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KuHeTuka 3aTeepaeBaHus cnaasa npu 60NbLLOW
WHTEHCMBHOCTM TENNoOMaccoo6mMeHa HU3KOTEMNEepaTypPHbIX

thopm

lpeactassieHbl pacyeTHbIe 1 9KCNEePUMEHTAasIbHbIE AaHHbIE CKOPOCTU OX/1aXAEHUS OTJIMBOK W3 Pas3J/iNn4yHbIX Cr1/1aBoB,
3a/MBaeMbIx B HU3KoTemneparypHbie ¢opmbl (HTPD) n necHaHo-rnvHuCTbie ¢opmbl (MTPD). MNMonydeHHbie pe3ysibTaTsl
rokasasnu, 470 MoAeIMpPOoBaHNe 006eCcreYnBaeT BbINOJIHEHNE JOCTOBEPHbLIX PACHETOB HECTALIMOHAPHbBIX TEMIEPAaTypPHbIX
rionevi oTMBOK, 3annTeix B [MT® n HTP. OnpeneneHsl napameTps! 1nTes B HT® (Bpemsi 3aTBepaeBaHus, TBEPAOCTb,
BeJINYUHA yCaL0YHbIX AEPEKTOB), BbIMOJIHEH aHAJING [10J1y4E€HHbIX PE3Y/IbTaTOB.

KnoueBblie cnoBa: Hu3koTemnepatypHas ¢opma, necqdaHo-ravHucTas ¢opma, dyyryH CH15, anomuHnii AKEM2,

KOMIMbIOTEPHOE MoAesinpoBaHue.

eedeHue. Jlntbe B HT® — ogHo 13 Hanbonee nep-

CMEKTUBHbIX HarnpaerneHui pasBUTUS JNUTEAHOTO

nponssoactea. OcobeHHOCTbIo NTbs B HT® aBnsi-

€TCH CYLLEeCTBEHHOE yBernmyeHne nNpoYHoOCTU hopm,
Nno cpaBHeHUO ¢ NuTbeM B MNP, a Takke BOZMOXHOCTb
MCMONb30BaHMs BOAbl B Ka4eCTBE OCHOBHOIO CBSA3YHO-
wero. [daHHbIN MeToq WM3roTOBMEHUA opM ynydliaet
CTPYKTYPY, MOBbILIAET TOYHOCTb M FEOMETPUID OTIIMBOK,
3KOHOMUT POPMOBOYHbLIE MaTepuarbl, U, YTO 0COBEHHO
Ba)XHO, YIy4LLAET 3KOMOrMIo, yCTpaHss BpeaHble BbIOpo-
cbl B atmocadepy [1].

Lenbro uccnedoeaHusi sBnsietcs Bepudmkauus
nporpaMmmHoro komnnekca LVMFlow ansa 3anvekn HTO.
HT® asnsetca HeycTon4mBon hopMOK, Tak Kak npu 3a-
NVBKe CnriaB KpUCTannm3yeTcs B COOTBETCTBUUN C 3aKO-
HOM KBagpaTHOro KOpHS, a cama copma TepsieT CBOU
CcBOWCTBA U paccbinaetcs. [pu 3ToM M3MepeHne Temne-
paTypbl MOBEPXHOCTM hOPMbI MPAKTUHECKN HEBO3MOXHO.
HT® no3sonseT 3anvBaTh cnnas Mo AABNEHUEM, MOSy-
Yyasi BbICOKOE KayecCTBO MoBepxHOCTW oTnueku (CH 15
Rz = 40 - 20 mkm, AK5M2 Rz = 20 - 10 mkm), xopoLune
MexaHM4YecKkne n TeXHONOrM4yeckne CBOMUCTBa. OTo AaeT
BO3MOXXHOCTb yELLEBUTL CNOCOO M3roTOBIEHNSI OCHACT-
KW, YMEHbLLUTL BPEMS U3roTOBNEHNSA (PopMbl, Nonyyatb
OTNUBKM B pa3oByto hopMy NoJ AaBNeHNeM pasnnyHou
KOHpurypaumm n pasmepos.

Mamepuansi u MemodsI uccredoesaHusi. Mogenu-
poBaHue TennonepeHoca B HT® peanusoBaHO B npo-
rpammHoM komnnekce LVMFlow (gemoBepcus), cocto-
ALlen U3 oTAenbHbIX MoAyrnen, npegHasHayeHHbIX As
peLLeHns1 KOHKPETHbIX 3ada4y NUTENHOro NPOM3BOACTBA.
Mpouecc 3anonHeHns opMbl pacnnaBoM ONUCLIBaeTCs
ypaBHeHnaMn HaBbe-CToKCa, rae BA3KOCTb yUUTbIBAET-
ca B Buge nonpasku. OQHOBPEMEHHO MOAENMpoBarcs
npouecc 3anosfiHeHns GopMbl pacniaBoM M ero 3aTeep-
JesaHue.

YpaBHeHUs rMapoaANHaAMMKLA AN BA3KOW HecXKnmae-
MOW >XXUAKOCTU UMEKOT criefytoLmm sug [2]:

div(v) =0, (1)
%
ot

roe p = const — NOCTOsiHHAsA NNOTHOCTb; L — KOaddu-
LUNEHT BHYTPEHHEIO TPEHUS; p — AaBrneHue (ckanspHas
BenuuuHa); v = [v, v, v,] — CKOPOCTb (BEKTOpHas BENnYn-
Ha); F = [Fx, Fy, Fz] — cnna (BekTopHasa Benu4YnHa); X, ¥,
Z, t — NpOCTPaHCTBEHHbIE KOOPAMHATLI U BPEMSI.

B kaxgom otgensHOM Mogyre npouecchl TennomMac-
cornepeHoca OnuCbIBaKOTCS 3aMKHYTON AMHaMUYEeCKON
CUCTEMOW ypaBHEHMWIN, OCHOBAHHbLIX Ha 3aKOHax Coxpa-
HEHWs1 BHeprun, uMnyrbca, Maccbl, ypaBHEHUI COCTOS-
HWSi MHOTOKOMIMOHEHTHbIX CMITaBOB, KOTOpbIE peLlatTcs
Ha NPSIMOYrOSIbHON CETKe METOLAOM KOHEYHbIX Pa3HOCTEN
(MKP) c aBTOMaTnyecknm BbIGOPOM Lara MHTeErpMpoBa-
HWSI MO BPEMEHM.

Mpu BbIMONHEHMU paboTbl Obin 3agaH cnnas, Ma-
Tepvan ¢opmbl, TemnepaTtypa ¢opmbl, TeMneparypa
oKpy)katoLlen cpegbl, cnocob 3anueku. NapameTphbl 3a-
NVBKM yKa3aHbl B Tabn. 1.

p—+Vp—pAv+p(v-Vyv—pF =0, (2)

Tabnuua 1
MapameTpbl 3anMBKK
CBounctBa MapameTpbl

Metann CH 15
AK5M2

Matepuan HT®

copmbl ro
20 °C

TemnepaTtypa °
hopmbl -20°C
P ~60°C

Jlutbe nog aaenexunem (0,13-0,16 Mla)

Cnoco6 3anuBeku
paBUTaALMOHHOE NUTbE

TemnepaTypa
OKpy>KatoLLen
cpeabl

20 °C
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3anueka B HT® mogenupoBanack nog gasneHneMm, B
Mr® — rpaBuTaumMoHHbIM NUTbeM. Viccnegosanuch Aga
cnnasa: CH15, AKSM2. Temnepatypa chopmbl cocTaBns-
na 20 °CeIre un (-20), (-60) °C B HT®. 2D-reomeTtpus
OTNUBKM NpuBeAeHa Ha puc. 1. 3anuBanack LMNUHAPK-
yeckasa otnmeka 50 mm gruameTtpom 1 100 MM BbICOTOM.
3D reomeTpus oTNMBKU B pOpMe MoKasaHa Ha puc 2.
MoaBoa MeTanna ocyLecTBAsANcA CUGPOHOM.

700

m OCKN3 OTNMBKM

m 3D reomeTpus oTNMBKK B hopme

Pe3ynbmamsbil u obcyxdeHusi. Ha puc. 3 npep-
ctaBneHbl 3D mogenu u3 cnnasa CY 15, Ha puc. 4 —
3D mopgenu u3 cnnasa AK5M2, zanuBaemble B HT®
-60 °C (a), B HT® -20 °C (6), Nrd 20 °C (8). B o6ounx
cny4vasax npvBefeHbl pacyeTHble JaHHble BpeMeHU 3a-
TBEpPOEBaHUSA.

Ons Bepudukaumm nporpaMmmbl ObINO NpPoBEeOEHO
CpaBHEeHWe pes3ynbTaTtoB, MOMyYeHHbIX NpU MoOenupo-
BaHUM 1 U3MEPEHHbIX B npoLecce prn3nyeckoro aKcne-
pvMeHTa (Tabn. 2, 3).

Dr3nMYECKUA IKCMEPUMEHT NMPOBOAUICS CNeayroLLnM
o6pazom. CobpaHHyl HU3KOTEMMNEPATYPHYD opMy
yCTaHaBnNMBanu B YCTAHOBKY NWUTbsl MO HU3KMM AOaB-
nexvem (0,13-0,16 MIa). YctaHaBnuBanucb XpoMerb-
anomMeneBsble TepMmonapbl U MuUnnuBonsTMeTp MP-64-
02, 4TO NO3BONANO U3MEPATb U PEryNnMpoBaThL Temnepa-
Typy MeTanna B Turne, a B HT® — ¢ nomoubto npubopa

(316681
294061
271.441)
[248.821|
226.201
203581
1180.961
[158 341
135.720
113.100
190.480 |
|67.860

45.240

22620
[0.000

a 6

8

m Bpewms 3atBepaeBaHus otnueky u3 cnnasa CY 15 (3D
mogenb): a — HT® (-60) °C; 6 — HT® (-20) °C; 6 - MI'd 20 °C

- [P T g

L

/

370.126
343.689
317.251
290.814
264.376
237.938
211.501

a 6 8

m Bpemsa 3atBepgeBaHus otnmeku n3 cnnaesa AKSM2
(3D mogenb): a — HT® (-60) °C; 6 — HT® (-20) °C; e — [P
20°C

TM200 Tepmonapsbl Tuna K. Cxatbin BO3oyx nogasarcst
B KOXYX Me4YM C MOMOLLbIO MynbTa, KOTOPbIA NO3BOMSAN
perynupoBaTb CKOPOCTb 3alIMBKM 1 BPEMS BbIAEPXKKM OT-
nNnBKM NoAa aasneHunem [1].

PacuyeTHble KpuBble U 3KCNEepUMEHTarnbHbIE TOYKM
Onsi ckopocTen oxnaxaeHnsa otnmeok n3 AK5SM2 n CY15
npuBeaeHbl Ha puc. 5 1 6.
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Tabnuua 2
CkopocTb oxnaxgeHusa AK5M2, °C/c

HT®-60°C | HT®»-20°C | nro
PacueTHble AaHHble B nHTepBane TemnepaTtyp 720-500 °C
2,9 | 2,7 | 2,4
OkcnepuMeHTanbHble AaHHble B MHTEpBane Temneparyp
720-500 °C
2,8 | 2,5 | 2,0
PacyeTHble AaHHble B HTepBane Temnepatyp 720-577 °C
3,1 | 2,7 | 25
OkcnepvMeHTarnbHble AaHHble B MHTEpPBane TeMneparyp
720-577 °C
3,0 | 2,6 | 2,2

Tabnuua 3
CkopocTtb oxnaxpaeHus CY15, °Clc
HT®-60°C | HT®-20°C | nro

PacyeTHble AaHHblE B MHTEpBane Temnepartyp
1350-1150 °C

4,24 | 48 | 3,9

OKcnepuMeHTanbHble AaHHbIE B UHTEpBare
Temnepatyp1350-1150 °C

4,3 | 4,1 4.4
Pac4yeTHble gaHHbIE B WHTEepBane temnepartyp
1350-750 °C
4,75 | 4,57 | 4,9
SKCI'IepVIMeHTaJ'IbeIe OaHHble B UHTepBane temnepartyp
1350-750 °C
48 | 4,6 | 45

o 35
=
=
I
= .
3 2 —_1
m
g 1.5 2
E 1 —— 3
[=]
] 05 —4
O
0
-80 -60 -40 -20 0 20 40

Temnepartypa, "C

m PacuyeTHble 3aBUCMMOCTU CKOPOCTU OXNaXOEHUsT OT-
nmBok n3 AK5M2 oT HavanbHOW TemnepaTypbl opmbl: 1 — B
WHTepBane Temnepatyp 720-577 °C; 2 — aKkcnepuMeHTanb-
Hble AaHHble 720-577 °C; 3 — B uHTepBane TemnepaTtyp
720-500 °C; 4 — akcnepuMeHTanbHble gaHHble 720-500 °C

Onpepenanacek TBepgoctb CY15 n AK5M2, 3anu-
BaeMbIx B HT® (-60, -20°C) u MNIre. B xoge mogenu-
poBaHMS yCTaHOBMNEHO, 4YTo npu 3anmeke CH15 B HT®
(-60) °C HB = 225 MIa, B HT® (-20) °C HB = 200 MIla,
B I® HB =175 MIlla. HB ana CH 15 coctaBnsaet 130—
241 MIlMa. Pe3ynstaThl pacyeToB nNpuBedeHbl Ha puc. 7.

Mpn 3anuBke AKS5M2 npegmen npoyHOCTU coOCTa-
Bun: HT® (-60) °C HB = 73 Mla, B HT® (-20) °C
HB = 69 MIla, B Nr'® HB = 67 Mla. HB Ona AK5M2
coctaBnser 65-76 Mla. PesynsraTtel pacyeTtoB npea-
CcTaBneHbl Ha puc. 8.

Takum obpasom, HB, nonyyeHHble pacyeTom Ans
CY15 n AK5M2, cooTBeTCTBYET CTaHOapTaM.

. i

o 5

= —_

= '_______—!' !

z ———

3 ! -
im 3 2
2 2

= —a—3
=

3 ! ——d
[=%

2 0

0 -0 -40  -20 0 20 40

Temnepatypa, "C

m PacyeTHble 3aBUCMMOCTU CKOPOCTU OXMaXOeHus OT-
nmBok n3 CY15 ot HavyanbHOW TemnepaTypbl dopMmbl: 1 — B
uHtepsane temnepatyp 1350-1150 °C; 2 — akcnepumeHTanb-
Hble AaHHble 1350-1150 °C; 3 — B mHTepBane Temneparyp
1350-750 °C; 4 — skcnepumeHTanbHble AaHHble 1350-750 °C

250 | 7__7——__1__

200

2

TeepaocTe, MMa

Temneparypa, °C

LA TeepaocTb no Bpuxensio anst CY15: 1 — HT® -60 °C;
2—HT® -20°C; 3—Trd 20 °C

TeepaocTs, MMa

Temnepartypa, "C

m Teeppoctb no bpuHennio ana AKSM2: 1 — HT®
-60 °C; 2—-HT® -20 °C; 3—-TI'd 20 °C

Mpouecc obpasoBaHMsa yCcago4HbIX PAKOBUH chnaBa
CY15 n dopmupoBaHue ycagovyHonW NOPUCTOCTU MOKa-
3aHbl Ha pucyHkax B Tabn. 4. O6beM ycagovHoWm nopu-
CTOCTU U yCaO4HbIX PAKOBWH pacCYUTbIBaricsi OT BCEro
obbema OTNIUBKM.

B T1abn. 4 npvBeneHbl pesynsrarbl MOAENMPOBaHMS,
nony4eHHble npu 3anmeke CH15 B HT® un MIro.

Mpouecc obpasoBaHMsa ycago4HbIX PaKOBUH Chnasa
AK5M2 n dopmupoBaHme ycagovyHOW MOPUCTOCTU MO-
KasaHbl Ha pUCyHkax B Tabn. 5. YcagoyHas nopuctocTb
pacnonaraeTcs OT LieHTpa OTNMBKU 4O BEpXHen ee 4a-
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Pe3ynbraTthl MOgenupoBaHua npu 3anuBke CY15

Tabnuya 4

Ne dopma Bpewms HB, MMNa DedekTbl 2D u30bpaxenme
3aTBepAeBaHus, C pedekra
_ 70,
1 HT® —60 °C 202.7 205 Ycapo4yHas nopucTocTb 7o %
Ycapgo4Has pakosuHa — 0 %
iy -
2 HT® 20 °C 316,7 200 YcapoyHasi NnopucToCTb 8o %
YcapoyHas pakosuHa — 0 %
_ 70,
3 Are 492 175 YcagoyHasi nopucTocTb 7o %o
YcapoyHas pakoBuHa — 5 %

m OtnuBeka «aHemoctat», cnnas AK5SM2 MOCT 1583-93

ctu, 3aHumaet 40 % obbema otnueku. B Tabn. 5 npu-
BeeHbl pe3ynkTatbl MOAENVMPOBAHUS, MOMyYeHHbIE NpU
3anueke AKSM2 B HT® u M.

MOTJ'II/IBKa «kopryc 4acoBy», cnnae bpO6LI6C2x
FOCT 614-97

OtnuBkn, nonydeHHble B HT®, npuBeaeHsl Ha puc.
9-11:

— «KpblLWKay, 4yryH CH 20 NOCT 1412-85;

— «aHemocTtat», cnnas AK5M2 NOCT 1583-93;

— «Kopnyc YacoBy, crnnas bpO6LI6C2x TOCT 614-97.

[aHHble OTNNBKU NONYYUNNCH C BbICOKUM Ka4eCTBOM
nosepxHoctn (CH 15 Rz = 40-20 mkm, AKSM2 Rz =
= 20-10 MKM), C XOPOLUMMU TEXHONOTUYECKUMMU U MEXa-
HUYECKMMU CBONCTBaMM.

BbiBoabl

[Ona onpegeneHnss napamMeTpoB TEXHOMOrMYecKo-
ro npouecca U3roToBfeHMst OTAMBOK 13 cnnasoB CYH15
n AKS5M2 wucnonb3oBann nNpoOrpaMmHbIA  KOMMMEKC
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Pe3ynbraTthl MogenupoBaHusa npu 3anueke AK5M2

Tabnuua 5

Ne Popma Bpewms HB, MNa DedekTbl 2D u3oGpaxenme
3aTrBepAeBaHus, ¢ necpekra
_ [
1 HT® 60 °C 295 73 YcagoyHas nopucTocTb 3? %
YcapoyHas pakoBuHa — 1 %
_ )
5 HT® —20 °C 304 69 Ycapo4yHas nopucTocTb 4(3 %
YcapouHas pakoBuHa — 1 %
— o,
3 are 370 67 YcapouHas nopuctoctb — 35 %
YcapouHas pakosuHa — 10 %

LVMFlow (nemoepcusi). ConoctaBneHne nosy4eHHbIX
pacyeTHbIX U 3KCMepUMEHTaNbHbLIX AaHHbLIX MO3BOMNIIO
cAenaTb BbIBOA: MOAENMPOBaHNe obecneunBaeT BbIMNos-
HeHue JOCTOBEPHbLIX PACYETOB HECTALMOHAPHbLIX TEMMe-
paTypHbIX NOnen oTNNBOK, 3annTbix B HT®.

B xone paboTbl onpegensanunce Takve napamMmeTpbi:

— BpeMsi 3aTBepAeBaHus;

— CKOPOCTb OXJTaXAEHUSA OTNNBOK;

— TBEPOOCTb;

— BEMMYMHa ycago4HbIX AedEKTOB.

[MonyyeHHble pesynbTaTbl NO3BONUMM caenaTb Bbl-
BOA, YTO Hauny4was otnueka 3 cnnasa CH15 n AK5M2
nonyyaetcs npu 3anveke B HT® -60 °C.

[aHHas TexHornornsa no3BonseT 3anuBaTb pasnuyHble
Crnrasbl C NOBbILLEHHLIM AaBNeHneM B pa3oBble POpPMbI,

<
" '& JTINTEPATYPA

npu STOM OOCTUrasi BbICOKOro kadyecta oTrimBok (CH 15
Rz = 40-20 mkm, AKSM2 Rz = 20—10 Mkm).

HT® nossonseT nony4yaTtb rabapuTHbIE OTIIMBKA NOA
[aBrneHMeM, obner4yaet M3roToBreHMe OCHaCTKKN nobon
KOHdpUrypaLmm, ucnonb3ysi BTOPUYHOE (DOPMOBOYHOE
cbipbe. YTO, B CBOIO oyepenb, NPUBOAUT K XOpOLLUEMY
9KOHOMUYECKOMY 3(PdeKTy, HE 3arpsasHseT OKpyKato-
Lyto cpeny.

CkopocTtb oxnaxgeHus B HT® Bbiwe, yem B IO,
OTtoMy cnocobcTByeT Oonbluas  TensionpoBOAHOCTb
HT®, a Takke OTCyTCTBME 3a30pa Mexay MeTanfioMm u
CTEHKOWN (POpMbl. ITOT (pakTop NPendaTCTByeT NMKBaLU-
OHHbIM SIBMIEHUAM, YTO MPUBOAMT K MOBLILUEHNIO MPOY-
HOCTW MeTanna.
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Jincenko T. B., Acrokos B. B., Conoxerko /1. |.
AnoTauin KiHeTvka 3aTBepAiHHS CnnaBy npu BENUKIA iIHTEHCUMBHOCTI TEMNIOMACO0BMiHY
HW3bKOTEMMepaTypHNUX hopM

lMpeacTaBneHO pPO3pPaxyHKOBI Ta €KCrePUMEHTaslbHi AaHi LUBUAKOCTI OXOJI04XEHHS BW/IVBKIB 3 PI3HWX CriasiB, L0
3a/IMBaloTbCsl B HU3bKoTemMmneparypHi opmu (HTP) ta niwaHo-rvHucTi popmu (MTFD). OTpumMaHi pe3ynbtaty nokasanim, Lo
MonesnoBaHHs 3abe3redye BUKOHaHHS JOCTOBIPHUX PO3PaxyHKIB HECTaLiOHaPHUX TEMIePAaTypPHUX NoJliB BUINBKIB, LLIO 3a/INTi
B [1I® | HT®. BusHayeHo napameTtpu antTs B HT® (4ac 3aTBepAiHHS, TBEPAICTb, BEIMYNHY YCaA0YHNX AEDEKTIB), BUKOHAHO
aHasia oTpumMaHux pes3ysbTaris.

. HusbkoTemnepartypHa gopma, niwaHo-rmvHucTa ¢$opma, yaByH CY15, anominiti AKEM2,
Knouosi cnosa KOMIT'I0TEPHE MOLEIOBAHHSI.

Lysenko T., Yasiukov V., Solonenko L.
Kinetics of solidification of an alloy at a high intensity of heat and mass
transfer of low-temperature forms

Calculated and experimental data on the cooling rate of castings from various alloys, cast into low-temperature forms (LTF)
and sand-clay forms (SCF) are presented. The obtained results showed that the simulation provides reliable calculations
of the unsteady temperature fields of castings filled in SCF and LTF. The casting parameters in the LTF (solidification time,
hardness, and shrinkage values) were determined, and the obtained results were analyzed.

Low-temperature form, sandy-clay form, cast iron CH15, aluminum AK5M2, computer simula-
tion.
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