBM MEPJIITY AOCIiIKyBaHUX
KpHIlb, a caMe, TOBIUH KapOifHUX MJIacTHUH i ()epUTHUX MIPOIIapKiB.
He BusBIEHO TaKOK iCTOTHUX BigAMiHHOCTEH y posMipax Ta 06’€MHOMY
BMicCTi HeMeTaJIeBUX BKJIIOUEHb (TabJ1. 2).

Ha pucyHKy 2 mokasaHO 3MiHy TeMIIepaTypu KPUTHUUYHUX TOUYOK IIO-

950

900 Ac
850

800 (L—y-TIepeTBOPeHHS

750 —
700
650

600
0,01 0,1 1 10 100

ITeupkictes HarpieasHa, K/c

Temneparypa, °C

Puc. 2. 3mina 3i mBUAKicTIO HArPiBy iHCTpyMeHTaIbHOTO MOoUYaTKy (Ac;) i 3a-
KinueHHd (Acs) o—y-eperBopeHHA Kpullb 09I'2 1 10I'2D5.

Fig. 2. Change of the instrumental beginning (Ac;) and ending (Acs) a—>y-
transformation of steels 09G2 and 10G2FB with the heating rate.
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yaTKy (Ac;) Ta 3axinueHHs (Acs) YTBOpPeHHs aycTeHiTy B Kpuiax 09I'2
ta 10I'2PB i3 3pocTaHHAM INIBUAKOCTY HarpiBaHHA. 3HAUEHHS TeMIIe-
patyp Ac; Ta Acs; BU3HAUEHO 3a MAKCUMYMOM i MiHiMyMoOM AuiaToMeT-
puuHOro eheKTy o—>y-IepeTBOPeHHA Ha KPUBUX 3MiHU JOBXKUHU 3pas-
KiB KpuIlh 3a Oe3mepepBHOTO HATPiBaHHA iX 3TilTHO 3 METOAMKOIO, PO3-
pobsenoio aBropamu [1]. B pesynbTari aHanmisu omepsKaHUX 3aesKHOC-
teit Aci, Acs = f(Vy) BCcTaHOBJIEHO, 110 301IbIIIeHHS IIIBUIKOCTHA HAT'PiBY 3
0,02 mo 100 K-c! Bukiukae mpubamnsuo omHaroBuit —(15—20°C) scys
TEeMIIEPATYPHOTO iHTepBaNy O—>Y-IIEPETBOPEHHS 000X KPUIb B 00JaCTh
OiJIBIII BUCOKUWX TEeMIepaTyp.

BoiuB TeMIlepaTypHO-4aCOBUX YMOB HarpiBy Ha 3MiHY BeJIUYUHU
ayCTeHITHOTroO 3epHa BUBUAJI Ha 3arapTOBaHMX y BOIY 3pa3Kax KPUILb,
IoIepesHbO HATPITHUX A0 PidHUX TeMuepaTyp. THUIIOBi CTPYKTypH 3arap-
roBaHol kpuili 09I'2 3 BUABJIEHNIMN MeXKaMU ayCTEHITHINX 3epeH IOoKa-
3aHO Ha puc. 3.

XeMmiuHe MIaBJeHHA 3pasKiB 3/1ifiCHIOBaAJIOCA IIEPECUUEHUM PO3UMHOM
MMiKPUHOBOI KHCJOTHU 3 MOJABAHHAM IIOBEPXHEBO-aKTHUBHUX PEUOBUH.
BaxkauBo BigMiTUTH, 1110 V CTPYKTYPi KPUIH Yy IJIOIIUHAX, TIePHeHIN-
KYJAPHUX ILJOIUHI BaJbIIOBAHHSA, IIOMITHOI 3MiHN (DOPMU 3€epeH ayc-
TEHiTYy He BUABJIEHO, ITI0 XapaKTEePHO AJA (pepUTHUX 3ePeH y BUXiTHOMY
CTaHi rapadyeKaTaHol Kpuili. 3MiHy cepeJHBLOr0 isiMeTpa 3epHa aycTe-

T = 900°C EsEr

T = 950°C KEvH

Puc. 3. MikpocTpykrypa 3araproBanoi Kpuiii 09I'2 3 BuUABIEeHMMH MeXXKaMU
ayCTEeHiITHUX 3epeH.

Fig. 3. Microstructure of hardened steel 09G2 with revealed austenite grain
boundaries.
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Puc. 4. 3mina cepenuboro gisimerpa sepHa aycrerity kpunb 09T'2 (a) i 10I'20B
(0) uepes HarpiBaHHS OO0 Pi3HUX TeMIEPaATypP 3 PIBHUMHU IMIBUAKOCTAMU.

Fig. 4. Change in the average austenite grain diameter of steels 09G2 (a) and
10G2FB (b), when heated to different temperatures with different rates.

HiTy Kpunb 09I'2 ta 10I"2®B 3i 3pocTaHHAM TeMIIepPATyPH HaArpiBy mo-
KasaHo Ha puc. 4. BugHo, 1110 XapakTep 3MiHN BeJIMUYNHYU 3epHA ayCTeHi-
Ty KPHUIlb OiJIBIITOI0 Mipoi0 BU3HAYAETHCA CTYIIEHEM JeIr'yBaHHS J00aB-
kamu V, Nb, Hixx TeMIepaTypHO-4acOBUMK yMOBAMHK HarpiBaHHSI.
Haiimenrna 4yTJauBICTh [0 TeMIepaTypu Ta IMBUAKOCTH HarpiBaHHA
CIIOCTEPiraeThCs 3a HArpiBaHHA KOMILIEKCHO JIeTOBaHOI IIMMU S00aBKAa-
vu Kpuii 10I'2B. 3a mosinbuoro marpiBamua (Vi=0,02K-c!) miel
KPUIIi HOMiTHEe 3pOCTaHHS 3epHa aycTeHiTy nmounHaerbesa Buire 1000°C.
306ibIlIeHHA IIBUAKOCTY HATPiBY OijbIle, Hix Ha 2 mopaaku, Bix 0,02
10 8 K-c™! mpakTUYHO He IPUBOAUTE [0 MOAPiOHEHHA IIOUATKOBUX 3€PeH
ayCTeHiTy, III0 YTBOPIOIOTHCA B 00JaCTi TeMIIepaTyp, OJU3bKUX 10 Ac:.
IlomioHa HM3bKa UYTJAMBICTH JaHOI XapaKTEPUCTUKUW MO0 30iIbIIeHHS
IIBUAKOCTY HATPiBAHHS BJIACTHBA TaK0o:K Kpuiri 09I'2.

Pasom 3 Tum, Ha BigMminy Bixg Kpuili 10I'20B, kpuia 09I'2 xapakTe-
pHU3yeThCA HiABUIITEHOI0 HeCcTablIbLHICTIO 3epeHHOI CTPYKTYPHU ayCTeHi-
Ty 3a HarpiBaHH BuIle Acs. B ymoBax HarpiBanus 3i mBugkicTio y 0,02
K-c! a60 BUTPUMKU TPHUBAIICTIO Yy 2 FTOAMHYU iHTEHCUBHE 3POCTAHHS 3€-
PeH aycTeHiTy, B OCHOBHOMY, IIIJISAXOM PO3BUTKY IIPOIlECiB KoaJiecIleH-
1ii, mounHaeThcsa Bake Buire 950°C. 30iabIIeHHA IMTBUAKOCTY HarpiBaH-
HaA 10 30 K-¢! BUKJIMKae 3CyB TeMIlepaTypu iHTEHCHUBHOI'O 3POCTAHHS
3epHa aycteHiTy 10 980-1020°C. Yepes mpuruaiueHHs PO3BUTKY IIHOTO
IIPOIeCy BHAETHCA 3HAUHOIO Mipoio 30eperTy OJHOPiAHICTL CTPYKTYpPHU
KPHIIi 38 BeJIMYMHOIO 3ePHA ayCTEHITY HiJ yac HarpiBaHHSA IO BUCOKUX
TeMmneparyp (puc. 5).

Besmumaa 3epHa aycTeHITy, IO (POPMYETHLCA MiJ Yac HarpiBaHHS
KPHUIlh, 3aJE€KUTDH BiJf pAAY UNHHUKIB, TOB’ A3aHNX 3 KIHETUUYHUME OCO-
OJIMBOCTAMU O,—>Y-TIEPETBOPEHHA, IKNUX 3YMOBJIEHO BUXiITHUM CTPYKTY-
PHUM CTAHOM i TeMIIepaTypHO-YaCOBMMM yMOBAMM HATPiBY, a TaKOXK
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Puc. 5. TicrorpamMu po3ImOAiIy cepefHixXx AiAMeTpiB 3epeH ayCTeHiTy KpHIri
09I'2; mBuaKicTs HarpiBanaa — 30 K-¢!; Temneparypa HarpiBaras — 950°C
(a) Ta 1050°C (6).

Fig. 5. Histograms of the distribution of average diameters of austenite
grains of steel 09G2; heating rate of 30 K-s!; heating temperature of 950°C
(a) and 1050°C (b).

00’€MHMM BMiCTOM i po3dMipaMu BaXKKOPO3UMHHUX BUAiLJIEHb, SKi mepe-
IIIKOAKal0Th 3POCTaHHIO 3ePeH ayCTeHiTy.

OCHOBHIi yABJEHHS IIPO MeXaHi3M i KiHeTUKY YTBOPEHHS ayCTEHITYy B
HusbKoJeroauux Fe—Mn—C-Kpuigax 3 BUXigHOIO (hepUTHO-IIEPJIiTHOIO
CTPYKTYpPOIO c(h)OPMOBAHO Ha IIifCTaBi pe3yJbTaTiB AOCTiMKEeHHS IIPO-
IeciB ayCTEeHIiTOYTBOPEHHS B YMOBAaX i30TEPMiUHUX BUTPUMOK Y MiXKK-
putuuHoMy iHTepBasi Temmepatyp [5—10]. 3araabHOIPUIHATO BBaKa-
TH, 1110 3i 361JIBIIIEHHIM TPUBAJOCTA BUTPUMKU YTBOPEHHSA ayCTEHITY B
MUX KPUILSAX 3MiHACHIOETHCS B IeKiJbKa eTamiB:

- Ha IIePIIIOMY eTalli 3aPOJKH ayCTEeHiTy, I110 YTBOPUIUCA IIepeBakHO Ha
(hepUTHO-TIEPIiTHIN MeKi U1 TO BcepeanHi mepJaiTHOI KoJoHii, mpopoc-
TaIOTh yCePeIuHy 3 HOCTiMHMM PO3UMHEHHSAM iX; ITBUIKICTH JaHOTO
IIpoIecy KOHTPOJIIOEThCA IIBUAKicTIO fudysii Kapbony B aycTeniri, 1110
YTBOPHUBCS, a MiCJIA 3aBepIIeHH IIbOTo eTany BMicT KapOoHy B aycTeHi-
Ti OJIN3BLKUNA 4O €BTEKTOITHOIO;

- Ha OIPYyroMy eTalli YTBOPeHHs HOBUX MOPIiil ayCcTeHiTy moB’s3aHe 3
IIPOPOCTAHHAM ayCTEHITY y (EepuT i JOCATHEeHHSIM YaCTKOBOI piBHOBaru
3 ¢hepuUTOM; HUBBKY IIBUIKICTH AaHOI cTamii 3ymMOBJeHO 36iIbIITeHHIM
Iuys3ifiHux MIAXiB mepemimenus atromis Kapbony B aycreniTi Ta Ma-
Hrauny y Gepuri Ajd BUKOHAHHSA yMOB ITapapiBHOBaru Ha Me:Xi depur—
ayCTeHiT;

- (pimaabHA cTamida, 10 BUPiISHAECTHCA HANMEHIIIOO MIBUIKICTIO PO3BUT-
Ky, IIOB’sizaHa 3 OCTAaTOUHUM AU(DY3iiHMM BUDPiBHIOBAHHAM KOHIIEHTPA-
11ii MaHrany B 06’eMi aycTeHiTy.

VY pani po6it [12, 13] BcTaHOBIEHO, IO 3aPOKEHHA Ta 3POCTAHHS
aycTeHiTHOI (pasu MMOpsAnd 3 HMepJIiTOM MOKe BigdyBaTucCsa HA MiK3epeH-
HUX MeKax deputy abo cyomMerkax, 110 He MiCTATh KapOifHUX YaCTUHOK
ycepeauHi 3epHa. ¥ IIbOMY BUIIAJKY 3POCTaHHA 00’€MYy ayCTeHiTy, IO
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YTBOPUBCS B 3a3HAUEHUX MiCIAX, KOHTPOJIOETHCA MIBUAKICTIO N1uQy3il
Kap6ony B ¢pepuri. Kpim Toro, mig yac BUBUEHHSA 3a SOIIOMOTOIO JIa3ep-
HOT'O CKaHiBHOTO MiKpoOCKoma in Situ MpoIleciB yTBOPEHHA ayCTEHITY
HU3LKOBYTJIEI[eBOI KPHUI[I MOKAa3aHO MOMKJINBICTH IIePETBOPEHHSA 30epe-
JKeHOoro 3a 6e3IepepBHOro HaTrpPiBaHHA HAAJIHUIITKOBOTO (hepuTy Oesmoce-
PeIHbBO B ayCTEHIT 3a TaK 3BAHUM «IICEBIOMAaCUBHUM» MexaHismom [14].
Heo0xigHOI0O YMOBOIO IJId peasisallii Takoi cxeMHu ayCcTeHiTOyTBOpPeHH
e mocsarHeHHsa Qepurom Temueparypu (To<910°C) tepmoamHamMiuHOI
piBHOBaru epuUT—ayCTEHIT AJISI JaHOTO XeMiuHOTo cKJIany mo Kapbony
KPHIIi.

Ilig yac JOKJIaJHOTO POSTIALY KiHETUYHMNX 1 KOHIIEHTPAIIiMHNX YMOB
YTBOPEHHS ayCTEHITY B HOCIiIKyBaHUX KPUISIX HeoOXiTJHO BpaXoByBa-
T BILJINB JIeT'YBAJILHUX €JIEeMeHTiB i, Hacamnepen, Maurany. IligBumie-
Huit (21,5%) Bmict Mn y KpUISIX JaHOTO KJAcCy CIPUAE MOHUIKEHHIO
TemiepaTtyp Ac: i Acs, a TaKOK YTBOPEHHIO TeMIIepaTypHOI 00JiacTi, B
K1Y mepeOyBaroTh y piBHOBa3i 3 (hasu: o, y Ta FesC. Kpim Toro, B poboTi
[11] BcTaHOBIIEHO, ITIO B IIPOIleCci YTBOPEHHA ayCTeHITY B HUBLKOBYTJIE-
neBitt kpumni 3 1,5% Mn nobisinsy mexx das FesC it a/y B ymoBax mapapis-
HOBaru B IIEMEHTUTI Ta QepuTi yTBOPIOIOTHCSA 00JIaCTi 3 HigBUIITEHUM
BMicToM Mn, 110 CUpUYMHAE MOHMMKEHHS IMIBUIKOCTU POCTY ayCTeHIiT-
HOl pasu. B MaHrany Ha KiHETUKY YTBOPEHHS ayCTEHIiTY Ie 6ib-
IIT0I0 MipOIO MOCUIIOETHCA 34 HASIBHOCTH B rapsyeKaTaHUX KPUIAX ITIa-
PyBaToOi CTPYKTYPH, AKA XapaKTepuadyeThbCcsa pidHuM BmicTom Mn y mo-
YeproBO PO3TAIIIOBAHUX IO TOBIIWHI IPOKATy Iapax (GepuTy Ta IepJi-
Ty. BigmoBigao mo [12], BmicT Mn y mepaiTHi#i ckiIamoBiii y 2—38 pasu
BUINUH, HisK y pepuTHiit. OT:Ke, MokHA OyJIO OUIKYBATH, 1[0 TAKUHA BU-
cokuii BMicT Mn B mepJIiTi BimBaTuMe K Ha KiHETUKY YTBOPEHHS aycC-
TEHITY B KPHUIIi B I[iJIOMYy, Tak i Ha #ioro Mmop@osorito. OgHaK TOMiTHUX
BiIX1JiB y (OpMi ayCTEeHITHMNX 3epeH 110 TOBIIWHI IIPOKATy MeTaJorpa-
¢iuHO He cIocTepiraeTbcsa. 3ayBasKnuMO, M0 3a3HaUeHa HeOJHOPiAHiCTE
3maTHa 30epiraTuch SK B YMOBAX 3aCTOCYBAHHS ITiIBUINEHUX ITBUIKOC-
Tell HarpiBy, Tak i 3a TpUBaJMX i30TepMiUYHMX BUTPUMOK. BiAmoBigHO
mo [15, 16], BupiBHIOBaHHA KOHIIeHTpAIIii 1o Mn B 00’eMi TpoKary, AKe
KOHTPOJIOEThCA INBUAKICTIO tToT0o n1(ysii B ayCTeHiTi, MOKJINBE JUIIIE
y pasi 6iabmm TpuBaiaux (2:10°-10-1032 rox.) BUTPHMOK 3a TEMIIEPATYPH Y
1200-1300°C.

OcHoBHI 3aKOHOMipHOCTI (hOopMyBaHHA B YMOBaX i30TepMiUyHUX BH-
TpuMoK (0,1-5000 roz.) sepeHHOI CTPYKTYPH ayCTeHITY B HU3BKOBYT-
JIeIeBUX KPUIAX ABOX THUIIIB (CIaAKOBO APiOHO- i KPYIHO3EePHUCTUX),
IO BiApPi3HAIOTHCA IIBUAKICTIO 3pOCTAHHSA 3€PeH ayCTeHiTy, JOCTaTHBO
mokJagao BuBuero O. O. Miller [17].

YTBOpPEeHHS ayCTEHITY B HUBbKOBYIJIEIIEBUX KPUILSIX B YyMOBax Oesie-
PepBHOTO HarpiBaHHA 3 MiABUINEHUMHU IIIBUAKOCTIMU XapaKTepu3yeTh-
cA PAAOM KiHETMUYHUX OCOOJIMBOCTEI, 3yMOBJIEHUX 30iJbIIIEHHAM CTY-
IeHs IeperpiBy Hajl PiBHOBAKHOIO TEMIIEPATYPOIO IIePETBOPEHHS Ta



10 P. B. TEJIbOB1Y]|, 10. A.TAPACHM, H. O. BOHJAPEBCBKEA

BU3HAYAJIBHUM BILIMBOM BUXiMTHOTO CTPYKTYPHOTO CTAaHY KPHIIi mepen
HarpiBaHHAM. B3aeM03B’ 30K 3a3HAUEHNX UYMHHUKIB 3 TeMIepaTypHO-
YaCOBUMU ITapaMeTpPaMU’ (—>Y-TEePETBOPEHHA Yy BYIVIEIEBUX KPUIAX Y
pamMkax audysiiiHoro mozaeaio GasoBOro IEPeTBOPEHHA TOCTATHBO J10-
KJagHo BuBYeHO B [1, 18]. BecramoBieno, 1o 3cyB iHCTpYMEHTAJIbLHUX
TeMIepaTyp IIOUaTKY Ta 3aBepIIeHHs YTBOPEHHS ayCTEeHiTy, IKuii 3y-
MOBJIEHUH NPUTHIUEeHHAM AUGY3iHUX TpOIleciB IepeMillieHHAa aTOMiB
Kapbomny B aycTeHiTi, 3BHAUHOIO Mip0oI0 BU3HAUAETHLCA TUIIOM i AUCIIepC-
HicTio pepuTHO-KaApOigHOl cyMmiIri, chopMoBaHOI 4O IMOUYATKY II€PETBO-
peHHs. 30KpeMa, BUBUEHHSIM O0COOJIMBOCTEH ayCTeHITOYTBOPEHHS B JToe-
BTEeKTOIMHiT KpUIli ITOKAa3aHOo, IO 3i 30iJbINTeHHAM IIBUIKOCTHA HaTpi-
BaHHSA Bi0yBaeThCA IOCTYIIOBA JOKAJIi3allisg B OKpPEeMUX TeMIIepaTyp-
HUX 00JIaCTAX IIPOIECiB YTBOPEHHS ayCTeHITY ¥ PepUTHUX i mepriTHUX
IinAHKaX CTPYKTypu. BogHouac, yepes cUJIbHiIIIe IPUTHIUEHHA IpPOIle-
ciB po3urHeHHA (ePUTY B ayCTEHITi CTBOPIOIOTHCA YMOBHU JJIf IIEPETPIBY
HaJJIUIITKOBOTO (DEPUTY OO TeMIIepaTyp, 3a AKMX MOXKJIMBe MOro IeperT-
BOPEHHJA Ha ayCTeHIT 0e3nn(y3iiHNM MeXaHi3MOM.

Bigmosiguo mo [1], Takuil BapisTHT KiHETMKM YTBOPEHHS ayCTEHITY
peaiidyeThbcd IIif Yac HarpiBaHHsS BiAgmajeHOI cepemgHbOBYIJIEIEBOI
Kpuli 45 3 mocTaTHbO BUCOKMME MmBHUAKocTAMU (6inbme 1000 K-c™).
Besmepeuno, 0co6JIMBOCTI KiHETUKY ayCTEHITOYTBOPEHHS, IKi BUHUKJIT
B YMOBAaX 3aCTOCYBaHH#A 0e3IIepepBHOr0 HArPiBy, MO3HAYATUMYTHCSA Ha
PO3BHUTKY mporeciB ()opMyBaHHA 3e€PEeHHOI CTPYKTypHU aycTeHiTy. Pe-
3yJbTaTH MeTaJorpadivHmnx JOCIiIKeHb MoKas3aJn, 110 3a HarpiBaHHA
Kpuns 3 nosinbHoo (0,02 K-¢™!) mBuakicTio 10 TeMuepaTypu Ac; y HUX
BCTUTAaIOTh 3aBEPIIUTUCA Iporecu chepoizmnsalrii meMeHTHUTY B IIePJIiT-
Hill CKJIamOBiH, i hopMyBaHHSA ayCTEHITY IOUMHAETHCS IIEPEBAKHO O00-
JIU3Y CKOAr'yJbOBAHUX YaCTHUHOK IIEMEHTUTY Ha MeKaX (DEPUTHUX 3epeH
(puc. 6). 3 miABUINEHHAM TeMIIepPaTypHd 3POCTAHHSA aycTeHiTHOI dasu
BimOyBaeThCA, K IPABUJIO, Y HANIPAMKY, IEPIEHIUKYIIPHOMY 10 (he-
puTHUX MexK. HacTmHaA aycTeHITHOI (pas3u MOXKe TaKOK YTBOPIOBATHUCS
BcepenuHi ¢epuTHUX 3epeH. Cuim 3a3HAUUTH, [0 YV CTPYKTYPL KpHiii,
HarpiToi mo Temmepatypu Ac; i Buie, MetajmorpadgiuHo He BHUABJIEHO
CJIigiB CMyTracTOCTH, IO CIIOCTEPIiracThCcA y BUXiJHOMY IIepel] HarpiBaH-
HAM cTaHi. MoXHa IPpUIyCTUTH, IO B IIPOIleci po3BUTKY chepoigmsaii
Ta KoaryJadArii yacTuHOK KapOigHol a3y 3a BUCOKUX TeMIIEpaTyp Bin-
OyBaeThCA YaCTKOBUII Iepepo3noaia He Tinbku Kapbony, a i JeryBajib-
HUX eJIeMeHTiB, 30KpeMa Mn, 3i 30idbIlIeHHAM iXHLOI KOHIIEeHTpAIil B
KapOimHiii Ta aycTeHiTHIiN (pasax 3a paxyHOK IOHMKeHHA ii B 30araue-
HuX objgacTax. IIpo MOMKIMBiICTE peasisallii TaKoro Immpoiiecy IIepepos-
MOAiNy JIeTyBaJbHUX eJIeMeHTiB (He- Ta KapOigoTBipHMX) 3a izoTepmiu-
HOl BuTpuMKU B TpudasHiil (a—y—Fe3;C) TemneparypHiit o6smacTi HUSH-
KoJIer'oBaHOI KpuIli moBizomieno B po6ori [19].

Ilig uac HarpiBanHA Kpuib 3i mBuakictio y 2 K-¢™!, Koiu peanizyeTn-
cs TUIOBA 3a HMIBUJIKICHOTO HArpiBaHHS JOEBTEKTOIMTHMX KPUIb CXeMa
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Puc. 6. Mikpoctpykrypa Kpuii 09I'2 micasa rapTyBaHHsA 3 MidKKPUTHUUYHOTO
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Fig. 6. Microstructure of steel 09G2 after quenching from the intercritical
temperature range. Etchant—‘nital’.

YTBOPEHHS ayCTeHiTy, IIOYATKOBI IOPIIil aycTeHITY (hOPMYIOThCA IIepe-
BasKHO B MEPJIITHIN CKJIAM0Bil 3 MOJAJBIIINM HOMIMPEHHAM HOTO B HAJ-
auirkoBomy deputi[1]. Heobximmo BigsHauuTy, 1110 Uepes MPUTHIiYeHHSA
mporieciB cdepoigusaiiii xapbigHoi ¢dasu mepJiTy 3a aHOI MIBUAKOCTH
HarpiBy, J0 MOYATKY O—>Y-IIePeTBOPEeHHA 00’ €MHUII BMicT BijibHOTO (he-
PHUTy OPaKTHUYHO He 3pOCTAa€ B MOPiBHAHHI 3 BUXiTHUM CTaHOM, AK Iie
CIIOCTepiraeThes I yac HarpiBaHHA KPUIh 3 OiJbII ITOBLILHOIO IIIBIU-
KicTio. MosKHA IIPUIYCTUTH, IO Uepe3 HU3bKY AU(PY3iHHY PYXJIUBICTH
aTOMiB Jer'yBaJbHUX O00ABOK B ayCTEHITi B mpolleci MIBUAKiCHOTO Ha-
rpiBy 10 BUCOKHX TeMIlepaTyp Oyae sbepiratucsa HeOOHOPiAHICTDL XeMi-
YHOTO CKJAAY, YCIIaJKOBaHa BiJi BUXiTHOTO rapsayeKaTaHOTo CTaHy.
OnepskaHi pesyabTaTH IOCHiAMKeHDb CBigUaTh, IO IPUINBUAIICHHS
HarpiBy 3a aycTeHisallii IpaKTUYHO He BIJINBAE HA BEJIMUYUHY IIOUYATKO-
BOTO 3epHA ayCTeHiTy, SKHI yTBOPIOETHCA ITiCJS 3aBEePIIEHHS O—>Y-
nepetrBopenHusa (puc. 7). Tak, 30iabIIeHHA IIBUAKOCTH HATrPiBY KPHILi
09I'2 Bix 0,02 10 30 K-c™! He BUKIMKAE IOMITHOIO 3MEHIIIeHHA PO3Mipy
3epHa ayCcTeHiTy, gKe copMyBajocs 3a HarpiBaHHA OO0 TeMIepaTypwu,
61m3bK01 70 Acs (900°C), xoua mporiecu (PopMyBaHHS ayCTEeHITy B yMO-
BaX HarpiBaHHSA iCTOTHO Bimpi3HAIOTHCS uepe3 Pi3HUI CTPYKTYPHUH
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1000°C BinmosinuoO.

Fig. 7. The effect of heating rate on the average austenite grain diameter of
09G2 (0) and 10G2FB (@) steels; 1 and 2—heating temperature of 900 and
1000°C, respectively.

craH, c)OPMOBAHMH [0 IIOYATKY HEePETBOPEeHHsA. BayK/JIMBO Big3HAUNTH,
III0 PO3MipM IMOYAaTKOBOTO 3epHa aycTeHiTy Kpuili 09I'2, omepsxaHoro B
pesyabTaTi isoTepMiuHOI BUTPUMKHM BIIPOJOBIK 2 'OIMH 34 TEMIIEPATypPHU
y 900°C i miciaa mBuzakicuoro marpisanusa (0,02 K-c™') mo tiei s Temme-
paTypu, IpaKTHYHO 30iraroThbcA. AHAJIOTIUHNM YNHOM IPUIITBUAIIIEHHST
HarpiBy IIOBHAUAEThCA 1 HA BeJMUYMHI IOYATKOBOTO 3€pPHA ayCTEHITY
Kpuii 10I'2®B. BaxkauBo BigMiTHTH, 1110 BiJCYTHIiCTH IIOMiTHOT'O BIIJIM-
BY IIiIBUIIEHHSA NIBUAKOCTH HATrPiBy Ha BeJIMUYMHY ayCTEHITHOT'O 3epHAa
BJIACTVWBA He TiIbKUW HU3bKOBYTIJIEII€BUM KPUIAM.

Astropamu [20] mokasaHo, IO 30iJbINIEHHS IMTBUAKOCTA HArpiBy
Oinbir Hisk y 300 pasis (8ig 3 o 1000 K-¢c™!) He BUKJIMKAE iCTOTHOTO II0-
IpiOHeHHs IMOYAaTKOBOTO 3epHA ayCTEHITY B cepeaHBLOBYIJIEIeBiil Jero-
BaHi#l Kpuili. MoKJINBOIO IPUUYMHOIO ITLOTO, HAa AYMKY aBTOpiB [20], €
3CYB 3 IPUIIBUAIIIEHHSIM HATPiBY B 00J1aCTh OiJIBIII BUCOKUX TEeMIIEPATYP
MIPOIleCiB MepPeTBOPEHHA CTPYKTYPHO-BLJIBHOTO (DEPUTY B ayCTEHIT, IO
cupusie iHTeHcu(piraIiii gu@ysinHNX OpoIleciB i po3poCcTaHHIO paHiIIe
YTBOPEHUX 3epeH aycTeHiTy. BinbIin fiMmoBipHOIO, HA HAI IIOTJIAM, IIPU-
YUHOIO € Te, 0 MIBUIKICTh YTBOPEHHA HOBUX ITOPIIifi ayCTeHITY Oiib-
1010 MipOI0 KOHTPOJIOETHCA KiJbKiCTIO MiCIlb TepeBasKHOT'0 3aPOI3KEH-
HA, Hi’K CTyIeHeM IeperpiBy CTPYKTYPHUX CKJIAJOBUX KPUILi 3i 30iJb-
HIeHHAM HIBUJAKOCTH HarpiBaHHdA. Ile osdHauae, 1110 B yMOBax 3acTOCY-
BaHHS HArpiBy 3 IIiABUINMEHNMM NIBHUAKOCTSAMM IIiJ Uac aycreHisamil
MOJKJIMBE NOJATKOBEe IIOAPiOHeHHA 3epHA ayCTEHITYy 3a PaXyHOK CTBO-
PeHHA V BUXiTHIN CTPYKTYPi KpHUIli MaKCUMaJbHOI KiIbKOCTH JeheKT-
HUX MicIlb, 3JaTHUX 30eperTucs 3a HarpiBaHHSA OO IIOYATKY IIEPETBO-
PEeHHs Ta CIYKUTHU IeHTPaMHU 3apOIKeHHsS ayCTeHiTy. 30KpeMa, aBTo-
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pamu [21] mokasaHo, 1110 e)eKTUBHUM 3aCO000M HMOAPiOHEeHHA 3epHA ayc-
TEeHITy IIiJ uac HarpiBaHHA KPUIbL 3 BUXiZHOIO (hepUTHO-IEPJIITHOIO
CTPYKTYPOIO € AUCIEPr'yBaHHS CTPYKTYPHUX CKJIAJOBUX, IO CIPUSE
301JIBLITTIEHHIO INTOMOI ITOBEPXHi MeXK MOy MisK HUMHU SK IOTEHI[iHHO-
ro Micid 3apoI’KeHHS aycTeHITHOI ¢asu. VIMoBipHO, 3 miel mpuumHU
OiJBINT BHCOKA AUCIEPCHICTHL (DEePUTHO-MEPJITHOI cyMmimmi y BUXimgHii
cTpyKTypi Kpuii 10I'2DB nmepen HarpiBaHHAM cupuse (GOPMYBaHHIO
IPiOHO3EPHICTOrO AYCTEHITYy, cepelHill misMeTep 3epHa AKOoro B 3—4
pasu MmewnIne, Hixk y Kpuiti 09I'2 3a o1HaKOBUX Pe;KMMiB HATPpiBaHHA.
IIpumBuaIieHHA HArPiBy OiJIBIITOI0 MipoIO BILIMBAE HA IIPOIIECH 3POC-
TaHHSA IIOYATKOBOTO 3ePHA ayCTEHITY 3 MOAAJIBIITNM ITiABUIIEHHAM TE€M-
mepaTypu, COPUAIOYMN IMOHMKEHHIO TEeMIy HOro YKPYIIHEHHS Ta 3Mi-
ITeHHIO0 TEMIIePATypPH IMOYATKY iHTEHCUBHOTO 3POCTAHHA B 00J1aCTh BU-
X TeMmIepaTryp. BomgHouac OijbIn 3HaUHe YIOBiJILHEHHSA 3POCTAHHS
ayCTEeHITHMX 3ePeH i3 3pOCTaHHAM IIBUIKOCTH HArpiBaHHSA XapaKTepHe
nna xkpuri 09I'2, mixk gna kpuni 10I'20B (qus. puc. 4). IIpoBigny posab
y IbOMY, HalliMOBipHiIlle, Bigirpae 6ap’epHa i BaXKKOPO3UMHHUX Yac-
THHOK KapOifiB i KapOoHiTpuAiB, AKa 3HAUHOIO MipoI0 HiBeJII0€ BILJIUB
TEeMIepPaTypHO-UYacOBUX yMOB HATrpiBaHHA Ha BEJIWUYNHY IIOUYATKOBOTO
3epHa aycreHiTy. MOXKJIMBO, 3 Iliel HIPUYMHM AK 3a IOBLJIBHOTO
(Ve=0,02K-c!), rak i 3a mBuaxoro (Vy=8 K-c!) marpisanusa dopmy-
€ThCA MPUOJIM3HO OJHAKOBE 3a PO3MipOM IIOUATKOBE 3€PHO ayCTEHIiTy
(puc. 7). HeobximHo BimsHAUMTH, ITO0 HOHWHI NHUTAHHA PO CTIiHKiCTb
00 PO3UMHEHHS KapOigHMX i KapOOHITPMAHMX UAaCTHHOK y IIpoIeci
0esIIepepBHOrO IIBUAKICHOTO HarpiBamHsA MPAKTUYHO HE JOCIiIsKeHO.
Hoxaanminie BUBUYEHO OCOOJMBOCTI PO3UMHEHHSA YACTUHOK KapOimiB i
Kapoouitpuznis Ti, Mo, V, Nb y BHCOKOMIIIHMX HM3bKOBYIJIEIEBUX
KPHUIIAX B YMOBaX idoTepMiuHUX BUTPUMOK [4]. 3rigHo 3 pesyabTaraMu
IOCJimKeHb, BUKOHAHUX aBTOopamu [22], BeJInunHa IOYaTKOBOTO 3epHa
ayCTeHiTy GiJIBIITOI0 MipPOI0 KOHTPOJIIOETHCA TUIIOM JIeI'YBAIBLHOI JOMAIIII-
KU, HixK 11 KoHIleHTpaIlieo. ITokasaHo, 1110 30iIbIIeHHA B MiKpOJIeroBa-
Hitt Fe—Mn—Si-kpui emicty Hiobito (0,11%) mpaKTHUHO He BIJIMBAE Ha
po3Mip 3epHa aycTeHiTy, c()OPMOBAHOIO 3a HArpPiBaHHSA OO TeMIIEpaTy-
pu, Tpoxu Burle Acs. CrabinbHicTh pisuoro tumy cumoayk Ti, Nb, Mo sa
IIBUAKiCHOro HarpiBanusa Tpy6HOI MikpoJeroBamoi Nb—Ti—Mo-kpuiri
X80 3 BmicTom 0,06% i 1,6% Mn mocaim:xeno aBropamu [23]. BeranoB-
JIeHO, 110 HAHOiNbINy CXUILHICTD IO POSUMHEHHS MAIOTh YACTUHKU THU-
y MoC, saxi s3a mHarpiBarns 3i mBuakrictio y 10 K-¢! BeTuraroTe posun-
HUTHCS OO0 MOYATKY ayCTEeHITHOTO IEePEeTBOPEHHSA, TOMi IK YaCTUHKU
tunty HiTpuay Turanmy (TiN) sbepiratorbesa 3a HarpiBamHsa mo 1350°C.
Pazom 3 TuM, poararioBaHi Ha MeXKax (hepUTHUX 3epeH YaCTUHKU Kap-
oouiTpuny HiobGiro Tuny NbCN BHAaCIiJOK PO3BUTKY IIPOILECiB KoaJiec-
meHIii mig yac HarpiBaHHA B ayCTEHITHY 00JIaCTh CXWJIbHI 0 YKpPYII-
HeHHA. BaKJInBoO Big3HaunMTH, 110, HE3BAKAIOUM Ha KOPOTKOUYACHICTH
IMIBUIKICHOTO HAarpiBy, PO3BUTOK I[HOTO IIPOIlECY HE IIPUTHIivyEThCA Ha-
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BiTH 30iibmenHAM mBuIKocTy HarpiBarnHda 1o 1000 K-c!. Ha mizcrasi
oIep;KaHMX pe3yabTaTiB aBTopamMu [23] BCTaHOBJIEHO, IO BeJIUMUYMHA
3epHa ayCTeHiTy, II0o (POPMYETHCSA 3a HarpiBaHHSI MIiKpPOJIer'OBaHUX
Kpundb 3i mBugkoctamu norarn 100 K-¢', BusHavaerscd, mepin 3a Bee,
TeMIepPaTyPHUMHU YMOBAMMY i MEHIIIOIO MipOIO IMBUAKICTIO HATPiBaHHS.

Buaus gucrepcHUX BUIIJIEHb HA 3POCTAHHS 3€PHA JOCTATHLO AOKJIA-
IHO BUBYEHO B poborax [25, 26], y AKMX aBTOpaMU B MeKaxX MOIeJIbLHUX
yABJeHb 3eHepa [24] BCTaHOBJIEHO B3a€EMO3B’SIB0K XapPaKTEPUCTUK 3e-
PEeHHOI CTPYKTypu 3 obcAramMu i1 06’€MHMM BMiCTOM BHUIiJIeHL y MeTa-
Jax. BukopucTroByBaTu mMOAiOHMI migXim a0 aHaIisu (popMyBaHHS 3e-
PeHHOI CTPYKTYpPH ayCTeHITy 3a 0e3mepepBHOT0 HATPiBAHHSA MAJIOBYT-
JIeIIeBUX KPUIIH 3 JIETYBAJILHUMHU NOOaBKaMM, HA HAIII ITOTJIA, HEKOPEK-
THO. IloB’A3aH0 1€ 3 THM, ITIO0 B JaHUX YMOBAaxX HarpiBaHHA Ha 3POCTAaH-
HSA 3€epHA ayCTEHITy, KPiM CTOHOPHOI il BaKKOPO3UMHHMUX BUIiJIE€Hb,
ITOIATKOBO BILJIMBAE PN UYMHHUKIB, 3yMOBJIEHUX OCOOJMBOCTAMU IIPO-
Iecy ayCTeHITOYTBOPEHHS B HOEBTEKTOINHUX KpUIAX. {0 OCHOBHUX 3
HUX CJifg BimHecTH:

- BaJIeKHICTh KiHETHMUHUX ITapaMeTpiB (IIIBUAKOCTU 3apPOAKEHHS Ta
3POCTaHHSA) O—>Y-IIEPETBOPEHHA BiJi BUXiTHOTO CTPYKTYPHOTO CTaHY Ta
IIBUIKOCTH HarpiBaHHS;

- IIPUCYTHICTh B ayCTEHITi HEPOBUMHEHUX A0 KiHIlA IIeMEeHTUTHUX Yac-
THUHOK;

- HETOMOT€HHICTh ayCTEHiTY, 1[0 YTBOPUBCS;

- TeKCTYPOBaHICTh (DEPUTHOI MATPUII.

Ilig BimBOM 3a3HAUYEHWX YMHHUKIB BIAE€THCSA 3 IIIIBUIIEHHAM IIIBH-
JIKOCTU HarpiBaHHA YHOBiJIBHUTU iHTeHCUBHE 3POCTAHHSA 3€PEH aycTe-
HiTY 3 HarpiBaHHAM OO0 BHUCOKHX TemiepaTyp. OcoOJMBO Iie HPOSABJIA-
eTbed 3a HarpiBarmHa kpuni 09I'2 3i meuakicTo y 30 K-c! Ges serysa-
JbHUX JIOMIIIOK, 3JATHUX YTBOPIOBATH Ba'KKOPO3UMHHI BUIiJIEHHS.
TemnepaTypa IIoYyaTKy iHTEHCMBHOTI'O 3pOCTAHHSA 3epHAa ayCTEHITY 3Mi-
mrerna Ha 100-120°C mopiBHaHO 3 nmoBinbHuUM HarpiBanmam (V,=0,02
K-c).

TakyuM YMHOM, 3aCTOCYBaHHA MiBUINEHUX HNIBUAKOCTEH HarpiBy
CIIpUs€E, 38 PaXYHOK IIPUTHIUEHHS 3POCTAHHA 3€PEeH, Y MaJOBYTJIEIIeBUX
KpUIAX 0e3 Jier'yBaJIbHUX AOMIIIIOK 3a HarpiBaHHSA iX IO BUCOKUX TEM-
nepaTtyp (popMyBaHHIO CTPYKTYPH ayCTeHITYy, AKa BiApisHAETHCA JOCTa-
THHO BHCOKOIO OJHOPIAHICTIO 3epeH 3a po3Mipamu, IO BaXKJIUBO IJId
IPaKTUKN TePMOMEXaHIuHOTO 00p00JeHH KPUIEeBOT0 IIPOKATY.

3. BUICHOBRH

BuBueHO BILIMB TeMIIEPATYPHO-UYACOBUX YMOB HarpiBaHHS Ha (popmy-
BaHHS 3€PEHHOI CTPYKTYPH ayCTEHITY B rapadyeKaTaHUX HU3LKOBYIJIE-
mesux Fe—Mn—C-kpuigax 09I'2 ra 10I'2DB.

Ha migcraBi pesyabTaTiB fujaaTOMETPUYHOIL aHAJIi3M HATPiBY KPUILH 3
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pisauMu mBuaxoctamu (Big 0,02 o 100 K-¢!) Bcranosieno, 1o 3i 36i-
JBIIeHHAM IIBAAKOCTHA HAarpiBy TeMIlepaTypHUU iHTepBalx o—-
IIepPeTBOPEHHS 3MIII[YEThCA B 00JIACTh OiJIBIII BHCOKHX TeMIlepatyp. B
ymoBax moBinbHOro (Vy=0,02 K-c'!) HarpiBy B KpUIIX HA MOMEHT IIO-
YaTKy YTBOPEHHS ayCTEHITY BCTUTalOTh 3aBEPIIMUTHCS IIpoliiecu cepoi-
IU3allii IeMeHTuTy IIepJaiTy, i hopMyBaHHA aycTeHiTHOI a3y BigOyBa-
€ThCS IMePEeBAKHO Ha MeKaX (PepuTy modan3y CKoar'yJIbOBaHUX KapOif-
HUX YaCTUHOK.

IligBummenss mBugKocTu HarpiBaresa o 2 K-¢™! 1 Bume cupuse pea-
Jisarii cxeMu o—>Y-IIepeTBOPEHHS, 3TiAHO 3 AKOI0 YTBOPEHHA IIOUaTKO-
BUX IIOPIIifi aycTeHiTy BimOyBaeThcsaA B MEPJiTHi#N cKaamoBiii i3 36epe-
JKeHHAM IJIACTHHYACTOI (OpMU IIEeMEHTUTY Ta MOAAJBLIITNM IIOITUPEH-
HAM y (epuTHy cKJaagoBy Kpuii. IlpumBupineHHA HarpiBaHHS IIO-
pisHOMY BILIMBAaE Ha BEJIMYMHY ITOYATKOBOTO 3ePHA ayCTEHITY, ITT0 YTBO-
PIO€ThCS 3a HATPiBAHHS 40 TeMIepaTyp, OJU3bKUX 10 Acs.

B ymoBax marpiBamHa 3 iB0TepMiUHOI0O BUTPUMKOIO BIPOIOBMK 2-X
rOAVH, 4 TAKOX 3 IOBLIpHOIO mBuKicTio v 0,02 K-¢™! posmip mouaTko-
BOTO 3epHA ayCTEHITy NPAKTHYHO He 3aJIe’KUTh BiJ BUXiTHOrO CTaHy
KpHUIIh.

36inpmerHs mBuIKocTA Harpisy 70 300 K-¢! He BUKIMKae noMiTHO-
ro moApiOHeHHSA IOYATKOBOTO 3epHa aycTeHiTy B Kpuimax 092 i
10I'2dB, xoua BomgHOUAC, uepe3 OiJBIIY [OHUCHEPCHICTH (hepuTHO-
nepiiTHOI cTpyKTypu Kpuii 10I'2MDB, cepenuiii gisMmeTep MOUYaTKOBOTO
3epHa B 3—4 pasu MeHInuii, Hixk y kxpuiti 09I'2. 3i 36iabIIIeHHAM IIIBU-
KOCTU HarpiBaHHSA TeMIepaTypa II0YaTKy iHTeHCUBHOT'O 3POCTaHHS 3ep-
HA ayCTeHIiTy KpHUIlb 3MIIyeThCcAa B 00JIaCTh OiNBIN BUCOKUX TeMIIepa-
TYP, III0 YMOXKJIMBJIIIOE B IIINPOKOMY iAna30Hi TemiepaTyp dopMyBaTu
B KPHUIIAX APiOHO3ePHUCTY CTPYKTYPY aYCTEHITY 3 BCOKOIO OSHOPigHIiC-
TIO 32 PO3MipOM 3epHa.
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IlopucTi MmaTepifaanm Ha OCHOBI THTAHY Ta IMPKOHIiIO, OJIepKaHi
CITIKaHHAM TiIPOreHi30BaHUX MOPOUIKIB

H.T'. CasBakin, [I. B. Opumnu, O. O. Craciok, M. M. I'ymensax,
B. 1. Bougapuyk, II. €. MapKoBCchKuIIi

ITncmumym memaanogisuru im. I'. B. Kypdomosa HAH Ykpainu,
6ynve. Akademira Beprnadcvkozo, 36,
03142 Ruis, Ykpaina

OriHeHO MOTEHIiAJI BUTOTOBJIEHHSA BUCOKOIIOPUCTUX TEXHIUHO UMCTUX THUTAa-
HY, IIUPKOHiIO Ta IBOKOMIOHEeHTHOro crony Ti—10% Zr IIJIAX0oM XOJOJHOI'O
KOMIIAKTYBAHHS Ta BAKYYMHOI'O CHiKaHHS IIOPOINKiB riIpuaiB BKasaHUX Me-
TajiB. IIopucTi CTPYKTYpPH OZepKaHo 6e3 BUKOPUCTAHHS IIOPOYTBOPIOBAILHIX
I100aBOK, AKi MOKYTh HETaTUBHO BIJIMHYTH HA YMCTOTY KiHIIeBUX MaTepPisiiB,
B TOI Uac K BUKOPUCTAHHS TiIPUIiB MeTaJiB y AKOCTi CTAPTOBUX IIOPOIIKiB
CIIpUAE MOHMIKEHHIO BMiCTy JoMimIok. BcTaHOBIEHO OCHOBHI 3aKOHOMipHOCTI
¢dopMyBaHHS MIKPOCTPYKTYPHU i1 0COOJIMBOCTEH MOPUCTOI CTPYKTYPHU IUX Ma-
TepifAJiB B 3aJIE}KHOCTI Bif po3MipiB rifiporeHisoBaHUX MOPOIIKiB, TUCKY KOM-
MaKTyYBaHHA iX i TemmepaTtyp crmikamud. Ogep:KaHo MaTepisan i3 3araJbHUM
06’emom mop 6,1u3bpK0 30% i 3HAUHOIO YACTKOIO BiAKPUTUX IOPYBATUX KaHAa-
aiB gismerpom Bixg 20 mxm g0 60—80 mrm. Taki mopucTti maTepisanu € mepciex-
TUBHUMHU [IJIs BUKOPUCTAHHSA B cucTeMax (inbTparrii rasie i piguH, a TaK0oX B
AKOCTi reTepis.

Karouosi caoBa: rinpuau Turany ta Ilupkonito, cuikaHHA, TOPUCTiI MaTepid-
J¥, MiKpPOCTPYKTYypa.
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The potential for the fabrication of highly porous commercially pure titani-
um, zirconium, and a binary Ti—10% Zr alloy by cold compaction and vacuum
sintering of hydride TiH; and ZrH,; powders is evaluated. Porous materials
are obtained without the use of pore-forming additives, which can negatively
affect the purity of the final materials, while the use of initial hydride pow-
ders contributes to a decrease in the impurity content. The main regularities
of the microstructure formation and the features of the porous structure de-
pending on the size of the hydride powders, compaction pressure and sinter-
ing temperatures are established. Materials with a total pore volume of about
30% and a significant proportion of open pore channels with a diameter of
20 pm to 60—80 pm are obtained. Such porous materials are promising for use
in gas and liquid filtration systems, as well as getters.

Key words: titanium and zirconium hydrides, sintering, porous materials,
microstructure.

(Ompumano 22 epyous 2025 p.; ocmamoun. gapiaum — 25 epyons 2025 p.)

1. BCTYII

BucokomopucTi MaTepifiu Ha OCHOBiI TUTaHy Ta IIMPKOHII0 MAlOTh 3HA-
YHUU MOTEHIifAJI BUKOPUCTAHHS B AKOCTIi reTepiB y BaKYyMHIi# TexHii,
B cucTeMax (pimbTpailrii rasis i piguH, a TakoK AK AeMII(epHi MaTepid-
au. OcobauBocCTi PisuKo-XeMiuHOI MOBEAiHKY IIOBEPXOHbL TUTAHY Ta IIH-
PKOHiI0 BM3HAYAIOTh B IIEBHUX YMOBAX IXHIO BHMCOKY KOPOBifHY CTiii-
KicThb, ajie 3a 3MiHM CTaHy IIOBePXHi — 3HAUHY aKTHUBHICTH IIO0 BiHO-
IIeHHIO 10 6araThox rasiB i piamu [1-3]. 3a KoHTaKkTy 3 aTMoc(heporo Bi-
I0yBaeThbCA IMIBUJKE OKMCHEHHSA TAa HACMUEHHSA MMOBEPXHi IIUX MeTaJiB
rasaMu; BOAHOYAC MUTTEBO YTBOPIOIOTHCS MTAaCUBYBAJIbHI OKCUIHI ILIiB-
Ku. ToBIIIMHA OKCUAHOI ILTIBKY AJIS TUTAHy AOpiBHIOE Bim 50 anrcrpem
IO TeK1JIbKOX MiKPOMETPiB B 3aJI€KHOCTI BiJl yMOB BUTPUMKU TUTAHY Ha
MOBITPi; camMa K ILTiBKa CKJIAJAEThCA HmepeBaskHO 3 okcunay TiO: Ta OK-
cuni HEKUOTO MOPAIKY TiO,. (x < 2) [1]. IToxioua niriBka okcugy ZrO;
3a KOHTAKTy 3 aTMOC(EepPOI0 MUTTEBO YTBOPIOETHCA i HA MOBEPXHi IUP-
KoHiro. Taki miIiBKu raabMyoOTh a00 IIOBHICTIO 3yIIMHAIOTh IPOIEC B3a-
€MOUYMHY MEeTaJiB 3 ra3aMu, OJHOYACHO BeIyYH 0 iXHHOI BUCOKOI KOPO-
3iliHOI CTIHKOCTH B KUCJIIOTHUX i JIy:KHUX cepenoBuiiax. Came saBIaKu
TOMY, III0 B IPUPOAHIX YMOBaX MOBEPXHA IIUX METAJiB 3aBKAU BKPUTA
OKCHUAHMMMU ILTiBKAMM, TUTAH i IUPKOHIil, OyAyUM OJOCTATHBO iHEPTHH-
MU, BUKOPUCTOBYIOThCS AJIA BUTOTOBJIECHHS IOPUCTUX QiIbTPYBATIbLHUX
eJIEMEeHTiB JJIsI MeXaHiuHOTO OUUIIeHHs rasis i piguH.

3 immioro 60Ky, i3 BUAAJIEHHAM OKCHUAHUX ILTiBOK (HaIpUKJIaL, IILIA-
XOM HarpiBaHHS MeTAaJIiB Y BAKyyMi, II10 Besie 70 Au(y3iifHOrO pO3UNHEH-
Hs OKCUIHUX IJIiBOK BIVIMOMHY MaTepiaay) OunIlieHa ITIOBePXHs TUTAHY Ta
IIMPKOHiI0 3HOBY CTa€ HaJ3BMYANHO aKTHUBHOIO, 30KpeMa Iogo aTMocde-
puux razis Ta Iigporeny. I1a ocoGauBiCTh TUTAHY Ta TUPKOHII0 3YMOBJIIIOE
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IXHe ITMPOKe BUKOPUCTAHHS B AKOCTi reTepHUX MaTepianris[2, 3].

JJisa rerepHUX 1 QiABTPYBaJIBHUX MAaTepiAiB HaJA3BUUAHO BaXKJIU-
BUM € (hopMyBaHHA He i30JbOBAHUX 110D, & BIAKPUTUX ITOPYyBaTUX KaHa-
JiB (BimKpuTa mOpPHCTiICTH) AJA BIILHOTO MPOHUKHEHHS TasiB i piamwn
BCepeanHy BUPOOY, IO 3a3BUUAll BUMArae 00’ €MHOTO BMiCTy mOp Oijib-
me 10% . Tomy mocsarmeHHs HEOOXITHMX COPOIIiHNX XapaKTEePUCTUK
rerepis i pimbTpanifiHNX MOKa3HNUKIB BUMAarae CTPoOroro KOHTPOJIO mHa-
paMeTpiB IIOPHUCTOCTH, BKJIIOUAIOUMN 3araJbHUU 00’ €eMHUI BMiCT mop,
ixHi poaMipu, MIMPUHY BIiIKPUTHUX IMOPYyBaTUX KaHaiB. KoHTpoanoBa-
HUH piBeHb MOPUCTOCTH IIOBEPXHi TaK0OK HeOOXigZHUHA mif yac BUTOTOB-
JIeHHS MeJUUYHNX IMIIJIAHTiB i3 6iocyMiCcHMX CTOIIiB Ha OCHOBi TUTaHy Ta
IUPKOHIIO, AJIS JIIIIIIOr0 BXXKUBJISHES IMILIAHTY B Oi0JIOTiUHI TKAHWHH.

3 BHUINECKA3aHOTO BUILINBAE aKTyaJNbHICTh JOCTiIKEeHHS ITePCIeKTH-
BHMX METOJiB CTBOPEHHA IIOPUCTUX CTPYKTYP Ha OCHOBI ITMX MeTaJIiB i3
BU3HAUEHHAM XapaKTEPUCTUK IMopucTocTu. IloprcTi cCTPpyKTypHu 3a3BU-
yal oep:KyIOTh 3 ITOPOIIKOBUX MAaTepidAJiB; BoAHOpas 3HAUHA KiJb-
KicTh ImiZIXOOiB BUKOPHCTOBYE AOMABAHHSA OO0 IOPOMIKIB BiAmOBiZHMX
MEeTaJIiB CIeIisJIbHUX mopoyTBopioBauiB. IlopoyTBoproBaui Bumaid-
IOTBCS B IIPOIIECi CIIiKaHHA IIOPOINKiB, IO J1a€ 3MOT'Y CTBOPUTU BHCOKO-
TIOPHCTi CUCTEMH i3 PeryJIboBaHMM PO3MipoM IIOp, aje 3 iHIIIoro OOKY,
el migxing Hece PU3UK 3a0pPyAHEHHS METAJIB 3aJHUINKaAMHU IOPOYTBO-
proBauis, B mepiry uepry, Kapoormom ta Okcurenom. 3 iHimoro 6oky, me-
PCIEKTUBHUM METOJIOM CTBOPEHHSA HOPUCTUX METaJeBUX CTPYKTYD i3
HUB3BKUM BMiCTOM CTOPOHHIX JOMIIIIOK € oleparii IrpecyBaHHS Ta CIIi-
KaHHA IIOPOIIKIiB MeTasiB 0e3 momaBaHHA IOPOYTBOPIOBauiB. B mnomy
aCIIeKTi BUKJINKAa€E iHTepec BUKOPUCTAHHSA IiAPOreHi30BaHIX MOPOIIIKiB
TUTaHY Ta IIUPKOHIiI0 (IIOPOIIKiB BiATIOBimIHUX TiApUAiB) AK CTAPTOBUX
MaTepialiB IJisd CTBOPEHHS IMOPUCTUX CTPYKTYpP. Tarkuii Bubip crapTo-
BUX IIOPOIMIKiB 3yMOBJIeHUI TUM, I110 I'iIporeH € TMMUYacoBOIO Jier'yBa-
JBHOIO JOMIIIIKOIO IO BKA3aHUX METAJIIB i MOBHICTIO BUAAJIAECTHCA 3 IO-
POIITKOBUX YaCTHUHOK ITiJT Yac BaKYyMHOTO CIIikaHHs [4—T]; B ToI »Ke Uac
Tigporen Mae KOpPMCHHI BIJIMB HA MeTaJu, 30iabInyoun Ae)eKTHICTH
IXHBOI KPUCTAJIYHOI CTPYKTYpPH, IO aKTUBYE Audysito y TBepaii ¢asi
Ta IpollecH cIiKauusdA mopomikis. Kpim Toro, aromapuuii I'igporesn, 1o
BUXOIUTH 3 KPUCTAJNIYHOI I'PATHUIII HA MOBEPXHIO YACTUHOK, MAa€ OUHU-
NIyBaJIbHUY BILJIMB Ha MeTaJl, TOHMKYIOUX KiHIeBU BMiCT TOMIIIIOK ¥
Hux [4—T]. Tomy rizporexizoBaHi HOpPOIIKY TUTAHY Ta IIUPKOHiI0 MaIOTh
JILIIIITY 30aTHICTh OO0 CIiKaHHs, a CIIeYeHi 3 HUX CTOIIM — MEHIITUI BMiCT
TOMIIITOK i JIiTITITI MexaHiuHi XxapaKTepuCTUKHY Y TOPiBHAHHI 3i cTonnamu,
OJlepPKaHNMMU CIIIKAaHHAM TPAIUIIIMHNX HEeriIpOoreHi30BaHUX IIOPOIIKiB.

3BaKkaloun Ha BUINEBUKJIAAeHEe, METOI0 POOOTHU € JOCIIiAKeHHs IIoTe-
HIIiAJTY OJep:KaHHs IIOPUCTUX THUTAHOBUX i MMPKOHINOBMX MaTepPidIiB
MIJIAXO0M KOMIIAKTYBAHHSA Ta CIiKAHHSA IIOPOIIKiB BiIIIOBIIHIX TiApuIiB
i BUBHAUEHHS NEePCHEeKTUBHUX TEXHOJOTIUHMX IIapaMeTpPiB JJsd JOCHT-
HeHHs 0aKaHol CTPYKTYPU IIOPUCTUX MATEPiAIiB.
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2. MATEPIAJIN I METOAUKH

Y maHiit poOOTi JOCTiAKyBaJIU CTBOPEHHA AK OMHOKOMIIOHEHTHUX TITA-
HOBUX i MUPKOHINOBUX IMOPUCTUX MATEPiAliB, TaKk i mopucToro Gimap-
Horo crony Ti—10% Zr (% mac.). B skocTi cTapTOBUX MaTepidaIiB BUKO-
pucramo tuTaHoBy ryoKy mapkm TI-110 i #iommmumit mupxouinn (TV
95.46-97). Ilopomku 3amaHOTO PO3Mipy BHIOTOBJIEHO IMIJISIXOM HAaCHU-
YeHHS BOAHEM BKa3aHUX METaJiB y JabopaTOPHUX YMOBaX 0 CTaHY Ti-
npuzniB (TiH: Ta ZrH;) Ta HacTymHOTr0 IXHLOTO AUCIIEPT'yYBAHHA.

ligpuau Turamy Ta [lupKoHiio moapiObHIOBAIY B MJIaHETAPHOMY MJIH-
Hi RETSCH PM100 B mopoIIioK, YacCTUHKHY 3aJaH0i fucHepcHOCTHY (PisHi
poaMmipHi ppaxiii B me:xkax Big 40 mo 200 MKM) BigminsamIm 3a JOIIOMOTOIO
cut. Omep:;KaHi IMOPOIIKK TiAPUAIB BUKOPUCTAHO IJA OIiHKU BILIUBY
iIXHiX po3MipiB Ha KiHIIeBYy MiKPOCTPYKTYpPY Ta IIOPUCTICTb TEXHIUHO
YUCTOTO TUTAHY Ta T€XHIUHO UMCTOTO ITUPKOHIi0. I[J1d HBOKOMIIOHEHT-
Horo crony Ti—10% Zr BUKOPHUCTOBYBAJIU CYyMIIlli YaCTUHOK TiApPUIiB Y
BizmoBigwHiil mpomopIirii. KoMoakTyBauHsa IOPOMIKiB a00 iXHixX cymirmei
BigOyBaJIocs 3a METOIOI0 XOJIOAHOTO IPecyBaHuA y IIpec-(opMax 3 Kpu-
i muaiagpuuyHOoi hopMu (miamerep mpecoBaHmuX 3paskiB — 10 mm, Bu-
cora — mo 10—-15mm). Tucku mpecyBanaa ckaaganu 100—-460 MIla.
CupecoBaHi 3pasku HarpiBaju IJs CIIiKAHHA Y BAKYYMHIN meui 3i mrBu-
nrictio y 10°C/xB. o remmepatyp y 900°C ra 1000°C i3 mogaisIioo Bu-
TPUMKOIO Y 2 TOAUHMU, IIiCJIS YOT0 OXOJIOMKYBAJN PA30M i3 miuuro.

Taxuit pe;KkuM HarpiBaHHA 3abe3meuyBas gecopoOitiro I'igporeny 3 rin-
POr'eHi3oBaHUX IIOPOINKiB, IXHE CIiKaHHA, a AJIS T'eTePOreHHUX CHUCTEM
nopomrkoBux dacTuHOK TiHz+ ZrH; — ixXHIO romMoreHisaiiiro i3 MeToro
oJleps;KaHHs OJHOPigHOTO ImopucToro crony Ti—Zr.

MikpoCTPYKTYPHI AOCHIKEeHHA MPOBOAUIN METOA0I0 OIITUYHOI MiK-
pockomii (mikpockon Olympus IX-70) Ta ckaHiBHOI €JIEKTPOHHOI MiKpO-
cromii (TESCAN VEGA 3) 3a pe;xuMaMu BTOPUHHUX Ta 3BOPOTHHO PO3-
ciasaux enxexTpouiB. Enexrpounnuit mikpockon Tescan VEGA III o6man-
nauo cucremoo EDX (energy dispersive x-ray) mikpoanasisu Brucker,
SIKY BUKOPUCTAHO IJIs BU3HAUEHHS JIOKAJIBLHOTO XEeMiUHOTr0 CKJIaay Ma-
TepiAxiB i moOymOBU «KapT» POBIMOAiNY XeMiuHuX eaemeHTiB. Ilopuc-
TiCThb CIIeUeHUX 3pas3KiB BU3HAUAJM, BUMiPIOIOUM IXHIO I'yCTUHY (34 OITi-
HKaMM Macu Ha aHaJiTUYHUX Barax i reoMeTpUYHUX PO3MipiB) i3 mopi-
BHAHHSIM OJEPKaHOl BeJIMUYNHU 3 TEOPETUYHOIO I'YCTUHOIO BiAIIOBiZHMX
MaTepianiB, a TaK0K KOHTPOJIIOIUN 300paKeHHA MOPUCTUX IMTOBEPXOHb
MeTajorpa@iyHuX MLIidQiB.

3. EKCIIEPUMEHTAJIbHI PE3YJILTATHU 1 OBTOBOPEHHSA
3.1. Oxep:xaHHA MOPUCTUX TUTAHY TA UPKOHIIO

IlopucTicTh cmeueHNX IMOPOIITKOBUX MATEPisiB BUSHAUAETLCA TAKUMU
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OCHOBHUMHU UWHHUKAMH AK PO3MipH IIOPOIITKOBUX YACTUHOK, THCK
KOMIIaKTyBaHHA iX, TeMIlepaTypa Ta dac coikaHHaA. Bimomo, 1o mocar-
HeHHsA OiJIBII0I IOPMCTOCTH CIIEUEHNX MOPOIIKOBUX CUCTEM JOCATAETH-
cd 3a MiHiMaJbHUX THUCKIB KOMIIAKTYBaHHA, MiHiMaJbHUX TEMIIEPATYP
i yacy isoTepMiuHMX BUTPUMOK Hif UYac cIikaHHsA. 3 iHIIoro 60Ky, Tuc-
KM KOMIIAKTYBaHHS MAalOTh OYTH JOCTATHBO BUCOKKMU, 11100 3a0e31meun-
T MOCTATHIO CUJY 3UYeIlJIeHHS MiK YacCTHHKAMM Ta 3amnobirtu pyinmHy-
BaHHIO 3pasKiB, a TeMIIepaTypa Ta Jac 3a IOJaJIbIIIOr0 CIiKaHH iX Ma-
IOTH 3a0e3IMeUYnTH NTOCATHEHHI MiHIiMaJbHO HEOOXiZTHIX XapaKTePUCTUK
MiITHOCTH KiHITeBOro mopucToro Mmarepisaay. Taxko:x mobpe Bimomo, 1110 B
OTHAKOBUX YMOBaX KOMIIAKTYBaHHS Ta CIiKAHHSA IIOPOIIKOBI YaCTUHKUI
MEHIIIOTO PO3Mipy 3aBAAKMN OLJIbLIINiM IIOBEepXHEBill eHeprii aKTHUBHIiIIIE
CITiKAIOTLCS, BeIYYU JO MEHIIIOl MOPUCTOCTH KiHIIeBUX MAaTEePisdIiB, aHixK
3a BUKOPMCTAHHS IIOPOIIKOBUX YaCTUHOK OiJIBLIIIOT0 PO3Mipy.

OcHOBHIi 3aKOHOMipHOCTI OpPMYyBaHHS MOPUCTUX CTPYKTYP i miero
BKa3aHMX TEXHOJOTIUHMX ITapaMeTpiB OyJio IepeBipeHO Ha IIpPHUKJIALI
mopomikoBoro rizpunay Turany (tabJu. 1). Ilogo Bu6opy TUCKiIB KOMIIAK-
TYBaHHS, TO IMOIEPEIHI eKCIIePUMEeHTH ITOKa3aJu, IO TUCKN KOMIIAKTY-
BaHHA 10 100 MIla € HemocTaTHiMU AJIs 3a0e3eUeHHS IIiJIiCHOCTH CIIpe-
COBaHOI CUCTEMU TiAPUIHUX YACTUHOK. 3 iHIITOro 60Ky, THCK IIpecyBaH-
Ha Ha piBHi 460 MIla (Taba. 1, u. 1) rapanToBaHo 3abesmneuye MIiJIbHI
KOHTaKTU MiK YaCTHHKAMU, aje BUABUBCA 3aHAATO BUCOKUM IJis 36e-
Pe’KeHHs BMCOKOI IOPMCTOCTH, AKA cKJjajga awulie 0ausbko 15% ; Box-
Houac 3HAYHA 00’€MHA JT0JIS ITOP MaJia i30JIboBaHUM (3aKPUTHIT) XapaK-
Tep. OCKiIBbKY TaKi XapakTepUCTUKU IIOPUCTOCTH € He 3aBiKAM JOCTAT-
HIiMHU IJI BUCOKUX TeTepHUX i GpiabTpyBalbHUX IMOKA3HUKIB, B pobOTi
IS TOCHiM:KeHHs 0yJio o6paHo TUCKY KOMIAKTyBaHHS MOPOIIKiB B Me-
sxkax Big 125 MIla go 200 MIIa (Ta6. 1).

TABJINI[S 1. BuinB OCHOBHMX TEXHOJIOTIUHMX HapaMeTpPiB BUTOTOBJIEHHS
TIOPOIITKOBUX 3arOTiBOK HA MOPUCTICTh TEXHIYHO YMCTOTO TUTAHY.

TABLE 1. Influence of main technological parameters of manufacturing pro-
cess on porosity of commercially pure titanium.

Posmip mopomix Tuck Pexxum I'ycruHa, .
Ne TiIPIZ, IVFKM ynpecyBaHHﬁ, MIlal cnikazas };/CMS [Topucricts, %
1 40-125 460 1000°C, 2rox. 3,81 15
2 63-125 200 900°C, 2rox. 3,23 28
3 63—-200 200 900°C, 2rox. 3,17 30
4 63—-200 125 1000°C, 2rog. 3,20 29
5 MeHIIe 63 150 900°C, 2rox. 2,94 35
6 meHiie 63 125 1000°C, 2rox. 3,70 18
7 mewnire 100 125 900°C, 2rox. 2,75 39
8 mewnrre 100 125 1000°C, 2rox. 3,52 22
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O6upBa rigpuay € KpUXKUMU MAaTepisdjaaMu, SKi MaloTh OIPAKTHUHO
HYJBbOBY ILIACTUYHICTD IIiJl Yac CTUCKAHHA Ta HU3bKY MiIlHiCcTh. 30Kpe-
Ma, minuicTs rizpuny Ilupkoniio € Ha piBui Bix 150 mo 500 MIla B 3a-
Je:xkHOCTi Bix Bmicty I'imporeny ra JeryBaibHUX eaeMeHTiB [8, 9], a mi-
mHicTb rizpuay Turany TiH: — 150—-250 MIIa[1, 10]. Ile cBiguuTh, 1110
3a BKas3aHUX THCKIiB KOMIIAKTYBaHHS TigpuAHUX dYacTUHOK (125—
200 MIIa) € sHauHa BipOTrigHIiCTh iIXHHOT0 KPUXKOTO PYUHYBaHHS, 0CO0-
JUBO B MiCIIAX KOHTAKTiB MiK YaCTUHKaMHU, € JOKAJbHI CTHCKAJIbHI
HaIPYKeHHS MOKYTh iICTOTHO IIEPEBHUIITYBATA MEKY MiITHOCTH T'iIpuIiB
Turany ta Ilupkoniro. HacTuHKY riApuaiB, Maouu HeIIPpaBUJIBHY OCKO-
JKOBY dopmy (puc. 1, a), 3Uiniamo0ThLCI MisK c00010 HEPiBHOCTAMU IIOBE-
PXOHBb, 3a0e3IIeuyoun JOCTATHIO MIIIHiCTh KOHTaKTiB. IIpomecu mecop-
omii I'izporeny 3a HarpiBauusA y BaKyyMi moumHaioThcA 6,113bK0 300°C
IJs 000X TrigpupAiB, a 3aBepinyioThes 3a 600—700°C maa rigpuny Tura-
HY, Ta 3a gemnto Buiux temoepatyp (o 750—-800°C) maina rigpuny Iup-
KoHio [6]. CrrikaHHSA MpakKTUYHO AEeTiIporeHi3oBaHUX YaCTUHOK JOCTAa-
THHO aKTUBHO PO3BUBAETHCA 3a TeMIIepaTyp, sumux 3a 700°C (puc. 1, 0,
8), 110 € HACJiAKOM aKTHUBYBaJbHOI poJi I'izporeny, AKuii MOKMHYB Ma-
Tepid.

3 MeTOoI0 Ofiep:KaHHsa JOCTATHBO BICOKOI ITIOPUCTOCTH CIIEUEeHUX TUTA-
HOBOT'O Ta TMIPKOHiNTOBOT0O MaTEePiAIiB iX OyJIO MOPiBHAILHO JOCTiAKEHO
3a OIHAKOBUX PO3MipHUX MapaMeTPiB YaCTMHOK, TUCKiB KOMIIAKTYBaH-
HA Ta TeMmeparyp cuikaHHA. Tak, 3a OJHAKOBUX PO3MipiB UaCTUHOK
(mentre 100 MKM) i TMcKy KomnaxkTyBaHua y 125 Mlla BuimB Temnepa-
TYpU CHiKaHHA A00pe iTiocTpyeTheA puc. 2. 3a TeMIIepaTypu CIiKaHHSI
y 900°C i3 i3oTepMiuHOIO BUTPUMKOIO BIPOJOBXK ABOX I'OANH OOMABIL JO-
CJIimKeHi MOPOIIKOBi crcTeMu 30epiraloTh HOCTATHLO BHCOKY 00’ €MHY
YaCTKY IIOP i3 YiTKO BUAMMUMM CTAPTOBUMM YaCTUHKAMM Ta CiTKOIO Bi-
IKPUTUX MOPYBATUX KaHAJIiB MiK HuMu mupuHoio 70 10—20 mxm. Boxa-
HOYAC IOPHUCTicTs TUuTaHy icToTHO BHIia (38—40% ), HiMK I/ MUPKOHIiIO
(61u3bpk0 20% ). Taka pisKHUIA HOSICHIOETHCS THUM, IO CTAPTOBI IIOPO-
IITKOBi YaCTUHKY BUTOTOBJISAIN i3 IOPUCTOI TUTAHOBOI I'yOKM Ta MaCUB-
HOTO (MAaJIOIOPUCTOT0) HOAMAHOTO ITUPKOHiIT0. BKasaHi BUCOKI 3HaUueH-
HS IOPHCTOCTH € HACJIIAKOM, B TOMY YHCJi, HEJOCTATHBOTO PO3BUTKY
mpoilieciB cmikauHga 3a Temiepatypu y 900°C, 110 TaKoK Bele OO0 HU3b-
KOl MiITHOCTH 3pas3KiB, AKi PyHHYIOTHCS HABITH y mporieci nuripyBaHHA
i1 obrouyBamud ix. Temmeparypa cuikauaus y 1000°C (puc. 2, 8, 2) icToT-
HO aKTUBYE CIiKaHHdA, 110 3a0e3meuye IIepeTBOPEHHS CUCTEMU OKPEMIX
YaCTUHOK Y IIPAKTUYHO MAaCUBHUU MAaTEPisI i3 3aJUITKOBUMHU IIOPaMH,
3HAUHA YaCTHUHA SKUX CTA€ i30IbOBAHUMU, a iXHA MOPQOJIOTisa HabJIu-
JKaeThCs 0 PiBHOBicHOI i3 posmipamu 1o 30—40 MKM I TUTAHY Ta IO
15 MM mJ1a tupKoHio. BixmoBigao 1o popMyBaHHS MacUBHUX MaTepi-
s1IiB 13 moHMIKeHOoM0 mopucTticTio (22% ans tutamy i 8% A ITUPKO-
Hif0), iXHA MiITHiCTH CTa€ JOCTATHBOIO JJIS BUTOTOBJIEHHSA BUPOOiB HE0O-
XimHOI reoMeTprUUHOI KOH(pIrypaiii.
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Puc. 1. ITopomikoBi uacTurku rigpuay Turany (a), mouaTox (GopMyBaHHSA IITH-
MOK CcIiKaHHA MiK YacTMHKaMU ferigporexisoBanoro Turany 3a 710°C (6) Ta
chopMOBaHiI MINAKY CIiKaHHA MijK YacTHHKaMu geriaporenizopanoro Ilupko-
Hito micaa HarpiBauusa go 1000°C (8).

Fig. 1. Titanium-hydride powder particles (a), start of sintering-necks’ for-
mation between dehydrogenated titanium at 710°C (6), sintering necks be-
tween dehydrogenated zirconium particles after heating to 1000°C (8).

Kpim piskHMIi B KiTbKOCTi Ta MOPGOJIOrii 3aIUIITKOBUX TOP, CJIimI 3a-
3HAUUTH iCTOTHY PisKHUIII0O B MiKPOCTPYKTYpPi clleueHUX 3pasKiB (puc.
2, 8, 2). Turan, cneuennii 3a 1000°C, cKiIamaeTbCca i3 KPUCTATITIB O-
dasu, aKi MarTh MOPQPOJIOTiI0, JOCTATHRO OJM3LKY A0 PiBHOBAXKHOI, B
TOH Uac AK MUPKOHIN XapaKTepu3yeThCA MePEeBAKHO APiOHOIO MIACTUH-
YaCTOIO CTPYKTYPOIO O.-(hasd| i3 IIPUCYTHICTIO PiBHOBAMKHUX CKJIALOBUX.

Taxi mopdosoriutai 0co6JMBOCTI MOSACHIOIOThCA HacTynHuUM. Temie-
parypa cuikauaa y 1000°C Bixnosinae ogHodasHil B-obsacTi qyia o60x
YHCTUX MeTaJIiB. B mmpoIieci moBiJIbHOIO OXOJIOMKEHHS B IIedi micJis ciri-
KaHHA BindyBaeTnca —0-1IepeTBOPeHHA i3 hhopmMyBaHHAM o-dasu mia-
ctuHYacToi MmopdoJorii. ToBmHA O-IJIACTUH B HeJeroBaHOMY (TeXHiu-
HO UMCTOMY) THUTAHi IMIBUAKO 3POCTAE, MEePETBOPIOIOUMN IIJIACTUHU Ha
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Puc. 2. Oco6amBOCTiI MiKPOCTPYKTYPU TUTAHOBOTO (a, 8) i IMupKoHiioBoro (0, 2)
TMMOPUCTUX MaTePiANiB 3a TUCKY mpecyBaHHA y 125 MIIa i TemmepaTyp cuikamusa
y 900°C (a, 6) Ta 1000°C (8, 2) 3 i30TepMiuHOIO BUTPUMKOIO ¥ 2 TOTUHUA.

Fig. 2. Microstructure peculiarities of titanium (a, 8) and zirconium (6, 2) po-
rous materials produced with 125 MPa compaction pressure and sintering
temperatures of 900°C (a, 6) and 1000°C (8, 2) with 2 h isothermal exposure.

OJIU3BBKI 0 I'JIOOYIAPHUX KPHUCTAJiTH. B TOl 'Ke uac, MUPKOHil, AKUI
Mae OiJIBITY XeMiuHy aKTHBHICTh, AKTHBHO HaKOINUye aTMocdepHi g0-
mimku (Oxcuren, HiTporen) Ak B mporlieci miATOTOBKY IIOPOIIKY, TaK i
copOyoun 3aJUINKOBL rasy y BAaKyyMOBAHIN KaMepi mig yac cruikamHsd.
Ockinbpku Oxcuren i HiTporen € fomimkamu, AKi cTabirisyoTs a-dasy,
MiIBUIYIOUN TEeMIEpaTypy o—>[p-IIepeTBOPEeHHA, TO B OKPEMHUX Hai-
OiJabII 3a0pyAHEHNX 30HAX UACTHHOK IMMPKOHIiIO o-(asa 30epiraeTnbcs
HaBiTh 3a TeMmnepatypu cruikaaasa y 1000°C.

CaMe TakKi 30HM XapaKTepHUI3YIOThCA IJI00YJIAPHOI MOpQdoJorico
KPUCTAJiTiB, B TOM Uac AK iHIINI 00’eM MaTepiany, AKMi 3a HarpiBaH-
Ha 1o 1000°C mepeiimioB y -o6JacTh, 3a 0XOJIOAKEeHHSA opMye NPibHY
IJIACTUHYACTY CTPYKTYPY O-(hasu ITMpPKOHiIO.

BinbIin geTaabHO 0COOJIMBOCTI MOPHUCTUX CTPYKTYP TUTAHY Ta IUPKO-
Hifo, ofep:xanux cuikamaam 3a 1000°C, Ta BIJIMB Ha HUX PO3MipiB cTa-
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PTOBMX MOPOIIKOBMX YACTHMHOK MOKHA IpoaHadisyBaTu 3 puc. 3. Bia-
HocHO Api6Hi vactuaKY rinpuay Turamy (o 100 MmxMm) BeayTh 10 36epe-
JKeHHs IIiJ Yac CHiKaHHSA II0p, MOP@OJIorid AKMX HAOIMMKAETHCA M0
chepuuHoOi, Ta MOPyBaTUX KaHAJIB, AKi MalOTh BiZKPUTHI XapaKTep, a
ixHaA hopMa HacaiLye (POopMy ITYCTOT MisK CKOMIIAKTOBAHUMM IIOPOMTKO-
BuMH yacTuHKamu. Ilomepeuni posmipu i oKkpeMux mop, i KaHaJiB c-
rarots 10 30 MKM (puc. 3, a). Kpynui vactuaku rigpuny Turany (63—
200 MmxM), MisK AKEME 30epiraroTbCcsa BiAMOBiAHI KPYIHIII ITyCcTOTH II1e
Ha cTafii KOMIaKTyBaHHSA YaCTHUHOK, BeIYTh 0 (hOpMYyBaHHA JOCTATHHO
KPYIHUX KaHAJIiB i mop HempaBUIbHOI MOpdoJIorii, MmupuHoo 10 60—
80 MM (puc. 3, 8).

CneueHi cucTreMmu IIOPOIIKOBHX dacTMHOK I[upKoHiio xapaxTepusy-
IOTHCSA He JIUTITe MEHITIO0 3aTaIbLHOI0 TOpUCTicTIo (B Meskax 4—15% i3 smi-
HOIO BKa3aHUX IapaMeTpiB), aje I iHImuMu poadMipamu 1mop (puc. 3, 0, 2).

Puc. 3. Tunosi MiKpoCTPpYyKTypH IMMOPUCTUX TUTAHOBUX (A, 8) Ta IIUPKOHINOBUX
(6, 2) marepisaxis. Posmipu craproBux uactuHok — menirne 100 mxm (a, 6) Ta
63—-200 mkM (8, 2).

Fig. 3. Typical microstructures of porous titanium (a, 8) and zirconium (6, 2)
materials. Sizes of starting powder particles are less than 100 pm (a, 6) and
63-200 pm (s, 2).
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B crieuenux maTepifangax, He3aJaeKHO BiJl pO3MipiB IOPOIIIKY, CIIiBiCHYIOTH
He3HauHa KiJbKicTh KPyHOHUX 1mop posmipamu go 50—100 MKM i Benuka
KinpKicTh apibumx (0o 10—15 MKM) ITOp, BeIMKA YaCTHUHA SKUX CIOJIyUe-
Ha MiXK c000I0 y BUTJIALL ITOPYBaTUX JIAHITIOMKKIB. [Ipi6HI mopu mat0Th oc-
HOBHUI BHECOK Y 3araJIbHY 3aJIMIITKOBY IOPUCTICTh CIIEUEHOTI'O ITUPKOHIIO.

BryTpitHi moBepxHi BiIKPUTUX MMOPYBaTHUX KaHAJIiB XapaKTepusye
puc. 4 Ha IPUKJIAAi cliedeHoTo TUTany. HaaBHiCTh TaKMX KaHAJiB, Ue-
pes AKi rasu Ta piguHN IPOHUKAIOTHh BCEPEANHY MOPUCTOr0 MaTepisary,
icTOTHO miABUITYEe aKTUBHY COPOYBAJbHY ITIOBEPXHIO IJIA TeTePHUX Ma-
TepisaaiB Ta € HeoOXiJHOI0 YMOBOIO AJd HIPOHMKHEHHS TasiB i piguH 3a
iXHBLOI (pigbTpaIii.

Bpaxosytouu, 110 TiJiporeHidoBaHi YaCTMHKN MaCHUBHOT'O HOAUTHOTO
MUPKOHIIO BEIYTh IO iCTOTHO HUKYOI IIOPUCTOCTH, HiK IigporeHisoBaHi
YACTUHKM IIOPUCTOI TUTAHOBOI I'yOKM, 30KpeMa, A0 MPaKTHUUYHO IIOBHOI
BiICYTHOCTH BIiIKPUTUX IIOPYBATHUX KaHAJIIB y CIIEUEHOMY ITMPKOHII,
0yJI0 BU3HAHO HMEePCIEeKTUBHICTEL IIOLAIBIIIOI POOOTH 3 TUTAHOBUM MaTe-
pidaiaom.

3 MeTo oJepsKaHHA OOCTATHBLO BUCOKOI HOpuCTOCTH (HE MeHIIe
20%) cmeuyeHHMX TUTAHOBUX 3aroTiBOK OyJIO IIepeBipeHO BILIMB 3MiHU
TaKUX IIapaMeTpPiB, AK PO3MipU MOPOMIKOBUX YACTHUHOK rigpuay Twura-
HY, THCK IXHLOTO IPeCcyBaHH Ta TeMuepatypa craikaaasa (900—-1000°C);
pesyabTaTé ysarajabHeHO B Tabia. 1. 3 ganux tabawuri 1 0yso 3pobieHo
HacTynHi BucHOBKU. CrmikauHA 3a Temneparypu y 900°C (1. 2, 3, 5, 7)
BU3HAHO HENOILJILHUM, OCKLIBKM, X0ua i 30epiraroTbca HaHOiabIIL PiB-
Hi mopuctoctu (28—39% ), mpoliecu CIiKaHHSA IIOPOIIKY PO3BUBAIOTHCS

Puc. 4. EneKTpoHHO-MiKPOCKOIIiuHe 300paskeHHA BHYTPIITHLOI ITOBEPXHi IIO-
pyBaToro KaHaJy.

Fig. 4. SEM image of inner surface of porous channel.
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HeIOCTAaTHLO, He 3a0e3meuyoun 0asKaHy MII[HICTh CIIeUeHNX 3aTrOTiBOK.
PexoMeHIOBAHO BUKOPHCTOBYBATU TeMieparypy cimikanmus y 1000°C,
dAKa, 3 Og4HOro 00Ky, 3abe3meuye MOCTATHIO MiITHiCTL CHMCTEM CIIEUEHUX
YACTUHOK, a 3 iHIIIOT0, IIle YMOKJINBJIIIOE 30eperT B HUX AOCTATHBO BU-
COKY IOPHCTiCTh. Po3Mipm YacTMHOK 0OaXaHo BUKOPHCTOBYBATH HeE
MemHIre 63 MKM, OCKiJIBKM JUCIIEPCHA IIOPOIITKOBA CUCTEMA, XapaKTepu-
3YIOUNCH BICOKOIO IIOBEPXHEBOIO €HEePrielo, CIiKaeThCA 3aHAATO AKTUB-
"o 3a 1000°C (1. 6, Tabi. 1), Begyun n0 HeOaKaHOTO MOHUIKEHHS 3ara-
JbHOro 06’emy mop (zo 18%) i mo icTOTHO MEHININX PO3MipiB OKpeMux
mop (10—30 mKkM). BpaxoByioun oUueBUIHUNA BIJIUB PO3MipiB CTAPTOBUX
YaCTUHOK Ha PO3MipHM MYCTOT MiK HUMM ¥ CKOMIAKTOBAaHOMY ITOPOIITKO-
BOMY amcaMOJii Ta, BiATIOBimHO, Ha po3Mipu i 3araJbHUUA 00’€M IIOP V
cIeueHNX MaTepifiax, po3Mipu YacTHHOK B Mexkax 63—200 MKM MOKHA
OI[IHUTH AK HAWOiJBIN IMEePCIEeKTUBHI 3 JOCHiIKeHUX BapiauTiB (TabJI.
1). Boagzopas, B KOKHOMY OKPEMOMY BUIIAAKY MOYKHA IIiIOMpaTH ONTHU-
MaJIbHiI pO3MipM YacTHMHOK, 3BaKalouM HA HeoOXimHi xapaKTepHUCTHUKU
mop. Tuck mpecyBaHHsS TOPOIMKOBUX CHUCTEM AJIsI 30epeKeHHs 3HAUHOI
IIOPUCTOCTH Ta BiIKPUTUX IIOPYBATUX KaHAJIiB Mae OyTu MiHiMaJIbHUM,
B TO# Ke uac 3a0e3Ievyiouy JOCTATHIO MiITHICTH CITPECOBAHUX IIOPOIII-
KOBUX CHCTEM. 3BajKarouu Ha 1e, Tucku y 125—150 MIla e mHai6igbima
ImepcueKTUBHUMU. Bepyum 10 yBarum BuIlleHaBeJeHe, OINTUMAaJIbHUMUI
TEeXHOJIOTIiUYHMMH IIapaMeTpaMH BUTOTOBJIEHHS Ta XapaKTePUCTUKAMU
oIep:;KaHNX TUTAHOBUX IMMOPUCTUX CHUCTEM OyJIO BUBHAUEHO Ti, AKMX Ha-
BeneHo B 1I. 4 Tada. 1.

3.2. [IBokommnonenTHi ctonu Ti—Zr

IMupkoniii, sHaxogauuck i3 Turamom B oxuil rpyni Ilepioguumoi Tad-
JUIi eJIEMeHTiB 1 Malouu TOM caMU¥ TUII KPUCTAJIiUuHOl I'PATHUILL, IO i
TUTaH, € 3MIITHIOBAJbHUM JIET YBAJIbHUM €JIEMEHTOM JJA TUTaHY, (Oop-
myoun B cuctemi Ti—Zr HemepepBHUM pAJ TBEPAUX PO3UMHIB 3 O-
rpataulniero. [Hoxasanusa I{upkonito 10 TuTany Ta (pOpMyBaHHA MOPUC-
X cTOoIiB Ti—Zr BUKJINKAE iHTEepec 3 TOUKU 30PY AOCATHEHHSA BUIITUX
piBHIB MimHOCTM Ta OiNbINTOI aKTMBHOCTHM IIOBEPXHi reTepHUX MAaTepi-
AJIB.

3a marpiBamua cyMiieii 000x rigpuzais, mecopbiia Iizporeny 3 06ox
MeTaJiB migBuIlye neeKTHICTh KPUCTAJIUHOI CTPYKTYPU JleriTporeHi-
30BaHIX YACTUHOK, aKTUBYIOUN TUQY3iiiHi mpollecu B TBepAii pasi. 3a-
BIAKHK IILOMY BiKe B mpoiieci HarpiBamua go 800—900°C 3’aBadmoThCA
03HaKH MOCTYIIOBOTO PO3BUTKY IIPOIIECIiB CIIiKaHHA YaCTUHOK, a B3A€EM-
Ha nudysia Turany ta IlupkoHio Bese 10 YTBOPEHHA CTOIIB CUCTEMU
Ti—Zr 3 IBOKOMIIOHEHTHUX cyMmiIeii. IIpoTe, mporiec yTBOpeHHA MOBHI-
CTIO XeMiUHO OJHOPiTHOT'O CTONY BUMAarae BUTPUMOK YIIPOIOBK AeKiab-
KOX TOAVH i 3aJIeKUTh BiJl TAKMX UNHHUKIB AK PO3MipHM CTapTOBUX IO-
POIIIKOBUX YaCTUHOK i TeMIepaTypu.
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Puc. 5. MikpocTpyKTypa Ta KapTH PO3IOAiIY eJIeMeHTiB Ha MPOMIiKHUX CTaIi-
ax romoreHisairii cucremu Ti—Zr 3a 1000°C. BugHo 3aauIliku BiTHOCHO KPYII-
HIX YaCTUHOK IIMPKOHIIO Ta I'paJie HT KOHIIEHTPAI[IN HAaBKOJIO HUX.

Fig. 5. Microstructure and element distribution maps at intermediate homog-
enization stages of Ti—Zr system at 1000°C. The remnants of relative coarse
zirconium particles and concentrations’ gradient around them are visible.

Ha pucyHKY 5 moKasaHO THUIIOBY KapTUHY PO3IOIiNYy Jier'yBaJbHUX
eJIEMEeHTiB Y IBOKOMIIOHEHTHIi¥ cucTeMi HAa IPOMiKHUX CTagidAX xeMmiu-
HOI romoreHisarii B xozai isorepmiuaux Butpumok 3a 1000°C. 3aBgaku
B3aeMHi# nudysii Turany ta IlupKoHiio, TMPKOHiIIIOBI YaCTHMHKY IIOC-
TYIIOBO POSUNHSAIOTHCS B TUTAHOBil MaTpuIli, CTBOPIOIOYN 30HU I'Dajie-
HTiB KOHIIEeHTpaIliii HaBKoJIo cebe. BimHocHO nucmnepcHi yacTuHKY (Pos-
mipamu menire 80—100 mxM) 3a yac 6JIM3bKO0 2 TOAUH IIPAKTHYHO IIOB-
HiCTIO POSUMHAIOTHCA, 3aBAAKYN YOMY JIOKaJbHA KoHIeHTpalia [{upko-
HiI0 B TUTAHOBil MATPUIIi CTa€ IPAKTUUYHO OJHOPiAHOIO Ta GJIM3BKOIO 0
sdaganoi (9—10%). Ane KpymHiNIi YacTMHKU ITMPKOHiI0 po3MipaMu y
125-150 MKM, a TaKOK Ti, II[0 MAlOTh HOTaHUN KOHTAKT 3 THUTAHOBOIO
MaTpUIeI0, AKUH € 0ap’epoM Aa nudysii, e sHauHO0 Mipoio 30epira-
IOTBhCA IIiJ] Yac ZOCTATHHO MMOBiJILHOIO IPOIleCy IXHLOTO PO3UMHEHHA. B
IeHTPi HEePO3UMHEeHNX ITUPKOHIOBUX YacTUHOK BMicT Turany Ime mo-
CTATHBO HMU3bKUI (JIOKAJIBHUI CKIany — Oausbko 77% Zr—23% Ti), B
TOI yac AK y MaTpHIli HABKOJIO HUX KoHIeHTpalia I[{lupkoHito He mepe-
uiirye 4% , To6TO CKJIAA TaKUX 30H € JOCTATHBO JaJIEKUM Bifl JOCATHEH-
Hs ogHOpigHOro cKaany Ti—10% Zr.

IloninmieHHI0O OMHOPiIZAHOCTH MATEPIAJY COPUAIOTH AK 3MEHIIIEHHS
posMipiB cTapToBuX YacTUHOK Tiapuay llupkoHito, Tak i 30iablIeHHSA
TeMIIepaTypPHu CIIiKaHHS YW 4Yacy BUCOKOTEMIIEPATYPHOI BUTPUMKMN.
Hait6inpin mepcoeKTUBHUM OJIS JOCATHEHHS XeMiuHOlI omHOpigHOCTH
6aunThCA OINTHMIi3alliag PO3MipiB YACTHMHOK, OCKiJIbKY IIiABUINEHHS Te-
MIIEpaTypPHO-YaCOBUX MOKA3HUKIB CIPUAE MOMITHOMY ITOHMKEHHIO Ki-
HIIEBOI IIOPUCTOCTHY MaTEPiAIy.

3 BUKOPHCTAHHAM YAaCTHHOK IIMPKOHiI0 po3Mipamu g0 63 MKM 0yJio
OJIep:KaHO [JOCTATHLO OgHOpimummii mopuctuii marepianr Ti—10% Zr,
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100 mxMm ‘

Puc. 6. ITopucra crpykrypa crouy Ti—10% Zr, omep:kaHOro CHiKaHHAM 3a
1000°C 3 i3oTepMiuHOIO BUTPUMKOIO y 2 TOAUHMU.

Fig. 6. Porous microstructure of Ti—10% Zr alloy sintered at 1000°C for 2
hours.

Puc. 7. Oguopigna miacturuacra o-cTpykrypa cromy Ti—10% Zr ta kapTu po-
BIOIiIy eJIeMeHTiB.

Fig.7. Uniform lamellar a-structure and element distribution maps of Ti—
10% Zr alloy.

AKU MaB 0,1u3bK0 28% mop (puc. 6). ITopucra cTpyKTypa cKIagagacs 3
BIiIKPUTHX IOPYBATUX KaHAJiB Ta OKpeMHUX IIOp AiameTpoMm mo 20—
40 MKM.

ComeueHnii MaTepisa  XapaKTepU3yETbCA  ILJIACTUHYACTOI  O-
CTPYKTYpPOIO; BogHOYAC, Kpai miacTuH 30araueno [{upkoriem (puc. 7).
Ileit pesyabTaT MOKHA MOSCHUTH PO3IIAPyBAaHHAM TBEPAOTO PO3UUHY
Ti—Zr B mpolieci 3apoaKeHHA Ta POCTY O-IIJIACTHH IIiJ Yac 0XOJIOAKEeHHS



32 O.T.CABBAKIH, . B. OPIIINY, O. O. CTACIOK ra is.

Bix Temmeparyp oxmHOo(MasHoi [-o0xacti. BoueBunawn, mixm wac P—oa-
IIePEeTBOPEHHS Bi0yBaeTheA qedAKe 30araueHHa 3aauInkiB B-dasu [up-
KOHieM, BHacJifjok 4yoro I[MpKOHi#I KOHIEHTPYEThCA HaA ITOBEPXHAX
YTBOPEHUX O-ILJIACTHH.

IlincymoByioun, MOKHaA 3a3HAUUTH, 1110 CTPYKTypa Oiep:KaHnX IIOpHU-
CTUX TEeXHIiUHO UYMCTOr0 THUTAHY Ta CTOmiB cuctemu Ti—Zr (Ha mpukaanmi
craangy Ti—10% Zr) € mepcleKTUBHOIO IJisd BUKOPUCTAHHS B CHCTEMax
¢inpTparrii rasis i piguH, a TAKO0K, 38 YMOBHY aKTHBAIlil iIXHiX TOBEePXOHb,
Yy BAKYYMHHUX OPUJIaaX B SKOCTI reTepHUX MaTePisiB.

4. BUCHOBKH

1. OmigeHO IIOTEHI[isII BUTOTOBJEHHS MOPUCTUX MATEPisdaiB Ha OCHOBI
TUTAHY Ta ITMPKOHIIO IIJIAXOM XOJOAHOTO IIPeCyBaHHA Ta BaKyyMHOTO
CIiKaHHA TiApOreHi30BaHMX ITOPOIIKOBUX YACTHUHOK (TigpuaiB) BKasa-
HUX METaJIiB.

2. BcTaHOBIIEHO OCHOBHI 3aKOHOMipHOCTiI (popMyBaHHA MiKPOCTPYKTY-
pu i 0COOJIMBOCTEI MOPUCTOI CTPYKTYPU TUTAHY, IIUPKOHIIO Ta CTOIY
Ti—-10% Zr B 3aJ1€:KHOCTI BiJ TAKMX TeXHOJOTIYHNX IapaMeTpPiB iIXHbO-
ro BUTOTOBJIEHHS SIK PO3MipHU TiiporeHid0oBaHMX ITOPOINKOBUX YaCTHU-
HOK, TMCK KOMIIAaKTYBaHHA 1X Ta TeMIepaTypa CIliKaHH4.

3. Busnaueno TeXHOJIOTiUHI ITapamMeTpu, 10 3a0e3neuyoTh (GOopMyBaHHSA
BHCOKOIIOPUCTHX MaTepisiiB i3 sarambHuM 06’ eMom mop 61u3bk0 30% Ta
3HAYHOIO YACTKOIO BiIKPUTHUX MOPYBATUX KaHAIIB AigMeTpoM Bix 20 MKM
10 60—80 mrM. Taki mopucTi MaTepiaIn € HepCHIeKTUBHUMU JJIsI BUKOPI-
CTaHHA B cucTeMax (pisbTparrii rasiB i pignH, a TaKOXK B AKOCTI reTepis.
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Technology for Manufacturing Parts from Aluminium Alloys
Using Hot Deformation

L. V.Shvets, K. V. Chmykh, O. O. Trukhanska, A. A. Shtuts,
and M. A. Kolisnyk

Vinnytsia National Agrarian University,
3 Sonyachna Str.,
UA-21008 Vinnytsia, Ukraine

Pressure treatment of metals includes the method developed by us for manu-
facturing billets from aluminium alloys by hot deformation. There are many
methods of hot manufacturing of blanks from various materials; our pro-
posed method of hot deformation of aluminium alloys involves heating not
only the metal itself, but also the dies, in which the billet is to be melted for
the required part. The essence of the method also consists in the fabrication
of different-calibres’ stamps depending on the desired part, which can be
both symmetrical and complex ones with an elongated, bent axis, of various
configurations, with a minimum of waste. The material consumption factor
for this technology is of 0.15-0.3.

Key words: technological process, deformation, heat treatment, deformation
drawing, annealing, aluminium alloys, smooth rolls, stamps, stressedly-
deformed state, plasticity.

Jo 06pobieHHS MeTaJliB THCKOM BiJHOCUTBLCA PO3pP00JIeHa HaMU MeTOa BUTO-
TOBJIEHHS 3aroTiBOK i3 aJioMiHilOBHUX cTOmiB rapsumm aedopmyBaHHAM. €
6araTo MeTOJiB rapsiuoro BUTOTOBJIEHHS 3aroTiBOK i3 pisHMX MaTepisiiB, Ta
3alPOIIOHOBAaHA HAMHU MeTOJa rapsadoro ne¢)opMyBaHHSA aJTIOMiHiHOBUX CTOMiB
mepenbadae HarpiB He TiJIBKM caMOT'0 MeTaJy, a i IIITaMIiB, B AKUX Ma€ BU-
ILJIAaBIATUCS 3aTOTiBKAa ITi moTpi6bHUH ngeTanb. CyTh METOAUM TAKOMK TOJIATAE Y
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BUTOTOBJIEHHI pPidHOro Kajibpy IITaMIIiB B 3a/IesKHOCTi Big moTpiGHOro mera-
JI10, AKi MOXKYTh OyTH SIK CUMETPUYHIi, TAK i CKJIaJHI 3 BUTATHYTOIO, 3irHYTOIO
Biccio, pisHOI KoH(iryparii, 3 mimimymom BigxozniB. KoedimienT BuTpaTu ma-
TepiAIy 3a TaKOIO TexXHOJOTieo cKkiaanae 0,15-0,3.

KarouoBi cioBa: TexHOJOTiUHMI TTPOIiec, medopmMailida, TepmMiuHe 06pobIeHHS,
nedopMallifine IMpoOTATYBaHHSA, BigmaJj, aJOMIiHifOBi cTomm, rJaamkKi BaJKwu,
IITaMIIA, HAIPYKeHOo-Ie(popMOBaHUM CTaH, IIJIACTUUYHICTD.

(Received May 13, 2025; in final version, December 5, 2025 )

1.INTRODUCTION

Aluminium alloys have great potential in various industries due to
their properties and structure. Lightness, corrosion resistance, and
mechanical properties make them attractive for the production of a
variety of parts used in aviation, automotive, agricultural machinery,
shipbuilding, electronics, and other light and heavy industries. It is
not insignificant that this is an expensive material, and it is desirable
to use it with minimal costs. When processing these alloys, various
processing technologies are used, which affect the structure and me-
chanical properties of the material and change it, which negatively
affects the purpose of the part itself. We offer a method of hot defor-
mation of aluminium alloys, which restores both the structure and me-
chanical properties of the manufactured workpiece, which is as close as
possible to the dimensions and design of the finished part, requires a
minimum of processing, and in some cases, even without additional
mechanical processing. There are many methods of hot manufacturing
of blanks from various materials; the proposed method of hot defor-
mation of aluminium alloys involves heating not only the metal itself,
but also the dies, in which the billet is to be melted, for the desired
part. The essence of the method also consists in the production of
stamps of different calibres, depending on the required part, which can
be both simple and complex, of different configurations.

2. PRESENTATION OF THE MAIN RESEARCH MATERIAL

The results of theoretical studies of the flow of metal in the transition and
stable zones during hot deformation of workpieces in the centre of defor-
mation, taking into account the development of deformation over time,
formed the basis of studies of the unevenness of deformation and the na-
ture of the flow of metal depending on the ratio of the geometric shapes of
the gauges. The results of the research were used in obtaining formulas
for determining the expansion and advance during the deformation of
blanks in smooth rolls and gauges of different systems[1].

Expansion Ab is defined as the difference in the width of the sample
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before and after deformation:
Ab = b - by, (1)

where by is the width of the sample before deformation [mm], b, is the
sample width after deformation [mm].
The advance of S is determined by the formula

S =, - 1,)/1,-100%, (2)

where [; is the distance between the impressions of the cores on the
workpiece [mm], [, is the distance between the impressions of the cores
on the rolls [mm].

The metal pressure on the rolls was determined by the formula

P=1-(B-P)/R, 3)

where P is relative pressure, Py is metal pressure on rolls with a tem-
perature of 20°C [kg/mm?], P, is metal pressure on rolls with a temper-
ature of 50—450°C [kg/mm?].

The technology of manufacturing parts from aluminium alloys by
hot deformation for stamping includes: construction of a drawing of
the workpiece; determination of the size of the initial workpiece; de-
termination of the general coefficient of extraction on transitions and
selection of the system of gauges; calculation of calibres and design of
stamps on transitions; the choice of thermomechanical modes of de-
formation of blanks of a specific aluminium alloy; safety issues.

Thermomechanical modes of deformation should ensure sufficient
plasticity, uniform structure and high mechanical properties[2, 3].

Table 1 shows data on the selection of thermomechanical modes of
deformation of aluminium alloys [3].

When the blanks are deformed in the perpendicular direction of the
axis, the permissible deformation values given in Table 1 should be
reduced for aluminium alloys by 15—25% for one heating in order to
avoid obtaining a coarse-grained structure, due to the processes of re-
crystallization, forging and stamping of aluminium alloys according to
typical technologies [3].

When studying the main technological parameters of the defor-
mation of billets from aluminium alloys according to the proposed
method, comprehensive studies of the macro- and microstructure of
samples cut from the deformed billet were carried out. Billets were
made of AKG6 alloy with dimensions (J14x150 mm and were deformed
in oval calibres, the dimensions of which are given in Table 2.

The manufactured blanks were thermally treated and subjected to
comprehensive analysis. Mechanical tests were carried out on a break-
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TABLE 1. Thermomechanical modes of deformation of aluminium alloys.

Admissible degree of

Temperature deformation, %

Alloy grade interval of de-

formation, °c | Casting | Pressed

workpiece| workpiece

AMn, AMg1, AMg2, AB AD31, 470-300 70 90
AD33, AD35, AK6, ADO, AD1, 01205  470-300 70 90
470-370 60 70
D1, Dich, BD17, 1230 AKS 150-850 8 60
470-350 60 70
D20, D21, 1201, AK4 AK4-1, K4-14 430-320 8 60
AMg3, AMg4, AMg5 AMg5p, AMg6, 430-320 60 60
B92
M40, B92¢c, 1915, 1913 430300 - 50
430-350 60 60
B95, B95pch, BIEC, B96Cpeh, BIGC3 o o0 8 20
470-350 60 60
D19ch, BAD1 (1191), D16ch 430-350 8 50

TABLE 2. Dimensions of oval gauges for deformation of workpieces from
aluminium alloys with dimensions of @14x150 mm [3].

. . Calibre height &, Calibre width |Calibre radius R,| Coefficient of
Axisratioa :
mm b, mm mm elongation A
2.0 9.3 18.65 11.70 1.45
2.4 8.3 19.9 11.95 1.55
2.8 7.1 20.1 12.00 1.65

ing machine with a nominal force of 20 000 N. The test results are
shown in Table 3.

From Table 3, we can see that the hot deformation of the blanks in-
creases the strength o by 7.14% and the plasticity 6 by 14.33% com-
pared to the original bar.

As the process of hot deformation was mastered, regularity was con-
firmed: the blanks after deformation had a higher strength than the
pressed bar. The improvement of the metal structure and the im-
provement of the mechanical properties of the workpieces can be ex-
plained as follows: the deformation is carried out in hot dies with
gauges, the shape of which is close to the shape of the cross section of
the final part. Differences of intersections along the gauge are selected
by smooth radii[1].

This form of the tool ensures a sufficiently uniform deformation of
the metal, creates a comprehensive crimping of the workpiece, as a re-
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TABLE 3. Results of mechanical tests of samples after hot deformation [3].

Type of semi-finished product c, MPa 5, %
Initial sample 380 16,0
Samples after deformation 405 22,0
-//- 415 22,0

-//- 415 18,0

-//- 425 24,0

-//- 427 22,0

-//- 420 22,0

-//- 420 18,0

-//- 430 18,0

-//- 420 20,0

-//- 430 20,0

-//- 420 20,0

TABLE 4. Sizes of calibres for hot deformation of billets from the AK®6 alloy,
P25x150 mm.

Oval calibre Square calibre
h, b, R, | m, | r F, m, | h, b, c, | B, | 1 F,
mm | mm | mm | mm | mm | mm? | mm | mm | mm | mm | mm | mm | mm
7.9 41.8 575 1.0 3 214 1.0 15.2 16.7 11.8 16.7 1.8 137

2

sult of lateral pressure that approaches the final part. This increases
the plasticity of the metal and allows only one deformation. High de-
grees of crimping ensure the penetration of deformation into the cen-
tral zones of the workpiece, causing grinding, compaction and orienta-
tion of the grains in the direction of movement of the metal during
processing.

In another series of experiments, workpieces made of AK6 alloy
with dimensions of J25x150 mm were deformed according to the cir-
cle—oval—-square system in calibres, the dimensions of which are given
in Table 4 (refer with Fig. 1).

The deformed blanks were thermally treated according to the tech-

nology shown in Table 5. As a result of a visual inspection and analysis
of the macrostructure of the deformed blanks, it was established that
pinching, cracks, fibre pinching and other structural violations were
not detected [4]. The results of mechanical tests of samples cut from
rolled blanks are given in Table 5.
Features of Hot Deformation of Aluminium Alloy Parts. To calculate
gauges and develop a technological process of deformation of blanks
from aluminium alloys for subsequent stamping, it is necessary to
know the peculiarities of stamping parts from these alloys [5—7].
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m

EQ

a

Fig. 1. Calibre sizes: a—oval, b—square.

TABLE 5. Technology of heat treatment of deformed billets from AKG6 alloy, &25.

Type Temperature of| Heat treat- .
heating Type of heat Alloy| the initial ref-| ment tem- Exposure Cool'lng
treatment . o o time |medium
furnace erence time, °C|perature, °C
PN-32 Hardening AK6 500 505-252 50 min Water
PN-32 Ageing 160-175 3.4-4 hrs Air

1. The essence of hot deformation is the deformation of metal at low
speeds at a uniform temperature of the stamped material, which is
achieved as a result of the equality of the initial heating temperatures
of the workpiece and the tool. During hot deformation, heat loss of the
workpiece to the environment is excluded.

2. The possibility of deformation at low speeds and a constantly high
temperature of the workpiece ensure high plastic properties of the pro-
cessed materials, uniform deformation, and reduced specific stamping
forces.

3. The increased plasticity of the stamped material allows you to
stamp parts of a complex configuration with thin webs and high thin
ribs in one pass.

4. Constant temperature stamping conditions, absence of tool tem-
perature fluctuations, reduced stamping forces provide the possibility
of stamping high-precision parts and a significant reduction in the
volume of further mechanical processing.

5. Low loads on the stamps and stable temperature conditions of the
stamps guarantee their high stability.

6. The high accuracy of the parts obtained by hot deformation causes
increased requirements for the accuracy and cleanliness of the tooling
and stamping equipment.

7. The production of parts by the method of hot deformation allows
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you to reduce significantly the labour intensity of mechanical pro-
cessing and the consumption of metal, which is expensive.
Requirements for Initial Preparation [8, 9]. For the production of
blanks by hot deformation, blanks previously deformed by pressing,
rolling or forging are used. The blanks loaded into the furnace for
heating for deforming operations must not have surface defects:
drains, cracks, burrs, etc. Defects must be removed by mechanical pro-
cessing (turning).

Surface roughness after turning should correspond to alloys with
high and medium technological plasticity R.,=6.3 um, and with re-
duced technological plasticity R,=1.6 um. The imprint of the remain-
ing centres on the ends of the workpieces made of alloys with high and
medium technological plasticity after turning should be smoothed with
sandpaper, and the ends of the workpieces with reduced plasticity
should be sanded until the traces of the centres are completely re-
moved, the edges should be rounded with a radius of 5—10 mm.

The surface of the workpieces loaded into the furnace must be clean
and dry (without shavings, sand, soot). Moisture on the surface of the
workpieces is not allowed.

The initial material intended for cutting into dimensional blanks, in

terms of structure and mechanical properties, must meet the require-
ments of the technical documentation in force [6].
Production of Profiles of Complex Cross-Section Using Hot Defor-
mation Technology. The problem of manufacturing profiles of a com-
plex cross-section from aluminium alloys is acute in the aviation in-
dustry and other branches of mechanical engineering. The lack of spe-
cial equipment for pressing profiles from aluminium alloys of arbi-
trary cross-section at machine-building plants (especially at enterpris-
es of small-scale production) poses the task of researching the possibil-
ity of manufacturing profiles by other methods, since their production
by mechanical processing is associated with significant labour costs
and increased consumption of metal.

We propose to divide the typical workpieces proposed by us into
groups in Table 6, the basis of which classification includes typical
workpieces and profiles, their configuration and technological possi-
bilities of obtaining them on the equipment proposed by us.

A review of literature sources showed a lack of recommendations for
the use of rolling and rolling to obtain profiles of complex cross-section
from aluminium alloys [10]. Along with the lack of a universal method
of calculating gauges for the manufacture of profiles of a complex
shape[11-13], it also turned out to be limited data on the calibration of
rolls of already mastered profiles. The existing methods cover issues
specific only to certain groups of profiles (channel, angle, I-beam) and
are based on empirical, semi-empirical methods, as well as methods
based on various techniques.
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TABLE 6. Classification of typical blanks for production by hot deformation.

I group Blanks with one thickening at the end
II group Blanks with two thickenings at the ends

IIT group [Blanks with one thickening in the middle
IV group [Blanks with three thickenings

V group \Workpieces with a curved axis

Some authors [11-14] recommend, when calculating gauges, to de-
velop simultaneously several calibration options in order to establish
the best of them through successive tests. They indicate that the cali-
bration of profiles of arbitrary cross-section should be accompanied by
systematic tests of designed gauges, making the necessary corrections
based on the results of experiments.

Due to the fact that the existing methods of calculating the calibres
of steel profiles do not allow to unambiguously solve the question of
the necessary and sufficient number of calibres, we proposed to take as
a basis the dimensions of the calibres described in Ref. [3] (Fig. 2), and
conduct experiments on the production of a steam pad, on the proposed
equipment in rolls 160 mm with a frequency of their rotation of 12
min~! according to the ‘pre-cleaning—cleaning’ calibre scheme. The
overall extraction coefficient A was of 2.82 (in the pre-clean gauge,
1.92, and in the clean, 1.46); Fig. 3. In addition, on forging rolls of the
C1335 model in rolls of @320 mm with a rotation frequency of 26
min~!, which have room temperature, for conducting experiments,
workpieces from aluminium alloys AK4-1 and AK6 with dimensions
J25x130 mm were used.

10 A-A

N\
ez

-

Fig. 2. Scheme of the calibre of the paired pads[3].
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Fig. 4. Macrostructure of the primary workpiece with a large crystalline rim.

The heating temperature of the blanks and dies was of 470°C. Initial
uneven structure (refer with Fig. 4) workpieces in the process of de-
formation have improved significantly. A visual inspection and analy-
sis of the macrostructure is presented in Fig. 5 defects were not detect-
ed. The block profile has a uniform fine-grained structure along the
length and width of the deformed part of the workpiece and meets the
requirements of the technical documentation.

Table 7 shows the technical characteristics of the equipment and the
technological parameters, at which the pad profile was manufactured,
from which it can be seen that, for the manufacture of a pad in condi-
tions of hot deformation, equipment of much less effort and dimen-
sions is required, that allows to reduce energy consumption, reduce the
labour intensity of manufacturing a part and the cost of workpieces.

The nature of the dependence of the expansion on the temperature of
heating the stamps in the range of 20-250°C (Fig. 6) can be explained
as follows. At the temperature of the stamps of 20°C and degrees of
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Fig. 5. Cross-section of the two-pass calibration profile of a paired pad.

TABLE 7. Comparative technical characteristics of equipment and technological
parameters.

Equipment
No. Characteristic Rollers for Equipment for
forging C1335 | hot deformation
1 Drive power [kW] 80 7
2 Roll rotation frequency [min] 26 12
3 Diameter of rollers [mm] 320 160
4  Dimensions for setting stamps [mm] 160 80
5 Stamp sizes [mm]:
first transition 92x80 50x40
second transition 92x80 45%40
6 Central angle [a°] 180 180
7 Temperature of workpieces [°C] 470 470
8 Temperature of rolling dies [°C] 20 470

deformation of 30, 40, 50%, the contact area of contact between the
metal and the stamps is small, taking into account the rolling of a
round workpiece 14 mm. At the same time, the axial compressive
stresses directed along the centre of deformation are insignificant
compared to the compressive stresses acting in the transverse direc-
tion, therefore, an increase in expansion is observed. A decrease in ex-
pansion with an increase in the heating temperature of the rolling dies
occurs due to the flow of strengthening processes and an increase in
the plasticity of the processed metal.

In the heating temperature range of the rolling dies of 250-350°C at
a constant degree of deformation, the expansion practically does not
change, and the change in the degree of deformation changes the abso-
lute values of the expansion by 15, 26, 37% relative to the initial cross
section of the deforming blanks, respectively, with degrees of defor-
mation 30, 40 and 50%. This occurs as a result of achieving equality of
axial compressive stress directed along and across the centre of defor-
mation, as well as equality of displaced volumes in these directions.

With an increase in the heating temperature of the stamps to 450°C
and blanks with degrees of deformation of 30, 40 and 50%, the value of
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expansion relative to the initial cross-section of the blank decreases
and amounts to 12.2, 23.6, 33%, respectively. The decrease in expan-
sion occurs due to an increase in axial compressive stress directed
along the centre of deformation, a more complete flow of strengthen-
ing processes, and the absence of zones of difficult deformation.

The analysis of expansion changes showed that with an increase in
the heating temperature of the stamps, the expansion values decrease.
Thus, the values of expansion obtained at the temperature of heating
the dies to #, =250 and 450°C at deformation € =30% decrease in rela-
tion to the expansion obtained during rolling of blanks in dies with a
temperature of 20°C by 37 and 67.2%, respectively [15]. The decrease
in expansion at ¢, = 450°C relative to t, = 250°C is of 22%.

Similarly, the analysis of the change in expansion values during
rolling of blanks at degrees of deformation of 40, 50% and other equal
conditions showed that the expansion decreases by 15.4 and 27.3%
(e=40%), 13 and 26.45% (¢=50%). The decrease in expansion at
t, = 450°C relative to t, = 250°C is of 10.3% (¢ =40%), 11.8% (¢ = 50%).

Analysing Fig. 6, it can be seen that the change in the degree of de-
formation from 30 to 50% increases the value of the expansion, with-
out changing the nature of their dependence on the temperature of
heating the dies. It was noted above that with an increase in the degree
of deformation, the volume of the metal in width and, therefore, the
expansion, other things being equal, increase.

Figure 7 shows the macrostructure of the longitudinal cross-section
of billets made of AK6 alloy in smooth dies in one pass at a temperature
of billets and dies of 470°C, degrees of deformation 40 and 50%. Con-
ducted comprehensive studies (macro-, microstructures, and mechani-
cal properties) of the quality of rolled blanks, in hot conditions, met
the requirements of the technical documentation.

Analysing Table 3 and Fig. 7, it can be seen that when rolling work-
pieces with dimensions @J14x150 mm at a temperature of 450°C, the
relative pressure of the metal on the R, rolls decreases with an increase
in the heating temperature of the dies, and, most intensely, with an
increase in the degree of deformation [16].

Thus, with an increase in the heating temperature of the stamps to
250, 350 and 450°C, the pressure on the rolls decreases in comparison
with the pressure values during the deformation of the blanks in the
stamps with a temperature of 20°C and a degree of deformation of 30,
40, 50%, respectively, by: 250°C—62.45%, 54%, 45%; 350°C—55.8%,
47.5%, 38.73%; 450°C—53.3%, 46.5%, 38.2%.

In the temperature range of 350—450°C, the metal pressure on the
rolls at different degrees of deformation changes slightly, and when
the dies reach temperatures of 400°C and above, it almost stabilizes,
and an increase in the degree of deformation affects only the absolute
values of the relative pressure P, (Fig. 8).
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Fig. 6. Dependence of expansion on the degree of deformation and heating
temperature of rolling dies (degree of deformation: 1—30%, 2—40%, 3—
50%; heating temperature of blanks 450°C).

Fig. 7. Macrostructure of longitudinal sections of rolled blanks in smooth
rolls. Alloy AK6, @14x150mm. Temperature of blanks and stamps—470°C:
a—degree of deformation of 40%, b—degree of deformation of 50%.

Analysis of the experimental data presented in Fig. 8 shows that,
during the rolling of blanks on forging rolls, in hot conditions, the
metal pressure on the rolls decreases with the increase in the heating
temperature of the dies, most intensively in the temperature range of
20—-350°C. Further heating of the stamps does not lead to a significant
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TABLE 8. The value of the relative pressure P, depending on the temperature
heating of stamps #, and degree of deformation .

It N e =30% e =40% e=50%
emAerT e | P, th, °C P, ty, °C P,
1 20 0.4 20 0.5083 20 0.6664
2 250  0.2498 250 0.2747 250 0.3
3 300  0.2365 300 0.2498 300  0.2664
4 350  0.2232 350 0.2415 350  0.2581
5 400  0.2166 400 0.2365 400  0.2548
6 450  0.2133 450 0.2365 450  0.2548
0.71
Q\";lnf
A

0.5

0.4

0.3

0.2r

0.1 1 L} 1 !
0 100 200 300 400 4,°C

Fig. 8. Addiction the relative pressure of the metal for rolling from the tem-
perature of heating the dies and the degree of deformation: 1—30%, 2—40%,
3—50%. The heating temperature of the blanks is of 450°C.

decrease in pressure and is impractical, because it leads to additional
energy consumption. In addition, the appearance of scale on the sur-
face of the stamps is observed.

In another series of experiments, workpieces from the above-
mentioned alloys with dimensions of @14, 18, 20, 25x150 mm, electric
resistance heated in a chamber furnace to temperatures of 300, 350,
400, 450, 470+10°C were rolled in smooth dies, which were heated se-
quentially to temperatures of 20, 50, 100, 150, 200, 250, 300, 350, 400,
470°C. The blanks were rolled with degrees of deformation of 30 and
40%. The results of the experimental data are presented in Figs. 9, 10.
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Fig. 9. Dependence of expansion on the heating temperature of blanks and
stamps at a degree of deformation of 30% workpiece heating temperature:
1—300°C, 2—350°C, 3—400°C, 4—450°C, 5—470°C.

Analysis of the experimental data presented in Figs. 9, 10 shows that,
with an increase in the heating temperature of the blanks and stamps, the
expansion decreases due to the strengthening processes. In addition, it
should be noted that in the temperature range of heating stamps 250—
350°C, the expansion at a constant degree of deformation (similarly pre-
sented in Fig. 10) practically does not change, and a change in the degree
of deformation leads to a change in its absolute values.

Figure 11 shows the macrostructure of the longitudinal and trans-
verse sections of rolled blanks made of AK6 alloy with dimensions
J14x150 mm, corresponding to the requirements of the technical doc-
umentation. Rolling was carried out at temperatures of blanks and dies
equal to 450°C with a degree of deformation of 50%.

3. CONCLUSION

Conducted experiments on the example of the production of a profile of
a paired pads showed that the production of profiles with a complex
cross-section is economically profitable to produce on the equipment
for hot deformation proposed by us, since the equipment is used with
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Fig. 10. Dependence of expansion on the heating temperature of blanks and
stamps at a degree of deformation of 40% workpiece heating temperature:
1—300°C, 2—350°C, 3—400°C, 4—450°C, 5—470°C.

a b

Fig. 11. Macrostructure of the longitudinal (a) and transverse (b) cross-
sections of the rolled blank in oval gauge: AK6 alloy, @14x150; degree of
deformation—50%; the temperature of blanks and stamps is of 450°C.

less effort and dimensions, due to the improvement of plasticity. In
addition, the production cost of pads is reduced, due to decrease in the
labour-intensiveness of mechanical processing, the reduction of the
cost of the labour-intensive production of stamps, and the reduction of
energy consumption. The quality of the structure and the mechanical
properties of the manufactured workpiece are improving.
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Based on mathematical assumptions by Love and Sneddon with co-workers, a
yield strength-relationship result from the indentation of a needle of sharp
conical tip in elastic materials is determined. This study offers mathematical
expressions of the yield strength of solid material, when the penetrator is a
sharp needle with a cone tip. According to Love (1939) and by Sneddon (1965)
workers, we have deduced the relationship between the yield strength, the
Young’s modulus (E), and the Poisson’s ratio (y) for the tested material and
the semi-included angle of the sharp tip of the needle indenter (0). Firstly,
mathematical concepts of the right circular cone are established. Secondly,
the yield strength formula for the bulk material was derived. Thirdly, an
approach of the yield strength resulted from the indentation of the sharp
conical needle is presented. Finally, yield strength expressions resulted from
the indentation of the sharp conical needle of different semi-angles are
determined and collected in tables at the last.
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strength.

Ha ocuHoBi maremaTwunumx mnpumnyinedb JlaBa Ta CHemmona i3 KoJseramu
BU3HAUYEHO BaJIe’KHICTh Me)Ki IIJIMHHOCTH, OJep:KaHy B pesyJabTaTi
BIIABJIIOBAHHS IM'OJIKM 3 TOCTPUM KOHIYHUM KiHUYMKOM B €JaCTUYHI MaTepidiu.
e mocmimxeHHA MPOMOHYE MaTeMAaTUYHI BUPA3U MEXKi IJIMHHOCTU TBEPJOTO
MaTepisaay, KOJU IIeHeTPaTOpP € TOCTPOI0 TOJKOI 3 KOHIYHMM KiHUMKOM.
3rigao 3 JlaBom (1939) ta Cuegmonom (1965), Mu BuUBesM 3ajI€KHICTH MiK
MesKelo miamHHOCTH, MoxyieM IOura (E) ta IlyaccomoBuM KoedimierTOoM (V)
BUIIPOOYBAHOTO MAaTepPidAJy Ta HaANiBBKJIIOUYEHMM KYTOM TOCTPOTO KiHUMKA
rosrgactoro immenTopa (0). Ilo-mepiite, BCTAHOBJIEHO MaTeMATHUUHi KOHITEIITil
IIPaBUJIBLHOTO KpPyroBoro kKoHyca. Ilo-mpyre, ogepskaHo GopMyJsly Mexxi
IINHHOCTH 00’eMHOTO Marepisay. Ilo-Tpere, mpeacTaBjeHO MHigxim Ioao
BUBHAYEHHS MeXKi IIJIMHHOCTH, OePXKaHOI B pe3yJIbTaTi BAABJIIOBAHHSA I'OCTPOL
KoHiuHOI rosxu. HapemiTi, BusHaueHO BUpa3y MeKi MJIMHHOCTH, OJep:KaHi B
pesyJIbTaTi BAABJIIOBAHHA T'OCTPOI KOHIYHOI T'OJIKM 3 Pi3HMMM HAIiBKyTaMH,
110 y3araJabHEHO Y TaOJUIAX.

KarouoBi ciioBa: THCK, KOHIUHMII KOHTAKT, I'€OMETPHUUYHE MOIEJIOBaHHSI,
BIABJIIOBAHHS, MEXa ILJINHHOCTH.

(Received 29 March, 2025; in final version, 27 October, 2025 )

1.INTRODUCTION

The study of the deformation between materials in contact can reveal
some information about their mechanical properties. The first try of
materials contact is considered by Heinrich Hertz for two contacting
spheres (Hertz, 1881-1882).

The material properties are an important condition for the
investigation, design and safety assessment of engineering structures.
There is a grand deal of effort has been directed at the way to develop
the methods of determining of the mechanical properties of materials.
Indentation tests have been applied to establish the material’s strength
[1] since many years ago. In addition, methods of indentation tests have
been developed and are extensively used to determine some material
properties, such as Young’s modulus and hardness, etc. [2—-13].

As of penetration, it is common and efficient use; a grand
importance has grown in the needle’s indentation while penetrating a
material, to minimize the impact on the penetrated surface and
improve the performance of the needle tip.

The indentation test is a large technique used for characterizing the
mechanical properties of materials at the nano/microscale; it has been
successfully used to evaluate the strength of surface material due to its
ability to penetrate the materials on a micro- or nanoscale.

While the indenter is a needle of a cone tip, the horizontal project
result from the indentation is circle form. According to Love (1939)
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and by Sneddon (1965) workers, the yield strength relationship of bulk
material was determined in function of the Young’s modulus, E, and
the Poisson’s ratio, y, for the tested material and the semi-included
angle of the conical indenter, 0.

2. THEORETICAL BACKGROUND
2.1 Cartesian Equation of the Cone Form

The right circular cone is a three-dimensional geometric shape; it has a
pointy end on one side and a flat circular surface on the other side. It
has a line that touches the apex point of the cone in a perpendicular of
the centre of its circular base. Furthermore, its apex lies just above the
centre of its base.

In Cartesian co-ordinate system, a right cone of a circular base of
diameter D = 2R and height H, oriented along the Z-axis, with a vertex
pointing down of half angle, 6 and a base located at Z = H (Fig. 1), can
be described by the equation [12]:

xX*+y*—-(D/2H)Y’Z* =0. (1)
2.2 Indentation of Elastic Solids with Rigid Cones
Boussinesq provide the earliest formula of the distribution of pressure
within the elastic half-space that deformed by a rigid punch [17]. Due
the easy machinability of conical form tips, conical indentation

methods have been generally developed. Compared with the other
indentation technique, the sharp indentation using a conical form has

<3
D=2R
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h
=

.| Substrate

Y A A4

Fig. 1. Right cone of a circular base in Cartesian co-ordinate system.
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alarge variety of indented depth.

The static pressure on rigid materials is defined as the resistance of
the permanent shape penetration on the surface of the tested material
when a constant compressive load is applied [12]; it is defined by the
report of the load F, applied to the indenter on the contact surface S:

B, = rh (2)
In the cone indentation method, which is adopted in this study, a
right needle of a cone tip of a circular base of radius R, and height H, is
pressed into the surface of the tested material (Fig.2). The result
pressure value Pc is obtained as the ratio of the applied load to the
surface area of the project of the resulting imprint.
While the projected surface of the resulting imprint takes the form
of a circular disk (Fig. 3) of half axes, r, [20]:

S =nr’. 3)

Z

X

Fig. 2. Right cone of a circular base in Cartesian co-ordinate system.

Fig. 3. Projected surface of resulting imprint.
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The hardness of the cone indentation can be expressed as follows:

F
p-L. (4)
mr

As shown in Fig. 2, the true distance of the indenter tip below the
original surface of the test substrate, z, can be written in function of
the contact depth, Ahc, and is the deflection of the tested surface at the
contact edge of the indenter, k., as follows:

h,~0. (5)

In addition, in Figure 2, it is evident that it can be written the half
angle 0 in a function of the height H, the radius of the cone, radius of
the imprint and base R and the contact depth, A¢ as

tan= = =L (6)
he H
When the deflection of the tested surface at the contact edge of the
indenter is neglected, .~ 0, the true distance of the indenter tip below
the original surface of the test substrate, #, becomes:

h = he. (7

When replacing Eq. (7) into Eq. (6), the radius of the imprint, r, can
be determined as function of the height H, the radius R, and the
contact depth, &, as

tan@ = S>r~h—. (3)
h H H

Then, the static pressure, Pc, becomes according of the load F, the
height H, the radius, R, and the contact depth 4 as follows:

H?F

. 9)

2.3 Load-Depth Relation of Elastic Indentation

The mathematical basics of the punch penetration on an elastic half-
space are more than a century old.

In 1885, Boussinesq presented a resolution of contact between an
elastic continuum and a solid of revolution, then, Love found a
solution for the important cases of conical and cylindrical [14, 15]
punches, and later, Harding and Sneddon [16] established an analytical
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procedure for deriving load-displacement relations for a punch of
arbitrary axisymmetric shape.

The earliest study focused on the indentation test as an elastic half-
space problem is according to results by Boussinesq, Love [14—23] and
Sneddon successively derived the load—depth relation of elastic
indentation with a cone.

In elastic contact hypothesis, specifically, the analyses of Love and
Sneddon [14—18] for contact of an isotropic elastic half-space by rigid
indenters of various geometry, the elastic loading of a frictionless
rigid cone on to an elastic half-space F, have been determined as
follows:

2
F =2E—htan(6), (10)

Tc(l—yz)

where E and y ¥are Young’s modulus and Poisson’s ratio, respectively,
of the tested material, h—the true distance of the indenter tip below
the original surface of the test substrate, and 0 is the semi-included
angle of the conical indenter.

By replacing Eq. (10) into Eq. (9), the yield strength gets the
following expression:

2 2
- - 2H“E tan0 _ 0.9026 H?E tan0 11)

Y (nR)2 (1—y2) (R)2 (1—y2) .

, the yield strength becomes

Because tan (0) = g

r
h
0.2026E

o, = m. (12)

For a sharp needle of a cone form, the semi-included angle is very

T . .
small, 0 < — with n > 18, so, we can write
n

tan6 =~ sin0. (13)

Then, the relationship between the applied load F on the needle, the
true distance of the indenter tip below the original surface of the test
substrate, h, the Young’s modulus, E, the Poisson’s ratio, y, and the
semi-included angle of the conical indenter, 6, becomes as follows:

2
»__2Eh

) (14)
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TABLE 1. Variation of the applied load (F) and yield strength (o) with semi-
included angle of the needle indenter (0).

Semi-included angle (0)|  10° g | 6 | a4 | 2

, 0.11Eh* 0.88EhR*> 0.66Eh® 0.44Eh> 0.22Eh*
foptedlont® ) ) ) G )

] 1.166E 1.455E 1.938E 2.904E 5.805E
Yield strength (1 ~ Yz) (1 B Yz) (1 B Yz) (1 B yz) (1 _ yg)

When replacing Eq. (13) into Eq. (12), the yield strength expression
becomes as follows:
0.2026E
Oy =7 - (15)
(1 -y )sm (9)
To determine the suitable semi-angle to find the yield hardness, we
take, for example, the values from Table 1.

In addition, where the semi-included angle of the needle tip is very
small, we can consider that

sin(6) » n/n withn>18. (16)

By replacing Eq. (16) into Eq. (14), the applied load F on the needle
indenter becomes as function of the Young’s modulus E, the Poisson’s
ratioy, the reel number n, and the resulting displacement % as

2
F __2Eh (17

n(l—yz)'

In addition, when substituting Eq. (16) into Eq. (15), the hardness

TABLE 2. Expressions of the applied load (F) and yield strength (ocy) with
semi-included angle of the needle indenter (sin (6) = n/n ).

Real number n | 18 225 | 30 | 45 | 90

, 0.11Er* 0.88ER* 0.66Er® 0.44Eh®> 0.22Eh’
feplledlond® ) =) (1) @) ()

1.161E 1.141E 1.935E  2.9025E  5.805E
Yield strength o, (1 B yz) (1 _ yz) (1 B yz) (1 _ V2) (1 _ yz)
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becomes as the following expression:

nk

o, = 0.0645 (18)

3. CONCLUSIONS

The conclusions of this work may be summarized as follow.

In the present guess, a novel expression of the yield strength of a
bulk material is proposed on the basis of the indentation of a sharp
needle of cone tip and using the Love (1939) and by Sneddon (1965)
expression of the applied load.

We have chosen an indenter of sharp needle form of cone tip of small
the semi-included angle, 0 < /18, to appreciate the hardness of
tested material oy by using a neglect charge on the needle indenter
and reduce the phenomena occurring during and after the tests, as
cracking, deformation, etc..

The most important results of using the sharp needle-shaped
indenter are the measuring of the elastic material strength and
deriving its mathematical expression.

The geometric and mathematical approximation of the indentation
of needle of a sharp cone tip that presented in this work is revealed
to establish the expression of the yield strength of solid material
and the relationship provides a simple equation to evaluate directly
the yield strength expression of an elastic solid from the Young’s
modulus E and the Poisson’s ratio y of the tested material.

For a very pointed indenter of needle form of the cone tip (R << H),
the yield strength of material can be expressed as the follow form:

- - 0.2026E

Y (1 - yz)sin(e)

The main conclusion is that application of a needle-shaped indenter
put forward a new theoretical expression of the material hardness
and experimental findings, which widen the scope of applications of
various hardness test methods.

Finally, we believe that the evaluation of the material hardness by
the indentation of a sharp needle penetrator of cone-tip form is a
very important theoretical and experimental study in area of the
mechanical characterization of materials and the field of the contact
mechanic, which will carry to extend the fields of application of the
hardness tests.

The authors gratefully acknowledge the supports from the general
directorate of Scientific Research and Technological Development
(DGRSDT).
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HocaigsxeHo BILIUB yJIBTPAa3BYKOBOro yxapHoro o6pobsenusa (Y3YO0) Ha MiK-
pocTPYKTYpy Ta BaactupocTi cromy AlSilOMg, BupPOGJIEHOr0 CeleKTUBHUM
Ja3epHUM TOILIEHHSIM IIOPOMIKY. B samemuocTi Big Tpusasoctu ¥Y3YO mpo-
aHaJII30BaHO €BOJIIOIIiI0 MiKPOTBEPAOCTU, MOP(OJIOrii IIOBePXHi, 3aIUITKOBUX
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ob6pobaennsa T6 (marpiBamusa iz 1°C/c, Bigman 3a temneparypu y 520°C, 1,5
TOAWHU, TAPTYBaHHA Y BOAY, IITyUYHe cTapiHusA 3a Temmeparypu y 150 + 5°C,
10rox.). Hosemeno, mo ¥Y3YO moixxke OyTH pPEKOMEHZOBAHO MJA IIOCT-
00pobaenHsa 3D-ApyKOoBaHNX BUPOOiB, OCKiJIBbKU € epeKTHBHUM 3aCO00M IIO-
JITIIeHHA KOMILIeKCY BiacTuBocTedl cromy AlSilOMg saBaaxu momudiky-
BaAHHIO IIOBEPXHi, a caMe: 3pocTauuio MiKporBepaocTu Buile 4 I'lla, HaBegeH-
HIO MAaKPOCKOIIIUHUX CTHUCKAJbHUX HANpyKeHb (o —1380 I'lla) Ta smeHIeH-
HIO Ae(heKTHOCTH.

KarouoBi ciioBa: celeKTUBHE Jla3epHE TOILJIEHHS, TepMiuHe o6pobJIeHH A, VIbT-
pasByKoOBe yIapHe 00po0JIeHHA, MiKPOCTPYKTYypa, has3oBuii ckaan, AISi10Mg.

The effects of ultrasonic impact treatment (UIT) on the microstructure and
properties of the AlISi10Mg alloy manufactured by selective laser melting of
powder are studied. Depending on the UIT duration, the evolutions of micro-
hardness, surface morphology, residual stresses, strain extent, and structur-
al-phase state of the AlSi10Mg-alloy specimens are analysed both directly
after 3D printing and after preliminary T6 heat treatment (i.e., heating at
1°C/s, tempering for 1.5 h, water quenching, and artificial ageing at 150°C
for 10 h). As proven, UIT can be recommended for post-processing of the 3D-
printed products, as it is an effective method for improving the properties’
complex of the AlSi10Mg alloy owing to surface modification, namely: a mi-
crohardness increase above 4 GPa, the formation of macroscopic compressive
stresses (up to —1380 GPa), and defectiveness reduction.

Key words: selective laser melting, thermal treatment, ultrasonic impact
treatment, microstructure, phase composition, A1Si10Mg.

(Ompumano 12 mpaernsa 2025 p.; ocmamoun. apisnm — 20 aunua 2025 p.)

1. BCTYII

TexuoJorii aguTuBHOro BupobHuITBa (AB) € HeBia’€éMHOIO YACTHHOIO
Industry 4.0 3aBOAKM KapoUHAJILHOMY CKOPOUYEHHIO eTalliB BUPOOHUIII-
TBa Ta MiHimisanii Bigxoxis. IlIBugkuit posBuToK AB cupuse Bce 0iab-
HIi#1 10T0 BaKJIMBOCTI IJIs BUTOTOBJEHHS iHHOBAIlilTHOI IPOAYKILii, 0co-
OJMBO V BUCOKOTEXHOJOTIYHUX TAJTy3AX AJA BUTOTOBJEHHS CKJIAJHUX
KOMIIOHEHTIiB KOHCTPYKIIill, AKi HEMOKJIMBO CTBOPUTHU 34 JOIOMOTOIO
TpaguIiiHEUX BUPOOHUYMX iHCTpyMeHTiB [1].

OcobsinBa yBara gm0 AB crony AlSi10Mg moB’s13aHa 3 #oro Jerkicrio,
BHCOKOIO MHUTOMOIO MIITHiCTIO Ta 4yJOBOIO CTIiAKiCTIO 10 KOPO3ii, 1110 po-
OUTH HIOTO IPUIATHUM IJIsI 3aCTOCYBAaHHS B a€POKOCMiuHili, aBTOMOOi-
JBHIH i MOpPCBKi#l mpomMucioBocTsax. Taka TexHosoria AB, K cerexkTu-
BHe JazepHe TomnenHsa (CJIT) mopomiky, 1ae 3MOT'y CTBOPIOBATH 3 I[HOT'O
CTOITY JIETK1 KOHCTPYKIIi 8i cKJlagHOI0 reoMeTpieto [2]. AJie TOKH 1110 He
BIAEThCA YHUKHYTHU Je(eKTiB/HeJOCKOHAJIOCTEN Pi3HUX TUMIB, TAaKUX
SIK TIOPYBAaTiCTh, Baau TOIJIEHHS, IIIEPCTKA ITOBEPXHS, BKJIIOUEHHA OK-
cumiB, OpM3KU, HEPO3TOILIEHI IJIAMHU, CHiau 00pOOJeHHs, YTBOPEHHS
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KYJbOK, MOAPANIMHY BiJ MOJipyBaHHA, OKpeMi yacTHHKM Si Torro [3].
TenoBi yMOBH IIif Uac BUPOOHUIITBA, AKi 3aJeKaTh AK BiJ mapaMeTpiB
mporecy (HAIpUKJIAL, IMOTYMKHOCTH Jiasepa, IIBUAKOCTU CKaHYBaHHS,
TOBIIMHU ITIapy Ta Bimmasi MiK TpaeKTOpiAMU cKaHyBaHH:A), TaK i Bix
ImapaMeTpiB IPOEKTyBaHHA (30KpeMa, reoMeTpii geTasio Ta Horo opieH-
raiii mig yac moOymnoBM), MOKYTh BILTMBATH HA XaPAKTEPUCTHUKU ITUX
medeKTiB, BKIIOYAIOUN PO3Mip, PO3TAIITYBaHHS Ta KilbKicTh [4—8].
3arajgom Bukopuctauusd TexHoaorii CJIT ai1sa BUTOTOBIEHHS AeTaJIiB
3i cromy AlSi10Mg yMOKJIMBIIIOE OOCAITH AOCTATHBO BHCOKHUX IIOKA3-
HUKIB MIITHOCTH; OJHAK IIifBUIIeHA Ie()eKTHIiCTh IIOHMMKYE ILJIacTUU-
HicTB i yekIagHI0E 00po0aeHua MaTepiany [9]. OKpimM aBHUX UMHHUKIB,
III0 BIIJIMBAIOTHL HA MEeXaHIUHi Ta TeXHOJIOTIUHI BJIACTHBOCTI MaTepialy,
CJia TAKOK 3a3HAUNTU (POPMYBAHHSA BHUCOKOIMCIIEPCHOI CTPYKTYPHU Ta
ImepeHacuUYeHHsI TBEePJOoro Po3uMHy Ha OCHOBi amiominiio Cumimiem. 3
OTHOTO0 OOKY, MUCIIEPCHICTHL CTPYKTYPH MOXKE OYTH MO3UTUBHUM YMH-
HUKOM [JIfI HOCATHEHHA BUCOKMX MEXaHIiUHMX 1 eKCILIyaTaliiHUX Xa-
paxTepucTuk crony AlSilOMg, ogHAK HAIPYKEHHSA PO3TArY B CTPYK-
Typi, ii mepernacuuennsa Cuiimiem Ta aHi3oTpomis BJIACTUBOCTEH BUMA-
raloTh JOJATKOBOT'O TepMiuHOTO 00pobaeHHs 3D-Bupobis [10, 11].

Humni sanumkoBi gedeKTy Ta HaOpy:KeHHA Y TaKUX BUpobax 37edi-
JIBITIOTO YCYBAIOTHLCA caMe 3a JOIIOMOI0I0 TePMiuHOTO 00POOIeHH T, ITI0 ¥
OiJBIIIOCTI BUIIAAKIB YMOMKJINBIIIOE IMOJIIIIINTY KOMILJIEKC MeXaHiuHNX
XapaKTepPUCTUK, TAKUX AK MeyKa IIJIMHHOCTH, MiITHIiCTh Ha PO3TAT, ILJIa-
CTUYHICTD i JOBroBiuHicTE. BapTo 3a3HaunTH, 110 KOHKPETHI mapaMeT-
pu TepMiuHOTO 00POOJIEHHA, TaKi AK TeMIepaTypa, TPUBAJIICTD i IITBU-
KiCTh OXOJIOAKEHHS, MOJKYTH iCTOTHO BILIMBATH Ha KiHIIEBY MiKpO-
cTPYKTypy crory AlSi10Mg i, AK HacIiIOK, Ha KPUTUYHO BasKJIMBI BJa-
cTuBOCTi MaTepisary [12].

JJ1s 3MiHM MiKPOCTPYKTYPU MOBEPXHiI BUKOPUCTOBYIOTH TaKOXK 1 pis-
Hi MeToxzm medopMaIliiHOTO BILIMBY, BKJIIOUAIOUM IITPOTOCTPYMEHEBE
00po0JIeHHs, IPOKATYBaHHSA, JIadepHe yAapHe 3MillHEeHHSA, YJIbTPa3By-
KoBe ynapue oopobaenua (Y3VYO0) ra in. BBakaerbed, mio came ¥Y3VYO0 €
ONHUM 3 HAMOIILII e(PeKTUBHHUX METOJiB IIOBEPXHEBOTO 3MiIlTHEHHH,
OCKIJIbKY 3aBIAKKM BUCOKOUYACTOTHOMY BILIMBY CHPUYUHSE ILJIACTAYHY
IedopMalliio IOBEePXHEBUX IapiB MaTepisaay, moaApiOHIOE 3epHAa [0 Ha-
HOPO3MipiB i reHepye CTHUCKANbHI 3aMuITKOBI Hanpy:Keuua [13, 14]. B
pesyabrati ¥Y3YO Baanocs, HAIIPUKJIAL, 30iJIbIIMINTH BTOMHY JOBTOBiU-
HicTh cromry 7075-T651 mo 20 pasiB mopiBHAHO 3 HEOOPOOJIEHUM 3pas-
KoM [15]. A MOKIMBiCTh YyCYHEHHS 3aJUINTKOBOI IIOPYBATOCTH BHACJIi-
mok ¥Y3YO, ak nmpoaeMoHCcTpoBaHO B [16, 17], € HaA3BUUAHO KOPUCHUM
eperToMm ya 3D-Bupobis, ogeprxanux maaxom CJIT.

TomMy yJIbTPa3BYKOBI TeXHOJIOTII ITOBEPXHEBOTO OOpPOOJIEHHSA OCTAH-
HiM 4acoM Bce YacTiIlie BIPOBAAKYIOTHCA 0 aAUTUBHOTO BUPOOHUIITBA,
HAIIPUKJIAZL, YIbTPa3ByKoBe abpasuBHe moaipysamua [18], ¥Y3VYO [19,
20] roro. Iumui miaxin sacHoBaHO Ha 00POOJIEHHI ITOBEPXHI KOMKHOTO
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cOopMOBAHOTO IIAPy MAaTepPidAay yAAapHUM iHCTpyMeHTOM Oesmocepen-
HBO B mpoiieci 3D-apyky. B pesynbTari epeKTUBHO IMimABUIITYETHCA IK-
icTh KOXKHOTO IIapy # yehoro BUPo0y, 3aIiKOBYIOTHCS Ta YIILIbHAIOTHCS
HadaBHI JedeKTH, moaApiOHI0ETHCSI CTPYKTYPA, 3PpOCTAI0Th TBEPAiCTh, Mi-
KPOTBEepPAiCTh i BTOMHA MiIlHiCTBH, iHiIIMiIOIOTHECA (hpa30Bi ImepeTBOPEHHS
[21, 22]. Hanpukiazn, aiaa crony AlSi10Mg mepcTKicTh IOBEepPXHI 3Me-
HITyeThbes Ha = 98% , a TBepaicTh 30iabiryerhed HA = 24% [23].

Bukopucranua Y3YO He Tinbku 6esmnocepeqHbO Tifg uac 3D-IpyKy, a
1 B AKOCTi OKPEMOro eTany IOCT-00pO0IeHHA IOBEPXHi TOTOBUX BUPOOiB
Ma€ OUeBHUIHI IepeBaru OCKiJIbLKI Ja€ 3MOTY 00pOo0IATH BeJUKoradapu-
THi geTasi cKiaamgHol popmMu abo 3mificHIOBATH JOKaJbHEe 3MIiIlTHEHHS B
MicIlgx, IO TiAZAI0ThCA KPUTHUUYHNM BiOpaI[iiHNM HaBaHTAKEeHHAM. 3a
ponomororw Y3YO MoKHA 3MEHIINTH Po3Mip 3epHa Ha 55,8% , 30ijb-
IIIUTH I'YCTUHY TUCIOKAIiH 10 46% , piBHOMipHO PO3IOAIINTY BULiIEH-
HS BTOPUHHUX (a3 y MaTpPUIli, TaKUM YNHOM e(eKTHUBHO MOJiMIITyIoUn
MeXaHiuHi BaacTHUBOCTI anoMiHifioBoro cromy 2219 [24]. Ane B ibOoMY
BUIIAAKY OOILIBHO miggaBaTu Aii ¥Y3YO Bike TepMiuHO 00pO0IeHIi Ma-
repiaa. Axmo e crocyerbesa CJIT-crony AlSilOMg, To moBa iime mpo
TepMiuHe OOpOOJeHHs 3a THUHOBUM pexxumMoMm T6 — Bimmas, sarapry-
BaHHJA Ta IITy4YHe cTapimuda [25].

TaxuMm unHOM, BUBUATH BILINB Y3YO Ha CTPYKTYPY Ta BIACTHUBOCTIL
crorry AlSi10Mg 6e3 TepmiuHOTO 0OpPOOJIEHHSA IOILLJIBLHO 3 METOI YIO0-
cxouHameHHa TexHoaorii CJIT miaaxoM 3acToCyBaHHSA iHTEHCUBHOTIO Je-
dopmMaIiiiHoro BILIMBY 0e3IlocepeaHbo mig uac 3D-APYKY, a IIicasa Tep-
MiuHOro 00pobsenHs T6 — misa 3MeHIIeHHA KiTbKOCTH 3aJIUIIMTKOBUX
medeKTiB, 3MIITHEHHS Ta HaBeIEHHS CTUCKAJILHUX HAIPYKeHb Yy TOBep-
XHeBUX Itapax roroBux 3D-supobiB. Opgmax pexumu ¥Y3YO migmara-
IOTH PETEIbHOMY BU3HAUEHHIO AJ1A 000X 3a3HAUEHUX BUIIAAKIB, HA YOMY
i 3ocepemxeHo OCHOBHUM (DOKYC IIHOT'O JOCIiI:KEeHH.

Mertoo gaHOI poOOTH € KOMILJIEKCHA aHaJIi3a eBOJII0Iil MiKpoTBepIOC-
TH, MOP(oJIOrii IIOBepXHi, 3aJUINKOBUX HAIIPYKeHb, CTymeHs medop-
mairii, crpykTypHO-haszosoro ckiaany crony AlSi10Mg, oxepsxasoro ce-
JEeKTUBHUM JIa3ePHUM TOILJIEHHSIM ITOPOIIKY, BHACIITOK YJIbTPa3BYKO-
BOT'0 yIApHOTO BILJIMBY Pi3HOI TpmBajIOCTH, 30KpeMa y KomMOiHaIlii 3 Te-
pMiuruM 06pobaerHaM T6.

2. METOOJUKA EKCIIEPUMEHTY

3pasku cromy AlSilOMg y Bumigai mapajesernineza posMipamu
20x10x5 m™ i rycTuHoO B 2,66 r/cM® BUTOTOBJIEHO 3a TEXHOJIOTIEHO Ce-
JIEKTUBHOI'0 JIa3€PHOr0 TOILJIEHHS IMMOPOIIKy Ha mpuuTepi Alfa-150D
kommauii «AJIT Vikpainm» (AauTuBHi JasepHi TexHosorii Ykpainm).
IIpuHNUIIOBY cXeMY APYKY Ta TeXHIYHI XapaKTepPUCTUKU BUKOPUCTAHO-
ro IpUHTEepa HaBeaeHo B [26].

Y axocTi BUXiZHOTO MaTepidAJy BUKOPUCTOBYBaBCA C(hepHMUHUMN 1O-
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poriok cromy AlSilOMg 3 posmipamum uacTuHOK B gisimasoni 20-63
miM. IIpuctpiit Alfa-150D 3 posmipom pobGouoro mouas 150x150x180
MM OCHAIITEHO BOJIOKOHHUM iTepOifioBUM J1a3epOM 3 HOBITPSIHUM OXO0JIO-
IKeHHAM i HoMiHaabHOI0 moTysKHicTio ¥ 200 B, giameTpoM j1azepHOTO
mpoMeHdA V =45 MKM i goBskuHOIO XBuui y 1070 + 2 am. ITapamerpu, Bu-
KOPKCTaHI JJid BUTOTOBJEHHS 3pasKiB: MIBUAKICThP CKaHyBaHHSI —
500 mMm/c, TOBHIIMHA IIapy — 25 MKM, BiAggaab IITPUXYBAHHA —
150 mgmM. [[1a 3amobiraHHs OKMCHEHHIO BUTOTOBJIEHHS 3Pas3KiB IIPOBO-
IUJI0CA B iHepTHOMY cepenoBUIITi Ar.

Ilicna BimokpemiaenHs Big maardgopmm modymzoBu CJIT-saroriBxu
crorry AlSi10Mg posaisieHo Ha IBi cepii: mepIny BUKOPUCTOBYBAJIA JJIs
JOCTigsKeHb Y BUXiJHOMY CTaHI IicJs IPYKY, a APYyry — OJA JOCJi-
IKeHb IIicaa TepMmiuaoro oopobaenns (TO).

Bubip pe:xumy TepMiuHOr0o 00pOo0JeHHA I'DYHTYETHCA Ha pe3yJbTa-
Tax, HaBegeHuX B [12]. HarpiBanHsa 3paskiB mpoBoauiocs B 1abopaTop-
Hili meui omtopy 1o Temnepatypu y 520 + 10°C yupomoB:k onHiel rogunm,
BUTPHMKA 34 IIi€l 3K TeMIlepaTypu cKJaagana 1,5 ronuuu 3 rapTyBaHHIM
y Boay. IlITyune crapinua ympomoB:k 10 rogmu BigOyBajiocs 3a TeMile-
patypuy 150 + 5°C.

XeMivHME CKJaJ BU3HAYEHO METOHOI0 PEeHTIeHOMJII00PEeCIIeHTHOL
aHaJisu i HaBemewno B Tad. 1.

YiaIbTpa3ByKOBe yaapHe OOpOOJIeHHsS IIPOBOAMIOCSA Ha MOBITpi Ha
mpuaazni Y3I'-300 (puc. 1) yazapHOO TOJOBKOIO 3 MUJIIHAPUYHUM O0KOM
miamerpom y 10 MM Ta mgoB:KmMHOIO y 18 MM (i3 3araproBaHOi Kpuiri
II1X15) 3a meTogukoio [27]. aa mocaig:xeHb BUKOPUCTOBYBAJIUCA 3pa-
3KM y BUTIAAI mapaJjiesnemineniB posamipom 10x10 MM i BucoToio y 5 MM
(£0,1 mm). AmMmniTyza TopIA KOHIlEHTpaTopa cKJjaagana A= 25 MKM,
TpUBAJIiCTL 00po0aeHHsa 3MinoBasacda Big 30 ¢ ;o 300 ¢. B mporreci Ha-
BaHTAKEHHS 3pas3ok orpumysas 10%-10° ypapis. Bubip sHaueHHA aMII-
JITya1 TOPIA KOHIIEHTPATOPA, CEPEIOBUINA Ta TPUBAJIOCTH 00POOIeHHST
IIPOBEIEHO 3 yPaxyBaHHAM HOMEPEeIHIX TOCaisKeHb, HaBegeHuXx B [28].

BuxkopucroByBanuca ABi cepii 3paskiB — OesmocepenHbo micaa 3D-
IPYKY Ta MicJsd MOoAaJbIIOro TepMiuHoro o0pobseHHA 3a pexuMoM T6
arigmo 3i craggaprom EN1780 [29]. O6pobaenuio mimmaBanaca Haioi-
JbIIIa ILJIOIWHA; cxeMy 3D-APYKY ¥ OCOOJMBOCTI CTPYKTYPH 3pasKiB
HaBemeHo B [12].

BumiprooBaHHS MiKPOTBEPAOCTH MOBEPXHI IpPoBoAMIOCs 3a Bikkepco-

TABJINIIA 1. Xemiunwuii ckiafg spaskie crony AISi10Mg.
TABLE 1. Chemical composition of AISi10Mg alloy samples.

Bwmicr, % Bar.
Al | Si Mg Fe Mn
88,065+ 0,167 10,505+0,132 0,718+0,128 0,210+0,009 0,502 + 0,012
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Puc. 1. 3oBHimHi Burian yeranoBKu 1asa ¥Y3YO.

Fig. 1. General view of UIT equipment.

TABJINIIA 2. [losHaueHHs 3pasKiB.
TABLE 2. Samples markings.

Ne 3pazok Buj o6pobiieHusA
1 CJT Buximuwuii ctan 6e3mocepe b0 micas 3D-IpyKy
2 CJIT +T6 Cran micasa 3D-apyKy Ta TepMidHOT0 00pO0IeHHA

Cran micasa 3D-IpyKy Ta yIbTPasByKOBOTO yIapHOTO

3 CJIT+¥Y3Y0
00po0IeHHA

Cran micasa 3D-IpyKy, TePMiYHOTO Ta yIBTPa3BYKOBO-

4 CJIT+T6+¥Y3Y0
TO yIapHOTO0 00p00IeHb

BOIO METOAO0I0 3 BuKopucTaHHAM npuiany LHVS-1000Z iz maBanTa-
kKeuaam y 100 r. 3a BeruumHoio MiKpoTBepaoctu HV 3 ypaxyBaHHAM
rabnauunux 3HaueHb IlyacconoBa Koeditienra (v=0,33) i mogyna FOura
(E =70T1Ia) pospaxoBaHO MEXKY ILIMHHOCTH Go,2 [30], XapakTepUCTUKY
IJIACTUYHOCTH On, MEXKY MimmHOoCcTH G5 3a 0. B. Minsmanom [31], mpy:k-
HIO medopMalliio & Ta maacTuuny aedopmariio g, [32] 3a popmymamu,
AKUX HaBegeHOo B [33].

JocaimxeHHsa MiKDPOCTPYKTYPU HPOBEAEHO 3a MTOIIOMOIOI0 METaJor-
padiuHOTO TPHMHOKYJIAPHOro Mikpockoma iScope IS.1053-PLMi. Ias
poro moaipoBani 3pasku cromry AlSil0Mg nposaBasaau B 1% -BogHOMY
posuuHi HF. BukopucraHo TaK0oX CKaHIBHUM eJIEKTPOHHUM MiKPOCKOII
TESCAN Vega3 SBH SEM 3 eneproguciepciiinum amajizaTopoMm. B
pexuMi 31OMKU TOBEPXHIi 3pasKiB NpUIIBUAIITYBaJbHA HAIIPyTra CTaHO-
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Buja 20 kB.

JJIs peHTI'eHOCTPYKTYPHUX JOCIHiAKeHb BUKOPUCTAHO AU paKkTOMe-
rep RigakuUltimaIV (Bunmpomimenns CukK,): imTepBas KyTiB —
20 =20°-120°, xkpok peectpairii — 0,04°, yac BUTPUMKH B TOUI[i — 2 C.
JJisa aHaisu ofep:KaHUX PEHTIE€HIBCbKUX CIIEKTPiB, PO3SPaxyHKY PO3-
Mipy obsacteit KorepeuTHoro poscigauaa (OKP), crymensa medopmarrii
KPHUCTAJIIYHOI I'PATHUIIL € Ta KilbKicHOI (D)a30BOi aHAJIi3 BUKOPUCTAHO
nporpaMHe 3abesneuenuda PDXL, miskHapoagny 6a3y manmx audparirii
ICDD (PDF-2 (2025)). KinbricHy dasoBy aHaIi3y IPOBEIEHO METOIOI0
RIR (Reference Intensity Ratio), axka mosasrae y mopiBHAHHI Bimmo-
ITeHHA iHTEeHCUBHOCTE! HaMOiIbIT cUIbHUX pedJiekciB a3y Ta KOPYH-
Iy B ixHil cyMminIi 3 MacoOBUMHU YaCTKaMMU.

BusznaueHHA BeJIMUMHYN HAIIPYsKEHb IIEPIIIOr0 POAY IPOBEIEHO METO-
noro sin®y 3a 3MiHOI KYTOBOI'O IOJIOKEHHA AU(MPAKIIMHOrO MaKCUMY-
my Al (420) ansa smavenb KyTiB y=0° —-10°, -20°, -30°, —40°. Ixsa
3TJIaIYKyBaHHA IIPOMLIiB guppakmifHNX MaKCUMYMiB BUKOPHCTOBYBAa-
Jgaca pyurmnia Savitzky—Golay, a misa Bizoxpemienasa GpoHy — QYHKIIA
Sonneveld—Vissers. BusHaueHHsA KyTOBOIO IIOJOMKEHH TUPPAKIIIAHAX
MAaKCHUMYMiB ITPOBOIMJIOCS Ha OCHOBi 3HAUEHD ITOJIOKEeHHA IIeHTPY Baru.
O0po0OIeHHA Oofep:KaHX JaHWX IIPOBENeHO 3 BUKOPUCTAHHSAM IIporpa-
mHoro 3abesneuenus Rigaku Residual Stress Analysis.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Ha pucyskKy 2, a HaBeleHO 3MiHM MiKPOTBEPAOCTH B 3aJIEXKHOCTI Bif
rpuBasioctu ¥3YO amominiiosoro CJIT-cromry AlSi10Mg y BuxigHomy
cTaHi, ToOTO Oe3mocepeHBO Micasd oro 3D-APYKY, a TaKOMXK Micasd Ha-
CTYIIHOTO TepMiuHOTro 00pobsienusa 3a pe:xumom T6.

s suxiguoro crany cromy AlSi10Mg xapaxkTepHe 3HAUEHHS MiKPO-
TBeppoctu y 1,45 I'lla, axe € BUIIUM 3a 3HAaUEHHA MiKPOTBEPAOCTHU TEP-
Mo000pobseHoro 3paska. Ile moB’a3aH0 3 0OCOOJMBOCTAMM TeXHOJIOTII
CJIT, sa axoi (QopMyeThca AuCIEepPCHA MiKPOCTPYKTYpa 3 OKpPEeMHX
cer'MeHTiB. ¥ pe3yJabTaTi MeiKi 3epeH 3aiiMaloTh 3HAUYHUHM 06’€M i cTaloTh
OJHUM 3 I'OJIOBHUX UNHHUKIB raJbMyBaHHS PyXy AMCJIOKAIIii, 110 i 3a-
fesmneuye BUCOKY MiI[HICTh afUTHBHO BUT'OTOBJIEHNX 3pasKiB AlSi10Mg.

ITiciia TepMmiuHOrO 00POOIEHHSA, — TapTYBAHHS Ta IIITYYHOT'O CTapiH-
HA, — BimOyBaeThcsa pyHHYBaHHA BUXiZHOI MiKpPOCTPYKTYpHu, AKa 3a-
OesmeuyBajia BHCOKY TBepAicTh. Ile CympoBOmKYETHCSA 3MEHIIIEHHSIM
sHauenHa mikporBepgoctu CJIT-cromy AlSilOMg o 1,12TTla. Bupni-
JeHHd Si Ta iHImMX 3MinHIOBAILHUX (a3, AKUX ILIKOM AOCTATHBO IJIS
3a0e3IIeueHHA BUCOKOI TBEPIOCTH JIMBApPHUX cTOoIIiB micasa T6, y mamomy
BUIIAJIKY BiZlirparoTh 3SHAYHO MEHIITY POJIb.

V3VO0 nosepxui Buxigaoro spaska AlSi10Mg 3yMoBIIOE€ 3pOCTAHHSA
MiKpPOTBEPAOCTH IIOBEPXHEBOTO IIapy (puc. 2, a) Bil Io4aTKOBOTO 3HA-
yenuay 1,5 I'lla 5o MakcuMaabHOTO 3HAUeHHS ¥ = 4,34 I'Tla micaa 240 ¢
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Puc. 2. Sanexuicts mikporsepgoctu crony AlSil10Mg micaa ¥Y3VO: Bix rpusa-
aoctu obpobsenns mopepxHi (I — CJIT, 2 — CJIT +T6) (a), 3a TOBIUHOIO MO-
nudikoBamoro miapy (I — CJIT+VY3Y0, 1=240c¢, 2 — CJAT+T6+VY3VYO,
1=300 c) (0).

Fig. 2. Dependence of the AlSil0Mg-alloy microhardness after UIT: on the
surface-treatment duration (I —SLM, 2—SLM + T6) (a), on the layer depth
(I—SLM + UIT, t=240s, 2—SLM + T6 + UIT, t =300 s) (6).

00pobiaenHs. EdeKT sMillHeHHS y IIbOMY BUIAAKY carae = 3 pasis. Ilo-
Iaabiie 30iabiIeHHa TpuBajdocTy ¥ 3Y O Ipu3BOAUTE A0 3MEHIIIEHHA Be-
JUYNHA MiKPOTBEPAOCTH, IO OB’ A3aHe 3 MOUaTKOM IIepebiry perakca-
IiAHUX mpolecis [34].

XapaxTep 3aminu mikporBepaocTu 3paskiB CJIT + T6 micoia Y3YO mae
JeIlo iHIMUHA xapaKkTep — Ha 3aJIe’KHOCTi 3HaUYeHb MiKPOTBEPIOCTH Bif
TPUBAJIOCTH OOPOOJIEHHA CHOCTEPiraloThCcAd TOPU3OHTAJILHI MiJIAHKHU.
MaxcumManabHe 3HAUeHHS MiKporsepmoctu v =4,65I'Tla mocaraerbes
micasa 300 ¢ oOpobyieHHsa, a MakCUMaJIbHNI edeKT 3MiIlHeHHS 3pasKa
CJIT +T6 +¥Y3YO cranosutsh = 4,15 pasiB. To0To mmicasa TepMmiuHOro 06-
pobGiienusa 3a pexxumoM T6 aguTUBHO BUroToBjeHOro crouy AlSil0OMg
MOKHA JOCATTH OLJIBII iCTOTHOTO 3MiIlHeHHSA IIOBEPXHi B mporeci Y3YO,
xXo0ua i 3a e1ro 0iJbIIol TpUBaJIOCTH O0POOIeHHA.

Taxuit 6araTocTafifHUNA XapaKTep 3MiH MiKpPOTBEPAOCTH, SKUHI IPO-
ABJSAETBCA Y YEepPTryBaHHI cTamiil 3sMimHeHHsA Ta ILracTudgikaiii ympo-
moBx Y3VYO, crmocrepiraersed i aaa immmx admoMiHiioBux cromiB. Ha-
mpukaan, masa crouny 16 sHemimiHeHHs IIig vac aHaJIOTIiUHOI cxeMu
Y3VO0 Big0dyBaeThCA 0 NPAKTUYHO MOCTIiAHOTO 3HAUEHHA MiKPOTBEPI0-
CTH, IO BiAIIOBigae moyaTKOBOMY JAedopMalliiHOMY HAKJIEIy, AKUI 10-
cAraeThea 3a 30 ¢ 06pobIeHHS Ta BABiUi IIepeBUIllye 3HAUEHHI MiKpPOT-
BePIOCTHU AJA BUXigHOTO cTaHy [34].

B manomy pasi mia spaskxa CJIT + ¥Y3VO rako:x 3a cragiaMu 3MiIl-
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HeHHSA CJHIAYIOTEL cTafii miaacTtudikaiii, Togi AK I1sa TepMooOpodIeHOoro
crony CJIT + T6 + Y3VO cnocrepirarorbca mepiogn HAKOMUUeHHSA gedo-
pMaiiii, yIpomoBX SAKHUX MiKPOTBEPAICTH He B3MiHIOETHCHA, IiCJIA YOTO
cTpubKOmOAiOHO 3pocTae (IpUUOMY IIi TPH cTamii 4iTKO crocTepiramoTh-
ca micasa koxxHuUX 120 ¢ 00pobiieHHs).

Hobpe Bimomo, 1110 MexaHi3M 3MilTHEHHS ITIiJ yac iHTeHCHWBHOI IJac-
tuuHoi nedopmarii (IT1/1) sacHoBaumii Ha MOoAPiIOHEHHI 3epeH i mepexoni
MeK 3epeH 0 HepiBHOBaKHOT'O CTAHy BHACJIIOK HAKOIMYEHHI BUCOKO-
IO PiBHA JOKAJBLHUX BHYTPIITHIX HAIPYKeHb B iIXHbOMY OKoJi. Kinb-
KicTh i XapaxkTep pOSIOAiJYy IMCJIOKAIif € KJIYOBUM UNHHUKOM.
CximanmHi B3aeMoZil Mix AUCIOKAIIIMY COPUSIIOTH (POPMYBAHHIO HOBUX
cy03epeH i ToCuII0I0Th e(hpeKT MOJaabIIIoro IoAPiOHeHHsa. K mpaBmIo,
3POCTaHHA TBEPAOCTH HAa IIOYATKOBUX CTamiax mpedopmarii, — medop-
MaI[iiHUHA HaKJeIll, — 3YMOBJIEHO THM, IO HeTJi AMCJIOKAIill CTAIOTh
CTPYKTYPHO OiJIBIII OpraHizoBaHUMI, (POPMYIOUN MEKi TMCIOKAI[IMHNX
KOMIipOK, BcepeanHi AKX AucJoKamii Biacyrri. Hagairi gyisa sBuuaiiHux
MOJIIKpUCTANIYHUX OJHO(AaBHUX MaTePifAIiB 3MiIlTHEHHA 3a PAXYHOK I10-
IpiOHeHHA 3ePeH CTa€ JOMiHYBaJIbLHUM.

Hna 6araTrodasHUX CHUCTEM, J0 AKUX HajJeKaTb Ae)OPMiBHI aIroMi-
HiliOBi cTOmM, IT0 3MiITHIOIOTHCS TEPMOOOPOOJIEHHAM, MeXaHi3M 3MiHu
MexaHIYHMX XapakTepucTuk y mporeci IIIJ] 3HauHO cKaagHimuii i 3a-
JIXKUTE BiJl mepebiry mporiecis aucoepciiinoro TeepAinHa. @opMyBaHHs
i 4ac cTapiHHs BEJIMKOI KiJIbKOCTH 3MIITHIOBAJIbLHIX YACTHIHOK CIIPUSIE
CTBOPEHHIO HABKOJIO HUX IIOJIiB NPYKHIX HaNpy:KeHb, AKi NIepeInkKo-
IKaIOTh PyxXy aucaokaiiii. Cyomikponni ¢asu 3a II1] MOKYTh TaKOXK
3MiIryBaTHCs, IiANTHCA Ha HAHOPO3MipHi )parMeHTH Ta IMOTiM pPO3Yu-
HATHUCA, AKIIO 1XHiN po3dmMip MeHIlle KpuTUUYHOro. BTOpuHHI iHTEpMeTa-
JigHi a3y MOKYTH HaBiTh MOBHICTIO po3unmHATUCA. TaKi cKaamHi mpo-
Imecu 3yMOBJIIOIOTH MOHOTOHHE IIiABUINEHHSA MIKPOTBEPAOCTH i3 3pocC-
TaHHAM CTYIIeHs e opMaIllii 70 IeBHOTO PiBHS, IIiCJIA YO0 TOCATAETHCS
HacuT. A 3a BeIMKMX CTYIOeHiB medopmailrii BigsHauaeTbca edexT
«IIOM’ IKIIIEHHS » 34 PAXYHOK AUHAMIiYHOTO BiJIIOUMHKY Ta IIOBePHEHHS.

IIlo crocyeThcA aAWTWBHO BUTOTOBJIEHUX AaJIOMiHiilOBUX CTOIIB,
AKUM IIpUTaMaHHA JJOCTaTHBHO clieni(pivuHa MiKpOCTPYKTypa Y BUTIAIL
HammiBcepUUYHUX 3aCTUTJINX BAaHH POo3TONy (CerMeHTiB) 3 mApidHmMU 3e-
pHamMu, momaJbIie moApioHeHH Mux 3epeH mix yac ITII, ckopimr 3a Bee,
He MOJKe OyTH JOMiHYBaJbHUM YMHHNKOM Yy IpoIliecax sMimueHHsa. Ta i
HaAIPY:KeHUH cTaH, SKUN POopMYyeThCs micasa 3D-APyKYy, CIIOTBOPIOE Oa-
JIAaHC TUX PYIIiHHUX CUJI, IO 3a3BUYAl 3a0e3IMeuyoTh 3MiltHeHH [44].

Ha pucyuky 2, 6 mokasaHo 3MiHM MiKpPOTBepPAOCTH 3a TJIMOMHOIO 3Mi-
ITHEHOTO IIIapy Ta MIKPOCTPYKTYPY HIOIEPEUHOro IIepepisy Iicasd Tux
pexumis Y3YO0, 3a AKMX CIOCTEPIiracThCsa MaKCUMAaJIbHE 3POCTAHHS Mi-
kporBepgocTu noBepxHi CJIT-cTrony AlSi10Mg.

Mo:xHa 6aunTi, 110 epeKT 3MiITHeHHS MOHOTOHHO 3MEHIIIYETHCA 3i
30iJIBITTIEHHAM Bimmasi Bimg moBepxHi. 3a pesyabTaTaMU MiKpPOiHIEHTY-
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BaHHSA TOBIMHA Mogu@ikosanoro mapy aaa 3paskis CJIT + Y3YO cra-
HOBUTH npubansuo 400 mxMm, a giaa CJIT + T6 + Y3VO — 300 MM,

Y mepmromMy BUIIAAKY IIiABUINEHA MiKpOTBepHicTh 36epiraernbesa mo
Bigmaui y = 295 MM Bim moBepxHi (puc. 3, a). B moaudixkoBamomy mrapi
TOBIMUEHOI y = 150 MKM, TBepAicTh akoro ckiaamae =4 I'lla, sigcyTusa
cerMeHTOBaHA CTPYKTypa Ta medexTu. B mepeximmomy (MeHIN 3Mmirme-
HOMY) IIapi CIIOCTepiraroThbCcsa 3aJUIIKU CeI'MEHTiB, MeXKi AKHX rajb-
MYyIOoTh gedopmartitinuii BrauB. i meski 3asBuuaii € 6inbI KPyITHO3€ED-
HUCTHMHM BHACJIiJOK IUKJIUYHOI TepMiuHOI icTOpii, Ky 3a3Hae 3pas3oK
mig uac 3D-apyKy. Posmipuuii r'pagieHT v 6aceiiHax po3TOITy Ta Ha iIXHiX
MerKaX 3yMOBJIEHO TeILIOBUMU eheKTaMU, 30KpeMa MaKCUMAaJIbLHOIO Te-
MIepaTypolo HarpiBaHHSA Ta ITBUAKICTIO OXOJIOAMKEHHSA Bif IIiel TeMIie-
parypu.

Bimomo, 110 icTOTHE IPOTOIJIEHHA IIOIEPEeTHBOrO Iapy y mepion ¢o-
PMyBaHHSA HACTYIITHOTO IIapy Ta BUCOKMUU TeMIepaTypHUl I'PaJieHT Ie-
pen Mekeio TBepIiHHS COPUAIOTH (POPMYBAHHIO CMYTacTUX KPYIHO3Ep-
HUCTUX CTPYKTYP, YV TOH Yac IK HEJOCTATHE TOILJIEHHS MOPOIIKY Ta HU-
3bKUI IEePEerpiB CYyIPOBOIKYIOTHCS YTBOPEHHAM IPiOHMX MaiKe piBHO-
BicHUX 3epen [35, 44]. Caix Takok 3BaKaTH Ha Te, IO OXOJIOIKEHHS
OCTAaHHBLOTO BEPXHLOT'O IIapy Marepianay 3D-3paska BigOyBaeTbca 3
HaMO1IBIIIOO IIBUAKICTIO, CIPUUYNHEHOIO JOAATKOBUMI BTPATAMH TeILIa
yepe3 KOHBEKIIiI0 Ta BUIpPOMiHIOBaHHS. Coenudiuny MiKpOCTPYKTYpPY
IIBOT0 IIaPy 3YMOBJIEHO TaKOK BiJICYTHICTIO IepeTOILJIEHHS Ta TEePMO-
MUKJIOBaHHA, SKUX 3a3HAIOTH ITOIlepeHi Imapu. B pesyisbraTi came B
IIOBEPXHEeBOMY ITapi opMyeThcs HaMOiIBLIN ApibHOmMCIIEpCHA MiKpO-
cTpyKTypa [36], sKa Haiijgermie miagaeTbea medopMaliiHoMy 3MilTHeH-

150 MEM

Puc. 3. MikpocTpyKTypa moiepeuHoro mepepisy cromy AlSilOMg (omrmuma
mikpockortis): CJIT + ¥Y3VO rpuaiictio y 240 ¢ (a), CJIT + T6 + Y3YO Tpusa-
aictio y 300 c (6).

Fig. 3. Microstructure of AlSi10Mg-alloy cross-sections (optical microscopy):
SLM + UIT for 240 s (a), SLM + T6 + UIT for 300 s (6).
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HIO 3 (QOPMYBAHHAM MOAM(PIKOBAHOIO IAPy IIPAKTUYHO OJHAKOBOI TO-
BIITMHU.

Y apyromy Bumnaaxky CJIT + T6+ ¥Y3VYO (puc. 3, 6) medopmalliitHoro
00po0JIeHHA 3a3Ha€ BiKe TOMOTeHi3oBaHa CTPYKTypa, B AKi# chepoinu-
30BaHi BKJIIOUEHHS CHJIIIIiI0 piBHOMipHO posmofisieHi B 06’emi maTepi-
Axy; ToMy (POPMYETHCS OSHOPIMHMUYM 3MIITHEHUH IIap, ajie MEeHIIIOI TOB-
mrEn mopiBHEAHO i3 CJIT + ¥Y3VYO0. ¥V nboMy I1api crmocTepiraioTbesa CKy-
OUYeHHSA TOAPiOHeHNX YacTHHOK Si, AKi 1e 0iabIn cepoignsoBani, HixK
B 00’eMi. BoHM MOKYTh 3yIUHATH PYyX AUCJIOKAIiil 3a OpOBAHOBUM Me-
XaHiBMOM, IT[0 ITOSACHIOE MAJIOMIOMiTHE BUABJIEHHA 3SMiHU CTPYKTYPU MO-
BePXHEBUX IIapiB MaTepiAIy BHACIIZOK H10T0 yIapHOTO 00PO0IeHHA.

OpmepskaHi HaHi YMOMKJIMBIIIOIOTh IPOIOHYBATH IIOBEePXHEeBe MOAU(Di-
KyBaHHA 3a JomoMoroo ¥Y3¥Y0 y BUIaAKax, KOJU JOIIJILHUM € 3MIiIl-
HEeHHS JINIIIe TOBEPXHEBOTO Iapy 3 OJHOUYACHUM 30epe:KeHHIM MeXaHi-
YHUX BJIACTUBOCTEH cepiieBuHU. Taki GiMomanbHi CTPYKTYpHiI cTamu
IaloTh 3MOTY OIepP:KyBaTHU IIiABUINEHI BTOMHI XapaKTepHCTUKU y pe-
JKMMaxX MAaJIOIIMKJIOBOI Ta 0araTOIIMKJIOBOI BTOMM PisHMX MATepisaiB
[16,17, 22, 46—48].

3 MeTOoI0 OIliHKM KOMOiHOBAHOTO BILJIMBY YJIBTPA3BYKOBOI'O Ta TE€PMi-
YHOTO OOpOoOJeHHA HAa MeXaHiuHi XapaKTepPUCTUKU BUXiTHUX 3pasKiB
AlSi10Mg 3a omep:KaHMMHU BeJINUYNHAME MiKPOTBEPAOCTH PO3PAXOBAHO
MeXKY ILTUHHOCTH (Go,2), MeKY MiItHOCTH (Os), XapaKTepUCTUKY TJIACTH-
yHOCTH (OH), 8 TAKOK BHECKHU IBOX KOMIIOHEHT aedopmariii matepiamy
mij iHgeHTOPOM: PV KHBOI €. Ta MJIACTUYHOI &,. PesyabTaTu po3paxyH-
KiB mpexcraBiieHo B Tabis. 3 Ta 4. Omep:KaHi BeInUnHN Gs HOOpPe Kope-
JIOIOTH i3 JaHuMU poboTu [4], B AKilM BUKOHAHO BUIPOOYBaHHS Ha PO3-
rar CJIT-spaskiB cromy AlSilOMg y apyKoBaHOMY Ta BigIlaJieHOMY
(275°C, 2roxn.) cranax i onep:kano Beauunuu os y 500 MIla i 310 MIla

TABJUIIA 3. Mexaniuui xapakrepuctuku cromy AlSi10Mg (CJIT + ¥Y3VYO0).
TABLE 3. Mechanical characteristics of A1Si10Mg alloy (SLM + UIT).

Oggoﬂﬁ‘jfejg;f{‘,’c HVi00, TTa|Go.5, TTIa| u | os, TTla |Hy, TTla| & &

0 1,45 0,49 087 0,47 1,56 -0,010 0,155
30 2,60 0,86 0,76 0,96 2,80 -0,018 —0,144
60 2,38 0,78 0,78 0,86 2,57 -0,017 —0,146
120 2,90 0,96 0,73 1,1 3,13 -0,020 —0,141
180 3,05 1,304 0,64 1,61 4,26 -0,028 —0,130
240 4,34 1,43 0,60 1,81 4,68 -0,030 —0,126
300 3,97 1,31 0,63 1,62 4,28 —0,028 —0,130

360 3,89 1,28 0,64 1,58 4,22 -0,027 -0,130
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TABJINIISA 4. Mexaniuni xapakrepucturku cromy AlSi10Mg (CJIT + T6 + Y3VO0).
TABLE 4. Mechanical characteristics of A1Si10Mg alloy (SLM + T6 + UIT).

og;?cﬁ;ﬁ;;?c HVi00, TTa | G5, TTIa | 8u | os, TTa |Hy, TTa| &

0 1,12 0,37 0,90 0,35 1,21 -0,008 —0,159
30 1,92 0,63 0,82 0,67 2,07 -0,013-0,151
60 2,72 0,898 0,75 1,02 2,93 0,019 —0,143
120 2,08 0,98 0,72 1,14 3,21 -0,021 —0,140
180 3,92 1,204 0,64 1,59 4,23 -0,027 —0,130
240 3,08 1,31 0,63 1,62 4,29 -0,028 0,129
300 4,65 1,53 0,57 1,97 5,02 -0,032 —0,122
360 4,53 1,5 0,58 1,91 4,89 -0,032-0,124

BigmoBiguo. ToOTo BiAmas i 3a HMMKUMX TeMIIEpPaTyp TaKOXK Bele M0 II0-
TipIIeHHS MeXaHiYHUX XapaKTepUCTUK.

ITicasa Tepmiumoro o6pobienHs 3D-ApyKOBaHOI'O CTOIIYy CIIOCTepira-
€ThCs HesHAUHe moJiinineHHs maactudyHoctu (3 0,87 mo 0,90) iz icTor-
HHUM 3MeHIIeHHIM Mikporeepaoctu (3 1,45 mo 1,12 I'TIa). ITicaa ¥Y3VO
XapaKTepUCTUKA ILIACTUYHOCTY 3MEHINYEThCA Y OLIbIIii Mipi g5 cTo-
ny micas T6, ame maa gacy ¥Y3Y0 y 180c¢ mracTuuHicTh 3pasKiB
CJHT +¥Y3VO0 ta CJIIT +T6 + ¥Y3VYO crae ogumaxkosoio (0,64), xoua mexki
mauuazHocTu (1,304) i minnoctu (1,61) gaa CJIT-cromy GesmocepesHbO
micasa 3D-IpyKy MalOTh JeIlo BUIli 3HAUEHHA, HisK /1A TepMidHO 00po-
6senoro spaska (1,294 i 1,59 BigmoBigHo), 3a IPAKTHUUYHO OJHAKOBUX
BHECKiB IIPYKHBOI Ta ILTACTUYHOI medopMaIlliii MaTepisaay B HAIPAMKY
MIPUKJIaJeHHI HaBaHTaKeHHA.

Ak Bimomo, mpy:KHA AedopMallis € BeJe A0 3pOCTAHHA HAIIPYKEeHHS
3rigHo i3 I'yKOBUM 3aKOHOM, HOPMAJbHI CKJIAJA0BI SKOT0 € BiAIIOBiga/Ib-
HUMU 3a 3apOJ’KEeHHA Ta PO3BUTOK KpuxkKux TpimuH [32]. Boguouac,
1o Jermie 3a ymMoB ¥Y3YO Big0yBaeThcA ILIacTUUYHA AedopMallis, sKa
3a0eseuye pesjaKcalliio HaIpyKeHb, TO OLJIbIN IIJACTUYHUM € MaTepi-
s1. Pasom 3 TuM, 34aTHICTE MaTEPisAay A0 peslakcalii Hanpy:KeHb ITLIs-
xoM ILTacTuuHol medopmairii micas Y3VO0 3MeHIIyeThCAa IPUOIN3HO B
1,2-1,3 pasu, a nupy:xRHua gedopmaiiia 36iapiyersesa (aiaa CJIT + Y3YO
— vy 2,7 pasis, gaa CJIT + T6 + Y3YO — y 4 pasu). lle moB’s3ane 3 pos-
MHOKEHHSAM i mepeposmnonijoMm gedeKTiB KpucTaaiuuoi OygoBU Ta Bin-
MOBiIHUM 3MiIfHeHHAM. TaKoK CJIiJi BpaxoByBaTH, IO 3a yMOB ¥Y3¥YO
Ha MaTepidaJ BIJIMBAIOTHh ABi CKJAAOBI — HaKomMuyyBajbHA medopMma-
IifiHa CKJIamoBa, IO Ji€ B OCHOBHOMY B IIOBEPXHEBUX IIapax, i Bibpa-
IifiHa CKJIaJoBa, IMOB’sA3aHa 3 BUMYIIIEHUMU KOJWMBAHHAMHU aTOMiB 3a-
BISKU IIPOXOMKEHHIO YJIbTPa3BYKOBUX XBUJIb KPish 00°eM MaTepisaiy.
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V¥ 3ajeXHOCTI BiJl aMILTiTy AU MUKJIYHUX HAIPYsKEeHb IIOPiBHAHO 3 IIEB-
HOI0 KPUTHUYHOIO BEJIMYNHOIO KOJUBAHHA MOKYTh BUKJIUKATH ab0 Ha-
KOIMMYeHHsA, ab0 peslakcailio qeeKTiB CTPYKTYPH.

Ha pucyuky 4 maBegeno mopdgosorio moeepxui cromy AlSil0Mg y
BUXimHOMY cTaHi micisg 3D-ApYKY, IIicJIsg TepMiuHOro oOpoOJIeHHS Ta
micasa Y3YO Tpuaiictio y 180 ¢ i 300 c. Came 3a 1ux 3HaYeHb yacy 00-
pobyieHHA cIlocTepiraloThed XapaKkTepHi MaKCMMYyMHU MiKpPOTBEPAOCTH
(puc. 2).

3asBuuaii MikpocTpyKTypa crory AlSil0Mg ckJIamaeThCsa 3 JeHIPH-
THOI (pasu a-Al Ta KpynuHosepuuctux Si-, Mg- i Fe-Bmicuux ¢as. B Toit
ke uac B CJIT-3paskax copMoBaHA €eBTEKTHUYHA MiKPOCTPYKTYypa Mic-
TUTH OLMBIN APiOHI yacTMHKM Si Ha BiAMIiHY BiJ KpyIHO3€pPHICTOrO Ta
roJIYacTOro €BTeKTUYHOr0 CHUIIilifo y muBapHux cromax AlSi10Mg. Ak
BiJoMO, BHCOKA HMIBUAKICTE oxosomxeHHa nig uac CJIT symosiaioe dop-
MYBAaHHSA IIePEeCUYEeHOr0 TBEPA0ro PO3unHy Ha ocHOBi Al i3 KinbKicTio Si
Io = 8% Bar. xoua 3a 6imapHOIO cucTeMoro Al-Si MakcuMaIbHA PO3UMH-
HicTh Siy a-Al cranosuts 1,65% sa tremmeparypuy 577°C[10].

Tepmiume o0pobIeHHA 3a pe:kuMoM T6 ToMOreHi3ye CTPYKTYpPY 3a
PaxXyHOK po3Iaay CeIMeHTOBAHOI CTPYKTYPU — PUCYHOK «PHO’ U0l JIy-
cxu» (puc. 4, a) Ta 6aceiiHu PO3TONY 3HNKAIOTH, MOP(}OJIOTiA eBTEeKTIY-
Horo Si 3MiHIOETHCA HaA chepuuny (puc. 4, 6). B pesyabrari MikporBep-

Puc. 4. Mopdouoris moBepxHi crony AlSil0Mg (onTuuna mikpockomis): CJIT
(a), CIAT+T6 (6), CIT+¥Y3VO tpuBarnictio y 180c (8) i 300c (d) rTa
CJIT +T6 + ¥Y3YO rpusanictioy 180 ¢ (2) i 300 c (e).

Fig. 4. Surface morphology of AlSi10Mg alloy (optical microscopy): SLM (a),
SLM + T6 (6), SLM + UIT for 180 s (8) and 300 s (d), and SLM + T6 + UIT for
180 s (2) and 300 s (e).
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mictes spaska CJIT + T6 mopisuano 3 CJIT smenmyerscs. BBakaerbesd,
110 Takuil epeKT 3abe3nmeuyeThcsa came cepoinmsalliero BUALIEeHD Si 3a
Indys3iiHUM MexXaHi3MOM.

Ha pucyury 4, 6—e cBiTJIi JIISHKY BiZIIOBiIAIOTEH O-TBEPAOMY PO3UN-
Hy Al, TemHI MOXKYyTb OyTM uYacTHHKaMu eBTeKTHKH (o-Al+Si) abo
BKJIIOUeHHAMHU iHIMUX (as. Armio mopiBuHioBatu i3 Buximmmm CJIT-
3paskoM (puc. 4, a), AKUHA He ImigmaBaBcsa TepMiuYHOMY 0OPOOJIEHHIO, TO
micaa Y3YO BigOyBaeThca gedopMalliiine 3TIafKyBaHHSA XBUJIEIOIi0-
HOI MopdoJorii «pub’a4uoi JTycKu», 110 OB’ A3aHe 3 JIOKAJLHUMU yaa-
pamvu ¥Y3-xBuab. KinTbKicTh MikpoHepiBHOCTE, APiOHUX 3arinbaeHb HA
IIOBEPXHi 3pocTae 3 yacoM 00poOIeHH .

Haa spaskiB CJIT + T6 + Y3YO yabTpasByKoBUil yIapHUU BILJIUB 3y-
MOBJIIOE (DOPMYBaHHS OiJIBINT PO3BUHEHOI MOpPGOJIOTii MOBEepXHi mOpPiB-
uauo i3 CJIT ra CJIT + ¥Y3VYO (puc. 4, 2, ). ¥ 11boMy BUIIaIKy BUABJII-
IOTBCSA O3HAKHU ILJIACTHUYHOI Teuil MaTepiday 3 HOABOI HAMJIMWBIB, IO
OB’ sA3aHe i3 MEHIIIO0 MiKPOTBEPAiCTIO 3pas3Ka IIicjsa TepMiuHOro o0po-
6senna mopiBHaHO i3 CJIT-spaskom. Ilicaa Y3VO tpusasictio y 180 ¢
HaABHI JIIAHKY IIOBEPXHi 3 MIOMITHOIO CTPYKTYPHOIO HEOTHOPigHICTIO,
criocTepiratoTbca MiKkpomedeKTH, AKi BUHUKaoTh BHacaigok 1111 mose-
pxHi. 30imbITeHHA PO3Mipy cBiTIMX obsactei micaa Y3VYO BIPOIOBK
300 ¢, MOKJIMBO, CBiTUNTEL PO (ha30Bi 3MiHM a60 GOpMYyBaAHHS OKCHUJ-
HUX BKJIIOUEHD.

6 e

Puc. 5. MakpoctrpykTrypa mosepxHi CJIT-crony AlISi10Mg Ta manu xemiuuoro
ckaany (pactpoBa enekTponHa Mikpockomis): CJIT + ¥Y3Y0O — ¢t=180c¢ (a, 9),
t=300c(8); CJIT+T6+¥Y3Y0O —¢t=180c (06, €), t =300 c (2).

Fig. 5. Surface macrostructure of SLM AlSi10Mg alloy (SEM): SLM + UIT for
180 s (a, 9), for 300 s (8); SLM + T6 + UIT for 180 s (6, e), for 300 s (2).
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CTpyKTypy Ta XeMiuHMi cKJaan moBepxHi crony AlSil10OMg B obJacTi
YIBTPa3BYKOBOTO YAAPHOTO BILIMBY IIicadA pisHUX peskuMiB ¥Y3YO moc-
JiI}KeHO i3 3aCTOCYyBaHHSIM PACTPOBOI €JIEKTPOHHOI MiKPOCKOMil Ta Mi-
KPOPEHTT'eHOCIIeKTPaIbHOI aHasmisu. Ha pucyHKy 5 HaBemeHO MaKpoO-
CTPYKTYPY moBepxHi 3paskiB micaa Y3VYO tpusaiictio y 180c¢ i 300 c,
sIKa € HaMOiJIbIN ITOKAa30BOI0, a TAKOMK KapTHU PO3MOILIYy XeMiuHUX eJe-
menTis Al, Si, Mg, O gnsa yacy o6poonenns y 180 c. B Tabaumi 5 npen-
CcTaBJIeHO BiJIIIOBiIHI pe3yibTaTy XeMiuHOI aHaJIi3M!.

MosxHa 6aunTn, 110 3a TpuBajgoct ¥Y3¥YO0 180 ¢ BinOyBaeThCca OiIbIT
oxHOpigHEe 00pO0JIeHHS, a IIOBePXHeBa IIIEePCTKIiCTL € MEHIIIO IJIs BU-
magKy TepMooOpobIeHoro 3paska. I3 30ibIeHHAM Yacy oOpoOIeHHS 10
300 c mIepcTKicTh MOBEPXHi, KiIbKiCTh CBITINX AiMIAHOK i iXHil po3mip,
HaBHOaKu, 3pocTaioTh aAasd 3paska CJIT + T6 + Y3VYO.

V¥ Buxignomy crani micas 3D-apyky spasku cromy AlSil0Mg maoThb
HacTynHUi xemiunuii ckaazg (% sar.): Al — 91,69, Si — 7,563, Mg —
0,78, Oxkcuren Bimcyrtuint (Tabma. 5). Ilicaa Y3YO yuponos:xk 180 ¢ Bin-
OyBaeThbcsA HAcUT 00poOJIOBaHOI moBepxHi aromamu OKCHUT'eHY, Kijb-
KicTb AKoro cramoButh =21,8% Bar. 30iIbIIeHHA TPUBATIOCTU 00POO-
geauasa o 300 c copuse e OiIBIIOMY 3pocTaHHIO BMicTy OKCUIeHY
(Tabu. 5).

ITicass repmiunoro oopodaenusa crony AlSi10Mg OKcureHn Takosx Bif-
cytHiii i spasku CJIT + T6 matoTh HacTynHuit xemiunuii ckiaazn (% Bar.):
Al — 87,95, Si — 11,40, Mg — 0,65 (tab6xa.5). Huaa spaskis
CJHT +T6 + Y3YO nopiBaauo i3 CJIT + ¥Y3YO BindOyBaeTbca inTemcudi-
Kallisl mpoIeciB OKMCHEHHSA IIOBEPXHi, IIT0 HAOYHO IIPOCTEKYEThCSA 3a
KapTaMu XxeMiuHoro ckjany (puc. 5, d, e). Tak, 3a omHaK0OBOI TpUBajoOC-
™ ¥Y3¥Y0 y 180 ¢ BmicT OKcureny aas TepMoo0Opo0IeHOro 3paska JopiB-
H10€ = 28% Bar., mo Ha = 29% 6ijabire, Hixk a4 3paska 6e3 TO. 3a Tpu-
BaJyioctu o6pod6aeHHs y 300 ¢, 3a aK0i BCTAaHOBJIEHO MaKCcuMAaJabHe 3Ha-

TABJHUIIA 5. BmicT eleMeHTiB Ha TOBepPXHi 3pasKiB 3a JaHUMU MiKPOPEHTTe-
HOCTIEKTPAaJIbHOI aHaJi3u.

TABLE 5. Elements contents on the sample surface based on the EDS data.

Bwict, % Bar.

YMmoBU 00pO0IeHHS |

Al 0 si | Mg

CJIT 91,60 - 7,53 0,78

CJIT + Y8YO0, 1=180¢ 66,80 21,79 10,90 0,51
CJIT + Y3YO0, t=300c 60,44 31,42 7,75 0,39
CJIT + T6 87,95 - 11,40 0,65

CJIT + T6 + ¥Y3Y0, 1= 180 c 62,08 28,13 8,76 1,03

CIIT+T6+¥Y3Y0,t1=300c 56,28 35,98 7,13 0,61
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yeHHA MiKpoTBepaocTu, BMicT Oxcureny aaa CJIT + T6 + Y3YO Taxkox €
purnuM (i carae = 36% Bar.), mopieuano 3 CJIT + Y3VYO.

Taxosx ciig 3asHaumTH, 1o aaa 3paska CJIT + T6 + Y3YO cmocrepi-
raeTbcdA BABiUi 6inmbiie Mg mopiBuano i3 3paskom CJIT + Y3VO Ta meH-
e Si. I3 30iapmeHHAM yacy o0pobdaernHsa Cuiilito ctae MeHIIe, IO CBi-
IUUTHh PO MOKJUNBY (hpparmeHTalriro fioro chepuuHMX BUAIJIEHb Ta MO-
JKJIMBE MacoIlepeHeceHHs aTOMiB Si Briinb MmaTepisanry BIpogoB:xK Y3YO.

Ha mudparrorpamax CJIT-ctomy AlSil0Mg micasa 3D-apykKy, Tepmi-
yHOTro 00pobienua i ¥Y3YO igeHTH()IKYyIOThCA BUKJIIOUYHO TUMPaKITiHI
maxcumymu Bimg Al (PDF-2 ID: 03-065-2869, npocropoBa rpyma 225:
Fm-3m), Si (PDF-2 ID: 00-005-0565, ipocTopoBa rpymna 227: Fd—3m)
ta Si (PDF-2ID: 01-080-0005, mpocTopoBa rpyma 186: P63mc). Xoua 3a
pesyabTaTamMm xeMiuHOl amaJism micasa Y3YO ¢ikcyerbcs HaABHICTD
Oxcureny Big =21,8% Bar. 1o = 36% Bar., npore gudpaxiiiaux ped-
JIeKCiB Big okcuay AJIOMiHiIO He BUSBJIEHO.

HocTaTHbO iH(OPMATUBHOIO € aHaJi3a IepeBaKHOl Kpucrajgorpadid-
HOl opienTarii (puc. 6). g momikpucTagivyHOTO aIOMiHiI0 coiBBigHO-
ITeHHA iHTeHCcUBHOCTel audpakmiiinnx makcumymis (200) i (111) cra-
HoButhb 0,476 [37]. Huaa crony AlSi10Mg micas 3D-apyKy Iie cHiBBiz-
HOIIIEHHS CTAHOBUTD [200/1111=1,6, 1110 CBiZUNTL PO IIepeBaKHy KpucC-
rajorpagiuHy opieHTaIlito B OJHOMY 3 HaOmpAMKiB I iCTOTHY MiKpo-
CTPYKTYPHY aHizorpomiio [38, 39], Hacimigzkxom aAKoi € aHizoTpormia me-
XaHivYHUX Ta inmux BiaactTuBocrtei [21, 40, 41].

0 60 120 180 240 800 860
TpusanicTs 06pobaenus, ¢

Puc.6. CroisBigHoleHHss iHTeHCHMBHOCTe!l AUPPAKIINHNX MaKCHMyMiB
Al(111) Ta Al(200) gna cromy AlISilOMg: 1 — CJIT+VY3V0, 2 —
CJIT +T6 + ¥Y3¥YO.

Fig. 6. Intensity ratio for diffraction maxima Al(111) and Al (200) for
AlSi10Mg alloy: 1—SLM + UIT, 2—SLM + T6 + UIT.
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3acrocyBanHA Y3YO 1/1a mMOBepXHEBOTO 3MIiIlHEHHS 3pasKiB CTOIIy
AlSi10Mg miciaa 3D-ApyKy 3yMOBJIIOE CTPiMKe 3MEHIIIEHHS BeIUYNHU
I200/I111, iMOBipHO, Uepes (DOPMYBaHHA y IIOBEPXHEBOMY IIapi yJabTpa-
IHCIIEPCHOI Me30pieHTOBAHOI CTPYKTYPHU. 3a TPUBAJIOCTH OOPOOJIEHHS V
180 ¢ sumauennsa Is0/1111 gopiBaIOE 0,57, a micas 240 ¢ 3pocrae mo 0,89,
BKa3yHOUM Ha ITiABUINEHHA KiJIbKOCTH 3€PeH, OPi€EHTOBAHUX 34 ILJIOIIM-
"o (100) mapajielbHO MO IOBepXHi. 3a MaKCHUMAJbLHOI TPUBAJIOCTH
Y3VYO0 Bemuumna Iz00/l111 cranoBuTh 0,48, 110 ITpaKTUYHO BimmoBimae
3HAUEHHIO JIJIs HmoJIiKpucTajdiunoro amominiioo [42]. Oxep:xani mami xo-
peoioTh i3 pesyabTaTaMmu podoTtu [49], B AKil HaliBUIIi TBEPAiCTD i Mi-
IIHicTh eKcTpynoBaHoro cromy AlSiMgCu cmocrepiranucs aias mepepi-
3y, III0 XapaKTepua3yBaBCsI MaKCHMAJbHOIO iHTEHCHBHICTIO PEHTI'€HiB-
chbkux mikiB (111) i/a60 (200).

3acTocyBaHHSA TepMiuHOTO 00po0JeHHs 3a pexkumoM T6 micaa 3D-
Ipyry cromy AlSil0Mg maiiske IOBHICTIO YCYBA€ TEKCTYPY, OCKiIbKU
cuiBBiguoOmmeHHa I200/1111 mopiBHIoe 0,53. 3acTocyBanua ¥Y3YO B gaHo-
MYy BUIIaJIKy 3YMOBJIIOE JIMIIle He3HAUHE 3pOoCTaHHA BeamumHU l00/1111
Ha IIOYATKOBUX eTarnax o0pobseHHsa (MakcuMaJsbHe 3HaueHHA 0,73 mo-
cAraeThed 3a 60 ¢, miciia Yoro sSMeHITYETHCS A0 PiBHA BUXiTHOTO CTAHY).

Caix BimmiTuTH, 110 ITiCJaA TEPMIUYHOTO ¥ YILTPA3BYKOBOTO YIAPHOTO
00pob6ens crony AlSil10Mg TaKoK CIoCTepiraroThCs 3MiHM CIIIBBigHO-
IIIeHHs iHTeHCUBHOCTel AudpaKIiiiuux pediekcis Si y pisHUX KpucTa-
JorpadivHIX HAMPAMKaX. 3a pe3yJbTaTaMU PEHTTeHOCTPYKTYPHUX IO-
caimxenp crony AlSilOMg micasa 3D-apyKy BCTAHOBJIEHO HAsBHICTH
IBOX Moam(ikaIliii cuiailito — 3 rpaHeIeHTPOBAaHOI0 KYOiUHOIO I'DATHU-
1meio (mpoctopona rpymna 227: Fd—3m) i rekcaroHaJbHOIO KPUCTAJIiTHOIO
rpatHHuIeEIo (IpocTopoBa rpyma 186: P63mc). Buacaimok ¥Y3VO BMmicT
cuiainito 3 'IK-rparuumneo 36iabiryerbeda i micas 300 ¢ obpobienHs
Indpaxkiliiini makcumymu Bij cuiriniro 3 I II-r'paTHuIero Bixe He Qik-
cytorbesd. Ilicaa repmiunoro o6pobiaenns croay AlSil10Mg 3a pexumMom
T6 Taxko:x 3aaumIalOThbCa ABI Mommdikalii cumimiro. BigmimmicTs Bif
[MOIIePeIHBOTO BUIIAAKY IIOJIATAE TIILKHU B TOMY, II[0 3MEHIIIEHHS BMICTy
I'III-cunimito BimOyBaeTheca 3a meHiuil yac ¥Y3YO0 — 240c. 3meH-
mrenuda Kimbkoctu 'IIII-cuaimito moske 6yTr OfHUM 3 UMHHUKIB 3HEMi-
mHeHHSA moBepxHi cromy AlSi10Mg micuas TpuBasoro gedopMaIiiiHoOro
BILTUBY (puc. 2), OCKIIBLKY 3a JIiTepaTypHUMU JaHUMU TBEPAIiCTb Ky0Oiu-
Horo cuiinito cranoBuTh 11,1 I'lla, a 3 T'IIII-r'paTHuIielo — GJIU3BKO
12,2TTIa[43].

3a pesyJbTaTaMi PEHTT'€HOCTPYKTYPHUX AOCTiAKeHb TaKOXK po3pa-
XOBAHO CTYHiHb JedopMallii KpucTadiuHol I'paTHHUIII Ta pPo3Mip obJac-
Teil KOorepeHTHOro poacisgHuHa (puc. 7). Ilicma 3D-gpyKy cromy
AlISil10Mg ctyoias medopmariii xpucramiuHol r'paTHHUI € AJTIOMiHiO
cranosutk 0,157%, a micaa iioro TepMiuyHOro oOPOOJIEHHA OUYiKYyBAHO
smenIyersea 10 0,073% . 3acrocyBanusa Y3YO 3yMOBIIIO€ 3POCTAHHSA
cryneHa pedopmaliii KpucramiuyHol I'PAaTHUI, XapaKTep 3ajJe:KHOCTU
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Puc. 7. Cryniap medopmarii Kpucrandiuuoi rparuuii (a) Ta posmip obJacrei
KorepeHTHOro poaciguus (6) mias crony AlSilOMg: 1 — CJT+VY3VO0, 2 —
CJIT +T6 + ¥Y3¥YO.

Fig. 7. Crystalline lattice strain extent (a) and coherent scattering area size
(6) for AlSi10Mg alloy: 1—SLM + UIT, 2—SLM + T6 + UIT.

AKoi Bim wacy pmemmo Bimpisuserbca mmsa 3paskiB CJIT+¥Y3VYO Ta
CJIT+T6 +¥Y3VYO (puc. 7, a).

Haa spaskis CJIT + Y3VYO coocrepiraerbca cTpiMKe 3pOCTaHHA € A0
MaxkcuMaJsibHoro 3HauenHs 0,236% 3a TpuBasocTtu obpobienua y 240 ¢
(v 1,5 pasu Bulile 3a BuxigHe sHauenud). I{a Tpusanicts ¥Y3VO Bignosi-
la€ MaKCUMYMYy BeJIUYMHU MiKPOTBEPAOCTH AJs AaHOTO 3paska. [loma-
JbIe 36iabiieHHs TpuBasocT Y3YO 1o 360 ¢ cympoBOIKYETHCA 3Me-
HIITEHHSIM € 10 3HaUueHb, MEHIINX, Hi’K Yy BUXiTHOMY CTaHi, IO CBiAUYNTH
PO IMOYATOK peJjlaKCcaIllilHuX OPOIleciB, y TOMY YHCJi i BHACIIZOK MO-
JKJINBOTO 3POCTaHHSA TEMIIEPATypPU IIOBepPxHi 3paska [34].

XapakTep 3minu cryneHsa gedopmairii kpucrandiuuoi rparauni CJIT-
3pasKiB, AKi OpoHIaM cTamilo TepMiuHOro 00poGJeHHs mmicaa 3D-
IPYKY, € memro iHmuM — micasa Y3YO coocrepiraioTbCcsi 1Ba MaKCHMa-
JIbHI 3HaueHHs 3a TpuBajgocTu oopobsenua y 120 ¢ i 300 ¢, axi Takox
BiITIOBimAIOTh MaKCMMyMaM Ha 3aJIeKHOCTI MiKpOTBepIOCTH Bin dacy
06pobenus (puc. 2, a).

Posmip ob6sacTeil KOrepeHTHOro pPo3cissHuA micas 3D-ApyKy 3paskis
crorny AlSi10Mg mpubin3HO CTaHOBUTEL 44 HM, a IIicJd TepMiuHOro 00-
pobOsenHa 3a pexxumom T6 — 105 am (puc. 7, 6). 3acrocyBanua Y3VO
nis sminmaeHHs moBepxHi CJIT-3paska He cyIpoOBOAKYETHCA iICTOTHUMU
aminamu posmipy OKP mo 180 ¢ 06pobieHHsS Ta JIHIe i3 MOAIBIITNM
3pocTaHHAM TpuBajaocTy ¥Y3YO moumHae 30iJbIIyBaTHCH, IO IIOSICHIO-
€ThCS JIOKAJLHUM PO3irpiBOM IIOBEPXHi Ta MOYATKOM PO3BUTKY IPOIIE-
ciB muHamiuHOl pekpucraJiszallii. 3a TpuBasocTu obpodserHsa y 360 c
poamip OKP crae B 1,5 pasu 6inbmium, Hixk y Buxiguomy crami. Ilicas
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Y3VO0 spaskiB, aKi miggaBaancsa TepMivHOMY 00pOOJIeHHIO, CIIOCTepira-
eTbeA cTpiMKke 3meHIeHHsa po3mipy OKP mo =40 uam B:ke micaa 60 ¢ 00-
pobnenusa. Iloganniie 30iabIIIEHHA TPUBAJIOCTH OOPOOICHHS ByKe He BU-
kiaukae sHauHux 3mia OKP (40-50 am), ane micaa 240 ¢ o6pobieHHS
CIIOCTEePiraeThCcsa TEHAEHIIisa A0 3pocTaHHA posMipy OKP, 110 y3romxy-
€ThCA i3 BMEHIIIeHHAM BEeJIMYNHU MiKpPOTBepaocTH (puc. 2).

Ha pucyury 8 HaBeaeHO 3MiHM BeJIMUYMHN HATIPYKeHb IIEPIIIOTO POLY
I pisaux 3paskis crony AlSi10Mg micia Y3VO0, AKMX TAKOMK BU3HA-
YEeHO 34 PEHTI'€HiBCbKUMMU JaHUMMU.

Y BuximHoMy cTaHi B 3paskax, AK 0esmocepefHbO Hicaa 3D-Ipyky,
TaK i micas TepMiuHOTO 00POOJIeHHSA, PIKCYIOTHCA HAIPYKEHHS CTIC-
HEHHdA, BeJIMUYMHA AKUX CTAaHOBUTH 0au3bKo —100 MIIa micaa CJIT i
—65 MIIa mmicaa CJIT + TO.

s spaskis CJIT + Y3V O BenuunHa CTUCKAJIBHUX HAIPYKEHb JOCA-
rae MmaxkcuMajJbHOro 3Hauenua y —400 MIla 3a TpuBajocTi 00po0IeHH
y 180 ¢, micis uoro Bi0yBaeThCA IMOCTYIIOBE 3MEHIIIEHHS HAIPYKEHb 10
BUXiJHOTO cTaHy, HMOBipHO, Uepes3 pejlaKcallifo, 3yMOBJIEHY II0YaTKOM
MOJAJIBITIOl TIepedyaoBY HakonuueHux medexrrtiB. 1la samexkHicTs IMij-
KOM 3aJI0BiJIbHO KOpPEJIIOE i3 3MiHAMM BeJIWUYUHU IIOBEPXHEBOI MiKpOT-
BEpIOCTH, XO0ua MaKCHMAaJIbHe 3HAUYEHHS MiKPOTBEPAOCTU BiJIIOBizae
TpuBajJocTi 00pobaenus y 240 c, ajle Ie CBiAYNUTEL JIMIIE TPO Te, IO
edeKT 3MIITHEHHS HOCATaE€ThCS 3a PAXYHOK KOMILIEKCHOTO BILIUBY 0Oa-
raTboX YNHHUKIB, Y TOMY YHCJIi CTPYKTYPHUX.

Binbin sHauHi 3MiHu cmocTepiraroThes aad 3paskiB CJIT +T6 + Y3YO
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Puc. 8. PiBeub 3aIuIIKOBUX HATIPYKEHDb mepIroro poay B cromi AlSil10Mg mic-
aa¥Y3V0: 1 — CJIT+¥Y3VY0, 2 —CJIT+T6 + ¥Y3YO.

Fig. 8. Residual stresses of the first order in AlSi10Mg alloy after UIT: 1—
SLM + UIT, 2—SLM + T6 + UIT.



80 A.TI. BYPMAK, C. M. BOJIOIITKO, I. A. BIAIUMUWUPCHKN 1a in.

— 10 180 ¢ 00pobIeHHa HATIPYKEeHHA CTUCHEHHS 3p0CTa€ MOHOTOHHO, a
3i 30iJbIIIeHHAM TpUBAJIOCTH AedopMalliiiaoro BuauBy a0 240 ¢ ctpuod-
Komomibuo 36iabinyeThea o —1380 I'lla, micas uoro moumHae 3MeHIITY-
BaTucs. TobTo B JaHOMY BHOAIKY MaKCHMAaJIbHOMY 3HAYE€HHIO MiKpOT-
Bepmoctu (1= 240 c) BigmoBigae mo 6 pasiB 6inbIia BeITMYMHA CTUCKAI -
HUX Hampy:KeHb (mopiBuano i3 CJIT + Y3¥O0). Caix BigmiTuTH, 1o 3a
TpuBasiocTu 06pobiaenusa y 360 ¢ BenunmHa HAIPY:KeHb CTHUCKY CTaHO-
BuTh —610 MIIa gua CJIT +T6 + ¥Y3YO ta —100 MIla gna CJIT + Y3YO.
ToOTo BiZHOBIIEHHS M0 BUXiJHOIO CTaHY He BimOyBaeThcs, a mepebir pe-
JaKcaliffHuX mpoilieciB € moBiabHimmuM s 3paskiB CJIT + T6 + Y3YO
(3HAUEHHA G 3MEHIITYE€ThCA BABiUi IMOPiBHAHO i3 4-pasoBUM 3MeEHIIIEH-
"Ham aasa CJIT + ¥Y3YO0). Takum unzHoM chopMOBaHi HAIIPYKEeHHS CTHC-
HEHHS, IO YMOKJIWBJIIOIOTL HiABUITUTHA OIIip BTOMHUM HaBaHTaKeH-
Ham CJIT-cromy AlSi10Mg [46], 1eMOHCTPYIOTH JOCTATHLO BUCOKY TPU-
BKiCTb, a OT:Ke, 3JaTHI IOAOBKYBATH BUTPUBAJIICTE i eKCIIyaTalinHmni
pecypc KOHCTPYKILi# i BUpoOiB, 1110 TAKOMK 0YJIO IIOKA3aHO eKCIepIMeH-
TaJbHO IJId pisumx MmaTepianis[16, 17, 22, 48].

3a pe3yJabTaTaMHM IIPOBEJEHUX PEHTI€HOCTPYKTYPHUX MOCJiIKeHb
MOJKHAa 3pOOUTH BUCHOBOK, IIT0 BUCOKUH PiBeHb HAIPYKEHb IEePIITOro Ta
IPYTOTO POAY € BAKJIMBUM UNHHUKOM BILIMBY HAa MiKPOTBEPIiCTh CTOITY
AlSi10Mg micaa ¥Y3VYO. asa spaskis CJIT-cromy AlSi10Mg, axi migga-
BaJIMCsS TepMiuHOMY 00poOJeHHIo 3a pe:xumom T6, BesrmumHa MaKpoc-
KONIUHMUX HANPY:KeHb CTHCKY OLlJbIlle HijK BTPUYL IEepeBUIIYyE Iie 3Ha-
yeHHs s 3paskiB 6e3 TO. 3minm posmipy OKP € icroTHUMET TinbKu
nas 3paskiB CJIT + T6 + Y3V O guia rpuBasocTu 06podaerHs mo 60 c.

4. BUCHOBKH

VabprpasBykoBe ynapHe MoaudikyBaHHA moBepxHi cromy AlSil0Mg mi-
¢ oro 3D-APYKY a€ 3MOTY JOCATTH MaKCUMAaJbHOTO 3HAUEHHSI MiK-
poreepaoctu y 4,34 I'lla ynpomos:x 240 ¢ 06pobinerHa. EdpexkT sminHen-
HA 30epiraernca mo Biggaai y =400 mxM Big mosepxHi. B 06pobiaenomy
mapi 3HMKae crenudiuyHa MiKPOCTPYKTypa TUITY «PuO AYO0I JIYCKH»,
xXapaKTepHa AJd MeTajJeBUX CTOImiB micaa 3D-apyky. B mepeximmomy,
MEHIII 3MiITHeHOMY, mIapi medopMaliiiHNil BIJINB rajJbMyeThCSA Ha cpe-
PUUYHHUX MeyKaX 3aJUIITKOBOI cerMeHTOBaHOI MiKpoCcTpyKTypu. JomMiHy-
BaJbHUMU UYMHHHUKAMM 3MiITHEHHS € IIOABiliHEe 3POCTaHHS BeJUYNHU
HaIIpyKeHb IIEePIIOr0 Ta APYIoro Poay, a TaKOXK 3MiHM B IIepeBaKHIiN
opieHTAIIil 3epeH IIOBEPXHEBOTO IIapy.

3actocyBanHa ¥Y3YO mo Tepmiuno 06pobienux micas 3D-apykKy 3pa-
3KiB € HABiTHL OiJBINI AOIIMBHUM, OCKiJIBKM YMOKJIMBIIIOE IIiABUIIUTHI
MiKpoTBepzaicTh o = 4,65 I'Tla, xoua i 3a merro 0iJbIITOI TPUBAJIOCTH 00-
pobamerasa — 300 ¢, a TAaKOK JOAATKOBO BTPUUi 30iILIIINTH PiBEeHb CTHC-
KaJIbHUX HaOpysKeHb. TOBIMHA 3MII[HEHOTO HIapy 3 APiOHMMU BULI-
geaaamu Si gopiBHioe 300 MmxM. IlopiBHAHO i3 BUXiAHMM cTaHOM, MakK-
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cuMaabHUM eekT 3minHenHa 3paska CJIT + T6 + Y3YO cranoButsh =4
pasu.

Hasa spaska CJIT + ¥Y3VYO crmocrepiraerbea MUKJIIiUHNN XapaKkTep Je-
¢dopmarnii — 3a cTamigMuy 3MIITHEHHA CJHIAYIOTH cTamili miaactudikarii,
TOOl AK IJs TepMooopobsenoro 3paska CJIT +T6+Y3V0 Mixk mumu
cTaliAMM HasABHI mepioiy HaKoONWUYeHHA Aedopmallii, AKi 4eprymoTbed
yepe3d KoxkHI 120 c 00pobieHHA Ta XapaKTepU3YIOTHCA YCTAJEHUMU
3HAYEHHAMU MiKporBepmoctu. OcTaTouHe 3MEHIIIEHHSA BeJIUUYNHU MiK-
POTBEPAOCTH 3a BEJIUKUNX YaCiB 00POOJIeHHA OB’ A3aHe i3 TOUaTKOM pe-
JaKCaIlilHUX IIPOIleCiB, AKi IIPUBOAATE A0 3MEHIIIEHHSA BeJINUYNHU CTHC-
KaJIbHUX Hamnpy:KeHb Ta KinbkocTu I'IIII-cuiimiro; ToMy TpuBaJicTh
Y3VYO, aka 6inbmra 3a 240—300 c, cirig BBaXkaTu HeLOI[1JIBLHOIO.

3acrocyBaHHA Y3YO0 € edpeKTUBHUM 3acO00M 3MiIlTHEHHS ITOBEPXHi
crory AlSil0OMg, omepkaHOro CeJIeKTHUBHUM Ja3€PHUM TOILIEHHSIM,
OCK1JIbKY 3yMOBJIIO€ IOAPiOHEHHSI MiKPOCTPYKTYPH, iCTOTHE 3MilTHEHH ST
Ta BUCOKUU PiBeHb MaKPOCKOIIIUYHUX HANPYKeHb CTUCHEHHA, a TaKOX
3aJIiKOBYBAHHS 3aJUIITKOBUX IIOP, i MOKe OYTH IePCHeKTUBHUM BUIOM
IedopMalliiiHoro mocT-00podIeHHA 3D-IPYKOBAHUX BUPOOiB.

Poboty BukonaHo B pamkax 1/0 remu Ne 2701¢ HamiomamrbHOTO Tex-
HiuHOTro yHiBepcuTery YKpainu «KuiBchbKuii mosmiTexHiuHM iHCTHUTYT
imeni Iropa Cikopcbkoro» «HaykoBi ocHOBU yJIbTpPasBYKOBOI yAZapHOL
Ta aIUTUBHOI TeXHOJIOTiA BMTOTOBJIEHHS BHCOKOHABAHTAKEHUX JeTa-
aeit BIIJIA 3 mokparreHoo gaabHicTio» (1/p Ne 0124U001001) Ta 3a ua-
crroBoi miaTpumku HAH Vkpaiau (7/p Ne 0123U102368).
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The thermophysical properties of carbon nanomaterials (CNMs), such as
thermally expanded graphite, carbon nanotubes, and globular multilayer
graphene, are investigated. A series of samples is produced by the technique
of one-sided static pressing. By means of the impulse method, the parameters
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of the thermal conductivity of the samples are determined depending on the
conditions of their production. As found out, the thermal conductivity of the
CNMs increases with increasing density and pressure. As assumed, the
mechanisms of heat transfer in these systems can be related to the electron—
lattice interaction. Heat transfer can occur by various transport mecha-
nisms.

Key words: thermal conductivity, pulsed radiation, thermally expanded
graphite, globular multilayer graphene, multi-walled carbon nanotubes.

Hocaigsxeno TemmodisuuHi BIacTUBOCTI ByrienieBux Hanomarepisaiais (BHM),
TAaKUX K TepMOPO3IIupeHnii rpadir, ByrieieBi HAHOTPYOK U Ta I'JI00YISAPHMII
Garatomraposuii rpagen. Cepito 3paskiB 6yJI0 BUTOTOBJIIEHO METOL0I0 OJTHOCTO-
POHHBOT'O CTATUYHOTO IIPECYBaHHA. 3a JOIOMOTOI0 iMIOYJIbLCHOTO METONy 0yJI0
BU3HAUYEHO IIapaMeTPHU TeIlJIOIPOBiJHOCTU 3pa3KiB 3aJIeKHO Bix yMOB IXHBOTO
BUpOOHHUIITBA. BeTanoBieHo, 1o Temaonposiguictse BHM spocrae 3i 306ijb-
IIeHHSAM TYCTUHU Ta TUCKY. [IpunycKaeThCs, 110 MeXaHidMu TelIonepeaadi B
IUX CUCTEMAaX MOXKYThL OyTH OB’ A3aHi 3 eJIeKTPOH-I' PATHUIIEBOIO B3aEMO/Ii€0.
Tennomnepenauya Mmoske BimbyBaTHCs 3a JOIOMOTIOIO Pi3HUX MeXaHi3MiB mepeHe-
CEeHHA.

KarouoBi ciioBa: TeIIonpoBifgHicTh, iMIyIbCHE BUIIPOMiHEHHSA, TEPMiIUHO PO-
3mInpeHuii rpadir, raobyaapunii 6araToiaposuii rpadeH, 6araTocTinHi Byr-
JelneBi HaHOTPYOKU.

(Received 23 December, 2025; in final version, 24 December, 2025 )

1.INTRODUCTION

Modern science connects our future with nanomaterials and nanotech-
nologies. The widespread implementation of new technologies, includ-
ing nanotechnologies, into industrial production is achieved by a high
level of standardization, which is not possible without the preliminary
development of research methods and devices for evaluating new ma-
terials. The methods for investigation of carbon nanomaterials and
new techniques and tools that allow accurate determination of their
structural and thermophysical parameters are developed in many sci-
entific centres and laboratories around the world [1]. In particular, ex-
perimental work on the characterization of nanostructured materials
is important, along with their manufacture and application. The study
of the properties of carbon nanotubes (CNTs), thermally expanded
graphite (TEG) and globular multilayer graphene (GMLG), and the de-
velopment of new materials based on them is a topical task which also
includes the development of new hardware for measurements, data
processing and representation.

It should be noted that the real experimental characteristics of car-
bon nanomaterials are much worse than those predicted by theoretical
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calculations. First of all, this is explained by the structural imperfec-
tions in carbon nanomaterials; however, the problem to a large extent
is related to the nature of the tests which are used in research works
[1-3]. It is very difficult to prepare test samples without damaging the
nanotubes. Another problem is the practical difficulties in represent-
ing the experimental results with sufficient resolution.

A sufficiently large amount of material is required, when develop-
ing materials with given heat insulation properties, which cannot be
provided by the modern technologies of graphene production. At the
same time, the requirements for graphene-like modifiers are signifi-
cantly less strict than those for graphene samples that are designed for
use in electronics. In particular, one can expect that graphene frag-
ments with large area are not needed for thermal insulation; the use of
carbon monolayers is also not necessary. Therefore, increased atten-
tion is paid to the development and investigation of high-tech carbon
material of a new generation based on thermally expanded graphite.
Thermally expanded graphite (it is often called graphite foam or ver-
micular graphite) is a low-density carbon material that has unique
physical and chemical properties: high specific surface area, suffi-
ciently high thermal and chemical resistance, low thermal conductivi-
ty, high porosity. The present work represents the results of investiga-
tions of the technology developed for producing carbon nanomaterials;
the structural features of these materials are studied, and their ther-
mophysical properties are analysed.

Currently, there are two approaches to determining the thermal
conductivity of materials: stationary and non-stationary ones. Each of
these approaches has its own sources of uncertainty that can affect the
accuracy of the measurements. The most reliable method is stationary
one, but it can take a lot of time to measure thermal conductivity of one
sample. Therefore, the non-stationary method, or the thermal pulse
method, is increasingly used for faster measurements. The following
factors are essential during the process of impulse heating of material.
Since light penetrates into the sample, the sources of optical heating
should be volumetric. The energy is released non-uniformly through-
out the volume of interaction, as the intensity of light decreases as it
penetrates into the sample. This leads to spatially inhomogeneous
heating of the material, and causes heat and mass transfer processes
between different zones of the sample [4—T7].

The aim of the present work was to study the structural features and
thermophysical properties of thermally expanded graphite, carbon
nanotubes, and globular multilayer graphene.

2. EXPERIMENTAL TECHNIQUES AND DISCUSSION

A carbon-containing gaseous source, natural gas, was used as a raw
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material for the synthesis of multi-walled carbon nanotubes
(MWCNTs). The gas was previously converted on a nickel catalyst, and
then, the conversion products were used for the synthesis of MWCNTs.
It was found out that the MWCNTSs formed at moderate temperatures
due to the treatment of freshly reduced iron with products of air con-
version of natural gas [8]. As a result of further crystallization of car-
bon, nanotubes were formed, and iron particles were separated from
the main material, i.e., the catalyst material was fragmented. It was
found out that carbonisation—decarbonisation cycles in the y-Fe, a-Fe,
and FesC system play a decisive role in the formation of MWCNTSs be-
low 700°C[8, 9].

In order to determine the dependence of the density of carbon nano-
materials on the pressing force and thermal conductivity, a series of
samples was produced by one-sided static pressing in a cylindrical steel
matrix with a diameter of 12 mm. The pressing was carried out at a hy-
draulic press at a pressure in the range of 170—-450 MPa. The mass,
volume and density of the samples after pressing were determined.
Four samples were produced for each carbon material.

The morphology and microstructure of the synthesized carbon na-
nomaterials (CNMs) were examined using scanning electron microsco-
py (SEM) technique at a JSM-6490LV microscope. The microstructure
of carbon nanomaterials produced by various methods [10] and synthe-
sis modes is shown in Fig. 1.

The CNT material has a so-called ‘sponge’ morphology (Fig. 1, a, b),
i.e., it is comprised of intertwined tubes of different diameters ranging

Fig. 1. Microstructure of carbon nanomaterials: multi-walled carbon nano-
tubes (a, b), thermally expanded graphite (¢, d), globular multilayer graphene
(e, -
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Fig. 2. Raman spectra of carbon nanomaterials and images of synthesized car-
bon nanotubes: Raman spectra of CNTs (a), CNTs on an iron catalyst (b), CNT
samples in glass tubes for determination of Raman spectra (c).

from 20 to 300 nm. The various diameters are explained by the sizes of
the iron grains which detached from the freshly reduced metal plate in
a hydrogen atmosphere during the disproportionation of carbon mon-
oxide.

Raman scattering spectra of the samples (see Fig. 2, a—c) were stud-
ied using a mini-RamanPro Raman spectrometer Lightnovo (Den-
mark). A laser with a wavelength of A = 785 nm for the spectral range
of 600—-2000cm™! was used. The accuracy of determining the wave
number was in the range of 0.5-2 cm™. The exposure time was 100 ms,
50 spectra were averaged. In each case, the Raman spectra of all sam-
ples were recorded using the same parameters. The Raman spectra con-
firmed the presence of carbon nanotubes with two characteristic peaks
at 1300 and 1590 cm™, which correspond in Fig. 2 to the D and G
modes, respectively. The first, second, and fourth spectra (Fig. 2) are
typical spectra of nanotubes with characteristic D and G modes. In all
three samples, the D mode had a higher intensity than the second one,
which is not typical for intact single-walled nanotubes. Therefore, one
can conclude that the nanotubes deposited by the CVD method were
multi-walled and most likely had a curved shape. In all three samples, a
shoulder in the G mode was clearly observed (which may be an overtone
of the D mode), that indicated the high density of defects in the sam-
ples.

In order to determine the dependence of density and thermal con-
ductivity on pressing pressure in the range of 170-450 MPa, sets of
samples from carbon nanotubes, thermally expanded graphite, and
globular multilayer graphene were produced (Fig. 3).

Thermally expanded graphite is a product of multi-stage technologi-
cal processing [11] of natural crystalline graphite powder. Figure 1, ¢
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Fig. 3. Appearance and dimensions of: carbon nanotubes (a), thermally ex-
panded graphite (b), globular multilayer graphene (c).

shows the appearance of TEG particles at the macro-level, which con-
sist of individual worm-shaped 5-10 mm long particles. The micro-
structure of TEG at the microlevel is shown in Fig. 1, d: the structure
of a single particle is seen, which consists of separate graphene clusters
comprised of 100—500 elements. According to Ref. [12], the main stag-
es of TEG production include oxidation of flaky graphite, its drying,
thermal expansion and subsequent processing aimed at obtaining the
final product or part. The mechanism of transformation of oxidized
graphite into TEG was also analysed; it is related to a sharp increase in
pressure between the layers due to rapid heating (thermal shock). The
pressure that occurs during the thermal shock causes foaming and in-
termolecular explosion, which are accompanied by the formation of a
peculiar foam-like structure [12].

In Refs. [13, 14], a method of producing globular multilayer gra-
phene was described. The technique includes mechanical processing of
TEG with the aim of destruction it into separate graphene layers (from
several to dozens of layers) and forming globules with approximately
the same size (=2 100 mm). The microstructure of individual globules is
shown in Fig. 1, e, and the morphology of globules comprised of crum-
pled graphene layers is seen in Fig. 1, f.

We have developed a method for producing globular graphite, which
consists of several stages. The first stage is processing of TEG in a cav-
itation apparatus with the aim of its temporal transformation from a
hydrophobic material into a hydrophilic one. The second stage is the
rapid ultrasound processing of TEG soaked in a liquid—the destruc-
tion of TEG into individual graphene layers mainly occurs at this
stage. The third stage is drying followed by finishing in a mill with the
aim to form the structure of the material (in particular, to crush coarse
globules and form spherical globules of the same size). A detailed de-
scription of the equipment and techniques for producing TEG is given
in Ref.[15].

The thermophysical parameters of thermally expanded graphite,
carbon nanotubes and globular multilayer graphene were determined
by the pulse method for measuring thermal conductivity (PMMTC).
This is a non-destructive and non-contact method. In this method, the
front surface of the sample is irradiated with a pulse of light in the vis-
ible range (t=100ms). This is the ‘primary’ radiation flow. The ab-
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Fig. 4. Measuring thermal conductivity delay time between the ‘primary’ and
‘secondary’ heat flows in: globular multilayer graphene (a), thermally ex-
panded graphite (b), carbon nanotubes (c).

sorbed part of this ‘primary’ flow is converted into thermal energy,
which causes an increase in temperature and gives rise to the propaga-
tion of temperature waves into the sample. A certain part of not dissi-
pated heat flow causes an increase in temperature on the opposite back
surface of the sample, where it converts into a ‘secondary’ flow of in-
frared (IR) radiation. This ‘secondary’ flow of IR radiation is delayed
relative to the incident ‘primary’ one due to the finite rate of the heat
diffusion process; it is registered by an IR detector. When a pyroelec-
tric sensor [16] is used as the IR detector, there is no need to know the
values of the incident and absorbed energy, the absorption coefficient
of the front surface, and the emission coefficient of the back surface of
the sample, as well as the profile of the temperature increase over time
and the pyroelectric parameters of the sensor[17, 18].
Alight-emitting diode (LED) as a radiation heater and a pyroelectric
detector as a thermal sensor (PyES) were used. The delay time between
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TABLE 1. Calculation of thermal conductivity.

g o0 o = % @ °,°m =
S| g ) - 26 > - s g
@ @ g 2z = = - ° 2R
s =) = 3 3% c = &9
E|l B |2 g £ 2 E | EX
w0 n A Cg ES a
CNT
1 0.240 0.258 0.99 2280 120 557 1.2
2 0.230 0.171 1.34 1510 120 457 6.76
3 0.240 0.181 1.32 1600 120 469 7.3
4 0.250 0.184 1.36 1630 120 445 8.17
Graphene
1 0.110 0.062 1.77 550 120 250 2.32
2 0.130 0.068 1.90 680 120 250 2.36
3 0.150 0.071 2.11 710 120 256 2.92
4 0.160 0.078 2.05 780 120 256 3.50
TEG

1 0.170 0.188 0.90 1660 120 315 1.41
2 0.150 0.115 1.30 1020 120 280 6.50
3 0.160 0.107 1.50 1030 120 280 6.65
4 0.190 0.118 1.61 1040 120 280 6.7

‘primary’ heat flow (without a sample) at PyES and ‘secondary’ heat
flow (with a sample) is illustrated in Fig. 4.

The densities and thicknesses of the samples for calculating the
thermal conductivity values of carbon nanotubes, thermally expanded
graphite and globular multilayer graphene are listed in Table 1.

All studied materials (CNT, TEG, GMLG) consisted of the same sub-
stance, carbon; however, they had different methods of synthesis and
structures at the macro- and microlevels. The dependences of the den-
sity of CNMs on the pressing pressure are shown in Fig. 5. As can be
seen, increasing the pressing pressure in the range of 170-450 MPa
leads to a slight increase in the density of CNMs. Under the given
pressing conditions, samples had density 0.9-2.05 g/cm3. The depend-
ence of the density of TEG on the pressing pressure shows that this ma-
terial can be compacted without deformation and change of shape.
Nanotubes and globular multilayer graphene partially recovered their
initial shape after the load was removed due to elastic aftereffect.

The thermophysical properties of carbon nanomaterials of the same
brand can vary significantly. This is explained by different porosity of
the materials, which has a significant effect on their thermal conduc-
tivity. The porosity of carbon materials of the same brand is uniquely
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related to the macroscopic density of the samples. It is found out that
the density of GMLG, CNT and TEG increases with pressing pressure
increasing (see Fig. 5, a). In the process of TEG compaction, it was
found that TEG powders had an extended zone of structural compac-
tion; i.e., the material formed in a wide range (Fig. 5, a) of densities at
pressures 170-450 MPa. It was found out that, at the first stage of the
formation process, at low loads, the powder particles structurally re-
packed, then compaction occurred due to the extended surface of the
particles (which had a popcorn-like shape), and finally they deformed.
However, the compaction of CNT and GMLG occurred slowly in a
small range without significant changes. It is shown that the CNTs and
GMLGs during formation at pressing pressures 200-500 MPa without
binding additives begin to delaminate and lose strength. It is found out
that the thermal conductivity of GMLG, CNT and TEG increases with
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Fig. 5. Dependences of density of carbon nanomaterials on pressing pressure
at room temperature 293 K: carbon nanotubes, thermally expanded graphite,
globular multilayer graphene (a), on thermal conductivity (b, ¢).
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increasing density and pressure (Fig. 5, b, c).

The mechanism of changes in thermal conductivity of these systems
is likely related to electron-lattice interaction. Heat transfer can occur
by various transport mechanisms (collisions, diffusion). However, ex-
actly the electronic mechanism can be responsible for the increase in
thermal conductivity. The relationship between the thermal conduc-
tivity of carbon nanomaterials and their macroscopic density is deter-
mined.

3. CONCLUSIONS

The structural features of thermally expanded graphite, carbon nano-
tubes and globular multilayer graphene, which were produced at the
equipment of the Gas Institute, N.A.S. of Ukraine, have been studied.

A device for the pulse method of measuring thermal conductivity of
diverse materials with registration of information on a PC has been
developed. This system was developed at the Technical Centre, N.A.S.
of Ukraine. Thermal conductivity of carbon nanomaterial samples
produced at different pressing pressures was measured. It is deter-
mined that the thermal conductivity of CNMs increases with increas-
ing density and pressure. It is shown that the mechanisms of heat
transfer in these systems are related to the electron—phonon interac-
tion. Heat transfer can occur by an electronic or diffusion mechanism;
nevertheless, exactly the electronic mechanism causes the increase in
thermal conductivity of the samples of thermally expanded graphite,
carbon nanotubes and globular multilayer graphene.

This study was supported by the Project ‘GR4FITE3’ (No.
101103752) under the Horizon Europe Program, HORIZON-CL5-
2022-D2-01-01 (HORIZON Innovation Actions, Granting authority—
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Formation of an Amorphous Phase during Quenching of a Metal Melt
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As demonstrated, variations in the thickness of the molten-metal layer lead to
changes in the temperature distribution across the melt and, consequently, in
the magnitude of the thermodiffusion force acting on vacancies. The redistri-
bution of vacancies driven by this force results in microstructural reorganiza-
tion of the melt. At relatively large melt thicknesses, the thermodiffusion
force near the surface is insufficient to affect significantly the vacancy distri-
bution, thus, failing to inhibit crystallization processes.

Key words: amorphization, vacancies, temperature gradient, thermodiffu-
sion, phase transition.

Ilokasano, 10 3MiHA TOBIMWHU IIAPy PO3TOILIEHOTO METAaJy IPUBOLUTL IO
3MiH y pO3OO/Iiji TeMIIepaTypH II0 TOBIIMHI PO3TOITY, a OT:Ke, i 10 3SMiHU BeJIu-
YMHU TepMoau@ysiiiHoi cuiu, mio mie Ha Bakaucii. ITepeposmozain BakaHciii,
3YMOBJIEHUH I[i€I0 CUJIOI0, CIPUUYNHSAE IIepedyI0By MiKPOCTPYKTYPHU PO3TOILY.
3a BiIHOCHO BeJIMKOI TOBIIUHY PO3TOIY TepMoAu@y3iliHa cuja mobausy moBe-
PXHi € HeJOCTAaTHLOIO IJIS iCTOTHOTO BIJIMBY Ha PO3IIOAiJ BaKaHCiil, a TOMY He
31aTHA e(peKTMBHO IPUTHIYYyBaTH IIPOIIECH KpUCTaIisaii.

Karouosi ciaoBa: amopgisalris, BakaHcii, rpagieuT remmneparypu, TepMOTUPY-
3iqa, pazoBuii mepexin.
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1.INTRODUCTION

In the scientific literature, numerous studies have highlighted the
similarity in the evolution of macroscopic properties across different
materials during vitrification [1, 2]. Specifically, during the vitrifica-
tion of metal melts, properties such as specific volume, thermal-
expansion coefficients, enthalpy, and elastic moduli exhibit analogous
changes. This consistency in properties’ evolution suggests a common-
ality in the vitrification mechanisms of the studied melts. Moreover,
the typically high cooling rates required to achieve melt amorphization
underscore the dominant role of thermal processes in vitrification.

The most widely employed method for amorphizing metal melts is
rapid quenching typically achieved by depositing a thin layer of melt on-
to the cold surface of a massive metal substrate. In this process, heat is
transferred from the melt to the substrate, establishing a temperature
gradient within the molten layer. This gradient initiates thermodiffu-
sion processes, particularly, the directed diffusion of mobile melt con-
stituents such as impurity atoms or vacancies [3] (interpreted as holes in
the Frenkel’s model of liquids [4]). Under suitable conditions, specifical-
ly, with an appropriate magnitude and orientation of the temperature
gradient, these vacancies migrate toward the free surface of the melt,
where they annihilate with surface atoms. This leads to a depletion of
free sites near the surface, thereby, suppressing atomic self-diffusion
and preventing the nucleation of crystalline phases that would other-
wise induce melt crystallization [6]. However, this method for produc-
ing amorphous metals presents several significant limitations. Experi-
mental studies [1] have established that only thin melt layers can be suc-
cessfully amorphized by this approach. For each type of metallic alloy,
there exists a critical melt-layer thickness, beyond which amorphization
does not occur. The value of this critical thickness depends on the alloy
composition and typically ranges from 20 to 400 um.

In the present work, we demonstrate that variations in the thickness
of the molten metal layer lead to changes in the temperature distribu-
tion across the melt, and consequently, in the magnitude of the ther-
modiffusion force acting on vacancies. The redistribution of vacan-
cies, driven by this force, results in microstructural reorganization of
the melt. At relatively large melt thicknesses, the thermodiffusion
force near the surface is insufficient to affect significantly the vacan-
cy distribution, thus, failing to inhibit crystallization processes.

2. THEORETICAL DETAILS
2.1. Temperature Distribution in the Melt Layer

Let us consider the initial moment of time (¢ =0), when a layer of mol-



FORMATION OF AN AMORPHOUS PHASE DURING QUENCHING OF AMETALMELT 101

ten metal of thickness [ and temperature U; is deposited onto the flat
surface of a massive metal substrate (x =0) with an initial temperature
Uo (Uo >> U1) (Fig. 1)

As a result of heat exchange, heat is transferred from the molten lay-
er to the metal substrate, and the temperature distribution within the
melt T'(x, t) is governed by the standard heat-conduction equation [7]:

T,(x,t) = a’T._ (x,1), (1)

where Ti(x, t) and Ty(x, t) are the partial derivatives of the tempera-
ture distribution with respect to time and spatial coordinate, respec-
tively. Here, a® = k/cp is the thermal diffusivity, & is the thermal con-
ductivity, c is the specific heat capacity of the melt, and p is its densi-
ty. The solution of Eq. (1) must satisfy the initial condition

T(x,0)=U,at0<x<1, (2)
the condition of no heat exchange at the free surface of the melt:
T.(,t)=0, 3)

and the condition of heat exchange according to Newton’s law between
the melt layer and the metal:

T.(0,t)-h[T(0,)-U,]1=0, (4)

where £ is the heat-transfer coefficient and U; is the temperature of
the metal.

The temperature distribution within the melt is obtained from the
solution of Eq. (1):

— | — U

melt —_ I b

— 0 J—
S S S S

metal U

Fig. 1. A layer of molten metal on the flat surface of a metal substrate.
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where p, are eigenvalues of the boundary value problem (1)—(4), the
determination of which reduces to solving Eq. (4), which can be written
as

18
2 =ct y 6
7l g, (6)

where [ is the thickness of the melt layer. Then, the characteristic time
of thermal relaxation t, in Eq. (5) is given by

rnz(ij 12. (7
a) u,

The temperature gradient within the molten-metal layer is given by

t

oT(x,t) _4(Uy-U,) & pysinp, ( xj -
= n n 1-= , 8
ox l ;(Sin2pn+2un)smu“ )¢ ®

and depends on the thickness of the molten-metal layer.

In the case of thin melt layers, the temperature gradient within the
melt layer is sufficiently large and changes linearly with the thickness
of the melt layer (relative thickness of the melt x=1/ly, hlo=5, k> 1;
Fig. 2b), initiating a constant thermodiffusion effect on the vacancies
throughout the entire melt layer. This leads to the majority of vacan-
cies migrating out of the molten-metal layer and a decrease in the
number of free sites available for self-diffusion of melt atoms.

T
1.0{ a T, b
0.9
0.3
0.8
0.7 0.2
0.6
0.1
0.5
X X
0.2 04 06 08 1.01 0.2 04 06 08 1.01

Fig. 2. Co-ordinate dependence of temperature (a) and temperature gradient
(b) in a thin melt layer (k =1, [ =1y, /1. = 0.1).
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T a T, b
S 0.30
0.25

0.92

0.20
0.90 0.15
0.88 0.10
- 0.05

X x

2 4 6 8 I 2 1 6 81,

Fig. 3. Co-ordinate dependence of temperature (a) and temperature gradient
(b) in a thick melt layer (kx=0.125, [ = 81y, ¢ /1, = 0.3).

In an increase in the thickness of the molten-metal layer, it will af-
fect the temperature distribution and temperature gradient within the
melt (Fig. 3). In this case, in the sufficiently wide near-surface region
of the melt 21, < x <8I, (Fig. 3, b), the temperature gradient is small,
and the thermodiffusion effect on vacancies is practically absent. That
is, for k<1, the melt layer behaves thermodynamically similarly to a
massive homogeneous liquid.

The dependence of the temperature gradient on the melt-layer
thickness leads to a dimensional dependence of the vacancy distribu-
tion within the melt, which is due to the dimensional dependence of the
thermodiffusion flux of vacancies jrp(x, t) [3]:

jTD(x’ t) = _DV

oc(x,t) +D, 0T (x,t) e(x,1), )
ox ox

where c(x, t) is the volumetric vacancy density in the melt layer,
Ax, 8

x, ¢
D

X
04 0506 07 08 09 1.01]

Fig. 4. The distribution of f(x,t)/D, in the thin melt layer (x =1).
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qz v
D, (x,t) =*—e =70 (10)
To
is the vacancy-diffusion coefficient [3], ¢ is the average interatomic
distance in the melt, 1o is the average activation time for an atom to

transition across the potential barrier to an adjacent vacancy, v is the
height of the potential barrier,

v
D;(x,t) =D, [WJ, 11

is the thermodiffusion coefficient of vacancies [3].
The vacancy distribution within the melt layer is governed by the

diffusion equation % = —divd,,(x,t), which can be rewritten as

de(x, 1)
ot

where f(x, t) is the thermodiffusion driving force acting on the vacan-
cies:

f(x’t):_[ v J[ v T(x,t)? T(xt) T”(xt)j (13)

62c(x t)

=D, (x) +f(x,t) c(x, 1) (12)

E,TT(x,t) )\ BT (x,t) T(x,t)? T(x 1) T(x,t)

When the melt-layer thickness is increased by 8 times (k= 0.125), the
thermodiffusion driving force of vacancies f(x, t) (13) is shown in Fig. 5.

f(x, 1)

0.3
0.2

0.1 \

2 —4 - 6. — 8]

R

-0.1

-0.2

Fig.5. The distribution of f(x,¢)/D, in the case of a thick melt layer
(k=0.125).
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2.2. The Distribution of Vacancies in the Melt Layer

Let us first consider the escape of defects (vacancies) through the outer
boundary (x =1) of a molten layer of thickness [, which is located on the sur-
face of the metal, and assume that the temperature of the metal substrate
and the melt within the layer are equal, i.e., f(x, t)=0. In this case, the dis-
tribution of defects in the layer is governed by the driving force:

oc(x,t) 0%c(x,1)
ot ox®

where f(x, t) is the driving force, which depends on defect concentra-
tion in the layer (¢ > 0). We also assume that the boundary of the metal
(x=0)is impermeable to defects, i.e.,
dc
ox

= DV(JC) + f(x, t) c(x, t) ’ (14)

=0. (15)

x=0

At the surface of the molten layer, vacancies annihilate with surface
atoms of the liquid:

el L B Ly
pov IR =eld CDL (16)

v

x=l

B is the probability of a vacancy capturing a surface atom.
It is assumed that, at the initial moment ¢t =0, vacancies are uni-
formly distributed throughout the volume of the melt:

c(x, O)ZC() . (17)

The solution of Eq. (14) can be sought in the form of a Fourier series

c/c,
1.0
0.8 \
0.6
0.4
0.2\

X
0.2 0.4 0.6 0.8 1.01,

Fig. 6. Change in defect concentration across the thickness of the melt layer
during the diffusion-driven escape of defects through the free surface of the
molten layer.
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expansion [7]:

o _t
c(x,t) = > A, cos (uk ﬂe (18)
k=1
where
2
SRR ) (19)
Dv !"Lk

is the characteristic time of thermal relaxation. Taking into account
the orthogonality of the eigenfunctions (16) and (18) gives

2¢, sinp,
[1 N sin Zuk] i
2,
where i are the reduced eigenvalues of Eq. (14), which are determined
from the solution of Eq. (16):

A, = (20)

ctem, = Bl (21)

From Eq. (18), taking into account Egs. (20) and (21), we obtain:

© . _t
c(x,8)=2¢, 1 Sy os (uk %)e B (22)

o [1 N sin Zuk] i
2p,
2.3. Dimensional Effects during Amorphization

As previously shown [6], the preferential escape of vacancies through
the surface of the melt reduces the number of available sites for atomic
self-diffusion within the melt layer, which leads to the blocking of atom-
ic self-diffusion in the metallic melt and is the cause of the formation of
the amorphous state in the molten metal layer.

Since the temperature gradient in the melt layer (8) depends on its
thickness (Figs. 2, 3), the magnitude of the thermodiffusion flux (9) and
the vacancy distribution within the melt will also depend on the melt
layer thickness.

oc(x,t)
ot

where f(x, t) is the thermodiffusion force (14) acting on the vacancies.

o? c(x t)

=D, (x) +f(x, H)e(x, 1), (23)
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2.4. Semipermeable Boundary

The thermodiffusion behaviour of the vacancy subsystem of a crystal
changes significantly when one of the boundaries of the crystal plate,
for example, the upper one, becomes permeable to vacancies.

Let us assume that at the surface (x =1[) ‘annihilation’ of bulk vacan-
cies with surface atoms occurs, where the surface atoms are sufficient-
ly numerous and relatively free to move along the crystal surface. This
process can be formally described as convective absorption of vacancies
by surface atoms.

ac
o

- —%(c(l, H-c,), 24)

n=1 v

where B is the probability of a vacancy capturing a surface atom. In Eq.
(24), it is assumed that the concentration of surface atoms is close to
unity.

The lower boundary of the crystal remains impermeable to vacan-
cies:

oc

E =0. (25)

n=0

The distribution of vacancies within the sample volume will be gov-
erned by a non-uniform parabolic equation:

de(m,t) _ oy %c(n, t)

at 0 anz + F(T])C(n, t) ’ (26)
c /e,
1.0 1
// 2
3
0.6

0.4// 5

0.2

X
0.2 0.4 0.6 0.8 1.0 I,

Fig. 7. The vacancy concentration distribution in the melt layer: D, = 6:107°
cm?s, B=5, a=0.3, a=310%cm, Bl/D,=1, 10=10"%s. I—t/10=0; 2—
t/10=0.3; 3—t/19=0.5; 4—t/10=0.7; 5—t/10=1.5; 6—t/19 = 2.
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where
F(n) = a,’B,o’q(n) (27

is the thermodiffusion driving force acting on the vacancies.

The solution to the non-uniform parabolic equation (26), which sat-
isfies (24) and (25), can be found in the form of a Fourier series expan-
sion in terms of the eigenfunctions cos(x.m),

t

(M, t) = % A1)+ 3 A (1) cos(e,me ™, (28)

where 1, = ZZ/(DV Ki) .

Let us represent the function F(n) and the initial vacancy concentra-
tion distribution in the sample ¢(n, 0) also in the form of a Fourier se-
ries

F(n) = IEF + Y F, cos(x,m), (29)
n=1
where
1 1
F, = 2a,’Byo’* [ g(n)dn, F, = 2a,’Byo’ [ g(n) cos(x,n)dn, (30)
0 0

Kk are eigenvalues of Eq. (26), which are determined from the condition
(25). Similarly, the initial vacancy distribution

1
e(n,0)=2 ¢ + D¢, cos(x, M), (31)
n=1

where
1 1
9, = 2[ c(n,0)dn, ¢, = 2[ c(n,0) cos(i,Mdn- (32)
0 0

Initially, in the last term of Eq. (26), let us assume c¢(n, t) = co, which
allows obtaining an analytical expression for ¢(n, ) at small ¢ < ¢p:

c,(n,t)=c, [1 + [% F,(t)t + i F (t)r, [1 - efn] cos(Knn)D . (33)

According to Eq. (26), the thermodiffusion motion of vacancies is
determined by the last term in Eq. (26), and the subsequent refinement
of the distribution ¢(n, ¢) will follow from the solution of the following
equation
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de,(nt) _

2 5202(11’ t)
ot o on?

+ F(n)e,(n, 1) » (34)

e,(nt) =c, + (% F,[e,(n, 1)+ i{ F,[e, r)eT/T"dt}t/T" COS(Knn)j' (35)
0 n=1 0

In each specific case, the process of successive approximations can
be limited based on the required accuracy of the calculations.

3. CONCLUSIONS

The temperature gradient in a multicomponent medium initiates a
thermodiffusion flux of the components of the medium, directed along
the temperature gradient. In the case of crystals, one of these compo-
nents, always present in the solids, are vacancies, which relatively eas-
ily diffuse through the crystal, enabling the self-diffusion of its at-
oms. In this work, an equation is derived to describe the thermodiffu-
sion redistribution of vacancies in the temperature gradient field, and
solutions to this equation are found. It is shown that the creation of a
temperature gradient in a crystal of finite size leads to a non-uniform
vacancy distribution, the degree of non-uniformity of which depends
both on the magnitude of the temperature gradient and the boundary
conditions of the crystal. If the boundaries of the crystal are blocked, a
stationary non-uniform vacancy distribution is established within the
crystal, with the vacancy concentration increasing from the cold to the
hot region of the crystal [3]. Unblocking the boundary in the hot region
of the crystal leads to the outflow of vacancies from the crystal volume
(Fig. 6) and with a significant temperature gradient results in the re-
structuring of the medium’s microstructure [12].

It should be noted that thermodiffusion processes could lead to the
removal of various types of defects or impurity atoms from the medi-
um’s volume, i.e., the creation of a temperature gradient in a multi-
component medium leads to the purification of the medium and the re-
building of its microstructure [12]. Due to the fact that the creation of
a significant temperature gradient is only possible in relatively small
regions of the medium or in small-sized crystals, in this work the
thermodiffusion of vacancies is considered using the example of a thin
crystalline plate with a thickness [, the surfaces of which are at differ-
ent temperatures.
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