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AHHomayus. B cTathe NPHUBENEHB! PE3yNbTAThl YHCICHHOIO PEIICHHS 331a4d 110 MOIEIHPOBAHUIO IIPOLECCa BO3MOKHOIO TPEIIMHOOOPA30BAHU
B 00os04koBoii (opme (OD) mapoobpa3zHOil KOH(GUTYpallMH NpPU 3ajMBKE B HEE YKHJKOH CTalM M OXJIAXKICHUH 3aTBEP/CBAIOIICH OTIMBKH.
YuciieHHast cXeMa OCECHMMETPHYHO 3a/la4il U aITOPUTM PEIICHHS ObUIM NPUBEICHBI B 4acTH 1. TpemMHOCTONKOCTH OLICHUBAETCS 110 BEIU-
YHE HOPMaJIbHBIX HalpshKeHHH B Kepamuueckoir O® B mpoliecce ee COBMECTHOTO OXJIAXKICHHS C 3aTBep/eBaroiieii oriiBkoi. [Ipu geranpHOM
aHAJM3¢ PEe3y/IbTaToB ObUIM YUYTCHBI IOJI HMEPEeMCIICHUH, HaIpsHKCHUH, TeMIeparyp Kak B cdepudeckoit O, Tak u B HapacTaromeil Kopouxe
3aTBep/eBIIero MeTasia. [Ipy pereHny yauThIBaJoCh M3MEHEHUE MOLYJIS C/IBHIa MaTepralia (popMbl OT TEMIEPaTypbl, U OblIa JaHa OLIEHKA HTOTO
yTouHeHHs. 3ajady pemanu aByms criocobamu. IlepBrlit — ¢ mocTosHHBIM MoxyneM casura O®; Bropoit — ¢ MmoayneM casura O®, 3aBucAmIUM
OT TeMmIIeparypbl. Mexay 3THMH BApUaHTAMH €CTh CYLIECTBEHHAs! pa3HUIIA B BEJIMUMHE HOPMAJIbHBIX HANPsDKEHUH, Bo3HuKaomux B Od. ABTopsl
IpoaHaIu3upoBann croiikoctt OP cheprueckoil reoMeTpHI OT BHEIIHUX BO3ACHCTBHII CO CTOPOHBI onopHoro HaronHuTens (OH) o6oxouxoBoit
(hopMBI U 3aJTMBOYHOI BOPOHKH. bblila pelieHa 3a1a4a rno onpeJiesieHHI0 KOHTaKTHOM U cBOOOIHO# noBepxHocTeil Ha rpanuie O® u OH. Pesyrb-
TaThl PEIICHUS 3a/la4yl IIPEACTABICHBI IpaUuecKy B BHAC IO HANPSDKEHUMH, TEMIIEpaTyp MO HUCCIETyeMOl 0OIacTH B PasHBIX €€ CCUCHHAX
¥ BPEMEHHBIX MHTepBanax oxjaxaenus OD u napacraromeil kopouku merasia. [lokazana poib CKUMAIOIMX HOPMAJIBHBIX HANPSKEHUH G,
G,, Ha TOBEPXHOCTH COMPUKOCHOBEHU OD ¢ KMJIKUM METAJIOM B HAYaJIbHBIH MOMEHT OXJIaX/EHUsS HA BEPOSTHOCTH TPEIIMHOOOPA30BAHUS
B cepuueckoit hopme. YpoBeHb HapPsKEHHO-e()OPMHUPOBAHHOTO COCTOsIHUS B cepudeckoit OD npu oXJaxJIeHUU B HEH CTAJIbHON OTIMBKH
CYILIECTBEHHO OIIPEENIACTCS 3aBUCHMOCTBI0 MOy s caBura Od oT Temmeparypel.
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STRESS-STRAIN STATE OF CERAMIC SHELL MOLD DURING FORMATION
OF SPHERICAL STEEL CASTING IN IT. PART 2
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Abstract. The paper presents the results of numerical calculations of the solution to the problem of modeling the process of possible cracking in a
spherical shell mold when pouring liquid steel into it and cooling the solidifying casting. The numerical scheme of the axisymmetric problem and
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the algorithm for its solution were given in Part 1. The crack resistance is estimated by magnitude of the normal stresses in the ceramic shell during
its co-cooling with a solidifying casting. The results detailed analysis considered: fields of displacement, stresses, and temperatures both on spherical
surface and in growing crust of solidified metal. The solution took into account the change in the shear modulus of the mold material from temperature,
and an assessment of this refinement was given. The problem was solved in two ways. The first — with a constant shift modulus of the shell mold;
the second — with its temperature-dependent shift modulus. There is a significant difference between these variants in terms of magnitude of the normal
stresses arising in the shell mold. The authors analyzed resistance of the shell mold spherical geometry to external influences from its support filler and
filling funnel. The problem of determining the contact and free surfaces at the boundary of the shell mold and support filler was solved. The results
are presented graphically in the form of diagrams of stresses and temperatures over the studied area in its different sections and time intervals for
cooling of the growing metal crust. The role of compressive normal stresses 6,,, 6,; on the surface of contact of the shell mold with liquid metal
at the initial moment of cooling on probability of cracking in a spherical mold is shown. The level of strain-stress state in a spherical shell mold when
cooling a steel casting in it is significantly determined by dependence of shift modulus of the shell mold on temperature.
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[ BBEAEHME

Panee wuccnenoBaHus MO BIUSHUIO HAMNpSKEHHO-
nedopmupoBannoro cocrosaus (HJIC) Ha ee Tpemu-
HOCTOWKOCTh TpPHU 3aJMBKE >XUIKMUM METaJUIOM U OX-
JIAXKJIEHUM COBMECTHO C 3aTBEpPAECBAIOLIECH OTIIMBKOM
MIPOBOIMITUCH HAa 0005109K0BOH opme (OD) i TUThS 1O
BBITUTaBIIsIeMbIM MozelsiM (JIBM) B Buje crosika, IMEro-
1Iero Kak MHJIUHAPUYECKYIO, TaK U cheprudeckyro popmy
(3ymri). IIpoBeneHO MHOKECTBO TCOPETHUYCCKUX M IKC-
MEePUMEHTAJIbHBIX HCCIEA0BaHUHN 110 YCTAaHOBIECHUIO 0CO-
OCHHOCTEH HaNpsHKECHHO-IS()OPMUPOBAHHOTO COCTOSTHHS
(HAC) xepamuueckoit 000104k0BOK (GOPMBI U TOTyYae-
MBIX OTJIIMBOK B JINTHE MO BBIIUIABISIEMBIM MOJAEISAM: IO
BnusHUo Ha HJIC marepuanoB BBIIIIABISIEMBIX MOJIE-
neit [1;2], popmbl u reomerpun OD [3; 4], TONIIMHBI
cTeHku (opmsl [5; 6], matepuana ¢opmel [7; 8], reomer-
puu oTiauBOK [9 — 11], MeTonoB UcHbITaHUH (HOpMBI Ha
IpouHOCTh U Tp. [12; 13].

MaremaTHdeckoe MOJCIHPOBAHNE PacCMaTPUBACMBIX
MIPOIIECCOB TaKKe MPEACTABICHO B JAPYrux pabdorax (Mme-
Tonbl MoaenupoBanus [ 14], uccnenosannii [15 — 17], ¢ uc-
MOJIb30BAHUEM YHWCIIEHHOTO MopenupoBanus [18 —20],
CIeNMaIbHBIX MaTeMaTndecKkux mozenei [21 — 23] u mpor-
PaMMHBIX CpeACTB [24; 25].

BrI3pIBaeT Kak Hay4dHBIN, TaK U IPAKTUYECKUN HHTEPEC
W3TOTOBJICHHE OTIMBOK ILIApoBOM M chepuueckor Gopm
ripu tomotu JIBM, a 3HaguT, u croiikocts OD K TpenmHo-
oOpa3oBaHuio pu HOPMUPOBAHUN B HEHMl TaKMX OTINBOK.
MMmenHo Ha pelieHue 3TOW 3aJadd U HANpPaBIICHBI MaTe-
pHalIbl HaCTOsIIEH pabOTHI.

B pabote [26] nmpuBeneHbl 00MIasi MOCTAHOBKA 3aJlauu
M0 MOCTPOCHHUIO MaTeMaTHYECKOH MOJAETH IO Ompesesne-
auto H/IC u temneparypst B O® npu oxitaXAeHUH B HEH
cthepuueckoll OTIMBKH, YHCICHHas CXeMa M aJrOpUTM
peIIeHNs 3aa9i C UCTIONIB30BaHUEM pPa3paboTaHHBIX KOM-
IUIEKCOB mporpamm [27; 28]. B HacTosimeit padore mpen-
CTaBJICHBI PE3YNBTATHl TCOPETHICCKOTO M UHCICHHOTO
WCCIICI0BAaHUM pelIeH s TOCTaBIEHHOHN 3a/1a4H.
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[} OCHOBHASA YACTb

B pabGore [26] uznoxeHna oOlias MOCTAHOBKA 3a/add
10 OXJIAKJCHUIO MIapOOOpa3HON OTIIMBKH B 00OJIOYKOBOM
(hopme.

Ha puc. 1 mpeacrapiena pacueTHast cxemMa HCCIIEyeMOTO
IpoIecca C YUETOM 0CEBOW CUMMETPHU (3/1€Ch YTOJI 0L OIpe-
JEeTSIeT BEIMYUHY OKHA JIMTHUKOBOM BOPOHKH, & YTOI @ —
BenimunHy oxBara O® onopueiM HanonHuTenem (OH)).

UcxoOHble OaHHbIe

l'eomerpuyeckue napamerpsr: S =5 MM, R, = 20 MM.

Bpemennsie unrepsansl At : 0,1; 1,0; 2,0; 4,0; 5,0; 5,0;
5,0; 10,0; 10,0; 1,0; 2,0; 5,0; 1,0; 1,0; 3,0; 3,0; 5,0; 10,0;
10,0 ¢; mapameTp TpeHus Ha MOBEPXHOCTH S, (puc. 1) npu-
Humaetcst y = 0,001.

Pasz6uenue obmactu: N XN, = 10x30.

[TpunsTeI ciepyromme GpuznuecKre mapameTpbl pa3irBac-
MO# cramu mpu Temmeparype 6> 1000 °C (Of4 =1500 °C):
G = 1000 kr/mm? (Momyns casura); o= 12:10°°C™ (koad-
¢unment muaeitHOTO pacmmpenus); A = 0,0298 B1/(mm:°C)
(ko3 pument TermonposoanocTh); L =270-10° Jix/xr
(ckpertas temtora miasnenus); C = 444 Jix/(xr-°C) (ymens-
Has  TEIIOEeMKOCTh); Y= 7,80 107 kr/mm®  (ynmenbHast
macca); 0= 1450 °C (temneparypa KpUCTaIM3aIUH).

Odu3udecKkre CBOWCTBA KEpaMUYECKOH (HOpPMBI: Gq) =
=2910 kr/Mmm%;, a.=0,51-10°°C'; L =0,000812 Br/(Mm-°C);
C = 840 JIx/(xr-°C); y = 2,0- 107 xr/mm?.

HexoTopsie pe3yasTaThl TEOPETUIESCKOTO UCCICIOBAHMS
nokazainu [29], uro npu oxnaxzaeHuu ctaiu B OD ¢ Benu-
yuHOM o 10 1 30° u ¢ = (180 — o) UMEIOT MECTO 3HAUNTEIH-
HBIE CKMMAIOIIME HANPSOHKEHUS C,,, Gy;, KOTOPBIE MOTYT
MPEBOCXOIMTH MPEAEN IMPOYHOCTH KEPAMUKH TIPH CIKATHH.
[Mpuuem mpu o= 30° HaNpsHKEHUA G, [ =2, 3 HECKOJIBKO
MEHbIIIE MO a0CONIOTHOW BeNMW4yuHe, YeM mpu o = 10°.
Ha puc. 2 npuBeneHsl 3M0pbl HOPMAIbHBIX HalpsDKEHUI
c,, B O® npu a=10° no3. a — 4epe3 7,1 ¢ oxnaxnenus,
no3. 6 —uepe3 51,1 c.
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Puc. 1. PacuetHas cxema mapoobpasnoit OD,
3a(hopMOBAHHOM B OMOPHBI HAMIOIHUTENb U 3aJIUTON
JKUIKAM METAJUIOM, C Y4€TOM OCEBON CUMMETPHUM:

KM — sxuaxuit merann; TM — TBepablii MeTasn;

O® — obonouxosast Gpopma; OH — OIOPHBIH HAOIHUTEIb;

S, — BHYTPEHHssl IOBEPXHOCTb KOHTAKTA KMIKOTO M 3aTBEPICBIIET0
METaJIa; S, — BHYTPEHHsIS IOBEPXHOCTh KOHTAKTA 3aTBEPIEBIIETO
MeTaia u 0007104K0BOH (GOpMBI; Sy — BHEIIHSS TTOBEPXHOCTh
0007104K0BOH (hopMmbI; S, — CBOOOIHAS TIOBEPXHOCTH TOPIA INTHUKOBOM
vamm O@; R, — paauyc mapoodpa3Holt OTIMBKH;

S — TonmuHa 0607104KOBO (POPMBI; S — TONIIMHA KOPOYKH
3aTBEpP/EBIIETO METANIA; 0. — YToJl HAaKJIOHA TUTHUKOBOI BOPOHKH;
¢ — yToJI 0XBaTa IIOBEPXHOCTU 000I0YKOBOH (GOPMEI
OIOPHBIM HaIONHUTENIEM

Fig. 1. Calculation scheme of a spherical ceramic shell mold
molded in support filler and filled with liquid metal,
taking into account axial symmetry:

KM — liquid metal; TM — solid metal; O® — shell mold;

OH - support filler; S, — inner contact surface of liquid and solidified
metal; S, - inner contact surface of solidified metal and shell mold;
S, — outer surface of shell mold; S, — free surface of the end face
of casting cup; R, — radius of spherical casting; S — thickness of shell
mold; S, — thickness of solidified metal crust; a — slope angle of funnel;
¢ —angle of enclosing surface of shell mold with a support filler

Ha puc. 3 mpuBeneHbl SMIOPbl HANPSIKEHUN Gy, U Oy
B oOpasyrolieiics kopouke Metania gepe3 60,1 ¢ oxmaxe-
HUSl OTIMBKHY; CIDIOIIHBIMHU JIMHUSIMH TIOKA3aHBI JIIOPHI
mpu o = 30°; mTpuxoBeIMU — o = 10°.

Bennunna ©,,, 0, Ha MOBEPXHOCTH, TPUMBIKAOMICH
K JKHJIKOMY METaJLIy, 00JbIiIe (110 MOAYIIO), YeM Ha OBEPX-
HOCTH OD, 3TO OOBACHSIECTCS TEM, YTO MOAYJb CIBUTA Gm
00pa3yIoLIErocs: TBEPAOro METa/lla MPUHSAT MOCTOSHHBIM
(1000 kr/mMm?), HE3aBUCAIIUM OT Temmeparypbl. Taxxke Kak
1 B O, HAIPSIKEHUS G, , G5, — CKUMAOIIME U T1pH 0, = 10°
OHHM OoJIbIe, 4yeM mpu o, = 30°.

Ha puc. 4, a mokasaHbl 3MIOPbI HANPSIKEHUH G| B KO-
pouKe 3aKpucTaliM3oBaBmierocs meramia uepe3 60,1 c.
Hanpspkenust 6, C)KUMAIOIIUE II0 BCEMY CEUCHHIO:
CIUIONIHBIMHU JIMHUAMH 0003HAYEHbI G, IpH o = 30°, mTpu-
XOBBIMU — Ipu 00 = 10°.

Puc. 2. Smopbl HOpMAIBHBIX HANPsDKeHui 6, B OD npu a. = 10°
IIpY BpeMeHH oxJaxkaeHus omuska 7,1 ¢ (a) nu 51,1 ¢ (6)

Fig. 2. Diagrams of normal stresses 6,, in shell mold at o= 10°
and time of casting cooling 7.1 s (a) and 51.1 s (6)

Puc. 3. Dnropbl HOPMATBHBIX HAIPSDKEHUH G, (@) U G5 (0)
B 00pasytolieit kopouke Metasia npu o = 30° (CIUIOLIHbIC JINHHN)
n o = 10° (TpUXOBBIC JIMHUN) U BPEMEHH OXJIaKAeHHUs oTiuBKH 60,1 ¢

Fig. 3. Diagrams of normal stresses 6,, (@) and 6, (6) in forming metal
crust at a = 30° (solid lines) and o = 10° (dashed lines) and time
of casting cooling 60.1 s

Ha puc. 4, 6 mokasaHbl KpUBBIE POCTa BEIMYHHBI KO-
pOYKH § M HANPSHKEHUS. Gy, CO BPEMEHEM OXJIAXKICHUS.
C yBeNMYeHHEM yIiia 0. HOpMaJlbHbIE HANpsOHKCHUs He3Ha-
YUTEIbHO YMEHBILAIOTCS (110 MOIYIIO).

JanbHeliee yBeJIMYEHHE O HE MMEET CMBbICIA,
MIOCKOJIBKY MJET HapacTaHUe KOPOUKHM MeTaljia IPHU He3Ha-
YUTEJIHbHOM MU3MEHEHUH HOPMAJIbHBIX HAIPSIKSHUH.

Pe3ynbrarel TOJMy4YeHBI TIPU TMOCTOSHHOW (CpeaHEei)
BesmuuHe Moy casura Od (G cb)'

Kak crmemyer u3 paborter [29], Temmeparypa B OO,
MIPUMBIKAIOIIEH K KPUCTALTU3YIOMEMYCSl METaITy, OYeHb
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Puc. 4. Dmopsl HOPMANBHBIX HaNpsxeHuit o, (a)
B 3aKPUCTAUIN30BABIIEICS KOPOUKE METAIIIA Yepe3 BPeMsl OXJIax JCHUS
ormuBkH 60,1 ¢ ¥ KpUBbIE POCTa BETMYMHBI KOPOUYKH MeTaa (S)
U HANPSDKEHUH Gy, (6) CO BPEMEHEM OXJIAXICHUS

Fig. 4. Diagrams of normal stresses 6, (@) in crystallized metal crust
after casting cooling for 60.1 s and growth curves of metal crust (S)
and stresses 6, (6) with cooling time

BbIcoka (ropsiaka 1300 °C). [Ipu Takoit Temneparype kepa-
MHUKa HaXOAMTCS MPAKTUYECKH B Pa3MITYEHHOM COCTOS-
HUW, a 3HAYUT U MOAYJh CIBUTA B HEH OygeT HAMHOTO
HIDKE, YeM CPEHssl BeIUYMHA th 000JI04KOBOM (POPMBL.
Bocmone3yemcs aKcIiepuMEeHTaIBHBIME JAHHBIMHE (pHC. 5),
nony4yeHHbIMH B pabore [30] mpu HCHBITAaHUU KepaMu-
YEeCKUX O00pas3IoB, BBIIOTHEHHBIX W3 CBSA3YIOIIETO Mare-
puana (SiO, + MgPO,).

ATIpOKCUMHUPYSI PE3yNBTaTh, PE/ICTABIICHHBIE HA PUC. 5,
MOy YUM:

G(b = 6412 - 6,370, kr/mMm? ipu 300 °C < 0 < 1000 °C;
G, =40 kr/mm? mipu 6 > 1000 °C;
G, =4500 kr/mm? ipu 0 < 300 °C.

466

PCSyJ'II)TaTI)I peuieHuss C¢ U3BMCHAIOIHUMCA OT TEMIIC-
patypsl moxyiem ciasura O@ npuBeaeHbl Ha puc. 6 mpu
a=10°BBUAesm0p 6,1 = 1,2, 3mput= 1,12 ¢ — crom-
HbIE TMHUW; T = 7,12 ¢ — IITPUXOBBIC TNHUU.

IIpu TepMuueckoM ynape U BPEMEHH OXJIAXKACHUS
T = 1,12 ¢ HanpsKEHUs C,,, G;; UMEIOT HAHOOJIBIINE 3HA-
yenus (1o adcomroTHOH BenmnunHe) B OD B 30HE KOHTAKTa
C METaJUIOM, HO YK€ PE3KO MEHSIOTCSI CO BpEMEHEM OXJIaxkK-
JCHHUA. Bcee HOPMAJIbHBIC HANPSKCHHUSA — CIKHUMArOLune.
Hanpsoxenus o, B 00pasyromieiicst Kopouke S = 6 MM 4epe3
t=7,12 ¢ npuBeneHs! Ha puc. 7.

IIpu nanbHEHIEM OXJIaKICHUN HATIPSKEHHS G, yMEHb-
HIAF0TCS.

HaunbGosee omaceH k pa3pylIeHUI0 HAaYaJIbHBIA MTEPHON
oxnaxaenus (0 <t <8 c) (puc. 6).

Ha puc. 8,9 mnpuBeneHsl pe3ynbTarbl pacdera Ipu
o =30° 1=1,12 ¢ (crutomHkie MHUKN); T= 7,12 ¢ (TpH-
XOBBIE JINHUN).

Kak Buanm, KapTHa NPUMEPHO Ta %Ke, HO 3HAYEHHUS G,
i=1,2,3 HeckonbKko HIDKE, yeM npu o = 10°, gaxxke mos-
BUJIINCH HC6OH])H_II/IC pacTATruBaromive HapPsKCHUA 022, (533
B O® na cteike ¢ OH (puc. 8). B kopouke metamna S = 6 mm
npu T = 7,12 ¢ IPUBENEHBI HAIPSUKEHUS O, (puc. 9), onu
TakKe HUxe, ueM nipu o = 10° (puc. 3, 6).

Si0, + MgPO,
Koad. o06bemH.
r E Ei/E20 | G, MIIa pacmmpeHus
20 11250000000 1,0000 45 000 4,44444 E-06
100 11250000000 1,0000 45 000 4,44444 E-06
200 11250000000 1,0000 45 000 4,44444 E-06
300 11250000000 1,0000 45 000 4,44444 E-06
400 9642857143 0,8571 38 571 5,18519 E-06
500 8437500000 0,7500 33750 5,92593 E-06
600 5625000000 0,5000 22 500 8,88889 E-06
700 4218750000 0,3750 16 875 1,18519 E-05
800 2596153846 0,2308 10 385 1,92593 E-05
900 1687500000 0,1500 6750 2,96296 E-05
1000 96428571 0,0086 386 5,18519 E-04
1100 61363636 0,0055 245 8,14815 E-04
1,2
1,06
0,8
S
o 06
5§
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Puc. 5. DKxcriepuMeHTaNbHBIC JAHHBIC TIPU UCIBITAHIN KEPAMHUUYECKHX
00pas1oB, BBIIOJIHEHHBIX U3 CBA3ytoulero Marepuana (SiO, + MgPO,)

Fig. 5. Experimental data on tests of ceramic samples
made of a binder (SiO, + MgPO,)
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Puc. 6. Tlone Temneparyp (@), S10pbl HOPMATLHBIX HAIPSDKEHUH G, (0)
1 65, (6) B O® npu 0. = 10° 1 BpeMeHHU OXJIAKIEHUS
omUBKH 1,12 ¢ (=) 11 7,12 C (===)

Fig. 6. Temperatures field (@), diagrams of normal stresses 6,, (6)
and o, (6) in ceramic mold at time
of casting cooling 1.12 s (===) and 7.12 s (===)

M
—

10 MIla

Puc. 7. Dmopel HOPMaJIbHBIX HATIPSKEHUH G, B 0Opasyromeiics
METaJUTHUECKOM KOpoUKe (S = 6 MM) pu BpeMEHH
OXJIAXKJICHUS OTJIMBKH 7,12 ¢

Fig. 7. Diagrams of normal stresses o, in resulting metal crust
(S'= 6 mm) at time of casting cooling 7.12 s

JlanpHeliliee OXJIaXKJEHUE MOKA3bIBAET, YTO HOPMAIlb-
HbIC HANPSOKEHUs MAJAloT, a J3IMIOpbl 6, npu T= 32,12
u 52,12 ¢ Onu3KY IpyT K APYTY.

Uro kacaercs BoIpoca BIMAHUS MaTepuala LUINHA-
pudeckoii O® Ha ee CTOWKOCTh, TO TAaKWUE PE3yJIbTATHI
ObUIN TIPEJCTABIEHBI B MPEABIAYIINX PabOTax aBTOPOB,
I7Ie B pacCMaTpHBaeMOM Cllydae HanOosee ONMacHBIMH JUTs
BO3MOXKHOTO TpeumHooopazoBanns B OD sBisoTcst pac-
TATUBAIOLINE HOPMAJIbHBIE HANPSIKEHHUS G, B HAPY)KHOM
(BHEIIHEM) ClT0€ 000IOUKH, KOHTAKTHPYIOIIEM C OOPHBIM
HAaIOJHUTEINIEM.

VYuer 3aBucumocTty Monyis casura B Od or remmnepa-
TYpPBI CyIIECTBEHHO BIUSET Ha HarpsHKeHHO-Ae(OpPMHUPO-
BaHHOE cocTosiHue B OD npu oXJIaKAeHUU B HEH CTaJIbHOU
omuBKU. [Ipy NPUHATHIX BHEIIHUX BO3JACHCTBUAX HA MPO-
I[IeCC OXJIAKICHUS MeTaita B ceprueckoir OD cToiikoCcTh
€€ K pa3pyllEHHIO B HAYalIbHbII MOMEHT 3aJIMBKH SIBISIETCS
poOJIeMaTHYHOIA.

[ Buisoab!

OcymecTBIeHO Oonee KOPPEKTHOE pEIICHHE 3a7a4u
C Y4eTOM U3MEHEHHUS MOMYJIs CABUra MaTepuana (opMbl OT
TEMIIEPATyPBI, 9TO CYIIECTBEHHO OTPA3MIIOCh Ha Pe3yJIbTa-
tax pemenus. Ananuz HJIC B OD chepuueckoit popmbl
IIPY 3aJMBKE B HEE CTAJIBHOM OTIIMBKH ITOKA3aJl, YTO OIac-

HBIMHU SABJIAIOTCA CXUMAIONIUE HAIPSHKCHUSA © 0,, Ha

22> 733
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0, °C

1000

600

200

Puc. 8. Tlone Temneparyp (@), 310pbl HOPMATLHBIX HANPSHKEHUH G, (0), 045 (6) 1 6, (2) B OD 1pu o = 30°
4yepe3 BpeMs OXJIaXKICHUS OTIUBKH 1,12 ¢ (=) 1 7,12 ¢ (===)

10 MIla

Fig. 8. Temperatures field (@), diagrams of normal stresses 6, (0), 05, (¢) and 6, (2) at a = 30°

after casting cooling for 1.12 s (===) and 7.12 s (===)

M conpukocHoseHuss O® ¢ OH yka3bIBalOT Ha BO3MOKHOCTb

u HCO6XO,E[I/IMOCTL JaabHEUIIIETO TCOPETUICCKOT'O UCCIIC0-

BaHUs JAHHOIO IIpoliecca MOCPENCTBOM MOJEIUPOBAHUS
BenMunHBI IoBepxHOCcTH oxBarta OH chepruueckoit OD.
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TTOBCPXHOCTU COITPHUKOCHOBCHUA Odc KUIAKUM META1JIIOM 6.

5, in formed metal crust

after casting cooling for 7.12 s (oo = 30°)

B HAYaJbHBIA MOMEHT OXJaXICHHS. 3HAYUTCIBHBIC CXKH-
Maromue Hanpsbkenus o, (1o 10 MIla) na mosepxHocTH

468

Bansode S.N., Phalle V.M., Mantha S.S. Optimization of pro-
cess parameters to improve dimensional accuracy of invest-
ment casting using Taguchi approach. Advances in Mechani-
cal Engineering. 2019;11(4):1-12.
https://doi.org/10.1177/1687814019841460

Mittal Y.G., Kamble P., Gote G., Patil Y., Patel A. K., Ber-
nard A., Karunakaran K.P. Mathematical modelling of pat-
tern sublimation in rapid ice investment casting. Interna-
tional Journal of Metalcasting. 2022;16(2):1002—1009.
http://dx.doi.org/10.1007/s40962-021-00665-w

Kanyo J.E., Schaffoner S., Uwanyuze R.Sh., Leary K.S. An
overview of ceramic molds for investment casting of nickel
superalloys. Journal of the European Ceramic Society.
2020;40(15):4955-4973.

https://doi.org/10.1016/] jeurceramsoc.2020.07.013

Rafique M.M.A., Igbal J. Modeling and simulation of heat
transfer phenomena during investment casting. International
Journal of Heat and Mass Transfer. 2009;52(7-8):2132-2139.
http://doi.org/10.1016/j.ijheatmasstransfer.2008.11.007

Singh R. Mathematical modeling for surface hardness in
investment casting applications. Journal of Mechanical Sci-
ence and Technology. 2012;26:3625-3629.
http://dx.doi.org/10.1007/s12206-012-0854-0

Jafari H., Idris M. H., Ourdjini A. Effect of thickness and per-
meability of ceramic shell mould on in situ melted AZ91D
investment casting. Applied Mechanics and Materials.


https://doi.org/10.1177/1687814019841460
http://dx.doi.org/10.1007/s40962-021-00665-w
https://doi.org/10.1016/j.jeurceramsoc.2020.07.013
http://doi.org/10.1016/j.ijheatmasstransfer.2008.11.007
http://dx.doi.org/10.1007/s12206-012-0854-0

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(4):463-470.
Odinokov V.1, Evstigneev A.L, etc. Stress-strain state of ceramic shell mold during formation of spherical steel casting in it

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2014;465-466:1087-1092.
http://dx.doi.org/10.4028/www.scientific.net/AMM.465-466.1087
Bansode S.N., Phalle V.M., Mantha S. Taguchi approach for
optimization of parameters that reduce dimensional varia-
tion in investment casting. Archives of Foundry Engineering.
2019;19(1):5-12.
https://dx.doi.org/10.24425/afe.2018.125183

Pattnaik S., Karunakar D.B., Jha P.K. Developments in
investment casting process — A review. Journal of Materials
Processing Technology. 2012;212(11):2332-2348.
https://doi.org/10.1016/j jmatprotec.2012.06.003

Zhang J., Li K.W., Ye H.W., Zhang D.Q., Wu P.W. Numerical
simulation of solidification process for impeller investment
casting. Applied Mechanics and Materials. 2011;80-81:
961-964.
https://doi.org/10.4028/www.scientific.net/AMM.80-81.961
Dong Y.W., Li X.L., Zhao Q., Jun Y., Dao M. Modeling of
shrinkage during investment casting of thin walled hollow
turbine blades. Journal of Materials Processing Technology.
2017;244:190-203.

https://doi.org/10.1016/j. jmatprotec.2017.01.005

Rakoczy L., Cygan R. Analysis of temperature distribution
in shell mould during thinwall superalloy casting and its
effect on the resultant microstructure. Archives of Civil and
Mechanical Engineering. 2018;18(4):1441-1450.
https://doi.org/10.1016/j.acme.2018.05.008

Yameng W., Zhigang L. The design of testing methods for
strength of ceramic shell mold in investment casting. Pro-
ceedings of the Asia-Pacific Conf. on Intelligent Medical
2018 & Int. Conf. on Transportation and Traffic Engineering.
2018;336-341. https://doi.org/10.1145/3321619.3321686
Kolezyk J., Zych J. High temperature strength of ceramic
moulds applied in the investment casting method. Archives
of Foundry Engineering. 2011;11(3):121-124.

Anglada E., Meléndez A., Maestro L., Dominguez I. Finite
element model correlation of an investment casting process.
Materials Science Forum. 2014;797:105-110.
http://dx.doi.org/10.4028/www.scientific.net/MSF.797.105

Liu C., Sun J., Lai X., He B., Li F. Influence of complex
structure on the shrinkage of part in investment casting pro-
cess.The International Journal of Advanced Manufacturing
Technology. 2015;77:1191-1203.
https://doi.org/10.1007/s00170-014-6523-y

Liu C., Wang F, Jin S., Li F,, Lai X. Permafrost analy-
sis methodology (PAM) for ceramic shell deformation in
the firing process. International Journal of Metalcasting.
2019;13(4):953-968.
http://dx.doi.org/10.1007/s40962-019-00317-0

Everhart W.A., Lekakh S.N., Richards V., Chen J., Li H.,
Chandrashekhara K. Corner strength of investment casting
shells. International Journal of Metalcasting. 2013;7:21-27.
https://doi.org/10.1007/BF03355541

Sabau A.S. Numerical simulation of the investment cast-
ing process. Transactions of American Foundry Society.
2005;113:407-417.

Zheng K., Lin Y., Chen W., Liu L. Numerical simulation and
optimization of casting process of copper alloy water-meter
shell. Advances In Mechanical Engineering. 2020;12(5):1-12.
http://dx.doi.org/10.1177/1687814020923450

Manzari M.T., Gethin D.T., Lewis R.W. Optimisation of heat
transfer between casting and mould. International Journal of

21.

22.

23.

24.

25.

26.

27.

28.

29.

Cast Metals Research. 2000;13(4):199-206.
https://doi.org/10.1080/13640461.2000.11819402

Rafique M.M.A., Shah U. Modeling and simulation of heat
transfer phenomenon related to mold heating during invest-
ment casting. Engineering. 2020;12(5):291-314.
http://dx.doi.org/10.4236/eng.2020.125024

Dong Y., Bu K., Zhang D. Numerical simulation of displace-
ment field of solidification process for investment casting.
In: 2008 Asia Simulation Conf. — 7" Int. Conf. on System
Simulation and Scientific Computing. 2008:715-720.
https://doi.org/10.1109/asc-icsc.2008.4675453

Upadhya G.K., Das S., Chandra U., Paul A.J. Modelling the
investment casting process: a novel approach for view fac-
tor calculations and defect prediction. Applied Mathematical
Modelling. 1995;19(6):354-362.
https://doi.org/10.1016/0307-904X(95)90001-O

Khan M.A.A., Sheikh A.K. Simulation tools in enhancing
metal casting productivity and quality: A review. Proceedings
of the Institution of Mechanical Engineers, Part B: Journal
of Engineering Manufacture. 2016;230(10):1799—-1817.
https://doi.org/10.1177/0954405416640183

Banerjee S., Sutradhar G. Analysis of casting defects in
investment casting by simulation. Advances in Materials,
Mechanical and Industrial Engineering: Selected Contribu-
tions from the First Int. Conf. on Mechanical Engineering,
Jadavpur University, Kolkata, India. Springer International
Publishing. 2019:247-271.
http://dx.doi.org/10.1007/978-3-319-96968-8_12

OpunoxoB B.U., Escturnees A.U., [Imurpues 3.A., Hamo-
xoroB A.H., EcturneeBa A.A., Uepnsrmosa JI.B. Hamps-
YKEHHO-1e(DOPMHUPOBAHHOE COCTOSIHUE KepaMHUYECKOl 000-
JIOUKOBOM (opMbl Ipu (GOopMHUPOBaHMM B HEH CTaIbHOM
mapooOpasHoit otuBku. Yacte 1. H36ecmus eysos. Uepnas
memannypeusi. 2024;67(2):211-218.
https://doi.org/10.17073/0368-0797-2024-2-211-218

Odinokov V.I., Evstigneev A.l.,, Dmitriev E.A., Namoko-
nov A.N., Evstigneeva A.A., Chernyshova D.V. Stress-strain
state of ceramic shell mold during formation of spherical
steel casting in it. Part 1. Izvestiya. Ferrous Metallurgy.
2024;67(2):211-218.
https://doi.org/10.17073/0368-0797-2024-2-211-218
Opunoxos B.11., Ilpokynun A.H., CepreeBa A.M., CeBacTbsi-
HOB ["M. CBHAETENHCTBO O TOCYNAPCTBEHHOW PETHCTPAIIU
nporpammbl st OBM Ne 2012111389. OJJUCCEM. 3ape-
TUCTpUPOBaHO B Peectpe mporpamm ans OBM 13.12.2012.
Opunoxos B.U., [Imutpues O.A., EBcrurnees A.U., lBan-
kxoBa E.I1. CBuaeTenscTBO 0 TOCyAapCTBEHHON PETUCTPAIlIT
nporpaMmel st OBM Ne 2021111121 «IIporpamma mare-
MaTU4eCcKOro MOJAEIMPOBAHMS ONTHMHU3AIMKU BbIOOpa TEM-
neparypbl OIIOPHOTO HAIOJHUTEINS, (U3NYECKUX CBOMCTB
Marepuaia U CTPYKTypbl 000J04KOBOI (hOpMBI TIO BBITLIAB-
JISIEMBIM MOJIEJISIM ISl TIOBBIIICHHS €€ TPEUIMHOCTOMKOCTH
IIPU OXJIAKIACHUU B HEM OTIMBKWY». 3aperMCTPUPOBAHO B
Peectpe mporpamm aiist 9BM 11.04.2021 1.

EBcturnees AWM., OnmunoxoB B.M., JImutpue D.A., Uep-
ubimosa J1.B., EBcturneeBa A.A., MBankosa E.IT. O Tpenm-
HOCTOMKOCTH KepaMHIECKOi 000JI0UKOBOH ()OPMBI IO BBIIIIAB-
JISIEMBIM MOJICJISIM TIPY 3aTBEPJICBAHUM B HEW I1apooOpa3HOn
CTaJIbHOM OTIIUBKU. Jlumetinoe npouszeoocmeo. 2022;(9):22-25.

Evstigneev A.l., Odinokov V.I., Dmitriev E.A., Chernysho-
va D.V,, Evstigneeva A.A., Ivankova E.P. On the crack resis-

469


http://dx.doi.org/10.4028/www.scientific.net/AMM.465-466.1087
https://dx.doi.org/10.24425/afe.2018.125183
https://doi.org/10.1016/j.jmatprotec.2012.06.003
https://doi.org/10.4028/www.scientific.net/AMM.80-81.961
https://doi.org/10.1016/j.jmatprotec.2017.01.005
https://doi.org/10.1016/j.acme.2018.05.008
https://doi.org/10.1145/3321619.3321686
http://dx.doi.org/10.4028/www.scientific.net/MSF.797.105
https://doi.org/10.1007/s00170-014-6523-y
http://dx.doi.org/10.1007/s40962-019-00317-0
https://doi.org/10.1007/BF03355541
http://dx.doi.org/10.1177/1687814020923450
https://doi.org/10.1080/13640461.2000.11819402
http://dx.doi.org/10.4236/eng.2020.125024
https://doi.org/10.1109/asc-icsc.2008.4675453
https://doi.org/10.1016/0307-904X(95)90001-O
https://doi.org/10.1177/0954405416640183
http://dx.doi.org/10.1007/978-3-319-96968-8_12
https://doi.org/10.17073/0368-0797-2024-2-211-218
https://doi.org/10.17073/0368-0797-2024-2-211-218

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(4):463-470.
OduHokog B.H., EecmueHees A.H. u dp. HanpsbxeHHO-1epOpMUPOBAHHOE COCTOSIHHUE KEPAMHUUECKON 060104KOBON GPOPMBHI ...

tance of a ceramic shell mold according to smelted models
when a spherical steel casting solidifies in it. Liteinoe proiz-
vodstvo. 2022;(9):22-25. (In Russ.).

30. Omunoxos B.U., Kamurynos B.I', [leckoB A.B., bakoB A.B.
Maremarndeckoe MOACIMPOBAHHUE CIIOKHBIX TEXHOIOTHYEC-
kux mporeccoB. Mocksa: Hayka; 2008:178.

Basepuii Heanogu4 OOUHOKO8, 0.m.H., npogeccop, 2Aa8HbII Hay4HbIl
compyoHUK YnpaesneHusi HAay¥HO-UCC1e008aMeAbCKOU OesimeabHOC-
mbto, KoMcoMoibckuii-Ha-AMype rocyilapCTBeHHbIN YHUBEPCUTET
ORCID: 0000-0003-0200-1675

E-mail: 79122718858@yandex.ru

Aunexkcell Heanosuyu EecmuzHees, 0.m.H., npogeccop, 2/1a8Hblll Hayu-
Hblll compydHUK YnpagsieHusi Hay4HOo-ucca1ed08amensckoll desimesb-
Hocmblio, KoMcoMoJIbCKUI-Ha-AMype rocyZlapCTBEHHbI YHUBEPCUTET
ORCID: 0000-0002-9594-4068

E-mail: diss@knastu.ru

Jdyapd Anamoavesuu JAmumpues, 0.m.H., doyenm, pekmop, Komco-
MOJIbCKMH-Ha-AMype rocy/japCTBEHHbIH YHUBEPCUTET

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

Asnexkcandp Hukonaesuu HamokoHos, acnupanm, KoMcoMoJIbCKUI-
Ha-AMype rocyjlapCTBeHHbIN YHUBEPCUTET

ORCID: 0009-0003-9269-7713

E-mail: namokonovsasha@mail.ru

AnHa AnekceesHa EecmuzHeesa, cmydenm, KoMcOMOJbCKUIA-Ha-
AMmype rocyapcTBeHHbIH YHUBEPCUTET

ORCID: 0000-0003-0667-2468

E-mail: annka.ewstic@mail.ru

JAapesi Bumaavesna YepHuiuwiosa, acnupanm, KoMcoMoIbCKUI-Ha-
AMype rocyjapcTBeHHbI YHUBEPCUTET

ORCID: 0000-0001-5142-2455

E-mail: daracernysova744@gmail.com

B. H. 00uHOK06 - HayuHOe PYKOBO/CTBO, aHA/IN3 Pe3y/IbTaTOB UCCIe-
JIOBaHUH, peJJakTUpOBaHHWE M KOPPEeKTHpOBKa (UHa/JbHON BepCcUU
CTaThbH.

A. H. EecmuzHees — popMHUpoBaHHe KOHLENMUHU CTaTbH, ONpeJerie-
HUe IleJIM Y 3a/1a44 UCCIe/lOBaHNUs], aHa/IU3 Pe3y/bTaToOB MCC/Ie/l0Ba-
HUS, IOATOTOBKA TEKCTa.

3. A. /lmumpues - nposeJieHHe pacyeToB, UX aHa/IU3, IOJrOTOBKA U
KOPPEKTHUPOBKA TEKCTa.

A. H. HaMoKoHO8 - TIpoBe/ieHle PacyeToB, MOAr0TOBKA 6UGIMOrpa-
¢duryeckoro cnucka, 06paboTka rpadpuyeckoro MaTepuasa.

A. A. EscmuzHeesa - npoBe/ieHe pacyeToB, I0Jr0TOBKA TEKCTOBOTO
u rpaduyeckoro MmaTepuana.

/. B. YepHblutoga - 06paboTKa pacyeTHBIX Pe3y/IbTaTOB, IOArOTOBKA
rpaduyeckoro MmaTepuana.

Valerii I. Odinokov, Dr. Sci. (Eng.), Prof., Chief Researcher of the Depart-
ment of Research Activities, Komsomolsk-on-Amur State University
ORCID: 0000-0003-0200-1675

E-mail: 79122718858@yandex.ru

Aleksei 1. Evstigneev, Dr. Sci. (Eng.), Prof, Chief Researcher of the
Department of Research Activities, Komsomolsk-on-Amur State Univer-
sity

ORCID: 0000-0002-9594-4068

E-mail: diss@knastu.ru

Eduard A. Dmitriev, Dr. Sci. (Eng.), Assist. Prof., Rector, Komsomolsk-
on-Amur State University

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

Aleksandr N. Namokonov, Postgraduate, Komsomolsk-on-Amur State
University

ORCID: 0009-0003-9269-7713

E-mail: namokonovsasha@mail.ru

Anna A. Evstigneeva, Student, Komsomolsk-on-Amur State University
ORCID: 0000-0003-0667-2468
E-mail: annka.ewstic@mail.ru

Dar’ya V. Chernyshova, Postgraduate, Komsomolsk-on-Amur State
University

ORCID: 0000-0001-5142-2455

E-mail: daracernysova744@gmail.com

Contribution of the Authors

V. 1. Odinokov - scientific guidance, analysis of research results, editing
and correction of the article final version.

A. . Evstigneev - formation of the article concept, definition of the
purpose and objectives of the study, analysis of research results, writ-
ing the text.

E. A. Dmitriev - conducting calculations and their analysis, writing and
correction of the text.

A. N. Namokonov - conducting calculations, preparation of references,
processing of graphic material.

A. A. Evstigneeva - conducting calculations, preparation of the text
and graphic material.

D. V. Chernyshova - processing of calculated results, preparation of
graphic material.

IToctynuia B pepakuuio 19.04.2024
[Tocne nopadorku 24.05.2024
[punsita x myonukaun 25.05.2024

Received 19.04.2024
Revised 24.05.2024
Accepted 25.05.2024

470


http://orcid.org/0000-0003-0200-1675
mailto:79122718858@yandex.ru
http://orcid.org/0000-0002-9594-4068
mailto:diss@knastu.ru
http://orcid.org/0000-0001-8023-316X
mailto:rector@knastu.ru
http://orcid.org/0009-0003-9269-7713
mailto:namokonovsasha@mail.ru
http://orcid.org/0000-0003-0667-2468
mailto:annka.ewstic@mail.ru
http://orcid.org/0000-0001-5142-2455
mailto:daracernysova744@gmail.com
http://orcid.org/0000-0003-0200-1675
mailto:79122718858@yandex.ru
http://orcid.org/0000-0002-9594-4068
mailto:diss@knastu.ru
http://orcid.org/0000-0001-8023-316X
mailto:rector@knastu.ru
http://orcid.org/0009-0003-9269-7713
mailto:namokonovsasha@mail.ru
http://orcid.org/0000-0003-0667-2468
mailto:annka.ewstic@mail.ru
http://orcid.org/0000-0001-5142-2455
mailto:daracernysova744@gmail.com

