KpucTanizauis Ta CTPYKTYPOYTBOPEHHS crnaeiB

YAK 621.744: 539.216

B. 0. Weiram, Hayk. cnispo6.; e-mail: onmiptima@ukr.net

A. . NpuryHoBa, a-p rexH. Hayk, 3aB. Biaainy, e-mail: adel_nayka®@ukr.net;
ORCID 0000-0001-8030-9160

M. B. KowenesB, Hayk. cniBpo6.; e-mail: silica-lum®@ukr.net

A. C. HypapiHoB, a-p TexH. Hayk, NpoBs. Hayk. CriBpoo.;
e-mail: nla_73®@ukr.net; ORCID 0000-0002-7286-8648

B. M. lyka, mosn. Hayk. cniepo6.; e-mail: onmiptima@ukr.net
J1. K. LLleHeBIabKO, Hayk. cniBpob., e-mail: onmiptima@ukr.net

A. . BepHupny0, ron. rexHonor; e-mail: onmiptima@ukr.net

®dismko-TexHoNorivyHWIi iHCTUTYT MeTanis Ta crnnaeie HAH Ykpainn (Knis, Ykpaina)

YMNMPABJIIHHA CTPYKTYPOIO BUIUBKA HEPE3 BIOAKPUTY
NMOBEPXHIO HAAJINBY

Ha moaesibHiv i MeTaneBivi cuctemMax BUB4EHO MOXJIVNBICTb YrpaBJ/liHHS CTPYKTYPOK BUINBKA
4epe3s BiAKPUTY NOBEPXHIO HAaA/IMBY i3 3aCTOCYBaHHSIM BiOPYIOHOIro KprcTai3aropa, 3aHypeHoro B
rpuNoBepPXHi LLapyv po3raaBy B QOPMi 3 HU3bKUMU TEMNODI3NYHUMU XxapakTepuctTukamm. disnyHe
MoAes0BaHHS, SIKe NPOBEAEHO HA criiaBi opraHidYHnx pe4oBuH: kamepeH — 90 %, TpiuikneH — 10 %,
JA03BOJINIIO criocTepiratv i ¢ikcyBaTtn 3apoaXXeHHs, 3pOCTaHHS KpUCTasiB Ha HePyXoMomMy
cTaneBoMy KpucTaniaaropi, 3aHypeHomy Ha 8—10 MM nia A3epKasio po3raBy. A TaKOX 3aPOAKEHHS,
3POCTaHHS | BiapuB KpUCTaJlIB Bia KpucTanisaropa, BiopyrHoro 3 4actororo 50 [y i amnnitygoo
0,5 MM, ix ocigaHHsS Ha AHO QOpPMU Mg AIE0 Cyan rpaBiTalii 3 yTBOPEHHSIM «KOHYCY OCaaXEHHSI»,
LL|0 CTBOPIOE BiAnoBiaHi yMoBu A1 GopMyBaHHS APIOHOKPUCTANIHHOI CTPYKTYPY pyv TBEPLAHEHHI.
lepeBipKy BCTaHOBJIEHUX NPy Pi3NYHOMY MOLENOBAHHI 3aKOHOMIPHOCTEV 34IICHEHO Ha atoMiHii
mMapku A7 3 BUKOPUCTaHHSIM aHasloridHUX pexuvmis Biopauii Ta nmBapHoOi ¢opmu 3 BOOrpaHy,
TernonpoBiaHicTe sikoro ctaHoButb 0,16 BT/ m-K), Tennoemnicte — 1,185-kx/(kr-K). ABi cepii
EeKCrepuMeHTIB, NMPOBEAEHHI B YMOBax NpupPoAHOro OXOJI04XEHHS Bia Temneparypu 670 °C Ha
roBITPi 3 HEPYXOMUM i BIOPYOYMM KPUCTa3aTtopoM, rnokasasnm, Lo 0O6pobsieHHsI TBEPAHYHOIro
meTtasny Bibpyr4YuM KpUCTaniaatopom crnpuse 16-kpatHoMy 3MEHLLEHHIO PO3MIpy Makpo3epHa
roOpPIBHSIHO 3 BUIIMBKAMM, OAEPXaHUMU rpu 06’ €MHOMY TBEPAHEHHI y BOSIOrpaHoBili popmi B pasi
BIAICYTHOCTI KpucTanidaropa. HasiBHICTb y po3riiaBi HEPYXOMOIro KpucTtasnizaropa npu3sBoanTsb 4O
3MEHLLEHHS LWinbHOCTI BunnBka Ha 0,42 %, Bi6pyto4oro — A0 306inbLIeHHS Aoro LiibHocTiHa 1,2 %.
3acTocyBaHHs1 BIOpYyOHOro kpuctaniaaropa 3abes3neqye niaBuLLIEHHST MILIHICHUX XapaKTepUCcTuK y
1,87 pasu sik npu oaepxaHHi BUIMBKIB Y BOJIOrpaHoBii popmi 6e3 kpuctanizatopa, Tak i npy ioro
HEePYXOMOMY MOJI0XEHHI. [11acTUYHICTb 3paskiB rnpuv LbOMY MiaBULLYETLCS BibLue, HiX B 3 pasu.
PesynibTatn ekcriepuMeHTasibHUX AOCJIAXEHb MOSICHEHO 3 M03ULLiK Teopii 3apOaXEeHHs | PpOCTy
KpucTanis.

Kmo4oBi cnnoBa: Bibpyounii KpUCTaniaaTop, BUIMBOK, 3aPOIXKEHHS | 3pOCTaHHS KPUCTAaiB, PO3MIp
3epHa, MILHICTb, M1aCTUYHICTb.

Bceryn

y4acHi cnocobu OTPMMaHHS MNTUX BUPOBIB 3 MakcumMasibHUM NOAPiIGHEHHAM KpucTa-

NiYHOI CTPYKTYpWn nepenbayvaloTb 3aCTOCYBaAHHSA 30BHILLHIX BMMBIB Ha pigkuMin Ta
TBEPAHYYNI MeTa, cepes akux: Tennosi, 6apoMeTpUYHi, eNeKTPOMArHiTHI, rpasiTaL,iliHi,
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MeXaHi4Hi, BUCOKOeHepreTuyHi. Heapaxatoun Ha LLUMPOKMIA CNEKTP CrnocobiB BRMBY,
JOCSIrHEHHS HEOOXiOHOrO PIBHS SIKOCTI BMIIMBKIB, 3aN€XHO Bif iX XiMiYHOrO cknagy i
TEXHONOTii BUrOTOBMEHHS, NOTPebye BUPILLEHHS HN3KM crieumdidHnxX 3aBaaHb. Mpu upo-
My, SIK 3a3Hadae akagemik HAH Ykpainuv B. J1. Hangek [1], npakTnyHO BCi di3nyHi MmeToaun
0BpOo0OKK € BaraToLinbOBNUMU, ane He YHIBepCanbHUMMU.

3 To4kM 30py ePEKTUBHOCTI Ta EKOHOMIYHOCTI BUPOOHMLTBA NPEeACTaBASE iHTEPEC
KOMOiHaLif MeTofiB perysiboBaHOro TernsoBiaBeaeHHs i BibpaLuiiHOT HU3bKOYACTOTHOI
0bpo0OKK, AKI MaloTb ICTOTHWUI BMNJIMB Ha MPOLLECU TBEpOHEHHS. Bioomo, Wwo nepenayva
iMAynbCcy piaKkomMy abo TBepaHYy4OMYy MeTasly Yepes CTiHKY NMBapHOi GopMM NoB’a3aHa
3 eHepreTu4yHUmMm BTpataMmun. Tomy Haibinbw BUTSHUM € CNPAMYBaHHS iMMOYbCyY
©e3nocepenHbo 40 Po3rsaBy Yepes 3aHYyPEeHuin B HbOro BiOpylounii xBunesin abo yepes
XBUNEBIA, KN NPOXOANTL Yepe3 OHO BUNMBHULL [2]. Peanidauis Takoro cnocoby A03BONSE
BMKOPUCTOBYBATU MO0 A/151 OTPMMaHHSA BUNIMBKIB B MilLLAHO-MMMHUCTUX popMax, siki nerko
PYVHYIOTbCA. TBEPAHEHHS BUIMBKIB B Takux opMax CyrnpoBOOXYETLCHA XUBNEHHAM iX
piaKMmMm MeTanom 3 BiAKPUTUM HaAJIMBOM.

Mopspn, 3 Bibpoobpobkoto popmMu 3 piakum abo TBEPAHYHMM METANIOM, OLiHKa CTaHYy i
BHECKY BiIKPUTOI NOBEPXHI Piakoro metany y popmyBaHHSA CTPYKTYpW Byna npeaMeTom
yBaru 6aratbox AocnigHukis. LLnpoka amckycis 3 upboro nutaHHs 6yna posnoyara B 1951
poui 3 nybnikauiji B xxypHani «Ctanb» ctarTi C. 4. Ckobno i M. M. JoHuoea [3]. Jocnigamu
Ha TEXHIYHOMY asOMiHii aBTOpaMu BCTAHOBJIEHO YTBOPEHHS Ha BiflbHI MOBEPXHI MeTany
i30/1bOBAHUX KpUCTaniB, AKi 3aBASAKN TOMY, LLO iX WiNbHICTb Ha 4 % Oinblua, HiX po3-
nsaaBy, OMycKalTbCA HA OHO dopMU 3 GOPMYBAHHAM «KOHYCY OCaiXeHHd». Ha ixHio
LOYMKY, Take gBuLLe Ma€e CrnocTepiratnuca i B 3aMTKax CnokinHoi ctani. MoXnmBicTb
nepeMiLLLeHHs KpUCTaniB 3 FOI0OBHOI B AOHHY HaCTUHY 3NIMBKA TaKOX NiaTBEPIXKEHO B [4].
B moHorpadiii [5, ¢.122] Bin3Ha4aeTbCs, O 0CaaXEeHHS KPUCTaniB CynpoBOAXYETHCS
NepeoxonoXeHHIM po3naBy y300BX GPOHTY TBEPLAHEHHS.

3a gaHmmm pobiT [6—8] yacTuHkM TBEpPA0i pasn MOXYTb YTBOPIOBATUCS Ha BIOKPUTIN
MOBEPXHI PO3MNnaBy 3a TakMMW cxemMamu [7]: a) MexaHi4He NOLWKOOXEHHS TBEPAOi
CKOPWHKK Ha NOBEpPXHi po3nnaBy Npu PO3BUTKY XBUbOBUX NMPOLIECIB; 6) pyliHyBaHHS
BTOPUHHUX | TPDETUHHUX AeHOPUTIB. AnoHCbkMin focnigHuk A. OHo [8], BMBYaO4M BNAVB
BiGpaLuji Ha npouec GopMyBaHHSA BUMBKIB 3 aNtoMiHito 4Y1cToTo 99,8 %, poGUTL BUCHOB-
KW, WO HaknageHHa Bibpauji HanbinbLw epekTMBHO B NOYATKOBUIA Nepiod, TBEPAHEHHS, a
$OpMyBaHHS PIBHOBICHUX KpUCTaNiB JOCAra€TbCS 32 PaxyHOK BiOpaLLii MTOBEPXHi po3nnaBy.

AsTopamu [9, 10] pocnigxeHo GOpPMyBaHHS 30HM OCAMKEHHS KPUCTaNiB B NPOLLECI
TBEPLAHEHHS NPUW 30BHILLHIX BMJMBax Ha A3epKano po3dnnasy. EkcnepnmeHTn nposoauam
Ha MOAEeNbHMX po3naaBax rinocynbdara, anomiHiesoro cnnary AJ12 i 6poH3n bpl.
Bnnne Ha noBepxHO po3nnagiB 34iACHIOBANW CTaIEBUM MPYTUKOM AiaMeTPoM 2—-3 MM.
3 nepiogunyHicTio 60 3aHypeHb 3a XBUAMHY 3n1amMyBain TBEPAY CKOPUHKY HA NMOBEPXHi
po3nnasy 3 noganblnM nepemiwysaHHsaM. Mpu o6pobui poannaBy AJ12 36inbLIEHHS
yacToTm KonmeaHsb Big, 0 4o 60 3a XBUAVHY NPU3BOAUTbL A0 SMEHLLEHHS BENIMYMHN 3epHA
3 0,41 no 0,363 cm, a TBepaicTb 3pocTae 3 57 no 82 HRB. MNMopanblua iHTEHCUdIKaLLSA
npoLecy He 3MiHIOE LUmx NokadHukiB. MNigeuweHHs neperpisy 3 110 4o 190 °C npw NocTirHink
yacToTi KonmeaHb (60 xB™') 36inbLIye po3mip 3epHa 3 0,34 oo 0,40 cm. Ha BunmBkax 3
OJTI0B’SIHO-CBUHLLEBOi OPpOH3M Bp 1 KyNbOBOI OMOPK CTANEPO3IMBOYHOIO KOBLUA OOEPXaHO
He TiNbKN NOAPIOHEHHSI CTPYKTYPU, ane i YCYHEHHSI PAKOBUH.

Y ekcnepuMeHTi 3 MOLESIOIHO0 PEYOBUHOIO KaMdeH, AndeHin, rmnocynseut [11]
cnoctepiranv epekTun, NOB’A3aHi 3 HU3bKOYACTOTHOIO BiOpaLjelo CTPUXKHA 6e3nocepeHbo
B po3nnagi. CnoctepexyBaHe aBTOPaMU 3apPOIKEHHS KPUCTaNIB MOYMHAETLCS CUMETPUYHO
Bif, A)kepena KonmBaHb B 001acTax, NpuUiernmx ogHo4acHoO Ao KipKu, Wo TBepaHe, i oo
BiNIbHOI MOBepxHi po3nnasy. [pouec HOCUTbL NaBUHHUI XapakTep. [pibHogMCNepCHi
KpUcTaam 3anoBHIOIOTb BECb MPOCTIP, WO OTOYYE BiOpytounii cTpuxeHbs. Hapgani xmapa
KpucTaniB 3>9BASETLCA Nig, TOPLEM AXeperna KonmBaHb. HaCcTynHMM eTanom npouecy €
YKPYMHEHHS, Koarynsiuisa ix B HeperynsipHi KoHrnoMeparu, 3 nogansinm BiopyUBOM Bif,
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MOBEPXHi i NepeMILLLEHHAM B HANPAMKY AOHHOT YaCTUHM BUNnBKN. OB6poOKY po3nnasy
aBTOpU NpoBoaunu 3 yactotamu 16,7; 33,3 i 50 'u, amnnityga ctaHosuna 0,5; 1,0i 2,0
MM. 3MiHa NapamMeTpiB KONMBaHb BMJIMBAE, B OCHOBHOMY, Ha TPUBaICTb MNOYaTKy NOsSIBA
KpUCTaniB i HA iX pO3Mip. YCTAaHOBAEHO, LLIO MiHIMaIbHUIN PO3MIP KpUCTaniB 4OCAraeTbCs
npwv 06pobui posnnay 3 YactoToto 50 'y, i amnniTygoto 0,5 mm.

Y MmoHorpadii [6] onncaHo pesynstat anoHcbkux ¢paxisuiBY. Iton, T. Okijama, K. Tashiro
LLIOA0 BMIMBY HA PiaKMIA MeTan BiOpYOHMX XBUIIbOBOAIB, 3aHYPEHUX Y po3riaB Ha 50-70 mm.
EkcnepnmMeHTn NpoBOaAMAM Ha CTaneBunx AOCNIAHNX 3nrBKax Macoto 150 Kri npoMnUcnoBux—
Macolo 6 T 3 METOI0 OTPUMAaHHS PIBHOBICHOT KPUCTaNivYHOi CTPYKTYpPU. IHTeHcudikaLis
npoLecy 3apoaKoyTBOPEHHS Npu 6e3nepepBHOMY PO3NIMBAHHI CTasli 3aHYPEHHSAM Y
KpucTaniaaTop BOOOOXONOAXKYBAHUX CTPUXKHIB, LLO KOJIMBAKOTLCS, A03BOMUIA aBTOPaM
[12] opepxaTnt NpoOMMUCNOBUIA (6 T) 3NMBOK 3 NMOAPIOHEHO CTPYKTYPOIO i 3MEHLLIEHOIO
30HOI0 CTOBMNYACTUX KpUcTanis.

He ouBnsumMch Ha NO3UTUBHI pe3yNbTaT 3 00PO0KK PO3NaBy BiOPYOYMM XON0ANb-
HUKOM [2, 6, 9—12], 3acTOCyBaHHA AAHOr0 METOAY Ha NPaKTULL AOCUTb OOMEXeHe Yepes
HEeAO0CTaTHIO NMOBHOTY TEOPETUYHOIrO Ta eKCNePMMEHTANIbHOro OrnpauloBaHHA NMUTaHb
00 BMIMBY HM3bKOYACTOTHOI BibpaLiriHOi 06pobKkM Ha piakuii Ta TBEPAHYYUIA MmeTan.
KpiMm TOro, BUKOPUCTAHHA LIMX CNOCOBIB CTPUMYETLCS TEXHONIOMNYHUMM TPYAHOLLAMN
ix peanisauii Npyn OTPMMaHHI BUIMBKIB B NEFKOPYWHIBHUX NILLAHO-MMMHUCTUX dopmax.
TBepaHEHHS BUNMBKIB B Taknx GOpPMax CyrnpoBOAXKYETbCA XMBAEHHAM iX PiAKMM MeTanom
3 BiAKPUTUM HaAMBOM. 3 Ornsay Ha BULLEBUKNAOEHE, METOIO POOOTUN € OOCNIOKEHHS
npotiecy popmMyBaHHS BUNMBKIB 3 BUKOPUCTaAHHSAM BiOPYOYOro KpnucTtaniaatopa, 3aHype-
HOro Nig A3epkano po3nnasy B GOPMi 3 HU3bKUMIN TEMNODI3NYHUMN XapakTEPMCTUKAMMN
Ta BiAKPUTOIO MOBEPXHEIO HAOJ/MBY.

Marepianu ta meToaunku gocnimpkeHs, PisnyHe MoaentoBaHHSA NPOLLECIB KpucTanizauii
po3nnaBiB MPOBEAEeHO Ha cnnagi opraHivHMX pevoBuH: kampeH — 90 %, TpiuikneH — 10 %,
3 BUKOPUCTaHHAM nabopaTopHOro cTeHAay, sknin 3abeanedyye HUM3bKO4acTOTHY
BiOpaLilo KpucTanizatopa B HanpsaMi BepTUKanbHOI Bici NOPOXHMHN dopmn. Onsa
Bi3yani3auii npoueciB TBEPAHEHHS HA MOAENbHOMY pPO3nnaBi BUKOpUCTaHo Gpopmy 3
nnackonapanenbHUMM NPO30PUMU CTiHKaMK 3i ckna. MigHi 6i4Hi CTiHKM | HU3 dopMU
3 CUCTEMOIO KaHaniB TepMidyHOoi cTabinizauji 3a6e3nevyoTb i30TEPMIYHICTL POBOYHOro
npocTopy £ 1°C BiHTepBani TemnepaTyp Big, 35 00 60 °C. Ak kpucTanizatop BUKOPUCTAHO
cTaneBuin CTpuXeHb AiameTpom 10 MM 3 KOHiYHOO (3°) AinsHKOK AOBXMHOW 8—10 MM,
Ky 3aHyploBanu nig, a3epkano posnnaasy. JocnigkeHHs NPoOBEAEHO NPU HEPYXOMOMY
KpucTaniaaTopi Ta Npu Moro HU3bKOYACTOTHIN BiOpaLii KpucTanizaTopa 3 4Yactotoo 50 'y,
i amnnitynoto 0,5 mm.

EkcnepuMeHTN Ha MeTani BUKOHaAHO Ha antoMiHii mapku A7 (ACTY 11069-2003)
HacTynHoro cknaay, %mac.: Fe—0,15; Si—0,14; Zn-0,03; Al - pewuta. Ak maTepian popmu
BUKOPUCTAHO po3pobneHunin y Disnko-TexHoNorivHomMy iHCTUTYTI meTanis i cnnaeis HAH
YKpaiHn BOrHeTPUBKMIA MaTepian —BosnorpaH [13,14], TennonpoBigHiCTb AKOro CTAaHOBUTb
0,16 B1/(m-K), TennoemHictb — 1,185 kIx/(kr-K). BHyTpiLLHA KOHYyconoaibHa NOpOXHUHA
dopmn mae po3mipu: @60 x @70 x 70 MM, TOBLLIMHA CTiIHKU dopMn — 25 MM, Bara BUIMBKa
antoMiHito — npndnnsHo 500 r.

BonorpaHoBy ¢popmy BCTaHOB/OBaNM B NabopaTopHy niv onopy. B dopmi po3milysanm
nBi Tepmonapu. OgHy Ha BigcTaHi 35 MM Big, AHULIEA POPMMU, iHLLIY — HA IMUOUHI 4-5 MM
BiO, NnoBepxHi popmm Ha BiacTaHi 3—4 MM Big, kKpucTtanisatopa. KoHTponb i 3anuc 3miH
Temnepartypu 3paska, Wo TBepaHe, 34iMCHI0BaIM 3a 4ONOMOr Ol XPOME/b-altoMENEBUX
TepmMonap, nigknoyeHnx yepes3 ALIM oo nepcoHanbHOro komn’totepa.

MeTtan nnaBunu B neyi onopy. Mpuv HarpieaHHI po3nnaey oo Temnepatypu 780+5 °C oro
padinyBanm pnocom Apcan 2125 i3 po3paxyHky 0,2 % Bigo macu meTtany, BUTPUMMyBanu
B nedi npotarom 10 xB i nepenuBann B NOPOXHMHY BONOrpaHoBOi popmMm, Harpitoi oo
770%5 °C. Mpwu 3HMXKEHI TemnepaTypu po3nnasy i popmn 0o 670%5 °C niv, B AKin 3HAxX0-
avnacs popma, BuMmmkanu. TeepaHeHHs meTany B GopMi BiadyBanocs pa3om 3 Mivyto Ha
MOBITPI, 3 NepeBaxatyinM OX01I0OKEHHAM PO3NaBy HePES BiAKPUTY MOBEPXHIO pOPMU.
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Y Takin e nocnigoBHOCTI NPOBOANNAN EKCNEPUMEHTN 3 BUKOPUCTAHHAM HEPYXOMOIO Ta
BiOpyto4Oro kpucTanizatopa. nsa 3anobiraHHA pO34MHEHHs CTaneBoro Kpuctanisatopa
B aJIIOMIiHIii Ha KOHTaKTYIO4y 3 PiAKMM METaNIOM YaCTUHY KpucTanidatopa HaHoCUAn wap
dapbu Ha oCHOBI KonoigansHoro rpadity. MNMpu Temnepatypi metany B popmi 670+5 °C
nig n3epkano po3nnaBy Ha MuduHy 8—10 MM 3aHyploBanu HepyxomMuii abo BiOpy4ni
KpucTanizaTtop. Pexunmu BibpauinHoi 06pobkn (Yyactota 50 'y, amnnityga 0,5 mm) i Tun
KpucTtanidatopa 0ynm TaknMm X, 9K i B eKCnepruMeHTax 3 MOAENbHUM CMIaBOM.

MakpOoCTpPyKTYpYy OCbOBOI0 NEPepPi3y AOCNIAHUX BUNTMBKIB BUSBASAIW NiCNS INOOKOro
TpaeneHHs npotarom 15-20 xB y peaktusi Kennepa: HF — 1 mn, HCI - 1,5 mn, HNO, -
2,5 mn, H20 - 95 mn. BusHavyanu cepenHi po3mipyn MakposepHa, ix MakcumManbHi Ta
MiHiMasbHI 3Ha4YEHHS Y BEPXHIX, CEPEenHIX i HMXHIX 30Hax 3paska.

3 ornsany Ha Te, Lo BEPXHS YaCcTMHA A0CiIOHNX BUIMBKIB NPY TBEPOHEHHI BUKOHYE POJb
>XMBWUJSIBHOIO HAAMBY MO BiAHOLLIEHHIO A0 i AOHHOI YaCTUHW, KiNbKICHI XapakKTepucTnkn
MIKPOCTPYKTYPU, LUiNBHICTb | MeXaHi4yHi BNACTUBOCTI BU3HAYaM Mo ix HUXHIN 4YaCTUHI.
BumiptoBaHHS LWiIbHOCTI BUIMBKIB NPOBOANIN METOAO0M TrigpOCTaTUYHOrO 3BaXKyBaHHSA
3rigHo 3 TOCT 20018-74. Mexa MiuHocTi Ha po3puB oB (Ml1a) i BigHOCHE BUAOBXEHHS &
(%) Bn3Havanm 3a CTY 1ISO 6892-1:2019 Ha 3pa3kax giaMeTpom 8 mm.

Pesynbtatn Ta ix o6roeopeHHsi. Ha puc. 1 npeactaBneHo dparMeHTn Gi3anyHoro
MOZeNoBaHHA NPOoLECciB KpucTanisauii nonepegHbo neperpitoro Ha 2+0,8 °C cnnasy
kamdeHa (90 %) 3 TpiuikneHom (10 %), TemnepaTypa nikBigyc Skoro aopisHioe 45 °C.

Mpwn 3aHypeHHi B MOAENBHUI PO3MaB HEPYXOMOro KpucTanizatopa, npu KiMHaTHIN
Temnepartypi CNOCTEPIraeTbCA ACKPABO BUPaXeHe HanpaBfieHe 3POCTaHHSA KpuUcTanie Ta
iX KOHrIoOMepaTiB Ha MOBEPXHi KpucTanidatopa, Lo KOHTAakTye 3 po3nnasom (puc. 1, a).
Mpu BUKOpPUCTaHHI BiBpytoHoro kpuctanizatopa (puc. 1, 6) 3pocTatoyi Ha MOro NOBEPXHi
KpucTanu BigpuBalOTbCH, YTBOPOOUYM 6e3nepepBHUin NOTiK B 06’€Mi po3nnaBy i
6e3nepepBHe 30iNbLLUEHHA HACUMHOIO KOHYCY 3 LUMX KpucTtanis. [pu ropnsoHTanbHOMY
nepeMmilLeHHi kpucTanisaTopa NoTiK KPUCTaniB yTBOPIOE A0PIKKY | «KOHYC OCaAXEHHS» Ha
HOBOMY MicLi. BHacnigok reHepyBaHHS BENMKOT KifIbKOCTi KpUCTanis, WO 3pmMBaloTbCH 3
BiOpYO4Oro KpucTanisaTopa, BiadyBaeTbCA NOBHE 3aN0BHEHHA 06’ eMy popMU APiIGHMMN
KpucTanamu, siki BAKOHYOTb POJib YACTEHHNX 3aPOAKIB KpucTanisauii. Ockinbku ix 3poc-
TaHHsS 0OMeXeHe, YTBOPIOETLCA APIOHO3EPHNUCTA OQHOPIAHA CTPYKTYPA, L0 NiATBEPIKEHO
OOCNIIKEHHIMN, NPOBEAEHNMM HA MeTani — antoMiHii.

e wll ¥

Puc. 1. 3miHa xapakTepy kpucTanisauii cnnaBy kamdeHa 3 TPiLiKNeHOM nNpu BBEAEHHI 40
po3nnaBy HEPYXOMOro (a) i Bibpytoyoro (6) kpucTanisatopa: 1 — kpuctanisatop; 2 — kpucrtanu
MOAENbHOI pe40BUHU; 3 — TepMonapu
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OTpuMmaHi B eKcnepMMeHTax 3 pi3HMMU YMOBaMM TBEPOHEHHSI KPUBi OXOJTOOKEHHS
po3nnaBy anloMiHilo (puc. 2) noka3anu, o BBeAeHHS Mif A3epkanno po3nsaBy sk Hepy-
XoMoro (puc. 2, kpusi 3, 4), Tak i Bibpyto4oro kpucrtanisatopa (puc. 2, Kpusi 5, 6) pi3ko
3MIHIOIOTb YMOBW OXONOOXKEHHs1 B dopMi (puc. 2, kpusi 1, 2). 36inblUyETLCS LLIBUAKICTb
MOro OXONOOXKEHHS HaA, NiHIEIO NiKBiAYC, CKOPOYYETLCA Yac NPOLECY TBEPAHEHHS.
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Puc. 2. KpurBi oxonomkeHHs antoMiHitlo A7 y BONOrpaHoBii GopMi, OTPUMaHi Ans Pi3HUX YMOB
TBepAHeHHs meTany: 1, 2—dopma 6e3 kpuctanizatopa; 3, 4 — popma 3 HEPyXOMUM KpUCTa-
nisatopowm; 5, 6 — dopma 3 BibpyoumMm KpucTanisatopom. Ha Bknagkax: a — gudepeHujianbHa
KPVBa BU3HAYEHHS TEMMEPATYPHOrO iHTEPBANy TBEPOHEHHS BUIMBKA, 6 — 3MiHA OCbOBOI0
nepenagy tremnepartyp y ¢opMi Npu PisHNUX yMOBaX TBEPLAHEHHSA MeTany

Jna niaBMLLEHHSA TOYHOCTI BU3HAYEHHS Yacy i TEMNepaTypHOro iHTepBany TBEPAHEHHS
BUNMBKIB 3[iMCHEHO AndEepeHUiloBaHHA KPUBUX OXONOOXEHHS (puc.2, Bknaaka a).
BeeneHHs nip A3epkano pos3nnaBy HEPYXOMOIo KpucTanisatopa marixe sagidi (8 1,97
pa3un) CKOPOYYE Yac TBepaHEHHS B pOpMi, NpM3BOoauTb 00 icToTHOro (B 5,25 pa3n) 3po-
CTaHHSA LWBMAKOCTI OXOJIOKEHHS po3nnaBy Hag, niHieto nikeigyc (3 0,96 oo 5,04 °C/xs).
Mpwu BiBpaLii kpucTanizaTopa WBUAKICTb OXOJIOMAXKEHHS PO3MNnaBy Haf NiHielo Niksigyc
3pocTae o 7,3 °C/xB. MpuyomMy 4yac TBepaHEHHS CKOPOYYeThbCA B 1,25 pasn NopiBHAHO
3 HEPYXOMUM KpucTanizaTopom iy 2,47 pasu NOPiBHAHHO 3 TBEPAHEHHAM Yy PopMmi 6e3
KpucTanisartopa.

Mepenan TemnepaTyp Yy npoueci TBepaHeHHs, AT (puc. 2, Bknaaka 6), no BUCOTi BU-
JIMBKA BU3Havanu 3a pidHMUE0 NokasaHb TepMonap BiANOBIAHNX KPUBUX OXONOOXKEHHS.
Ha noyaTkoBOMY eTani OXONOAXEHHS, MiCNga NMPOXOAXXEHHS TemnepaTypu fikeigyc,
BUMIiplOBaHa PisHULA TeMnepaTyp € MiHiManbHoto. 3i 36iNbLUEHHAM BiIHOCHOIO obcAary
TBEpOoi pas3n B MeTani, o TBEPAHE, CNOCTEPIra€TbCs 3POCTAHHS BEMNYNHN Nepenaay
TeMmnepartyp B opmi. HanbinbLu BUCOKIN CTyNiHb Nepenaay TeMmnepatyp npunagae Ha
3aKJII0YHY CTaAito NPoLEeCy TBEPOHEHHS, WO 00YMOBIEHO 3POCTAHHAM TEPMIYHOI0 ONopy
B KpucTaniyHin dasi. Akuo 3aHypeHHs y NPUMNOBEPXHEBI LLAPU PO3nnaBy HEPYXOMOro
KpucTanisaTopa npru3BoamTh [0 3PpOCTaHHA Nepenany Temnepartyp B popmiB 1,85 pas, 10
Mpw BUKOPUCTaHHI BiOpYO4Oro KpucTanisaTopa Moro 3Ha4eHHs 30inbluyeTbes B 4,25 pasis.

MakpoCTPYKTYpY antoMiHIEBUX 3pa3kiB, OTPMMAHMX Yy BONOrPaHOBIN pOpMi NP PiSHUX
yMOBax TBEPAHEHHS MeTay, 300paxeHo Ha puc. 3.

JocnigXeHHs MakpOCTPYKTYPU BUMBKA MO BMUCOTI CBig4YaTb NPO NMPaKTUYHO
pPiBHOMIpHWI po3noain kpucTanis y Gopmi 3 BiOpytoUnM KpucTtanisatopom. MNMopiBHAHHS
pe3ynbTaTiB WOoA0 PO3MipiB Makpo3epHa y Bunnekax (tabn. 1), oTpumMaHux B ymoBax
0OpOOKN TBEPAHYYOro MeTany BiOPYOYMM KPUCTanisaTtopoMm, 3 pesynbrataMmn 3a yMOo-
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Puc. 3. MakpocCTpyKTypa antoMiHiEBMX 3pa3kiB, OTPUMaHMX Yy BOSIOrPaHoBir pOopMi Npu pPi3HNX
yMoOBax TBepAHEHHSA MeTany: a — dopma 6e3 kpucTanizatopa; 6 — dopmMa 3 HEPYXOMUM
KpucTanisatopom; B — popma 3 BibpyloHMM KpUcTanizatopom

Ta6bnuua 1
MapameTpu MakKpOCTPYKTYpU 3pas3kiB

Po3wmip 3epeH 1o BUCOTi 3pa3Ka, MM

YMOBH TBEPIHEHHS Y Po3swmip
BOJIOTpaHoBoii popmi MaKpo3epHa BepX cepena HH3
cepemHi 4,7 8 2,4
1. Bes kpucrasnizatopa MaKCUMaJIbHi 10,3 32,7 6,3
MiHiMaJIbHI 1,4 1,7 1,3
cepemHi 54 8,8 21
2. pn HEPYXOMOMY MaKCUMaJIbHI 20,2 16,8 4.4

KpucTasizatopi

MiHIMaJIbH1 2,0 2,8 0,7
3. Ilpm akciambho cepei 29 0.5 04
BiGpyIOUOMY MaKCHMaJIbHi 6,8 1,6 0,8
KpHCTaI3aTopl MiHiMaIbHI 1,1 0,3 0,2

BM MOro BiACYTHOCTI, CBiAYaTh, O PO3MIp MakpO3epHa y BEPXHIi, CEPEOHIN i HMXHIN
YacTUHI 3pas3ka 3MEeHLLYIOTbCA BianosiaHo y 1,62; 16,0 i 6 pasis. MakcmmanbHi po3mipu
3epHa 3aMeHLWwytoTbea B 1,5; 20,41 7,9 pasu, a MiHiManbHUN PO3MIp 3epHa 3MEHLLIYIOTLCS
B 1,3; 5,7 i B 6,5 pasie. BukopucTtaHHs BibpyloH0oro Kpmucranisatopa, NopiBHIOWYM 3 He-
PYXOMUM, 3MEHLLYE PO3MIP MaKpO3epHa Yy BEPXHili, CEPEOHIN i HMXHIN YaCTMHAXxX 3pa3ka
B 1,86; 17,6 5,25 pasis BianoBigHo. MakcumanbHMin pO3Mip 3epHa 3MEHLLYETbLCA B 2,97;
10,5i5,5 pas, aix MiHiManbHUI PpO3Mip 3MeHLLYETLCA BianoeiaHo y 1,82; 9,318 3,5 pa3u.

3 orngay Ha Te, WO BEPXHS YacTuHa 3pas3kiB Npu TBEPAHEHHI BUKOHYE (PYHKLLiIO
>KMBWSIbHOIO HAAJIMBY MO BiAHOLLUEHHIO A0 NOr0 AOHHOI YaCTMHM, HA pUC. 4 NpeacTaBneHo
rictorpamy po3noginy po3mipy 3epeH B JOHHI YaCTUHI BUNMBKIB. 3 ricTorpamu BUaHo, LWo
MiHiMarnbHe 3Ha4YeHHSs1 PO3MIpY 3epHa y BUIMBKY (~ 400 MKM) OTpMaHO B yMOBax 00p0OOIeHHS
TBEPOHYYOro MeTany Bibpylo4MM KpucTanisaTtopom. MNpoTe AoChiaKEHHST MaKPOCTPYKTYpU
BUIMBKA NO BMCOTI CBigvaTh, WO BOHA NpeacTaBfieHa sk BEANKUMN 3epPHaMK, PO3MIP SKUX
pocsrae 800 MkM, Tak | APIOHUMK 3epHamK 3 po3Mipamm 61M3bko 200 MKM | MeHLLIE.

BrnkopucToByloUM pe3ynbtaty TEPMIYHOIO i metanorpadgiyHoro aHanisy BUIMBKIB,
NMpoLLeC kpucTaniaauii KiibKicCHO MOXHa OnNucaT HaCTYNMHUMU NapamMeTpamMu: LBUAKICTIO
3apOoKEHHS LeHTpIiB kpucTanisauii # (1/M3r) i NiHiHOW WBWAKICTIO iX POCTY ¢ (M/T),
B32EMO3B’A30K AKMX PO3MAHYTO B podoTax [2,15,16]. AKL0 A0onyCcTUTK, WO KpUcTanu,
SKi GOPMYIOTbCH, MalOTb CPEePUYHY CUMETPIID, TO Ui NapamMeTpmn MOXHa BU3HA4YNTK 3a
dopmynamum [2]:

= 3’1 — dC
n ts- Capy C—1,124t—3p,
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ne: t; — 4ac noBHOro TBEPAHEHHSA MeTany, r;
d., — cepepHiii po3Mip 3epHa B PO3rsiHyTOMY
06c4asi meTany, M.

JaHi po3paxyHkiB 3a BuLLE HaBeOAEHNMN
dopmMynamm npeactaBneHo B Tadn. 2.

3 Tabn. 2 BugHO, Wo BibpayinHe
06pobneHHa po3nnaBy, SKU TBepaHe,
npu3BoguTb A0 30inbweHHa (~ 1000 pasis)
LUBMAKOCTI 3apOAKEHHS LLEHTPIB KpucTanisauii
i 3BMeHLeHHs (~ y 3,5 pa3u) WBMAKOCTI po-
CTy KpucTtanie. 9k Hacnigok, ue 3abeaneyye
dOopMyBaHHA OpPiIBHO3EPHUCTOI CTPYKTYPW.
Tpeba gymaTtu, WO OCHOBHMMW YUMHHMKAMU
TakuUX CTPYKTYPHUX 3MiH, NepLU 3a BCE, € BUKO-
pUCTaHHS GOPM 3 HU3bKUMM TENA0DIZNHHNMN
XapakTepuCTMKaMm 3a YMOBMU iX Harpisy 0 TeM-
nepaTypwu piakoro ctaHy metany. Lle nossonsie
pPO3WNPUTU YAaCOBUI iIHTEpPBaa akTUBHOMO
BMJIMBY BiOpaLlii, NiaBMLLEHHS it ePEeKTUBHOCTI.
BinoyBaeTbca GOpMyBaHHA KPUCTaNIYHOTO
wapy Ha NnoBepxHi KpucTtanizartopa, 4omy
cnpuse BigBig Tenna, o06yMOB/IEHUIA OOBOJI
BEJIMKUM nepenagomMm TemMnepaTtyp Mix
KpUCTaniaatopoMm i posnnaBom. [Npn 3aHypeHHI B po3naB Bibpylo4Yoro kpuctanisatopa
3pOCTaloyi Ha HbLOMY BEIMKI AEHAPUTU BigYyBalOTb 3HAKO3MiHHI HaBaHTaxeHHd. Lle
NPU3BOAUTL A0 X MEXAHIYHOIr0 PYMHYBAHHS i BUHUKHEHHIO YNaMKiB KpUCTaniB, SKi
MatoTb BiNbLUY LLBHICTE MOPIBHAHO 3 PiAKMM MeTanioM. [py BUMYLLIEHIN KOHBEKL,i BOHW
noTPanAsoTb Y OiNIAHKM PO3M/iaBy 3 TeMnepaTypoto, WO A03BONSE iM 30epertucs i poctun
0O CTiikux po3MmipiB. Toai Sk ApiOHI ynamMkn AeHOPUTIB PO3MIaBASOTECA, L0 BUKIIVMKAE
[00aTKOBE OXOJIOMKEHHS PIAKOro MeTany i 3pOCTaHHS iIHTEHCMBHOCTI BigBoay Tenna. NMpwn
LbOMY haKTUUYHE NEPEOXONIOMKEHHS NOON3Y GPOHTY TBEPAHEHHS PO3MiaBy NPUBOANTL A0
306iMbLLEHHS LUBUOKOCTI 32POMKEHHS LIEHTPIB KpUcTanisaLlii Ta 40 3MEHLUEHHSA PO3Mipy 3epHa.

CTpyKTYypHi 0COBNMBOCTI BUNMBKIB B3AEMOMNOB’A3aHi 3 iX QiSNYHUMKM Ta MexXaHIYHUMK
BIACTUBOCTAMU. AK BUOHO 3 pUC. 5, LWiNbHICTb 3pa3ka Ne 2, oaepXXaHoro 3 BUKOPUCTAHHAM
HEepYyXOMOIro KpucTanisaTtopa, Hmx4e, Hix y 3paska Ne 1, oTpumaHoro 6e3 kpucTanisatopa, a
BMKOPUCTaHHSA BIOPYIOYOro Kpuctanizaropa (3pasok 3) 3abeanevye HarbinbLUe NigBULLEHHS
winbHocTi meTtany. LWinbHiCTb 3pa3ka B NPUCYTHOCTI HEPYXOMOIro KpucTanisatopa

j B2 MaKCVMasbHNN
64 B2 cepenHin
B2 miHimanbHMn

Poawmip 3epHa, MM

1 2 3
YMoBU TBEPAiIHHA B DOPMI

Puc. 4. Tictorpamu posnoainy po3mipis
Makpo3epHa B AOHHIN YaCTUHI BUINBKIB,
OTPUMAHUX B Pi3HNX YMOBAX TBEPAHEHHS:
1 — dpopma 6e3 kpuctanisatopa; 2 — popma
3 HEPYXOMUM KpucTanidatopom; 3 — popma
3 BiOPYIOUYMM KpUCTasi3aToOpPOM

Tabnuuga 2
MapameTpu KpucTanisauii antomMiHilo A7 B A OHHi/ YaCTUHi BUNIMBKIB,
OTPMMAHMX B Pi3HUX YMOBaX TBEpPAHEHHS

VYMoBH Cepenmiii Hac nosnoro IIBuaKiCTD 3apOKEHHS JI]HIH.H a
TBepAHeH- | PO3Mip 3epHa TBEPHCHH IEHTPIiB KpUCTaTi3aii [HBHKICTD
- qu)o " J BILJIMBKA Lot 3POCTaHH

P o' M T,,r n, 1/(ur) KpHCTaJiB C, M/T
1 0,00333 1,06129716 7,88658:107 0,00353
2 0,0024 0,58620558 3,82541-108 0,0046
3 4,66667-10 0,48518772 6,28683-101° 0,00108

Mpumitka: 1 — TBepOHEHHS 6e3 KpucTanizatopa; 2 — TBEPOHEHHSI 3 HEPYXOMUM KpUCTanizatopom, 3 —

TBEPAHEHHS 3 BiOPYOUYNM KPUCTai3aTOpPOM
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YMoBU TBEPAiHHSA B GOPMI

Puc. 5. LLLinbHICTb i MEXaHIYHI BAACTUBOCTI 3pa3kKiB Y IMTOMY CTaHi, OTPUMaHUX
B Pi3HNX yMOBax TBEpAHEHHS: T — popma 6e3 kpuctanidatopa; 2 — popma 3
HepyxoMuM kpucTtanisatopom; 3 — popma 3 Bibpyo4MM KPUCTaNisaTopom

3MeHLyeTbes Ha 0,42 %, a Npu HasiBHOCTI BiBpYO4Oro kpucTanisatopa 306inbLyeTbCs Ha
1,2 % NOpIiBHSHO 3 TBEPAHEHHSAM Y BOMorpaHoBon dopmi 6e3 kpucTanizatopa. Pazom 3
ummMm, B 1,87 pasm nigBULLYETLCS i iX KOPOTKOYACHA MILHICTb SIK Y MOPIBHAHHI 3i 3paskamMu,
OTPUMaHMMK NpU TBEPAHEHHI B BONOrpaHoBiin dopmi 6e3 kpuctanisaTopa, Tak i 3paska,
AKMIA COOPMYBaBCS B MPOLLECI TBEPAHEHHS 3 HEPYXOMUM KPUCTanNi3aaTopoM. MNiacTuyHICTb
3pa3ka Ne 3 npu ubomy nigsmyeTbes Binblue, Hix B 3 pasu.

TakMM YMHOM, BUKOPUCTAHHSA BibpyloYOro kpucrtanizatopa, 3aHypeHoro nig
A3epkano posniasy Yepesd BiAKPUTY NOBEPXHIO GOPMU 3 HU3bKMMU TENN0Pi3UYHUMN
xapakTepuctmkamMm, Npu3BoauTb A0 reHepauii Ta piBHOMIpHOro poanoainy ApidHuX
KpucTanis, 36iNbLLIEHHS LEHTPIB KpucTanisadii. Lle 3ymoBnioe noapibHeHHs KpUcTaniyHoi
CTPYKTYPU, NiABULLEHHS LWiNbHOCTI i MeXaHIYHWX BNaCTUBOCTEN NIUTUX BUPOODIB.
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CONTROL OF CASTING STRUCTURE THROUGH OPEN SURFACE PROFITS

On the model and metal systems, the possibility of controlling the structure of the casting through the
open surface of the riser with the use of a vibrating crystallizer immersed in the near-surface layers
of the melt in a mold with low thermophysical characteristics has been studied. Physical modeling
carried out on an alloy of organic substances: camphene — 90 %, tricycline — 10 %, made it possible
to observe and fix the nucleation, growth of crystals on a stationary steel mold, immersed 8-10
mm under the mirror of the melt. As well as the nucleation, growth and separation of crystals from
a crystallizer vibrating with a frequency of 50 Hz and an amplitude of 0.5 mm, and their settling to
the bottom of the mold under the action of gravity with the formation of a "cone of deposition”, due
to which the appropriate conditions are created for the formation of a fine-crystalline structure at
solidification. The verification of the regularities established during physical modeling was carried
out on aluminum grade A7 using similar vibration modes and a casting mold made of vologran, the
thermal conductivity of which is 0, 16 W/(m-K), the heat capacityis 1,185-103 J/(kg-K). Two series of
experiments carried out under conditions of natural cooling from a temperature of 670°C in air with a
stationary and vibrating crystallizer, showed that the treatment of the solidifying metal with a vibrating
crystallizer promotes a 16-fold decrease in the average size of macrograins in comparison with
castings obtained by volumetric solidification in the Vologran mold. in the absence of a crystallizer.
The presence of an immovable crystallizer in the melt leads to a decrease in the density of the lower
part of the casting by 0.42 %, while a vibrating one leads to an increase in its density by 1.2 %. The
use of a vibrating mold provides an increase in strength characteristics by a factor of 1.87 both
when receiving castings in a Vologran mold without a mold, and when it is stationary. In this case,
the plasticity of the samples increases by more than 3 times. The results of experimental studies
are explained from the standpoint of the theory of nucleation and growth of crystals.

Keywords: vibrating crystallizer, casting, nucleation and growth of crystals, grain size, strength,
plasticity.
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