Po3ain 2. MojestoBaHHS Ta ONTHMI3allisl B TEXHOJIOT1i KOHCTPYKIIHHNX MaTepialliB 139

DOLI:

YK 669.245.018.044:620.193.53

C.B. I'aiinyk, n-p TexH. Hayk, nmpodecop

O.A. I'10TKA, K. T. H, IOLICHT

A.C. Jloporokymisi, Marictp

3arnopi3pKuil HalliOHABHUH TEXHIYHUHA YHIBEPCUTET, M. 3alIOPIKKS

MOJAEJIOBAHHS TEPMOJIUHAMIYHUX ITPOLHECIB JJIs1 OIIHKHU BIIVIUBY
TAHTAJIY HA KPUTUYHI TEMIIEPATYPU I CTPYKTYPOYTBOPEHHSA
BAI'ATOKOMIIOHEHTHUX HIKEJIEBUX CUCTEM

Memoodom komn t1omepHo2o MOOen08aHHs NPpoyecie Kpucmanizayii (0xon00xcysants) abo Ha-
episy, 3acHo8ano020 Ha po3paxynkosomy memoodi CALPHAD, oyinenuii éniue manmany 6 00Caiodice-
HoMmy Oiana3oni necysanus 6io 1,0 0o 5,0 % (3a macoro), nopieHaAHO 3 BUXIOHUM CKIA0OM 6e3 maHma-
Yy, Ha Kpumuuni memnepamypu oacamoxomnonenmunoi cucmemu Ni-13,5Cr-5Co-3,441-4,8Ti-7,3W-
0,8Mo0-0,015B-0,03Y-0,01La-0,12C. [Ipeocmasneni pesynomamu po3paxyHKie NOPIiGHAHO 3 eKChnepu-
MEHMATbHUMU OAHUMY, OMPUMAHUMU HA 3PA3KAX MECMOBUX NIABOK MemOo0oM Oupepenyitinoco mep-
Mmiunoeo ananizy ([[TA).

Kniouoei cnoea: nusapui sicapomiyni Hikenegi cniagu,; cucmema ne2y8ants; KpumudHi mem-
nepamypu, 1ikgeioyc, conioyc, iHmepean Kpucmanizayii;, cmpykmypa, mepmiuna oopooxa.

The effect of tantalum in the investigated doping range from 1.0 to 5.0 % (by weight),
compared to the initial composition without tantalum, on the critical temperatures of multicomponent
is estimated by computer simulation of crystallization (cooling) or heating, based on the calculation
method CALPHAD systems (Ni-13.5Cr-5Co-3,4A41-4,8Ti-7,3W-0,8Mo-0,015B-0,03Y-0,01La-0,12C).
The results of calculations are presented in comparison with experimental data obtained on samples
of test heats by the method of differential thermal analysis (DTA).

Keywords: casting heat-resistant nickel alloys, doping system; critical temperatures, liquidus;
solidus, crystallization interval; structure; heat treatment.

IMocTranoBka nmpo6JjeMu

B nmanuit gac migBUIICHHS HATIHHOCTI poOOTH MaTepiajiB Ta30BUX TypOiH i 30UIBIIEHHS eKC-
IUTyaTaIlifHOTO pecypey AeTajel 3 HUX, 3[IHCHIOEThCS IBOMa OCHOBHUMH HampsiMkamu. [lepinii Ha-
OpsSMOK — 3aMiHa iCHYIOYMX MPOMHCIOBHX XapOMIIIHHX HIKEJNEeBUX CIUIABIB Ha PO3poOJIeHI HOBi
crutaBd. [lpyruii HampsIMOK — MOJIEPHI3aIlisl XiMi9HOTO CKJIy BiJOMUX MPOMHCIOBHX CIUIABIB IILIS-
XOM JICTYBaHHS NEPCIEKTUBHUMH €JIEMEHTaMH, HaIIPUKIIa] TAHTAIOM, 3 ONTHMI3ali€ro Horo Mex Jie-
TyBaHHsI BceperHI MapKu. B pe3ynbTari MoaepHI30BaHi CKIIaH, CINIABH HOBOT'O IOKOJIIHHSI, 3a0e31e-
YaTh MiBUIIECHHS KOMIUIEKCY CIIyKOOBHX XapaKTEpPHCTHK CIUIaBY, a OTXKE, pecypcy poOOYHX JOMATOK
Ha3eMHHX Ta3olepeKadyBaJbHAX YCTAaHOBOK B YMOBaX TPUBAJIOTO BIUIMBY BHCOKHX TeMIepaTtyp i Ha-
npyKeHb B arpecUuBHOMY cepemoBuii [ 1—5].

MixHapoHa MpaKkTHKa MOKa3ye, II0 B YMOBAX 3araJbHOi CBITOBOI KpU3W APYTHH HANpsIMOK
SKOHOMIYHO OUTBII aKTyaJbHUH 1 Ma€ IMUPOKI NEPCIICKTHBH, TaK SK HE BUMarae TPHBAJIOrO Yacy Ha
00'eMHI HayKOBi i TEXHOJOTIYHI JOCIIKCHHS, TP [[bOMY HEMa€ HEOOXIJHOCTI y BEJIMKUX 00csrax
NPOMHUCIIOBHX 1 IHAHCOBUX peCypciB, B MOPIBHSIHHI 3 MepIIMM HanpsMkoM. CydacHUH MmiAxid Ao Jie-
T'YBaHHS JIMBAPHUX JKAPOMILHHUX HIKEIEBUX CIUIABIB MEPCIIECKTHBHUMHU €IEMEHTAMH HPUBOIMTH IO
KOMIIPOMICY, SIKHif TIOBHHEH OJTHOYAaCHO BPaxXOBYBATH BIUIMB JIAHHUX €JIEMEHTIB SIK HAa XapaKTePHCTHKN
MIITHOCTi, KOPO3iifHy CTiHKICTh, CTPYKTYPHY CTaOLIBHICTH, 3 OJHOTO OOKY, TaK i TEXHOJOTIUHICTh, a
TaK0X EKOHOMIYHY JOUIIBHICTB, 3 iHIIOTO [3—O6].

VY GaraTbox IOCHTIIPKEHHSX BiJ3HAYAETHCS MPO IMO3UTUBHUI BIUIMB TAHTATY HA XapaKTEPHCTH-
KM MIIHOCTI 1 TepMIUHY CTaOUIBHICTh ()a3 B JIMBAPHUX JKAPOMIIHUX HiKeNeBUX cIiiaBax. [Ipu mpomy
HaroJIOUIy€eThCS, 0 B MEKaX MAapOYHOTO CKIaAy AJS Pi3HUX CKIaJHOJIETOBAaHUX CHCTEM KaPOMIITHHX
HiKeJIEBUX CIIJIaBiB, ONTHMAJIbHI MEXI JIETYBaHHS ISl HOBOTO €JIEMEHTY, L0 BBOAMUTHCS € IHAMBILya-
TeHUME [1—6].
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VY nmaniit po6OTi 32 JOTOMOTOI0 KOMI'FOTEPHOTO MO/ISTIOBAHHS, 32CHOBAHOTO Ha PO3PaXyHKO-
Bomy MeToni CALPHAD B miporpami JMatPro [7] OyJo oIliHeHO BIUTHB JIETYBaHHS TAHTAJIOM B JTOCITi-
JokeHoMy mianasosi Bix 1,0 1o 5,0% 3 koHueHTpaliiiHuM KpokoM 1% 3a Macoro Ha KPUTHYHI TeMIIe-
patypu (a3oBUX MEpeTBOPEHb B OaraTOKOMIIOHEHTHiH HikeneBii cucremi Ni-13,5Cr-5Co-3,4Al-
4,8Ti-7,3W-0,8M0-0,015B-0,03Y-0,01La-0,12C (cruraB 3MI-3¥Y cepennporo piBHsI JieryBaHH:). Mera
— BH3HAYCHHS ONTHUMAaJIBHOTO BMICTY TaHTAJy JUIS MiABHIICHHS PiBHS TEMIIEPATypHHUX i MEXaHIYHUX
BJIACTHUBOCTEW Martepiainy.

B nmanwmii yac mo Teopii neryBaHHS 0araTOKOMIIOHEHTHUX HIKEIEBHUX CHUCTEM OITyOIiKOBAaHO
JIOCHUTH BEJIMKY KUTBKICTh PoOIT [1—6, 8], oHaK HeTOCTATHHO BUCBITIIIOIOTHCS TTUTAHH, SKi ITOB'sI3aH1
3 iHMBIilyaJbHOIO OI[IHKOIO BIUIMBY OKPEMHX JICI'YBAILHHUX €JIIEMEHTIB HAa KPUTHYHI TEMIIEpaTypH po-
34MHEHHs 200 BHUIUIEHHS OKpeMuXx (Da3 B TaKUX cucTeMaX. ToMy JaHa 00NacTh JOCTiIKEHb aKTyallb-
Ha IS PO3BHUTKY TEOPil JIETyBaHHS SK IPU PO3POOIIl HOBUX CINIABIB, TaK 1 yIOCKOHAJICHHIO CKJIAIiB
BIZIOMHX IMPOMHCIOBUX MapoK XapOMII[HMX HIKEJIEBUX CIUIABIB 3 METOK0 TOJIIMIIEHHS KOMIUIEKCY
CITy’KOOBUX XapaKTEPUCTHK Il KOHKPETHUX YMOB €KCILTyaTarlii.

DopmyTIOBAHHSA METH JOCTiIKEHHS

Mertoro 1€l poOOTH € MOPIBHSIIFHA OLlIHKA BIUIMBY TAaHTATy HA KPUTUYHI TEMIIEPaTypH BUIi-
JICHHS 1 po3uuHeHHs (a3 B OaraTokomMnoHeHTHOI cuctemi Ni-13,5Cr-5Co-3,4A1-4,8Ti-7,3W-0,8Mo-
0,015B-0,03Y-0,01La-0,12C 3a momoMororw NAacCHUBHOTO EKCIEPUMEHTY pO3PaXyHKOBUM METOJIOM
CALPHAD i akTHBHOTO €KCIIEpUMEHTY MeTOoZIoM mudepenItiiinoro repmigaoro anaimizy (ATA).

MeTos MacHBHOTO EKCIIEPUMEHTY TOJSrae B KOMITIOTEPHOMY MOJETIOBaHHI TEPMOJUHAMIY-
HUX TIPOIIECIB, M0 MPOTIKAIOTh MPH KpHCcTamizamii (0X0J0/pkeHHi) abo HarpiBaHHI B crumaBax [10—
14]. Komm'roTrepHe MOZIENIOBaHHS TaHUX MPOLIECIB JO3BOJISE MPOBECTH PO3PAXYHKOBE MTPOTHO3YBAHHS
1 IPOBECTH TOPIBHSUIbHY OIIHKY BIUIMBY TaHTANy HAa KPUTHUYHI TEMIIEPaTypH BHIUICHHS a00 po34u-
HEHHS OKpeMHX (a3 B AOCIIIHMX CKIIalaX, B MOPIBHIHHI 3 0a30BUM CKiIajoM Oe3 TaHTaly. Po3paxyH-
KA KPUTUYHUX TEMIIepaTyp MPOBOIWIN iHIUBIAYaIbHO IO KOXKHOMY JOCTIDKEHOMY CKJIaly TpH ITOK-
pokoBoMy BBeleHHI TaHTany (Ta) B (ikcoBaHuil ckian 0araTOKOMITIOHCHTHOI CHCTEMH, HABEICHOI
BUIIE, 3 KOHICHTpaliitHuM kpokoMm 1,0 % B mocmimkyBanomy miamasoni (1,0—5,0 % 3a macorw). B
HOBIM cuctemi OaraTokommoneHTHoro JyieryBaHHs (Ni-Cr-Co-Al-Ti-Mo-W-Ta-B-Y-La-C), mo Biamo-
Bimae MapouHoMmy cruiaBy 3MI-3Y cepemnHporo piBHS JeTyBaHHS, Mialla30H BapifOBaHHS HOBHUM elie-
MEHTOM TaHTaJ0M OYB 3aJaHuii B gociipKyBanux Mexax (1,0...5,0) % 3a macoro (Tadm. 1).

Tabnuys 1. Ximivanii ckiaj crutaBy 3MI-3Y, neroBaHoro TaHTanom

No BwmicT enementy %, 3a macoro; Ni - ocHOBa
CKJIay C Cr Co Al Ti Mo W Ta B Y La
3MI-3VY 0,12 | 13,5 5,0 3,4 4.8 0,8 7,3 0,0 |0,015 | 0,03 | 0,01
1 0,12 | 13,5 5,0 3,4 4.8 0,8 7,3 1,0 |0,015 | 0,03 | 0,01
2 0,12 | 13,5 5,0 3,4 4.8 0,8 7,3 2,0 |0,015 | 0,03 | 0,01
3 0,12 | 13,5 5,0 3,4 4.8 0,8 7,3 3,0 |0,015 | 0,03 | 0,01
4 0,12 | 13,5 5,0 3,4 4.8 0,8 7,3 4,0 |0,015 | 0,03 | 0,01
5 0,12 | 13,5 5,0 3,4 4.8 0,8 7,3 50 |0,015 | 0,03 | 0,01

EdexTusnicts po3paxynkoBoro meroqny CALPHAD mnonsirae B 1OCUTh MIBUAKOMY OTpUMAaHHI
iHpopMmalii, kol Opakye, 3aCHOBaHOI Ha HaAIWHUX MPUHLUUNAX (PI3MYHOTO MaTepialo3HABCTBA, 1 Mae
PsiI 3HAYHUX NE€pEeBar, B MOPIBHSAHHI 3 METOJaMH MaTeMaTHYHOI CTATUCTHKH: KOPEILILIHHUM, UCTIep-
ciitHuM, perpeciinumM aHamizamu. Po3paxynku merogqom CALPHAD, siki OTprMaHO MUISTXOM KOMIT'O-
TEPHOTO MOJIENIOBaHHS MPOLECIB KpHcTamizalii (0XoJomKeHHs) a0 HarpiBaHHs, IO3BOJSIIOTH Oe3
0araropa3oBUX NPOMDKHHX NPSIMHUX EKCIIEPUMEHTIB BH3HAYaTH KPUTUYHI TEMIIEPATypH BHUIITCHHS
a00 po3YMHECHHS OKpeMHuX (Da3, a TAKOK TeMITepaTypHi iIHTepBaIH (a30BUX IEPETBOPECHB, B 3aJICKHOC-
Ti BiJl BMICTY TaHTaJIy B JIOCIiP)KyBaHOMY JIialla30Hi JICTYBaHHS ISl HABEJICHOI BUIIE CKJIaIHOJIETOBa-
HOI CHCTEMU Ha OCHOBI Hikemro. Pesynbrat po3paxynkiB CALPHAD-metonom mopiBHIOBanuCS 3 n1a-
HUMH aKTHUBHOT'O €KCIEPUMEHTY, oTpuManuMu MeTonoM /ITA Ha 3pa3kax TECTOBUX ILIaBOK.
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BukJsax ocHOBHOTO MaTepiairy

IIpu oxomnomxenHi (KpucTaimizarii) abo HarpiBaHHI B 0araTOKOMIIOHCHTHUX apOMIITHAX Hi-
KEJICBUX CIUIaBaxX MPOTIKAae psl (a30BUX NEPETBOPEHb, 10 BU3HAYAIOTh (Pa30BHUU CKiIal 1 KIHIECBY
CTPYKTYpy. B mimomy, XiMi4HUI CKJlax 3yMOBIIIOE TEMIIEpPAaTypHi 1HTEpBalIKd MPOTIKaHHSI OCHOBHHX
(ha30BUX MEPETBOPEHB IIPH KpHCTai3aii (0X0I0MKeHHI) abo HarpiBaHHi, 10 SKUX BITHOCITHCS PO3-
YrHEHHs 200 BUJIJICHHS YacTOK Y'- a3y B y- TBEPAOMY PO3UMHI, pO3UMHECHHS a00 IUTABIICHHS HEPiB-
HOBa)XKHOI €BTEKTUKH (Y + V'), IIaBIEHHS Y- TBEPJOTO PO3UMHY, BUAUICHHS a00 pO3UYMHEHHS KapOidiB
pizHoro tumy [9, 15, 16].

J1o HETaTUBHUX CTPYKTYPHHUX 3MiH MOXKYTh IIPU3BOAUTH HECTIPUATINBI (Pa30Bi IEpeTBOPEHHS,
IO BEAYTh JIO 3HIKEHHS CIYKOOBHX BIIACTUBOCTEH 1 BTpaTH Mpale3aaTHOCTI cruiaBy. JlaHi mpouecu
MOJKJIMBI B 0araTOKOMIOHEHTHHX >KapOMIIHUX HiKEJIEeBHX CIUIaBaX NMpH He30aJaHCOBAHOMY XiMIYHO-
My ckmami [17, 18].

MogentoBaHHS Mpolecy KprcTaiizamii (0XonomkeHHs ) abo HarpiBy 3/1CHIOBAIM B TeMIIepa-
TypHOMY Aiama3oHi (20°...1400° C) 3 omHOYaCHUM MPOBEACHHIM TEPMOIUHAMIYHUX PO3PaxXyHKIB i3
BU3HAUEHHSM BIUIMBY TaHTAIy B JOCHiIKeHUX Mexkax (1—S5 % 3a Macoro) Ha KpUTUYHI TeMIIEpaTypu
(azoBux neperBopenb B crasi 3MI-3V cepeanboro piBHA seryBaHHA. [IpuitHATO BBa)<aTu, IO B
mpolieci KprcTaizalii BCi OCHOBHI (ha3u BUIUIAIOTHCS B CTPYKTYPi JIMBAPHUX KAPOMIILIHUX HIKEJICBHX
crutaBiB f1o Temnepatypu t = 600° C (puc. 1).

Ni-3.4A1-5.0C0-13.5Cr-0.8Mo-4.8Ti-7.3W-0.015B-0.03Y-0.01La-0.12C % 3a macow
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Puc. 1. MonenroBaHHs Tpoliecy BUAUICHHS (a3 mpu KpucTamizaiii B CTPYKTypi CIUIaBY
3MI-3VY cepenHbOro piBHS JIETyBaHHS

Ha puc. 1 1B 1abn. 1 nmpeacTaBiieHi pe3yiabTaTH PO3PaxyHKIB, OTPUMaHi 32 BU3HAYCHHSIM KpH-
TUYHUX TEMIIEPaTyp B Mpolleci KpucTamizalii (0X0JI0KEHHS), a TAKOX HarpiBy BUXIJHOTO cKiamy 0e3
TaHTAy 1 CKJIQJiB 3 TAHTAJIOM B JOCIIPKEHOMY Jiama3oHi JieryBaHHs. JlaHuil migxin 103BOJHMB 0€3
NPOBEJICHHS MOMEPEIHIX MPIMUX EKCIIEPUMEHTIB OTPHUMATH 3aJICXKHICTh OCHOBHUX KPUTHYHHUX TEM-
meparyp Bil BMICTy TaHTaJIy B JOCIIPKCHOMY Jiama3oHi IS KOHKPETHOI 0araTOKOMITIOHCHTHOI CHC-
TEMU: TeMIIEPaTypy MOBHOTO PO3ILIABJICHHS JIiKBiAyca — (1 ); TeMIieparypy IUIaBICHHS Y- TBEPIOTO
po3unHy conmuayca — (ts); TeMIepaTypy JOKaJIbHOTO IUIABJICHHS €BTEKTHKHU (y+y') — (tgpr); TeMre-
paTypHumii iHTepBan KpucTamizamii — (Atgp ); TEMIIEpaTypy MOYATKy PO3YHHEHHS Y- dasu — (trp);
TeMIIepaTypy KiHI PO3YHHEHHS y'- Basu — (tp!); TeMIepaTypHHil iHTepBAa IS IIPOBEACHHS FOMO-
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reHizarlii, TepmMigHoi 00poOKH Ha Y- TBepauit po3unH — (Atrom.).

AHaji3 pe3ynbTaTiB, IPEICTaBICHNX B Ta0OJ. 2, TOKa3ye, MO 3 MiABUIICHHIM BMICTY TaHTAITy
B JIOCII/DKEHOMY Jiala3oHi JISTYBaHHs, KpUTHYHI TeMIeparypu JikBigyca (t ) i comigyca (ts) mocty-
MIOBOT'O 3HIKYIOThCS. OTHOYACHO 3BY)KY€ThCS TeMIEpaTypHUil iHTepBal KpucTamizamii (tgp,) CIUIABIB,
10 TIO3UTHBHO BIUIMBAE HA TEXHOJIOTIYHI BIACTHBOCTI CIDIaBY IIPW OTPHUMAaHHI BHJIMBKIB 31 CIIPSIMOBA-
HOI0 200 MOHOKPHCTAIIIYHOIO CTPYKTyporo. Tak, Temmeparypa mikBimyca () MpH BMICTi TaHTaIy
5,0 % 3a macoro 3HM3MIAacs Ha 26° C, a TemmepaTypa conunyca (ts) 3Hu3mnacs Tineku Ha 14° C, B mo-
PIBHSHHI 3 IIUMU TemIieparypaMu st 6azoBoro ckinanxy 3MI-3V 6e3 Tanrany. [Ipu npomy, miaBumu-
macst remneparypa (tggr.) TOKIBHOTO TUIaBiIeHHS (y+y') eBTekTrky Ha 37° C (Tadi. 2).

Tabnuys 2. Po3paxyHKOBI 3HaueHHS KPUTUYHHX TEMIIEpaTyp s 0araTOKOMIIOHEHTHOI CHC-
temu (Ni-13,5Cr-5Co0-3,4A1-4,8Ti-7,3W-0,8Mo0-0,015B-0,03Y-0,01La-0,12C), neropanoi TaHTaJI0M

No Temneparypai xapakTepucTuku, °C
CKJIaay tL ts teBT. trep. tice. Atgp. Atrowm, trom.
3MI-3Y 1350,4 1290,0 1233,0 843,1 11624 60,4 70,6 1180
1 13449 1288,0 1239,0 846,3 1162,9 56,9 76,1 1195
2 1340,0 1285,0 1245,0 8494 1163,8 55,0 81,2 1210
3 1334,0 1283,0 1250,0 852,8 1164,9 51,0 85,1 1225
4 1329,3 1280,3 1265,0 855,1 1170,0 49,1 95,0 1240
5 13244 1276,0 1270,0 858,2 1175,0 48.4 95,0 1255

B 1abun. 2 moxa3zano, mo B ckiani «0» (3MI-3VY 6e3 tanTany) TemnepaTypu MOYaTKy pO3yH-
HeHHs (trp”) 1 KiHI po3unHeHHs (tcp!) v'- dasu cknanaroTh (~ 843° C) i (~1162° C), Bimmosiawo. Lli
TeMIepaTypH MOCTYIIOBO MiABUILYIOTHCS 1 U JOCTIKEHOTO cKiIamy «5» 3 5,0 % TaHTanmy cKiIagaroTh
(~ 858° C) 1 (~1175° C) BiamoBigHO, 110 MO3UTUBHO BIUIMBAE HA TEPMiUHY (Pa30BYy CTAOLIBHICTE.

JleryBaHHS TaHTAJIOM TO3WTHBHO BIUIMBA€ HA TeMIIEpaTypHHIA iHTepBall (Atroy.) IUTS TIPOBE-
JeHHs e(eKTHUBHOT TepMiuHOi 00poOKH (roMoreHisatii), po3muptoe iHoro Ha ~ 25° C. Bigomo, mo Te-
MIepaTypHuil iHTEepBall (Atroym.) HE TIOBUHEH OyTH MeHIe, HiX Atrom. = (tgsr. — tK‘P,V') > 20° C (mus.
Tabm. 2).

AHai3 OTpUMaHUX Pe3yJbTaTiB TO3BOJIMB 3pOOUTH BHCHOBOK IPO T€, IO 3 ITiBUIICHHIM
BMICTy TaHTaly Ha 1 % 3a Macor onTUMalibHa TeMIlepaTypa ToMoreHi3amii (trom,) s AOCTiIKEHHX
CKJIQJIiB MiJBUIYETHCS B cepeqHboMy Ha 15° C.

ExcriepuMeHTalbHI TOCIiPKEHHS TPOBOAMIN METOJOM IHU(EPEHIIIHHOTO TEPMIYHOTO aHATi3Y
(IITA) na ycranomi BJATA-8M B cepeoBHIIi TeIii0 MPX TMOCTIHHIA MIBUAKOCTI HarpiBaHHS Ta 0XO-
nomkeHHs Ha piBHI 80° C/xB. 3a eTayoH BUKOPHCTOBYBAIU TEPMIYHO IHEPTHHI 3pa30K YUCTOTO BOJIb-
¢pamy (W-etanon). 3a gonomororo Metony ATA BUABIITUCS NEPETBOPEHHS, K B TBEPAOMY, TaK i B
piIKOMy CTaHi, SIKi TIOB'sI3aH1 31 3MIHOIO €HTANBIIII B 3pa3Ky. 31 3MiHOIO TEMIIEPATYPH B Yaci MOPiBHIO-
BaJIM TEIUIOBI MOTOKU B TEPMIYHO iHepTHOMY eTayioHi (W) i JociiKyBaHOMY 3pa3Ky. Y pasi ix piBHO-
CT1 OTpUMYBaJIK 0a30BY JIiHIIO Ha peecTpylouoMy mpuiani 6e3 Oyap-skux 3miH. [Ipu HasiBHOCTI B 1OC-
JDKYBaHOMY 3pa3Ky OyAb-KHX TEepETBOPEHb, MOB'S3aHUX 3 MOTJIMHAHHSAM a00 BHIIUICHHSM Terlia
(eHmo- Ta e€K30- TEPMIUHI MPOIECH BIiAMOBIMHO), (DIKCYBANIHM BIAXWICHHS BiJ MPAMONIHIHHOTO XOIy
0a30Boi JiHii y BUITISAL MiKiB HA TEPMIYHOT KpHUBOI B 0OIHY a00 1HIIY CTOPOHY. 3a KUIbKICTIO, (POPMOIO,
BEJIMYMHOIO 1 pO3TalllyBaHHIM ITUX MiKiB HA TEPMIYHOI KPUBOI OTPUMYBAJH JIaHI 110 TPAaHUYHUM 3Ha-
YEeHHSIM TEMIIEPATYPHHUX IPOIIECIB, SKi MPOTIKAIOTh, TOOTO BU3HAYATN KPUTHUHI TEMIEPATYPH TOCITi-
JDKYyBaHUX CKIaaiB. Po3mmdpoBka TepMorpam, OTpUMaHHUX B X0 €KCIIEPHUMEHTIB, MPOBOJIWIIN 3 ypa-
XYBaHHSM PEKOMEHJALiH, 3a3Ha4eHuX B pobdorax [8, 9].

MaxkcumanbHa Temrieparypa HarpiBy 3paskiB 1450° C B ycranoBui BIATA-8II. 3anmoBHeHHS
kamepu reiiem 10 0,8—0,9 at. npoBOAMIIOCS MIC/sA OTPUMAHHS PO3PLIKEHHS HEe MeHIe 10—5 MM. pT.
ct. [Ipn npomy omnepariro «IpOMUBaHHS» TelliEM MOBTOPIOBANH /ABiYi. 3pa3Ku AOCIiIKYBaHHUX CILJIaBiB
Many ofHaKoBUH po3mip (miamerp d = 3 mMMm; moexkuHa | = 3 Mm) 1 macy (~1,45 1). Binnmosigao no me-
TOAWKH EKCIIEPUMEHTY KPHUCTaITi3aIliio (0XOJIOKEHHS) 1 HarpiB KOKHOTO 3pa3Ka MPOBOIMIN ABIUi B
THUTJIl 3 OKCH]TY LIMPKOHIO.
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[Ipu ananisi ekcnepuMeHTaNbHUX AaHUX Ha JITA — kpuBux OyJio miATBEpAKEHO, LIO 3 Mif-
BHIIEHHSM KOHIEHTpAIlil TaHTAIy B IOCITiIkeHoMY miana3oHi (1—5 %) B mochmigHuUX cKilafjax OINTH-
MaJbHa TeMIIepaTypa rOMOTreHI3allii MepIIoro CTyneHs 3Mimyerses Ha ~15° C no obmacti OiibIl BU-
COKHX Temmeparyp. l'oMoreHizamis Huk4ye Temmneparypu (tgpr) €BTEKTHUHHX MEPETBOPEHB 1 BHILE
TemmepaTypH (txpy) KiHIS po3unMHeHHs Y- (asu 3abesnedye B CTPYKTYpi AOCTIJHMX CKIadiB yTBO-
peHHS OLIBIII TOMOTEHHOTO Y- TBEPJOTO PO3UUHY.

VY tabmn. 2 1 3 mokaszaHo, 0 TEeMIIEPaTypPHUH IHTEPBAJ IJIs MPOBEASHHS ONTUMAIIbHOI TOMOTe-
Hizamii gocnmigauMm ckiagam (0—5) 3Haxoauthes B miamaszoni (1180—1255° C) 3 TemmnepaTypHuUM
kpoxom 15° C, BignoBigHO.

Tabnuys 3. Pexxumu TepMOOOPOOKH IS TOCIITHUX CKIIaJIiB

No tImM_, Yac thM., Yac YMOBH 0XOJOIKEHHS
CKIIany °C BUTPUMKH, T °C BUTPUMKH, T MiX CTYNCHIMHU
0 1180 4 1050 4 Ha MOBITpi
1 1195 4 1050 4 Ha MoBiTpi
2 1210 4 1050 4 Ha MoBiTpi
3 1225 4 1050 4 Ha MOBITpi
4 1240 4 1050 4 Ha MOBITpi
5 1255 4 1050 4 Ha MoBiTpi

MertanorpadiuHi AOCHiIKEHHS MOKa3alld, 0 MIKPOCTPYKTypa MOHOKPHUCTATIYHHX 3pa3KiB
JocmigHuX ckiafiB (0—5), OTpUMaHKX 3a CEpPiHOI0 TEXHOJOTIEI0, 3 KpUCTaIorpadiuHO0 OpieHTaLi-
eto (KI'O) [001] B muToMy cTaHi Ma€ TUIOBO ACHAPUTHY OyAOBY, IO BHUSBISETHCS B HEPIBHOMIPHOMY
po3nofim gacTok y'- dhazu, eBTeKTHKH (y + v') 1 KapOigHoi dasum (puc. 2).

a—3MI-3Y 6e3 Ta; r — 3MI-3VY + 3,0% Ta;
6 —3MI-3VY + 1,0% Ta; 11— 3MI-3VY + 4,0% Ta;
B — 3MI-3V +2,0% Ta; e — 3MI-3V + 5,0% Ta.

Puc. 2. [lennputHa CTPyKTypa AOCTIAHUX CKIAAIB B TUTOMY cTaHi: X200
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Y MDKACHIPUTHUX O00NACTAX PO3TAIIOBaHI BHUIIJICHHS METAacTa01IbHOI HEPIBHOBAKHOI €BTEK-
TaKH (Y + ¥'), sIKi MaroTh MOPGOJIOTIIO Bix BismmooOpas3Hoi (puc. 2 a, 0, B) 10 ImIacTHHYACTOI (pHC. 2 T,
I, €).

[Ticns kpucramizauii B CTPYKTYpi AOCHIIKEHUX CKIAiB CIIOCTEPIracThCcsl yTBOPEHHS KapOiaiB
tarry MeC mo0im3y BENMUKUX BHAUIEHb €BTEKTHKHU (Y + 7Y'), SKi YaCTKOBO 3aIIOBHIOIOTH MPOCTIP MiXK
rirkamMu AeHApuTiB. MeTanorpadiuHuii aHami3 MOKasas, 10, B NOPiBHAHHI 3i cruiaBoM 3MI-3Y 6e3
TaHTaly, Npu BMicTi TaHTany 5,0 % (ckaan «5») miaBuinyeTbess o0'emHa uactka (Vy) y'- dasu Ha
8—10 %, eBrektuku (y +7v') Ha 3—S5 %.

Ha puc. 3 BumHO, IO MiCIA KpHUCTAi3amili B CTPYKTYpi AOCTIAHUX CKJIAJIB YacTKH Y'- (a3u
BUJIUTAIINCS 3 Y- TBEPAOTO PO3YMHY PIBHOMIPHO 1 MarOTh MPaBUIIbHY KYOi4HY i IPAMOKYTHY MOpdoIIo-
Tifo, 32 BUKJIFOUSHHSIM CKIIQIy «5» (puc. 3 €) Jie crocTepiraeTbesi HEOAHOPIIHA CTPYKTYpa.

a—3MI-3Y 0e3 Ta; r— 3MI-3V + 3,0% Ta;
6 — 3MI-3VY + 1,0% Ta; I — 3MI-3Y +4,0% Ta;
B— 3MI-3V +2,0% Ta; e — 3MI-3V + 5,0% Ta.

Puc. 3. Poznonin y'- ¢pa3u B CTpyKTypi JOCHITHUX CKIaaiB B IuToMy cTaHi: x10 000

Ha puc. 4 npencraBneHo po3nonin y'- Gpa3u B CTPYKTYpi JOCHITHUX CKIAJIIB MICIs TBOCTYIIE-
HeBOi roMoreHisaiii (xuB. Tabm. 3). Ciix 3a3HaYUTH, IO PYTHI CTYIIIHh TOMOTEHI3amii OyB 00paHwmid,
BPaxOBYIOUM TEXHOJIOTIUHY TeMIIepaTypy HAHECEHHS 3aXHCHOTO MOKPUTTS i MPOBOJIUBCS BCIM JIOCIi-
JHUM cKJafaM 3a TemnepaTtypu t = 1050° C.

ITicns mpoBeACHHS ABOXCTYTICHEBOI TEPMOOOPOOKH B CTPYKTYPI MOCIIHKCHIX CKJIAJIIB TIOMIT-
HO 3HMKYETHCS KITBKICTh HEPIBHOBXXHHX (a3. 3 MiIBUIICHHSIM KOHIEHTpaLlii TaHTany B cruiasi 3MI-
3V 3 1,0 % mo 5,0 %, 3a Macoro, B CTPYKTypi 30UIBIIYeThCS 00'€éMHA KUIBKICTh JPIOHOAUCIIEPCHUX
YacTUHOK Y'- (basu, B mopiBHsHHI 3i craBoM 3MI-3V Ge3 TanTany.
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a—3MI-3Y 6e3 Ta; r— 3MI-3V + 3,0% Ta;
6 — 3MI-3V + 1,0% Ta; 1 — 3MI-3V +4,0% Ta;
B — 3MI-3V + 2,0% Ta; e — 3MI-3VY + 5,0% Ta.

Puc. 4. Poznonin y'- ¢hba3u B CTPYKTYpi TOCTIAHUX CKIIAIIB MICIsA ABOX CTYIEHEBOI TEPMOOOPO-
oxu: x10 000

[opiBHsuIBHMH Bi3yalbHMH aHami3 MOKas3aB, 10 B MPOLECi APYroro CTYINEHs roMOreHizamii
mpu t = 1050° C B cTpyKTypi HOCHIIHUX CKIIAMiB CIIOCTEPITaeThCS KOATYIIAIIS YacToK Y'- (asm, sKi He
po3unHmiIKcs. OHOYACHO BIOYBAETHCS JTOJATKOBE BUIUICHHS APIOHOAMCIIEPCHUX YaCTUHOK Y'- (hazu
B pe3yJIbTaTi AOPO3MaAy Y- TBEPAOTO PO3UHHY, 0 PopMmye ii GiMoganbHICTh (I1BOX po3mipHicTs). [1i-
CJIS IPOBEIEHHS APYTOTO CTYNEHS TOMOTEHI3allii YacTKH y'- ¢a3u BTpayaroTh MPaBUWIbHY KyOiuHY (o-
pMy. Y TepMooOpoOIeHOMY CTaHi B CTPYKTYPi JOCHITHAX CKIaIiB (OPMYETHCS OIMOJATBHICTh YaCTOK
Y'- dazm 3a po3mipom. Takum YWHOM, MICIISI JBOCTYIIEHEBOI TOMOTEHI3aIlil B CTPYKTypi JOCIITHUX
CKJIaJiB 3HAYHO 3MEHIIMIIACS KiJBbKICTh MeTacTabimbHuX (a3, chopMoBaHa OifbIl TOMOTeHHA 1 cTabi-
JbHA CTPYKTYpa.

BucnHoBku

1. Po3paxynku, siki orpumani CALPHAD-MeTonoM, NO3BOJISIIOTH Ha MOYATKOBIN CTafil Joc-
JiDKeHHS e()eKTUBHO MPOTHO3YBATH TEMIIEPATYPHI XapaKTEPUCTHKH, a TAKOK ONTUMI3yBaTH PEIKUMHU
TepMigHOI OOPOOKH At OTpUMaHHS CTabiIbHOI CTPYKTypH 0e3 MOmepeqHbOro MPOBEASHHS MPIMUX
EKCIIEPUMEHTIB. Pe3ynbraTi po3paxyHKy KPUTHUHHUX TEMIIEPaTyp M00pe Y3rO/DKYIOThCS 3 JaHHUMH
eKCIIepUMEHTIB, oTpuMaHux MeTosioM [ITA Ha MoHOKpucTaniyHux 3pa3kax [001] TecTOBUX ITIaBOK.

2. Jlnsa OGararoxkommoneHTHOi cucteMu (Ni-13,5Cr-5Co-3,4A1-4,8Ti-7,3W-0,8Mo0-0,015B-
0,03Y-0,01La-0,12C) Bmict TanTamy a0 4,0 % 3a Macoro OMIHIOETHCS SK MO3UTHBHHUHA. 30LIBIICHHS
BMicTy TaHTaiy A0 5,0 % 3a Macow MPU3BOAUTH JI0 TOMITHOTO 3HWKCHHS TEMIIEpaTypH coiiayca (ts),
HIkue, HiK 1280° C, mo € HebakaHUM IS TMBAPHUX >KapOMIITHUX HIKEJIeBUX CIUIABIB, SIKi MpaIto-
10Th 3a Temmeparyp 1o 1000° C i Bure.

3. Bumict tanTany 5,0 % 3a Macoro IS JOCHTIKEHOT 0araTOKOMIIOHEHTHOT CUCTEMHM OIIIHIO-
€ThCS SIK HETaTUBHUH, OCKIUIBKH TEPEJICTYBaHHS TAaHTAJIIOM MOXE HPU3BOJUTH JI0 TaKMX HeOakaHUX
HACJIJIKIB, K 301IBIIIEHHS CTPYKTYpPHOI HEOJHOPITHOCTI 1 3HMXKEeHHS (Da30BOI1 CTaOLIBHOCTI 3a paxy-
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HOK BuaUTeHHS mwKimmmBux TH[Y- ¢a3 HecripustiuBoi MOpQoIorii, Mo MoXke MPU3BOJUTH JI0 Pi3KOTO
3HIKEHHSI MIITHOCTI, TUTACTHYHOCTI 1 BTPATH MPAIe3aaTHOCTI MaTepiaiy.
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MODELING OF THERMODYNAMIC PROCESSES FOR THE EVALUATION OF
THE INFLUENCE OF TANTALUM ON CRITICAL TEMPERATURES AND THE
STRUCTURE OF MULTI-COMPONENT NICKEL SYSTEMS

Haiduk S.V., Glotka A.A., Dorogokuplya A.S.

Abstract

Purpose: to investigate the influence of the new tantalum element in the alloy of MMI-3U in
the alloying range (1-5%) by weight on the critical temperature of phase transformations and the
formation of the structure after crystallization in the molded state and after heat treatment.
The calculations by the CALPHAD method are presented in the paper, which allow to effectively
predict temperature characteristics at the initial stage of the research, as well as to optimize thermal
treatment regimes for obtaining a stable structure without preliminary conducting of direct
experiments. The results of the calculations of critical temperatures, are well consistent with the
experimental data obtained by the DTA method on monocrystalline samples [001] of test melts.

In this paper, comparative results of the influence of tantalum in the ZMI-3U alloy in the
studied range of doping (1-5%) by weight on the critical temperatures of phase transformations and
structuring before and after heat treatment are given. At 5.0% tantalum, the liquid wastewater
temperature (tp) is reduced by 26°C, and the solidus (ts) temperature is reduced only by 14 ° C,
compared to those temperatures for the MPA-3U alloy without tantalum. At the same time, the
temperature (tgyt,) of local melting (y+y') of the eutectic increases by 37°C.

For a multicomponent system (Ni-13,5Cr-5Co-3,4A1-4,8Ti-7,3W-0,8Mo0-0,015B-0,03Y-
0,01La-0,12C) the tantalum content is up to 4,0% by weight is estimated as positive. An increase in
the content of tantalum to 5.0% by weight leads to a marked decrease in the solidus temperature (ts)
below 1280°C, which is undesirable for casting heat-resistant nickel alloys operating at temperatures
up to 1000°C and above. The tantalum content of 5.0% by weight for the tested multicomponent
system is evaluated as negative, since tantalum overlays can lead to such undesirable effects as an
increase in structural inhomogeneity and a decrease in phase stability due to the release of harmful
THCH-phases of adverse morphology, which can lead to a sharp reduction of durability, especially
plasticity, and loss of working capacity of the material.

For more efficient carrying out of the first stage of thermal treatment (homogenization),
expands it by ~ 25°C. The obtained results allow us to conclude that with an increase in the content of
tantalum by 1% by weight for the investigated compositions, the optimum temperature of
homogenization (tgom,) increases by an average of 15°C. Without the tantalum, the temperature of the
beginning of the dissolution (tpp’ ') and the end of the dissolution (tKP‘Y') of the y'-phase are in the (~
843°C) and (~ 1162°C), respectively, ZMI-3U alloy. These temperatures are gradually increased and
for the composition "5" of 5.0% tantalum make up (~ 858°C) and (~ 1175°C) respectively, which
positively affects the thermal stability of the phase. Tantalum doping positively affects the temperature
interval.

Metallurgical investigations have shown that the microstructure of monocrystalline samples of
experimental compositions (0-5) obtained by the serial technology with crystallographic orientation
(KHO) [001] in the cast state has a typically dendritic structure, which is manifested in the uneven
distribution of the particles of the y 'phase, eutectics (y+y') and carbide phase. In the interdendritic
regions, the metastable non-equilibrium eutectics (y+y') are located, which have a morphology from
fan-like to lamellar. After crystallization in the structure of the studied compositions, the formation of
carbides of the type MeC is observed near the large eutectic emitters (y+y'), which partially fill the
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space between the dendritic branches. Compared to the ZMI-3U-free tantalum alloy, with a content of
tantalum 5.0% (composition of "5"), the volumetric fraction (Vy ') y'-phase is increased by 8-10%,
eutectics (y+y') by 3-5%. In the cast state, in the structure of the experimental compositions, the
particles of the y'-phase are separated from the y-solid solution more evenly and have the correct cubic
morphology, except for the composition of "5", where there is a greater structural inhomogeneity.

After conducting two-stage maintenance in the structure of the investigated warehouses, the
amount of metastable phases significantly decreases. With an increase in the concentration of tantalum
in the ZMI-3U alloy from 1.0% to 5.0%, by weight, the volume fraction of fine particles of the y'-
phase increases in structure, in comparison with the structure of the ZMI-3U alloy without tantalum.
After conducting the first stage of homogenization, in the process of the second degree of
homogenization at t = 1050°C, the coagulation of non-dissolved y'-phase particles is observed in the
structure of the experimental compositions. At the same time there is an additional allocation of fine
particles of the y'-phase as a result of the growth of the y-solid solution, which forms its bimodality
(two dimensions). After the second degree of homogenization, the y-phase particles lose the correct
cubic form. In the heat-treated state, the bimodality of the particles of the y-phase in size is formed in
the structure of the experimental compositions. After the two-stage homogenization in the structure of
the experimental compositions, the amount of metastable phases is significantly reduced, and a more
homogeneous and stable structure is formed.
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