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Abstract. The objective of this theoretical study is to evaluate the effect of annular temperature seams in the inner surface of a spherical metal casting
mold on the level of stress-strain state (SSS) in it during crystallization of a steel casting. The specificity of this technological process consists
in the geometric shape (sphere) of the casting model, when the crystallizing metal creates significant compressive stresses in the inner surface
of the mold (in the first moments), which are enhanced by the mold curvature: the mold inner layer, heating up, tries to increase in volume, but
this is prevented not only by the cooler outer layers, but also by curvature of the surface layer itself. Two possible applications of the casting mold
are being considered: with and without seams. The problem of optimizing the design parameters of temperature seams (recesses) is formulated.
It depends on the magnitude of the normal stresses occurring in the casting mold at the initial stage of the steel casting crystallization. When solving
the problem, the equations of the linear theory of elasticity, the equations of thermal conductivity and the proven numerical method are used.
The paper presents a numerical scheme and a developed algorithm for solving the problem. Crack resistance was estimated based on the magnitude
of normal stresses in a spherical metal mold. The optimal design options (schemes) of a spherical metal casting mold found as a result of solving
the test problem depend on location of the temperature seams in the shell mold, the stress values in them under conditions of the min-max objective
function and the developed algorithm. The results of solving the problem are presented graphically in the form of plots of stresses and temperatures
in the studied area in different sections and periods of cooling of the shell mold and the metal growing crust. The obtained results of resistance
of a metal spherical casting mold were analyzed.
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AHHomauuﬂ. 33):[8'-16171 HACTOALICTO TCOPETUYCCKOTO UCCICAOBAHUS ABJIACTCSA OLCHKA BJIUSHUSA KOJIBIEBBIX TEMIIEPATYPHBIX IIBOB Ha BHyTpCHHeﬁ

MMOBEPXHOCTH JUTEHHON MeTandeckon chepudeckoir GopmMbl Ha YpoBeHb HampshkeHHO-AedopmuposanHoro cocrosinust (HAC) B Helt mpu
KpHCTAJUIN3ALMU CTalIbHON oTnBKY. Crienuduka 1aHHOTO TEXHOJIIOIMYECKOro Ipolecca COCTOUT B reoMeTpudeckoit hopme (cdepa) nuteitHoit
MOJIEJIH, KOT/Ia KPUCTAJUIM3YIOIIMICS METalUl CO3aeT BO BHYTPEHHEH MOBEPXHOCTHU JINTEHHOI (OpMBI (B MepBbIe MTHOBEHUS) 3HAUUTEIIbHbBIC
C)KMMAIOINE HANPSDKEHUS,, KOTOPbIE YCHIIMBAIOTCS KPUBU3HOW (OPMBI: BHYTPEHHHH CIIOW (OPMBI, HAarpeBasich, MBITACTCS YBEIMUUTHCS
B 00beMe, HO 9TOMY HPEMSTCTBYIOT HE TOJNBKO OOJiee XOJIOAHBIC BHEUIHHE CIOM, HO M KPHUBHM3HA CaMOT0 MOBEPXHOCTHOrO cios. Paccmar-
pHUBaroTCs J[Ba BapuaHTa MPUMEHEHHS JTUTCHHOI GopMBbI: co mBaMu u 0e3 HUX. PopMyIHpyeTcs 3a/1adya ONTHUMHU3AIH KOHCTPYKTHBHBIX Iapa-
METPOB TEMIIEPATypPHBIX IIBOB (BBITOUEK) OT BEIMYMHBI BO3HMKAIOIIMX B JUTEHHOH (opMe HOPMaIbHBIX HANPSHKCHUH B HAYaJIbHOW CTaJUH
KPUCTAJUIM3aLUY CTAIbHOW OTIMBKH. [IpH pemeHnn 3a/iauy UCIIONIB3YIOTCS YPaBHEHUS JIMHEIHOI TEOpHN YIPYTOCTH, YPaBHEHUS TEIUIONPO-
BOJIHOCTH U anipOOMPOBAHHBIN YHCICHHBIH MeTOA. [IprBeicHa YHCIICHHAs cXeMa U pa3paboTaHHBIN alropuT™ petneHus 3aaa4dn. OneHKa Tpemin-
HOCTOMKOCTH IIPOBOJIUTCS 10 BEJIMYMHE HOPMAJIBHBIX HANPSUKEHUH B METaIUIMYeCcKO# cepuueckoil popme. HaliieHHBIE B pe3yibTaTe perieHus
TECTOBOW 3a7a4i ONTHUMAaIbHBIC KOHCTPYKTHBHBIC BAPHAHTHI (CXEMBbI) JIMTCHHOW CHepuIecKoil MeTalIn4ecKoi (OPMbI 3aBHUCSAT OT PACIOO-
JKCHHUsI TEMIIEpaTypHBIX IIBOB B 000JIOUKOBO (popMe, 3HAUCHHH HANIPSKEHNH B HUX B YCIIOBUSX 1I€I€BOI (DYHKIIMM min-max 1 pa3paboTaHHOTO
anroputMma. Pe3ynmbrarhl penieHus 3aJaud NpesCcTaBieHbl TpadUueckd B BHIC SIIOpP HANPSDKCHUH M TEMIepaTryp 10 HCCieayeMoil obnactu
B Pa3HBIX CEUYEHUIX M BpeMeHax oxyaxeHns Od u Hapacraroneld Kopouku MeTauia. [laH aHaau3 MOJy4YeHHBIX Pe3yJIbTaTOB CTOWKOCTH METall-

JTUYECKON CepruuecKo JINTSHHOMH HOPMBI.
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[ INTRODUCTION

Metal casting molds are widely used in foundry pro-
duction across various casting methods, including per-
manent mold casting, centrifugal casting, die casting,
continuous casting, liquid forging, and others. A major
drawback of these casting methods is the limited ser-
vice life of metal molds due to the combined effects
of mechanical and thermal loads. These loads lead
to elevated stress—strain states (SSS) within the molds,
which can result in structural fracture or deformation
of the mold geometry due to thermal stresses. To mitigate
these effects, various technological and design solutions
are implemented in practice.

Both the analysis of the literature and practical expe-
rience indicate that the geometry of the casting produced
in the mold significantly affects mold resistance. Among
all geometries, the spherical (ball-shaped) casting is con-
sidered the most unpredictable in terms of mold resis-
tance.

In industrial production of spherical castings, different
types of casting molds are used, including expendable

sand—clay molds, ceramic molds, and split metal molds.
These molds are subjected to varying degrees of mecha-
nical and thermal loads, which may lead to structural deg-
radation or reduced operational life.

A theoretical concept and a fundamentally new tech-
nological solution' were proposed by the authors of [1]
to improve the resistance of spherical ceramic shell
molds (SMs) by introducing annular temperature seams
on the inner surface of the mold. This idea emerged from
the analysis of a well-known foundry technique used
to reduce thermal stresses in castings — namely, the use
of “stiffening ribs” [2]. In the context of this study, annu-
lar temperature seams (recesses) serve a similar purpose.
An annular temperature seam is a ring-shaped recess
located on the inner surface of the ceramic shell mold.

The evolution of the SSS in metal molds during per-
manent mold casting has been discussed in detail in artic-
les [3; 4].

! Pat. No. 2828801. Multilayer shell mold for casting / V.I. Odinokov,
A.l. Evstigneev, E.A. Dmitriev, D.V. Chernyshova, Yu.l. Tkacheva,
AN. Namokonov. Appl. 05.03.2024; publ. 21.10.2024. Bull. No. 30.
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The SSS of permanent molds is evaluated using
the finite element method [3] in two stages: first, sol-
ving the heat conduction problem; and second, solving
the elastoplastic deformation problem using the obtained
temperature fields. The simulation results enabled
the design and implementation of new, more durable cast
iron molds with reduced weight.

Reference [4] presents data on numerical modeling
of casting formation processes in metal molds. The finite
difference method was used as the computational foun-
dation, specifically in the form of an explicit difference
scheme. A rectangular spatial grid within the mold base
was employed to simulate heat transfer in the system.
Grid spacing in the solidifying casting, mold wall, and
insulation layer was coordinated with the thermophysical
properties of the base to ensure thermal uniformity. Com-
putational stability was maintained by choosing a time
step of At <30 s, under which the Fourier number did
not exceed its critical value. The problem was formulated
in two dimensions.

The modeling results for the SSS in a solidifying steel
casting [5; 6] made it possible to predict crack formation.
The development of these cracks depends not only on
temperature fields and the resulting thermal stresses and
strains but also on the localization of shrinkage porosity.

In [7], a general expression was derived for calcu-
lating shrinkage and thermal stresses in an elastoplastic
sphere caused by a spherically symmetric heat source.
The expression accommodates arbitrary nonlinear harde-
ning laws and includes elastic unloading of the elasto-
plastic sphere.

Study [8] examined elastoplastic and residual stresses
in a thick-walled spherical vessel subjected to external
hydrostatic pressure. The findings led to the development
of a process for inducing favorable compressive residual
stresses in the inner regions of cylindrical and spherical
vessels.

The subject of [9] was a functionally graded hollow
sphere with spherical isotropy under internal pressure.
The goal was to achieve a favorable stress distribution in
the hollow sphere subjected to internal pressure, accoun-
ting for both ductile and brittle material behavior.

In [10], a transient thermoelastic analysis was conducted
for a multilayered hollow cylinder with piecewise power-
law material inhomogeneity, subjected to asymmetric sur-
face heating. The study examined the influence of func-
tional grading on the development of thermal stresses.

A numerical simulation was carried out in ANSYS
Mechanical [11] for a two-layer thick-walled spherical
shell under combined thermal and mechanical loading [11].

Reference [12] presented the solution to a problem
involving stresses and displacements in a thick spherical
shell subjected to internal and external pressure [12].
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Based on plane elasticity theory [13] derived the dis-
placement and stress components in thick-walled spheri-
cal pressure vessels made of inhomogeneous materials
exposed to both internal and external pressure. The influ-
ence of material inhomogeneity on elastic deformations
and stress distribution was evaluated.

The structural optimization of a three-layer cylinder
assembled by thermal shrink-fitting from different mate-
rials and subjected to very high internal pressure was
investigated in [14].

In [15], axisymmetric modeling of a multilayer shell
was performed. A plane strain problem was solved for
a cylinder surrounded by concentric ring layers. A nume-
rical solution was provided to analyze how the distribu-
tion of residual stresses depends on the material proper-
ties during cooling.

Study [16] investigated the influence of the angle
of contact between a spherical ceramic SM and a support
filler (SF) on the mold’s SSS during the casting of a steel
spherical part. An optimization problem was formulated
to enhance the resistance of the spherical ceramic SM
by varying the angle of contact during the solidification
and cooling of the steel casting, using a min—max objec-
tive function. The crack resistance of SM was evaluated
based on magnitude of the normal stresses.

To model the evolution of the SSS in the mold at
the initial cooling stage, equations from linear elasti-
city theory, heat conduction, and a validated numerical
method were used [17]. This method has been widely
applied to similar problems in casting mechanics.

Modeling and optimization of related processes in
other domains were addressed in [18; 19].

The aim of study [18] was to develop an efficient
numerical algorithm for solving axisymmetric inverse
problems related to the design of thermal masking
devices, specifically multilayer spherical masking shells,
and to analyze the results of the corresponding computa-
tional experiments. As the numerical optimization proce-
dure for solving these problems, the authors used the par-
ticle swarm optimization method proposed in [20].

Study [19] examined the problem of plastic instabi-
lity in a thin-walled plastically orthotropic spherical
pressure vessel subjected to internal impulsive loading.
Using Mathematica software, the study identified how
strain rate and the orthotropic plasticity parameter affect
the critical deformation level at which instability occurs.

This study examines the resistance of a spherical cast-
ing mold during the crystallization of a steel casting.
It develops a previously proposed technological solution
originally applied to ceramic spherical SMs, which aimed
to reduce the magnitude of normal stresses in the mold’s
cross section by introducing an ordered arrangement
of recesses. The focus of the present work is to determine
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the optimal structural design of a spherical metal mold
capable of withstanding the thermal gradient that arises in
the mold during the initial stage of cooling after the mol-
ten steel is poured. Ensuring the resistance of such mold
configurations is critical for the production of spherical
castings used in a wide range of engineering applications
that demand high dimensional precision.

[ MATHEMATICAL FORMULATION OF THE PROBLEM

An axisymmetric body of revolution is considered
(Fig. 1), consisting in meridional section of the following
domains: 7 — liquid phase (steel); /1 — solid phase (solid
metal); /I] — metal casting mold with annular recesses on
its inner surface; IV — support structure (SS). The mold
is a split-type design with inner annular recesses. Molten
metal is poured into the mold cavity from the top through
a funnel. View 4 presents a sketch of an annular recess on

I
F
il 11 (MCM)
s, 11 (SM)
| S s
0\
— A
! R 1(LM) A
3 1 2
2 3 ‘
IV (SS) é@' s,
1 S.
S, }

Fig. 1. Calculation scheme of the system with indication
of the surface to the boundary conditions of the problem:
S, — contact surface of the liquid and solidified metal;
— inner contact surface of the solidified metal and the metal mold;
S — outer surface of the metal mold in contact
with the support structure (SS); S — outer surface
of the metal mold in contact with the environment;
1 —liquid metal (LM); I/ — solid metal (SM);
111 — metal casting mold (MCM);
1V — support structure (SS); F — funnel

S

2

Puc. 1. PacueTHasi cxeMa CHCTEMbI C YKa3aHUEM IIOBEPXHOCTH
K TPaHUYHBIM YCJIOBHSM 33/1auH:

S| — MOBEPXHOCTh KOHTAKTA KUJIKOTO M 3aTBEP/IEBLIEIO METAILIA;
S, — BHYTPEHHsISl TIOBEPXHOCThH KOHTAKTA 3aTBEPACBLIEI0 METasLIa
M MeTaJUINYeCKOil POPMBI; S; — BHEIIHsISI IOBEPXHOCTD
METaJUTMUECKOM ()OPMBI KOHTAKTa C OMIOPHON KOHCTpyKLuei (SS);
S} — BHELIHSIS TIOBEPXHOCTH METAILIMYECKON (POPMBI KOHTAKTA
C OKpyXKarolei cpesoi;

1 —xupaxuit meraiut (LM); /] — tBepapiit metamt (SM);

11l — nureiinas metamnyeckas popma (MCM);
1V — onophas xkoHcTpykuus (SS); F — nuTHHKOBas BOpOHKA

the inner surface of the mold, along with the correspon-
ding surfaces where boundary conditions are applied.

The computational scheme presented below closely
reflects the actual technological process used to produce
spherical steel castings in a metal mold.

Since the problem is formulated as a Cauchy problem,
the physical process of heat removal during cooling may
be implemented by any known technological method,
such as natural or forced cooling, etc.

A configuration with two recesses on the inner sur-
face of the mold is considered (Fig. 2). The objective is
to determine an optimal arrangement of these recesses
such that the maximum absolute values of the normal
stresses o,, are minimized.

The objective function for this condition is defined as:

F= min|022(y)|max

o205, 7) (M

with constrains
0<y,<120%
0<t<l155s;

@)

here, Q is the area of the meridional cross section of mold.

The constraint on 7 is based on the solution to a simi-
lar problem, where, during the cooling of liquid metal in
a mold without recesses, the magnitudes of the normal
stresses ©,,, and o,, in cross sections begin to decrease
at T> 10 c. The constraint on the recess opening angle vy,

Fig. 2. Scheme of the system / (LM) — 11 (SM) — III (MCM)
for optimizing the structure with two recesses on the mold inner surface

Puc. 2. Cxema cuctemst / (LM) — I (SM) — 11l (MCM)
K ONTUMH3ALMH KOHCTPYKIIMHU C JIBYMs BBITOUKAMHU
Ha BHYTPEHHEH TIOBEPXHOCTH (POPMBI
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arises from the condition that the reduction in compressive
stress 6,, caused by the recess affects only a limited region.

The central part of the problem involves solving
a system of equations from the linear theory of elasticity
at a given time step At,,.

Using the equations of linear elasticity, we formulate
for each domain the corresponding system of equations in
Cartesian coordinates:

— domain / (liquid metal):

Gj =0y =033, =0=—1h;

. 3
0 =a,Ab; ®
— domains /7 and /1] (solid metal and mold):
S =0, &
1 .
6, —0d,; =2G 8,,, i =g _5861'/’
E=¢&;,
“

€; = 3kpc+3ap(6—9:);
g; =0.5(U,, +U,,);
GzapAO,

where U, is displacements; € is strain compo-
nents; o is hydrostatic stress; p =1, I1, [l — computa-
tional domains; Gp(e) is shear modulus in domain p
(p=1I1II); G, (p =11, IlI) — shear modulus for solid
metal (p =1I) and mold material (p = III); 61‘/ is Kro-
necker delta; k& is bulk compression coefficients; a is
coefficients of linear thermal expansion (p =11, II]);
a, is thermal d1ffusw1ty (p =111, II]); 9 is current tem-
perature T is time; 9 is initial temperatures in domains

A

p =111 1II; P, is pressure in the domain /; a,= L_.

cY

plp
A, is thermal conductivity; ¢, is specific heat capacity;
v, is specific weight; A is Laplace operator.

During the cooling of the liquid metal, provided
that 0 <0,  (where 0_ is the metal temperature and
0, is the crystallization temperature), the thickness
of the solidified layer is determined from the phase tran-
sition solution:

do, do, dx

dn n dn P dt Lp. )
where 0, 0, are temperatures of the solid and liquid
phases; A, A, are thermal conductivities of the solid
and liquid phases; L is latent heat of fusion; p is density
of the solid phase; x is current thickness of the solidified
metal layer; n is normal to the phase boundary.

Assuming that the temperature in the solid phase
across the thickness dx, varies linearly, and the tempe-
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rature gradient in the liquid phase is zero, the solution
to equation (5) yields the following expression for deter-
mining the thickness of the solidified shell 6x, at a given
time step Zrn [21]:

s, = Cr; €= [FA0M, (6)
pL

where A@, is the temperature drop in the solid phase near
the crystallization front.
Initial conditions for problem (3), (4):

- 8x|r:0 =0 - no solid phase present in the metal;

- 61|T:0 =0, — temperature of the poured liquid metal
(1500 °C);

; =0 — initial temperature of the mold (20 °C).
=0

Initial stresses are assumed to be zero.

The system of equations (3), (4) is solved in an ortho-
gonal coordinate system. The problem is axisymmetric,
with the following symmetry conditions:

U,=0;0

. = 0.

51 =05, =085, = ¢,

Boundary conditions for equations (3), (4) (see Fig. 1):

— on the axis of symmetry

U,=0;0, =0; ¢, =0;
— on surfaces S, — S
onls ==R; oul;, =0 (i=1,5,6);
Ol =0 oyl =0 (=5, 6);
Oplg, =0 Oyl =0 (=7, 8); %
U1|s3' =0; U2|s4 =0 G21|s,- =0 (i=4,7,8);

9|s1 =0,; 9|S3 =0,

where ¢, is heat flux; S;=S5;+S; — surfaces where
the mold is in contact with the support structure or
exposed to the surrounding environment.

To solve the system of equations (3), (4) with boun-
dary conditions (7), a numerical method was used,
as described in [17] and previously applied in stu-
dies [21; 22]. The computational domain is divided by
a system of orthogonal surfaces into finite-sized ele-
ments. For each element, the system (3), (4) is written
in finite-difference form using the stress and displace-
ment values on the element faces and the arc lengths
of the edges forming the element. The resulting equa-
tions are solved using the initial and boundary conditions
according to the algorithm and methodology developed
in. The solution outputs include: stresses and displace-
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ments on the faces of each element; the average tempera-
ture of each element at the given time step. The numeri-
cal solution was implemented using a custom-developed
program and the software package Odyssey?.

The finite-difference analogue of the heat conduction
equation for an orthogonal element is constructed based
on the principle of thermal balance [17]. It incorporates
the average temperature within the element, the tempera-
tures of the surrounding elements, and the arc lengths
that define the orthogonal elements. The resulting system
of equations is solved using a tridiagonal matrix algo-
rithm (Thomas algorithm).

[ SOLUTION ALGORITHM

The solution of problem (1) with constraints (2) is car-
ried out according to the following algorithm.

1. The computational domain is divided into a finite
number of orthogonal elements; geometric dimensions .S
and R are specified.

2. The total cooling time t° = 15 s in problem (1) with
constraints (2) is divided into a finite number of time
steps: T = ZArn, where 7 is the time step number.

3. The physical and mechanical properties of the mate-
rials are specified: liquid and solidifying steel, and
the mold material.

4. The geometric parameters of the recesses are speci-
fied: Ay, 0, 7, .

5. The increment step for the current parameter v is
specified: Ay.

6. Initial and boundary conditions are assigned
to the elements that form the computational domain,
including those forming the recesses.

7. Arc lengths of the elements within each domain are
calculated.

8. The temperature field at the current time step At is
determined by solving the heat conduction equation using
the initial and boundary conditions for that step.

9. If the temperature at surface S, in domain / satis-
fies 6| 5 < 0., the thickness of the solidified shell is calcu-

lated using equation (6); and the computational mesh is
reconstructed starting from step 7. If 9| 5> 0., proceed
to step 10.

10. The system of equations (4) (excluding the heat
conduction equations) is solved using the method
described in [17]. The stress fields o, and displacement
fields U, (i,j = 1, 2, 3) are determined.

2 Odinokov V.1, Prokudin A.N., Sergeeva A.M., Sevastyanov G.M.
Certificate of state registration of a computer program No. 2012661389,
Odyssey. Registered in the Register of Computer Programs on Decem-
ber 13, 2012.

11. Across domain Q on surface S, the maximum
absolute value of the nprmal stress o,, is identified and
entered into matrix {,.

12. A time step is performed. If ZZ’EH <1, return
to step 8. IfZZrn = 1", proceed to step 13.
13. From matrix {0, the value o,, = max{c,] is found

and recorded in matrix {o,|

14. The parameter is updated: y, =y, | — Ay; thent=0.
Ify, =0, proceed to step 15, if y > 0, return to step 6.

15. From matrix {02}" the minimum value of (5_22 =

=min {(53}l is selected along with the corresponding values
of tand y.

16. End of the solution procedure.

[l RESULTS AND DISCUSSION

Geometric parameters of the mold: §;= 50 mm, R =
=20 mm, ¢ = 150°.

Time intervals (s): Zrn: 0.01; 0.02; 0.03; 0.04; 0.05;
0.1;0.2;0.3;0.4; 0.5; 2.0; 5.0, 6.0; 8.0; 9.0; P, = 1 kg/cm?,

Domain discretization: N, XN, = 13x20.

According to the calculations, dividing the domain
into 13x20 elements along the first and second coordi-
nate axes for the mold without recesses is entirely sui-
table for the analysis performed. The same discretiza-
tion (13x%20 elements along the same coordinate axes) is
equally justified for the mold with recesses.

Parameters of the poured steel for 6> 1000 °C
(6, = 1000 °C):

G, =10* MPa; @ ,= 12-10°6 °C!;
A=0.0298 W/(mm-°C);
L, =270-10° J/kg (latent heat of fusion); (8)
C, ,=444J/(kg:°C); v, = 7.80-10°¢ kg/mm?;
0,= 1450 °C.

The physical properties of the metal mold are the same
as in equation (8), except that

2
G, = 81,000{1 —I.Z[Lj } MPa. ©)
1000

Initial values for the optimization process: Ag, = 23°,
Y, = 104°; recess dimensions 4,, 4, (7.1%2.6) mm along
axes / and 2 (Fig. 3). The recess dimensions correspond
to the dimensions of the mesh elements.

As a result of the calculations performed using
the above algorithm, the following parameters were
obtained:
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Fig. 3. Plots of normal stresses 6,,, 6,, and displacements U, , U, along the edges of the recesses 4, and 4, in the mold at t=8.6 s

Puc. 3. Drropel HOPMAJILHBIX HATIPSKEHUH G|, G,, U nepementennit U,, U, o rpansm BeiTouek 4, u 4, B Gopme 1ipu 1= 8,6 ¢

F=29.8 MPa; y=60° t=8.6s. (10)

Fig. 3 presents the distributions of 6,,, ,, and dis-
placements U, U, along the edges of recesses 4, and
A, in the mold. It can be seen that at the inner corners
of recesses 4, and 4, there are stress concentrations for
G,,, with values of —30.1 MPa and —30.2 MPa, respec-
tively. These values are slightly higher (in magnitude)
than the value of F obtained above. For comparison, Fig. 4
shows the o,, distribution (in MPa) across the section
of a mold without recesses at the same time (1= 8.6 s).
The o, distribution is not shown, as it is approximately

equal to o,,, differing by no more than £1 %.

A pronounced difference in o,, values is evident.

Fig. 5 shows the o, distribution for the parameters
given in equation (10).

Although o,, decreases (in magnitude) in many sec-
tions, a considerable portion of the mold still experiences
high compressive stresses (more than 60 MPa). This indi-
cates that optimization should be carried out for both ¢,
and c,,. The o,, stress was chosen for initial optimization
because the recesses in the mold effectively cut through
the regions ofhigh S, at the early stage of cooling (Fig. 4),
without disturbing axial symmetry. However, to achieve

378

a more global reduction in compressive stresses o,, and
055, it would likely be necessary to introduce additional
recesses perpendicular to the existing ones.

M
-1,8
_— 60 MPa
Oy
—62
-1.6
/ 62 O
L 1 L _ -1.6
0,°C 1500 1000 500 0 ¢ 62
R
I -63 -1.6
3 64 1 02
2
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Fig. 4. Plots of normal stresses 6,, along the mold section
without recesses at t=28.6 s

Puc. 4. Sopbl HOPMaJIbHBIX HANIPSKEHUH G, TI0 CEUEHUIO (POPMBI
6e3 BbITOUEK IPHU T = 8,6 C
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Fig. 5. Plots of normal stresses 6, in the mold
at optimal design parameters (10)

Puc. 5. Drropbl HOpMaJIbHBIX HANPSLKEHUH G4 B hopme
P ONTUMAJIBHBIX PacyeTHbIX napamerpax (10)

This, however, represents a different, non-axisymmet-
ric problem, requiring different equations and boundary
conditions.

Within the present study, an attempt was made to reduce
o;, (in magnitude) by introducing additional recesses
on surface §,. According to equation (10), the recesses
are arranged symmetrically on surface §, at an angle ¢,
with an opening angle y (Fig. 2). The highest o, values
(in magnitude) occur within this opening angle y (Fig. 5).
Therefore, two additional recesses were placed on sur-
face S, within the previously determined opening angle y.
The SSS of the shell-type steel mold with four recesses
on surface §, was then calculated using the above algo-
rithm for = 8.6 s. In this case, the algorithm was signifi-
cantly simplified, as the recess configuration was fixed
and the cooling time predetermined. Fig. 6 shows the o,
and o,, distributions across the mold section at the end
of the time step t° = 8.6 s. The results indicate a marked
reduction (in magnitude) in both c,, and o, stresses.

In summary, the novelty of this work lies in formula-
ting a problem aimed at determining the optimal arrange-
ment of temperature seams as technologically signifi-
cant areas, along with the corresponding stress values in
a spherical metal mold, within the framework of a min—
max objective function, as well as in developing a solu-
tion algorithm.

The proposed methodology, modeling algorithm, and
optimization approach for enhancing the crack resistance
of spherical metal molds can also be applied to numerical
solutions of other problems involving various functional
shells.

[ ConcLusions

The problem of optimizing the design parameters
of temperature seams in a spherical metal casting mold
during the pouring of molten metal has been formulated
and solved. The analysis of the SSS revealed structural
features of the spherical metal casting mold design.

The presence of temperature seams on the surface in
contact with the molten metal in the mold’s inner part sig-

1

Fig. 6. Plots of calculated values of normal stresses
o,, and 6, along the mold section at t° = 8.6 s:

T 0y, T 05

Puc. 6. Dnropbl pacyeTHBIX 3HAYCHUH HOPMaJIbHBIX HAMPSDKEHUH
*_ .
G,, U Gy, 110 ceveHuto popmbl npu T = 8,6 ¢:

——0,,;===—0

222 33
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nificantly reduces the effect of thermal stresses that arise
in the initial moments of casting cooling.

Rational regions for placing temperature seams in

the meridional section of the mold and the corresponding
stress values have been determined under the conditions
of a min—max objective function, using the developed
solution algorithm.
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