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E®PEKTUBHICTb MOANDIKYBAHHA SAEBTEKTUYHOTO
CUNYMIHY APIBHOKPUCTAJIIYHOIO JIIFTATYPOIO Al-P

HaBeaeHo nopiBHsi/IbHI pe3ynbTatyi MoangiKyBaHHSI 3ae€BTEKTUHHOro cuymiHy A390 6iHapHoO0
niratyporo Al-3P, o mae pisHuii CTPYKTYPHO-PO3MIPHWI cTaH. Api6HoKpucTaniyHy niratypy 3
PIBHOMIPHO PO3roAiNeHNMU B altoMIHIEBIVI MaTpuLi pOCOiaHUMMN BKITIOHEHHSIMU PO3MIPOM Bif
5—10 MKM | MEHLLIE OTPUMYBaIN Y BUINSLAI TOHKUX M1AaCTUHOK LLJISIXOM NeperniaB/IeHHs] B 3aXUCHI
armocgepi Ta LBULAKICHOrO OX0J10AKEHHS1 KOMEPLIiVIHOT KpYrHOKPUCTaliyHOI TabieToBaHOI niratypu,
sika rnopyy 3 ANCrNePCHUMU BKITIOYEHHSIMU MICTUIa OKPEMI YaCTKU Ta iX KOHIJIOMepaTu PO3Mipom
rnoHan 200 mkm. [NepernnaBieHHs TaKOX CrpusisIO YTBOPEHHIO BiNibLLIOI KilbKOCTi pocigHoi pasu,
VIMOBIPHO, BHaC/1igoK AOMNPOXOLXEHHS XiIMIYHUX peakuir 3a y4acTti e1eMeHTapHoro ¢ocgopy,
Lo nmLaBcsl B KOMepUiiHii niratypi. Micns moangikyBaHHS ApPiOHOKPUCTaNiYHO iratypoio
kpuctanu nepsuHHoro Si B crinasi A390 noapibHowTees B 1,2-2,5 pa3du 1a nokpaLyyoTbcs
MOro MexaHiyHi B1aCTUBOCTI MOPIBHSIHO 3i CriJiaBOM, MOANDIKOBAHUM KPYMHOKPUCTAiqYHOO
niratypor. 3a KpUBUMMU OXOJIOAXEHHSI BU3HAYEHO, LU0 NMEePBUHHA KpucTasilaLis cuiyMiHy,
mMoangikoBaHOro ApiGHOKPUCTaTIYHOIO J1iraTypolo, MpoxoanTs 6e3 BULIIEHHS PUX0BaHOI Ternaotu
i cTapTtye 3a Temneparypwu, Lo Ha 5 °C nepesuLLye TeMreparypy rno4atky Kpuctasnisadii crnaBy 3
04aBaHHSIM KPYMHOKPUCTaniYHoi niratypu. lokasaHo TakoxX, L0 ANCIEPCHICTb JINTOI CTPYKTYpU
moamgikoBaHoro apibHokpucTanidHoro siraryporo crinay A390, BKITIOYHO 3 EBTEKTUYHOIO, 3POCTaE,
a BiJHOCHE r1040BXEHHSI 30i/bLLYETLCS 40 2 % B 110C/iA0BHOCTI «HepapiHoBaHW criias» — «Crijias,
paiHoBaHWi rekcaxsiopeTaHoM» — «CriJiaB, pPagiHoOBaHW NPoLyBaHHSIM aproHOM».

Knio4yoBi cnoBa: 3aeBTEKTUYHMI CUTYMIH, MOANQIKYBaHHS; KPYNHOKpucTanidHa (4pi6HO-
KpucTtaniyHa) airatypa; pocoig aatomiHito; NepBUHHWUNI KPEMHIN, padiHyBaHHS.

Bceryn
H e3BaXatoum Ha LUMPOKUIA CNEKTP A0CAIOAXKEHMNX PEYOBUH, LLIO MOXYTb OyT1 Moandgi-

KaTopamu CTPYKTYPU 3aEBTEKTUYHMX CUNYMIHIB, PiBHOI 3a edekTUBHICTIO docdopy 3a-
MiHM Ha CbOrOAHI NOKW He 3HanaeHO. Bucoka moandikytoda 3aatHicTb docdopy, kM no-
BCIOIHO BUKOPUCTOBYETBLCS Y MPOMMCIOBOMY BUPOOHULITBI LIMX CMIaBiB, HAMYaCTiLLle NOosiC-
HIOETLCS YTBOPEHHAM B aJIIOMIHIEBOMY PO3MaBi TyronaaBknx YacTUHOK pocdiay antoMiHito
AIP 3 nogibHumM Oo KpemHito napametpom MUK-rpaTtku (BignosigHo, a = 0,545 Hvm gns AIP i
a = 0,543 Hm ana Si). HageHicTb YacTuHOK AIP B LEHTPI KpmcTaniB NePBUHHOINO KPEMHItO
B BUCOKOKPEMHICTUX CUTYMiHax oTpumMasna HeogHOopa3oBe eKcrepMMeHTanbHe niaTeep-
IKeHH$s (amB., Hanpuknaa, [1, 2]), a HewonaBHO B [3] 3acobamMm TPaHCMICIMHOT pacTpo-
BOi e/IEKTPOHHOI MIKpOCKONIi BUCOKOI pO3AaiNibHOI 30aTHOCTI HAHOPO3MIpPHI pocdian AlP
Oynn BUSIBNEHI | HA MeXi po3AaiNy «atoMiHIN—eBTEKTUYHMIA KPEMHI» 3 3a3HAYEHHSM YHiTKOI
Kopensuii Mixk opieHTaLjieto NAOLUWH B YacTL €BTEKTUYHOro KpeMHito i yacTuj AIP. TobTo €
Ay>Xe BMCOKa BiporigHiCTb, WO PiBHOPO3MipHi YacTkn docdiny AlP cnyryioTe nigknagkamm
HE NuLe 19 KpucTanisauii NeEPBUHHMX, ane i EBTEKTUYHUX KpUCTaniB Si, L0 3a BiACYTHOCTI
HaTpIlo i BU3HA4ae rpybo-nnacTnHyaTy GopMy eBTEKTUKIN B CUITYMiHAX.

Ycnix moanodikyBaHHA 32E€BTEKTUYHUX CUAYMIHIB dochHOpoM, KU HamyacTiwe B

40 ISSN 0235-5884. MNpouecu antrsa. 2021. Ne 4 (146)



KpucTanizauis Ta CTPYKTYPOYTBOPEHHS crnaeiB

po3nnae BBOAATL Yy BUrnaai noaginHoi Cu—P abo notpiiHux Al-Cu-P, Al-Fe—P niratyp
(aHrniricbkoto «master alloys»), 3anexmTb Bia 6araTbox, OAHO3HAYHO LLE HEBU3HAYEHWX
TEXHOMOrYHMX NapameTpiB. Hanpuknaa, pekomeHaoBaHa TeMmnepartypa MogndikyBaHHS
dochopucToro Migaw ctaHoBuTh Big, 780 oo 920 °C, pekomMeHO0BaHWUi Yac BUTPUMKU
KONMMBAETbLCS B MeXax Bif, 15 XBUINH 00 2 rOANH, peKOMeH0BaHa A1 BBEAEHHS B PO3-
nnae KinbkicTb pochopy cknagae Bin 0,004 no 0,4 % i 6inbwe [4]. BpaxoBytoun, wo 3
3a3Ha4Y€HOI KiNIbKOCTi MA€ CEHC NnLL Ta, WO 3aCBOKETLCS PO3MIaBOM, OCTaHHIM HacoMm
rnoyacTilany noeigomMneHHs [5, 6] CTOCOBHO BMKOPUCTAHHSA firatyp NpsiMoi Aji, BUro-
TOBJIEHNX HA OCHOBI cuctem Al-P i AI-Si—P, B sknx Bxe MicTaTbcs rotoBi yacTtkum AIP. Taki
niraTypu MOXHa BBOOAWTM B PO3MJiaB HE3a[A0Bro A0 PO3/MBaHHSA abo HaBiTb B X000, No
SIKOMY PO3MnaB HAAXOANTb HA NMUBAPHWI CTin.

AHani3yloun NUTaHHA Teopii i NPakTUKM MOANQIKyBaAHHS 3aEBTEKTUYHNX CUITYMIHIB,
BNacHe, §K i aNtoMiHIEBMX CNNaBiB, B LiSIOMY, CNif, 3a3HAYNTY yBary, ska BiaHeaaBHa npui-
LINSETbCa CTPYKTYPHIM cnaaxosocTi niratyp. I npuxmabHMKM BBaXAIOTb, LLO CTPYKTYPHA
CNagKoBICTb, BU3HAYEHA HAsBHUMW reHETUYHMMU (pakTopaMm, TaKMMU SIK KPYMHI KpucTanm
Siy wwuxTi i, BignoBiaHO, HAHOPO3MIipPHI knacTepu Si B po3nnaBgi, € 06’EKTUBHUM 3aKOHOM,
npuTaMmaHHUM NPOLECY TBEPAIHHSA 3a€BTEKTUYHUX CUMYMIHIB [7]. YCYHEHHS BNAMBY LUX
BUXIOHMX FEHETUYHUX (PAKTOPIB LLIAFXOM BMCOKOTEMMNEPATYPHOI BUTPUMKN PO3NaBy, a
CTOCOBHO 3a€BTEKTUYHUX CUJTYMiHIB MOBa iAe NPo i30TepMidHy BUTPUMKY 3a 900-950 °C,
MOXe 3abe3neyyBaT TOHKY CTPYKTYPY 3aKpUCTaniaoBaHOro NpoayKTy, NpoTe NoB'a3aHe
3 PU3KKOM 3HAYHOI rigporeHisadi po3niasy i YTBOPEHHAM ra30BOi MOPUCTOCTI. AKICHMIA
3aEeBTEKTUYHUI CMJIAB MOXHA OTpPMMaTK TakoX, Bif, caMoro novatky BUMKOPMCTOBYOYM
OpPIOHO3EPHMUCTI LUMXTOBI MaTepianu, — e cnocid, OieBicTb AKOro AoBeaeHa HaykoBMMI
poboTamu [7-9], ogHak BiH HABPSAA, YM 3HANAE LUMPOKE BNPOBaAXEHHS B Cy4aCHOMY BU-
pobHMUTBI. ToMy, CnpalYnchb Ha TEOPID CTPYKTYPHOI CrNaakoBOCTI, barato AOCniaAHNKIB
CbOrOAHi NOB'A3YI0Tb PE3EPBU NIABULLEHHS SIKOCTi a/IIOMIHIEBMX CMJ1aBiB came 3 MiaBULLIEH-
HAM MOoANGDIKYO4Oi 3A0aTHOCTI Niratyp, TO6TO 3 ANCNEPCHICTIO iX CTPYKTYpW. Mpo Te, Wo
rnonepeaHbo 3aKpUCTasni3oBaHi 3 BE/IMKOIO LLBUAKICTIO OX0N0oaAXKeHHst pochopuUcTi aApiOHO-
KPUCTaniyHi niraTypu 3Ha4HO epeKTUBHILLI, HiXK BigNWTI 32 3BUYANHOI NPaKTUKN, BNJIMBAIOTb
Ha KpucTanu nepBuHHOro Si B 3aeBTEKTUYHMX CUNTYMiHAX 3a3Ha4yeHo, 3okpema, B [10-12].

Mertoro uiei poboTu € nNiaTBepPAXXEeHHS (CrpoCTyBaHHS) NO3UTUBHOIO BrJINBY APIGHO-
KpucTtanidHoi 6iHapHoI niratypu Al-P Ha CTPYKTYpY i MexaHi4Hi B1aCcTUBOCTI MOPLLUHEBOIro
3aeBTeKTNYHOIro cunyminy A390.

MeTtoauvka ekcriepyumeHTy. BuxigHoto 6iHapHoto niratypoto Al-P cnyryBanu TabneTku
Al-3P macoto 500 r koxHa Bupo6HuuTea Shandong Al&Mg Melt Technology Co. Ltd. 3
3aaBJIEHMM BUPOOHMKOM XiMidHUM cknagom 2,7-3,3%P i <0,5%Fe. [pibHOoKpMCTaniyHy
KOHCUCTEHLLIO OTPMMYyBanu, Nepenasngoym NiraTypy B iHOYKUiNHIN nedi B rpadiToBOMY
TUINI i3 3aCTOCYBAHHAM 3aXMCHOI atMocdepu i nepemillyBaHHA. 3amip Temneparypm
3nincHioBanu nipomeTpom FLUS IR-866U (po6ounii gianasoH: Big —50 °C oo +2250 °C) ta
XA-TepMonapoto 3 NigKIIOYEHHSM 40 BUCOKOYACTOTHOIO BUMIPIOBASIbHOIrO KOMMEKCY 3
dikcauieto naHnx Ha komn'totep. [Micna 15-xBUNMHHOI i30TepMidHOI BUTPpUMKM 3a 900 °C
posnnae niratypu 3 Turng Bunueanm 6esnocepenHbo 6e3 NigcTy)XyBaHHA HA MaCUBHY
MigHY NANTY, OTPUMYKOYN NNACTUHKU TOBLUMHOW 1-1,5 MM, 3aKpucTanidaoBani 3i LUBUAKICTIO
OX0JI0AKeHHs 6nmabko 102 °C/c.

CninaB A390 oTpuMyBanu Ha NEPBUHHIN LUKXTi, TOOTO i3 3aCTOCYBAHHAM YYLLKOBOIrO
nepBMHHOro antoMmiHito AO, kpeMHito kyckoBoro Kp1, katogHoi migi M1, niratypmn AIMn10
i cTpy>XKM MarHito. Mnaeka 3gjlicHioBanack 3a temnepatypu 800 °C 6e3 padiHyBaHHSA i 3
3acToCyBaHHSAM padiHylouMx peareHTiB. TuTaH, 9kuin 3a BuMmoramun ctaHgapty ASTM Tex
BXOAUTb A0 XiMiyHOro cknaay cnnary A390, noaasanu B kinbkocTi 0,1 % 3a onomMoroio
niratypu Al-5Ti-B. MoaundikyBaHHsa ¢docdopom i3 po3paxyHky 0,1% P agiicHioBanu B
OCTaHHIO Yepry, 3a 15 XxBUnH 00 pO3/MBaHHA po3riasy. MiKpOCTPYKTYpY i BNaCTUBOCTI
OTPMMAaHOro cniasy OOCAIOXYBanM Ha 3paskax, BUPi3aHUX 3 UMNIHOPUYHUX BUSTUBKIB
30x300 mm, 3akpucTanisoBaHmx B NiLLlaHUx popmax.

ISSN 0235-5884. lNpouecn intts. 2021. Ne 4 (146) 41



Kpucranisauisa Ta CTPyKTYpPOYTBOPEHHS cnnaBiB

B r

Puc. 1. Ctpyktypa niratypu Al-P: KKJ1 (a, 6); OKN (B, r)

Otpumatni pesynbtatv. Ha puc. 1 HaBeaeHO MiKpOCTPYKTYPY TabneTok BUXigHOI fira-
Typwn Al-P (Ha3BiMo ii yMOBHO KpynHokpucTanivyHoto niratypoto KKJ1) i oTpumaHux nepe-
nnaBneHHsM NaacTUHOK ApibHokpucTanivyHoi niratypu AKJ1. MoxHa 6a4nTin, Wwo BuxigHa
KKJ1 MicTUTb BKJTIOYEHHSA ApYroi pasu TPbOX PO3MIPpHMX Aiana30HiB: LifibHi KOHIIoMepaTn
niametpom 200 MKM i BinblLUe, CKyNYeHHS YaCTMHOK PidHOi Mopdosorii po3amipamu Big, 10
00 200 MKM i piBHOMIPHO PO3MNOAINEHI B aNiOMIHIEBI MATPULi YacTKK (NiCOK) Big, 1 MKM
i MeHwe. BMicT xiMivHMX enemMeHTiB y BuxigHin KKJ1, 3rigHo xiMiYHOro aHanigdy, cknanae
97,731%Al; 1,922%P; 0,184%Fe; 0,163%Si, To6T0 BMiCT pochopy He Bianosifgae 3a3Ha-
yeHOMYy B cneumaoikauii. MepennaeneHa niratypa — WinbHa, 6e3nopucTa, xapakrepmnay-
€TbCH PIBHOMIPHMM NPOCTOPOBUM i 6iMOAANBHMM 32 PO3MiIpaMM PO3MOAISTOM BKIIIOYEHb
3 MakcMMymMoMm B 5—10 MkM Ta Bifl, 1 MKM i MeHLIe, TOBTO ii, AiicHO, MOXHa BiAHECTM A0
knacy ApibHokpucTaniyHmx matepianis. NepennaBneHHs B 3axXUCHiN aTMocdepi aprony
[03BOJINNO MakKCcUManbHO 36eperTu BUXiaHY KinbkicTb pocdopy B KJ1, ska 3a gaHMn
XiMiYHOro aHanidy mictutb 98,67%Al; 1,108%P; 0,171%Fe; 0,057%Si.

3aranowm, 3rigHo 3 da3oBoto aiarpamoto Al-P, ximiyHa cnonyka AlP, Temnepartypa nnae-
NeHHs aKoi cknagae 6nm3bko 2600 °C, a Temnepatypa poskiagaHHsa carae noHan 1000 °C,
3a HOpMasbHWX TeMnepaTyp MMTTS B aniOMiHIEBOMY pPO3Masi MOXe iCHyBaTu nuwle y BU-
rMsaai ANCKPETHUX TBEPAUX HACTUHOK, | HABPSA, Y MOXHA O4iKyBaTy 3MEHLLEHHS PO3MIpIB
LLMX YHACTUHOK BHACILOK PO3YMHEHHS BNPOAO0BX MPUIAHATOT HA NPaKTULL TPUBAIOCTI INTTS.
Tomy nosicHeHHs1 deHoMeHy 10-20-kpaTHOro 3apibHEHHS PO3MiIpiB HOCPigHMX BKIOYEHb B
JKJ1, ckopilw 3a BCe, chnif wWyKkaTn, aHaniaytoum TEXHOMONIi0 OTpUMaHHS BuxigHoi KKJ1. Mosa
rae npo GiHapHy niratypy, GakTMyHO KOMMO3UT, KU B MPOMUCIIOBUX YMOBAX rOTYETLCS
LLSIIXOM MEXaHIYHOro 3amilllyBaHHS MOPOLLKOBOIro YepPBOHOro ¢pocdopy B po3nnas anio-
MiHilO, MPO WO CBIiAYNTb BKPA arnoMepoBaHuii ctaH HanosHioBa4a B KKJ1. MpoxoakeHHs
xiMi4HOI peakuii ytBopeHHs cnonyku AlP, sika npoxoanTb 3a 500-800 °C, noTpebye neBHOro
yacy i BeN1KOoi peakLiiHOi NoOBepxHi, TOOTO KoNu, B igeani, KoxxHa nopoLurHka pocdopy €
MOBHICTIO OTOYEHOI0 PO3MNJ1aBOM. TOMy HasiBHICTb B TabneTkax KKJ14acTok enemMeHTapHoOro
docodopy, akmin arnomMepyBaBCs i He BCTUI NpopearysaTu 3 yTBOpeHHsM docdifis, Linkom
MoxnmBa. lig yac NOBTOPHOro NepennaBAsHHS Niratypuy 3 nepemillyBaHHAM XiMIYHUIA NPO-

* YyacTb B ekcrniepeMeHTi 6panu C. QynyeHko i K. ApomiHa
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LLeC NOHOBJIOBABCS, LLIO CMOHYKas10 YTBOPEHHS B [AKJ1 BMKIIOYHO MIKPOPO3MIPHNX BKITIOHEHD
AlP, 3acikcoBaHMX LLIBUAKICHOO KpucTanidauieto. MiaTBepaXeHHIM CaMe Takoro CLIEHApPIo
MOXYTb cnyryeatun gudpaktorpamm OKJ1 (puc. 2, 6), WO XapakTepusyioTbcs OiNblLl BUCO-
KMMW 33 iIHTEHCUMBHICTIO nikamm AIP nopiBHAHO 3 KKJ1.
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Puc. 2. Andpaktorpamu niratypu Al-P: KKJ1 (a); AKJT (6)

B Tabnuui HaBeaeHo XiMiYHUIA cknag, a Ha puc. 3 — MiKpOCTPYKTYpPY 3paskiB, sKi Bif-
MoBigaloTb 3aeBTEKTUHHOMY cuyMiHy A390, oTpMaHOMY 3 404aBaHHAM Pi3HOro TUNy
Moaudikytoyoi niratypun Al-P, ane 6e3 nonepegHboro padiHyBaHHs. B 060x 3paskax
NepBUHHI KpncTanu Si BiBHOCHO PIBHOMIPHO PO3MOAiNeHi B 00'€Mi | MaloTb NepeBaxHO
rnoniegpuyHe orpaHoBaHHSA, NPoTe Pi3Hi po3mipn: 70-100 mkm B cnnagi, MoaudikoBa-
Homy KPJ1, i 40-60 mkm B cninaBi, MogudikoBaHomy [KJ1. To6To, AiiCHO, Ma€e MicLe BNMB
CTPYKTYPHO-PO3MIpHOro daktopa fAiratypu, K aXxXepena BennKkoi KinbKOCTi ANCAEePCHUX

XimiuHni cknap i MexaHiyHi Bnactueocti cnnasy A390

Cmias Bwmicr ximiunux erementis B A390, % Mexaniuni
BJIACTHBOCTI
Si Cu Mg | Mn Fe Ti P G, Cpp | 8 %
MIla | Milla
Momudikysanus | 17,4 | 3,76 | 0,47 | 0,07 | 0,23 | 0,068 | 0,077 | 164 137 0,5
KKJI
Moaudikysanus | 18,0 | 3,46 | 0,49 | 0,14 | 0,163 | 0,143 | 0,127 | 173 144 0,5
JIKJT
= iq"‘ i
fai
q?" 39
LI AF -
a 6
Puc. 3. CtpykTypa 3pas3kiB cnnasy A390: moandikosaHoro KKJ1 (a);
MoamndikoaHoro AKJ1 (6)
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Hyk/ieaTopiB NPAMOI Aji, Ha KiHLEBUI pe3ynbTaT MoandiKyBaHHA 3a€BTEKTUYHOIO CUY-
MiHY, LLO MOXE CNyryBaTu NeBHMM PE3EPBOM [J15 MOKPALLEHHS MOr0 MexXaHi4HUX Bnac-
TnBocTen. Kpui oxonoaxxeHHs cnnasy (puc. 4) ceigyatb, wo mogudikysaHHA AKJT moxe
TakoX NiABKLLYBaTM TEMNEPATYPY NOHaTKY NEPBMHHOI KpUcTanidaLii i HaBiTb 3MeHLLyBaTn
NPMXoBaHy TENIOTY KpMCTani3auii NepBUHHUX KPUCTanIB Si, AKi yTBOPIOKTHCH Ha LLIEHTpax
Hykneaduii AIP maixe 3a BiACYTHOCTI NnepeoxonogxXeHHd. HatomicTb, nepBrHHa KpucTta-
nisauia cnnasy, mogudikoBaHoro KKJ1, sskuii notpebysaB, anie He MaB A0CTaTHbOr O Yacy
015 YTBOPEHHS TaKOoi X KiNlbKOCTi HykieaTopis, BigOyBanack 3 nepeoxonogxeHHsam B 5 °C
BiAHOCHO cnnay, mogudikosaHoro OKJ1, i 3 BuaineHHsam 3adikCcoBaHOro TepMonapoto
Tenaa ek30TepPMIYHOI peakLii yTBopeHHs Si. Takuii onocepenKkoBaHUM BINB CTPYKTYPHO-
PO3MIPHOro hakTopy firatypmn Ha TepMoauHaMIYHI XapakTePUCTUKN KPUCTanidauinHoro
MPOLLECY TaKoX CnocTepiran asTopu podoTtun [12], 9kMm BOANOCh 3a 4ONOMOrol0 cKa-
HYIOHOI KaIOPUMETPIT BUMIPATN NaTEHTHY TEMIOTY NEPBUHHOI KpMcTanidauii 6iHapHOro
3aeBTekTU4Horo cnnay Al-17%Si, wo ctaHoBuna BignosigHo 17,9 Ox/ri 7,7 Ox/r npu
[oaaBaHHi oaHakoBoi KinbkocTi KKJT i AKIJ1.
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Puc. 4. KpuBi oxonogxeHHs crinasy A390

Cnig 3a3HaunTu, Wwo mogudikosaHmin [KJ1 cnnas A390, xo4a i Mae nokpaLleHy nuTy
CTPYKTYPY i BNaCTUBOCTI, BCEOAHO HE BiANOBIiAAE Cy4aCHOMY PIBHIO BUMOT, LLO ICHYIOTb
CTOCOBHO 3a€BTEKTUYHUX MOPLLHEBUX CUYMIHIB, NEPLU 32 BCE, CTOCOBHO iX MIACTUYHOCTI,
fIka BU3HA4a€ 30aTHICTb CMNAaBy A0 raps4voro AedopmMyBaHHS (KyBaHHS, LUTAMMyBaHHS).
OcKinbKn NNAcTUYHICTb € PYHKLLIEIO CYKYNHOCTI B3aEMOMOB’A3aHMX XapakTePUCTUK CTPYK-
TYpW i YACTOTU CNNaBy, TO B HbOMY HE MOBMHHO OyTW ra3oBUX NOP i OKMCHUX BKIIIOYEHD,
NAacTUHYACTUX | po3rany>XeHnx NepBUHHMX KpucTanie Si, rpyboi nnacTMHYaToi eBTek-
TUIKW, Ha KWTaNT HaBefeHoi Ha puc. 3. TO6TO ePEKTUBHICTL MOANDIKYBAHHS CTPYKTYPU
3aeBTEKTUYHUX CUIYMIHIB Oyae 3anexartin He nvLlie Big, BukopuctaHHa AKJ1, ane i iHwux
TEXHOJIOrYHUX PaKTOopIB, NepLl 3a Bce, padiHyBaHHA PO3MaBy Bif OKUCHUX BKJTIOYEHD,
ki B antoMiHieBMX po3nnaeax, 3rigHo 3 [13], maloTb popmMy NoABOEHNX BiNNiBOK i Nops,
3 BKJIIOYEHHAMU AIP, Tex MOXYTb CyryBaTu LLEHTPamMn 3apOoaKOYTBOPEHHSA MNePBUHHNX
kpucTanie Si. B uboMy pasi atomun Si ocigaloTb Ha NMPOTUIEXHNX MOBEPXHAX BinniBky,
Y3[0BX SKNX 3POCTAE NEPBUMHHUI KpUCTas, HabyBalo4um BUTATHYTY NiaacTuHYaTy Gopmy,
4acCTO 3 YTBOPEHHAM BUANMUX LEHTPaNbHUX TPILLMH, AKLLO NiBKa Nig Ao Hanpyr pos-
TAryBaHHA PO3ropTaeTbes. MIMOBipHA TAKOX CUTYALLIA, KOJIW B HepadiHOBaHMX PO3riaBax
cami yactuHkm pocoiay AlIP ocigatoTb Ha NOBEPXHI MOABINMHUX OKCUAHMX NJIBOK, @ NOTIM
Ha HMUX GOPMYETLCS NNACTUHYATUI KpUcTan Si, TOCTYNOBO PO3ropTadym OKCUOHY MiBKY.
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TaknM YMHOM, NEPBMHHUIA KPEMHIA MOXe NpuiiMaTK Agi abCoNOTHO Pi3Hi popmu, siki cno-
CTepiralTbCs HaBiTb B MOANGDIKOBAHUX 32E€BTEKTUYHNX CUITYMiHAX: GOPMY KOMMAKTHOrO
BaratorpaHHuka, Sk KpMucTan pocte Ha YacTuHkax AlP, i nnactuHyacty dopmy, Konm
3pOCTaHHA e Ha NIIOCKNX enemMeHTax, Takumx sk 6innisku. O3HavyeHe cTocyeTbes i pop-
MYBaHHS KPUCTaJiB €BTEKTUYHOIO Si, SKMIA 3a BiACYTHOCTI MogudikaTopa eBTEKTUYHOI
CTPYKTYpU (HaTpito, CTPOHLLIO) € NPOBIAHOIO $Ha30i0 eBTEKTUYHOI KpUCTani3aLlii.

Puc. 5 (6, B) Bae MOXIMBICTb NPOCHiAKYBaTM 3B'A30K MOPUCTOCTI | CTPYKTYPU CrnniaBy
A390, akunii nonepeaHLO Nepea BBeaeHHsaM B posnnas [KJ1 6yno gerasoBaHo i padiHo-
BaHO pisHMMM 3acobamm. MoxxHa 6aunTi, Wo nicng 06podKM po3naBy rekCax1opeTaHoOM
KpynHo-nnactuHyaTa dopma Si Marixe weaae, 6ifibLl KOMNakTHOI GopMm HabyBae eBTEK-
TUYHWUI Si, BMEHLLYETbLCS KiNbKICTb BiAPOCTKIB, SIKi 6epyThb NOYATOK 3 BEPLUMH NEPBUHHNX
KpucTaniyHmx 6araTtorpaHHuKiB, a nicns 5-XBUAMHHOIO NPOAYBaHHSA aproHOM, Lo B1uaa-
€TbCS Hane@EeKTUBHILLMM 3aCOO0M OUMLLEHHS, cnnaB HabyBae CTPYKTYPWU KIacU4yHOro
KOMMO3UTY — Ma€ MOBHICTIO i30/IbOBaHi BKIIOYEHHA NOocepes, TOHKO-AndepeHLinoBaHoi
€BTEKTUYHOI MaTpuLi — i NigBULLEHOT NIACTUYHOCTI.

Puc. 5. CtpykTtypa 3pa3skiB cnnasy A390, moamdikoBaHoro [KJ1: 6e3 padiHyBaHHS (a);
padiHyBaHHs Tabnetkamu «[erazep» Ha ocHoBi C2Clg , 65 =190 MMa; Ogo = 178 Mllg;
0 =1,3 % (6); npoaysaHHsi Ar Bnpofoex 5 x8, 6g =197 MMMa; Go 2 =185 MMMa; 8 =2 % (8)

BucHoBku

Peaynsratom nepennasneHHs niratypu Al-P B 3ax1cHill aTmocdepi, ika 3anobirae Buro-
PsAHHIO PochOopYy, | LUBUAKICHOTO OX0JIOAXKEHHS PO3M1aBy € yTBOPEHHS APIOHOKPUCTaNIYHOT
CTPYKTYPMU, L0 CKITAAAETLCS 3 MiIKPOPO3MIipHUX (Big, 5—10 MKM i MEHLLIE) KyNSICTUX BKIIIOYEHD
docodigy AlP, piBHOMIpHO po3noaineHnx B antomiHiesin matpuu,i. Kinbkictbe dpocdigHoi pasn
nicns nepennaeneHHs 36inbLyeTbes. Kpnctanm nepBUHHONO Si B 3a€BTEKTUHHOMY CUITYMiHi
A390 nicnsa popasanHa JKJ1 matoTb B 1,2-2,5 pa3u MeHLi po3mipu, NOPiBHIOKO4YM 3i cnna-
BOM, MOAN(DIKOBAHNM NPOMUCIOBOIO TabNETOBAHOIO NiraTypoto, a NePBUHHA KpMcTanisauis
NOYMHAETLCS BE3 NEPEOXOSIOMKEHHS Ta NMPOXOANTbL OE3 BUANEHHS NATEHTHOI TENOTU.
Moaundikytoda 3gatHicTe JKJ1 nokpallyeTbes no Mipi padiHyBaHHA po3nnaasy i NposBns-
€TbCS HE N1LLE CTOCOBHO NEPBUHHOIO, ane i EBTEKTUYHOrO Si, X04a OKPECEHI B niTepaTtypi
MexaHi3MM Takoro KOMBIHOBaHOO BIJIMBY LLE NOTPEBYIOTb EKCNEPUMEHTAIBHOO BUBYEHHS.

ISSN 0235-5884. Npouecu nntta. 2021. Ne 4 (146) 45



KpucTanizauis Ta CTPYKTYPOYTBOPEHHS crnaeiB

10

11

12

13

Cnucok niteparypu

Campbell, J., Tiryakioglu M. Review of effect of P and Sr on modification and porosity
development in Al-Si alloys. Materials Science and Technology. 2010. Vol. 26 (3).
P. 262-268.

Liang, S. M., Schmid-Fetzer R. Phosphorus in Al-Si cast alloys: Thermodynamic prediction of
the AIP and eutectic (Si) solidification sequence validated by microstructure and nucleation
undercooling data. Acta Materialia. 2014. Vol. 72. P. 41-56.

Li,J., Hage, F.S,, Liu, X., Ramasse, Q. & Schumacher P. Revealing heterogeneous nucleation
of primary Si and eutectic Si by AIP in hypereutectic Al-Si alloys. Scientific Reports 6, article
number: 25244; doi: 10.1038/srep25244 (2016).

Benos M. B. ccnepoeaHme npougecca kpuctannmaaumm Al-Si cnnaBoB 1 pa3paboTka fierko-
nnaeskmnx pocdopcoaepxaLlmx IMraTyp C LLesbio NOBbILLEHUS KQYECTBA INTbIX MOPLUHEBbLIX
3aroTtoBok. / ABTOopedepaT ANCC... KaHA,. TEXH. HayK. [0CYAapCTBEHHbLIN TEXHONOMMYECKNIA
yHUBepcuTeT «MOCKOBCKUIM MHCTUTYT CTanu u cnnasos», 2007. 26 c.

Zuo, M., Liu, X. F, Dai, H. S. & Liu, X. J. AlI-Si-P master alloy and its modification and
refinement performace on Al-Si alloys. Rare Metals. 2009. Vol. 28. P. 412-417.

Zuo, M., Liu, X. Series of Al-P Master Alloy and excellent refining performance on
hypereutectic A390 Alloys. Advanced Materials Research.2011.Vol. 306-307.P.613-616.

Hukntunne B. ., Hukntun K. B. Pazsutmne n npumeHeHmne aBneHnsa CTPYKTYPHOM Hacnea-
CTBEHHOCTM B aNloMmnHMEBBIX cnnasax. Journal of Siberian Federal University. Engineering
& Technologies. 2014.Vol. 4 (7). P. 424-429.

HukutnH K. B., TumowkuH W. KO. HacneacTBeHHOE BANSAHME YYLLKOBbIX CM1IaBOB HA CBOMCTBA
OT/IMBOK U3 CUNYMUHOB. JIuTeriHoe nponssoactso. 2011. Ne 7. C.19-22.

Zhang, J., Kang, S. B.,Yu, H. S., Cho, J. H., Min, G. H, Stetsenko, V. Y. Effect of fine-grained
raw material addition on microstructure refinement and tensile properties in horizontal
continuous casting Al-12%Si alloy billets. Materials & Design. 2011. Vol. 32. P. 3566-3569.

Bbenos,B. ., HryeH K. X. BnusHne ckopoCcTn oxnaxaeHus npu Kkpuctanansauum cnnasa
Meab-$ocdop Ha ero CNocoOHOCTb U3MESNIbYATb NEPBUYHBIA KDEMHWIA B 329BTEKTUYECKMX
cunymuHax. Jinteviymk Poccumn. 2018. Ne 11. C. 18-22.

Zuo, M., Liua, X.F., Sun, Q.Q. & Jianga, K. Effect of rapid solidification on the microstructure
and refining performance of an Al-Si-P master alloy. Journal of Materials Processing
Technology. 2009. Vol. 209. P. 5504-5508.

Jing Zhang, Hongmei Chen, Hui Yu, & Yunxue Jin. Study on Dual Modification of Al-17%Si
Alloys by Structural Heredity. Metals. 2015. Vol. 5. P. 1112-1126.

Campbell, J. Complete Casting Handbook. Metal Casting Processes, Metallurgy, Techniques
and Design. Published by Elsevier Ltd., 2015. -1054 p.

Hapinwna 21.10.2021

References

Campbell, J. & Tiryakioglu, M. (2010). Review of effect of P and Sr on modification and
porosity development in Al-Si alloys. Materials Science and Technology, Vol. 26 (3), pp.
262-268 [in English].

Liang, S. M. & Schmid-Fetzer, R. (2014) Phosphorus in Al-Si cast alloys: Thermodynamic
prediction of the AIP and eutectic (Si) solidification sequence validated by microstructure
and nucleation undercooling data. Acta Materialia, Vol. 72, pp. 41-56 [in English].

Li, J., Hage, F. S., Liu, X., Ramasse, Q. & Schumacher P. (2016) Revealing heterogeneous
nucleation of primary Si and eutectic Si by AIP in hypereutectic Al-Si alloys. Scientific Reports
6, article number: 25244; doi: 10.1038/srep25244 [in English].

Belov, M. V. (2007) Issledovanie protsessa kristallizatsii Al-Si splavov i razrabotka legkoplavkih
fosforsodershaschih ligatur s tsel’yu povishenia kachestva litih porshnevih zagotovok. Avtoref.
diss...kand. tehn. nauk. Moscow: Gosudarstvenniy Tehnologicheskiy Universitet <Moskovskiy
institute stali i splavov», 26 p. [in Russian].

Zuo, M., Liu, X. F, Dai, H. S. & Liu, X. J. (2009) Al-Si-P master alloy and its modification
and refinement performace on Al-Si alloys. Rare Metals, Vol. 28, pp. 412-417 [in English].

46

ISSN 0235-5884. MNpouecu antrsa. 2021. Ne 4 (146)



KpucTanizauis Ta CTPYKTYPOYTBOPEHHS crnaeiB

6 Zuo, M., Liu, X. (2011) Series of Al-P Master Alloy and excellent refining performance on
hypereutectic A390 Alloys. Advanced Materials Research, Vols. 306-307, pp. 613-616 [in
English].

7  Nikitin, V. I., Nikitin, K. V. (2014) Development and application of structure heredity in
aluminum alloys. Journal of Siberian Federal University. Engineering & Technologies, Vol.
4(7), pp. 424-429 [in Russian].

8 Nikitin, K. V., Timoshkin, I. Yu. (2011). Hereditary effect of pig alloys on the properties of
siluminum castings. Liteynoe proizvodstvo, no 7, pp. 19-22 [in Russian].

9 Zhang, J., Kang, S. B., Yu, H. S., Cho, J. H., Min, G. H, Stetsenko, V. Y. (2011) Effect of
fine-grained raw material addition on microstructure refinement and tensile properties
in horizontal continuous casting Al-12%Si alloy billets. Materials & Design, Vol. 32, pp.
3566-3569 [in English].

10 Belov, V. D., Nguen, K. X. (2018) Effect of cooling rate during crystallization copper-
phosphorus alloy for its ability to refine primary silicon of hypereutectic silumins. Liteischik
Rossii, no 11, pp.18-22 [in Russian].

11 Zuo, M., Liua, X. F, Sun, Q. Q. & Jianga, K. (2009) Effect of rapid solidification on the
microstructure and refining performance of an Al-Si—P master alloy. Journal of Materials
Processing Technology, Vol. 209, pp. 5504-5508 [in English].

12 Jing Zhang, Hongmei Chen, Hui Yu, & Yunxue Jin (2015) Study on Dual Modification of
Al-17%Si Alloys by Structural Heredity. Metals, Vol. 5, pp. 1112-1126 [in English].

13 Campbell, J. (2015) Complete Casting Handbook. Metal Casting Processes, Metallurgy,
Techniques and Design. Published by Elsevier Ltd., 1054 p. [in English].

Received 21.10.2021

A. V. Sinchuk, PhD (Engin.), Senior Researcher;
e-mail: Synchuk.A.V@nas.gov.ua

A. E. Merkulov*, Dr. Sci. (Engin.), Senior Researcher;
e-mail: merkulov1@ukr.net

Institute of Pulse Processes and Technologies of the NAS of Ukraine (Mykolaiv, Ukraine)
*Iron and Steel Institute of Z. I. Nekrasov of the NAS of Ukraine (Dnipro, Ukraine)

EFFICIENCY OF MODIFYING A HYPEREUTECTIC SILUMIN BY MEANS
OF AFINE-CRYSTALLINE AL-P MASTER ALLOY

Comparative results of modifying the hypereutectic A390 silumin by means of a binary Al-3P master
alloy having different structural and dimensional state are presented. Fine-crystalline master alloy
with phosphide inclusions evenly distributed within the aluminum matrix and sized of 5-10 um and
less was obtained shaped in thin plates after remelting under a protective atmosphere and rapid
cooling a commercial coarse-grained tablet master alloy, which contained individual particles
and their conglomerates larger than 200 um alongside the dispersed inclusions. Remelting also
contributed to the more numerous phosphide inclusions, probably, due to chemical reactions
involving residual elemental phosphorus of the commercial master alloy. Primary Si crystals in
A390 alloy after modification with the fine-crystalline master alloy are crushed 1.2-2.5 times and its
mechanical properties are improved in comparison with the alloy modified with the large-crystalline
one. It was determined, according to the cooling curves that primary crystallization of the silumin
modified with the fine-grained master alloy takes place without the latent heat release and starts
at the temperature 5 °C higher than the onset crystallization temperature for A390 alloy which the
coarse-grained master alloy was added to. It is also shown the dispersion of the cast structure of
A390 alloy, including eutectic one, modified with the fine-crystalline master alloy increases, and the
elongation rises up to 2 % in sequence "unrefined alloy” — "alloy refined with hexachloroethane”
— "alloy refined by Ar purging.

Keywords: hypereutectic silumin; modifying, coarse-grained (fine-grained) master alloy; aluminum
phosphide; primary silicon; purification.
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