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by all known methods of casting (in sand molds, in a chill mold, under pressure),
differing in cooling rates. This has a significant effect on the structure and properties of
the alloy, not only in the as-cast, but also in the heat-treated state, which determines
the relevance of scientific work in this direction.

The article presents the results of a study of the microstructure of the AM4.5Kd
(VAL10) alloy with a change in its cooling rate during the curing process (V_, )
from 0.4 °C /s to > 10° °C/s. The alloy was melted, refined and, at a temperature of
750 °C, poured into molds with different heat sinks. It is shown that an increase in the
cooling rate during the hardening process leads to a decrease in the size of structural
components, in particular, aluminum (Al ) solid solution crystals and to an increase
in their microhardness. At a cooling rate of 0.4 °C /s, corresponding to solidification
in a sandy form, primary Al crystals are formed in the form of coarsened dendrites
with an average size slightly larger than 800 pum, along the boundaries of which a fine
network of particles of ALTi, Al ,Mn,Cu phases and Al +CuAl, eutectics is formed.
With an increase in the cooling rate, the branching of the dendrites and the volume
fraction of the finely differentiated eutectic increase, the cooperative growth of phases
in which is maintained throughout the entire range of cooling rates studied. The value
of the dendritic parameter of the solid solution of aluminum regularly decreases with a
practically unchanged shape factor of its crystals, which is almost up to V_ , = 10°°C/s
is from 1.45 to 3.15. A similar dependence of the change in the macrograin size on
the cooling rate was not found. Its anomalous growth was recorded at a cooling rate of
> 120 °C /s, at which the macrograin size is commensurate with the alloy cooled at a
rate of 0.4 °C/s. In the work, such a discrepancy is explained from the standpoint of
the theory of the nucleus and growth of crystals.

Keywords: cooling rate, microstructure, AM4.5Kd (VAL10), structure formation,
macrograin size.
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CmpykmypoymeopeHHs cmaneu 8 yMo8ax
BUCOKUX ULBUOKOCMEN HAZDIBY NPU 36APIOBAHHI
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AT «YKpaiHCbKi eHepreTU4YHi MalnHNy, XapkKis

Hocniooiceno npoyec cmpykmypoymeopeHHus 8 38apHux 3'c¢Onanmax cmaneu I5X5M i
12X1M®, suxkonanux 36aprO8AHHAM «KOPOMKUM YUKTIOM» (WBUOKe HACPIGAHHS Memany uied guiye
memnepamypu Ac, ma kopomkuii uac nepebysanns 3a yici memnepamypu) 6 cepedosuuyi ap2omy
i Modicnugicme pecyiio8anHs Qazo60-CMpPyKmMypHUxX nepemeopers ma sKOCMmi 36apHUX 3'€OHaHb.
Tlokazano, wo npu 6UKOPUCMAHHI 8ULY e8KA3AHOT MeXHON02I], Mema wmea winvHull, be3 degexmis, 3
mapmencumo-gpepumnoro cmpykmyporo. V oinauwosnin 3oui (BIII3) 38aprosanbHoco 3’ €OHanHs npu
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BUCOKUX WBUOKOCIAX HACPIBY | NpU HesenuKiil mpusanocni nepeOy8anHs Memarny suuye KpUmuyHux
MOYOK NepemsoOpeHHs NpU HAZPIBAHHI 6 CMAAX (QOPMYEMbCA AYCMEHim 3 HUSLKUM CHIyneHeM
20MO2EeHHOCMI, 8 AKOMY KApOIOHA Ghaza 3a3Hac 4acmro8o2o posuuHenHs. B pesynomami yvoeo po3nao
aycmeniny npu 0Xon004CeHHI, He 36AnHCaAIOYY HA BUCOKI WBUOKOCHI OXON00NCEHHS, 8I00Y68aEMbCs
5K 6 beunimuii, mak i 6 mapmencumuini oonacmsix. ¥ BLU3 cmani 12XIM® cnocmepicacmobcs
nepesadicno beinimua cmpykmypa, 6 cmaii 15X5M - betinimo-vwapmencumna. I1io uac konmpoinio
AKOCMI 36aPHO20 3'€OHAHHSA BUNPOOYBAHHAMU NPU YO APHOMY HABAHMAXCEHHI Memail i3 3a3HaYeHUMU
cmpykmypamu 8iouyeae sueut abo 6'a3xe pyiHyeants. Bcmanosneno, wo npu maxux mexsonozivnux
napamempax: cmpym 800-900 A, mpusanicmo npoyecy 0,3-0,5 cex ¢opmyromscs cmpykmypu
3 BUCOKUM CIMYNEHeM ONopy KPUXKUM pyuHysauHam. Pospobnena mexnonoeia enpogadiceHna
npu oWunY8anHi mpyo i npu 6U20MOoBNeHHI Ma PeMOHmMI 0XONO0OHCYBANbHUX NAHENell, a MAKOXHC
PEKOMEHOYEMbCA O WUPOKO20 NPOMUCTOB020 3ACHIOCYBAHHS.

Knrwouoei cnosa: 3sapiosanns, 2apmyeanHs, mepmMoOUHAMIMHUL YUK, apeoH, Oetinim,
sAKicmb, 3aCMOCYBaHHAL.

OCHOBHI/IMI/I TPY/HOIIAMU [IPU 3BaplOBaHHi CTajeil 3 HACTYIIHUM rapTyBaHHSAM €
nonepe/KeHHsl BAHUKHEeHHS TpiliuH y Girsmosniit soni (BIII3). Haiiuacrime
JUIST 3aroGiraHist TPIlIMHOYTBOPEHHSI BUKOPWCTOBYIOTh Pi3Hi BHAM MiJirpiBy i
3aco0M YTIpaBJIiHHS TepMoiepOpMaIlifHIM TIMKJIOM 3BapioBaHHs Totmo [1].

Y pobGorti posrasigaeTbes mpobieMa 3anobiraHHsS YTBOPEHHIO CTPYKTYP,
M0 TPU3BOJALATh /0 KPUXKOCTI MeTasy B OiJANIOBHIM 30HI TIpuM 3BapiOBaHHi
craseit 15X5M i 12X1M® 3 rapryBanusim 6e3 miairpiBy. Iliaxin go BupimeHnns
3a3Hau€eHOI TPO6JIEMH TIOJISTAE Y 3a6e3MeUeHH] BUCOKOTO CTYIeHs HEeO[HOPITHOCTI
ayCTeHiTy, HasIBHOCTI B HbOMY HeJOPO3UMHeHOT Kap6iHoi dasu 1mpu 0XoJI0KeHH]
B KPUTHYHOMY TeMIlepaTypHOMY iHTepBasli TlepeTBopeHb. Takuii ¢dasoso-
CTPYKTYPHUI cTaH MOXXe OYyTH [OCSITHYTHH TIJIIXOM 3aCTOCYBAaHHS BHCOKHX
MIBUKOCTEH HArpiBy Ta BiJIHOCHO MAJOI0 TPHUBAJICTIO NepeGyBaHHS MeTaTy BUIIE
Temneparypu Ac, [2]. Ile no3Bossie pery/oBatu TeMIepaTypHO-4acoBi yMOBH
IIpollecy ayCTeHiTHOrO IepeTBOPEHHS i /la€ MOXKJIUBICTb OTPUMAHHS CTPYKTYP, SKi
MalOTb JIOCTaTHIiN CTYIIiHb ONOPY KPUXKOMY PYHHYBaHHIO.

Hocaimxeno spapui 3'eanannsg (puc. 1), y Burasgi tpyéu & 152 MM
3 TOBIIMHOIO CTiHKM 8 MM 3i crtasi 15X5M i mpuBapeHWMH MIUTIAMA 3i cTaJi
12X1M®D piamerpom 12 mm i Bucororo 30 mMm.

Puc. 1. 3oBHiWwHin BUrNsA owunnosaHux Tpyb (a) Ta parmeHT HaBapeHux Ha TpyOy wunis (6).

Fig. 1. Appearance of studded pipe (a) and fragment of spikes welded to the pipe (6).
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3BapIOBaHHS BUKOHYBAJM JYTOKOHTAKTHUM HaIliBABTOMATUYHUM CIIOCOOOM
<«KOPOTKUM IuKJIoM» [3] Ha inBenTopHiil ycranosii [TYII-1050. Martepian Tpy6u
Ta MIUIA Tepe 3BapIOBAaHHAM ITijiaBaan moBiitHii HopMadgizamii 1000-1030 °C i
970-1000 °C 3 macrynuum Bigmyckom rpu 720-750 °C nporsirom 1 rogunm.

BuBuaBcs BIJIMB peXMMiB Ha SKiCTb 3'€/lHAHb MPU 3BapIOBAHHI CTPyMaMu
700-1000 A 3 xporom 100 A ta mampysi Ha aysi 24-26 B. Ilonsipricts 3BOpoTHS.
Yac mpuBapku mumna dikcyBaBcs TaiiMepoM ycTaHoBKu i gopiBHIOBaB 0,2 - 0,5 ¢
3aJIeKHO BiJl BapiaHTa eKCIIepUMEHTY TIpH MIBUKOCTI oXoJsomkerHs ~ 650 °C /c.
3axucuuM rtazoMm OyB apron. llIBuakicTb HarpiBy Merajsy B 30Hi ILTaBJIEHHS
> 2000 °C/c. 3BapioBanHs mnpoBojuiocs 6Ge3 migirpiBy. KoHTpoJb sKocTi
[PUBAPIOBAHHS IINUIIB 3/ifiCHIOBABCS NLIAXOM AMHaMiuHoro BimBy (yaapy) Ha
npuBapennii mmn macoio 0,3 kr [4].

Merasorpadiuai  goci/iPKeHHS  CTPYKTYpHU cTajieil MpOBOAWIN  3a
JTIOTIOMOTOI0 ONTUYHOI MiKpocKomii Ha Mikpockorni MMO-1600. MikpoTBepmicThb
BusHauasm Ha npuiai [IMT-3 npu maBantakenni 50 r. CTpyKTypy BUSBJISIH
XiMiuHUM TpaBJjieHHSIM ILTDIB 4 % 1 8 % COUPTOBUM PO3YMHOM Aa30THOI KUCJIOTH.

Ycepennennit XiMiuHMi CKJIa MeTay mmBa, %, mac.: C = 0,12; Cr = 2,6;
Ni = 0,14; Mo = 0,27; Mn = 0,36; Si =0,37; S = 0,005; P = 0,018; Cu = 0,20,
V =0,16.

IIpu 3BapoBanni Ha crpymax 800-900 A 3 rtpusadgictio mporecy 0,3-
0,5 ¢ meranm mBa MOHOJITHUH, O6e3/lepekTHUil. 3MiHA BEJIMYMHU CTPYMy B
JIOCTI/DKYBAaHMX MeKaX IO3HAUYAEThCS HAa PO3Mipax 30H 3BApHOTO 3'€/THAHHS.
3BaproBanHs Ha ctpymax > 900 A mpu3BoAWTL /10 BUILJIECKIB PiKOTO MeTasy,
YTBOPEHHS Mi/Ipi3iB, HepiBHOMipHOCTI pOpMyBaHHS TajTesi HaBKOJO mmumna. s
BUBYEHHS MiKPOCTPYKTYPH, BUMipIOBaHHS MiKpoTBepaocTi (prc. 2 a) BUTOTOBJISIN
MiKkpomnTipu MJISXOM po3pi3aHHsS 3BApHOTO 3'€/THAHHS TIO oci mmmna. Y mporieci
XiMiuHOT 06POOKHU 3pa3KiB cTPYKTypa OisnioBHOT 30HU i3 60Ky craji 15X5M He
BusiBuacs. Ilo Bciil JOBXKWHI, 10 NMPUJISATAE 0 MeTaNy IIBa, 3ajumianacs 6ia
cmyra poamipom 0,3-0,4 mm (puc. 2 6).

MikpocTpyKkTypa ocHOBHOTO Metamy cTaiai 12X1Md mnpexpcrasieHa
3epuamu Geputy Ta mnepJsity 6-7 6asy mnepeBaykKHO HepiBHOOCHOI dhopMu; crasi
15X5M - (epuro-kap6ianoio cymimmio. Kapbigna dasa piBHOMipHO po3no/ijena
SIK TIO0 TiJy 3epHa PO3MipoM IepeBa)kHO S-ro 6asa, Tak i mo mexkam. Y BII3
crani 12X1M® crioctepiraeTbcs 3MeHIIEHHS KiJTbKOCTi 3epeH ¢eputy. Yactuna
BYIJIEIIO TIEPEXO/MTh B IEMEHTUT, 32 PAXYHOK 4YOro 306iJbIIYETHCS KiJIbKIiCTb
3epeH.

Mikpoctpykrypa 1mBa MapreHcuro-deputHa (85-90 % MapreHcury),
BeJIMYKMHA ToJIoK Mapretcury — 5-6 Ganis (JICTY 9074:2021). Kopmonu 3epeH
ob6pamJieHHI (PepUTHOI0 OTOPOUYKOIO BiAMAHIITETTOBOI OynoBu. llo6mmsy Mexi
CIJTABY Bi/I3HAYAIOTHCSI TOJKU MAPTEHCUTY BEJUYMHOIO 7-8 OaJiB.

B BIII3 3 6oky crani mmmna cMyr#, 1m0 He TPaBUTHC, He BUSBJIEHO,
He3Bakaoun Ha GJU3BKICTh JOCJI/PKYBAaHUX cTajell 32 XiMivHUM cKiaagioM. OHuM
3 (dakKTopiB, MO MOSICHIOE Tle, € Bi/IMIHHICTh B iHTEHCUBHOCTi TEIJIOBi/IBeIeHHS,
SKa 3aJIeKUTh Bijl Pi3HUIII Mac 3BapioBaHMX 00 €KTiB. 3a IUKJ 3BAPIOBAHHS TITUTI
BCTUTA€ MPOrpiTHCA i CTPYKTypa, IO YTBOPUJIACA, MICTUTh HE3HAYHY KiJbKiCTb
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Puc. 2. Posnoain mikpoteepgocTi (a) i mikpocTpykTypu (6) 3BapHoro 3’egHaHHs cranein 15X5M —
12X1Mo. x 400.

Fig. 2. Distribution of microhardness (a) and microstructure (6) of the welded joints of steels 15X5M —
12X1MF. x 400.
rosgactoi daszu. MikporBep/iicTh 1iei 30U jocarae 350-370 HV, mo xapakTtepHo
JUist GefHITHUX i GeffHiTHO-MapTEeHCUTHUX CTPYKTYP.

[Ticis momaTkoBOTO TpaBJIeHHS BCTAHOBJIEHO, MO CBiTJA cMyTa GiISAMIOBHOT
30HM 3 Goky craji 15X5M Mae crpykrypy ¢eputo-kap6igHoi cymimi 3 4iTko
BUpakeHow rosyacrictio (puc. 2 6).

MertasorpadiyHo BCTAaHOBJIEHO, IO PO3Mip 30HU TEPMIYHOTO BIJIUBY
(3TB) 3 Goky craimi 15X5M 3Haxomurbest B Mexkax 1,6-1,8 MM, a mmpuna
3Bapioro mBa (szapa) He mepesuniye 1,6 mm. IIpu6iusno takuii camuii po3mip
3TB cnoctepiraetbest 3 60ky crani 12X1MdD. MakcumaabHa MiKpOTBEp/licThb
3TB csrae 420 HV (puc. 2 a), crocrepiraetbes 3 6oky crami 15X5M.

AHaniz oTpMMaHUX pe3yJbTaTiB  JIOCJi/IXKeHb I[IOKasye, 10 [pHU
KOPOTKMX i JKOPCTKAX PpeXUMax HaBapioBaHHS mumiB 3i ctanai 12X1Md Ha
MapTeHCUTHY cTajgb 15X5M 6e3 TifirpiBy, 1O XapaKTepu3yIOTbCS BUCOKUMU
IIBM/IKOCTSIMMA HATpiBy i MaJol0 TPHMBAJICTIO nepeOyBaHHs MeTady BHIle Ac,,
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mpollec TOMOTeHi3allii aycTeHiTy B GiJIAINIOBHIN 30HI He BCTHUTA€E 3aBepIIyBATHCS.
Ax mokas 1mporo — He3HauHe 3poctanHs 3epHa B BIII3 i3 6oky crani 15X5M
(3epro Bigmosimae 4 Gaay). Koporkwii uac (wacTku cekyHam) mnepeOyBaHHS
MeTasly B IleperpitoMy cTaHi He 3abe3leuyye IOBHOTY po3unHeHHs Kapb6iniB Cr
Ta Mo y crpyKrypi craqeil. HeonqHopigHicTh aycreHiTy, YacTKOBe PO3YMHEHHS
Kap6i/iB 3HWKYIOTh HOTO CTIfiKicTh TpW OoXoJsio/KeHHi. BinbyBaeTbhest 3mimenHs
mpolilecy TepeTBOPeHHs aycTeHiTy B OeitHiTHy o6Jactb. CTpyKTypa, 10
yTBOpWJiacs — BepXHiil OelHiT 3
HEe3HAa4yHOI0  KIJIBKICTIO  ToJI4acTol
asu. Cyasaum 3 MiKpOTBep/OCTi,
3agHaueHa ¢asa € MapTeHCHUTOM.
IIpu  ynapaomy HaBaHTAKEHHI
KPUXKHUX PYWHYBaHb He BUSIBJEHO —
BiZIGYBAETbCS BUTUH TITUTIA (puc. 3)
a6o B'si3Ke pyilHyBaHHS 3 YACTKOBUM
BUPHUBAHHAM Tijia TpyOu.

Pospob6iena TEeXHOJIOTid
Mpoiiiia MTpoMHUCTOBY IEPEBIPKY
npu  OIMUWIYBaHHI  Tpy6  Ha
Fig. 3. Bending of a thorn at shock loading. Ha(pTor[epepoéHOMy Hi]IHpI/IEMCTBi

(puc. 1 a), a Takox  1pwH
BUTOTOBJIEHHI Ta PEMOHTI OXO0JIO/PKYBAIbHUX MaHeJsiell Ha TeTJIOBUX eJIEKTPOCTAHIisIX
Ta PeKOMEHIOBAHA JJId MIMPOKOTO IMTPOMUCJOBOTO BUKOPUCTAHHS.

BcranoBiieno, mo npu HaBaplOBaHHI MIUMIB HA TPyOGW 3 MapTEHCUTHOT
cram 15X5M Ge3 miirpiBy ocHoBHUM (haKTOPOM OTPUMAHHS SKICHOTO 3BapHOTO
3'e/IHAaHHS € 3a6e3levyeHHs] TePMOIMKIIYHUX YMOB, IO /IO3BOJISIOTh (hopMyBaTH
B BIII3 crpyKkTypy aycreHiTy 3 HU3bKHUM CTYIIEHEM TOMOT€HHOCTi i 4acTKOBO
po3unHeHoI0 Kap6iiHoo $aszoio, M0 3MIILyE MPoIec y BepXHIO GeiHITHY 06/1acTh.
BeiinitHo-MapTeHcuTHA CTPYKTYypa, 10 yrBopuiacs B BIII3 3 6oky maprencuTHOT
crami, Mae OiJbIl BUCOKWW CTYIiHb ONOPY KPUXKUM PYHHYBAHHSM, HiX
MapTEHCHT.

Puc. 3. BurvH wvna npu yaapHOMy HaBaHTaXEHHI.
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Artyomova S. V.
Structure formation at high rates of heating during welding of steels
Summary

This paper deals with structure formation in weld joints of quenching steels
15Cr5Mo and 12CriMoV as made by “short cycle” argon-shielded welding as well
as with the possibility of control of transformation and quality for weld joints by
the thermodynamic cycle of welding. It is demonstrated that where the developed
technology is applied, the weld metal is sound, defect-free, of martensitic-ferritic
structure. In the weld-affected zone of steels at high heating rates and with short time
of metal exposure to temperatures exceeding critical transformation temperatures in
heating, non-uniform austenite of low homogeneity is formed, in which the carbide
phase containing alloy elements undergoes partial dissolution. As a result, the austenite
breakdown in cooling (in spite of high rates) takes place in the bainitic range as well
as in the martensitic range. In the weld-affected zone of steel 12Cr1MoV, the bainitic
structure predominates while the weld-affected zone of steel 15Cr5Mo shows the
bainitic-martensitic structure mainly. During weld joint inspection by shock loading
testing, the metal having the above structure experiences bending or ductile fracture.
The process parameters were determined, with which structures of high brittle fracture
resistance are formed. The technology developed was implemented in tube studding
for manufacture and repairs of cooling panels; it is recommended for common use in
industrial applications.

Keywords: welding, quenching, thermodynamic cycle, argon, bainite, quality,
application.
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"HaykoBo-TexHi4YHMM XypHan
"MeTano3HaBcTBO Ta 06pobka meTtaniB"

[nsa perynsapHOro ogepkaHHs xypHany noTpibHO nepepaxyBaTi BapTiCTb
3aKasaHNX HOMepIB Ha PO3paxyHKOBUIA paxyHOK Pi3MKO-TEXHOMOrYHOro
iHCTUTYTY MeTanie Ta cnnasie HAH YkpaiHu.

BaprTicTb ogHoro Homepa xypHany - 50 rpH., nepegnnara Ha pik — 200 rpH.
[ocTynHi Takox apxiBHi HOMepK ypHarny, nodnHaum 3 1995 p.

Po3paxyHkoBMi paxyHOK AnsA nepeannaTHUKIB,
CMNOHCOpIB i peknamoaaBUiB:
p/p UA828201720313251001201012215,
6aHk [KCY B M. Kuesi kog 6aHky 820172
OTtpumysay - PTIMC HAH Ykpainu, kog €4PMOY 05417153,
3 nocunaHHam Ha xypHan "MOM"

Konito fokymeHTa nepeannaTtu Ta BigoMOCTi Npo nepeannaTtHuka
NpoCMMO HaAcunaTu Ao pepakuii,
BKa3aBLUW HOMep i AaTy NnaTiKHOro AOKyMeHTa.
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