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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
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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10 BEJIMYMHE HOPMAJIbHBIX HANpsDKeHUH B kepamuueckoir OD B mporecce ee COBMECTHOIO OXJIaXKACHUs ¢ 3aTBepeBaoniei ommBkoi. [Ipu
JIeTaJIbHOM aHAIHM3€e Pe3yIbTaToB OBLIM yYTEHBI IOJ IIepeMCeIIeHNH, HAalPsDKeHUH, TeMIepaTyp Kak B chepudeckoir OD, Tak u B HapacTa-
IolIel KOpouke 3arBepieBliero Metajuia. [Ipu pemeHMH yuyuTHIBAJIOCH M3MEHEHHE MOAYIS CABMIra Marepuaia (OpPMbI OT TEMIIEPATYpBI,
u OblLIa JaHA OIEHKA 3TOTO YTOYHEHHMS. 3afady pemanu IByMs criocobamu. [IepBblif — ¢ mocTossHHBIM MoxyneM casura Od; BTopoit — ¢
MoxayieMm ciasura O®, 3aBUCSLIMM OT TeMIEpaTypbl. Mexay 3TUMHM BapHaHTaMU €CThb CyLISCTBEHHAas pa3HHUILA B BEJIMYMHE HOPMAJIbHBIX
HaNpsDKeHUH, Bo3HUKamuX B O®D. ABTOPHI npoaHaau3upoBain croikoctd OD chepuueckoil TeOMETPUN OT BHEUIHUX BO3ACHCTBHN CO
croponbl onopHoro Hanonuutenst (OH) o0osoukoBoit (OpMBI U 3aMBOYHON BOPOHKHU. bblia pemiena 3ajaya 1o onpeaeaeHnio KOHTaKTHOM
u cBoOoaHO moBepxHocTel Ha rpanune O® u OH. PesynbraThl perieHus 3a1a4n NpeacTaBiIeHbl Tpaduyeck B BUAE SIIOP HANPSIKSHUH,
TeMIeparyp 10 HCCIeAyeMOoi o0lacTH B pa3HbIX €€ CEUCHUSX M BPEMEHHBIX MHTepBasiax oxyaxjaeHus Od u Hapacraiomeil Kopouku
metaia. [TokazaHa ponb CKUMAKOIIMX HOPMAJIbHBIX HANPSKEHUH G,,, G,; Ha TIOBEPXHOCTH CONPUKOCHOBEHH OD ¢ KUIKAM METAJIIOM B
HavyaJIbHBIII MOMEHT OXJIQXK/ICHHUS HA BEPOSITHOCTD TPELIMHO00pa3oBanus B chepuueckoit popme. YpoBeHb HAPSIKEHHO-1e()OPMUPOBAHHOTO
cocTostHUSA B cepruueckoii OD mpu oxJakAeHHU B HEl CTaIbHOM OTIMBKH CyIIECTBEHHO ONpPEIeIsIeTCs 3aBUCUMOCThI0O Moxysa casura Od

OT TeMIIEPaTypBl.
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[ INTRODUCTION

Previous studies on the influence of the stress-strain
state (SSS) on the crack resistance of shell molds (SM)
during the pouring of liquid metal and subsequent cool-
ing with the solidifying casting were conducted using
shell molds for investment casting (IC) in the form of ris-
ers with both cylindrical and spherical (sump) shapes.
Numerous theoretical and experimental investigations
have been carried out to identify the features of the SSS
in ceramic shell molds and the resulting castings in
investment casting. These studies examined various
factors, including the materials used in the investment
models [1; 2], the shape and geometry of the SM [3; 4],
the mold wall thickness [5; 6], the mold material [7; 8],
the geometry of the castings [9 — 11], methods for testing
mold strength, and more [12; 13].

Mathematical modeling of these processes has
also been presented in other works, covering mode-
ling methods [14], research [15 — 17], numerical mode-
ling [18 — 20], specialized mathematical models [21 — 23],
and software tools [24; 25].

The production of spherical and globular IC castings,
and consequently the resistance of the SM to cracking
during the formation of such castings, is of both scien-
tific and practical interest. The materials in this study are
focused on addressing this issue.

In [26], the general approach to constructing a math-
ematical model for determining the SSS and temperature
in an SM during the cooling of a spherical casting was
presented, along with the numerical scheme and algo-
rithm for solving the problem using developed software
packages [27; 28]. This study presents the results of theo-
retical and numerical research aimed at solving the out-
lined problem.
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[ MAIN BODY

In [26], the general problem of cooling a spherical
casting in a shell mold was described.

Fig. 1 illustrates the computational scheme of the pro-
cess under study, considering axial symmetry (where
the angle o defines the size of the gating window, and
the angle ¢ defines the extent of the SM’s coverage
by the supporting filler (SF)).

Initial date

Geometric parameters: § = 5 mm, R, = 20 mm.

Time intervals 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 s; the friction parameter on surface S, (Fig. 1) is
v =0.001.

Domain partitioning: N, xN, = 10x30.

Accepted physical parameters of the cast steel
at a temperature of 0> 1000°C (0, = 1500 °C):
G = 1000 kg/mm? (shear modulus); a=12-10"°C"!
(coefficient of linear expansion); A = 0.0298 W/(mm-°C)
(thermal conductivity coefficient); L =270-10° J/kg
(latent heat of fusion); C =444 J/(kg-°C) (specific heat
capacity); y = 7.80-106 kg/mm? (density); 6_= 1450 °C
(solidification temperature).

Physical properties of the ceramic mold: G _=
=2910 kg/mm?; a.=0.51-10° °C1; 1= 0.000812 W/(mm-°C);
C =840 J/(kg-°C); y=2.0-10" kg/mm>.

Some theoretical studies [29] have shown that during
the cooling of steel in an SM with o angles of 10 and
30° and ¢ = (180° — a), significant compressive stresses
c,, and o,, can occur, potentially exceeding the com-
pressive strength of the ceramic material. When o = 30°,
the stresses o, i = 2, 3 are slightly lower in absolute value


https://rscf.ru/project/24-29-00214/
https://doi.org/10.17073/0368-0797-2024-4-463-470

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

Fig. 1. Calculation scheme of a spherical ceramic shell mold
molded in support filler and filled with liquid metal,
taking into account axial symmetry:
LM - liquid metal; TM — solid metal; SM — shell mold;
SF — support filler; S, — inner contact surface of liquid and solidified
metal; §, — 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

Puc. 1. PacuetHas cxema mapoobpasnoit OO,
3a(hopMOBAHHOM B OTIOPHBII HAMIOJIHUTENb U 3aJTUTON
JKUJIKHM METAJJIOM, C YY4ETOM OCEBOM CHMMETPHH:

LM — sxuaxuit metann; TM — TBepablil MeTaun;

SF — ob6omnoukoBast (hopma; TM — ONOpHBIN HATIOJHUTEIIB;

S, — BHYTPEHHss IOBEPXHOCTh KOHTAKTA JKMIKOTO M 3aTBEPIEBIIEr0
MeTaia; S, — BHyTPEHHsIs HOBEPXHOCTh KOHTAKTa 3aTBEP/IEBILET0
MeTaia u 0007104K0BOH (GOpMBI; Sy — BHEIIHSSA TTOBEPXHOCTD
0001104K0BOH POpPMBI; S, — CBOOOIHAS MOBEPXHOCTH TOPIA JIMTHAKOBOM
gamu OD; R, — paauyc mapoodpasHOM OTIMBKY;

S — TonmuHa 0607104KOBOH (POPMBI; S — TONIIMHA KOPOYKH
3aTBEP/AEBILIET0 METaJLIa; (L — YIOJI HAKJIOHA JINTHUKOBON BOPOHKHU;
(¢ — YroJl 0XBaTa IOBEPXHOCTU 000I0YKOBOI (hOPMBI
OIOPHBIM HATIOJHUTENIEM

than at o = 10°. Fig. 2 shows the distribution of normal
stresses o, in the SM at o = 10°: (@) after 7.1 s of cool-
ing, (b) after 51.1 s.

Fig. 3 illustrates the distribution of stresses c,, and
05, in the solidified metal shell after 60.1 s of cooling;
solid lines represent the distributions at o= 30°, while
dashed lines represent those at oo = 10°.

The values of 6,, and o,, on the surface adjacent
to the liquid metal are greater (in magnitude) than on
the surface of the SM, which is explained by the con-
stant shear modulus G, of the forming solid metal
(1000 kg/mm?), independent of temperature. As in
the SM, the stresses 6,, and 6, are compressive, and at
o = 10°, they are higher than at o = 30°.

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

Puc. 2. Dmopel HOpManbHbIX Hanpsbkenuid 6 B OO mpu a = 10°
pu BpeMeHH oxnaxaeHus otueku 7,1 ¢ (a) u 51,1 ¢ (b)

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

Puc. 3. DUOpbl HOPMAJILHBIX HATIPSIKEHUH O, (@) U G45 ()
B 00pasyroleii kopouke Metaia npy o = 30° (CIUTONIHbIC JINHHN)
u o = 10° (mTpUXOBbBIC JIUHUK) U BpEMEHH OXJIakaeHus oTiuBku 60,1 ¢

Fig.4,a shows the distribution of stresses o, in
the solidified metal skin after 60.1 s. The stresses o, are
compressive throughout the cross-section: solid lines indi-
cate o, at o = 30°, while dashed lines show them at o = 10°.

Fig. 4, b shows the growth curves of the skin thick-
ness () and the stress o, over time. As the angle a increa-
ses, the normal stresses decrease slightly (in magnitude).

Further increasing o is unnecessary, as the metal skin
continues to grow with only minor changes in normal
stresses.
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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 6,5 (b) with cooling time

Puc. 4. Dmopsl HOPMANBHBIX HaNpsxeHuit o, (a)
B 3aKPUCTAUIN30BABIIEICS KOPOUKE METAIIIA YePe3 BPEMsI OXJIaX JCHUS
ormuBkH 60,1 ¢ ¥ KpUBbIE POCTa BETMYMHBI KOPOUYKH MeTaa (S)
U HaNpPSDKEHUH G4, (b) CO BpEMEHEM OXJIAXIEHNUS

The results were obtained assuming a constant (ave-
rage) shear modulus for the SM (G,)).

As indicated in [29], the temperature in the SM
adjacent to the solidifying metal is very high (around
1300 °C). At this temperature, the ceramic is practically
in a softened state, meaning the shear modulus in this
area will be much lower than the average value of G, for
the shell mold. We will use experimental data (Fig. 5)
obtained in [30] from testing ceramic samples made from
a binder material (SiO, + MgPO,).

Approximating the results presented in Fig. 5, we
obtain:
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G, =6412-6.370, kg/mm? for 300 °C < 6 < 1000 °C;
G, =40 kg/mm? for 6 > 1000 °C;
G, = 4500 kg/mm? for 6 <300 °C.

The results of the solution with a temperature-depen-
dent shear modulus of the SM are shown in Fig. 6 at
a = 10° as distributions of ¢, i=1,2,3 for t=1.12s
(solid lines); T = 7.12 s (dashed lines).

During thermal shock and cooling at t=1.12s,
the stresses 6,, and o, have the highest values (in abso-
lute terms) in the SM’s contact zone with the metal,
but they change sharply with cooling time. All normal
stresses are compressive. The stresses 6, in the forming
skin ($' = 6 mm) after T = 7.12 s are shown in Fig. 7.

With further cooling, the stresses o, decrease.

The most critical period for failure is the initial cool-
ing phase (0 <t < 8 s) (Fig. 6).

Figs. 8 and 9 show the calculation results for o = 30°,
7= 1.12 s (solid lines); T = 7.12 s (dashed lines).

As seen, the pattern is approximately the same, but
the values of 6, i=1,2,3 are slightly lower than at

SiO, + MgPO,
T E EnE0 | G. MPa Vol. expapsion

? coefficient
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 33,750 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

EYE20

0 | | | | | | | | |

20 100 200 300 400 500 600 700 800 90010001100

Temperature, °C

Fig. 5. Experimental data on tests of ceramic samples
made of a binder (SiO, + MgPO,)

Puc. 5. DxcriepuMeHTabHbIC IJaHHbBIE TIPH UCIIBITAHUH KEPAMUYIECKHX
00pa31oB, BBIIOJIHEHHBIX M3 CBA3ylomlero Marepuana (SiO, + MgPO,)
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Fig. 6. Temperatures field (@), diagrams of normal stresses 6,, (b)
and o, (¢) in ceramic mold at time
of casting cooling 1.12 s (==) and 7.12 s (===)

Puc. 6. Tlone Temneparyp (@), S1I0pbl HOPMATLHBIX HAPSDKEHUH G, (D)
1 65, (¢) B O® npu 0. = 10° 1 BpeMeHHU OXJIAK/IEHUS
omuBKH 1,12 ¢ (=) 11 7,12 C (===)

M
—

10 MIla

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

Puc. 7. Duopbl HOPMAJIbHBIX HATIPSKEHUH G, B 00pasyromeiics
MeTaJUInueckoit kopouke (S = 6 MM) IIpU BpeMEHU
OXJIAXKIEHHS OTIUBKHU 7,12 ¢

o = 10°, and small tensile stresses 6,, and o,; have even
appeared in the SM at the interface with the SF (Fig. 8). In
the metal skin (S = 6 mm) after T = 7.12 s, the stresses 6,
are shown (Fig. 9), which are also lower than at o = 10°
(Fig. 3, b).

Further cooling shows that normal stresses decrease,
and the distributions of o, for t=32.12 and 52.12 s are
close to each other.

Regarding the effect of the cylindrical SM material
on its durability, these results were presented in previous
works by the authors, where in the case under conside-
ration, the most critical factor for potential crack forma-
tion in the SM is the tensile normal stresses 6, in the outer
layer of the shell, which is in contact with the supporting
filler.

Considering the temperature dependence of the shear
modulus in the SM significantly affects the stress-strain
state during the cooling of the steel casting within it.
Under the given external conditions for the metal cool-
ing process in a spherical SM, its durability at the initial
moment of pouring is questionable.

[ ConcLusIONs

A more accurate solution to the problem was obtained
by considering the temperature-dependent change in
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Fig. 8. Temperatures field (a), diagrams of normal stresses c,, (b), 6,, (¢) and 6,, (d) at a. = 30°
after casting cooling for 1.12 s (===) and 7.12 s (===)

Puc. 8. Tlone Temneparyp (a), 310pbl HOPMAJILHBIX HANPSIKEHUH G, (D), 655 (¢) u 6, (d) B OD npu o = 30°
yepe3 BpeMs OXJIXKCHUS OTIUBKH 1,12 ¢ (=) 1 7,12 ¢ (===)

M that compressive stresses o,, and o,, at the interface
1}0_MP{ a between the SM and the liquid metal at the initial cool-
ing stage are critical. Significant compressive stresses
c,, (up to 10 MPa) at the interface between the SM and
a SM the SF indicate the possibility and necessity of further
theoretical study of this process by modeling the surface
-2.1 coverage area of the SF.
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